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1. INTRODUCTORY 
An account of protein analysis is probably best introduced with a dis- 

cussion of the purpose of the analysis. Work in recent years in the various 
fields of science grouped around biochemistry has demonstrated both the 
physicochemical homogeneity and specificity of the proteins and the 
multitude of their active, specific roles in living organisms. Attention has 
consequently been focussed on the problem of their detailed structures. 
In elucidating these, exact knowledge of the nature and number of the 
amino acid residues composing proteins plays a similar role to knowledge 
of the nature and number of the component atoms in structural studies 

1 
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of simpler molecules. The techniques of amino acid analysis are not yet, 
however, as reliable as those of elementary analysis. We attempt here to 
review their present condition, and to indicate probable directions of pro- 
gress. Much improvement in recent years has undoubtedly been stimu- 
lated by the desire, variously, to prove or disprove the speculative hypothe- 
sis of protein structure of Bergmann and Niemann, insofar as it deals with 
overall amino acid composition. Present analytical methods are barely 
equal to this task, even for particular amino acids. There is good reason 
to hope, however, that in a few years the problems crf analysis of protein 
hydrolyzates or amino acids will have been solved: the emphasis may well 
shift to the problem of the relation of the composition of the hydrolyzate 
to that of the protein from which it was derived (cf. paras. 3, 4). 

The present review deals only with this problem of determining the 
nature and number of the component amino acid residues of proteins and 
related compounds. No attempt is made to deal with ‘higher’ aspects of 
protein structure. It should, however, be pointed out that many of the 
techniques for separating amino acids are also suitable for the much more 
difficult tasks of separating the peptides resulting from the partial hydrolysis 
of proteins; some of these techniques have in fact been developed with this 
as their primary aim. Studies of partial hydrolysis products are likely 
to be very fruitful for the detailed elucidation of protein structure (cf. 1). 

That reliable methods of amino acid analysis should be available is 
important also for agricultural, clinical, and nutritional work. In these 
disciplines, accuracy may often profitably be sacrificed in favor of speed 
and simplicity of manipulation. 
In connection with metabolic studies making use of isotopes it is desir- 

able that methods should be available for isolating every amino acid in 
a high state of purity and from all kinds of biological material. Special 
methods are also required for checking the purity of ‘pure’ amino acids. 

We attempt here to review advances that have been made in this branch 
of protein chemistry during the last 15 years. From the qualitative 
standpoint, Vickery and Schmidt (2), and from the quantitative,Mitchell 
and Hamilton (3), have given admirable accounts of the position at  the 
beginning of this period. 

We hope, by having made the bibliography as comprehensive as possibIe, 
to give this review a value separate from any it may have 89 an expression 
of our opinion on the most interesting and valuable directions of technical 
progress. On these topics we have written at length, while others have 
been dismissed with a briefness which in some cases does them less than 
justice. 

Block and Bolling (3a) have very recently published a reference work 
bringing together many methods and results of amino acid analysis of 
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proteins, chiefly from the nutritional standpoint and grouped according 
to amino acids. Their work is in many ways complementary to the present 
review, in which we attempt a critical discussion, grouped according to 
techniques, of the mans by which we may hope to arrive at absolute figures 
for the amino acid residues constituting individual proteins. 

2. TIIE AMINO ACIDS OCCURRING IN NATURE 
For some years there has been increased reason for believing that only 

few, if any, new amino acid constituents will be discovered in the better 
known protoins, or are at all widely distributed among living organisms, 
and we are confirmed in this opinion by the results of ‘two-dimensional’ 
partition chromatography (see para. 5.3.4) applied to hydrolyzates of a 
variety of protein materials. It seems certain, however, that numerous 
new amino acids will continue to be found that have a limited distribution 
- particularly i6 higher plants, fungi, and microorganisms. In the pres- 
ent section of this review we discuss evidence bearing on this subject 
subsequent to Vickery and Schmidt’s very full review (2) and Dunn’s 
supplementary no ta  (4), cf. also (5). In the majority of cases, products 
isolated by procedures not themselves destructive to a postulated pre- 
cursor may reasonably be regarded as structural components of the intact 
protein. Doubtful cases, and products derived from altered proteins, are 
discussed individually below. 

Not considering amino acids of abnormal optical form, the only changes 
required to bring Vickery and Schmidt’s ‘accepted’ lit of protein constitr 
uents up to date are that threonine should be inserted and hydroxyglutamic 
acid removed. 

Vickery and Schmidt do not mention Leuchs’ later work establishing 
by synthesis that ‘naturally occurring’ hydroxyproline is one of the 2 stereo- 
isomers of y-hydroxy-Z-proline (6). The configuration at the 7-C atom 
of ‘natural’ hydroxyproline is the only remaining structural problem con- 
cerning the ‘accepted’ protein constituents, and recent work (7, 8)  sug- 
gests that the -OH and -COOK groups may lie trans in relation to the 
pyrrolidine ring. 

The presence of a common ‘L’ configuration at the a 4  atom has been 
demonstrated for the amino acids usually found in nature. The varied 
experimental approaches on which this conclusion is based fall outside 
the ecope of this article (cf. 9). 

CitrulUne, H2N - CO .NH. CH2. CH2. CH2. CH ( NH2). COOH. There seems no 
doubt that free Z-citrulline occurs in nature. Citrulliie was first described 
in water-melon press-juice by Wada (10). It is also probable (11, 12) that 
it is rn important intermediary of animal metabolism. However, the 
oitrulline isolated by Wada (13) from a tryptic casein digest may have 
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arisen by degradation of arginine residues in peptide linkage. There is 
rwon  (14) for disbelieving Wade’s statement that proline is the main 
product on treating citrulline with hot mineral acid. The only other evi- 
dence that citrulhe occurs in proteins seems to be Fearon’s (15) color 
reaction, characteristic of substituted ureas and given by all proteins 
that have been tested (cf. 16). The possible occurrence of curbumic acid, 
&No COOH, as a protein constituent deserves serious consideration (17). 
Peptides of this amino acid would presumably give the Fearon reaction. 
Citrulline (bcarbamyl-ornithine) is merely a special case of such a peptide. 
Model experiments (17, 14) suggest that on acid hydrolysis peptides of 
c a r b d c  acid do not yield C02 or NHs stoichiometrically, so the C02 
evolved in acid hydrolysis of proteins (18) does not set an upper limit to 
the carbamic acid residues possibly present. The whole problem of the 
possible occurrence of urea groupings in proteins deserves systematic study. 

Wada (19) described ‘polpine,’ HN.COmCH.(CH2)a.CH(NH2).COOH, 
I I  

OC-NH 
aa occurring in casein and gelatin hydrolyzates. Nothing further has been 
published by other workers about this (cf, 20). 

Omithim, H2N. CH2. CH9. CHa . CH( NH2)COOH. This amino acid, like 
citrulline, is a known metabolite and is a constituent of ornithuric acid. 
8-Monoacetylornithine has been isolated from plant material (21). The 
presence of ornithine in hydrolyzates of alkali-treated or otherwise altered 
proteins (cf. 22) can be attributed to the breakdown of arginine residues. 
The ornithine isolated from acid hydrolyzates of tyrocidine (14) and 
‘gramicidin S’ (23, lO9a) may dso have originated by such a breakdown 
during autolysis of the parent bacteria. Failure to detect ornithine in 
protein hydrolyzates may often have been the consequence of inadequate 
analytical procedures; however, a recent thorough examination of the 
products of acid hydrolysis of egg albumin failed to reveal any (16). 

Cunauunine, H2N.C( :NH) .NH -0. CH2. CHP CH(NH2) COOH. Dunn (4) 
gives references to the isolation, proof of constitution and synthesis of this 
amino acid, which occurs free in soya-bean meal, etc. (cf. also 24-29). 

Ocloliine, HtN.C( :NH) .NH.CH2.CH2.CH2CH(COOH) .NH.CH(CHJ - 
COOH. Irvin and Wilson (30) provide a bibliography of this compound 
which occurs free in octopus and scallop muscle. Syntheses (cf. also 31) 
have shown its structure. Karrer, et al. (32, 33), on the basis of enzyme 
and model experiments, have been unable to determine the optical con- 
figuration of the alanine moiety. The arginine moiety is Larginine. 

Hydroxylysine. Early reports of the isolation of a base of this character 
are mentioned by Dunn (4). Subsequently, Van Slyke and colleagues 
(34-36) have isolated from hydrolyzates of gelatin a base which may have 
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thie constitution, although its carbon skeleton htls not yet been identified. 
Its dissociation constants have been determined, and it has been shown, 
on treatment with periodate, to yield half its N as NHs, together with 
one molecule of formaldehyde. Van Slyke and colleagues suggest that it 
is either a6-diamino- thydroxy-caproic acid or 6-hydroxylysine. They 
have determined it quantitatively in hydrolyzates of a number of proteins 
(37). The quantities present are small, even in the richest known source, 
gelatin. We have isolated material agreeing in properties (38) from the 
‘lysine’ base-precipitation fraction of gelatin hydrolyzates by solvent 
extraction aa its NN’diacetyl-0-benzoyl derivative. 

If the compound is bhydroxylysine, it will be interesting to compare the 
configuration of the 6-C atom with that of the 7-C atom of hydroxyproline, 
which i perhaps formed in viva from y-hydroxyornithine, the next lower 
homologue of bhydroxylysine. In this connection, the possible occurrence 
(39) of a hydroxyarginine in clupein is of interest. 

Dunn (4) gives references to the isolation, structural characterization 
and synthesis of threonine, CH&H(OH).CH(NHa).COOH (cf. also 
40-42). Threonine has subsequently been isolated from myosin (43), an 
Aspergillus autolyzate (44) and from human blood-group A substance (45), 
and must accordingly be added to the list of ‘accepted’ protein constitu- 
ents. Threonine has been recognized through its reaction with periodate 
(para. 5.6.1) as a very widely distributed protein constituent. Higher 
homologues of threonine were not detected in a number of proteins after 
a specific search (38). 

The periodate reaction has at the same time made it probable that 
8-hydroxyglutamic acid is absent from casein (46, 47) and it is desirable 
that this amino acid, at  least for the present, should be withdrawn from 
the ‘accepted’ list (cf. 5). Bailey, et al. (48) sum up the present situation, 
and suggest a possible explanation of some of the reports of its occurrence 

Dakin (49a) mentions the isolation from a casein hydrolyzate of material 
that might be a hydroxyleucine. 

Jacobs and Craig (50) obtained /3/3-dimethylpyruvic acid or pyruvic acid 
together with NHa by alkaline degradation of various ergot alkaloids, and 
suggested that these arose by deaminative degradation of unstable a-hy- 
droxyvaline and a-hydroxy-alanine residues respectively. Since pyruvic acid 
can result from the alkaline degradation of serine (cf. para. 4) it is simpler 
to postulate /3-hydroxyvaline and serine as the precursors of these keto 
acids (cf. 51). Earlier claims (2, 4, 52; cf. 53-55) to have isolated hydroxy- 
valine from proteins are inadequately supported, and require, like similar 
claims in respect of a-aminobutyric acid (2 ,  4, 55, 56; cf. 57), norvaline 
(a-aminovaleric acid) (2, 4, 55, 58) and norleucine (a-aminocaproic acid) 

(cf. also 49). 



6 A. J. P. MARTIN AND R. L. M. BYNGE 

(2, 4, 55,5943) to be re-investigated by the newer, more specific methods 
described in para. 5. By the use of the two-dimensional qualitative par- 
tition-chromatographc technique referred to there, we have convinced 
ourselves that they are absent from some protein hydrolysates so far 
studied, and a recent special study (ma) throws grave doubt on the. claims 
for the natural occurrence of norleucine. 

Wieland and Witkop (7) report the isolation of a hydroxytryptophan 
from phalloidin (a toxic crystalline constituent of the fungus Amnit4 
phdoides). They bring forward evidence that its formula is: 

CH 
/ / \  

I II II 
HC C 4 * CHI * CH(NHs) * COOH 

HC C-OH 
\\ /"\ / 
CH NH 

Earlier reports of hydroxytryptophan (cf. 2) am less convincing. The 
isolation of such a compound has special interest, since it has been postu- 
lated 88 an intermediate in the formation of kynurenin in nature (cf. 64, 
65, 66). There is no evidence that the latter amino acid is a protein COR- 

stituent. A synthesis of kynurenin has been reported (67, 68). 
The fact that thyrozine can be recovered from hydrolyzates of proteins 

treated with iodine and alkali can be explained by the dismutation of 
iodinated tyrosine residues. Harington (69) has presented a stimulating 
review of this subject; in the same article recent data on the natural occur- 
rence of iodogorgoic acid are discussed (cf. also 70). 

There is now some evidence (71) for the absence of 3,4dihydroxyphenyL 
alanine from a number of proteins (cf. 2). 

The view that glutamine and asparagine residues exist in proteins, 
inherently probable because of their natural occurrence in the free state, 
was partly based on the quantitative correspondence between the NHa 
and dicarboxylic amino acid content of hydrolyrates of some proteins. 
More direct evidence for it has now been obtained by the isolation of 
asparagine (72) and glutamine (73) from enzymic digests of edeatin and 
gliadin respectively, and by the isolation of Laydiaminobutyric acid from 
acid hydrolyrates of gliadin that had been subjected to Hofmsnn d e g r h  
tion (74). 

$AZanine, HzN.CH~.CH2.COOH, is found free in nature and in combi- 
nation in carnosine, anserine, and pantothenic acid. It hm been suggested 
that it arises by decarboxylation of aspartic acid (75; cf. 76). There is 
now direct evidence from microbiological tests that it is not a constituent 
of a number of proteins (77, 77a, cf. 77b). 
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Whether cystine residues exist in intact proteins as such, as ysteine or in 
other forms (e.g., as thiazoline groupings, 78), is a complicated question 
which cannot be discussed here adequately. Readers are referred to Anson's 
Srticle'in the present volume and to Neurath and colleagues' recent review 
(79) for discussion of some aspects of the problem; the question of the 
mode of Iinkage of serine, threonine, etc. is subject to some of the same 
considerations. There seems no doubt that cystine residues exist preformed 
in some proteins (e.g., keratins, insulin) and that in the protein they exhibit, 
often in enhanced degree, the tendency to dismutation, oxidation, reduc- 
tion, etc. exhibited by cystine itself. Cysteine residues set free in keratin 
by reduction may be substituted by various reagents (cf, 80-84) ; particu- 
lar interest attaches to the introduction into wool by such means (82, 83) 
of djenkolic acid (see below) and homologous residues. 

Cysteic w i d ,  HOOC-CH(NH2)-CH~.SOIH, has been isolated from human 
hair oxidized with permanganate (96a) and normally occurs in the outer 
part of the sheep's fleece, where the wool is exposed to light and weather 
(313). 
meso- and dl-lanthionine, HOOCCH(NH2) .CH2.S.CH2.CH(NH2)-COOH, 

have been isolated from hydrolyzates of wool and other proteins that had 
been treated with alkali, and have been identified with synthetic materials 
(85-91). Various views (92-94) have been put forward as to the mechan- 
ism by which lanthionine is formed. If the final stage is coupling of the 
thiol group of a cysteine residue with an a-aminoacrylic acid residue, there 
seems no reason why the latter should be derived from cystine rather than 
from serine. Nicolet and Shinn's (95) coupling of benzyl mercaptan with 
serine residues in alkali-treated silk fibroin (to give S-benzylcysteine resi- 
dues) is of interest in this connection. Similarly, threonine residues might 
be expected to give rise to 8-methyllanthionine. Kiister and Irion (96) 
isolated a product from N O O ~  that had been treated with sodium sulfide, 
which they formulated as HOOC.CH(NH2) CH2.CH2.S.CH2.CH(NH& 
COOH but which from their evidence could equally be 8-methyllanthionine. 
They had difiiculty in repeating the preparation. 

Seleniumcontaining material has been obtained from an extract of the 
vetch Astragalus pectinatus grown on seleniferous soil (97). The prep- 
aration was formulated as HOOC.CH(NH2).CH2.CH2.S.CH2CH(NH2). 
COOH crystallizing with 2 molecules of its Se homolog; there was some 
evidence also for the separate crystallization of the two components. The 
natural occurrence of selenium in amino acid combination has special 
interest since selenium has been shown to be incorporated in the proteins 
of wheat grown on seleniferous soil. 

It is desirable that more specific and more quantitative methods of 
isolation should be employed in future studies of these thio- and seleno- 
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ethers. The methods so far used depend entirely on the insolubility of the 
substances in aqueous media. It is also desirable that the structure of 
their carbon skeletons be rigorously established. Schoberl (97a) has made 
use of the insolubility of the Na salt of NN’-dibenroylcystine for separat- 
ing it from the corresponding lanthionine derivative. He &o employed 
cyanide reduction of free cystine for converting it to water-soluble com- 
pounds without affecting free lanthionine. 

Partially racemic ldjenlcolic acid, HOOC.CH(NH~).CH&CHP.S.CHS. 
CH(NH&COOH, was isolated by van Veen and Hyman (98) from the 
djenkol bean after low temperature alkali treatment, and from the urine 
of persons suffering from djenkol poisoning. The structure suggested by 
them waa confirmed synthetically by du Vigneaud and Patterson (99). 

Blumenthal and Clarke (100) have discussed evidence bearing on the 
possible occurrence of thiolhistidine in proteins. They examined the lability 
of the S of protein hydrolyzates to various reagents, and were unable to 
account for its behavior in terms of its existing solely in the form of cyst(e)- 
ine and methionine (cf. also lOOa). 

Amino Acids of Abnomnal Steric Conjiguration. A number of amino acids 
stereoisomeric with those normally occurring have been isolated in recent 
years from hydrolyzates of bacterial and fungal materials. It seems un- 
likely that the abnormal configurations have arisen by Walden inversion 
during isolation, and interest attaches to the biological significance of 
these abnormalities. 

LHydrozyproZine ‘B’ - having abnormal configuration at  the 7-C atom 
- has been isolated from phalloidin and identified (7) by comparison with 
a specimen of Leuchs’ synthetic material. It is distinguished from the 
normal stereoisomer by the color reaction with isatin. 

The following amino acids having abnormal configurations at  the u-C 
atom have so far been reported: 

d-Proline from ergot alkaloids (101, 102). 
d-Glutamic acid from capsular material of Bacillus anthracis and related 

d-Leucine (106-108) ahd probably d-Valine (109) from gramicidin. 
d-Phenylalanine (14) from tyrocidine and ‘gramicidin S’ (109a). 

organisms (103-105). 

3. RACEMIZATION 

In such cases as those cited above, it is probable that residues of the 
d- form of the amino acids preexist in the original molecule. Where, how- 
ever, an amino acid is isolated in a partially or completely racemic state, 
it seems preferable to regard this as having arisen from the optically 
active form by racemization during hydrolysis or isolation unless evidence 
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to the contrary (as 109) can be produced. The following discussion is 
mainly concerned with racemization of ultimate hydrolysis products of 
proteins by acids, since it is acid hydrolyzates which are usually employed 
in amino acid analysis, and it is from the products of acid hydrolysis that 
deductions are often made as to the optical state of amino acid residues 
in the intact molecule. Treatment by hot alkali causes extensive racemiza- 
tion of free amino acids, and amino acids in peptide linkage are in general 
still more readily racemized by alkali. We are not aware of any caSe of 
racemization by proteolytic enzymes acting in a medium that does not 
itself effect racemization. In view of the use of acetyl derivatives of amino 
acids and peptides for analytical purposes, reference should be made to 
investigations of racemization by acetylating agents (110-116). 

A number of workers have disposed in detail of Kogl’s claim that normal 
and malignant tissue proteins can be differentiated by the degree of racemi- 
zation of amino acids in their acid hydrolyzates. A small degree of racemiza- 
tion seems to be usual in acid hydrolyzates of all proteins (117, 118-120, 
121,121a). This question has also been studied (122,128a) by the ‘isotope 
dilution’ technique (cf. para. 5.2), which is likely to be of considerable 
value in studying the optical form of compounds obtained by hydrolysis 
of proteins. We have isolated (123) almost completely racemic phenyl- 
alanine from an acid hydrolyzate of wool by a procedure which did not 
(124) itself bring about significant racemization. There is evidence (125) 
that, as with alkali treatment, acid treatment racemizes amino acids more 
readily when they are in peptide linkage than when free. It may prove 
possible to avoid some racemization by the use of enzymes or by avoiding 
the application of high temperatures in the early stages of hydrolysis 

Detailed studies have been made of the racemization of free glutamic 
acid (126-1288) and cystine (129-132). Dunn (4) gives a bibliography of 
earlier work on the racemization of amino acids by hot mineral acid (cf. 
also 133). 

It has been proposed (118) to determine whether D is substituted for K 
at  the a-C atom of d-enantiomorphs obtained after hydrolysis in water 
containing excess deuterium. This might indicate whether racemization 
had or had not occurred in the course of hydrolysis. We are not aware of 
any experimental data obtained in this way. 

The general implication from our present incomplete knowledge is that 
varying and unpredictable degrees of racemization are to be expected for 
different amino acids in the acid hydrolyzates of different proteins. Quan- 
titative analytical procedures must be carried out with this in mind. 

(cf. 109). 
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4. DESTRUCTION AND ALTERATION OF AMINO ACID RESIDUES 
UNDER CONDITIONS OF PROTEIN HYDROLYSIS 

Most of the quantitative analytical procedures discussed below are 
applied to hydrolyzates of proteins. Alteration of amino acid residues dur- 
ing hydrolysis has been demonstrated in particular cases, and in general 
presents a greater obstacle than does racemization in relating analyses of 
hydrolyzates, however accurately performed, with the composition of the 
intact protein. It is usually necessary, when analyaing quantitatively for 
any protein constituent, to carry hydrolysis so far (i) that all of that con- 
stituent is set free and (ii) that any partial hydrolysis products that may 
interfere with the analysis are destroyed. These conditions are not always 
compatible with maximum conservation of the constituent in question. 

Tryptophan undergoes some destruction whether acid or alkali is 
employed as hydrolytic agent. In the presence of carbohydrates its de- 
struction by hot acid is usually complete (for bibliography cf. 134, 14). 
Tyrosine under these conditions is affected also (134) and cyst(e)ine is 
rendered more than otherwise labile by the presence of carbohydrate (135). 
Tyrosine may also undergo destruction during alkaline hydrolysis (136). 
There is a suggestion that in hot acid tryptophan may be less stable in the 
presence of some other amino acids than when by itself. Access of oxygen 
may also affect its stability, and certainly affects the quantity of humin 
produced. It would be reasonable to expect other amino acids also to be 
altered, if such interactions with tryptophan occur. On acid treatment, 
tryptophan perhaps gives rise to dicarboxylic amino acid (137). The ‘arte- 
fact’ bands noted on silica gel chromatograms (cf. para. 5.3.4) are of 
interest in connection with this question of amino acid destruction. 
Tristram (138) demonstrated destruction of arginine during acid hydro- 
lysis in the presence of carbohydrate. Schein and Berg (1214 found very 
little destruction of ha& amino acids during acid hydrolysis of casein. 
Destruction of phenylalanine during acid hydrolysis has also been noted 
(661a). 

Serine is destroyed slowly by boiling acid (139-141). This destruction 
amounts to about 10 per cent under the conditions usually employed for 
hydrolyzing proteins (140, 142) but may be more for serine residues 
carrying a phosphoric ester group (139, 143). It has been shown that 
serine residues in silk fibroin (144) and casein (140) are more labile to 
alkali than is free serine. Threonine in the free state appears (145) to be 
more resistant to boiling mineral acid than serine, but some destruction 
occurs (146) and on autoclaving, this increases (148). Dismutation prod- 
ucts of serine by alkali (149; cf. 150) and acid (139, 141) have been studied 
in some detail. For further data on dest>ruction of hydroxyamino acids by 
acid , see (1 47). 
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Ammonia is liberated in these and other dismutations, and consequently, 
as is well known, the ammonia content of complete hydrolyzates of pro- 
teins always exceeds the ‘amide-NHs’. For determining amide-N& 
kinetic studies and various milder acid hydrolysis procedures, not destruc- 
tive of hydroxyamino acids etc. have been employed (18, 142, 151-155). 

Warner and Cannan (156-158) have studied several aspects of the de- 
struction of amino acids during alkaline hydrolysis. 

Were destruction simply that of the free amino acids under the hydrol- 
ysis conditions, control experiments with made-up mixtures of amino 
acids would permit an approach to the original composition by successive 
approximation. Such experiments are indeed very useful in providing a 
measure of analytical errors introduced in the later stages of hydrolysis 
and in the analysis itself, and should always be employed in quantitative 
work. But the extent of destruction of residues in the early stages of 
hydrolysis, when they are still in peptide linkage, may be different and 
impossible to assess until much more is known of the structure of the 
protein. Nor are procedures of determination which avoid hydrolysis 
capable of surmounting this difficulty, since here the reactions of the group 
that is being determined may be affected by its unknown mode of linkage. 
This applies to all colorimetric, spectrometric and titrimetric anslyses of 
incompletely hydrolyzed proteins. 

Thus obstacles to analytical accuracy are encountered in colorimetric 
determinations of tryptophan (e.g., 159), while color reactions, titration 
values, and absorption spectra due to tyrosine residues in different pro- 
teins often diverge from those to be expected were all the phenolic groups 
of tyroaine free (160, 161, 162). Neurath, et al. (79) give other references to 
apparent linking of amino acid side-chains. However, we regard as too 
sweeping their conclusion “The side-chain polar groups of the pure nativc 
protein are, in general, strikingly and unexpectedly inert toward specific 
agents for these groups.” 

It is clear that some species of amino acid are subject to greater analyti- 
cal errors from these sources than others, but one cannot be certain that 
any is immune, and there is therefore likely to be uncertainty as to the 
number of residues of any particular amino acid in a protein molecule 
when this number is at all large. 

The difficulty can to some extent be overcome by analyzing protein 
hydrolyzates prepared in different ways, and by employing a number of 
analytical procedures for the same amino acid. A number of concordant 
results gives confidence in the significance of the figure arrived at. Brand 
and Kassell (162-165) by adopting this approach have achieved especially 
valuable conclusions respecting the minimum molecular sizr and numbers 
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of residues of particular amino acids in the molecules of certain well- 
characterized and homogeneous proteins. 

The rest of this review is mainly devoted to discussion of quantitative 
amino acid analysis of protein hyd~olyzates. In relating the results of such 
work to the constitution of the intact protein, the considerations brought 
forward in this and the previous section must never be overlooked. 

5. QUANTITATIVE AMINO ACID ANALYSIS 

5.1. GENERAL 

Mitchell and Hamilton in 1929 (166) reviewed very fully, as well as 
critically, the methods then available for the quantitative analysis of 
protein hydrolyaates. They summed up: 

‘By the use of all methods available, only half of the nineteen known 
amino acids can be determined with any degree of accuracy. Methods for 
the determinations of cystine, tyrosine, tryptophan, glutamic acid and 
proline have also been developed until the respective amounts of each of 
these amino acids in a protein may be determined with a fair degree of 
accuracy.’ 

During the last fifteen years intensive work has been directed towards 
the accurate analysis of protein hydrolyaates. Old methods have been 
critically studied and refined. New methods, based on entirely novel 
principles, have been introduced. Some few amino acids have been deter- 
mined with accuracy, within say 2 per cent in a number of proteins, and 
with important theoretical results. These include arginine, lysine, tyrosine, 
cyst(e)ine and, recently, glutamic and aspartic acids. The time has nearly 
arrived, however, when it will be possible to determine with equal accuracy 
all of the amino acids in a protein hydrolyzate. The main types of method 
which will make this possible can already be outlined, and accordingly the 
present review is concerned more with analytical technique than with 
results, most of which remain to be secured. At present, for assessing our 
knowledge of the amino acid composition of any protein, a separate critical 
review of the literature is necessary. Published tables of the amino acid 
composition of proteins are of little value except as bibliographies. Already, 
however, a considerable number of proteins and protein-like substances 
have had well over 90 per cent of their N accounted for in the form of 
amino acids and ammonia, These include clupein (167), wool (168), 
gelatin (169-172), silk fibroin (173), @-lactoglobulin (173), insulin (173), 
fibrin (173a), and gramicidin (174). Extensive analytical data on several 
proteins of blood plasma (174a) are now available also. 

There is unfortunately no agreed method of presenting the results of 
analysis of proteins. But one of the most widely used has been in t e G s  



ANALYTICAL CHEMISTRY OF THE PROTEINS 13 

of grams of amino acid per 100 grams of protein. In view of the possible 
uncertainty of the meaning of ‘dry’ protein, and of the difficulty of hand- 
ling it (cf. 175), and of the fact that many modern methods of measure- 
ment depend upon the Kjeldahl nitrogen, amino nitrogen or carboxyl 
group determinations, we believe that it would be a great advance if 
editors insisted on results being expressed in terms of grams of N (total N, 
a-amino-N, guanidino-N, indole-N, etc. for each amino acid) for 100 
grams total N in the protein. Stoichiometric relations are thereby more 
evident, and a check on the completeness of the analysis is possible with- 
out making assumptions about the mode of linkage of the residues. 

It is then simple, if desired, to express the residues of an amino acid 
(a-amino-N) as a fraction of the total amino acid residues of the protein 
(total a-amino-N). The latter may be determined by the ninhydrin-CO* 
procedure (correcting for aspartic acid), or by Chibnall’s (176) difference 
method (ie., subtracting determined non-a-amino-N from total N) or by 
other suitable procedure (corrected formol titration, etc.). 

The determination of nitrogen is a problem of elementary analysis 
rather than protein analysis, and the use of a micro-Kjeldahl method is 
almost universal. Chibnall and colleagues (175) have shown, however, 
that of recent years the desire to hurry the estimation has led to low and 
variable results, a longer period of digestion being required than most 
recently modified procedures have claimed. It is obvious that the error 
of the N determination will appear in any analytical figures for amino 
ac ds. However, when properly carried out, the N determination is more 
accurate than tiny existing amino acid determination. 

The success of micro-analysis in the elementary field is being followed 
by the introduction of micro-methods into protein analysis. It is probably 
true, except where fractional crystallization or fractional distillation is 
employed, that there is no reason why an analysis should require more 
than a few milligrams of amino acid for highly accurate results. In fact, 
most of the more revolutionary new methods have required only a few 
milligrams of protein, and in many cases the quantity used has been merely 
such as to fit it for the usual micro-Kjeldahl or Van Slyke apparatus, as 
good separations being readily obtained with far smaller quantities. Quali- 
tative methods have been developed which require only a few micrograms 
of each amino acid, which should prove of great value in controlling more 
quantitative procedures since they take only negligible aliquots. 

The present trend in amino acid analysis is away from separations 
involving solid phases, which attain equilibrium slowly, are to some extent 
unpredictable, and are manipulatively unsuited to repeated fractionation 
(e.g., fractional crystallization, which is a highly laborious procedure). 
Amino acids in solution can be made to move in a predictable way in an 



14 A. J. P. MARTIN AND R. L. M. SYNGE 

electric field. Rapid equilibrium can he obtained in systems depending 
on ion exchange or adsorption from solution at  a solid surface, or on pax- 
tition between two liquid phases, permitting a chromatographic arrange- 
ment to be adopted. Thus the ionophoretic (para. 5.4) and chromato- 
graphic (para. 5.3) methods haveinherent advantages, in that cumula- 
tive purification may be effected with relative ease of manipulation. In 
combination, they are likely to prove very powerful analytical weapons. 
They hitve the additional advantage of being ‘comprehensive’ analytical 
procedures, more likely to reveal unsuspected amino acids in a mixture 
than methods directed to the determination of particular amino acids. 

At its present stage of development it is highly desirable, that analysis 
of protein hydrolyzates should in every case be controlled by repeating the 
complete analytical procedure with a mixture of amino acids simulating 
as closely as possible that present in the hydrolyzate. Successive approxi- 
mation may then be used if necessary. The use of such a mixture is a con- 
siderable safeguard against the lamentable results that often arise from 
blindly applying to the hydrolyzate of one protein an analytical procedure 
that may have given satisfactory results with the hydrolyzate of a protein 
of different composition. The recent commercial availability of the amino 
acids makes this no longer a counsel of perfectian. It has often been 
assumed that 100 per cent recovery from the hydrolyzate of an added 
sample of the amino acid being determined establishes the precision of the 
method. This is an extrapolation which is often unjustified. 

Another general safeguard may be sought by choice of analytical meth- 
ods. It is desirable that as many different amino acids as possible be 
simultaneously determined by isolative procedures in the same portion of 
hydrolyzate. (Of course this leads to great economies in the consumption 
of protein in analysis, which may be important.) By working in this way, 
any material getting into the wrong end-fraction is only contaminating 
one end-fraction. Were other portions of hydrolyzate analysed for other 
amino acids, the same impurity might appear several times. By applying 
further analytical procedures, which may often be semi-quantitative and 
non-isolative, to aliquots of end-fractions from a single portion of hydro- 
lyzate, it is possible to obtain valuable secondary corrections, as well as 
to keep close control on the course of the analysis. 

It is to be hoped that before long definite standards of accuracy, such 
as now prevail in elementary analysis, will have been accepted by protein 
chemists generally for the quantitative determination of amho acids in 
protein hydrolyzates. 

In the following sections, the different analytical procedures are grouped 
according to their technical form rather than according to the amino acids 
for which they are employed. The least satisfactory aspects of quantita- 
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tive amino acid analysis seem at present to be (i) the determination of 
glycine and hydroxyproline; (ii) the differentiation of leucine and isoleucine. 
These problems can however be expected to be solved in the near future. 
We make no attempt to deal a t  length with minor modifications of the 
older established methods. Block and Bolling's recent compilation (3a; 
cf. 177) includes much of this extensive literature. Vickery (178) and 
Chibnall (176) have presented discussions of the present condition of 
amino acid analysis and of the deductions which may be made from its 
results. 

5.2. 'ISOTOPE DILUTION' 

By adding a substance containing an excess of a particular isotope to 
a mixture containing that substance with normal isotopic proportions, the 
quantity of the substance in the mixture can be inferred from the pro- 
portion of isotope in the substance after isolation and purification. This 
method of analysis has several advantages. The error in the determina- 
tion is independent of the method of isolation of the pure substance or 
of the yield. Since the yield is unimportant, the difficulty of obtaining 
pure substances is decreased. Similarly, the proportion of the substance 
originally present in the mixture is unimportant, and without influence 
on the accuracy of the analysis. Finally, the errors of the analysis are aI1 
calculable. In this, the method has the advantage of almost all other 
methods at present employed in protein analysis. 

Rittenberg and his colleagues have described the preparation, analysis, 
and stability of N%ontaining amino acids (179-MI), and the analysis of 
amino acid mixtures (182) and the calculation of the errors. Andyses for 
glycine, glutamic and aspartic acids in cattle fibrin are also given. In 
another paper (183) the glutamic acid and its degree of racemisation in 
malignant tumours was investigated. Rather surprisingly (cf. para. 3) no 
significant amount of d-glutamic acid was found. The results of Wieland 
and Paul (128a), obtained by the same technique, show a more usual 
degree of racemization of the glutamic acid. The N16 method has also been 
employed by Shemin. See (174a). 

Deuterium-rich amino acids have also been used (184), but seem less 
suitable (cf. 185-188). C" does not yet seem to have been used. 

The method in its present state, using N16 is capable of analyses with 
errors of 1 per cent, better probably than any single method of protein 
analysis in use at present. The apparatus required is a formidable deter- 
rent to its use at present, however. 

5.3. CHROMATOGRAPHIC AND RELATED METHODS 

Though adsorption has long been used for biochemical separations, and 
many have noticed (189-200) that amino acids are adsorbed by various 
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substances, no attempt has been made until recent years to work out 
quantitative separations. With a view to chromatography elaborate 
studies of the adsorption on A h 0 8  and active carbon have recently been 
made (201-202s). Adsorption on ion-exchange material has also received 
recent attention (203). 

The application of chromatography to water-soluble substances has 
lagged curiously behind its use for fat-soluble substances. Thus in 1936 
a few pages could deal with the chromatography of aqueous solutions (204). 
This is perhaps due, aa was the small use at first made of charcoal, to the 
unfavorable adsorption characteristics, the adsorption isotherms being 
far from hear ,  and this rendering good separations more difficult to 
obtain (205, 206). Wieland (207) in 1943 reviewed the chromatographic 
separations of amino acids. He considered the separations under three 
headings: (i) exchange, (ii) adsorption, and (iii) partition, We cannot do 
better than to follow this division here. 

We have found it convenient. to define chromatography as ‘the technical 
procedure of analysis by percolation of fluid through a body of com- 
minuted or porous rigid material irrespective of the nature of the physico- 
chemical processes that may lead to the separation of substances in the 
apparatus’ (208). The chromatographic arrangement can be employed in 
connection with types of development (cf. para. 5.3.3.) other than the 
usual ‘elution development .’ 

5.3.1. Exchange 
Ion exchange materials, first consciously used as natural zeolites for 

water-softening, consist esshtially of insoluble acids (or bases) which can 
form insoluble salts. Practically any soil or clay possesses these ion 
exchange ’ properties, and fullers’ earths, sometimes acid-activated, are 
familiar to the biochemist. Numerous synthetic ion exchange materials 
are now available, many of the recent examples being synthetic resins. 
Myers (208a) has presented a valuable review of the ion exchange prop- 
erties of synthetic resins. 

The ratio of the proportions of a given pair of ions, in the exchange 
material and in the solution, depends, no doubt, on as many complicated 
factors as does true adsorption but also, and overridingly, on the charge. 
Thus Whitehorn (209) found that a base weaker than &ar=1X10-7 was 
not adsorbed on permutit from a neutral solution. This dependence on 
charge and sign of charge explains the sharp separations that is possible 
to make between dicarboxylic, basic and neutral amino acids. (It should 
be remembered, however, that it is the charge that is important, not 
the number of potentially ionizable groups.) 

Separation of Basic Amino Acids. F. Turbs (210) has described in detail 
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the quantitative separation of arginine, lysine and histidine from each 
other and from all the remaining neutral or acid amino acids, He employs 
two adsorbents, ‘.Filtrol-Neutrol’ and ‘Floridin XXF’ (both presumably of 
the fullers’ earth type and obtained from H. Bensman, Bremen). A typical 
separation is shown below: 

Mixture 86 mg. each of Histidine, Leuci~le, Arginine, and Lyaine. 
12 x. ‘Floridin M F  extra’ column, develooed with 200 ml. water 

FILTRATE ADSORBED 
(hbtidiw+leueine) 1 

Eluted with 100 ml. HrSOc 
Evsporatea to 10-20 ml. 

6 g. lFiltml-Neutrol’ column 
developed with 100 ml. water 

FILTRATE ADSORBED 
(Inmm) 

pyridine mixture. HBO. and 
pyridine removed. Evap. to 
10 ml. 

I 
(A&ine+lysine) 

eluted with 100 ml. mixture 

pyridine. Former removed as 
BaS04, latter by evaporation 

of 6 V O ~ .  N H8Oc m d  1 VOI. 

(histidine) 
25 g. ‘Filtrol-Neutrol’ col- 

umn made up with M / 6  
KH,PO,, developed with 300 
ml. same solvent 

I 
FILTRATE ADSORBED 
KEI,P04 precipitated from 
(lyaine) with alcohol 

Eluted with 100 ml. H,SOc 
pyridine mixture. HBO, and 
pyridine removed. 

(arginine) 

The tegt for beginning or end of elution of monoamino acids or lysine is made with 
6 drop  of eluate, 0.6 ml. 1% ninhydrin solution and 0.5 ml. (Mj3-pH 7) phosphate 
buffer. 

The quantity of each amino acid is finally estimated by a Van Wyke amino-N deter- 
mination. The recovery of monoamino acids reaches 100%’ of histidine 98-100%, of 
lysine and arginine 98%. When a mixture of amino acids (ahnine, valine, leucine, 
glutamic acid, serine, tyrosine, cystine and tryptophan) waa used in place of leucine, 
similar recoveries were obtained. 

Synthetic resins have been used also for the separation of basic amino 
acids by Block (211) and others (212). Wieland (213) has shown that a 
‘basic’ A120s column (ie., N203 containing Na’ ions) will retain arginine 
and lysine, while histidine and monoamino acids are eluted by a neutral 
solution. Wieland (212c) has also used the synthetic resin ‘Wofatit C’. 
In its free acid form it will retain lysine, arginine and histidine. As its 



18 A. J. P. MARTIN AND R. L. M. SYNGE 

potassium salt it will retain only lysine and arginine. A resin column can 
hold 20 times as much as a ‘basic’ &03 column of the same weight. 

Schramm and Primosigh (212d) have used silica gel and found it more 
convenient than ‘Filtrol-Neutrol’ for adsorbing the basic amino acids. 
Elution is readily achieved with HCl. They have found it possible (212e) 
to make the amino acid bands visible by virtue of their competitive dis- 
placement of colored substances from the adsorbent (methyl red, brom- 
thymol blue, Co++) .  

Archibald (212a) has employed acidic resins for the separation of 
citrulline from other plasma constituents. Strain (212b) mentions the use 
of titanium dioxide for adsorbing amino acids. 

Separation of Dicarboxylic Amino Acids. Wieland (213-216a) introduced 
A1203 (Brockmann) pretreated with acid for the adsorption of the 
dicarboxylic acids. The A&O3 acquires a positive charge and holds a num- 
ber of the ions of whatever acid has been used to activate it. In neutral or 
acid solution these can be exchanged for other ions. In alkaline solution 
the charge on the A1203 is reversed, and thus the acid ions are eluted. 

Not only aspartic and glutamic acids are adsorbed by acid-activated 
AI2O3 but also cystine (214). Wieland suggests that this is the result of 
ita insolubility a t  pH 4-5. But perhaps the rather acid isoelectric point 
of cystine (pI=5.02) also plays a part. Cystine is elutable by H2S sat- 
urated water, which does not affect glutamic or aspartic acids. Wieland 
elutes the latter with saturated Ba(OH)2. Most of the humin is left a t  the 
top of the columns, which is removed before elution, and apparently con- 
tains no glutamic or aspartic acids. The Ba(OH), eluate is dealt with by 
conventional methods. The total dicarboxylic acids for a number of pro- 
teins are given (215), in substantial agreement with other authors’ figures. 

Turba and Richter (217) employ an analogous procedure. They were 
unable to obtain fully quantitative results using A1203 activated by N HCl 
as used by Wieland. By the use of N acetate buffer (pH 3.3) to activate 
the alumina they were able to get fully quantitative separations of glutamic 
and aspartic acids from the other acids, the monocarboxylic acids being 
eluted with water (except cystine, eluted with N/10 acetatebuffer (pH3.3)) 
and the dicarboxylic acids with N/20 NaOH. Glutamic and aspartic 
acids were also separated, using larger quantities of A1203, the glutamic 
acid being preferentially eluted with N acetate buffer (pH 3.3). (5 g. A1203 
required for 10-15 mg. dicarboxylic acid for separation from monocarbox- 
ylic acid: 30 g. AbO3 required for 5 mg. aspartic acid for separation from 
5 mg. glutamic acid.) Wieland and Wirth (216) report a similar, but 
perhaps more convenient, separation. 

Appropriate synthetic resins have also been used for separations of 
dicarboxylic acids (212). 
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Cannan (218) has used the polyamine-formaldehyde resin ‘Amberlite 
IR4’ (Resinous Products and Chemical Company, Philadelphia) to sepa- 
rate glutamic and aspartic acids from protein hydrolyzates. Rather sur- 
prisingly, he does not use it chromatographically, but instead stirs the 
acid (HC1) hydrolyzate with enough resin (in free base form) to bring the 
pH to 7. After filtration more acid and resin are added, a total of three 
treatments being given, leaving only a negligible amount of the dicar- 
boxylic acids unadsorbed. The resin is washed with water, and the dicarbox- 
ylic acids eluted with a moderate excess of HCl. The presence of bases in 
the hydrolyzate increases the quantity of resin and number of treatments 
required, and in one method put forward, the greater part of the bases 
are removed previously by precipitation with phosphotungstic acid. The 
glutamic tbd aspartic acids are separated by conventional means, the 
residue in the mother liquor being estimated by the method of Kibrick. 

Kibrick (219) used Cannan’s method of separating the acids and then 
estimated glutamic and aspartic acid from electrometric titration without 
and with formaldehyde (giving the quantity of dicarboxylic acids); the 
ninhydrin-C02 determination (220; para. 5.6.1) gives the proportion of 
aspartic to glutamic acid. Both Cannan’s and Kibrick’s figures on various 
proteins are in reasonable agreement with Chibnall and colleagues’ ‘classiF 
cal’ figures (221), and the total dicarboxylic acid figures are in excellent 
agreement. 

It seems probable that a chromatographic procedure using not the ‘free 
base’ resin, but some salt, say the acetate, would be more convenient and 
require less resin and smaller volumes of solution, at least where bases had 
not first been removed from the hydrolyzates. 

Separation of Monoamino-mnocarboxylic Acids. Wieland (215) showed 
that acid-activated AI2O3 would adsorb the sodium salts of all amino acids 
from 80-90 per cent alcoholic solution, the amino acids carrying a net 
negative charge under these conditions, whereas glucose is not held under 
these conditions. He attributed this adsorption to the more acid character 
of the amino acids in alcohol. In fact, however, the amino acids are less 
acidic in alcohol than in water. Presumably the high concentration of 
alcohol interferes with the reversal of charge on the alumina that the high 
pH would be expected to bring about. The acids are elutable by water. 

Schramm and Primosigh (222) have obtained adsorption on acid- 
activated A1203 by weakening the basic group by combination with form- 
aldehyde, so that the amino acids acquire a net charge at  neutral pH. 
In 10 per cent formaldehyde solution the basic groups of glycine and serine 
are much more affected than those of the other monocarboxylic acids (a 
difference of about 1 unit of pK2). A mixture of glycine, serine, alanine, 
proline, valine, leucine and isoleucine was run on a 10 g. A1208 column and 
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developed with 50 ml. of a 10 per cent formaldehyde solution (pH 7-8). 
The glycine and serine a.lone were retained in the column and eluted with 
alkali. The micro-Kjeldahl method showed 100 per cent recovery of 
(glycine+serine) and 101 per cent recovery of the other amino acids. 
About 5 mg. (glycine+serine) and 10 mg. other acids were used. 

Turba, Richter, and Kuchar (223) have made use of acetic acid-activated 
Al2Oa to separate cystine from alanine, valine, leucine and proline. 50 per 
cent alcohol-water is used for development, the cystine remaining in the 
column and being eluted later with N/20 NaOH. 10 g. A l 2 0 3  is sufficient 
for 5 mg. cystine; 200 ml. are required for development, 25 ml. for elution. 

They have also been able to separate proline, alanine and glycine from 
valine and leucine on ‘Filtrol-Neutrol’ using 50 per cent alcohol at pH 5.5 
as developing medium. This separation is due, they suggest, to the more 
basic character of the former amino acids. A 30 g. column of ‘Filtrol- 
Neutrol’ handles 5 mg. of each amino acid. The adsorbed acids (proline, 
glycine, and alanine) are eluted with water. 

Proline and alanine they separate on acetic acid-treated A120a using 
60 per cent alcohol. (50 g. A 1 2 0 a  for 5 mg. of each amino acid. 140 ml. 50 
per cent alcohol is used for development. Alanine is eluted with 100 ml. 
water.) In all these separations yields of 90-100 per cent are obtained. 

5.3.2. True Adsorption 

Wachtel and Cassidy (224,225) have used active charcoal for the separs- 
tion of glycine, leucine, phenylalanine and tyrosine, with excellent yields, 
except for the phenylalanine and tyrosine. 

Tiselius studied the adsorption of amino acids on active carbon, but as 
his methods are so original, we will discuss them below separately (paTa. 
5.3.3). He showed that different acids are adsorbed to widely different 
extents, and probably stimulated thereby some of the work described here. 
Schramm and €’rhosigh (222) in the paper quoted above also studied 

the separation of various monoamino-monocarboxylic acids. In order to 
obtain quantitative recovery of the amino acids put on, they found it 
necessary first to poison the carbon with KCN (as suggested by Tiselius) 
and then to modify its adsorption properties by treatment with 5 per cent 
acetic acid; the acids were not elutable with 5 per cent acetic acid unless 
this pre-treatment was performed. (This irreversibility is difficult to under- 
stand and it is greatly to be hoped that some theory will replace the present 
empirical approach to the problem of altering the adsorption properties.) 
With carbon so prepared the aromatic amino acids phenylalanine, tyrosine, 
tryptophan were retained and all others eluted with 5 per cent acetic acid. 
(2 g. of carbon handles 15 mg. aromatic amino acid; 50 ml. are used for 
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development; 100 ml. 5 per cent phenol in 20 per cent acetic acid eluted 
the aromatic acids.) 

Turba, Richter and Kuchar (223) in the paper described above employ 
active carbon for the separation of tyrosine and phenylalanine from the 
aliphatic amino acids (0.5 g. animal charcoal, treated with KCN, employed 
for 5 mg. of each amino acid). The columns were developed with 100 ml. 
of water, and the aromatic acids eluted with a pyridine-acetic acid mixture. 
Valine and leucine were also separated on a 4g. carbon column, using 
5 mg. of each amino acid (valine eluted with 300 ml. M/15 phosphate 
buffer - pH 5.6). Valine and methionine were similarly separated on a 6 g. 
column (methionine eluted with 400 ml. water, valine with pyridine-acetic 
acid-water, 10:0.5:100). The recoveries on these last pair of separations 
ranged from 93-98 per cent, lower values than obtained with other separa- 
tions, perhaps because of the absence of pre-treatment of the carbon with 
acetic acid. (This might well, however, have interfered with the &para- 
tions as they carried them out.) 

They have found that the synthetic resin ‘Wofatit M’ is a specific 
adsorbent for tryptophan from other monoamino-monocarboxylic acids. 
(8 g. of ‘Wofatit M,’ pre-treated with N / 5  acetic acid is required for 5 mg. 
tryptophan; developed with 200 ml. water; the tryptophan is removed 
with aqueous pyridine or alcohol, and is contaminated with some nitroge- 
nous material from the resin. This may be removed by B ‘Filtrol- 
Neutrol’ column.) 

Turba and his collaboraton suggest the following scheme, based on the 
various chromatographic separations so far outlined, for the analysis of 
amino acid mixturee: 

See also (223a). 
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I 
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Hietidins Lysinc Arginina 

scid Alps 
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FILTRATE ADSORBED 
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Schrsmm and Primosigh (212d) suggest separation into five groups: 
(1) Tyrosine, tryptophan and phenylalanine by adsorption on charcoal 

(2) Arginine, lysine and histidine by adsorption on silica gel; 
(3) Aspartic and glutamic acids by adsorption on acid-activated 

(4) Swine, threonine, cystine and glycine by adsorption on A&Oa in 

(5 )  Manine, valine, leucine, isoIeucine, proline and hydroxyprolie axe 

(pretreated with acetic acid); 

AL03 ; 

presence of formaldehyde; 

unadsorbed. 
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They find it necessary to have H B  present throughout to  prevent pre- 
cipitation and oxidation of cystine. 

Harrer, Keller, and Szonyi (226) have used a radically different approach 
for the separation of the aliphatic amino acids. The methyl esters of the 
N-p-phenylazobenzoyl derivatives are developed on a basic zinc carbonate 
column with 5:95 benzene-petrol ether mixture. Coloured bands of the 
glycine, alanine, leucine and valine derivatives, with the glycine at  the 
top, are formed. No explanation of the anomalous position of the valine 
has been found. The method at present is not quantitative. 

5.3.3. The Work of Tiselius 
Tiselius has introduced two important new methods of chromatographic 

analysis - ‘front analysis’ and ‘displacement development.’ He has used 
principally active carbon as his adsorbent. 

Front Analysis. In this method (227-232) there is no development as 
normally employed. Instead, the solution to be investigated is supplied 
continuousIy to the column and the effluent is examined by one of the 
‘Schlieren’ methods that have been devised for the ultracentrifugal or 
electrophoresis techniques (233, 234). The curves obtained by these 
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FIG. 1. Front analysis of mixture A+B+C+D 

methods, so familiar from electrophoretic protein investigations, are of 
course those of gradients of refractive index (gradients of concentration) , 
not of refractive index (concentration). Figs. 1, 2, 3 are of refractive 
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index (concentration) as obtained from the interferometric method men- 
tioned below. 

In this way a series of steps in the concentration of the effluent may be 
observed. The rate of travel of the front of a given solute down the column 
is a function of the amount adsorbed by unit quantity of adsorbent. 
Tiselius expressed the adsorption of the various solutes as ‘specific retarda- 
tion volumes,’ these being the volumes of liquid that pass through a col- 
umn containing 1 g. of adsorbent before the particular solute appears in 
the effluent. If the adsorption isotherm be linear, these specific retardation 
volumes will be the same for all concentrations of solute in the original 
solution. If the adsorption isotherm be not linear (if, for instance, as is 
usually the case, the amount adsorbed is relatively greater at low con- 
centrations), the specific retardation volume changes with concentration, 
becoming in the case supposed less at  high concentrations (cf. 235-237). 

In the method of front analysis this increase of retardation volume with 
decrease of concentration plays a most important part; since when the 
concentration is low, the rate of travel is slower; the front is thus main- 
tained relatively sharp, diffusion bsing automatically counteracted. This 
is in sharp contrast to the usual chromatogram: the less linear the adsorp- 
tion isotherm, the better the analysis. If, for simplicity, we assume that 
the various solutes are without influence on the adsorption of one another, 
then the concentration of each solute in the effluent at any time (assuming 
the fronts to be absolutely sharp) is either zero or the value in the original 
solution. In practice the concentration of a given solute will be either zero 
or higher than the concentration of that solute in the original solution, 
as each front will tend to elute some portion of the solutes already adsorbed. 
Fig. 1 diagrammatically shows how the effluent from the column changes 
with time, the original solution containing solutes A, B, C, D . 
In order to be able to detect lower concentrations than those adapted 

for the ‘Schlieren’ methods, and to experiment with elution (which, by 
reason of the decreasing density of the effluent, would cause instability 
in the cuvette) Tiselius and Claesson (238) have used an interferometric 
method for refractive index determination. In this, the determination was 
made in a cell of about 0.1 ml. capacity, through which the effluent 
flowed on leaving the column. This method should be of value in almost all 
chromatographic work (in which the solvent is not frequently varied) 
dealing with colourless substances. Its only disadvantage is the need for 
good temperature control and the relatively complicated apparatus re- 
quired; cf. also 238a, 238b. 

Displacement Development. Later Tiselius (239-242) showed that by 
developing a chromatogram with a solution of a suitable strongly adsorbed 
substance, a steady state was set up in the chromatogram, the band of the 
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least adsorbed substance being immediately followed and eluted by the 
band of the next least adsorbed substance, and so on. The concentration 
of each band automatically adjusts itself until the rate of travel of each 
front is the same. Thus in practice each band shows a higher concen- 
tration than the preceding one. The distance between successive fronts 
is a measure of the quantity of that material present, for a given concen- 
tration of eluting substance. This phenomenon Tiselius calls ‘displacement 
development.’ It is of course a familiar experience with chromatograms, 
it often being observed in the first chromatographing of a mixture that a 
particular substance runs fast as a narrow band, and that this band, when 
again run on a fresh chromatogram runs much more slowly and is more 
diffuse; displacement development being predominant during the first run 
and normal developmeirt during the second (Figs. 2 and 3). Tiselius is 
the first to make systematic use of this phenomenon. 

As in the case of front analysis a non-linear adsorption isotherm is 
desirable in using displacement analysis, a sharp front depending on this. 
The sharpness of the front will unfortunately depend not only on the rate 
of movement of the band and the size of the adsorbent particles and the 
spaces between them, but also on the difference between the adsorption 
coefficients of the substances on opposite sides of the front in question. 
Thus, when very large numbers of substances are to be separated, large 
volumes will have to be employed in order to obtain a clear gap between 
the different frontqmost of which cannot be sharp, since the adsorption 
coefficients of many of the substances will be very similar. 

So far, few analyses have been reported using these methods (242) - 
just separations of a comparatively few synthetic mixtures. Amino acids, 
peptides and carbohydrates have been reported as being separated by dis- 
placement developmept, and phenol and ephedrine have been used as dis- 
placing agents. The methods appear to offer the future possibility of 
extremely rapid and accurate estimation of many if not all of the amino 
acids in protein hydrolyzates. 

5.3.4. Partition 
After preliminary studies (243-247) on the separation of acetylamino 

acids, making use of differences in their partition coeEcients between 
chloroform and water, Martin and Synge (248) introduced the partition 
chromatogram. In this, in place of the normal solid adsorbent, an inert 
powder is used which can serve as a mechanical support for a liquid phase. 
The column is run with a second liquid phase which is immiscible with 
the first. In such a chromatogram, partition between the two liquid 
phases replaces adsorption on an adsorbent as the physical property on 
which the separations depend. 
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For the separation of acetylamino acids precipitated silica, which can 
take up about half its weight of water while still remaining apparently dry, 
was found suitable as the supporting powder. Water containing methyl 
orange was used as the stationary phase and chloroform as the moving 
phase. The acetylamino acids are sufficiently strong acids to change the 
color of methyl orange while quite dilute, so that the passage of a band 
of acetylamino acid down the column can be observed as a red band trav- 
elling against a yellow background. The bands as they run from the column 
are collected and titrated. 

Gordon, Martin, and Synge (249-251) have developed the method to zz 
nearly routine protein analysis procedure, and have found it possible to 
determine, in the hydrolyzate from 25 mg. of protein, phenylalanine, 
(leucine, isoleucine), valine, danine, proline, tyrosine, methionine, and 
tryptophan. Four solvent mixtures - chloroform containing 1 per cent 
and 17 per cent of n-butanol and cyclohexane containing 5 per cent and 
30 per cent of n-propanol-are employed in development. 

The scheme of separation is as shown on page 28. 
The slower-moving acetylamino acids cannot be dealt with if all are 

present. But if only one or two be present they can sometimes be esti- 
mated (250, 252, 253). 

When 17 per cent butanol-CHCL or 30 per cent propanol-cyclohexane 
is used, methyl orange is unsatisfactory w indicator, as it is too soluble 
in the moving phase, is leached from the column, and contaminates the 
product. Some anthocyanins have been found satisfactory as indicators 
(249-251) and Liddell and Rydon (254) have synthesized a new indicator 
for this purpose which is probably the most satisfactory available. 

The preparation of the silica seems to be a rather chancy process and 
is not yet fully understood (251). The difficulty lies in the fact that adsorp 
tions on to the silica can completely alter the color and range of the 
indicator, and a gel suitable for use with one indicator is not necessarily 
suitable with another. Two other conditions must be fulfilled - free base 
must be completely washed from the silica and the silica must not adsorb 
the acetylamino acids. All the gels so far prepared strongly adsorb the 
acids from pure chloroform or cyclohexane, and the addition of butanol, 
etc. is required to reduce the adsorption to negligible proportions. The 
adsorption is troublesome because it is of the Freundlich type and spreads 
the bands. Being greater for the faster-moving acids it still further reduces 
their separation. With higher concentrations of alcohols, the acetylamino 
acids are rendered more extractable by the organic solvent phase. 

The accuracy of the determination is about15 per cent except when 
the amount of a particular amino acid is very small. The errors seem to 
be involved rather in preparing the acetylamino acid mixture than in 
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The substances represented rta 'A' are artefact acids produced during hydrolysia and 
acetylation. A mixture of amino acids in proportiom similar to those of the protein, 
when treated in the same way cannot be distinguished in it9 behavior on the columns 
from the protein itself. 

analyzing it. The errors on the determination of mixtures of pure acetyl- 
amino acids are very small, and duplicate columns on aliquots from the 
same acetylation are much closer than when entirely separate determina- 
tions are made. Tristram (255; cf. 251) has found that mineral acid present 
during the final evaporation of the acetylamino acids before putting them 
on the columns causes esterification and low recoveries, and he has modi- 
fied the procedure to avoid this. Errors from these sources may to some 
extent be offset by determining correction-factors with known mixtures of 
amino acids. 

The method has been used for the analysis of wool (248, 249), gelatin 
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(249, 253)) gramicidin (252, 256)) tyrocidine (250), myosin and fibsin 
(173s)) and in studying hydrolysis products of methylated proteins (25 i ,  
258). Quite recently it has been used for analyzing ‘gramicidin S’ (10%). 

Dakin’s widely used method of butanol extraction for the separation of 
monoamino-monocarboxylic acids from the rest has been shown not to be 
very specific (259, 260). The determination of the partition coefficients for 
a number of amino acids by England and Cohn (261) suggested, however, 
that with a suitable chromatographic technique many of the amino acids 
should be readily separable (cf. 262). Leland and Foster (263) by butanol 
extraction have estimated thyroxine and diiodotyrosine in thyroid glands. 
The difference in partition coefficient is so great that a simple extraction 
procedure followed by iodine determination gives nearly quantitative 
results. Consden, Gordon and Martin (264) have now applied partition 
chromatography to separating amino acids without previous acetylation. 
In this method, cellulose is used as the support for the stationary phase, 
and a wide variety of moving phases has been tried. The cellulose is used 
in the form of filter-paper; a strip of filter-paper bearing some amino acids 
near the top is allowed to hang from a trough containing the solvent, and 
the whole is enclosed in a chamber so that the atmosphere is maintained 
saturated with water and solvent vapor. The solvent syphons out of the 
trough by capillarity and flows slowly down the strip; the individual amino 
acids move down at  rates determined by the ratio of water to solvent and 
by the partition-coefficient. When water-saturated n-butanol is used as 
solvent, the partition coefficients calculated from the rate of movement of 
the amino acids agree with those directly determined by England and 
Cohn (261) indicating that the cellulose is playing a passive role as mechani- 
cal support only. 

The order of the amino acids down the strip is very different with dif- 
ferent solvents. By making use of this fact and of the mechanical prop- 
erties of paper a 2-dimensional separation of the amino acids is possible. 
A drop of a solution of amino acids is placed near the corner of a sheet of 
filter-paper (18”X22”). Hanging by one edge from a long trough con- 
taining collidine, the chromatogram is allowed to develop for 48-72 hrs. 
The amino acids are now spread along a Iine close and paraIle1 to one edge 
of the paper. The sheet is dried, and this edge is then put into the trough, 
and a second run is made using water-saturated phenol, in an atmosphere 
containing NH,. After development the sheet is again dried. The acids 
are then spread in a characteristic pattern across the paper, and their 
position may be revealed by spraying the paper with ninhydrin solution, 
drying, and heating. Fig. 4 shows a photograph of a chromatogram made 
in this way. 

A pair of solvents that will separate all the amino acids into separate 
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FIG. 4. Two dimensional chromatogram of a wool hydrolyzate 
First run with collidinc. Second run with henol. Quantity of protein used: 300 rg. 
The proline spot is a strong yellow color, gut does not show well in thc photograph. 

spots has not yet been found, but by a suitable choice of solvents any 
desired amino acid may be so obtained. Collidine, phenol, n-butanol and 
brnzyl alcohol are among the most useful solvents. 

The quantity of material required is remarkably small. 0.2-0.4 mg. 
Df protein is required for each 2-dimensional sheet and less for a l-dimen- 
sional experiment. 1 pg. of amino acid gives a clearly visible spot with 
ninhydrin. The method has not yet been made quantitative, but is already 
most useful qualitatively. Cf. (63a.) 

Synge (256) has used partition chromatography on raw potato starch 
with n-butanol as a preparative method, using ordinary chromatograni 
tubes. Here again the starch has been shown to act merely as a mechanical 
support for the water phase. Hence information as to the behavior of 
materials gained upon paper should be available for prediction of their 
behavior upon starch, and vice versa. 

Wieland and Fremerey (264a) have employed partition chromatography 
with silica gel in phenol-chloroform-water and similar systems for separat- 
ing the Cu ‘salts’ of monoamino acids. They describe nearly quantitative 
separations of valine and nlanine and other amino acid pairs. The Cu in 
the solution issuing from the column is titrated iodimetrically. Here, pre- 
sumably, adsorption of the amino acids (which in our experience prevents 
effective partition chromatography of free amino acids on silica gel) is 
prevented owing to their amino groups being involved in complex forma- 
tion with Cu. The Cu derivatives have the additional valuable property 
of being colorecl. 
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5.3.5. Comparison of the Chromatographic Methods 
So far the chromatographic methods have not been sufficiently widely 

used to permit of any final assessment of their value, although the begin- 
ning is most promising. Of the adsorption chromatographic methods, 
Wieland’s acid-alumina method for the dicarboxylic acids is the only one 
to have been used on proteins; his recoveries of glutamic and sspartic 
acids seem low compared with Chibnall’s values for similar substances. 
It is very doubtful if Turba’s scheme will give the accuracy on protein 
hydrolyrates that he obtains with simple mixtures, since so many opera- 
tions are involved. However, further experience will no doubt reduce the 
labor and permit of a true estimate of the accuracy of the analysis. 
Karrer’s method is also in its infancy, but appears at  present less promis- 
ing than the other methods. Partition chromatography of acetylamino 
acids is relatively simple and unlaborious, and can be used with small 
quantities of material. It is not highly accurate, but investigation of the 
sources of error might well render it so. Partition chromatography on 
paper and starch have not yet been brought to a quantitative stage but 
there is no reason to believe this to be impossible. The paper method is 
already a valuable tool for identification of small quantities of substances, 
checking purities, and investigating for unknown or doubtful amino acids. 
The methods introduced by Tiselius have not yet been extensively applied, 
but should be capable of yielding accurate results. Their chief disadvantage 
would appear to be the rather elaborate apparatus required. 

However, the most important field in protein chemistry for the chro- 
matographic methods is almost certain to be the separation of peptides, 
and for this it is already clear that successive use of the different methods 
will give especially valuable separations. The following studies have 
already been reported: partial hydrolysis products of clupein (on bleaching 
earths) (265, 266; cf. 267); of gelatin (as acetyl derivatives on silica gel) 
(253); of wool on paper chromatograms (268); of gramicidin on starch 
chromatograms (256). With these extremely complicated mixtures it is 
one of the virtues of the chromatographic methods that they permit some 
idea to be formed of the problem to be tackled. Thus Consden, et al. (268) 
have evidence of more than 40 substances (other than amino acids) present 
in considerable quantity in a partial hydrolyzate of wool (3 days in 10 
N HCl at 37’ C.). 

5.4. IONOPHORETIC METHODS 

The terms electrolysis, electrophoresis, electrodialysis, electroosmosis, 
fractional electric transport and ionophoresis have all been used more or 
less interchangeably. 

We propose to use ianophmesis to describe processes concerned with the 
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movement in an electric.field of relatively small ions, electrophmesis for 
movement of large molecules and particles and electrodidysis for the 
removal of smaller ions from large molecules and particles. Ionophoresis 
is the subject of what follows; we are concerned with electrophoresis.and 
electrodialysis only because of the similarity of the apparatus sometimea 
employed. A. Loddesol (269) has retiewed the use of electrodialysis for 
soil analysis: Other reviews (270, 271) cover electrophoresis and electro- 
dialysis. Zhukov (271a) has reviewed the electrokinetic phenomena asso- 
ciated with electrodialysis. The analytical protein methods originated by 
Tiseliue are of course outaide the scope of the present article. 
In 1909, Ikeda and Surmki (272) obtained B patent for the preparation 

of glutamic acid by ionophoresis. They used a 3-compartment cell, glu- 
tamic acid being placed in the anode compartment and a protein hydrolysis 
mixture in the middle and cathode compartments. A potential of 4-6 v. 
was applied between a corrodible anode (Zn, Fe or Al) and an iron cathode. 
The membranes were of canvas impregnated with gelatin which was sub- 
sequently rendered insoluble with formaldehyde. The hydrolysis of the 
protein was performed with &so4 which was removed as CaSO, and BaSO4 
before ionophoresis. This method of using a soluble anode avoids most of 
the troubles such as change of pH, liberation of chlorine and destruction 
at the anode that render the ordinary 3-compartment cell method only 
of value for the basic fraction. No one seems to have followed up this lead. 

Foster and Schmidt (273, !274) used a 3-compartment cell, in its essen- 
tials like Ikeda’s save that the electrodes were carbon, for the preparation 
of the basic amino acids. Barium hydroxide was added at intends to 
maintain the middle compartment neutral, and Col was bubbled through 
the cathode compartment to prevent excessive akahi ty .  After the first 
run (the end being represented by disappearance of arginine from the 
middle compartment) the cathode material was treated again, as it still 
contained much monoamino acid. If the pH of the centre compartment 
was maintained at 5.5, all the basic amino acids would go to the cathode; 
if at 7.5, only the lysine and arginine would migrate. After the second run, 
the bases were found to be substantially free from monoamino acids. 

Cox, King, and Berg (275) used essentially the same method, but had 
parchment paper instead of formolized gelatin, and determined the end 
point by the rise in resiatance of the cell (cf. also 2754. 

Albanese (276) has applied a similar method to the estimation of the 
basic amino acids, using Ruppel’s membrane arrangement (see below). 
Two runs were made, the catholyte from the firat run beiig returned to 
the centre compartment after neutralization, and no attempt being made 
to control the pH of the center compartment during the run except indi- 
rectly by emptying the anode compartment at intervals. The cathode 
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material from the second run is finally analyzed into arginine, lysine and 
histidine by conventional methods. High accuracy in the analysis of a 
test mixture of amino acids was obtained, and analyses for bases of a 
number of proteins are given. 

Theorell and h e s o n  (276s) have developed this technique as a micro 
method, which can be used for analysis of the hydrolyzate from 20-30 mg. 
of protein. Their apparatus is 70 mm. long and 65 mm. in outer diameter. 
The choice of material for the membrane was found to be very important; 
genuine parchment, after soaking in water and removing the barium sul- 
fate-treated subcutaneous layer, was found to be greatly superior to any 
other material tested. They report determinations of histidine, arginine, 
lysine, dicarboxylic acids and amide N in purified crystalline preparations 
of horse-radish peroxidase and horse-liver catalase, with control determina- 
tions on a series of artificial amino acid mixtures of similar composition. 

The 3-compartment cell has also been used by Gawrilov and colleagues 
(277-281) for the separation of amino acids from diketopiperasines. Both 
middle and cathode compartments are maintained acid. Under these con- 
ditions deamination of amino acids occurs at the cathode unless the current 
density there is kept very low. Only the amino acids go to the cathode 
compartment. 

Gordon, Martin, and Synge (282, 283) have used the 3-compartment 
cell to study the basic andneutral fractions of partial hydrolyzates of 
proteins. A number of other workers have used the same arrange- 
ment (284-289s). 

Ruppel (290, 291) and colleagues, using chromed gelatin as anode mem- 
brane and parchment paper as cathode membrane, used a 3-compartment 
cell to electrodialyze electrolytes from serum. Pauli (292, 293), also p r e  
paring salbfree proteins, conducted the dialysis slowly to avoid large pH 
changes (cf. 294). 

These investigators believed that the various membranes possessed a 
different permeability to anions and cations (270,294,295). This differen- 
tial permeability may conveniently be attributed to two mechanisms: 

(a) Difference of transference numbers for cations and anions in the pores 
of the membrane from corresponding values in the free solution. This will 
be manifested whenever a large fraction of the pore-contents is occupied 
by the diffuse part of the electrical double layer at the pore wall. Thus in a 
membrane having a positive l-potential the transference number for anions 
will be increased. This effect will in practice be greatest with fine-pored 
membranes and in low concentrations of electrolyte (271a, 295a). 

(b) Increased velocity of the ions migrating in the same direction aa the 
electroendosmotic stream will increase their transference number. The 
electroendosmotic stream will be decreased by raising the electrolyte 
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concentration, but will be little dected by the pore diameter. A stream 
due to a pressure difference acrw the membrane will, of course, have a 
similar effect, and changes in permeability to ion4 due to mechanism 
(b) may presumably be controlled by applying an adequate pressure. 
For membranes of reasonable thickness the transfer of uncharged mole- 
cules across the membrane will be due almost entirely to the electm 
endosmotic stream and therefore amenable to control in this way. 

Most investigators have employed a cathode membrane having a nega- 
tive {-potential and an anode membrane having a positive r-potential. This 
arrangement maintains the pH of the middle compartment more or less 
neutral and promotes the elimination of ions from the middle compart- 
ment. However, the reverse arrangement should be superior for the 
separation of basic, neutral and acidic amino acids, etc. Since the electro- 
endosmotic stream will be directed towards the middle compartment 
through each membrane, losses of uncharged molecules from the middle 
compartment wi l l  be greatly decreased. With this arrangement, external 
pH control must be adopted and the current efficiency will of course be 
lower. This is unimportant in analytical work. 

Wataon (296) using coarse membranes realized that the effect of the 
different membranes waa only due to the electroendosmotic pumping of 
more or leaa of the material from one compartment to another. He then 
chose his membranes, of rigid siliceous or alundum type, on the grounds 
of their mechanical properties and provided a siphon to permit flow of 
liquid from catholyte etc. to maintain the pH of the centre compartment 
at  the required value. 

There does not appear to be any clear description of the qualitatively 
essentially simple processes taking place in and between the membranes. 
Let us consider a single membrane. Three processes are occurring simul- 
taneously - diffusion, ionophoresis and endosmosis. Provided enough 
other ions are present for diffusion potentials to be small, the rate of trans- 
fer by diffusion of a given ionic species (or uncharged molecule) depends 
directly on the mobility, the effective cross-section of the membrane and 
the difference in concentration on the two sides of the membrane, and 
inversely on the thickness o€ the membrane. The rate of transfer by 
ionophoresis depends directly upon the effective cross-section, concentra- 
tion, mobility and potential gradient. The rate of electroendosmosis (in 
say ml./sec.) depends upon the effective cross-section, the potential of the 
membrane relative to the solution and, inversely, on the ionic strength of 
the solution and the potential gradient. The application of a suitable 
pressure will eliminate any endosmotic flow. Water is also carried by the 
ions, and in strong solution the transport of water from this cause is likely 
to be greater than that due to endosmosis. If flow of solution  occur^, and 
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the membrane be not very thin, then diffusion may play a negligible role, 
and the rate of travel of a given ion will be deterrained by the factors 
discussed above. Since the flow through the membrane can always be 
adjusted by the application of an external pressure, it should be possible 
to control diffusion from say middle to cathode compartment merely by 
increasing the pressure in the latter. If the solution in the cathode com- 
partment wa8 kept dilute, this should not unduly lengthen the run. 

The change of pH that the middle compartment experiences is the result 
of the addition and loss of H. and OH’ to and from the other compartments, 
and the creation and destruction of H* and OH’ from weak acids and bases 
and their ions as the result of the movement of their ions into and out of 
the compartment. The h a 1  pH of the middle compartment after the cur- 
rent has been run for a long time depends upon Musion and electro- 
endosmosis of electrolytes from the other compartments. 

Loading a giv’en compartment with electrolyte reduces the transport of 
any given ion (other than those added, of course) because it reduces the 
potential gradient in that compartment and the neighbouring membranea. 
Similarly, denudation of a particular compartment of ions incream the 
potential gradient across it, usually decreasing that across other compart- 
menta, since the total potential difference across the cell is limited by prac- 
tical considerations. Thus usually a run is terminated when a given com- 
partment has been denuded of ions, since the potential gradient across the 
others is then too low to permit of further useful separation. 

The potential that can usefully be applied to a given apparatus is 
limited by the problem of dissipating the heat produced. This cooling ie 
usually done by cold tubes, fingers, etc. In all the designs of apparatus 
we have so far seen a very excessive distance between the membranes is 
allowed, resulting in needless heating of the solutions. It should be possi- 
ble to design an apparatus in which the current is limited only by the heat- 
ing within the diaphragm, the diaphragms being as close to each other 88 

mechanical considerations permit, and cooled by the forced circulation 
through external coolers of the liquids between them. Under these cir- 
cumstances, the maximum current density should then be used, which 
would be proportional to the permissible temperature rise in the centre of 
the diaphragm, the thermal conductivity and effective cross-section of the 
diaphragm, and to the conductivity of the electrolyte, and inversely to the 
square of the thickness of the diaphragm. The effective cross-section 
shoidd clearly be as low as possible, since the occluded part is available 
to conduct heat away. The thickness should be as small as possible, since 
contamination by diffusion is proportional inversely to the thickness but 
the permissible current is proportional inversely to the square of the thick- 
ness. Finally, and very important, the pressures of all compartments must 



36 A. J. P. MARTIN AND R. L. M. SYNOE 

be. 80 adjusted that no, or controlled, electmendosmosis occurs. If, how- 
ever, a pressure is employed to force liquid against the direction of the 
relevant migrating ions, thickness of diaphragm is not a critical matter. 

The pore-size of the membrane must be uniform, or differences in endoe- 
motic pressures will be set up, with resulting mixing notwithstanding a 
back-premure; the absolute pore size is however not critical, provided it 
be below that necessary to give a negligible flow with the differences of 
pressure present within a single compartment, and large enough to permit 
the pmage of the ions in question. 
An ionophoresis apparatus designed on these lines should be capable of 

giving almost complete separations in one operation, and would moreover 
be flexible as to the quantity of material handled. Since the distance the 
ions have to be transported is small, a high potential gradient c m  be 
obtained with a small total potential. 

Multi-compartment cells have been used by several workers (297-300). 
Williams and Waterman (301) desired to maintain a multi-compartment 
apparatus with a gradient of pH along its length, and hoped that any 
ampholyte would be found at the conclusion of a run in the compartment 
with pH nearest to the isoelectric point of the ampholyte. Ions and 
ampholytes were indeed found more or less in the expected place, but by 
no means sharply confined to the appropriate compartment. Since, how- 
ever, the maintenance of the range of pH's was the result of diffusion and 
convection of acid back from the anode compartment and alkali back 
from the cathode compartment, the main drop of potential occurred acrom 
the compartment most denuded of ions, with the result that the gradient 
ww small across other compartments. Hence the lack of sharp divisions 
is not surprising. 

With their dilute solutions electroendosmosis was of c o w  severe, and 
in later papers Williams and his collaborators (302-305) used membraneless 
apparatus, of beakers connected by siphons or a tube divided by per- 
forated glass plates. Very high potentials, sometimes 15,000 v., were 
applied. 

The essential trouble with this method, as employed at present, is that 
if steps gre taken to reduce diffusion and convection, the reaistance of the 
centre compartments becomes altogether excessive. A small regular supply 
of cations at the anode and anions at  the cathode reduces the potential 
required considerably (cf. 300). 
This type of arrangement was also used by du Vigneaud and colleagues 

(306-310) for separations of pituitary hormones; later, apparatus with sin- 
tered glass membranes was used, with mercury bubblers to maintain the 
pressure necessary to prevent electroendosmosis. Spies, et d. (311) have 
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used a modification of the Williams apparatus for a carbohydrate-protein 
complex. It has also been used for amino acids (312). 

Consden, Gordon and Martin (313) have approached the problem in a 
d8erent way. They have performed the ionophoresis in a thin slab of 
dilute silica gel. The gel contains a buffer solution, and the protein hydro- 
lyzate is inlaid, in fresh silica gel, in a narrow strip at right angles to the 
length of the slab. A carbon anode and metal cathode at  the ends of the 
slab are in a current of acid and alkaline buffer respectively, of about the 
same strength as that in the gel. In this way the pH of the slab remains 
uniform and unchanging. 1-4 volt/cm is applied for 24-48 hrs. A 
‘print’ may be taken from the slab when required by laying a strip of 
dry filter-paper on it. Ninhydrin shows the location of the amino acids. 
Buffer in the gel is necessary since where the pH is such that a given sub- 
stance is partially ionized, ionophoresis will result in pH changes, since 
ions are moved and then de-ionize and neutral molecules are left behind, 
some of which then ionize. Since the buffer behaves similarly if suitably 
chosen, no pH changes need result in the presence of buffer. Various pre- 
cautions are required to minimize the effects of electroendosmotic flow and 
to prevent local flooding or drying of the gel throughout the length of 
the slab. 

The method has been applied to the partial hydrolysis product of wool, 
and the fact that five fractions with little overlapping have been obtained 
suggests that this is an advance over previous methods of ionophoresis. It 
is, however, only adapted for small quantities of material, and the dia- 
phragm type of cell is likely to continue to be the most satisfactory for 
larger preparations. On the other hand it is capable of a type of separation 
practically impossible. with the diaphragm type: where the dissociation 
ranges of two ampholytes of weak acids or bases (e.g., glycine and serine, 
pKb 9.78 and 9.15) are appreciably different, but nevertheleas overlap, at 
a suitable pH a larger proportion of m e  than the other carries a net charge 
(e.g., at pH 8.6 several times as much serine 89 glycine carries a net nega- 
tive charge). In the slab of gel its rate of movement is correspondingly 
faster, and it may be completely separated as a result. It should be noticed 
that this separation does not make use of a difference of iso-electric point. 
It may perhaps be remarked here that the small differences in the is+ 
electric points of the various monoamino-monocarboxylic acids are not 
likely to be made the basis of a separation, since the proportion carrying 
a net charge is so small near the isoelectric point. If the ranges of the 
d o -  and carboxylic groups were approximated by alcohol, dioxane or 
formaldehyde, similar differences in iso-electric point should make sepsrs- 
tiona possible. 

Similar separations can be effected in many c a w  by acid and bast? 
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exchange adsorbents and by ionophoresis - perhaps in many cases more 
conveniently with the adsorbents. Whereas, however, ionophoresis is 
almost solely concerned with the net charge on the molecule (and very 
slightly with the molecular volume, which will alter mobility), 'many 
structural features may also play a part in the adsorption. Thus the two 
methods may well be of value when used together. For large scale separa- 
tions ionophoresis is obviously the more convenient if a suitable diaphragm 
apparatus can be used. 

5.5. PRECIPITATION METHODS: THE WORK OF BERQMA" AND COLLEAQUEB 

For isolating particular amino acids or groups of amino acids not many 
new precipitants have been introduced during the last fifteen years by 
workers other than the Bergmann group, whose work is separately dis- 
cussed below. Nitranilic acid and cuprous oxide have now definitely estab- 
lished themselves beside the traditional reagents for quantitative work. 
The main advance, however, in this field has been the recognition, as the 
result of critical studies, that: (i) the presence of other d n o  acids increases 
the solubility of amino acid-precipitant complexes in an often unpredictable 
way (but cf. discussion of Bergmann's work below); (ii) precipitates may 
carry down, by formation of mixed crystals, adsorption, or otherwise, 
amino acids other than those which it is desired to precipitate; (iii) mixed 
crystallization may render the precipitation of some amino acids in mixtures 
more complete than would be expected from experiments with the pure 
amino acid ('co-precipitation') . When working by precipitation methods 
it is therefore especially important to control analysis by the use of mix- 
tures of amino acids of known composition. The order in which the dif- 
ferent operations are carried out is often vital to the success of the analysis, 
and methods of working may have to be modified in accordance with vari- 
ations in the amino acid composition of the protein being analyzed. Little 
attention has so far been paid to the effect of partial racemization (cf. 
para. 3) of amino acids on analytical results obtained by these methods, 
except in the case of glutamic acid (314). 

It is by precipitation methods that some of the most accurate and gen- 
erally accepted figures for the amino acid content of proteins have been 
obtained. Some of these figures are known for certain to  be accurate 
within 2 per cent. Reaults of this kind are mainly confined to the basic 
and dicarboqlic amino acids. To achieve them requires great skill and 
experience from the analyst, as well aa an excessive number of man-hours. 

Employing precipitation methods, Chibnall and colleagues (315) have 
evolved a system where 'the cardinal point in the procedure is that no 
reagent may be introduced into the main hy%rolyzs;te unless it can be 
quantitatively removed at  a later stage without appreciable loss of nitro- 
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gen, for in an extended scheme such as we have adopted the working losses 
are cumulative, and can soon amount to several per cent of the total 
protein nitrogen. It follows that certain reagents either cannot be used at 
all, or only at  a stage where there is reason to believe they comply with this 
provision.’ 

To adhere rigidly to the approach recommended above is a counsel of 
perfection, which would preclude at present the use of certain methods of 
proved value. Nevertheless, it is an aim which should continually be 
borne in mind, particularly when planning the order in which analytical 
procedures are to be used. 

So t  being ourselves experienced in these methods, we have not attempted 
to criticise the massive data in the literature on the analysis of particular 
proteins. 

Precipitation of Free Amino Acids, etc. 
Direct precipitation of amino acids from the neutralized hydrolyzab 

(with or without the addition of further salt) has not proved generally 
useful as a quantitative analytical procedure. Part of the tyrosine was 
determined in silk fibroin by Bergmann and Niemann (316), but the purity 
of their product has been criticised (317; cf. 318, 315). Fox (319) found 
commercial (precipitated) leucine to be difficuIt to free from methionine 
by direct recrystallization, and recommended recrystallization as the formyl 
derivative. Baptist and Robson (320) have employed salting out for the 
preparation of mixed monoamino acids (cf. 321, 322). 
Glutamic acid is usually isolated in the last stage by precipitation of its 

hydrochloride in the presence of excess HCl. Reference has already been 
made to studies of the relative solubilities of the different optical forms. 

Phosphotunystic Acid 
This precipitant in strong acid solution has for long been widely used 

for the basic amino acids arginine, histidine, and lysine. Ammonia, if 
present, is also precipitated. It is not, however, liberated when the phospho- 
tungstates are decomposed with amyl alcohol-ether at acid pH (323). 
Decomposition with solvents appears preferable to the use of baryta, since 
it can be accomplished with very little loss of nitrogen (e .g . ,  315). 

Recently Van Slyke and colleagues (324,325) have made detailed studies 
of the conditions for optimum precipitation of single and mixed basic 
amino acids by phosphotungstic acid, and of the composition of the pre- 
cipitates. The occurpence of mixed crystallization was demonstrated. This 
leads to better precipitation of m a l l  amounts of histidine or hydroxylysirze 
in the presence of the other basic amino acids than would be calculated 
from the solubilities of their pure phosphotungstates. Once-recrystallized 
phosphotungstic acid precipitates from hydrolyzates are practically free 



40 A. J. P. MARTIS A S D  R. L. bf. SYSGE 

from monoamino acids. However, cystins is partially precipitated, and 
should therefore be removed at an earlier stage (see below). The actual 
residual solubilities of the basic amino acids after phosphotungstic acid 
precipitation in an analysis of /3-lactoglobulin have been studied (315). 

Ornithine seems. to be difficult to precipitate completely by phospho- 
tungstic acid (326,327). It would be interesting to know what its behav- 
ior is in the presence of other basic amino acids. 

Proline phosphotungstate is somewhat insoluble, and has been used (328) 
for purifying proline. 

FEavianic Acid 
This acid has been employed for precipitating arginine with considerable 

success. It was introduced by Kossel and Gross (329; cf. 330), who also 
studied the properties of the flavianates of a number of other bases. It 
has found widespread use as an almost quantitative precipitant of arginine 
from complete protein hydrolyzates as its monoflavianate, and in the later 
stages of determining arginine by other methods. The monoflavianate can 
be recrystallized free from impurities with very slight losses. Vickery 
(331) has rendered the procedure more quantitative by conducting an 
initial precipitation of arginine dijavianate from the hydrolyzate and 
recrystallizing as the monoflavianate. He compares the arginine content 
of st number of proteins determined in this way and by other methods 
(cf. 332). Chibnall, et al. (315) have studied this procedure and conclude 
that significant quantities of histidine and lysine may be carried down, 
and require repeated recrystallization for their elimination (cf. 333). The 
use of flavianic acid thus appears to be more valuable for the direct determi- 
nation and isolation of arginine from protein hydrolyzates than for its 
quantitative removal with a view to subsequent detailed analysis for other 
amino acids (333). Cf. (333a). 

Diflavianates have been employed for the characterization and for the 
final stages of the isolation of histidzne (334-336) and a y-diaminobutyric 
acid (337). Dakin (49a) has described glycine flavianate. 

-1lbanese (338) has removed flavianic acid quantitatively by ionophoresis 
from the mother-liquors from precipitation of arginine monoflavianate. 
Other workers have usually employed precipitation as its Ba salt or have 
estracted i t  with n-butanol from acid solution, 

Other Organic Acids 

-\ number of other acids have been employed as precipitants for amino 
acids; they are usually applied for quantitative analysis after the amino acid 
under investigation has been selectively concentrated from the hrdrolyzate 
by other methods. The slightly soluble salts and complexes have additional 
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value &s reference compounds for the characterization of amino acids. 
When used preparatively, it is desirable that the acid should be ensily 
removable after decomposition of the salt. Below is given an incomplete 
but illustrative bibliography of the main precipitants of this class: 
PICRIC ACID Lysine e.g., 335, 323 

Ornithine 327 
Proline 339-341 
Hydroxyproline 339, 342 
Hydroxylysine 343, 34-4 

(Decomposition of picrates 345) 
PICROLONIC ACID Histidine 346 

(use of bromoDicrolonic acid 348) 
Phenylalanine 347, 320 

NITRANILIC ACID Glycine 349 (cf. 350) 
Histidine 

Hydroxyproline 

Histidine 346 
RUFIANIC ACID 356 

350, 351, 351a (cf. 352, 316) 

339, 352, 353, 355, 354, 355a, 
REINECWE ACID Proline 339, 353, 354 

356b 

3,CDICHLQROBENZENE- 
SULFONIC ACID His t i di n e 357.358. 3688. 358b 

‘IJTYPHNIC ACID’ Lysine 359 

(‘Purpurinsulfonic acid’ 360; ‘Sozoiodolic acid’ 361) 

Note hy Editor. An important distinction should be pointedout between two classes of 
acid precipitants discuawl here. The very strong acids, of which the aromatic sulfonic 
acids are typical, may be considered completely dissociated at all pH values. Thus the 
stoichiometric concentration of the anion (S-) of such a sulfonic acid may be considered 
equal to the concentration of the added sulfonic acid or of its sodium salt. If the pH of 
the system is sufficiently acid, so that a11 of the amino acid being preripitated is in the 
form of the cation (A+), then the solubility product of the slightly soluble salt (A%-) 
should be well defined in a given medium, and should be nearly independent of moderate 
variations in pFI, provided that the concentrations of other compononh in the system 
are held practirally constant. This greatly simplifies the definition of conditions and the 
making of reproducible measurements in such systems. These principles are of great 
importance in the success of Bergmann’s solubility product method of amino acid de- 
termination (page 45) in which certain aromatic sulfonic acids have proved particularly 
valuable reagents. 
On the other hand, the situatim is considerably more complex when somewhat weaker 

acids, such as picric acid, are employed IIS precipitants. Here the acid cannot be regarded 
as existing completely in the form of the anion, except a t  hydrogen ion concentrations 
so small that the amino acid is not completely in the form of the cation. The precise 
definition of the state of such a system, therefore, is coiisidernbly more complex &an 
in the other case, and equilibria between the solid phase and the solution are more likely 
to show marked sensitivity to  pH variations. 
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Calcium and Barium compound8 
Minor modifications of the method of Foreman (362) - precipitation 

with alcohol of the calcium salts-have been until quite recently the 
only methods available for approximately quantitative isolation of glutamic 
and uspartic acids. Bailey, et al. (314) (cf. 315,333) have critically reviewed 
the developments and modifications which this technique has undergone, 
and on the basis of their long experience, and of numerous control experi- 
ments, have been able to define precautions which must be taken in em- 
ploying the method for accurate quantitative work, They conclude: 
‘These findings show without any equivocation that the limeethanol 
method of Foremctn, as applied by us and by all other workers in the past, 
must have given results that were far from quantitative and hence of no 
value whatsoever from the point of view of the Bergmann-Niemann 
hypothesis.’ 

Cupric Compounds 
Copper ‘salts’ of amino acids have been employed for isolation and char- 

acterization since the earliest days of protein chemistry. The highly insol- 
uble copper salt is today in general use for the last stages of isolating 
aspartic acid (314). 

The different solubilities of the various pure aminoacid copper salts in 
water and alcohols led to the proposal of solvent extraction of dried copper 
salts as a method of separating the amino acids in protein hydrolyzates 
(340). This method of separation is theoretically unsound, owing to mixed 
complex formation and to the mixed crystallisation and mutual solubility 
effects already mentioned. In addition it has the practical disadvantages 
associated with all procedures involving quantitative extraction of solids 
by liquids. Subsequent work (320, 341, 363-366) has demonstrated its 
limitations. Bailey, e l  al. (314) mention a striking experiment on the effect 
of Cu serine on the solubility of Cu aspartate (cf. 367, 368). Copper salts 
have been satisfactorily employed in the preparative isolation of proline 
(341, 353), and hydrosyproh (342) and for the elimination of monoamino 
acids from solution with a view to subsequent work with residual small 
quantities of basic and dicarboxylic amino acids (315). An isolation of 
serine by a copper salt procedure has recently been reported (368a). 

Cuprous Compounds 
Cuprous oxide was early (369; cf. 370) employed for improving the 

appearance of protein hydrolyzates. Its use in analysis is comparatively 
recent, and may be said to date from Hopkins’ (371) use of it for the isola- 
tion of reduced glutathione as its slightly soluble cuprous mercaptide. 
Pirie (372) first prepared pure cysteine cuprous mercaptide and showed 
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that unlike the mercaptides of several related compounds it was insoluble 
in the presence of excess Cu20. Vickery and White (373) employed Cu20 
in excess for quantitatively precipitating the cysteine resulting from the 
acid hydrolysis of proteins in the presence of tin. They determined total 
S in the washed mercaptide precipitate, and in this way obtained cystine 
figures in substantial agreement with those obtained by other workers. 
Rossouw and Wilken-Jorden (374) precipitated cysteine as its cuprous 
mercaptide with Cu~Cl2 from ‘dirty’ hydrolyzates and decomposed the 
mercaptide before determining the cysteine colorimetrically. They were the 
first to notice that, as with glutathione (374a), the cuprous compound by 
itself is capable of reducing cystine to cysteine (cf. 375). Graff, et al. (376) 
employed Zn for the reduction, precipitated with CuzO, and estimated 
cyst(e)ine by N and S determinations (which were equivalent) on the 
mercaptide precipitate. Zittle and O’Dell (377) used no extraneous reduc- 
ing agent. Their total S and ‘Sullivan’ figures checked with a‘hydrolyzate 
of horse serum albumin, but not with one of spermatozoa. Beach and 
Teague (378) have described an indirect method for determining methionine. 
They determined (a) S precipitated by Cu20 after Zn reduction of an 
HI hydrolyzate (i .e. ,  cysteine S); (b) S precipitated by Cu20 after Zn 
reduction of an HI hydrolyzate subsequently treated with alkali. The 
alkali opens the ring of the homocysteine thiolactone, which is then pre- 
cipitated as homocysteine cuprous mercaptide. The S precipitated thus 
represents (cysteine S + methionine S). The difference of (b) and (a) is 
supposed to represent methionine S. 

Cuprous oxide precipitation has recently proved very useful as a prelimi- 
nary treatment for protein hydrolyzates, to free them from cyst(e)ine, and 
incidentally, humin. Cyst(e)ine and its dismutation products interfere 
seriously with subsequent analysis for basic, dicarboxylic and other amino 
acids. Two groups of workers, Lucas and Beveridge (379,333) and Bailey, 
et d. (314; cf. 315) have independently from somewhat different starting- 
points arrived at similar methods of working. They use excess Cu20 EM 

reducing and precipitating agent simultaneously in hydrolysates largely 
freed from HC1 by previous evaporation. There seems no doubt that 
cyst(e)ine is quantitatively precipitated by this procedure. The main dis- 
advantage seems to be that a considerable quantity of other amino %ids 
are carried down in the precipitate. Lucas and Beveridge specifically men- 
tion glycine, arginine and methionine as contaminants. Bailey, et al. deny 
that arginine is precipitated but mention methionine, and possibly leucine, 
phenylalanine and other amino acids. 

The fact that the procedure may precipitate other amino acids indicates 
that quantitative analyses of hydrolyzates treated in this way should be 
interpreted with circumspection. Nevertheless it has already proved a 
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valuable analytical technique particularly in connection with the determi- 
nation of glutamic and aspartic acids. What implications the finding of 
contaminants in the precipitate has for the quantit,ative cystine and methi- 
onine methods mentioned above is uncertain, since cupric copper is present 
under the Lucas-Bailey conditions and may be responsible for the con- 
tamination. 

Silver, Mercury, and Cadmium Compounds 

Precipitation with silver compounds was employed in the early studies 
which led to the discovery of the basic amino acids (380). This use of 
silver still forms the essential part of a system of base analysis (e.g., in 
chronological order 381-383, 335, 336, 384-394, 352, 395, 315, 333) which 
has been worked out in great detail and with many modifications. In 
this connection the studies of Vickery and his colleagues have been out- 
standing, and have led to very accurate figures for arginine, histidine and 
lysine in a number of proteins. 

Histidine and arginine are separated from lysine etc. by silver precipita- 
tion at alkaline pH (but cf. 395) and histidine is separated from arginine 
at neutral reaction. The histidine precipitation has been carried out both 
after and before the alkaline precipitation. The precipitations have been 
carried out directly on protein hydrolyzates, on protein hydrolyzates par- 
tially or completely freed from cyst(e)ine, on basic fractions prepared by 
phosphotungstic acid precipitation, etc. Arginine has usually been deter- 
mined gravimetrically as its monoflavianate after removal of Ag. 

The histidine fraction may require removal of contaminating cyst(e)ine 
by CuCOa or Cu(0H)z (384). A mercury precipitation is then usually, 
but not always, carried out, and histidine is then determined gravimetri- 
cally as diflavianate, nitranilate or dichlorobnzenesulfonate (see above) 
or colorimetrically (cf. para. 5.6.4). 

Lysine is usually isolated from the silver precipitation mother liquors 
by successive precipitation as phosphotungstate and picrate. 

The methods in their latest forms have been submitted to critical 
review by Tristram (394) and Chihnall, Rees and Williams (315). 

Supplementary references to the mercury precipitation of histidine are 
3 3 4  396, 381, 397, 398. Mercufy precipitation is also used for methionine 
as abreparative procedure (399; cf. 3994 and for tryptophan both prepam 
tively and in connection with colorimetric work (cf. para. 5.6.4). 

Precipitation of proline (and its separation from hydroxyproline) as its 
cadmium chloride complex was introduced Ey Kapfhammer and Eck (339) 
and has'subsequently been employed in various isolations of proline (e.g., 
340, 341, 353, 400, 363). 
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The Work of Bergmann and Colleagues 
By the use ,of variously substituted aromatic sulfonic acids, etc. 

Bergmann and hi colleagues (355, 401407) have introduced a new and 
powerful method of amino acid analysis. It depends essentially upon the 
experimental fact that while the solubility of an amino acid, and the solu- 
bility product of the amino acid and sulfonic acid, are sensitive to the 
presence of amino acids or other substances in the solution, the ratio of 
the solubility products for two, given, different proportions of amino acid 
and sulfonic acid, is little affected by other amino acids. 

By determining the solubility of the amino acid salt of the sulfonic acid, 
first in a protein hydrolyzate and then in a protein hydrolyzate containing 
nearly sufficient of the sulfonic acid to precipitate the amino acid salt, the 
quantity of the amino acid present in the hydrolysate may be calculated, 
provided that the ratio of the solubility products in each determination be 
known. A preliminary analysis is required so that the concentration of 
the amino acid may be adjusted near to that for which the ratio of-the 
solubility product has been determined. 

Bergmann and his colleagues argue that since the sulfonic acid salt of a 
pure amino acid is dissolved, the method must be specific; ‘it is obvious 
that if Z-leucine is the only amino acid in the solid phase, then it is the 
only amino acid taking an active part in the equilibrium between solid 
phase and solution, and the analysis is fundamentally specific for I-leucine’ 
(407). This seems to gloss over the question of the formation of a mixed 
crystal layer, a few molecules thick, containing various amino acids on the 
surface of the added salt which, in addition to rendering the attainment of 
equilibrium slow would introduce errors in the solubility determination. 
These would be influenced by the state of subdivision of the added salt, 
and there is a possibility of a change of crystal habit, owing to the presence 
of adsorbed substances involving solution and deposition of an appreciable 
fraction of the crystals. These criticisms may perhaps be shown experi- 
mentally to be without weight, but 1-leucine should be estimated in the 
presence of d-leucine, isoleucine, valine, and methionine, - all substances 
more likely to form mixed crystals with 1-leucine than those included in 
the test mixtures so far published. 

There is a further difficulty introduced by racemization, which normally 
accompanies hydrolysis. The solubility method of Bergmann deals with 
one optical isomer, or a racemic mixture, but two analyses are required for 
a partially racemized mixture. Where the dl-amino acid salts are racemic 
compounds, less soluble than the active salts, analysis of partially race- 
mized hydrolyzates must be difficult or impossible. 

Much further work, principally in the investigation of new sulfonic acid 
reagents, is required before the full range of this method for amino acid 
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analysis is reahed. Already, however, a number of amino acid figures for 
various proteins hive been reported (408,406), and the new reagents have 
permitted the isolation of 2-serine (405), g1ycyl-Z-alee and Lalanylglycine 
(318) from silk fibroin. 

Amino acid precipitants introduced earlier by Bergmann, et al. (408- 
410,355) seem now to have been superseded (cf. 318). 

5.6. NON-ISOLATIVE PROCEDURE8 

Most of the methods of analysis 80 far discussed lead to the isolation of 
amino acids either in the free state, or aa derivatives from which the amino 
acid can be regenerated and then tested by any desired method. The non- 
isolative procedures have the inherent disadvantage that this cannot be 
done. It is therefore more than ever desirable that control experiments on 
appropriate mixtures should be employed in connection with these methods. 
Procedures baaed upon non-stoichiometric or incomplete reactions require 
a specially cautious approach, since slight changes in the environment may 
have large effects. To avoid offence to others, we quote an example from 
our own work (411) where use of a correction factor not determined with 
the proper mixture led to an illusorily high figure for the 'serine content of 
silk fibroin, the hydrolyzate contributing the glycine and other amino 
acids which Van Slyke, et al. (412) showed to be necessary for stoichiometric 
recovery of NHI (cf. 413, 414). 

Nevertheless, many non-isolative procedures me highly specific and 
accurate, and included among them are valuable methods for determining 
the aggregate of particular classes of amino acids in mixtures. For some of 
these methods protein chemists owe a debt of gratitude to Van Slyke and 
his school which can best, perhaps, be repaid by emulating their critical 
and well controlled approach to every analytical problem. The various 
methods employing ninhydrin and periodic acid are destined to play a big 
part in protein chemistry. 

5.6.1. Methods Involving Chemical Degradation 
Use of Nitrous Acid. Van Slyke's pioneer studies early demonstrated the 

value of nitrous acid for quantitative determination of amino groups in 
amino acids and peptides by measurement of the nitrogen gas evolved. 
Determinations based on the other reaction products (hydroxy acids, 
unsaturated acids, chloro acids, etc.) have proved less satisfactory. Some 
are mentioned below. 

In 1929 Van Slyke (415) described a manometric modification of his 
originally volumetric amino-N determination; this is now almost univer- 
sally employed by protein chemists, and has numerous advantages over 
the earlier method. Kendrick and H a k e  (416; cf. 417-419) have pre- 
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vented the reaction from giving high values for glycine, cystine and some 
of their peptides by adding KI to the reaction mixture, and have suggested 
various minor modifications. Tryptophan amino-N cannot, however, be 
determined under these conditions. Schmidt (420) has studied the reaction 
of HNOa with amino acids giving anomalous values, by allowing the 
reaction to proceed at  45". Kendrick and Hanke (418) give data on the 
evolution of CO, during the reaction. 

The behavior of ammonia (420a), w-amino acids (421 , 422) , arginine and 
related compounds (419, 423, 424)) uramino acids, etc. (425), lysine and 
intact proteins (424, 426) has also been studied. Carter and Dickman 
(427) report positive reaction from a number of non-nitrogenous com- 
pounds. Such interference has been too little recognized in the literature, 
and many workers are unaware of the deleterious effects that such a com- 
mon substance as alcohol exerts on the amino-N determination. The effect 
of light on the reaction of tyrosine in the determination has recently been 
discussed (428, 428a). 

The use of Vsn Slyke's original method for determining proline and 
hydroxyproline by difference between total N and amino-N in hydrolyzate 
fractions free from basic amino acids has in recent years had limited appli- 
cation (e.g., 429) and is likely to  give place to direct determination of these 
amino acids. Olcott (430) has proposed to estimate glutamic acid by the 
decrease in amino-N due to pyrrolidone-carboxylic acid formation on auto- 
claving a protein hydrolyzate, and gives a bibliography of other attempts 
to determine glutamic acid by pyrrolidone-carboxylic acid formation. 
None of these can be regarded as successful. 

An ultra-micro modification of the amino-N determination has been 
proposed (431). Richardson (432) has discussed the relative value of the 
Van Slyke nitrous acid procedure and various titrations (cf. para. 5.6.3) 
in work with crude plant extracts. 

Rapoport (433) proposed to determine (glycine+serine) by oxidation of 
their nitrous acid deamination products to oxalic acid and (434) serine as 
glyceric acid by colorimetry after deamination. Kendall and Friedemann 
(435) determined alanine as lactic acid (by KMn04 oxidation to acetalde- 
hyde) after deamination. Forth, et al. (436) described some necessary pre- 
cautions in applying the procedure to protein hydrolyzates. High values 
(437, 438, cf. 439) resulted in recent applications of the method (cf. also 
440). Fromageot and Heitz (441a) employed a specific color reaction for 
determining the acetaldehyde liberated, and prevented serine and aspartic 
acid from contributing acetaldehyde by the addition of mercuric acetate. 
Desnouelle (441 b) describes some modifications and applications of their 
procedure. Braunshtein and Bychkov (441c) have shown that this alanine 
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procedure is not specific, threonine being simultaneously determined (cf. 
also 441d, 441e, 444). 

Fromageot and Heits (441) proposed to determine leucine and valine 
by oxidation of their deamination products to acetone with chromic acid. 
The two amino acids gave different yields under different conditions of 
oxidation, from which, it was claimed, the quantities of each amino acid 
could be calculated. The method has been criticized (442) and modified by 
Block and colleagues (443, 444) to determine isoleun'ne M well (cf. 445). 

It is unlikely that any of these procedures will find general application, 
since more specific methods, in most cases isolative, are now available for 
these amino acids. For several of them, microbiological methods of con- 
siderable accuracy are now available also (see the review by Snell in this 
volume). 

Use of Ninhydrin, Chlmamine T ,  etc. The reagents discussed here bring 
about oxidative degradation of the type: 

COOH 
o + R . c H ( ~ ~  + R.CHO+COz+NHa 

I 

Van Slyke and colleagues (446) give an admirable review and bibliogra- 
phy of the various attempts previously made to apply such reagents quan- 
titatively to the determination of amino acids by estimation of the various 
reaction products. In the same paper they describe in detail the most 
generally useful procedure to which they arrived on the basis of their own 
experiments, namely determination of the C02 liberated on heating amino 
acids under specified conditions with ninhydrin. The particular value of 
this determination is that free a-amino acids (and proline and hydroxy- 
proline) yield C02 whereas ordinary peptides do not. Free amino acids 
can thus be determined with some confidence in partial hydrolysates of 
proteins and of peptides and in biological fluids, etc. Hitherto no Satisfac- 
tory method had been available for this purpose. An additional use of the 
Van Slyke ninhydrin-COa method is for the determination by difference of 
aspartic acid in mixture with glutamic acid and other amino acids, since 
it alone of the usual amino acids yields 2 molecules of Con. Examples of 
the use of the ninhydrin-COa method for the study of the evolution of free 
amino acids in proteolysis are (446-450), for aspartic acid estimation 
(446, 437, 451-453; cf. 454) and for glutamiw (455, 4554. 

Van Slyke, MacFadyen and Hamilton (456) describe a titrimetric modi- 
fication of the ninhydrin-Cot determination. Schott, Rockland and Dunn 
(456a) report high values for certain amino acids in the manometric pro- 
cedure, which they attribute to the presence of volatile aldehydes. They 
advocate the use of hydrazine for eliminating this source of error, and dis- 
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cuss some other aspects of the determination. Techniques for determination 
of amino acids in plasma (457), blood filtrates (458; cf. 459) and urine 
(460; cf. 461) have also been reported. 

MacFadyen (462) describes the precautions necessary for quantitative 
determination of the NH, evolved in the ninhydrin-amino acid reaction, 
and some applications of this to the determination of particular amino 
acids by difference methods. 

Only Virtanen and colleagues seem to have attempted to determine the 
aldehydes evolved in the reaction (463-466). The possibilities of further 
exploiting this approach, for determining the liberation of particular amino 
acids during proteolysis by estimating particular aldehydes seems worthy 
of investigation (cf. 41 1). Braunshtein and Bychkov (441c) have employed 
isatin as oxidizing agent, and determine the acetaldehyde liberated (from 
alanine and aspartic acid) by the nearly specific color reaction with 
p-hydroxydiphenyl. Quite recently MacFadyen (466a) has stated that 
glycine may be determined specifically through the formaldehyde evolved 
in reaction with ninhydrin. 
As a quantitative colorimetric reagent, ninhydrin has found only limited 

application (446, 463, 467, 468, 469). 
Cohen (470) has developed a specific determination of glutamic acid, 

employing chloramine T followed by HC1 to convert it to succinic acid 
which he determines by an enzymic method (cf. also 471). A less specific 
conversion of glutamic acid to succinic acid for analytical purposes (suc- 
cessive use of NaNOz and KMn04) has been described by Arhimo and 
Laine (471a). 

Use of Periodic Acid ,  etc. Periodate, introduced by Malaprade a 
specific oxidizing agent for a-glycols, has found widespread use in structural 
studies df carbohydrates. Nicolet and Shinn (472) discovered that, among 
the amino acids, periodate attacks in the same way those possessing the 
structure RCHOH. CHNHTR’, yielding NH, and aldehydes thus: 

10: +R*CH(OH)*CH(NHx)*Iif -+IO{ +R*CHO +R‘.CHO +NHa 

Of the usual amino acids serine, threonine, and hydroxylysine may be 
determined by the volatile aldehyde and ammonia liberated in these reac- 
tions. Some other amino acids reduce periodate, but neither NH3 nor 
volatile aldehydes are liberated (472, 412). The aldehydo-acids which are 
supposedly formed at the same time have not so far been much studied 

Threonine gives acetaldehyde on treatment with periodate. This may 
readily be separated from the formaldehyde resulting from serine, hydroxy- 
lysine, etc. by vaporization in a stream of gas at  low temperature. This 
forms the basis of Shinn and Nicolet’s (473; cf. 411) method for determin- 

(cf. 437). 
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ing threonine. Winnick (474) has described a modification employing 
microdiffusion. 

The formaldehyde (from serine and/or hydroxylysine) remaining in the 
reaction mixture is determined by Nicolet and Shinn (475) by precipita- 
tion as its dimedone derivative. Boyd and Logan (476) distil out the for- 
maldehyde and determine it by a specific colorimetric procedure. We 
(41 1) encountered difliculties in quantitative precipitation of formdde- 
hyde-dimedone from protein hydrolyzates, and Mr. M. W. Rees (private 
communication) informs us that this has been his experience also. He dis- 
tils out the formaldehyde and determines it by bisulfite titration, having 
previously removed acetaldehyde according to Shinn and Nicolet (473). 
He has encountered low yields of formaldehyde when tryptophan is present 
in the reaction mixture. Neuberger (476a) mentions the possibility of 
similar interference by histidine. 

Van Slyke and colleagues (412) have studied the use for quantitative 
analysis of the NHs evolved from the reaction. Their procedure was 
worked out specifically for use with hydroxylysine but is equally applicable 
to serine, threonine, p-hydroxyglutamic acid, etc. For quantitative recov- 
ery of NHs somewhat different conditions of reaction are needed from those 
in the aldehyde determinations. A ‘Conway’ modification has been 
described (477, 478). 

The NHs determined in this way is usually equivalent to the formdde- 
hydefacetaldehyde determined by the methods referred to above. This 
affords a valuable check that the aldehydes do not originate from carbo- 
hydrate, etc. Carbohydrate is so altered by the usual conditions of protein 
hydrolysis that it does not yield significant quantities of aldehyde (476, 
479). Interference by glucosamine is a more serious problem (412, 476). 

Conversely, the fact that the ammonia resulting did ‘not exeeed the 
volatile aldehydes formed enabled Nicolet and Shinn (479) to exclude the 
presence of significant amounts of p-hydroxyglutamic acid in a casein 
hydrolyzate (cf. para. 2). 

Among results so far obtained by the use of periodate are estimations 
of hydroxyamino acids in: 

Eggdbumin (411, 476); Serum proteins (480); Muscle proteins (411); 
Hemoglobins (476); Casein (473, 474, 475, 476, 411, 479); Collagen, 
gelatin (473, 475, 476, 481); Elastin (480); Lactalbumin (475, 479); Lacto- 
globulin (474, 479, 480); Wool, hair (411, 474, 481); Silk proteins (411, 
477, 482, 483); Insulin (484); Salmine (476); Various purified enzymes 
(480); Various plant proteins (411, 474, 485, 481); Myosin and fibrin 
173a); Various animal organs (485a); Blood piasma proteins (1744. 
See also (3a). 
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Van Slyke, et al. (412) have determined hydroxylysine in a number of 
proteins. 

It is questionable if the figures obtained by these methods can be em- 
ployed for exact stoichiometric calculations. The destruction of hydroxy- 
amino acids during acid hydrolysis of proteins has already been discussed 
in para. 4. Results of periodate determinations on partial acid hydrolyzates 
(481) showed higher values in many cases than on corresponding complete 
hydro1 y sates. 

Block and Bolling (486; cf. 445) have employed lead tetracetate in 
acetic acid for determining threonine. Periodic acid seems, however, to 
be a more convenient and specific reagent, and the Block and Bolling 
method has not therefore been widely used (cf. 487). Block and Bolling 
(444) give the threonine content of a number of materials, obtained pre- 
sumably by this method. 

Tsuverkalov (487a) has determined guanidino groups (as in arginine) 
by the evolution of nitrogen on treatment with hypobromite. Block and 
Bolliig (444) following Arhimo (445a) describe (without exprimental 
results) the determination of asparlic acid by a bromine oxidation pro- 
cedure; cf. (3a). 

5.6.2. Methods Involving Degradation by Agents of Biological Origin 
Methods of this type have one especially marked characteristic in con- 

trast with most other techniques of amino acid analysis - that is their 
high specificity in dealing with optical stereoisomers. This is a disadvan- 
tage for estimating the aggregate of any particular amino acid in a hydro- 
lyzate, in view of its unknown degree of racemization (cf. para. 3). (Hunter 
and Dauphinee (488) have suggested that it is on account of such racemiza- 
tion that maximum yields of arginine by the arginase method are obtained 
before acid hydrolysis of the protein is complete.) On the other hand, 
optical specificity makes this type of reagent especially useful for the experk 
mental detection of small amounts of one stereoisomer in the presence of 
large quantities of another. We can expect that, when more such reagents 
have been introduced, and have had their specificity more accurately 
defined, they will prove of great use in the microchemical exploration of 
phenomena connected with racemization and stereoisomerism. 

Methods depending on the growth of micro-organisms are reviewed 
elsewhere in the present volume, and we will not discuss them further 
here, except to stress the necessity for caution where the possibilities of 
interference between one amino acid and another or its own optical enan- 
tiomorph are so great. (Thus Hegsted and Wardwell, 489, mention a case 
where d-leucine gives 9 per cent of the response given by Z-leucine, but 
the response to a mixture of the enantiomorphs is not additive; cf. also 
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490, 490a). We would emphasize Ryan and Brand’s (490) sound recom- 
mendation that new microbiological assay techniques should, before they 
are applied generally, be tested with proteins for which there exist reliable 
figures obtained by other procedures. We would also ourselves recom- 
mend, as for other branches of amino acid analysis, the more general use 
of complicated known mixtures of amino acids for control purposes. 

Not much use has so far been made of suspensions, etc. of living micro- 
organisms for effccting specific degradations stoichiometrically. Such work 
as that of Woods and Trim (491) on the degradation of amino acids by 
Clostrid urn welthii suggests that such methods may have value for rapid 
and semi-quantitative routine work, where an equivalent enzyme prepara- 
tion is not available (cf. 492). 

Several of the ‘biological reagents’ discussed here have provcd of great 
value in preparative amino acid chemistry, and especially for the resolu- 
tion of raccmic mixtures. We make no attempt to review this application. 

Arginine by Arginuse. Hunter and Dauphinee (488) who gave a bibli- 
ography of earlier work in this direction showed in great detail and with 
carefully controlled experiments, that degradation of Z-arginine by liver 
arginase, with determination of the resulting urea by a urease method, can 
serve as a specific method for determining arginiie in protein hydrolyzates 
as accurate as any of the other available methods. Subsequent modifica- 
tions of their procedure have been proposed as follows: 

gasometiic urea determination (493) 
gravimetric determination of urea with xanthydrol (494, 405) 
use in connection with silver precipitation (496) 
volumetric determination of urea with xanthydrol (497) 
desirability of removing canavanine from uresse preparations employod 

Vickery (498) has compared results by the arginase method with those 
by othcr methods for a number of proteins. 

Liver arginase has a high degrce of specificity for Z-arginine (499, 500). 
It attacks argininic acid and a number of related compounds slowly (500) 
and also canavanine (501-504). It apparently attacks arginine residues in 
peptide’ linkage which have 8 free -COOH group, and has conseyuently 
been employcd in sti uctural studies of protein partial hydrolysis products, 
which fall outside the scope of this review. A recent study has been made 
(504a) of the inhibition of arginase by amino acids. 

Lysine by Decarboxyase. Gale and Epps (505, 505a) prepared and 
studied a bacterial decarboxylase specific for 1-lysine and hydroxylysine. 
Neubcrger and Sanger (506) have extended somewhat the data on the 
specificity of this material, and have described a few experiments on its 
application (by manometric determination of the COX evolved) to the 

(497a). 
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quantitative determination of lysine. A more detailed study by Zittle and 
Eldred (506a) of the analytical application of the enzyme has recently 
appeared. 

It appears probable (cf. 507, 507a, 507b) that docarboxylase prepara- 
tions applicable to the determination of further individual amino acids 
may become available. 

ddmino Acids by d-Amino Acid Oxidase. The mammalian d-amino 
acid oxidase of Krebs (508) , which attacks most of the d- stereoisomers of 
tfie naturally occurring amino acids, has been applied to the detection of 
d-amino acids in acid hydrolyzates of proteins and of normal and malignant 
tissues (509; cf. 510), to the determination of d-amino acids in hydrolyzates 
of gramicidin and tyrocidme (511), and to the determination of the activity 
of d-pcptidases (512). 

The specificity of the enzyme has been studied by a number of workers 

Recently a d-amino acid oxidase from a Neurospora attacking a more 
limited range of amino acids has been described (522). 

Various 1-amino acid oxidase systems have been described, but we are 
not aware that they have been employed for analytical purposes (523-526; 
526 b, c, d; cf. 506, 514, 516). The preparation of a ‘glycine oxidase’ has 
also been described (526a). 

5.6.3. Titration Procedures 
Much work has been done on the titration under various conditions of 

amino acids and peptides. Many methods give accuratc results upon pure 
amino acids, but no method appears to give satisfactory and interpretable 
answers for complicated biological fluids. Except for routine titrations of 
mixtures of known type there appears to be a considerable advantage in 
using electrometric means of determining the end-point, rather than 
indicators. 

An excellent review was given by Calvery in 1938 (527). Van Slyke and 
Kirk (528) and Richardson (529) give useful comparisons of methods. 

By following the titration electrometrically and applying corrections 
determined in a blank run, titrations are possible in aqueous solutions. It 
is more general, however, to reduce these corrections by performing the 
titration in a non-aqueous medium, or altering the dissociation range of a 
particular group, or both. 

In solvents of relatively low dielectric constant the dissociation of carb- 
oxylic acids and phenols is reduced, since more energy is required to 
separate the -COO’ and H‘ than in water (530-533). The dissociation of 
the amino group is not much altered. 

In titration with alkali in strong alcohol using indicators (534, 529, 530) 

(513-521, 506). 
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the sharp end-point is due to a shift in the indicating range of the indicator 
to over pH 12, and the small amount of alkali required to reach this pH. 
Differentiation between amino acids and peptides (534) is unsatisfactory. 
Balson, Earwicker and Lawson (536) were able, using electrometric meth- 
ods, to estimate leucylglyclglycine in the presence of amino acids, but com- 
plicated mixtures could scarcely be handled so easily. Micro-titrations in 
alcohol have been described (535, 537). 

Acetone titrations with HC1 (538, 528, 529, 539) have also been used. 
In this case the shift of the pK of the carboxyl group enables an end point 
to be reached at  comparatively high pH. Rask and Eckles (539a) have 
studied the solution and glass electrode potentials of amino acids in 95 
per cent acetone on addition of butylsulfonic acid. 

Perhaps the main difficulty in the use of non-aqueous solvents is in the 
low solubility of many of the substances to be titrated. It has been claimed 
(540) that this trouble is largely overcome by using dioxane as solvent. 
The use of ethylene glycol has been studied by Loiseleur (540a). 

Formol Titration. The formol titration as ti means of estimating amino 
or imino groups in amino acids and peptides depends upon a large shift 
in the “apparent dissociation constant” of the basic group on combination 
with formaldehyde. This reaction has been extensively studied by Harris 
(533, 541, 542), Levy (543-546) and others (547-550). For greatest 
accuracy, the use of a glass electrode is recommended. Durn and colleagues 
(551, 552) have shown that precisions of 10 .1  per cent are attainable 
with pure amino acids. All solutions should be as strong as possible; B 

pH of 6 is used before addition of formaldehyde, and the end point is 
about pH 9. The concentration of formaldehyde at the end of the titration 
is 6-9 per cent (544, 545). Micro-titration methods in which the glass 
electrode is the titration vessel have been developed (553, 553a). The 
reactions of formaldehyde with amino acids and proteins are further die- 
cussed elsewhere in this volume (p. 277). 

Conant and his colleagues (554-559) studied 
the titration of bases in glacial acetic acid and developed suitable elec- 
trodes for use in this medium. L. J. Harris (560) titrated amino acids and 
peptides in glacial acetic acid with perchloric acid, using brilliant cresyl 
blue as indicator. Nadeau and Branchen (561) used indicators (crystal 
violet) and a chloranil electrode. The titrations show an extremely high 
reproducibility (see also 562). Toennies and Callan (563) in a thorough 
investigation determined the effect of water on the blank value and shrarp- 
ness of end point. They used crystal violet as indicator. They also show 
that formic acid is of value in the dissolving of the more insoluble acids. 
They conclude that though highly reproducible, the method is less suited 

Titrations in Acetic Acid. 
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to purity determinations than the formol titration of Dunn and Loshakoff 
(551). 

Later, Kolb and Toennies (564) followed the course of acetylation by 
acetic anhydride of amino acids dissolved in glacial acetic acid by titration 
with perchloric acid. Acetylation was complete in a few hours and was 
inhibited by the presence of strong acid. Sakami and Toeanies (565) 
showed that the acetylation of hydroxy groups occurred in the presence 
of strong acid, and that in the presence of excess perchloric acid hydroxy- 
amino acids could be quantitatively converted to acetoxy compounds. 
The consumption of acetic anhydride was meamred by the addition of an 
excess of anthranilic acid. The unacetylated anthranilic acid was then 
titrated with perchloric acid. Toennies and Kolb (566) developed this 
into a titration method for hydroxy groups. This method gives fairly 
accurate results-and also estimates any arginine and tryptophan as acetyl 
derivatives of their non-basic nitrogen atoms. Water of crystallization and 
cystine or cysteine interfere, the latter by reduction of the perchloric acid, 

Gas Titrations. Titrations can be carried out in the entire absence of 
solvent. Bancroft and Barnett (567) studied the uptake of NH3 and HCl 
by a wide variety of dry substances including amino acids and proteins. 
Czarnetzky and Schmidt (568, 569) studied the uptake of NH3, HCl, C02, 
and H2S by amino acids and proteins. The end point of ‘chemical’ com- 
bination and beginning of ‘adsorption’ is taken to be the point a t  which the 
pressure rises gradually, rather than remaining constant or rising sharply 
to a new constant value on addition of successive small quantities of gas. 
With most of the pure substances a constant pressure region was found, 
as was to be expected from the phase rule. It is of interest that tryptophan 
and various peptides take up 2 molecules of HC1 under a few mm. pressure. 
Bancroft (567, pp. 2433 et seq.) hding  no straight-line portion of the curve 
for uptake of HC1 by zein comes to the remarkable conclusion that zein 
contains no peptide bonds! 

We feel that the significance of a continiious (non-stepwise) change of 
pressure with uptake of gas has been missed by these workers. A sharp 
step is only to be expected where the solid phase changes sharply to another 
solid phase on combination with the gas. The dissociation pressure for a 
mixed crystal of, say, leucine and norleucine would be expected to be 
dependent on the amount of NH3 combined if combination with each isomer 
proceeded independently. If the crystals of the ammonium salt grew at 
the expense of the crystal of amino acids, then a constant pressure inter- 
mediate between that given by pure leucine and pure norleucine would be 
expected. The curves shown by Czarnetzky and Schmidt (568) have 
sharp steps in them, and thus appear to show that leucine and norleucine 
do not form mixed crystals, which seems remarkable. (Since the optically 
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active natural products were compared in these experiments with mixed 
racemic leucine isomers of synthetic origin, more experimental work would 
be required before rigorous conclusions could be drawn.) The same argu- 
ment of course applies to the interpretation of the gas titration of gelatin 
hydrolyzate by Belden (570), in which the gradual rise of pressure should 
not be regarded aa evidence of ‘adsorption.’ Since there can be no qrle8- 
tion of recrystallizing protein during the titration, and the various nitrogen 
atoms will have different dissociation pressures for RCI, the curves cannot 
in these cases either be regarded as evidence of ‘adsorption.’ 

Experimentally, this method is slow and inconvenient, but may be val- 
uable for proteins, being equivalent to extending the titration range to 
extremely low pH values. 

Copper Tifrdion. Kober and Sug‘ura (571 ; cf. 572-576) determined the 
amount of copper dissolved from Cu(OH)* by amino acids and peptides in 
a solution of pH 8.8. They showed that amino acids dissolved half a mole 
of Cu and peptides one mole of Cu per mole. By fractional precipitation 
of Cu(0H)s with Ba(OH)2 they decided the proportion of amino acids to 
peptide in a mixture. Pope and Stevens (577) substituted copper phos- 
phate for Cu(0H)a and measured only total Cu dissolved. Albanese and 
Irby (578) have applied the latter method to urine. Both users of the 
copper phosphate method allude to it as a determination of amino-N, 
omitting reference to the fact that a mole of peptide dissolves twice aa 
much Cu a8 one of amino acid (cf. 579). The method gives highly repro- 
ducible results, the Cu being estimated iod:metrically, and entails very 
little work. It seems practically specific for the amino and imino acids 
and peptides. Histidine alone of the amino acids gives more than a 
mole of Cu. 

5.6.4. Colm’melric and Spectrometric Methods 

The special advantages of the procedures hexe described are mainly 
(i) that they require less time and manipulation than most other analytical 
methods, this rendering them useful for routine clinical work, foodstuff 
d y s k ,  etc.; (ii) that, they usually consume only minute quantities of 
material. They can therefore be employed in the analysis of material 
available only in small quantity. The combined advantages of spced and 
ultra-micro scale make them useful for controlling the various steps of an 
isolatire operation by analysis of small aliquots of each fraction. 

On the other hand it is difficult to convince oneself of the accuracy and 
specificity of colorimetric methods. Moreover, the extremely clow con- 
trol of conditions which is normally recommended as essential, and the 
generally polemical character of the literature suggest that considerable 
experience is necessary before even repeatable results can be obtained. 
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General Color Reactions for Amino Acids, etc. Reference has already 
been made (para. 5.6.1) to the use of ninhydrin colorimetrically. It has 
given rather disappointing results. 8-Naphthoquinonesulfonic acid was 
introduced in 1922 by Folin (580), and has since found wide application in 
clinical chemistry (581-582b). A recent study of the method (582, 582a) 
shows that the procedure is capable of giving semi-quantitative determint+ 
tion of amino and imino-N with mixed amino acids, peptides and aliphatic 
and aromatic amines. It has definite potentialities as an ultra-micro 
method in protein analysis for quantitatively determining compounds 
kolated by various analytical procedures, and for controlling these pro- 
cedures. (Cf. 583.) 

Ley and Arends (584) proposed to employ Cu salts of amino acids for 
this purpose. Alloxan (585) gives widely varying color intensities with the 
various amino acids. Color reaclions with p-nitrobenzoyl chloride (586; 
cf. 587) and with ‘bindone’ (588) have been reported. 

Arginine. Sakaguchi’s color reaction for arginine (589) is specific for 
mono-substituted guanidines (cf. 590, 591) and has proved itself useful in 
protein chemistry since Weber (591) succeeded in rendering it quantita- 
tive. Numerous modifications of the conditions have been proposed (e.g., 
592-601a). Results with protein hydrolyzates in good agreement with 
those obtained by other methods have been described by Thomas, et al. 
(597) and by Brand and Kassell (598). Intact proteins give the reaction, 
but less strongly than would be calculated from their arginine content 
(cf. para. 4). 

Glycocyamine has also been determined by this reaction. Methods have 
accordingly been worked out for separating glycocyamine from arginine 
(599, 602-605 $. 

Arginine has been estimated colorimetrically by Lang (606) employing 
acetylbenzoyl (cf. 596). 

Histidine. By Coupling with Diazotized Sulfanilic Acid. Histidine and 
tyrosine give a color under these conditions. Histidine must therefore be 
freed from tyrosine by one or other of the methods mentioned above 
before carrying out the determination. The reaction, originally due to  
Pauly, was first applied quantitatively by Koessler and Hanke (607, 608). 
Several modifications have subsequently been proposed [ (351a, 609, 610, 
614, 633, 611, and 612 (csrnosin3)I. 

By Color Reaction with Bromine. Knoop’s color reaction with bromine for 
histidine (cf. especially 612-615 for data on its specificity) was rendered 
quantitative by Kapeller-Adler (616; cf. 617) for the determination of his- 
tidine in urine (cf. 613, 615, 618, 619, 620) and in proteins. The method 
has been employed by various workers with protein hydrolyzates, the 
histidine bcing first concentrated by one or other precipitation procedure 
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(e.g., 601, 621-623). Neither this method, nor titrimetric determina- 
tions of histidine (and of tyrosine and tryptophan) by their absorption 
of bromine (624428) have found general favor among protein chemists. 

Glycine. Zimmermann’s (629) more or less specific color reaction of 
o-phthaldialdehyde with glycine (cf. 630) waa employed quantitatively by 
mein and Linser (631), whose procedure was modified by Patton (632; 
cf. 632a). The method has not foucd favor generally, and has failed in a t  
least one case (633; cf. 634) to reveal the presence of glycine in a hydroly- 
zate 

Hydroxyproline and Proline. Lang (635) described a method which pur- 
ported to determine proline and hydroxyproline. Waldschmidt-Leitz and 
Akabori (636) showed that Lang’s proline control was contaminated with 
hydroxyproline, and that in fact only hydroxyproline is determined. 
Pyrrole, formed from hydroxyproline by hypochlorite treatment, was 
steamdistilled and determined colorimetrically. They gave hydroxyproline 
figures for a few proteins. The method has not been at all widely accepted. 
Morse (637) described a color reaction for hydroxyproline. A method 
employing peroxide oxidation has also been described (638; cf. 601). Guest 
(639) has proposed a similar method for proline in the absence of hydroxy- 
proline. (Cf. also 639a.) 

The Aromatic Amino Acids. Direct Ultra-Violel Absorption Spectrometry. 
Holiday (640) has reviewed earlier literature on the subject, and has pro- 
posed a quantitative micro-method for the determination of tyrosine and 
tryptophan in proteins. Since the spectrometric determination is done on 
the undecomposed protein, the method is subject to the limitations dis- 
cussed in para. 4. However, Crammer and Neuberger (641) found the 
‘abnormalities’ of the egg albumin spectrum to disappear in alkaline solu- 
tion, and Holiday recommends N/10 NaOH as solvent in his method. 
Results obtained in this way have in fact agreed fairly well with analyses 
of protein hydrolyzates (cf. also 642, 601). 

Phenylalanine gives a characteristic many-banded spectrum. It is diffi- 
cult, however, to employ this for analysis in the presence of tyrosine and 
tryptophan, whose absorption bands predominate in this region of the 
spectrum (643,644). 

The Folin Methods jor Tyrosine and Tryptophan. The methods for deter- 
mining tyrosine and tryptophan in alkaline protein hydrolyzates developed 
by Folin and his colleagues (645,646) depend on precipitation of tryptophan 
as its mercuric complex, and determination of the tryptophan with the 
Folin-Denis phenol reagent; the tyrosine in the supernatant is determined 
either with the same reagent, or by the quantitative Millon reaction. 
Results have been obtained by these methods on a very wide range of 
proteins, and when adequately controlled the methods have proved reliable 
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in the hands of a number of protein chemists. Criticisms have however 
been made (647, 648) of the specificity for this purpose of the Folin-Denis 
reagent. Lugg (649, 650) , particularly, has critically studied the conditions 
for successful application of the Folin procedures, and most subsequent 
workers have acted on his recommendations. Lugg determined the t r y p  
tophan as well as the tyrosine by the quantitative Millon reaction. 
Tyrosine may also be determined by this reaction directly in acid hydro- 
lyzates, since tryptophan is usually completely absent from these. Modi- 
fied conditions for the quantitative Millon reaction have been described 
(651-652a), as well as photometric adaptations of the Folin-Lug pro- 
cedure (653, 654; cf. also 655). 

Tsuverkalov (656) described conditions for applying the Millon reaction 
to determining the tyrosine content of unhydrolyzed proteins (but cf. 
para. 4). Calvery and colleagues (657) studied the tyrosine and tryptophan 
colors evolved at different stages in peptic and alkaline hydrolysis of egg 
albumin. 

Other Methods. Tyrosine. A method based on reaction with nitroso- 
naphthol has been described (658, 658s). 

Phenylalanine. The color produced by the reaction of hydroxylamine 
with nitrated phenylalanine affords the basis of a qiiantitative determina- 
tion. Tyrosine, which interferes, is destroyed by preliminary oxidation 
with KMnO,. The method, due to Kapeller-Adler (659), has recently bcen 
further studied by Block and colleagues (660, 661, 661a), and employed 
by a number of protein chemists (601, 662-666b, 351a). 

Hess and Sullivan (666c) report a new colorimetric procedure based on 
the reduction of nitrophenylalanine to the corresponding amino compound. 

Iodogorgoic Acid and Thyroxine. Brand and Knssell (651) describe a 
complicated colorimctric ‘difference’ procedure for determining these 
amino acids and tyrosine separately, which in their hands gave results 
comparable with the more direct butanol extraction method of Leland and 
Foster (667; cf. para. 5.3.4). 

Dihydroxyphenylalanine. Arnow (651) described a nitrate-molybdate 
colorimetric method fairly specific for o-diphenols. This has enabled him 
and his colleagues to demonstrate the absence of dihydroxyphenyldanine 
from various protein hydrolyzstes (cf. para. 2). 

Tryplophan. The numerous modifications of the various ‘aldehyde’ 
procedures that have been proposed for determining tryptophan demm- 
strate how few workers are satisfied with them. The following aldehydes, 
inter alia, have been employed at comparatively recent dates: 

p d i  me t h y lamin obenzaldeh yde 668-675 I 
formaldehyde 673, W2a 
vanillin 676 
glyoxylic acid 677, G78, 675, 679 



60 A. J. P. MARTIN AND R. L. M. SYN’GE 

Shaw and MacFmlane’s ciitieal work (678, 675) suggests that many of 
the inconsistencies may be due to the use of inccmpletely hydrolyzed pro- 
teins (cf. para. 4). Tryptophan residues in different combinations may 
give different colors (cf. also 680). The glyoxylic acid-copper mcthod is 
perhaps preferable to the others since it gives concordant results on intact 
proteins and their alkaline hydrolyeates. See also (680a). 

Other color reactions of tryptophan have recently been proposed for its 
determination (681, 682; cf. 658). It would be premature to attempt to 
assess the value of these. (Cf. 681a, 682a.) 

5.7. METHODS FOR SULFUR-CONTAINING AMINO ACIDS 

Cystine and Cysteine 
Methods oj  Hydrolysis. Tt has been found that the amount of cystine 

recovered from an insulin hydrdyeate depends greatly upon the acid used 
for the hydrolysis. When a mixture of formic and hydrochloric acids is 
used, half as much again cystine may be found as when hydrochloric acid 
alone is used (683, 684; cf. 685, 686). Baernstein (687) has advocated the 
use of HI, but this is regarded as inferior to the formic acid mixture by 
du Vigneaud, et al. (683). Most other proteins are certainly not tw sensitive 
to the hydrolysis conditions as is insulin. The use of tin (688) has been 
condemned by Lugg (689) &LS leading to low recoveries of cysteine. 

It would seem that by careful attention to the details of procedure that 
several methods may be made to give highly consistent and agreeing 
results, in the hands of any given workers. However, the differences 
between the values obtained by various workers are frequently greater 
than would be expected on the basis of the suggested errors. 

Sullivan Reaction. The literature on the Sullivan reaction (690) for 
cysteine has attained formidable proportions, and a number of modifica- 
tions have been proposed (691-704) ; considerable accuracy is claimed for 
most of them by their authors, though regarded as inadequate by others. 
The reaction, which is highly specific for cystcine [though colors are given 
with some peptides of cysteine (705)1, gives a red color with 1,a-naphtho- 
quinone-4sulfonate in an alkaline reducing medium. 

Cystine is estimated by previous reduction to cysteine (by cyanide reduc- 
ing one half (690) or by some other reducing agent reducing all (692,706)). 
The Sullivan reaction has been reported as unsuitable for estimating 
cystine or cysteine in the presence of each other (691, 701). Howevcr, this 
is contested (708, 707). In a late modification (706) Sullivan, Hess and 
Howard report the former non-equivalence of cysteinc and cystine when 
used as the standard as due to the presence of insufficient reagent, and 
that with adequate amounts of reagent, cystine and cystaine can be used 
interchangeably, with a factor of 1 if cyanide is used as the reducing agent, 



ANALYTICAL CHEMISTRY OF THE PROTEINS 61 

or with a factor of 2 if sodium amalgam is used. By the use of both meth- 
ods, both cystine and cysteine can be estimated in the same mixture. 
Substances inhibiting the reaction are present in urine (690, 696, 697, 702, 
701) and studies of interfering siibst.ances have been made (699, 701, 709, 
710, 711, 711a). Previous precipitation a cuprous mercaptide is recom- 
mended by (712, 702, 703; cf. para. 5.5). The method bas been applied 
to chemically altered proteins (713, 714). See also (712a). 

Reduction of Phosphotungstic Acid. The blue color obtained by the reduc- 
tion of phosphotungstic acid (Folin’s uric acid reagent) by cysteine or by 
cystine in the presence of sulfite has been used as a method of estimxtion 
by many workeis. Lugg (715) greatly improved the previous methods 
(716-721). Shinohara (722-725) and others (726, 727) made further 
studies. The rate of development of color is different for different peptides 
of cystine, and a maximum in color has been found during hydrolysis 
(728). I<assell and Brand (729) suggest that this is due to more rapid 
reaction of the peptides and shorn that the same amount of color is finally 
developed with all. The method in its lat,er forms (e.g., 729) gives highly 
reproducible results, and is convenient for the estimation of cystine and 
cysteine in the presence of each other. 

Iodimetric Determination. Okuda (730) oxidized cystine to cysteic acid 
by bromate in acid solution. Other amino acids interfere with this as a 
method of estimation. Later (731-733) he titrated the charcoal-decolorized 
hydrolyzate with K103 in acid solution containing KI, oxidizing cysteine 
to cystine. By reduction of the cystine by Zn dust (cystine+cysteine) 
could be measured. Teruuchi and Okabe (734) modified the method slightly 
(cf. also 734a). Baernstein (735), to avoid losses in charcoal, added excess 
iodine and used a gasometric method to measure the residual iodine. This 
however led to high values for cysteine (cf. 736). Lucas and Icing (737) 
made a thorough study of iodine uptake by various thiol groups (cf. 738). 
The iodimetric method has been used for urine (739) m d  glutathione 
(740) and widely by Sullivan and Hess. Baernstein (741) recommmds 
the Okuda method on HI hydrolyzates though of course only (cysthe+ 
cysteine) can be estimated under these conditions, but humin is absent, 
and there is no necessity to use charcoal or other decolorizing agent. Very 
reproducible results are obtained by the Okuda (733) and the Bxrnstein 
(741) methods. Titration of cysteine in non-aqueous solvent has been 
tried (742) and stoichiometric results are claimed (743) in 70 per cent or 
stronger acetic acid. 

Polarographic Determination. Brdiika (741, 745) showed that various 
thiols and disulfides, including cystine and cysteine, could be estimated by 
the polarograph if divalent Co was used as a catalyst. He examined a 
number of protein hydrolyzates. Sladek and Lipschutz (746; cf. 747) 
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showed however that phenylalanine, histidine, arginine and tryptophan 
all cause interference. Smith and Rodden (748) found that methionine and 
8-benzylcysteine do not interfere and djenkolic acid does so only slightly. 
Stern, Beach and Macy (749) estimate the inhibiting effect of the various 
acids present by adding cystine to the solution and recording the increase 
of current. 15 mg./ml. can be measured with an accuracy of *5 per cent. 
Stern (750) also showed that homocystine could be similarly measured, 
though not distinguished from c ys tine. 

VasseZJs Method. Vassel (751), following Fujita and Numata (751a), 
has used the blue color obtained by the reaction of cysteine with p-amino- 
dimethylaniline in the presence of Fe and Zn as the basis of a colori- 
metric method. An error of *3 per cent is claimed. Mecham (752) 
modified the method to increme the accuracy, particularly in the presence 
of detergents. 

Methimine 

Baernstein (753, 754) has shown that on heating with H I  methionine is 
demethylated, and may be estimated as volatile iodide. In a later paper 
(755) he has shown that methionine, which has been converted to the 
thiolactone of homocysteine (cf. 756) by boiling with hydrogen iodide may 
be estimated by opening the ring in concentrated ammonia solution and 
allowing the homocysteine so produced to reduce tetrathionate. After 
acidification the thiosulfate formed is titrated iodimetrically. Baernstein 
obtains practically quantitative results with this method, lower when 
applied to proteins than those obtained with the volatile iodide method 
(cf. 743). Other workers (684, 683, 757, 757a) have not found complete 
recoveries, and the hydrolysis with HI has been criticized on the grounds 
that it causes greater evolution of volatile iodide and HzS from idulin 
(which contains no methionine) than does HCl hydrolysis (683). The vol- 
atile icdide was not methyl iodide in this case. Beach and Teaye  (758) 
have estimated the hcmocysteine produced by HI hydrolysis as already 
described (para. 5.5). 

Lavine (i59) has found that methionine may be estimated by combina- 
tion with 2 atcms of icdine at pH 7 in molar KI solution. Excess iodine 
is addcd, and back-titrated. A blank is donc on a hydrolyzate in which 
the methionine has all been oxidized to sulfoxide by iodate in N HCl. 
Modificrtticns are necdcd in the presence of tryptophan, or homocystine. 
Kolb and Toennies (760) present a method for use in simple mixtures in 
which methionine is oxidized to eulfoxide in N perchloric acid by Hz02. 
(Cf. 760:~) 

Two color reactions for mothionine (761, 762) involving the use of 
cupric Cu in strong acid solution have been described. 
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McCarthy and Sullivan (763, 764) have introduced a method of estima- 
tion in which the hydrolysate is allowed to react with sodium nitroprusside 
in strongly alkaline solution. After acidification, the color is matched 
against a similarly treated methionine standard. It has been applied to a 
number of proteins (763, 765). Interference by cystine has been noted 
(765a). 

Lant hionine 

Sullivan and Hess (766) report that on boiling with HI 1 mole of l k -  
thionine is converted quantitatively to 1 mole of cysteine. Lindley and 
Phillips (767) are unable to confirm the production of any cysteine under 
these conditions. Schoberl (767a) observed only 5 per cent of this theoreti- 
cal yield. 

Distribution of Suljur in Proteins 

Elementary analysis for S provides a valuable check on the total of 
S-containing amin-, acids. The distribution of S between these has been 
studied by various workers (e.g., 687, 702, 743, 765). Bailey (768) gives 
a valuable review and experimental critique of the various methods from 
this angle. Total recoveries of S are seldom more than 95 per cent, and 
often less than 90 per cent. Lugg, assuming cyst(e)ine and methionine 
to be the only S-containing amino acids present (cf. 103), estimates 
(cystine+cysteine) as SOY produced by oxidation with fuming HNOI, and 
methionine as S not so oxidizable. He compares results obtained by 
various methods on leaf proteins (769,770) and tobacco mosaic virus (771). 
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A . INTRODUCTION 
Since the discovery of “bios” by Wildiers (1901). microorganisms have 

been used to determine the prcscnce of substances which increase the rate 
or extent of their growth. and to guide efforts to purify and isolate thcse 
substances . Williams (1  919) observed the great similarity in properties of 
“bios” and “water-soluble vitamine” requircd by animals. and suggested 

55 



86 ESMOND E. SNELL 

the use of yeast for the determination of the latter substance. Subsequent 
developments, in both animal and yeast nutrition, showed the complex 
nature of both “bios” and “vit&rnine.” The use of microorganisms for the 
quantitative determination of individual nutrilites had to await further 
elucidation of their nutritive requirements. How these requirements were 
determined, and the amazing similarity which then became evident between 
the nutritive requirements of microorganisms and those of experimental 
anima18, is a familiar story which has been emphasized elsewhere (Peterson, 
1941 ; Williams, 1941), and which lies outside the scope of this article. 

Because of this similarity in nutritive requirements it is now possible to 
use microorganisms to determine quantitatively many of those substances 
which are now known to be essential constituents of all living tissues. 
Such quantitative methods are commonly referred to as “microbiological 
assay methods.’’ 

One of the first microbiological assay methods to achieve reasonable 
specificity was that devised by Schopfer (1935) for vitamin BI, using the 
mold Phycomyces btakesleeanus. Dcapite continued study and modification 
(Meiklcjohn, 1937; Burkholder and McVeigh, 1940; Hamner, et al., 1943), 
the method has not been widely used. 

Development of a microbiological method for determining riboflavin 
(Snell and Strong, 1939) was followed by its rapid acceptance and wide- 
spread use. It was with this method that use of the lactic acid bacteria for 
such determinations was introduced. As knowledge of the nutritional 
requirements of this diverse group of organisms increased, it was applied 
to the determination of additional vitamins. With the identification of the 
vitamin requirements, it became possible to examine the nitrogen require- 
ments of the group. It was found that a variety of amino acids was also 
required by various members of the group. Further investigation showed 
that this requirement, in many instances, could be made the basis for 
quantitative methods for determining these amino acids. 

To summarize and examine these methods, and to present available data 
to contribute to their further development, is the object of this review. 

B. NUTRITIVE REQUIREMENTS OF MICRO~RGANISME USED 
FOR DETERMINATION OF AMINO ACIDS 

An ideal medium for use in the microbiological assay of any essential 
nutrilitc would be one which contained every other substance either essen- 
tial for growth or stimulatory to the growth of the assay organism, but waa 
completely free of the nutrilite to be determined. This ideal is approached 
only more or less closely by assay methods now in use. Intimate knowledge 
of the nutritional requirements of the test organism is thus fundamental 
to the development of an assay method; increased understanding of the 
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metabolic requirements of the organism underlies all future improvement 
in these methods. A short summary of the nutritional requirements of 
organisms so far recommended for amino acid assay is included below. 

I. LACTIC ACID BACTERIA 

1. General Requirements 
Like ail other living organisms, lactic acid bacteria require for growth 

mineral salts, and a utilizable source of energy and of nitrogcn. They also 
require an assortment of “growth factors” or vitamins. In the complcxity 
of its requirements, this group of microorganisms equals or surpasses all 
others which have been studied to date. A summary of the general require- 
ments for rapid growth under laboratory conditions is given in Table I. 

TABLE I 

Requirenumb of Ludic Acid Bacieria for Rapid Growth 
on Labwalo7y Media 

Energy source: Carbohydrate (glucose). 
Nitrogen source: Amino acids (casein hydrolyzate and tryptophan). 
Accessory substances: Vitamins and growth factors. 
Mineral salts. 
Buffer. 

For their energy supply, lactic acid bacteria are dependent upon the 
presence of fermentable carbohydrate. Glucose has been universally used 
in assay media for this purpose. In their action upon glucose the organisms 
fall into two large groups, homofermentative and heterofermentative (Oria- 
Jensen, 1919). The homofermentative group, which includes such com- 
monly used organisms as Lactobacillus casei, Lactobacillus arabimsus, 
Lactobacillus pentosus, Laclobacillus delbrueckii, and Streptococcus fecalis, 
converts the fermented glucose almost quantitatively to lactic acid accord- 
ing to the equation: 

Glucose -+ 2 Lactic acid 

The heterofermentative group includes organisms such as Leuconostoc 
mesentePoides and tatdobacillus fermenturn, which produce from glucose 
lactic acid plus other products, such as ethanol and carbon dioxide (cf. 
also Pederson, 1936; Sherman, 1937). The optimum pH for growth of 
most of these organisms lies between 6 and 7; but growth will continue 
until pH 4.0 or less is reached. To prevent the lactic acid produced from 
shifting the pH to levels which prevent growth, the buffer capacity of the 
medium must be increased. Acetate was found to be especially suitable 
for this purpose (Snell, Ckong, and Peterson, 1937) and has been widely 
used. 
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No extended study of the mineral requirements of organisms of the lactio 
group has been made. The mineral salt mixture most commonly used is 
that recommended by Speakman (1923) for culture of certain sporeforming 
soil anaerobes, and was first used with lactic acid bacteria by Snell, Tatum, 
and PeterRon (1937). It differs from many salt mixtures used for other 
organisms in its content of manganese, which is required in relatively high 
concentration by some lactic acid bacteria (Moller, 1939; Woolley, 1941). 
For some of these organisms, however, variation in the salt mixture improves 
growth. Luckey, et al. (1944) showed, for example, that additional potas- 
sium salts greatly improved growth of Streptococcus fecalis; and modifica- 
tion of the mineral mixture for some other organisms might be helpful. 

2. Vitamin and Growth Factm Requiremenls 
Included in this catrgory are subatances other than mineral salts and 

amino acids which have been found necessary for growth, or which greatly 
stimulate growth, of on6 or more of these organisms. The list (Table 11) 
is not complete, since all the materials which stimulale growth of these 
organisms are not yet known. Omitted also are substances, such 89 fatty 
acids, which stimulate growth under some conditions but which are not 
ordinarily added to media intended for assay purposes. 

Among individual species and strains of the lactic acid bacteria, cultures 
can he found which require various combinations of the growth factore 
listed. Where an individual nutrilite is not essential for growth of a given 
organism, it often aids early growth. Thus L. arabimsus grows wcll with- 
out vitamin Bs, but its development is greatly speeded by pyridoxin (Snell 
and Wright, 1941), pyridoxamine, or pyridoxal (Snell and Itannefeld, 
1945). Any synthetic medium intended for use with a number of different 
species of these organisms should, therefore, contain a complete quota of 
these growth factors or their physiological equivalents. 

3.  Amino Acid Requirements 
In early studies with lactic acid bacteria, amino acid requirements (and 

many vitamin requirements) were supplied by peptone. As the vitamin 
requirements were elucidated it beca'me clear that the favorable effect of 
peptones was at least partly due to the amino acids furnished by them. 
Thus, tryptophan was found necessary for growth when acid-hydrolyzed 
peptone was used as nitrogen source for L. casei (Snell, Strong, and Peterson 
1937). Moller (1939) grew La lobarillus planfarum in a medium which con- 
taired only amino acids in place of crude peptones or protein hydrolyrates. 
He found tryptophan, glutamic acid, leucine, aspartic acid, and valine to 
Ee essential for growth of this organism, while other amino acids improved 
growth. Wood, Geiger, and Werkman (1940) showed that certain hetero- 



Growth fador 
Riboflavin 
Pmtothimic acid 
Nicutinic acid 
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TABLE I1 
Vitamins and Growth Fadots Essential for or Stimulaloty 

k, Growth of Various Lactic A d  Bacteria 

Biotin 
pAniinobencoic acid 

Vitamin R,* 
Thiamine 

Folk arid (Eluate 
fador, vitamin B,) 

Inositolt 
Adcnhe$ 

Guanine$ 

Xanthinet 
Uracil 
Thymine 

Tgpionl organism reaponding 
Liarlobarillus cuaei 
Ladohadus easei 
Lactobacillus arabinosus 

Ladobacillus planlarum 
Laclobacillus arabinosus 

Larlnbarillus planlarum 
Streptococcus salivatius 
Lndoldl lus  fermenturn 
Ladobatillucl cmei 
Streptococcus feml is  
Streptococcus henrol&us 
Lactot~arillus plantarum 
LmtubaL.illus arahinosua 
Lactubwillus urabkosus 
Leumostoc rneiienkokh 
Leuwnomtoc mesenterddes 
Lacto’mcilliis arnhiiioswr 
Streptococcus fcmlis 
LadUwlUS CMei 
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Referenu 
Snell. Strong (1939b) 
Snell, Strong, I’ctcmon (1938) 
Sncll, Strong, Peterson (1938) 
Sncll, Wright (1941) 
Mollcr (1939) 
Isbell (1942) 
Lewis (1942) 
hloller (1 930) 
Niven, Smilcy (1943) 
Sarctt, Cheldclin (1944) 
Sncll, Peterson (1939, 1940) 
Mitchell, Snell, Willisma (1941) 
Mclltvnin (1940) 
Moller ( 1939) 
Sncll, Mitchcll (1941) 
Sxlcll, Mitchell (1941) 

Sncll, Mitchell (1941) 
Sncll, Mitchell (1 j41) 
Snell, Mitchcll (1941) 
Stokstad (1941) 

The growth- romoting effect of vitamin Be, originally discovered with pyridoxin, 
is more effcctivcL demonstrated with pyridoxal or p ridoxamine, which far surpass 
pyridoxin in activity for these organisms (Sncll, 1944; incll and Ranncfcld, 1945). 

t Sfreptocncrus hemolyficus is not ordinarily claspified with the lactic acid barteria 
because of its pathogenic character; inositol stimulated its growth, but the effect was 
nona ccific. 

$ &r most organisms, adenine, guanine, and xnnthinc? arc interchangeable, but varioue 
organisms diKcr in the ease with which thry utilize the individiirrl compounds. 

The cKcct of thymine is demonstrablc only in a folic acid-free mcdium. Thvmine 
plus urine Imqcs riylacc fnlic ~ r i t l  mnre or less completely for certain organism (Mitchell 
and k h l ,  1941; Stokstad, 1911; Stokes, 1944). 

fermentative lactic acid bacteria (including Lactobacillus mannitopeus 
and Lactobnn’llus lycopersici) required a variety of amino acids for growth 
and suggested use of these organisms for the quantitative determination 
of threonine. At this time, howevcr, lack of knowledge concerning the 
growth factor requirements of these organisms preventod realization of a 
full and specific response to any amino acid. Later, Sncll and Wright ( I  941) 
presented a medium for the determination of nicotinic acid which contained 
all the growth factors necessary for the test organism, L. arabinosus, and in 
which amino acids were supplied as a hydrolyzate of vitamin-free casein 
plus tryptophan and cystine. It was statcd at that time that the test 
organism would grow luxuriantly on continued subculture when the hydro- 
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lyzed casein of the medium was replaced by a mixture of amino acids.' 
FurthPr addition to this medium of folic acid, purified (Mitchell, Snell, 
and Williams, 1941, 1944; Hutchings, Bohonos, and Peterson, 1941) since 
that time, permits thc growth of additional organisms which require this 
Bubstance (cf. Landy and Dicken, 1942). 

When the hydrolyzed casein containcd in media such as these is replaced 
by mixtures of amino acids, the media bcccme essentially idcntical with 
those SO far reccmmcnded for amino acid assay. The nutritional require- 
ments of various organisms for individual amino acids can then be deter- 
mined by cmittifig each acid in turn frcm a mixture which supports growth 
and noting the effect on growth or acid production. With any given organ- 
ism, the amino acids can then be classificd into three groups: (1) essential, 
in the absence of which no growth or acid production occurs; (2) accessory 
or auxiliary, in the absence of which maximal growth will not occur, but 
significant growth and acid production do occur; and (3) nonessential, the 
absence of which does not appear to affect growth adversely. 

A number of investigators have independently determined requirements 
of L. arabinosus for amino acids. Results are given in Table 111. 

Despite use of methods which differ in detail for determining these 
requirements, essential agreement is evident concerning the effect of 
amino acids on this organism. All agree on the essential nature of glutamic 
acid, leucine, isolcucine, valine, cystine, and tryptophan, and on the non- 
emential nature of glycine, hydroxyproline, norleucine, and norvdine. 
With phenylalanine, tyrosine, threonine, arginine, and lysine, there is dis- 
agreement as to whether each individual acid is essential or accessory; 
all agrce, however, that these substances are required for maximal growth 
of the test organism. Some authors find alanine, aspartic acid, histidine, 
proline, and scrine to be accessory amino acids; othcrs find them non- 
essential. 

A number of different reasons for this failure to agree in detail have 
become evident. A proven source of error lies in the impurity of some 
commercial sources of amino pcids. Thus, McMahan and Sncll (1944) 
found isoleucine to be nonessential for various organisms tested, including 
L. arabinosus. Other workcrs, using different sources of amino acids, found 
Laleucine essential, and noted that different results were obtained with 
different sources of amino acids. Hegstcd and Wardwell (1944) tested 
seven samples of dl-leucine, nnd found only two which contained no 
isoleucinc. The others contained from less than 1 per cent to almost 20 

I It WRR later found thnt p-aminobenzoic arid, though not addcd to thie medium, WM 

required by the teat organiwm (Isbell, 1042). Thc very minute amount nccemary is 
present as a contaminant in othcr ronetituenta of the m d u m  u n k  extrcmo cam is 
taken in their preparation (Lewis, 1942). 
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+ + + + + + + a * + * *  @) Shankman (1943) 

i + + + + + * + + * + * + * * * * * - - - - Kuiken,dal.(l!W)t 

+ + + + + + + + + a + * - - - * - -  Hegsted 11944) 
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+=essential; * =accessory; - PnonessentiaL 
t a-Aminoisobutyric and a-amino-n-butyric acids were also tested and found non-esaential, 
$ Also unpublished data of the author. 
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per cent of this amino acid, as determined with L. arabinosus. Isoleuciw 
was isolated from the latter sample, definitely proving its presence. Simi- 
larly, a commercial sample of I(+) valine was found (Guirard and Snell, 
unpublished) to contain only 78 per cent of Z(+) valine, when assayed 
against a pure sample. The nature of the impurities present was not deter- 
mined. It had been previously supposed that tho synthetic amino acids 
could be considered biologically pure and that the isolated or natural 
amino acids were more likely to be impure. Now samples from both source8 
are suspect. 

It is obvious that only slight impurities in other amino acids present in 
the medium would suffice to throw an amino acid from the “essential” 
category into the “accessory” or even into the “non-esaential” category. 
Such impurities are a likely explanation for some of the conflicting results 
noted above. Another source of confusion is that the amino acid require- 
ments may vary depending upon the basal medium with which they were 
determined. Thus, Shankman (1943) found both phenylalanine and tyro- 
sine to be essential for growth of L. arabinosus upon one mixture of amino 
acids (cf. a, Table 111); when the basal mixture was varied, chiefly by 
adding increased amounts of each amino acid, tyrosine and phenylalanine 
were no longer essential, but only accessory (b, Table 111). Similarly, 
Hegsted (1944) found only ten amino acids essential when removed indi- 
vidually from a medium which contained each of nineteen amino acids. 
When he attempted to culture the organism on a mixture containing only 
these ten amino acids, growth failed. Addition of aspartic acid, previously 
found accessory or non-essential for this organism, was now essential for 
growth to occur; further addition of threonine and lysine gave maximum 
growth. Thus, the apparent amino acid requirement of an organism may 
differ with the composition of the medium.’ 

A further source of possible variation is the test organism itself. It has 
proved possible to “train” some microorganisms which require amino 
acids for growth on initial culture to dispense with them entirely. The 
literature on this subject has been reviewed by Knight (1936; cf. also 
Gladstone, 1937, and Burrows, 1939). Ryan and Brand (1944) have shown 
that cultures of a Neurospora mutant which ordinarily require Ieucine for 

1 A striking example of variation in amino acid requirements with the composition 
of the medium is afforded by the recent work of Rtokw itnd Ciinncss (Science 101, 43 
(1945) ) who found that replacement of the pyridoxin in a medium by an equal amount 
of pyridoxamine eliminated the lysine, threonine, and alanine requirements of L. m e i ,  
L. arabinosus, and L. delbrueckii. This may explain the disagreement among varioue 
workers concerning the essential nature of lysine and thrconine for L. arabinoaw, (cf. 
Tables I11 and IV), since pyridoxin is partially converted to pyridoxamin (or a sub- 
stance of similar activity) by autoclaving with amino acids (Snell and Rannefeld, 
1945). 



TABLE N 

Cornpardive Amino Acid Requiremen& of Various Lodie Acid Badcti4. 

b 

L. arcrbinosus 17-5t a + * - * - + - + + * & - ,  a + * +  E 
+ + + * * * + * -  & + * + - + a + + +  * 

L. pentosus 124-20 + - + - + I 
L. arsei$ 

- - -  
;c 
s 

+ 3 

+ + + - + + * + + + - - -  + + + a -  

+ + + + + a + + + + + + + + + + + +  

- - + a * - - ,  + + + * - r - - -  
k 
* 

+ =essential; * =accessory; - =non-essential. Norleucine, norvaline, and hydroxyproline were nonessential for all organism. 

t From cumulative data of Shankman; Hegsted; Kuiken, et al.; McMahan and Snell, cf. Table 111. 
$ Hutchinp and Peterson (1943). 
5 McMahan and Snell, uipubliihed. 
11 Snell and Guirard (1943). 

f Niven (1944). Asparagine andlor glutamine are essential for growth; both were added to the medium which probably explains 

Glutamine is more effective than glutamic acid for some organisms which require the latter. !3 

Dunn, et at. (1944~); Hac and Snell (1945). 

lack of requirement for glutamic or aspartic acid. 8 
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growth will occasionally develop the power to synthesize it, and thence- 
forth grow in its absence. Although confirmed adaptations of this nature 
have not been reported with lactic acid bacteria, their possible occurrence 
should be borne in mind, and remains as a possible explanation for some 
conflicting findings. 

It may be expected that L. arabinosus will provide a convenient tool 
for the determination of each of those amino acids which all workers agree 
are required by it. Indeed, several such methods have been presented. 
L.  arabinosus, however, is only one of a great number of species and strains 
of lactic acid bacteria which can be used in this manner. If the requirements 
of these other organisms differ, the number of amino acids which might be 
determined in this fashion would be increased, and the utility of the 
approach CorresFondhgly broadened. Data available on this subject are 
given in Table IV. 

That the various organisms differ rather markedly in their amino acid 
requirements is apparent. Thus, for L. casei, tyrosine and phenylalanine 
were reported as essential; they ark variously regarded as essential or 
accessory for L.  arabinosus. L. casei also requires arginine, which is merely 
auxiliary for L.  arabinosus, and serine, which is nonessential for L. ara- 
binosus. Streptococcus fecalis, Streptococcus laclis and Leuconostoc mesen- 
teroides differ considerably from other organisms studied in their require- 
ments. The latter organism is especially exacting in its rcquirements, and 
should prove of great value as an assay organism for amino acids. Of the 
amino acids which are accessory or non-essential for L. arabinosus and 
L. casei, one or the other of these three organisms requires threonine, 
lysine, histidine, serine, proline, alanine, glycine, and aspartic acid. Thus, 
of the twenty-one or so commonly occurring amino acids, the only ones not 
so far known to be required for one or another organism of this group are 
hydroxyproline, norleucine, and norvaline. The requirements of only five 
species of a very large group of organisms have been determined; it is not 
impossible that further invegtigation will reveal organisms which require 
these and additional amino acids. If, as has proved possible in cases so 
far investigated, these nutritive requirements can be made the basis for 
quantitative methods for the determination of the amino acids, a tool of 
immense potentialities for enlarging our knowledge concerning the natural 
occurrence of amino acids and the composition of proteins is at hand. 

11. OTHER OROANIBMS 

Only two organisms outside the group of lactic acid bacteria have been 
suggested for amino acid assay. These are mutant cultures of Neurosporcr 
crassa (Beadle and Tatum, 1941 ; Tatum and Beadle, 1942) and of Esche- 
n'chia coli (Lampen, Jones, and Iloepke, 1944). The growth requirements 
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of both organisms are very simple. Parent cultures of N .  cra.ssa grow on 
synthetic media containing inorganic salts, an inorganic nitrogen source, 
a suitable source of organic carbon (e.g., sucrose) and biotin (Ryan, Beadle, 
and Tatum, 1943). The X-ray induced mutants require in general that 
only one specific nutrilite (e.g., leucine, Regnery, 1944) be added to this 
minimal medium for growth to occur. E. wli will also grow on media which 
contain only inorganic salts, an inorganic or organic nitrogen source, and a 
suitable source of organic carbon (e.g., glucose; Lampen, et al., 1944). The 
mutant strains require a specific amino acid in addition to the synthetic 
medium. 

Although only lactic acid bacteria, and mutant strains of Neurospwo 
and E.  coli have been suggested as assay agents for amino acids, many 
other microtirganisms are known to require amino acids for growth, or to 
be markedly stimulated by them. There is no apparent reason why any 
such organism which has a specific nutritive requirement for a given amino 
acid can not be used for its determination if proper growth conditions are 
developed. 

C. ASSAYS FOR AMINO ACIDS 

I. MEASUREMENT OF RESPONSE TO THE AMINO ACID 

1. Comparative Growth Rate vs. ExteQt of Total Grozulh 
In any microbiological assay, the sample is run at a scries of concentra- 

tion levels in parallel with the pure substance to be determined; the con- 
centration of this substance present in the sample is then determined by 
comparing the effect of sample and standard on growth at  the various 
concentration levels. This comparison can be carried out before or after 
growth has stopped. In the former case, one measures coinparative rates 
of growth; in the latter case, the total growth permitted by a given concen- 
tration of the essential substance is measured. All of the substances which, 
though not essential for growth, stimulate the rate of growth are not yet 
known and cannot be added to the basal media. In most cases, the extent 
of total growth is not affected by such substances; since the organism 
slowly synthesizes them for itself, their absence does not affect the total 
yield of cells. In general, therefore, assays based upon extent of total 
growth (terminal growth) , as determined following prolonged incubation 
periods, are likely to be more reliable than those in which results are 
obtained before growth has proceeded to completion (that is, after short 
incubation periods). Sometimes organisms are used for assay which do 
not require the material to be determined, but whose growth rates are 

1 Since this article was written, Woolley and Sebrell ( J .  Bid.  Chem. 157, 141 (1945)) 
have shown that tryptophan can be estimated 8ucceasfully with Eberl:eUa Lyphoua. 
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markedly stimulated by it. In such cases, one is limited to the determint+ 
tion of comparative growth rates. In all amino acid m y s  so far suggested, 
measurement of total growth has been used. 

2. Measurement of Growth 

The method used to determine growth depends upon the organism used 
for assay. With the lactic acid bacteria, two methods have been commonly 
used. One is based upon comparison of the number of cells present, by 
quantitative determinations of turbidities with a suitable instrument, 
such as a photoelectric colorimeter. When this method is used, one must 
be certain that the organisms are uniformly suspended by shaking before 
measurement, and that no air bubbles are present. The measurements 
must be made a t  a wave length which will avoid interference by any 
colored materials added with the sample. Samples used must be optically 
clear, and turbidity not due to cells must not develop during incubation. 
Some organisms (e.g. L. delbrueckii 3) clump during growth, and it is diflii- 
cult to suspend them uniformly for turbidimetric measurement. 

The second method used to evaluate growth with these organisms 
involves titration of acid produced 88 a by-product of growth. htcs  of 
growth and acid production do not run exactly parallel courses. In general, 
growth (as measured turbidmetrically) will have reached a maximum 
considerably before maximum acid production has occurred. The amount 
of acid eventually produced is, however, closely related to the total number 
of cells present. Some of the precautions necessary when turbidimetric 
measurement is used are unnecessary if one titrates acid. Color of the 
sample, for example, is of little conMquence, as is development of turbidity 
during incubation or clumping of the organism. This procedure has been 
widely used. Although the impression has gained ground that titrimetric 
measurement gives more accurate results than the turbidimetric method, 
no data confirming this impression have been published. In an investiga- 
tion of this point relative to vsline assay (McMahan and Snell, 1944), 
pantothenic acid assay (Thompson, et al., 1944), and Tiboflavin assay 
(Emmett, et al., 1941), no differences in results were obtaincd by the two 
methods. With some of the heterofermentative lactic acid bacteria, and 
with E. coli, which produce smaller amounts of acid, turbidimetric measure- 
ment of growth is usually used. 

With the fungus Neurospora neither of these methods can be used. When 
rate measurements are desired, the fungus is grown in special tubes on 
semisolid media. The progression of the mycelial frontier of the mold along 
the surface of the culture medium is linear with time for any given con- 
centration of nutrilite, but increases to a maximum with increasing con- 
centration of the nutrilite. Rate of progression can be readily measured 
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and compared at  either one or several time intervals (Ryan, Beadle, and 
Tatum, 1943). A variation of this procedure involving measurement of 
the diameter of mycelial growth in Petri plates has been described by 
Thompson, Isbell, and Mitchell (1943). For assay of leucine, however, 
the determination of total growth was found to be preferable to  rate 
measurements. The organism is cultured in a liquid medium containing 
increasing concentrations of leucine. After growth has procceded to com- 
pletion, the mycelial mat is filtered out, washed, dried, and weighed (Ryan 
and Brand, 1944). 

11. CRITERIA FOR ESTABLISHING RELIABILITY IN AN ASSAY 

1. Agreement with Olher Methods 
Where reliable and accepted methods are available for the determination 

of an amino acid, it is easy to establish the reliability of a proposed micro- 
biological method. If the proposed method yields values which consistently 
check those obtained by the proven procedures, it can also be accepted as 
reliable. Thus the microbiological method for arginine (McMahan and 
Snell, 1944), utilizing L. casei, and the microbiological method for leucine, 
utilizing a mutant strain of N. crassa (Ryan and Brand, 1924)) can 
be accepted as yielding reliable values on these grounds. The former 
yields values which check the procedure of Vickery (1940), involving 
isolation of arginiie as its flavianate; the latter yields values which check 
those obtained by the solubility product method (Moore and Stein, 1943) 
and by isotope dilution. 

For some amino acids, however, reliable methods either are not avail- 
able,' or values obtained by their use are so few as to be of little value in 
determining reliability of a new procedure. A number of other criteria 
for accuracy are available, none of which alone is conclusive, but which 
strongly indicate reliability when taken together. These are listed below. 

2. Agreement of Values Calculated from Various Assay Levels 
In running an assay, a standard curve is obtained in which growth 

response to the standard substance is plotted against its concentration. 
The sample is also assayed at several concentration levels, calculated to 
yield an amount of growth which falls upon the standard curve. The 
per cent of the amino acid present is thcn calculatcd from interpolation 
on the standard curve. The per cent thus found should be constant regard- 
less of the portion of the standard curve from which it was calculated; 

1 The isotope dilution method (Rittenberg and Foster, 1943; Graff, Rittenberg, and 
Foster, 1940), theoretically applicable to any amino acid, is of course an exception. 
Figures obtained by its use are not yet generally available, and the equipment required 
precludes its use by most investigators. 
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that is, there should be no consktent drift up or down in assay values as 
the amount of sample added to the medium is increased. Such constancy 
of assay values with increasing concentration of sample indicates that the 
test organism responds to the tiample in exactly the same fashion as it 
responds to the pure amino acid used in establishing the standard curve. 
Pre~umably it does 80 because that amino acid is the Role substance in 
the sample which is effective in influencing growth. This behavior is 
illustrated in Table V. There is no drift in values either up or down EM 

the amount of sample ie increased. 
TABLE V 

Conslancy 01 Assag lor V a h e  at Ascendhzp Lewh 01 Samp&* 
C d n  Hydrolyuta Valine Indicated 

Added From Standard Curve 

Y 
40 
60 
80 

100 
120 
140 
160 

7 
2.75 
3.88 
5.20 
6.82 
7.88 
9.10 

10.4 

Valine Pnwnt 
In C w i n  
Fun) 

6.9 
6.5 
6.5 
6.9 
6.5 
6.5 
6.5 

Average: 6.0 
- 

Assay organism: L. mei (McMahan and Snell, 1944). 

3. Consistent Values on Repeated Assay 
The assay must yield consistent results for a Ringle sample on repeated 

assay. This demonstrates that regardless of variable conditions obtaining 
upon different days - variations in inoculum, etc. - the organism con- 
sistently behaves toward the sample in the same manner as it does toward 
the standard substance. Such behavior is illustrated in Table VI. 

TABLE VI 
Cmslaney of Results on Repeated Assay: Effed of Allered Cond&ima* 

A m y  No. Valine Present in Casein 
prr  rent 

1 6.72 
2 6.66 Turbidimetric: 6.69 
3 6.90 Acidirnetric: 6.63 
4 6.46 Incubated 32" C. 6.58 
5 6.80 Incubated 37" C. 6.60 
6 6.62 - 

Average: 6.69*0.23 
Assay organism: L. ursei (McMahan and Snell, 1944). 
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This test can be made more rigorous by purposefully changing condi- 
tions of assay, to determine if the response to the sample changes in the 
same manner as the response to the standard. If so, the same assay value 
will be obtained as under the standard conditions. Thus, in valine assay 
with L. casei (Table VI), exactly the same result WM obtained when the 
test cultures were grown for three days at 32" or a t  37", or whether one 
determined response to the amino acid by turbidimetric or acidimetric 
means. 

4. Recoverg Experiments 
When a known amount .of the amino acid being determined is added 

to the sample, it must be quantitatively recovered. High or low recoveries 
indicate stimulation or suppression of response to the amino acid by other 
substances present in the sample. In either case, the assay value is suspect. 
In a refinement of this test, Dunn, et at. (1941~)  simulate, from the best 
available dat,a, the composition of the sample by mixtures of known sub- 
stances, then determine if the known amount of the amino acid present 
in this "artificial sample" can be quantitatively determined. Examples 
of some recoveries obtained in valine assay are given in Table VII. 

TABLE VII 
Recovery Ezpctimmts in Valine Assay: Comparison of Test Organkms 

Organism Vaiine Found Recovery 
Casein Caeein 4 4 %  

per rent per rcn: pm cent 

L. casei' 6.72 12.92 103 
6.80 12.79 100 

L. arabinosus+ 6.86 12.88 100 
L. pn1tosust 6.82 12.81 100 
S. f e c a l i t  6.95 12.93 100 

Valinc 

- - 6.70 

MrMahan and Snell (1944). 
t McMahan and Sncll (unpublished data). 

Guirard and Snell (unpublished data). 

5.  Agreement between Diferent Assay Organisms 
If two or more organisms which vary in other nutritive requirements 

yield the same assay value on a sample, the probability that the assay 
value is correct is greatly increased; for it is improbable that two or more 
different organisms would respond to interfering materials in exactly the 
same manner and to exactly the same extent. Such agreement is evident 
in valine assay with L. arabinosus, L. casei, L. pentosus, and S .  fecalis 
(Table VII); all four organisms give quantitative recovery of added valine. 
Similarly, values for leucine obtained with L. arabinow (Kuiken, e la l . ,  
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1943) check rather well those obtained with Neurospma (Ryan and Brand, 
1944). Such agreement between two such diverse organisms would strongly 
indicate reliability of the values obtained by both methods even in the 
absence of the rigorous proof for reliability of their method furnished by 
Ryan and Brand. 

6. SpeciJin‘ty Studies 
The specificity of response to an amino acid should always be investi- 

gated preliminary to use of a medium or organism for assay. Obviously, 
if the organism responds to substances other than the pure amino acid 
which occur in the samples under investigation, steps must be taken to 
correct such lack of specificity. In general, the lactic acid bacteria have 
proved very specific in their response when complete media are used. 
Details of such studies will be given below when the individual amino 
acids are considered. 

The problem of devising media upon which the requirement for an amino 
acid can be demonstrated, and with which the amount present in a pure 
solution of the amino acid can be determined, is relatively emy. It is not 
certain, however, that such a medium will permit quantitative and specific 
estimation of the amino acid in a protein hydrolyeate or other natural 
eample. As indicated previously, the apparent requirement for an amino 
acid can vary with the composition of the basal medium. As a general 
rule, therefore, the assay medium used should be so complete that pddC 
tions of the test sample will not significantly change its quantitative or 
qualitative composition, except with respect to the concentration of the 
substance to be studied. Effect of failure to observe this rule is strikingly 
shown in data of Table VIII. 

TABLE VIII 
Non-Specificity of Response of L. arabinosus to Glutumie Acid 
in Medium Lacking Cerbin “Non-Es8enlia~” Amiru, Acids 

Hydrolyz~~ts Glirtamic Acid Found 
Microbiological Method* Chemicat Methob 

Medium A t  Medium Bt 
Amay Reemery Aaacry Rccoaay 

prr cent per cent per cent pcr cent 

Gliadin 07.9 124 45.7 100 45.7 (Olcott, 1044) 
Casein 35.2 112 20.4 101 22.0 (Olcott, 1044; Bailey, 

et al., 1943) 
Gelatin 16.7 123 10.5 103 12.0 (Olcott, 1944) 

* Data taken from paper of Lewis and Olcott (1945). Dunn, et al. (1944a) have indc 

t Amino acid mixture “b” of Shankman (1943), which contains no serine, prohe, 

$ Same as medium A, but supplemented with serine, proline, hydroxyproline, and 

pendontly made similar observations. 

hydroxyproline, glycine, or tyrosine. 

tyrosine. 
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A medium which supported good growth of L. arabinosus when glutamic 
acid was added, but which contained no serine, proline, glycine, hydroxy- 
proline, or tyrosine, was used for the determination of glutamic acid. $uch 
a medium permits quantitative recoveries of pure glutamic acid, or of the 
glutamic acid present in a simple mixture of amino acids (Shankman, 
Dunn, and Rubin, 1943). When the medium was used with L. arabinosus 
for assay of protein hydrolyzates, however, the values obtained for glutamic 
acid were much too high, and recovery of added glutamic acid was likewise 
high. When the missing amino acids were added to the medium, values 
obtained for glutamic acid were lowered to fair agreement with chemical 
methods, and added glutamic acid was quantitatively recovered (Lewis 
and Olcott, 1945; Dunn et al., 1944~). The response to glutamic acid was 
non-specific in the absence of the missing amino acids, which themselves 
were either completely nonessential or accessory (cf. Table 111). The 
value of recovery experiments for detecting this type of behavior is well 
illustrated by this case. 

Another argument for the use of complete amino acid mixtures lies in 
reported antagonistic effects between certain amino acids. Thus, a toxic 
effect of glycine (and to a lesser extent of serine and threonine) on growth 
of S.  fecalis is eliminated if adequate quantities of vitamin Ba or of alanine, 
or both, are present in the medium (Snell and Guirard, 1943). With 
Proteus morganii, Porter and Meyers (1944) observed that addition of 
norvaline, norleucine, or allothreonine inhibited growth on an otherwise 
adequate medium (cf. also Pelczar and Porter, 1943). In the presence of 
several other amino acids, however, this inhibition was not apparent. 
Similarly, Hutchings and Peterson (1943) observed that inhibitory effects 
of histidine, lysine, and isoleucine which were evident with L. casei under 
Borne conditions were generally counteracted by alanine, threonine, and 
other amino acids. Thus, presence of a complete quota of amino acids in 
adequate quantities in basal media used for assay appears highly desirable. 

111. INDIVIDUAL ASBAY METHODB 

1. Methods Using Lactic Acid Backria: Assay Media and Methodology 

The composition of assay media suggested for use in assaying for amino 
acids with lactic acid bacteria is compared in Table IX. In general, the 
media are very similar to each other and to those used earlier for assay of 
vitamins. The chief differences are in the number and amount of amino 
acids used to replace the casein hydrolyzate of earlier media, and in the 
concentrations of vitamins included. The possibility for variation of con- 
centrations of individual constituents in media of such complexity is almost 
infinite. In accord with the views on specificity expressed above, there has 



102 ESBMOND E. SNELL 

Subtulc4 

! % ~ ~ k h c h l o r i d e .  y 
PI ridoxin livdrochlniide. Y 
Cnlciuni paimLheua.tc, y . 
Riboflaviii. y 
Nicoliiiie wid,  y 
Biiitii!, y 
pAmliiubrtnzoio add, y 
Folic. avid, # 
Chulinr cliloride, y 
Inoaitul. Y 
Adeuine. big. 
Quuiiini!, mi. 
Uracil. nig. 
Xantbiiw. mi. 
Aapartic arid mi.  
Qlutaniic auid in 
Aruinine niouohy%oohloride. 

Concantration Per 10 cc. 
c, 

82 
Y *  

r!J 
100 100 200 100 176 
60 60 72.5 80 87.5 
5 8 6 1 0 6  
5 5 5 1 0  6 
2 2 2 2 2  
0.1 0.1 0.1 0.1 0.1 
0.1 0.1 0.1 0.1 0.1 
0.1 0.1 0.1 0.1 0.1 

1.0 
1.0 
1 .o 
2.0 
2.0 
0.004 
1.0 

0.1 
0.1 
0.1 

€ii%ine monohydroohloride, 
Lvrine ninnobydroohloride, mg. 
Ainnine. nig. 

ycine. nip. 
I1 ydroxyprolina, mi. 
Imleuoine. nig. 
Leucine. mg. 
Mcthioiiiiie, m i .  
Norleucinc. mg. 
Nnrvaline, my. 
Phenylalaiiine, m i .  
Prohoe. nig. 
br ine.  niu. 
Threonine. mg. 
Tryptnphan. mg. 0 
Tyrivine. wig. 
Valine mg. 
Hydr4yz.d caaein. mg. 50 

mu. 

gy t inc .  nig. 1.0 

1.0 
1 .o 
1.0 
2.0 

0.004 
0.1 

2.0 

0.1 
0.1 
0.1 

1.6 
2.0 

0.1 

0.4 
1.0 
0.10 

0.50 
0.50 
0.10 

0.10 

0.60 

0.10 
0.50 

0.10 

of Final Mediumc 

5 I 

d a  
loo 100 100 
6 0 6 0 6 0  
6 5 5  
5 5 5  

0.1 0.1 0.1 
0.1 0.1 0.1 
0.1 100 

2 3 2  

a 
x 

2 
0.1 
0.1 
0.1 

I0 nn _. _- 
1.0 1.0 4.0 10 10 5.0 2 

1.0 1.0 4.0 2.0 10 1.0 2 
2.0 1.0 4.0 2.0 20 2.0 4 
4.0 1.0 4.0 4.0 20 6.0 
0.004 0.002 0.004 0.05 0.05 0.1 7 

0.1 0.11 0.04 

1.0 3.0 4.0 2.0 10 6.0 a 

0.006 8.0 4.0 2.0 1.0 0.1 0.m 

2s 
25 

0.06 0.1 0.04 0.5 1.0 0.1 0.1 
0.06 0.1 0.04 0.5 1.0 0.1 0.1 
0.06 0.1 0.04 0.5 1.0 0.1 0.1 

0.1 0.04 
4.0 4.0 0.83 
4.0 10.0 2.6 :$ 1 
2.0 1.0 0.83 2.0 0.50 0.5 

tF 

2.0 
2.0 
1.0 
2.0 

1.0 
1.0 
1.0 

1.0 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .O 
1.0 
1 .o 

0.83 

0.42 
0.83 

0.83 

0.83 
0.12 
0.42 

0.43 

0.42 

0.50 
1 .o 
1.0 
1.0 
1 .o 
1 .o 
1 .o 
2.0 
0.50 
0.4 

1.0 

0.5 
2.0 
1 .o 
1 .o 

1 .o 
1 .o 
0.5 

1 .o 
2.0 1.0 0.42 1.0 0.50 0.5 
2.0 1.0 0.83 2.0 1.0 
1.0 1.0 0.42 1.0 0.25 
1.0 1.0 0.42 1.0 1.0 1.0 
2.0 1.0 0.83 2.0 0.50 1.0 0.4 
1.0 1.0 0.83 2.0 0.20 0.4 
1.0 1.0 0.42 1.0 1.0 1 .o 

50- 
~ 

~~ ~~~ 

*Recommended for aqnsy. of tryptophan with L. urnbinurrr Tryptophan ir omitted when medium i# 
used for this purpme. The medium ia the ea'neun that rcrommendcdby Sitell aiid W.icht (1941) for IIICO- 
tinic acid way.  exccptfor addition of paininobenaoic acid and iiicntiiiie wid. und niiiin.+ii of tryptophan. t Media ainiilar to this have been used wirh L ?robiue*ui for asnay nf 8otiie arninn srida. e.u., vdina and 
leucine. by onlittin the proper one from.the mediuin (cf. Sshri-iuurt. el r d . .  19441. 

t Recommrndcd ?or luasy of leucine. isnlnunine. or vdinc with I,. nnihirrurur by onlitling the prow? 
amino acid. The author8 also add a tomato Juice eluate factor a t  a level of 1 inE. per I0 cc. of medium. 
Somr eyidenee indicaton thin may be replaced.by a fulic acid concentrate (cf. Bauingarten, el d.), although 
the active piincivle does not appear to be folic aeld. 

11 Recommended for w a y  of arginine nnd valiiie wit.h rithnr L. mari or L. ot~ibiamtrr. hut drviwd to 
oup ort growth of all lactic arid brrelrria who* nutritional requirements arc known. and thw tn) bc Ren- 
era& applicable M a base medium for asray of other aniino acids by omibtinR promr amino arid froin the 
medium 

T. Uscd M base for determining rmlnn +d requirements of L. arabinolw. and wed for tentative determi- 
nation of leucine vrrlinc and phmyhlanine. 

0 Devised M a compieo medium allowing maximum growth of L. arabinolur and L. cnrM. for IaW 
w in drturmining amino aciQ 

# Devised for determination of g lu t ado  add with L. arabinonu. 4.0 nu. mparadne b added Der 10 am. 
in place of MPCU~~O acrd. 
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been a tendency for later investigators to employ each essential constituent 
at higher levels than previously used, and to include constituents which 
were previously omitted because they were thought to be without effect 
on growth. Both McMahan and Snell, and Hegsted independently included 
ammonium sulfate in their media. This was done because ammonium salts 
arise during hydrolysis of proteins, and may influence growth under some 
conditions (cf. glutamic acid assay, below). The most flexible and com- 
monly used method for producing a medium lacking a single amino acid is 
to employ a mixture of pure amino acids as the nitrogen source, and 
omit the one to be determined. If large numbers of routine assays are 
made, this is a fairly expensive method. An alternate approach is to remove 
quantitatively the single amino acid to he determined from the hydrolyzate 
of a complete protein, then use this hydrolyzate as the nitrogen source. 
Simple acid hydrolysis accomplishes this for tryptophan (Greene and Black, 
1944). Lewis and Olcott (1945) have devised a method for selective re- 
moval of glutamic acid from protein hydrolyzates by its conversion to 
pyrrolidone carboxylic acid and subsequent extraction with ethyl acetate. 
Additional investigation of similar procedures for the selective removal of 
other amino acids from protein hydrolyzates should yield profitable 
results. 

In methodoIogy, too, each of the assay methods is very similar, and 
patterned after earlier methods for vitamin assay. The selected medium, 
deficient in a single amino acid, is prepared at twice its final concentration. 
Standard solutions of the amino acid and of the samples are added to a 
series of test tubes in amounts calculated to produce several gradations in 
growth of the test organism between no growth and maximum possible 
growth. Contents of all tubes are diluted with water to the same volume, 
and an equal volume of medium is added. Tubes are then capped properly, 
sterilized by autoclaving, cooled, and inoculated with a suspension of the 
test organism obtained from an actively growing culture. The assay tubes 
are then incubated at a constant temperature near the optimum tempera- 
ture of the organism used. After a sufficiently long incubation period, 
growth present in each tube is determined by one of the methods previously 

*z Devired for determination of glutamic acid with L. arnbinoaus. The cawin hydrolyzate used haa 
been freed from Jutamic scid by converting the latter to pyrrolidone csrboxylic acid and extracting with 
ethyl acetate. 
tt Recommended for determination of valine and leurinc in both protein hydrolyzates and fre3b food- 

rtuffa. When thus uned, the appropriate amino ncid is omitted from the medium. Test organism: L. arnbinc- 
ma 

a M w t  media contain more NsCl than is indicated by these addition8 due to use of HC1 to dissolve 
or preserve certain constituents of the medium, and subreqnent neutralization. 
6 Exprenned M microgram8 of material 40.000 times as acbivc by weight a9 an arbitrary standard. liver 

fraction B..O.Iy of materinl of this potency is about 20 times the amount required to produce maximal 
growth of L. caaci on a folic acid-free medium. Very crude concentrates of this material are suitable for 

Aspawine added in plnce of snpartic acid. 

we. 
c No convention han been followed hy diLierent investiqators concernine uae of the I- or dl- forma of the 

@mino acida. All rompaiisone iii thin tahle are on the basin of the weight of the natural1 occurrina I -  isomer 
mid&. If ( / I -  amino acids were wed. the amount added was twice that indicated. Ti is  procedure seeme 
jirst.i6ed. mince in moat enaea 80 far invrrtigated. the unnatural isomera of the amino acids have not been 
avaalable for growth to MY marked extent, 
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described. The growth response to increasing concentrations of the amino 
acid is then plotted against the concentrations of the amino acid to pro- 
duce a standard curve. The amount of amino acid present in the various 
samples is then determined by interpolating the growth respmse in the 
sample tubes onto this standard curve. Tests for the reliability of results 
obtained in this fashion were discussed above. 

u. Determination 01 Arginine. McMahan and Snell (1944) used the 
determination of arginine as a test case to see if values obtained by a 
microbiological procedure would agree with reliable chemical procedures 
for this amino acid. Growth was measured turbidimetrically on diluted 
cultures after three days’ incubation. L. casei was the test organism, and 

MICROCRAMS OF ICt)-ARCININE 

FIQ. 1 

the medium was that described in Table IX, with arginine omitted. 
Response to added I(+) arginine under these conditions is shown in Fig. 1. 
Assay values obtained are shown in Table X. They are in excellent agree- 
ment with those obtained by direct isolation of arginine as its monoflavian- 
ate. Quantitative recoveries of added arginine were obtained, and other 
criteria for reliability discussed above were fulfilled. The method thus 
appears to give. reliable values for hydrolyeates of a variety of proteins. 

In extending this or similar methods to a wider range of samples, espe- 
cially non-protein samples, detailed knowledge of the specificity of the 
test is desirable. Kuiken, et al. (1943) showed that ornithine or citrulline 
would duplicate the effect of arginine on growth of L. arabinosus. With 
L. casei, ornithine cannot be used in place of arginiie; citrulline has not 
been tested. d(-)Arginine is inactive (Stokes and Gunness, 1944). 
Values for arginine obtained on enzymatic digests of proteins are low, 
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TABLE X 

Comparison of M i r r o a i o ~  and C h i d  Valws 
for Arginine in Protein Hgdrolyzah 

Protein 
Miorobiolosical Method* 

pm em; 

Casein 3.7 
Ovalbumin 5.6 
6ilk fibroin 0.97 
Horse hemoglobin 3.5 
Lactoglobulin 2.9 
Gelatin 9.3 

Arginine 
Chemical Method 

p a  E m ;  

3.72 (Vickery, 1940) 
6.66 wickery, 1940) 
0.95 (Bergmann. Niemann, 1938) 
3.59 (Vickery, 1940) 
2.89 (Chibnall, 1942) 
9.34 (Kossel, Cross, 1924) 
9.1 (Block, Bolling, 1940) 

McMahan and Snell (1944). Assay organism: L. cuaei. Assay range: 0 - 4 0 ~  I ( + )  
arginine per 10 cc. medium. When smaller volumes are used, correspondingly less 
standard and sample are required. 

indicating that arginine is not always fully available when combined in 
peptide linkage. 

b. Determination of Valine, Leucine, and Isoleucine. The determination 
of these three amino acids has been described by Kuiken, et al. (1943) with 
L. arabinosus and the medium described in Table IX. A number of other 
workers have also determined one or more of these amino acids. Results 
of McMahan and Snell (1944) with valine assay have been cited above to 
illustrate application of various criteria for accuracy to an assay. The 
various values reported for valine in casein are listed in Table XI. Agree- 
ment is considerably poorer than could be desired. Hegsted stated that 
his values were preliminary and exploratory in nature. It seems probable 
that the other differences are due to differences in the samples and in 
their preparation, rather than to major differences in the methods used. 
Thus values of Dunn are reported on a moisture and ash-free basis. Other 
authors did not specify whether or not this was true. Different workers 

TABLE XI 
Valim ConhLt of Casein aa Determined Microbiologically 

Valine Found 
psr can; Test Organism Reference 

6.25 L. arabinosua Kuiken, et al. (1943) 
6.2 L. arabinosus Schweigert, el al. (1944) 
6.80 L. arabinosua McMahan, h e l l  (1944) 
0.7. L. w e i  Mchiahan, Snell (1944) 
6.8 L. penfosus Mchfahttn, Snell (unpublished) 
6.7, 6.9 S. fecalis Guirard, Snell (unpublished) 
0.8, 7.3 L. arabinosus Dunn (1944) 
6.2 L. arabinosua Hegstd (1944) 
Average of six determinations; range 6.46 to 6.90; cf. Table VI. 
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have used different temperatures, time intervals, and acid concentrations 
for hydrolysis. Some (e.g., Kuiken, el al.) have used sulfuric acid for the 
hydrolysis and removed sulfate ion with barium hydroxide, a procedure 
which can lead to losses of amino acids. Others use hydrochloric acid, and 
simply neutralize with sodium hydroxide before assay. These factors 
must be controlled, or their effects on assay values determined before 

TABLE XI1 
Vdim, Leucinc, and Isolcucinc Contents of Various M&tialr 

aa D ~ t e n i i l e d  Microbiologiurlly 

Substsnoe V a l i d  Leucinet Isoleuoine$ 

CtWh 0.7 (1) 9.27 (2) 6.05 (2) 

Ovalbumin 0.8 (1) 
Hemoglobin (horse) 8.8 (1) 
Igctoglobulin 5.8 (1) 
Gelutin 2.07 (1) 

2.40 (2) 3.30 (2) 1.71 (2) 
2.40 (3) 

Wheat 0.58 (2) 0.93 (2) 0.53 (2) 
Cottonseed meal 1.70 (2) 2.28 (2) 1.55 (2) 

Beef round 0.90 (4) 1.30 (4) 
Beef liver 1.m (4) . 1.72 (4) 

(1) McMahan and Snell (1944); test organism, L. mei. 
(2) Kujkcn Norman, Hale, 1, man, and Blotter (1943); test organism, L. wubimw. 
(3) Guirsrd and Snell (unpobfkhed); test organism, S. f e d i d  R. 
(4) Schweigert, McIotire, Elvehjcm, and Strong (1944); test organism, L.ar&mw. 
(5) Dunn (1944). 
* Asmy range: 0 to 507 I-valine per 10 cc. medium. 

h a y  range: 0 to 507 I-leucine per 10 cc. medium. I Assay range: 0 to 507 I-isoleueine per 10 cc. medium. 

A d n o  Acid Praaent 

per cm: per c a t  per rent 

0.25 (2) 9.1 (5) 5.9, 0.3 (5) 

&jybean meal 2.06 (2) 3.23 (2) 2.29 (2) 

rigorous comparison of data secured from different laboratories by slightly 
different methods can be made. It has been reported that longer hydrolysia 
periods are necessary to secure maximum values for valiie than for moat 
other amino acids tested (McMahan and Snell, 1944). 

A summary of values for the valine, leucine, and isoleucine content of 
various representative materials as determined by these methods is given 
in Table XII. Of considerable interest is the valine and isoleucine content 
of gelatin. Both amino acids had been reported absent from gelatin 
(Dakin, 1920), but are listed as present in more recent compilations (cf. 
Block and Bolling, 1940). The figures obtained microbiologically are 
somewhat higher than those given by Block and Bolling. 

With leucine, valine, and isoleucine, only those amino acids having the 
I-codguration are effective in promoting growth. At the concentrations 
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used, simultaneous presence of the d-isomer (as in the dl-mixtures) neither 
stimulates nor suppresses response to the Z-isomer (cf. Kuiken, et al., 1944, 
and others). This is fortunate, since synthetic amino acids are used inter- 
changeably with isolated amino acids in preparation of the media. Fox, 
el al. (1944) have shown that d-leucine will inhibit growth of L.  arabinosus 
if added to the medium at  very high levels; Z-leucine was without effect 
at the same level. The concentration used was 50 to 100 times higher than 
that ordinarily used in assay media, and 1000 times higher than that 
necessary for leucine assay. 

When hydrolysis is incomplete, values obtained for valine, leucine, and 
kleucine are low. Similarly, leucine present in the peptides leucylglycine 
and glycylleucine could be determined quantitatively only following 
hydrolysis (Kuiken, el al., 1944). Negligible quantities of these amino 
acids were destroyed by humin formation during acid hydrolysis, even 
when carbohydrate was added before hydrolysis. 

c. Determination o j  Tryptophan. Creene and Black (1943, 1944) have 
described a microbiological method for tryptophan which depends upon 
the response of L. arabinosus to tryptophan in the medium described 
in Table IX. Since tryptophan is destroyed by acid hydrolysis, pancreatia 
digestion or hydrolysis with barium hydroxide is employed to release the 
tryptophan. The latter procedure effects complete racemization. Since 
&tryptophan is inactive in supporting growth, results obtained following 
hydrolysis with barium hydroxide are lower than those obtained by enzy- 
matic digestion, and must be multiplied by two if 2-tryptophan is used as 
standard. When this is done, values obtained following enzymatic diges- 
tion are sometimes low, indicating that tryptophan is not always rendered 
completely available by this procedure. This is consistent with the findings 
reported above for other amino acids following incomplete hydrolysis.' 
As oflginally reported by Snell (1943)) these investigators found that 

indole and anthranilic acid can replace tryptophan for growth of L. arabi- 
nosus. Since both substances occur naturally, they must be removed before 
assay. This is accomplished by extracting them from the hydrolyzed 
sample with ether at pH 4.0 preliminary to assay? Other compounds 
which occur naturally and are related to tryptophan in structure were 
ineffective in promoting growth. These included skatole, indolebutyric 
acid, indolepropionic acid, indoleacetic acid, kynurenic acid, and trypta- 
mine. 

1 Woolley and Sebrell (J.  B id .  Chmn. 157, 141 (1945)) have been unable to obtain 
quantitative recoveries of added tryptophan when alkaline hydrolysis is used, m d  have 
developcd an enzymatic procedure for hydrolysis to eliminate the necessity for using alkali. 

An alternate procedure would be to use proper strains of S. femlis, L e u .  masateroides, 
or L. p d 0 8 l t 8  for the w a y  organism, since these organisms cannot utilize indole or 
anthranilic a i d  in place of tryptophan (Snell, 1943). 
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The method gives consistent values on repeated assay, concordant values 
at increasing levels, and permits quantitative recovery of added tryptophan. 
It chocks rather closely values ,obtained in recent investigations by other 
methods, but often gives values which differ from those reported in the 
older literature (cf. Table XIII). Sullivan and Hess (1944) have recently 
indicated some of the factors which contribute to variability of figures for 
tryptophan obtained by colorimetric procedures. 

TABLE XI11 

Cmin 
Ovalbumin 

Lactalbumin 
Glirrdin 
Zein 
White flour 
Dried milk 

Ttypiophan Content of Various SubUh~&3* 
Tryptophan 

Minobidngicsl Method. Other Methodr 
par cent pct c a t  

1.19 
1.47 1.26, 1.6 (Rrnnd, Kwell ,  1939; Block, 

2.06 2.14 (Plimmer, Lowndea, 1937) 
0.59 1.10 (Looney, 1926) 
0.10 
1.23 0.84 (Block, Bolling, 1943) 
1.31 1.32 (Beach, el d., 1943) 

1.21, 1.22 (Toennies, 1942; Beach, d al., 1941) 

Bolling, 1940) 

* From Greene and Black (1944). All analytical fiprires are based on 16% nitrogen. 
Assay organism: L. arabinosus. Assay range: 0-107 I-tryptophan per 10 cc. medium. 

A similar procedure has been described by Dunn and coworkers (1945) 
for determination of free tryptophan in blood. 

d. Determination of Glutamic Acid. Because glutamic acid is a prominent 
constituent of many proteins, appears to be an important intermediate in 
metabolism, and is a useful raw material in the food industries, and because 
the chemical methods available for its determination are tedious, several 
workers have attempted the microbiological assay of this compound. The 
method of Dunn and coworkers (1944a) has appeared in full; those of Lewis 
and Olcott (1944, 1945), Lyman, et al. (1944, 1945) and Hac, et al. (1945) 
are available only in abstract or manuscript form at the time of writing. 

Determination of glutamic acid presents some points of special interest. 
With assays described above, growth (or acid production) appears to 
increase in direct proportion to the amount of amino acid added to the 
medium. This result would be expected if the amino acids are utilized 
directly for synthesis of bacterial protoplasm, and this protoplasm has a 
constant composition. With glutamic acid, however, standard curves 
obtained are sigmoidal in nature, i.e., at lower concentrations of glutamic 
acid there is little growth above the blanks, but as the concentration is 
raised a rather sharp break in the curve occurs, then growth increaeea very 
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rapidly with increasing concentration until a maximum is reached. Despite 
this behavior, standard and hydrolyzed samples behave alike when condi- 
tions are rigorously controlled, and both Dunn, e2 at. and Lewis and Olcott 
have used such standard curves and obtain figures for the glutamic acid 
content of proteins which appear to be precise, and are in good agreement 
with values obtained by chemical and isolation procedures. 

This behavior suggested to Lyman, et al. (1944) the hypothesis that at 
least part of the glutamic acid must be converted to some other substance 
before it could be utilized, and that this conversion was readiIy effected by 
the organism only when the glutamic acid concentration was high, or 
when vigorous growth had been initiated. Glutamine, which is well- 
known cks 8 growth stimulant for many organisms (cf. McIlwain, et al., 
1939; Lankford and Snell, 1943)) including some lactic acid bacteria 
(Feeney and Strong, 1942; Pollack and Lindner, 1943; Niven, 1944), was 
the most obvioub possibility. They found that addition of small amounts 
of glutamine to the assay medium permitted growth initiation, and that 
the growth curve then obtained with glutamic acid rose regularly with 
increasing concentration. 

In an independent investigation of the same problem, Hac, et at. (1945) 
found that (a> when glutamine waa used in place of glutamic acid, curves 
were not sigmoidal, but resembled those obtained with other amino acids; 
(b) the concentration of glutamic acid at which the “break” occurred waa 
decreased by increasing the inoculum, increasing the time of incubation, 
or lowering the pH of the medium; ( c )  omission of ammonium salts from 
the medium increased the concentration of glutamic acid necessary for 
growth initiation. when conditions were chosen to permit growth initiation 
with the smallest possible concentration of glutamic acid (Le., large inocu- 
lum, low pH, long incubation time, high concentration of ammonium salts), 
the curve obtained with glutamic acid tended to approach that obtained 
with glutamine. Coupled with results of Lyman, et al., these results indicate 
that glutamic acid must be converted to glutamine before being utilized 
by L. arabina~us,~ and that presence of ammonium salts aids in the con- 
version. 

Lyman, e l  d., therefore, add glutamine routinely to their assay medium 
(that of Kuiken, et at., Table IX, with glutamic acid omitted) in an amount 
sufficient to permit growth initiation, but insufficient to furnish more than 
a small fraction of the total requirement of the test organism for it.2 

* Exactly similar behavior is noted whcn L. casei, 8. fecplis. or Lruc. mosenteroidrs is 
uscd as the essay organism; the ahcnornenon thus appears to be of general occiirrence. 

* h4ost o f  the glutamine added is converted to inactive pyrrolidone carbosylic acid 
by Rutoclaving; only enough is left to permit growth initintion. Autoclaving time and 
temperature must therefore be rigorously controllcd. Guirard and Snell (unpublished) 
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Comparative figures for the glutamic acid content of variouR subdances 
as determined by these and other methods are given in Table XIV. In 
spite of differences in assay techniques, there is very substantial agreement 
between the various workers, which would undoubtedly be even better if 
standard samples were used and prepared for assay by a standard pro- 
cedure. In some cases, agreement with figures obtained by Chibnall and 
coworkers by isolation procedures is excellent; in some cases, the micro- 
biological methods yield slightly lower results than the chemical methods. 
The reason for this variation is not yet apparent. 

Kuiken, et d. (19434 reported that dl-glutamic acid waa only 50 per cent 
as active as Z(+) glutamic acid; other workers (Lewis and Olcott, 1915; 
Hat, el al., 1945) find dl-glutamic aEid to be about 55 per cent as active as 
l ( + )  glutamic acid. Dunn, el at. (194439 observed that d2-glutamic acid, 
although much less active than I(+) glutarnic acid in the concentration 
range used for assay, permitted higher acid production when present in 
excess, and suggested that d( -) glutamic acid plays some role in the nor- 
mal metabolism of these organisms. a-Ketoglutaric acid is 1-6 per cent 
as active as I ( + )  glutamic acid; a-hydroxyglutaric acid and pyrrolidone 
carboxylic acid are inactive. Peptides of glutamic acid, including gluta- 
thione, were less active than an equivalent amount of glutamic acid, but 
gave full activity after hydrolysis. Nevertheless, enzymatic protein digests 
or incompletely hydrolyzed samples m3y give falsely high values for their 
glutamic acid content, probably due to presence of specific peptides which 
replace glutamine for the organism (cf. footnote 2, p. 109). Glutamine is 
more active than glutamic acid, espscially at low levels on assay media 
which are not supplemented with it (Lewis and Olcott, 1945). Lyman, 
et al. (1945) found very little destruction of glutamic acid by humin forma- 
tion , even when carbohydrate was added b3fore acid hydrolysis. 

e. Determination of Lysine. Dunn, et al. (1944b) have recommended La. 
mesentemidea P-60 for the determination of lysine in protein hydroly- 
rates. The medium used for glutamic acid assay (Table X) was modified' 
to permit increased acid production by the test organism. Response to 
added lysine was determined by titration of acid produced during 3 days' 
growth .at 37' C. The assay range lies between 0 and 200y of lysine per 
10 cc. of medium. In 15 assays of casein, an average value of 7.72 per cent 
have successfully xubstituted small amounts of a tryptic digest of cwein for the gluta- 
mine. Such a preparation is stable to autoclaving. It is known that such enzymstio 
digests contain a substance (or substances) which replaces glutamine and asparagine for 
lactic acid bacteria (Pollack And Lindner, 1943; Wright and Skeggs, 1944). 

Glucose and sodium acetate concentrations were doubled; dl-alanine was increased 
to 20 mg. per 10 cc. and minor variations made in concentration of other amino acids. 
Glutamic acid was added and lysiue omitted from the medium; ammonium chloride 
was also added. 



TABLE XIV 

Casein 

cheim, corrected for Mh 

S i i  fibtoin 

Egg albumin 

Glirrdin 

Lactoglobulin 

Gelatin 

Brewed yead 

Torula yeast 

TiU G l u t a d  A d  Conknt 01 Vwiow Srrbakanca: Comparafiw Valur 

Glutamic Aad 
Mierobiologicd Ascap 

Dun. d d. b W i S ,  OlbWtt Lyman. d d. Hr. d d. 

3 (1M.) (lW6l) (1M5) (1945) Chemieal Procedurm 

PI per C e a l  pn cent PII C d  ti( 

21.2 19.7 21.5 21.1 - 
22.5 - 22.4 - B.0 (Bailey, Chibnall, dd., 1943) 0 z 

22.0 (Olcott, 1944) 0 
- - - - s 

- 11.6 - 13.7t 14.3 14.3-15.lt 16.0 (Chibnall, d al., 1943) 

44.9 45.7 (Olcott, 1944) t - 44.2 - 
- 18.7 - 19.05 21.5 (Chibnall, rt al., 1943) 0 

- 10.2, 10.8 - 10.2 

- - 5.56 - - 
8.0 

2.M a0.05 1 
E 

11.7 (Olcott, 1414) 3 

46.9 (Bailcy, Chibnall, d al., 1943) 

21.5 (Olcott, 1944) g 

$: 

8 
U m 

- - - - 
All invest.iwtors have used L. mobinosrw as the test organism; media a h  formulated in Table IX. Amav range: In medis 

unsupplemented with glutamine, range varies with sizeof inoculum and other factors, but is usually between 0 and 25Oyl(+)  glutamic 
acid per 10 cc. medium. With glutamine added to initiate growth the range is 0-15Oy. 

t Interfering substances were noted in egg albumin, not present in most other samples, which contributed to variability in these 
assays. 

$Valilea of 19.0 and 19.1 ?4, were recently reported for the glutamic acid content of &lactoglobulin by the isotope dilution pro- 
cedure (Foster, G. L, J .  Bid.  Chsm., 169,431. 1915). c 

c 
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of lysine was found (8.3 per cent corrected for moisture and ash). The 
probable accuracy of this figure for lysine in casein has been discussed by 
Dunn, el al. It is considerably higher than values ordinarily obtained by 
isolation of lysine picrate following removal of arginine and histidine as 
their silver salts (e .g . ,  6.25 per cent, Vickery and White, 1933) but is in 
fair agreement with valucs obtained by the nitrogen distribution procedure 
and some other methods (cf. Dunn, el aZ.). In a series of 15 consecutive 
assays, the maximum drviation from the average value was about 17 per 
cent; the average deviation was about 4 per cent of the average value. 
Recoveries of added lysine were quantitative in most instances, and assay 
values were satisfactorily constant at increasing levels of the sample, 
No data concerning possible activit,y of re1 Ated compounds (e.g., hydroxy- 
lysine, d ( - )  lysine, peptides of lysine, etc.) are yet available. The 
authors found 0.56 per cent lysine in silk fibroin. Data for additional 
samples would be helpful in judging the general applicability of this 
procedure. 

j .  Olher Amino Acids. From investigation of Table IV it is apparent that 
the lactic acid bacteria will be applied to determination of many amino 
acids for which detailed methods have not yet been suggested. A number 
of miscellaneous figures obtained in this fashion have already appeared, 
Little can be said as to the reliability of these figures until further data 
concerning specificity of the response, etc., are available. Some of these 
figures are given in Table XV. 

2. Methods Using Neurospora 
A method for the determination of 1(  +) leucine, based upon the require- 

ment for this amino acid of the mutant strain of N .  crassa (Itegnery, 
1944) has been described by Ryan and Brand (1944). AIiquots up to 5cc. 
of a dandard solution of Z(+) leucine or unknown solution are meas- 
ured into 125 cc. Erlenmeyer flasks, then all volume are adjusted to  5 cc. 
with distilled water; 45 cc. of the basal medium (mineral salts, sucrose, 
ammonium tartrate, and biotin) are added; flasks are plugged with cotton, 
autoclaved, cooled, and inoculated with conidia from a stock culture. 
The mold is allowed to grow until no further increrase in mycelial weight 
occurs (8% days at 30" C.f0.2"), then the mycelia are filtered out through 
individual tared crucibles, washed, dried, and weighed. From repeated 
results with pure leucine, it was found that within the assay range (0-1.0 
mg. of I(+) leucine), mycelid weights were directly proportional to the 
concentration of leucine, the relationship being expressed by the straight- 
line equation: 

mg. mycelium 
42.66 

mg. leucine= - 0.002 



Amino Acid 

Aspartic acid 

Tyrosine 

hlethionine 

Phcny hltrnine 

TABLE S V  

M i r r O a W l o ~  Ddmninalion of Amino A&: MCeUawous Val- 

Protein 

Cawin 
Lactoglobulin 
Egg albumin 
Clidin 

Cmein 

Casein 

Casein 

Amino Acid 
Microbiological h y  Other Methods 

pcr cent p c r d  

b: 
2 

11.5 (Hac, Snell, 1945)i 9.88 (Chihnall, el al., 1943) c 

g; 

s 

7.03 (Hac. Snrll, 1945)’ 6.65 (nailey, Chibnall. et al., 1943) 

9.0 (Hac, Sncll, 1915) 8.13 (Bailey, Chibnall, et al., 1943) 
2.8 (IIac, Sncll, 1945) 1.40 (Bailey, Chibnall, et d., 1943) rn 

P cc 
5.2, 4.8 (Dunn, 1943)t 5.2 (Block, BoUing, 1940) 

3.1, 3.2 (DuM, 1943)t 

3.7 (Hegsted, 1 W ) t  3.88 (Foreman, 1919) 

n 
I? 

k 3.25 (R.wrnstein, 1936) 

1: 
0 

5.8 (Block, Bolling, 1940) c 
0 

* Assay organism: L m .  mesenteroides. 8 
t Awnv owanism. L. nmbi-oswn. 

\‘all.es of 11.3 and 11.2 per rent were rrcently reported by Foster (J .  B id .  Chrm., Z59, 431, 1915) forthe aspartic acid content 
of B-lactoglobulin, as determined by iotol;e dilutiun. 
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or approximately: 

This numerical relationship was constant, and once such a standard cuwe 
is established for the particular conditions being used, it need be checked 
only occasionally. Results obtained with the mold proved accurate by 
every test, and checked those obtained on the aame protein samples by the 
isotope dilution and solubility product methods. Some of the results are 
given in Table XVI. The values also are in fair agreement with those 

mg. leucine = 0.02335 Xmg. mycelium 

TABLE XVI 

Leucine h 8 a y  wilh Neurospora Crama (Mutant Cullure) 

Product 

Gelatin 

Egg albumin 
Casein 

Wheat 
Wheat flour 

' Horse hemoglobin 

Leucine Contant 
Neurospors* 

per cent 

3.6, 3.6 

9.6, 9.9 
9.8 I1 

15.7 

0.8 

Other Methods 

3.5 (solubility product)t 
3.3 (L. atabinoaulr)$ 
9.1 (solubility product)t 
9.27 (L. ambinOam)$ 

15.1 (isotope dilution)y 
0.82 (L. arabinosw)$ 

prr 

* Ryan and Brand (1944). t Cf. Moore and Stein (1943). 

obtained for leucine by Kuiken, et al. (Table XII), using L. arabinoszcs. 
Occasionally, an individual culture Assk will grow profusely even in the 

absence of leucine. This complete adaptation to growth in the absence of 
leucine is not yet understood. Partial adaptation to growth without leucine 
also may occur. Such partial ad;ptations occur only occasionally and 
yield values which differ from the mean of other values by amounts greater 
than twice the standard deviation. They are therefore discarded (Ryan 
and Brand, 1944). 

The specificity of response of the culture to leucine has been described 
by Regnery (1944). a-Ketoisocaproic acid is as active in supporting and 
initiating growth of the test organism as I(+) leucine itself. d( -) Leucine 
supports growth, but does not permit its initiation. dl-Leucine is tberefore 
much more than 50 per cent as active as I(+) leucine. a-Hydroxyisocaproic 
acid (leucic acid), isovaleric acid , isovsleraldehyde, and isoamyl alcohol 
increase weight of mycelium obtained when present together with sub- 
optimal amounts of I ( + )  leucine. If the method were applied to samples 
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which contained any of these products, it would yield falsely high values 
unless they were removed. Maximal figures for leucine were obtained with 
casein and egg albumin with 15 hours hydrolysis time (6 N HCl, reflux) ; 
values before or after this.time were slightly lower. 

The successful application of “leucineless” N .  crassa to leucine assay 
raised the hope that other mutant strains of this organism, which require 
other amino acids, could be used for their determination. In an extension 
of their study, Ryan and Brand (1944a) have investigated a number of 
other cultures. Although such cultures could be used for the bioassay 
of amino acids in pure solution, they frequently gave completely mislead- 
ing values when applied to protein hydrolyzates. Further knowledge of 
the metabolic interrelationships and requirements of such organisms may, 
however, permit future development of such methods. 

3. Other Methods 
The use of mutant cultures of E.  coli (Roepke, el al., 1944) for deter- 

mination of amino acids has been suggested (Lampen, et al., 1944) but 
details of such methods have not yet appeared. Further investigation 
should provide additional groups of organisms useful in this connection. 

It is hoped by this review to have accomplished four purposes: (1) to 
show that microorganisms are available which can be used for determina- 
tion of a large number of amino acids; and (2) that when properly worked 
out, such microbiological methods are capable of yielding results, the 
accuracy of which compares favorably with that of the best chemical 
methods; (3) to emphasize the need for careful study of each method to 
avoid errors caused by non-specific inhibitions or stimulation of the test 
organism, and to give certain criteria by means of which such interference 
can be detected; and (4) to summarize and compare certain data so far 
accumulated in this field. The advantages inherent in these methods have 
not been emphasized, but should be apparent. The laborious separations 
often necessary in protein analysis are eliminated. All the methods are 
very similar, and require only equipment readily available to every labora- 
tory. They are unusually sensitive: compared with previous procedures 
for most amino acids, each of the microbiological assays is a micromethod. 
Analyses for the amino acid composition of rare proteins should now become 
practicable. With similar vitamin assays, i t  has been shown that the scale 
of m a y  can be cut 50-fold without sacrificing accuracy (Pennington, el al., 
1941 ; Lowry and Bessey, 1944) ; there is no apparent reason why similar 
adaptations in the amino acid assays cannot be made if the size of samples 
available for assay requires it. It is clear that continued careful study of 
such methods should yield results of great vdue to all fields of biochemistry. 

D. CONCLU6IONS 
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I. INTRODUCTION 
The elucidation of the specific nutritive roles played by certain amino 

acids for growth, reproduction, lactation, maintenance, etc., by Osborne 
and Mendel, Rose, Almquist, and others indicated the need for information 
concerning the amino acid composition of food proteins as they are com- 
monly consumed by man and animals, rather than knowledge of the amino 
acid composition of certain purified proteins, which often account for only 
a small percentage of the total proteins of the foodstuff. 

It is generally recognized that one of the chief sources of error in protein 
analysis is the loss by destrucrion of amino acids during hydrolysis. The 
evidence for this loss and methods for its avoidance are discussed in detail 
by Block and Bolling (1945), and by Bolling and Block (1943), and will be 
mentioned only briefly here. It is obvious that the goal of protein analysts 
is the use of methods which do not require preliminary hydrolysis. Certain 
beginnings along this line have been made; thus, Holiday (1936) and later 
investigators have been able to estimab the quantities of tyrosine and 
tryptophan in the intact protein by spectrographic methods. Bates (1937) 
used a modification of the VoisenebRhode pdimethylaminobenzaldehyde 
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method for determining tryptophan in intact proteins provided the 
latter were soluble in 0.1 N NaOH. Mirsky and Anson (1934-35) and 
others (cf. 17) have utilized the reducing action of the sulfhydryl group of 
cysteine to estimate the quantities of this amino acid and of cystine in 
proteins without hydrolysis. A more promising field is the observation of 
Horowitz (1944) that the neurospora mutant “leucineless” developed by 
Beadle and Tatum (1941) is capable of determining leucine in unhydro- 
lyzed casein. Extension of this line of investigation is awaited with interest. 

The amount of destruction during the conventional acid hydrolysis of a 
protein is increased by the presence of non-protein substances, especially 
carbohydrates and lipids. The latter are relatively easy to remove by 
extraction with the appropriate organic solvents. The former present a 
more difficult problem and will be discussed below. 

11. SEPARATION OF CARBOHYDRATES FROM PROTEINS IN FOODSTUFFS 

1. Extradion of Protein with Dilute HCl 

Miller (1935) in an excellently conceived study found that 88 per cent 
of the proteins in dry grass could be solubilized by boiling the grass with 
4 per cent HCl for 48 hours under reflux. After removal of the excess HC1, 
the solubilized proteins were ready for determination of the basic amino 
acids by the Kossel procedure (cf. Block and Bolling, 1945). 

2. Extraction of Protein with Formic Acid 

W i h s  (1937) found that extraction of airdried grass in 8 Soxhlet 
apparatus with 90 per cent formic acid brought most of the asmple and 
all of the nitrogen into solution. Mazur and Clarke (1938) used repeated 
digestion with 90 per cent HCOOH on the steam bath to effect solution of 
the proteins of marine algae, while Albanese (1944) removed a portion of 
the carbohydrates soluble in the formic acid by precipitation with two 
volumes of ethanol. In each case the solubilized proteins were prepared for 
further hydrolysis after removal of the HCOOH. This procedure cannot be 
used as a preliminary method when acid labile tryptophan is to be deter- 
mined. 

3. Extraction of Starch with HCl 

Csonka (1940) extracted the starch and part of the protein from ground 
defatted corn with cold 21 per cent HC1. The starch was then precipitated 
from the acid solution by addition of an equal volume of ethanol. Any 
protein extracted by the cold 21 per cent HC1 was then added back to the 
proteinaceous residue after removal of the solvent. 
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4. Digestion of Starch with Amylolytic Enzymes 
A procedure which has given good results in our hands is the digestion 

of the gelatinized starch in finely ground grains (wheat, corn, rice, oats) by 
salivary ptyalin. The defatted grain is ground in a Raymond hammer mill 
and the resulting powder is pasted with 8 to 9 volumes of hot water until 
no lumps remain. Acetic acid is then added to pH 4.5 and the suspension 
is heated in boiling water with stirring for one hour after the internal tem- 
perature has reached 90" C. The suspension is then diluted with 3 volumes 
of water and the pH is adjusted to 7.0 with NaOH. After cooling to 37" C., 
an excesa of fresh, centrifuged saliva is added. The digestion is allowed 
to proceed for 7 days at 37" C. Toluene and chloroform are the preserva- 
tives. At  the end of this period the insoluble protein is removed by filtr& 
tion, thoroughly washed with water, and dried. Diatomaceous earth aids 
in the filtration and does not interfere with the subsequent amino acid 
determinations. 

Purification of the proteins of the cereal grains by this procedure rsiaes 
the protein content from initiaI levels of 8-15 per cent to  65-75 per cent 
on the moisture and ash-free basis. Approximately 90 per cent of the 
original nitrogen remains in the insoluble residue. 

Analysis of the dried filtrate for leucine, isoleucine, valine, threonine, 
and glutamic acid (amino acids which are harmed but little by acid hydrol- 
ysis in the presence of large quantities of carbohydrates) indicate that the 
distribution of amino acids in the solubilized portion of the cereal grain 
nitrogen is similar if not identical with that in the insoluble residue. 

111. METHODS OF HYDROLYSIS OF PROT~INS 
1. Enzymes 

Various proteolytic enzymes have been used to hydrolyze proteins in 
order to avoid destruction and/or racemization of the amino acids. There 
are, however, several disadvantages to their use among which are: (a) The 
hydrolysis seldom goes to completion. (b) Many days are often required 
to get satisfactory digestion. (c) Enzymes are proteins and often undergo 
partial autolysis with the result that a portion of the amino acid to be 
estimated may have arisen from the enzyme preparation (cf. Block and 
Bolling, 1945). 

2. Alkalies 
Hydrolysis with strong alkalies (NaOH, Ba(OH)*, KOH, etc.) results 

in complete racemization of the amino acids and in the partial or complete 
destruction of srginine, cystine, threonine, and certain other amino acide. 
Alkaline hydrolysis is, however, necessary in the determination of trypto- 
phan and is conveniently employed in the estimation of tyrosine and 
phen ylalanine. 
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3. Acids 

HC1, H&O+ HI, and a mixture of HC1 and HCOOH are commonly used 
to hydrolyze the protein as the prerequisite for determination of the acid- 
stable amino acids. In general, the concentration of hydrolyzing acid used 
is inversely proportional to the time and temperature of the reaction (for 
details cf. Block and Bolling, 1945). 
In order to prevent or decrease the formation of the brown-black protein- 

carbohydrate decomposition products called humin, Hlaziwetl; and Haber- 
mann (1873) introduced tin or SnCb into the hydrolysis mixture to 
produce a reducing atmosphere while Kossel and Kutscher (1900) used a 
mixture of HI and HPO, for this purpose. The use of Kossel’s HI-hypo- 
phosphorous acid mixture for the hydrolysis .of proteins in the presence of 
large quantities of carbohydrates has been again suggested by Holland, 
et al. (1944). Holland, el al. (1944) extract the carbohydrate reduction 
products with chloroform before complete hydrolysis of the protein. 

Iv. APPROXIMATE AMINO ACID COMPO6ITION OF FOOD PROTEINS 

The data given in the following tables are considered the best at present 
available. The reader should bear in mind that these figures probably will 
be subject to considerable revision in the future not only because of improve- 
ments in methods of analysis but a h  in the case of the plant proteins 
because of amino acid variations in Mering species of the same plant. 
Thus, Hamilton and Nakamura (1 940) have shown differences in the cystine 
content of various soybeans while Block and Bolling (unpublished data) 
have found variations in the amino acid composition of yeasts. 

The amino acids are listed first according to their essentiality and 
secondly according to their chemical grouping or mode of determination. 
Thus the brtsic amino acids: arginine, histidine, and lysine, lead the list, 
followed by the aromatic amino wTi: tyrosine, tryptophan, and phenyl- 
alanine. The two sulfur amino acids: cystine and methionine, come next, 
followed by threonine, the only essential hydroxyamino acid. Leucine, 
isoleucine, and valine, come next, then glycine, the last nutritionally 
important amino acid. Alanine, serine, and the dicarboxylic amino acids 
follow with the two imino acids, proline and hydroxyproline, completing 
the list. 

All the amino acid data in the tables are given in g. of amino acid per 
16.0 g. of nitrogen; therefore, it is only necewry to know the nitrogen 
content of the protein food in order to recalculate the data in the tables 
to give the approximate amino acid composition of the preparation. Thus, 
if the preparation containa 12.2 per cent of nitrogen, then the amino acid 
vdues would be multiplied by the factor 
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12.2 
- or 0.76 16.0 

to give the percentage composition. 
The inherent error in calculating protein from nitrogen, especially in 

certain plants such as yeasts, soybeans, etc., has long been known. If the 
plant proteins are isolated in the purified form and then analyzed for their 
constituent amino acids, and if the results so obtained are used to calculate 
the amino acid composition of the tissue from the nitrogen content of the 
latter, the error may be considerable. But if the tissue is itself analyzed 
for the amino acids, this error is minimized. Results so obtained show the 
approximate amino acid composition of the proteinaceous substances h e -  
spective of the presence of nonprotein nitrogen. The majority of the analy- 
ses of proteins and protein-containing foods summarized in this chapter are 
to be used to indicate the amino acid composition of foods and not for con- 
siderations of protein structure. Therefore, the relative amino acid com- 
position of the various food proteim is of paramount importance and not 
the absolute amounts of each essential amino acid in per cent of total 
nitrogen. 

L 

TABLE I 
APPROXXMATE AMINO A m  CONTENT OF ANIMAL Paomms 

(Ca2nr2ated lo 16.0 g. of Nitrogen)* 
Collagen Egg Albumin 

Amino Add in g. Qelatin Elaatin Cryitalline 

Arginine 8.8K17 0 . 9 ~ ~  5.8Kim 

Lysine 4.5Kn ?KO( 5.1-0 
W i e  0 . 3 ~ r  1 . 5 ~ ~  4.hzs 
TrypbPl- 0.1EXoi 0 . 0 ~ ~  1.3% 
Phenylalanine 2.lA17 3 . 1 ~ ~  5.6& 

Methionine l . b F . 4  0 . 4 ~ 8 ~  5.b-2 

Hi idme  1.oKi7 0 . 0 ~ ~  2.4Kpr 

Cystine 0.1-0.2WS~ 0.2WM 2 . 3 ~ ~  

Threonine 1.5Bi7 2.5B18 
Leucine 3.7FBi7 9.4xbs 
Jsoleucine 1.7- 5 .6~~17 
Valine 2.lFB17 6.8m 
Glycine 2 3 . 6 ~ ~ ~ )  27.5BM94 3.3BMes 
Alsnine 9.- 0 . 0 s ~ ~  7.4Xlos 
Serine 3.3N78 7.6N21 
Glutamic Acid 10.3-1 2 . 5 1 ~  16.3~30 
Aspartic Acid 5.9Li) 0 . 0 I M  8.2190 

h l i n e  15.3BM96 14.2BMpr 4.3XS 
Hydroxyproline 13aacn 1.9xM 

Vitellin 

8 . 4 ~ 2 0  
1.9- 
5.8K93 
6 . 3 ~ ~  
1 . 3 ~ 0  

1 . 8 ~ ~  
3.ls@ 
4.9B8 

0.8zm 

9.4Nw 
1 2 . 7 ~  

* Nitrogen percentages of purified proteins, corrected for moisture and ash, are as 
follows: Gelatin 18.3; elastin 17.1; crystalline egg albumin~15.8; vitellin 16.3; casein 
16.6 (&borne), 16.75 (Vickery 1944), 16.6 (Vickery 1940); gliadin 17.66; zein 16.1; 
e d d i  18.7; aottonaeed globulin 18.6; arachin 18.0. 
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Amino Acid in g. 

Arginiie 

Lysine 
Histidine 

Tyrosine 
Tryptophan 
Phen ylalaaine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Alanie 
Serine 
Glutamic Acid 
Aspartic Acid 
Hydroxyproline 
Proline 

Amino Add in p. 

Arginine 
Histidine 
Lpine 
Tyrosine 
Tryptophsn 
Phen ylalanine 
Cystine 
Methionine 
Threonine 
Leucine 
Loleucine 
Valine 
Glycine 
Alani0 
&Tin0 

Glutttmic Acid 
Aepartic Acid 
Hy droxyproline 
Proline 
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Amino Aoid in g. 

ATgiIlhe 
Histidine 
Lpine  
Tyrosine 
Tryptophan 
Phenylslenine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Alanine 
Serine 
Glutamic Acid 
Aspartic Acid 

TABLE I (continued) 

Amino Acid in g. 

Arginine 
Histidine 
Lysine 
Tyrosine 
n y p t 0 P b  
Phenylalaniie 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valiie 
Glycine 
Alanine 
Serine 
Glutamic Acid 
Aspartic Acid 
Hydroxyproline 

6 . 3 ~  

5.3% 

6.11311 

0 . h  

The small numbers in the tables are the references, while the letters 
indicate the general analytical procedures used. These abbreviations are 
given on the next page. 
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A detailed discussion of the reliability or lack of reliability of these 
methods is given in Block and Bolling (1945).* However, the following 
comments may be helpful. 

A: Kapeller-Adler for phenylalanine. Approximate only. Often high. 
B: Block-Nicolet for Ureonine can be made to yield accurate results if carefully 

carried out. Shinn-Nicolet very accurate. 
BM: Bergmann’s solubility methods are highly accurate. 
BS: Baemtein for cystine and methimine. Accurate. 

Cu: Hopkins’ cuprous oxide for cyetine and methionine. Satisfactory if properly 
C: Cohen-Kreb for glutumic acid. Accurate. 

carried out. 
F: Fleming-Vassel for cystine. Good unless cystme destroyed during hydrolysis. 

FB: Fromageot-Block for leucine, isoleucine, and ,dine.  Useful only in the absence 

H: H o p h s ,  Voisenet, Rhode aldehyde methods for tryptophan. Often too high. 
I: Isolation methods usually give minimal results. 
J: Jansen’s arginase methods for arginine. Accurate. 
K: Kossel-Kutscher isolation method for arginine, hiatdine, and Zysine. Ha had 

many modifications. Accurate minimal values only. 
L: Microbiological methods. Appear accurate, but are too new for a final evaluation. 

Probably better for some amino acids than others. They are discussed in detail by &ell 
elsewhere in this volume. 

M: Modifications of Millon’s test for tyrosine and tryptophan. Very accurate. 

of any other method. Now replaced by microbiological methods. 

Mc: McFarlane’s hydrogen peroxide oxidation for proline and hydrozyprolinc. 
Approximate only. 

N: Nicolet’s method b very accurate for serins. 
P: Modifications of Pauly’s diazo reaction. Can be made quite accurate for histidiM 

S: Sullivan-McCarthy procedure for methimtine. Accurate. Sullivan c@nr 

T: Folin’s colorimetric method for tryptophan. Only useful with purified proteins-; 

V: Van Slyke amino nitrogen. Approximate for lysine. 
W: Winterstein-Form phosphotungstic acid method for cyetine and cyuteine. Can 

be made very accurate. Many substances give high results. 
X: Miscellaneous methods. 
2 : Zimmermann’s phthaldialdehyde method for gZydne. Approximate only. 

and tyroeine. 

method. Accurate. 

otherwise will give completely erroneous rosults. 

V. DISCUSSION 
The data presented h the tables are self-explanatory; however, several 

striking points may be brought out: 
Gelatin (Collagen) and Elastin are deficient or devoid of many essential 

amino acids. Their presence in foods and feeds may impair nutritive value. 
Egg proteins are well balanced, rich in sulfur, and of the highest biologi- 

cal value. 
See also the review by Martin and Synge in the present volume. 
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Casein (Cheese) is very rich in lysine, tryptophan, and the “leucines” but 
somewhat low in the sulfur amino acids. 

Lactalbumin is unusually rich in tryptophan and lysine, but somewhat low 
in histidine. 

Muscle proteins from different animal sources are almost identical. 
They all are rich in lysine. 

Kidney proteins are lower in lysine but higher in tryptophan than muscle 
proteins. 

Cereal grains. Rice and oat proteins are superior to wheat and corn. 
The proteins of whole graips are superior to those of the endosperm due to 
the relatively high amino acid value of the germ proteins. Lysine deficiency 
is the salient lack in the cereal grains. 

Leafy vegetables supply well-balanced proteins, but the quantities of 
these proteins consumed by humans are very low. The amino acid values 
obtained from various leafy vegetables such as spinach, beet tops, chard, 
alfalfa leaf, clover, etc. were so similar in composition that all values have 
been averaged and included under the above heading. 

Cottonseed proteins are somewhat low in lysine and methionine while 
peanut proteins are low in lysine, tryptophan, methionine, and threonine. 

Linseed and sesame seed proteins are unusually rich in tryptophan when 
compared to most plant proteins. 

Sunflower seed proteins appear to be superior in lysine, methionine, and 
threonine to peanut and cottonseed proteins. 

TABLE I1 

APPROXIMATE AMINO ACID CONTENT OF PLANT PROTEINS 

(C-ted to 16.0 g. of Nitrogen) 

Amino Aaid in g. 

Arginiie 
Histidine 
Lysine 
Tyrosine 
Tryptophan 
Yhen ylalanine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Glutamic Acid 

3.3Bl7 
5.8- 
3.3- 
3.6- 
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Amino Acid in g. 

Arginine 
Histidine 
Lysine 
Tyrosine 
Tryptophan 
Phen ylalanine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Glutamic Acid 

Amino Acid in g. 

Arginine 
Histidine 
Lysine 
Tyrosine 
TryPt ophm 
Phen y lalanine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Glutamic Acid 
Aspartic Acid 
Proline 

Amino Acid in g. 

Arginine 
Histidine 
Lysine 
Tyrosine 
Tryptophan 
Phenylahine 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 

RICHARD J. BLOCK 

TABLE I1 (continued) 



Amino Acid in g. 

Arginine 
Histidine 
Lpine 
TpOSine 
Tryptophan 
Phenylalanine 
Cystie 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 
Glycine 
Alanine 
Glutamic Acid 
Aspartic Acid 
Hydroxyproline 
Proline 

AMINO ACID COMPOSITION O F  FOOD PROTEINS 

TABLE I1 (continued) 

Amino Aoid In g. 

Arginine 
Histidine 
Lysine 
Tyrosine 
Tryptophan 
Phen ylalanine 
Cystine 
Methionine 
Threonine 
Leucine 
lsoleucine 
Valine 
Glycine 
Alanine 
Serine 
Glutamic Acid 
Aspartic Acid 

‘Yeast proteins vary somewhat in composition with the type analyzed, 
but all are quite similar in composition to cow’s milk casein. 

Soybean proteins are well balanced in all respects except for a slight 
deficiency in methionine. 

Gliadin, Zein, Edestin, Cottonseed Globulin, and Arachin are included 
to permit the evaluation of experimental diets built upon one or more of 
these purified proteins. 
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TABLE I11 

APPROXIMATB Awwo ACID CONTENT OF BOMB P R B I P A ~ D  B ~ A K F A S T  C B ~ A L S  

Amino Acid in g. 

Arginiie 
Histidine 
Lysine 
Tyrosine 
Tryptophan 
Phen ylalanime 
Cystine 
Methionine 
Threonine 
Leucine 
Isoleucine 
Valine 

Prepared Breakfast Cereals. The results in Table I11 when compared 
to those in Table I1 suggest that the heat and mechanical treatments used 
in the preparation of many breakfast foods may result in some destruction 
of lysine and tryptophan in the case of wheat and corn, of lysine in the case 
of rice, and of cystine in the case of oats. These changes do not, however, 
account for the large loss in biological value observed on puffing or 
toasting. 

VI. NUTRITIONAL EVALUATION OF CHEMICAL ANALYSES 
A brief discussion of the correlation between amino acid composition of 

a protein food and its nutritive or biological value as determined by animal 
tests may be appropriate. Although the writer is not aware of any publica- 
tion in which the results of animal experiments are directly correlated with 
protein composition since the classical studies of Osborne and Mendel on 
gliadin, zein, casein, etc., considerable correlative information is on hand. 

Thus the nutritive poverty of gelatin, observed early in the nineteenth 
century by Magendie and by Prout, can be directly related to its multifold 
deficiencies in essential amino acids. The minor deficiency in the sulfur 
amino acids, cystine plus methionhe, in casein, which was first pointed 
out by’ Osborne and Mendel, is also evident from the analytical values. 
The high biological value of egg proteins found by Murlin and his col- 
laborators is also indicated in the well balanced distribution of the essential 
amino acids. In fact, at a “Symposium on Nutritional Qualities of Proteins” 
at  the Thirtieth Annual Meeting of the American Association of Cereal 
Chemists, Minneapolis, May 25, 1944, papers by H. J. Almquist, P. R. 
Cannon, and R. H. Barnes all called attention to the close correlation 
between amino acid composition and biological value of food proteins 
providing, of course, that the proteins were digestible. 
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The data in Table 111, when compared with some of the figures in Table 
11, indicate that during the processing of certain cereal grains, which 
involves high temperatures and pressures, there is a loss in lysine and 
tryptophan in the case of puffed wheat and toasted corn, of lysine in the 
case of puffed rice, and of cystine in the case of puffed oats. These losses in 
essential amino acids can be directly correlated with the poorer growth- 
promoting ability of some of the heated and puffed products (cf. Murlin, 
Nasset, and Marsh, 1938). The slight loss of cystihe in the case of putred 
oats would not, however, account for the marked loss in nutritional value 
which takes place in oats on puffing (cf. Stewart, Hensley, and Peters, 
1943). This discrepancy, which may be tentatively explained on the basia 
of the rate or completeness of digestion, awaits further experimental 
elucidation. 

Thus if the degree of digestibility and the essential amino acid composi- 
tion of protein foods are known, even approximately, it should be possible 
to replace an expensive or scarce food by an available one of equal nutritive 
value. Furthermore, the total protein of the diet can often be drastically 
reduced without loss of nutritive value by ascertaining that the amino 
acids are supplied in a balanced mixture where each is utilized to maximum 
eficiency rather than furnishing a considerable excess of total protein and 
trusting to chance and practical experience that the minimum amino acid 
requirements are beiig met. 

VII. Anamo ACID REQUIREMENTS OF MAN 
It is generally recognized that as long as a man has enough to eat, there 

is not likely to be much wrong with the average total protein intake. In 
fact., it appears that whatever the diet is, especially if there is plenty of 
bread and flour, the average individual will ingest 70 to 80 g. of protein. 
So, there is nothing wrong with the total protein in the average diet; the 
question then is with the quality of protein, i .e.,  its essential amino acid 
composition. Block and Bolling (1943, 1944) have discussed the essential 
amino acid requirements of man, and have concluded that the average 
quantity of protein is usually ample, and even when the cereal grains, 
especially wheat and rye, furnish the greater part of the total protein 
intake, only one amino acid, namely, lysine, is apt to be lacking. The 
addition of small amounts of lysine to whole wheat or to white flour will 
more than double their nutritive and biological value, converting them 
from inferior protein foods to foods having a nutritive value almost aa 
good aa many of the more expensive animal protein foods. 
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I. INTRODUCTION 
The particular feature which differentiates acquired from natural resist- 

ance is the antibody mechanism. For the more complete understanding 
of acquired resistance, therefore, more information is necessary concerning 
antibodies. Much progress has been made in recent years, especially with 
mgtard to their chemical nature. In fact, according to Heidelberger “The 
protein nature of antibodies is now generally accepted since analytical, 
ultracentrifugal, and electrophoretic measurements all show highly purified 
antibodies to be typical proteins” (1). Assuming that this assertion is 
correct and that antibodies are modified plasma globulins whose only 
Merences from normal globulins are “mainly those of configuration or 
arrangement of the component amino acids” (2), it follows that the process 
of antibody production must be essentially similar to or even identical 
with that for the production of normal plasma globulin. In other words, 
the problem of antibody production must be the problem of plasma globu- 
lin synthesis. The present review will concern itself largely, therefore, 
with certain chemical and biological aspects of the problem of synthesis 
and function of normal and antibody plasma globulin. 

136 
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11. SERUM. PROTEIN SYNTHESIS A PROBLEW OF NUTRITION 

Inasmuch as plasma globulin is a tissue-protein its synthesis must be 
accomplished by the mechanisms of protein metabolism; in particular this 
synthesis must depend upon the building up of complex polypeptide chains 
from dietary amino acids. Although it has been thought by some that diet, 
while determining albumin synthesis, has but little influence upon that of 
globulin, there is now good reason to believe that both processes require 
an abundant and varied assortment of dietary amixo acids. For example, 
in a review by Madden and Whipple (3) it was stated that “the same 100 g. 
of beef serum which produced 38 g. of total plasma protein produced 
approximately 21 g. of albumin and 17 g. of globulin. The addition of 
100 g. bran flakes to a kidney basal diet results in the formation of about 
12 g. albumin and 11 g. globulin. Since it has been shown that 100 g. 
casein will yield only 5 g. albumin and 7 g. globulin, and 100 g. gelatin 
5 g. or less of each, it becomes apparent that, as measured by plasma- 
pheresis, diet regulates globulin production equally as well aa albumin.” 
These facts indicate that globulin synthesis, also, is basically a nutritional 
problem. 

Nevertheless, most of the studies on the problem of plasma protein 
production have been concerned for the most part with the synthesis of 
plasma albumin. Predominant emphasis upon this protein .may be attrib- 
uted to the fact that in the course of induced protein deficiency disease 
the reduction in concentration of plasma albumin precedes that of plasma 
globulin. Inasmuch, however, as both plasma albumin and plasma globu- 
lin have certain chemical similarities it is not unlikely that there may be a 
similarity also in their mode of synthesis. The findings of Whipple and his 
associates with regard to the influence of dietary proteih upon plasma 
protein production have agreed in the main with those of Weech (4, 5)  and 
of Melnick, Cowgill, and Burack (6). More recently it has been demon- 
strated in dogs (7, 8) that satisfactory rates of plasma protein production 
may even be accomplished by the ingestion in adequate quantities of the 
ten amino acids essential for growth of the rat. It is evident, therefore, 
that amino acids can also enter directly into the synthesis of pl&sma 
protein, including albumin and globulin. 

The direct incorporation of ingested amino acids into plasma protein 
has been shown, moreover, by the feeding of isotopic amino acids. Schoen- 
heimer, et al. (9, 10, 11) demonstrated by this technique that plasma 
proteins participate in general metabolic reactions and that “the rate of 
this process in the plasma proteins when compared with that in the kidney, 
liver, and intestinal tract of the same animals is approximately the same, 
and all fractions of the plasma protein, fibrinogen, euglobulii, pseudo- 
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globulin, and albumin participate to about an equal extent.” They found, 
also, that when isotopic amino acids were fed to actively immune rats and 
rabbits “antibody, like the other serum and body proteins, participates 
in metabolic reactions involving the uptake of dietary nitrogen,” “amino 
acid replacement and nitrogen transfer among individual amino acids 
occur in antibody and normal serum proteins in the same manner as has 
been indicated in organ proteins,” and “the half life of an antibody mole- 
cule is about two weeks, approximately the same as that of the average 
serum protein.” That these interchanges are a part of the normal process 
of globulin metabolism is indicated by the fact that no such interchanges 
were observed with passively injected antibody, because they found that 
in a rabbit already actively immune to another antigen “the absence of 
uptake of dietary nitrogen by the passive antibody is in pronounced con- 
trast to the appearance of marked nitrogen in the active antibody.” 

111. CHEMICAL COMPOSITION OF NORMAL SERUM GLOBULIN 

Further elucidation of the question of globulin synthesis requires infor- 
mation concerning the chemical nature of globulin and, particularly, of its 
amino acid composition. Because of imperfect analytical methods com- 
plete amino acid analyses are not yet available, but there is at least some 
evidence that serum globulin contains several of the amino acids essential 
both for adequate growth of the rat and maintenance of nitrogen equi- 
librium in man. Thus in one incomplete analysis of serum globulin (12), 
14 amino acids were isolated in the following percentage amounts: glycine, 
3.5; alanine, 2.2; leucine and isoleucine, 18.7; histidine, 0.9; arginine, 5.2; 
cystine, 1.0; proline, 2.8; phenylalanine, 3.8; tyrosine, 6.7; tryptophan, 
2.3; glutamic acid, 8.2; aspartic acid, 2.5; and lysine, 6.2. Of particular 
interest, moreover, is the fact that this analysis revealed the presence of 
five of the eight amino acids demonstrated by Rose, et al. (13) to be essen- 
tial in man for the maintenance of nitrogen equilibrium. A more recent 
analysis of purified human yglobulin by Brand, Kassell, and Saidel (14) 
has demonstrated the presence of 12 amino acids, including five of those 
essential for man (lysine, methionine, tryptophan, threonine, and leucine). 
Thus from only two analyses of serum globulin, both incomplete, it has 
been shown that seven of the eight amino acids essential for nitrogen 
equilibrium in man were present. 

From these analytical results it becomes evident that serum globulin is 
an exceedingly complex protein which contains several and possibly all of 
those amino acids which the human body itself cannot synthesize but must 
obtain preformed in the food. How does antibody-globulin compare with 
normal serum globulin when analyxed by essentially similar methods? 
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IV. CHEMICAL COMPOSITION OF ANTIBODY SERUM GLOBULIN 
Breinl and Haurowita reported in 1930 “that the precipitate containing 

about 10 per cent of haemoglobm, formed by haemoglobm and antihaemo- 
globin serum, contained the same percentages of tyrosine, histidine, and 
cystine, M serum globulin, within the limits of error of their methods” (15). 
Smith, Brown, and Gross (16) found the nitrogen contents practically 
identical in normal horse serum pseudoglobulin, purified type 1 pneumo- 
coccus antibody, and purified diphtheria antiserum. Hewitt (17) found a 
remarkably close agreement with respect to the percentage amounts of 
amide nitrogen and of cystine, tyrosine, and tryptophan in horse senun 
globulin fractions and toxin-antitoxin floccules. According to him “the 
floccules, . . . probably represent an approximation to chemically pure 
diphtheria antitoxin and these preparations were subjected to analysis. 
Even in the case of these floccules, the analytical results fall within the 
range of values obtained for serum globulin.” Calvery (18) compared 
normal horse serum globulin and purified type 1 pneumococcus antibody 
with the following results: the values for amide nitrogen and for arginine, 
histidine, cystine, and lysine showed almost identical values. As he A d ,  
“in a general way the values agree with those reported in the literature for 
serum globulins but specific comparisons are almost impossible since no 
single globulin frltction has been analyzed for the constituents reported 
here.” These results, nonetheless, suggest a close chemical similarity if not 
identity between normal serum globulin and antibody globulin, although 
they are based, admittedly, on inadequate analytical methods. 

V. ELECTROPHORETIC ANALYSIS 
Although much information has been obtained from sulfate fractiona- 

tion of normal and antibody serum proteins, the methods are still too crude 
for many purposes. Indeed some workers doubt that the different fractions 
obtained actually afford a true picture of the state of the plasma proteins 
in the body fluids. Further advances have had to await the development 
of better and gentler analytical methods. One such was found in the proce- 
dure of electrophoretic analysis perfected by Tiselius (19). By this method 
he demonstrated that “serum is nok a more or less continuous mixture, 
but contains well-defined protein fractions, albumin and three globulins; 
u, 8, and 7.’’ Of particular interest, also, was his demonstration that “a 
highly potent anti-egg albumin serum from rabbit showed that the anti- 
body fraction migrated with the yglobulin fraction only.” S i c e  this 
work of Tiselius, rapid progress haa been made in the application of the 
electrophoretic technique to important immunological problem (20,21,22, 
23) and as a result it is now obvious that one can no longer think exclu- 
sively of serum “globulin’J; rather one mu& consider at least three types of 
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globulin of mering mobilities in the electrophoretic apparatus in order to 
appreciate more completely the details of globulin metabolism. This is 
all the more true with respect to the problem of antibody globulin inaa- 
.much as most antibodies thus far studied by the technique of electro- 
phoresis have been found either in the 7-fraction or in one related closely 
to it. In considering the problem of antibody production, therefore, one 
must think in terms of the synthesis and nature of y-globulin rather than 
of total globulin alone. 

VI. SIGNIFICANCE OF 7-GLOBULIN IN R~LATION TO ANTIBODIES 

Several examples of the significance of y-globulin in infection, as demon- 
strated by electrophoretic analysis, may be cited. For instance, the serum 
of the new-born calf is deficient in r-globulin, presumably because of the 
impermeability of the cow’s pIacenta to this protein (24). Coincidentally 
the calf also may be extremely susceptible to colon bacillus infection, a t  
least until antibodies present in the colostrum have been ingested and 
absorbed (25). But within 18-24 hours after the ingestion of colostrum, 
y-globulin can be demonstrated in the serum (24). Another example of 
the role of 7-globulin is evidenced by the increase in the y-fraction in the 
course of hyperimmunization. If, however, the specific antibody is absorbed 
by antigen according to the method of “optimal proportions,” much of the 
yglobulin is also removed. Tiselius and Kabat (26) demonstrated, simi- 
larly, that “rabbit and monkey antibody (pneumococcal) and rabbit anti- 
egg-albumin antibody were quantitatively contained in the ?-fraction, 
that removal of the antibody with antigen produced a decrease in the 
y-globulin and that this decrease corresponded quantitatively t<o the 
amount of antibody removed.” 

Althoqgh it is not yet certain that all immune bodies are in the y-fraction 
or in a fraction closely related to it, most of those which have thus far been 
examined by electrophoretic analysis in the rabbit, horse, rat, monkey, 
and man have been in the fractions of slow mobility. Furthermore, there 
is no evidence to suggest any important chemical dissimilarity of specific 
antibody globulin in different species, inasmuch as immune serums from 
the horse, cow, or rabbit can be used interchangeably with human serum 
for specific antibacterial therapy in man. In man, moreover, the concentra- 
tions of total serum globulin and of the y-fractions tend as a rule to increase 
concomitantly in infections characterized by hyperproteinemia, as, for 
example, in tuberculosis, sarcoidosis, leprosy, lymphogranuloma, leish- 
maniasis, rheumatoid arthritis, lupus erythematosus, etc. It is not known, 
however, to what extent the y-globulin increase is due to antibody alone. 

Particularly significant is the recent demonstration of the presence in 
globulin fractions from the blood sera of normal persons of a large variety 



140 PAUL €2. CANNON 

of antibodies. Thus Enders and his collaborators (27) have found, in 
globulin fractions containing over 90 per cent of y-globulin, at  least 
sixteen different types of antibodies, including ones specific for diphtheria 
toxin, typhoid bacilli, pertussis, herpes simplex, scarlatina, vaccinia, 
measles, mumps, influenza, poliomyelitis, and lymphocytic choriomenin- 
&is. Moreover, these fractions have been used successfully for the treat- 
ment of measles (28, 29); indeed, according to Cohn (30) “a large scale 
public health experiment has now supplemented earlier clinical studies in 
demonstrating the value of the y-globulins of human‘plasma in the mod& 
cation or prevention of measles.” In fact, from the standpoint of its relation 
to public health he believes that “y-globulin may come to be recognized as 
the most important fraction of the plasma.” 

Of the total globulin concentration in human serum about one-third 
may be ?-globulin (23). It is obvious, therefore, that changes in the a- and 
&components may affect the development of either hyper or hypoglobu- 
linemia, regardless of any changes in the y-fraction per se. This fact 
illustrates the fallacy of drawing conclusions from the albumin-globulin 
ratio as to the concentration of y-globulin in the serum or of its relationship 
to antibody production. Thus it has been shown that in nephrotic sera (31) 
the yglobulin fraction may be almost negligible in amount and yet, 
because of the high amount of the @component, the quantity of total 
globulin may be within the normal range. There is need, therefore, of a 
simpler method for determining the content of y-globulin in order to get a 
better understanding of the antibody-producing potentialities of the 
individual. 

VII. THE SITE OF ORIGIN OF ANTIBODY GLOBULIN 
Consideration of the nature of ?-globulin requires conkideration also 

of its site of origin. Although the problem of the locus of antibody forma- 
tion is as old as immunology itself, the view haa gained ground steadily 
since the early work of Metchnikoff that antibodies arise from cells rather 
than from humoral constituents of the blood. Evidence has gradually 
accumulated, moreover, indicating that antibodies are the products of 
phagocytic cells, coming, for the most part, from the macrophages of the 
spleen, liver, lymph nodes, and bone marrow. This evidence has been 
secured in various ways, including ablation of organs, injury to the macro- 
phages, blockade procedures, and tissue culture. 

With the recent demonstrations that antibody is specifically modified 
serum globulin it has become probable also that the macrophage is the 
principal fabricator of serum globulin and, presumably, also of ?-globulin. 
Sabin (32) has suggested that both normal serum globulin and antibody 
globulin arise by a process of shedding of surface films of cytoplasmic 
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material from monocytes or macrophages. She came to these conclusions 
aa a result of experiments in which she injected a dye-protein into rabbits 
and observed the cytoplasmic changes coincident with the appearance of 
circulating antibodies. According to Sabm, “the appearance of antibodies 
in the serum correlates with the time when the dye-protein is no longer 
visible within the cells and with the phenomenon of a partial shedding of 
their surface films.” She concluded, furthermore, “that the cells of the 
reticulo-endothelial system normally produce globulin and that antibody 
globulin represents the synthesis of a new kind of protein under the influ- 
ence of an antigen.” 

More recently, however, it has been suggested that antibodies originate, 
not from macrophages alone, but also from lymphocytes. This concept, if 
correct, would profoundly alter current views regarding antibody produc- 
tion. In support of it Rich (33) a few years ago pointed out that the parent- 
era1 injection of a foreign protein leads to a marked lymphoid prolifera- 
tion in the spleen and regional lymph nodes, a proliferation which increases 
with the increase in antibody titer. He remarked, moreover, that “in the 
present imperfect state of our knowledge regarding the site of origin of 
antibody, the fact that the lymphocyte is concerned in some way with the 
earliest reaction of the body to foreign proteins warrants its consideration 
in relation to the problem of the cells concerned in antibody forma- 
tion.” This point of view, based largely on morphological observations, 
is in good agreement with that of Ehrich and his associates (34, 35, 36) 
who, as a result of antibody titrations of lymphocytic extracts from immun- 
ized animals, have suggested that “the lymphocytes either produce anti- 
bodies or take them up from the lymph plasma.” Because, however, of 
their inability to demonstrate either adsorption or absorption of antibodies 
by lymphocytes, these latter workers concluded that although “lympho- 
cytes are instrumental in the formation of antibodies” the possibility 
remains that “the lymphocyte goes into action only after the raw mate- 
rial, i.e., bacteria or other formed antigens, has been properly prepared by 
the action of micro- or macrophages.” 

A somewhat Merent point of view has been suggested recently by 
another group of investigators (37) who, while not stating that lymphocytes 
actually form antibody, attribute a function of the lymphocyte to be that 
of “a storehouse of antibody protein.” Their conclusions are based on 
experiments in which they found, in extracts of lymphocytes from normal 
rabbits, the presence of a protein which they regard as “probably identical 
with the ?-globulin of normal rabbit senim.” Moreover, in the examination 
of extracts of lymph nodes from mice which had been injected with sheep’s 
erythrocytes they found that “a significant portion of antibody protein is 
present in lymphocyte elements”; they concluded, therefore, that “anti- 
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body is concentrated chiefly within lymphocytes.” They look upon the 
lymphocyte as a carrier of antibody protein and believe that this antibody 
may be released at an increased rate “in circwmtances of augmented 
adrenal cortical secretion” (38). 

These newer concepts are, indeed, surprising, in view of the long-time 
persistence of a solid immunity after antigenic stimulation and the neces- 
sity of relating the antibody mechanism so directly to a type of tissue as 
labile structurdy and functionally as is lymphoid tissue. But if antibodies 
arise from lymphocytes or are absorbed by lymphocytes, that fact would 
add further emphasis to the adverse effect of undernutrition upon the 
mechanisms of acquired resistance, in view of the well-known tendency 
of malnutrition to engender atrophy of lymphoid tissues. For example, 
Jackson (39) has stated that “the characteristic involution of the lymphoid 
tissue during malnutrition usually results in atrophy of the lymph nodes,” 
and “in emaciated human adults (the lymphatic glands) are in many cases 
extremely atrophic.” On the contrary, however, he calls attention to the 
fact that “upon adequate refeeding after inanition the lymphatic glands 
in general recuperate promptly, showing rapid increase in weight, associated 
with active mitosis and recovery of normal structure in the lymphoid 
tissue.” 

VIII. THE BIOLOGICAL EVALUATION OF PROTEINS 
For the production of a complex tissue protein such 89 serum globulin 

it is obvious that proteins must be consumed which can supply the globulin- 
producing tissues with most and possibly all of the essential amino acids 
and in adequate amounts. In attempting to ascertain the amino acid 
composition of a protein, however, chemical evidence does not necessarily 
demonstrate its biological potqhalities because, in some instances, changes 
in amino acids in a protein molecule may not be revealed by chemical 
analysis; in order to determine nutritive value, therefore, the protein must 
be tested in a living animal. A protein’s nutritive quality, assuming that 
it is welldigested and absorbed, depends presumably in large measure on 
its qualitative and quantitative content of essential amino acids. Animal 
proteins, therefore, are, on the whole, superior to most vegetable proteins 
because of their generally higher content of each of the essential amino 
acids. This does not mean, however, that both types of protein may not 
be highly important for the synthesis of serum globulin, depending, of 
course, upon the relative contents of essential amino acids available. 

For the evaluation of protein quality two principal methods have been 
relied upon, viz., determination of (1) growth rates in young rats, or (2), 
of nitrogen balance. Becrquse both of these methods are time-conswning, 
and for other reasons, we have developed an additional method (40) which 
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depends upon the principle of feeding known amounts of protein over a 
period of seven and fourteen days to adult protein-deficient male white 
rats and ascertaining the effects upon weight recovery and regeneration 
of total serum protein. This method, in our opinion, has proved to be 
useful as a sort of “screen test” for demonstrating the nutritive potentiali- 
ties of proteins and protein derivatives of varied origins. 

The principle utilized is similar to that used frequently by biologists, 
wiz., the production of a biological deficit in order to measure the replace- 
ment value of a material to be tested. Thus for the assay of various kinds 
of hormonal preparations it is common practice first to produce hypo- 
thyroidism, hypogonadism, etc., and then administer the hormone prepara- 
tion to be tested; similarly for the study of blood regeneration it is necessary 
first to produce anemia. The method, in principle, is a modification for 
the rat of the method used in the dog by Weech and his associates; it has 
in common with their method the advantages of speed and relative sim- 
plicity; in addition it has the advantage of suitability for the testing of 
small quantities of protein materials in large numbers of animals. It differs 
from Weech’s method in at least two important particulars, viz., it deter- 
mines regeneration of total serum protein rather than albumin alone and it 
simultaneously measures hemoglobin regeneration and weight recovery. 
In fact, for many purposes the degree of weight recovery may furnish 
all the evidence desired. The method, furthermore, can demonstrate 
variations in protein quality in from one to two weeks, rather than, 
as in the usual growth rate methods, in from four to eight weeks. This 
presupposes, of course, a supply of proteindeficient test animals; but once 
this has been established it is usually as easy to feed a colony of rats on a 
proteindeficient ration as on any other special type of ration. Moreover, 
the use of a hungry test-animal whose protein stores have been severely 
depleted favors both consumption of the test-food and repletion of the 
protein stores in accordance with tissue needs. However, if during the 
repletion feeding period there is a deficiency in the test-protein of certain 
essential amino acids, as, for example, lysine or tryptophan, the tissue needs 
cannot be adequately satisfied and the protein deficiency will be manifested 
in a poor weight recovery and a low total serum protein regeneration or 
hemoglobin output. Finally, this method has now been compared with the 
rat-growth method for the nutritional evaluation of three types of food- 
proteins of widely differing nutritive values and has yielded exceedingly 
good agreement (unpublished experiments, Quartermaster Corps, U. S. A,). 

The detailed procedures have been published elsewhere (40), but since 
then a few modifications have been made, principally in the use of a basal 
ration practically devoid of utilizable protein. To this basal ration the 
protein to be tested is added at a 9 per cent protein concentration. All 
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rations are made isocaloric and differ from one another only with respect 
to the kind of protein they contain. They are fed in 15 g. amounts per day 
for periods of 7 and 14 days. A rat consuming all the ration gets approxi- 
mately 48 cal. per day, and in 7 days consumes approximately 9 g. of test 
protein, A rat supplied with a high-quality protein, such as meat or lactal- 
bumin, will usually consume all of his daily ration and in 7 days will regain 
from 35 to 40 g. of weight; in 14 days he will frequently have recovered all 
of his lost weight. Moreover, even if his caloric intake is restricted by 
allowing him to eat only about four-fifths of the daily ration (12 g. per day), 
still he will regain from 30 to 35 g. of weight in 7 days, thus demonstrating 
that under these conditions calorie restriction does not cause any marked 
diversion of test protein for caloric needs., In contrast, when a protein- 
deficient animal ie supplied with a poor-quality protein, such as that in 
white flour, but eaten in amounts comparable to those for rations containing 
high-quality protein, he will regain only from 10 to 14 g. of weight in 7 days. 
If, however, the white flour is supplemented with a small amount of syn- 
thetic lysine, a 50 per cent improvement in weight recovery results (unpub- 
lished experiments). This would suggest, therefore, that the poor nutri- 
tional quality of the protein in white flour is to be attributed rather to 
differing availabilities of essential amino acids necessary for weight recov- 
ery, than to poor palatability or digestibility. 

By this method we have been able to feed proteins of unknown nutritive 
value as the principal source of nitrogen and thus get some measure of 
their nutritive potentialities. For example, we have fed purified bovine 
albumin, y-globulin and several purified fractions of human plasma to 
proteindeficient rats with the following results (40) ; of the various fractions 
tested the best weight recovery and the most effective serum protein regen- 
eration occurred in Snimals fed fibrinogen and certain globulin fra&icas.- 
the poorest responses occurred in rats fed purified albumin and several 
albumin fractions. Presumibly, therefore, the larger globulin molecules 
of these plasmas contain a greater content or msortment of essential amino 
acids utilizable for weight recovery and for total serum protein fabrication. 
With respect to yglobuli these results supplement the chemical evidence 
in indicating the presence in it of most and possibly all of the essential 
amino acids. 

In summary, these facts derived from amino acid analysis, electro- 
phoresis, and biological techniques all indicate that both normal serum 
globulin and antibody globulin are essentially similar types of protein. 
The conclusion seems warranted, also, that both typea of globulin are com- 
posed of molecules which contain many if not all of the amino acids essen- 
tial for mammals, including man, the rat, and the dog. Nutritional con- 
.&tiom necessary for the fabrication of one would seem, therefore, to be 
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necessary also for the fabrication of the other. Moreover, conditions 
interfering with the production of one should influence adversely the 
production of the other. 

IX. THE EFFECTS OF DIETARY PROTEIN DEFICIENCY 
UPON THE FABRICATION OF SERUM GLOBULIN 

A prolonged reduction in the intake of dietary protein must lead in time 
to a reduction also in the amount of reserve protein in various tissues. The 
term “reserve protein” is used, not to describe a particular type of protein 
chemically distinct from other types of body protein and having as a specific 
function the storage of nitrogenous materials somewhat as fats or carbo- 
hydrates are stored, but rather in the sense intended by Whipple and his 
aesociates, that is, to describe the presence within various body cells, 
(liver, muscle, etc.) of a reservoir of protein which is in “dynamic equilib- 
rium” with the plasma protein, According to their viewpoint (41), “As 
this reserve protein must be largely or wholly within the cell boundaries 
it is probably specific cell protein, yet in some way different from integral 
cell proteins because it can be withdrawn or supplemented on occasion.” 
Because of its lability, they believe that a “constant ebb and flow exists 
between plasma and cell proteins” thus establishing a “dgnamic equi- 
librium”. 

This concept is in accord with that of Schoenheimer and his associates 
(42) and of Borsook, et al. (43). In fact, Schoenheimer has said, in reference 
to it, “This concept of a dynamic state of blood and organs. . . is supported 
by all our results.” 
In this general sense, therefore, one may think of the protein reserves 

aa beiig influenced quantitatively either in the direction of an increase or 
decrease in the total amounts of potentially available nitrogenous materials. 
In the latter sense, as the tissue protein reserves become more and more 
depleted, hypoproteiemia and anemia develop because of the dynamic 
relationship between plasma and tissue proteins whereby the loss of one 
or the insufficient production of the other leads eventually to a lowered 
protein concentration in both. When the pool of tissue protein reserves 
reaches a critically low level, further processes of protein metabolism 
become definitely impaired. In the blood there develops a hypoalbu- 
minemia, followed by a hypoglobuliiemia. Impairment of production of 
either type of plasma protein, however, interferes seriously with its func- 
tional effectiveness, aa illustrated by the development of nutritional edema 
as the result of a severe hypoalbuminemia and by a decreased resistance to 
bacterial infection because of hypoglobulinemia. Because more interest 
has been shown in the synthesis and functions of the plasma albumins, 
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however, the effects of undernutrition upon the function of the plasma 
globulins have been too frequently minimid. 

X. THE EFFECTS OF PROTEIN DEFICIENCY AND PROTEIN REPLETION 
UPON THE ABILITY OF EXPERIMENTAL ANIMALS TO FABRICATE ANTIBODY 

If antibodies are specifically modified plssma globulins, a prolonged 
inadequacy of protein intake severe enough to cause a marked depletion of 
the protein reserves should also lessen the capacity of the antibody- 
producing tissues to synthesize specific antibody. This we have found to 
be the case in rabbits and white rats (44, 45), and for such types of anti- 
bodies as agglutinins, precipitins, and hemolysins. In our earlier experi- 
ments, protein deficiency was brought about in young and adult male 
rabbits by feeding a ration low in protein, the latter being obtained from 
raw carrots. On such a ration adult rabbits steadily lose weight and become 
hypoproteinemic; with young rabbits the weight remains almost stationary 
over a period of two months and the animals also become hypoproteinemic. 
The ability of such animals to form agglutinins was then determined by 
the subcutaneous injection of a formaldehyde-killed suspension of typhoid 
bacilli and measurement of agglutinin titers in comparison with those from 
sera of well-fed rabbits of corresponding age, similarly injected. As stated 
in our first publication (44) “our results with young rabbits indicate that 
protein deficiency during the period of active growth was associated with a 
lowered activity of the antibody-producing mechanism. Furthermore, 
adult rabbits made hypoproteinemic by protein deficiency and plasma- 
pheresis, produced antibodies less abundantly than did well-fed animals. In 
both age groups, however, the results show definitely the superior ability of 
well-fed rabbits to fabricate agglutinins.” In other words, in the absence 
during the process of immunization of an adequate supply of essential 
amino acids obtainable either from the tissue-protein stores or from the 
daily ration, specific antibody cannot be normally fabricated. This fact 
suggests the probability, moreover, that whenever an animal with a pro- 
nounced protein deficiency becomes infected with pathogenic bacteria, its 
ability to acquire resistance quickly or to mobilize a specific immune 
mechanism effectively may also be impaired. 

In OUT experiments with rabbits we had as a primary purpose the deter- 
mination of the effects of severe starvation upon the antibody mechanism, 
and although the rations fed induced severe protein deficiency, no attempt 
was made to supply all the vitamins which might be desirable for optimal 
nutrition. In later experiments in which white rats were used to ascertain 
the effects of protein deficiency upon their ability to fabricate hemolysins, 
more rigorous measures were taken to ensure adequacy of vitamin intake 
(45). The animals were fed isocaloric rations either high or low in protein 
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concentration but with all other constituents identical, including dequafe 
mounts of all known vitamins considered necessary for the rat. when 
the animals had become markedly hypoproteinemic they were injected 
intravenously with a suspension of washed sheep’s erythrocytes and their 
hemolysin output measured in terms of hemolytic units. The resulte 
indicated that “the animals with abundant protein reserves and an ad+ 
quate protein intake were able, on the average, to fabricate approximately 
ten times as much antibody as were those with depleted reserves.” 

If our conclusion is correct that a lessened antibody output is due to 
Bevere protein deficiency and.a depletion of the protein reserves, repletion 
of these reserves should restore the capacity of the antibody-producing 
tissues to form antibody. This also we have found to be the case. For 
example, when rats which are markedly hypoproteinemic are fed high- 
quality proteins, such as dehydrated beef or lactalbumin, for a period of 
seven days, and are then subjected to antigenic stimulation, they quickly 
regain their capacity to elaborate specific antibody and, in fact, almost 
equal the antibody output of the control animals. 

It is of interest, moreover, that proteins of vegetable origin, as, for 
example, soyflour or wheat flour, are also able to bring about a considerable 
degree of restoration of the antibody-producing capacity; we have not yet 
made quantitative studies of the relative potentialities of proteins of 
varying degrees of amino acid completeness to restore the antibody- 
producing capacity. Proteins which are particularly incomplete, however, 
such as gelatin, are unable either to engender protein repletion or regstab- 
lishment of the normal antibody-producing capacity. We assume, there- 
fore, that in an otherwise healthy animal, repletion of the protein pools by 
ingestion of proteins furnishing a proper assortment of all the amino acids 
which go into the antibody molecule will enable the animal to fabricate 
specific antibodies almost as well as a normal animal. 

It should be emphasized that protein repletion may affect both the 
protein reserves and the antibody-producing tissues whose structural and 
functional integrity may have been impaired by severe and prolonged 
starvation. Thus the phagocytic cells of the liver, spleen, lymph nodes and 
lymphoid tissues, and bone marrow require a constant supply of amino 
acids and other nutrient materials. In severe inanition, however, these 
cellular reserves also undergo atrophy, as illustrated by the marked hypo- 
cellularity of the bone marrow in severe starvation or debilitating disease. 
Under such adverse circumstances the leukocytic tissues tend to revert to 
myeloblastic levels; in times of stress, therefore, such a bone marrow is less 
prepared to meet an infectious emergency by responding with an outpouring 
of mature phagocytic cells, no matter how much specific antibody might be 
available for the particular microorganisms causing the infection. A 
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similar effect may occur also with respect to the production of mononuclear 
phagocytes. Protein repletion, therefore, helps not only to restore the 
protein reserves to be drawn upon for the production of specific antibodies, 
but it may also make available materials which can be utilized for the 
restoration of depleted phagocytic tissues in the bone marrow and 
reticuloendothelial system (46). 

XI. RELATIONSHIP OF PROTEIN DEFICIENCY 
TO REDUCED RESISTANCE TO BACTERIAL INFECTION 

If the above evidence is valid there should be indications from clinical 
and experimental murces of the influence of protein deficiency upon resis- 
tance to infection. Clinicd evidence for this, however, is largely circum- 
stantial, although highly probable in view of the long-known sequential 
relationship between hunger, famine, and infection (47). As Jackson hss 
said (39), “Whether it be a direct effect of inanition, or indirectly caused 
by toxins in circulation, a lowered resistance to infection is a well-known 
result of various types of inanition, both total and partial. Thus the irnme- 
diate cause of death following inanition is frequently an infectious com- 
plication, such as bronchopneumonia in the human species.” There are 
obviously many other factors which affect resistance to infection, including 
multiplicity of contacts with infectious agents, massiveness of infecting 
dose, invasiveness or virulence of the microorganisms, exposure, fatigue, 
etc. ; nevertheless, there is accumulating evidence that protein deficiency 
may influence both the acquisition and retention of resistance to bacterial 
agents of many kinds. This phase of the subject will not be emphasized in 
detail inasmuch as the author has recorded elsewhere some of the evidence 
pointing to this relationship (48, 49, 60). It should be kept in mind, how- 
ever, that antibacterial resistance may not only be acquired; it may also 
be, lost as a consequence of unfavorable circumstances of life. The impor- 
tant question is: In what ways may protein metabolism influence both the 
acquisition and retention of the capacity of the antibody mechanism and 
of the phsgocytic tissues to cope with infectious agents? 

In considering this latter question it is assumed that resistance to 
infection depends upon a combination of the forces of natural and acquired 
immunity. Although acquired resistance enhances resistance to infectious 
sgents against which natural resistance may be inadequate, this does not 
mean that the value of the latter is to be underestimated nor that it cannot 
be increased by optimal nutrition. The increasing emphasis upon protein 
metabolism in relation to infection and resistance, therefore, must be 
evaluated with respect to both types of immune processes. 

It is particularly in conditions of chronic infection, where the balance 
between infection and resistance may be readily upset by interference 
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with various resistive mechanisms, that one should find evidence of an 
adverse influence of undernutrition. Inasmuch as one of the commonest 
and most widespread chronic infectious diseases is tuberculosis, it is  with 
respect to this disease that the most attention has been paid because of 
the long-held belief that its course may be adversely affected by poor 
nutrition. For example, Long has said (51), “malnutrition is popularly 
supposed to predispose to tuberculosis, and feeding in the effort to restore 
weight and strength has been one of the mainstays of treatment since early 
times. Inasmuch as the loss of adipose tissue is conspicuous in advancing 
tuberculosk, excessive administration of fat-building foods was common 
in the past. At present more attention is concentrated on proteins and 
vitamins.” 

Since World War I, several writers have pointed out the possible relation- 
ship of protein shortage to mortality from tuberculosis. Cobbett, for 
example, has suggested that food shortage in World War I was probably 
the most important factor leading to a decreased resistance to tuberculosis 
(52). He pointed out that the effects of malnutrition are most adverse in 
individuals already infected with tubercle bacilli because in “those already 
consumptive (their) lives hang in a delicate balance that is easily upset.” 
He emphasized the fact in particular that in England and Wales during 
World War 1 deaths from tuberculosis in lunatic asylums more than doubled 
although the number of inmates declined. Other diseases, also, especially 
dysentery, increased enormously in these asylums during the war. 

In discussing further the possible effects of protein inadequacy upon 
resistance to tuberculosis, Long has cited the following suggestive facts: 
(1) In World War I there was a sharp rise in the death rate from tubercu- 
losis throughout Europe coincident with the fact that, of all the dietary 
elements, the reduction in protein and fat was most significant. The 
inference is that in many instances a low protein, low fat diet would not 
prevent breakdown in patients with slight lesions who would have been 
ssfely protected by normal diets. (2) In Denmark, during this time, where 
the death rate from tuberculosis rose early in the war, there was a sharp 
drop in 1918, due, presumably, to the fact that the strict blockade of 1917 
had compelled the Danes to consume their own abundant supplies of meat, 
milk, and butter. He refers to Faber’s conclusion that, because the tuber- 
culosis death rate went down as the malnutrition disappeared, the inciease 
in mortality of the war years was in close relation to the shortage of meat 
and fish and that the original rise in the tuberculosis death rate was the 
result of protein deficiency. (3) Even in a brief period of famine a rising 
death rate from tuberculosis may appear. Thus Long refers to observa- 
tions of HBygaard of a sharp rise in the tuberculosis rate and an increase 
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in the severity of the disease in an Eskimo tribe temporarily deprived of 
meat and fish during a brief famine. 

These observations all point to the need for further study of all nutri- 
tional aspects of tuberculosis; furthermore, they are in accord with the 
idea that impaired protein metabolism, as a part of the process of malnu- 
trition, may interfere seriously with the resistive mechanisms of both 
natural and acquired resistance which must be operative in tuberculosis. 

Less attention has been paid to the possible effects of undernutrition and 
malnutrition upon other chronic infectious processes‘. It should be men- 
tioned, however, that Coburn and Moore have recently called attention 
to a possible role of protein metabolism in rheumatic disease (53). They 
observed a relationship between protein inadequacy and the development 
of rheumatic disease in underprivileged children and concluded that there 
was “a significant sssociation between the level of protein in the diet and 
rheumatic susceptibility” and that, moreover, “the association between 
greater susceptibility and a deficient intake of protein is statistically 
significant. ” 

Experimental evidence pointing to the adverse influence of protein 
inadequacy upon resistance to infection is still meager, although there 
are some observations which suggest such a correlation. For example, 
Kohmm (54), in her early experiments dealing with the relationship of 
nutritional edema to protein deficiency said, “Post mortem examinations 
were made of all the animals that died as a result of W i g  fed the low- 
protein-carrot diet . . . a very common finding was pneumonic lungs.” 
Whipple and his associates, since their earliest experiments with hypo- 
proteinemic dogs, have repeatedly called attention to the fact that “dogs 
after long periods of plasma depletion show a lowered resistance to infec- 
tion” (55). These dogs are also unusually susceptible to iitoxications of 
various sorts. Meyer (56) has reported that when rats were injected with 
diphtherial toxin the fatality rate was approximately four times as high in 
animals fed either a stock diet or a high carbohydrate or fat diet as it was 
with animals on a high protein intake (casein). Watson (57) , and Robertson 
and Doyle (58) have reported that young mice and rats are definitely more 
resistant to infection or intoxication with mouse typhoid or enteritis 
microorganisms when fed rations containing high levels of dried separated 
milk or casein. Watson concluded that, “It is probable that the factor 
responsible for this increase in resistance is the dried separated milk,” while 
Robertson and Doyle concluded that “rats fed a diet high in casein have a 
considerably higher resistance to enteritidis infection (intraperitoneal) 
than controls fed either wheat gluten or soybean flour.” Sako (59) has 
recently observed, in mice infected with multiple lethal doses of virulent 
pneumococci, that resistance to infection depended considerably upon diet 
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and that “animals which had been maintained on a very low protein intake 
showed a greatly decreased post-inoculation time, as compared with control 
animals. On the other hand, those which had been subjected to an exces- 
sively high protein intake showed a distinct lengthening of the survival 
time after inoculation. Wissler (unpublished experiments) has also demon- 
strated in hypoproteinemic rabbits and rats an impaired capacity to 
acquire resistance to infection with virulent pneumococci. Finally, we 
have pointed out (45) that in the white rats unable to fabricate antibodies 
adequately because of severe protein depletion there was also “a definitely 
increased tendency to develop spontaneous infection. For example, in the 
first experiment, three of the twelve hypoproteinemic rats died during the 
following three weeks; at the end of this period, moreover, four others 
exhibited varying degrees of chronic abscessive pneumonia. In the second 
experiment nine of the twelve hypoproteinemic rats showed,when sacrificed, 
a chronic abscessive pneumonia. In contrast, none of the control rats in 
either group (on a 22 per cent casein intake) showed any gross evidence of 
pulmonary infection.” 

These experimental facts afford encouragement to surgeons concerned 
with problems of postoperative infection. Hitherto not enough considera- 
tion has been given to the fact that patients are frequently operated upon 
after prolonged periods of weight loss and associated loss of body nitrogen. 
There is evidence, indeed (60) that postoperative fatality rates may, at  
times, be dependent in some measure upon the degree of preoperative 
weight loss. Moreover, after some types of operation there is a period of 
several days during which but little if any food can be consumed, and 
obviously during this time, considerable amounts of nitrogen are lost (61, 
62,63). If, furthermore, wound healing is delayed or if the wound becomes 
infected, a favorable outcome is definitely less likely. It is at this critical 
time, therefore, both before and immediately after operation, that particu- 
lar attention should be focused on the patient’s protein needs. This does 
not mean that caloric, mineral, and vitamin requirements should be 
neglected; too often, however, only these latter are attended to, nitrogenous 
requirements are ignored and the patient steadily loses nitrogen. There 
can be but little doubt that some of the spectacular surgical advances in 
recent years, notably those relating to  surgery of the lungs, esophagus, 
pancreas, and stomach, may be attributed to a considerable degree to the 
generous use of blood and plasma transfusions and to intravenous and 
enteral alimentation by mean8 of protein hydrolyzates. 

Utilization of these hydrolyzates, particularly for intravenous feeding, 
is of great interest at  the present time; their development, however, has 
created several additioual problems. The most widely used preparations 
now are casein hydrolyzates and it has been shown that, by parented 
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administration of some of them in adequate amounts, a patient can be 
kept in nitrogen equilibrium. Attempts are also being made to prepare 
protein hydrolyzates frcm other proteins, as, for example, lactalbumin, 
fibrin, fish muscle, and mixtures of animal and vegetable protein. They are 
prepared either by enzymatic or acid hydrolysis. No matter how they are 
prepared, however, or from what original material, if they are to be nutri- 
tionally satisfactory they must be (a) non-antigenic and ( b )  complete 
with respect to the assortment and amounts in them of a t  least those 
eight amino acids essential for the maintenance of nitrogen balance in 
men. At the present stege of development of these hydrolyzates, therefore, 
it is imperative that each manufacturer demonstrate both their safety for 
intravenous use, and their emino acid completeness. 

We have tested several of these hydrolyzates by our assay method and 
have found considerable variability in their nutritive potentialities. In 
general, those derived frcm casein by enzymatic digestion have been 
superior although scme of the others have also been excellent with respect 
to their ability to cause weight-recovery and regeneration of serum protein 
in protein-deficient rats. If acid hydrolysis is utilized, however, the 
hydrolyzate must be supplemented with adequate amounts of tryptophan. 
At any rate, there is now abundant evidence that these protein hydroly- 
Eates, if properly prepared, can function effectively as a parenteral source 
of utilizable amino acids. 

In conclusion it should be emphasized that, although the facts presented 
deal mainly with the problem of protein metabolism in its relation to 
antibody production, it is taken for granted that globulin synthesis must 
also require the intermediation of synthesizing enzymes, minerals and 
other focd constituents. Just as polypeptides cannot be built up without 
the necessary amino acid “building blocks,” so they cannot be synthesized 
without the necessary enzymes, including vitamins. It is a suggestive fact, 
moreover, that many protein-rich foods are themselves rich in vitamins, 
such as, thiamine, riboflavin, and vitamin A. Particular emphasis upon 
the role of m i n o  acids, therefore, should not cause one to underrate the 
importance of the dynamic mechankms within the tissues which accom- 
plish protein synthesis, including that of normal globulin and antibody- 
globulin. 
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I. INTRODUCTION 
Three levels of study of proteins have been vigorously prosecuted. One 

of these is the elucidation of the chemistry of the component amino acids 
by the prodigious labors of Emil Fischer and the extension of such work by 
his students and followers. The other approaches which have been liber- 
ally employed by protein investigators are those of behavior of proteins 
themselves, and the determination of physical constants. The first type 
of work has especially attracted organic chemists who found in the amino 
acids units which could be handled in the style to which they were accue 
tomed. The larger aspects have been developed mainly by physical chem- 
ists, whose tools have proved adaptable to the natural materials of huge 
construction which we know as proteins. 

The intermediate field of study of the exact arrangements in which the 
amino acids are l iked together to form larger molecules has, however, not 
been appreciably cultivated. There is reafion to believe that much of the 
biological significance of proteins may correlate with such arrangement. 
The need for proper implementation of such an attack has provoked the 
preparation of this review. 

It has already been pointed out by Synge (1943) that important obstacles 
in the development of knowledge of protein fine structure are those of 
technic, particularly in the isolation of pure products of partial hydroly- 
sis of protein. It is quite likely that the development of isolation procedures 
will be aided by the development of proper methcds for marking or identi- 
fying terminal amino acids. One reason for believing this is the fact that 
amino acids condensed with various reagents are found to possess properties 
which differ considerably from those of unsubstituted amino acids obtained 
aa hydrolytic products. One might expect therefore to mark the terminal 
amino acid chemically, hydrolyze the large molecule, and then take advan- 
tage of solubility differences to separate the amino acid derivative. To cite 
one example, the 8-naphthdenesulfonyl derivatives of leucine and phe- 
nylalanine are easily soluble in ether, in contra& to the unsubstituted 
amino acids (Fischer and Bergell, 1902). Alcohol solubility is found also 
for 8-naphthalenesulfonyl peptides (Fischer, 1903). It may therefore 
prove most economical to develop the chemistry of the terminal amino 
acid prior to or concurrently with the better means of separation that 
are sorely needed. 

There are also other reasons than the desire to elucidate protein structure, 
for seeking good methods of identification of terminal amino acids. 
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11. ACTUAL AND PROPOSED PURPOSES 
OF DETERMININQ TERMINAL AMINO ACIDS 

A number of reasona seem worthy of consideration. 

1. FOR CHARACTERIZATION OF PROTEINS 

Adequate study of terminal amino acids might provide useful tools for 
characterizing some of the chemical diff erences- underlying biological 
specificities. It would in general be especially desirable to have an added 
index of difference or similarity between protein molecules that could be 
used more precisely than amino acid composition. Our present analytical 
methods, for example, do not permit us to decide if the casein from a cow 
in Iowa is the same, molecularly, as that from a cow in New Jersey. Amino 
acid assays reveal similarities in this and related comparisons, but such 
assays are in general insufficiently precise to enable the investigator to 
pick out differences which are definitely not ascribable to errors of assay. 
Many of the methods for terminal amino acids might be expected to prove 
sufficiently precise, however, to differentiate proteins or protein mixtures 
on this basis. 

An early study of this sort was carried out by Dakm and coworkera 
(Dakin, 1912; Dakin and Dudley, 1913; Dakin and Dale, 1919) on the 
antigenically different egg albumins of duck and domestic fowl. Differences 
in terminal amino acids were found by a method to be described later 
(p. 162). No efforts to purify the proteins to single individuals were made 
(the methodology available then was markedly inadequate). The last 
publication would have been improved by the inclusion of details of the 
amino acid analysis of the proteins. Although the purity of the proteins 
and the significance of the identification method are open to question, 
differences in terminal amino acids were found. 

Leaving out of consideration comparison between biologically similar 
proteins, it is conceivable that the terminal amino acid in any single 
protein may have inherent serological significance, at least as a locus of 
coupling, as with the synthetic haptens of Harington (1940). 

2. TO DETERMINE AMINO ACID SEQUENCE 

The ideal solution to this problem would involve removal of terminal 
amino acids from a peptide of any length, one at a time, without alteration 
of the remaining peptide. Such a method has been devised by Bergmann 
and Zervas (1936), and approximated by a simpler procedure developed 
by Abderhalden and Brockmann (1930). It appears quite likely that 
practical difficulties have prevented wider use of these methods by others, 
especially since they might have been employed on proteins as a partial 
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check of the periodicity hypothesis (Bergmann and Niemann, 1937,1938). 
Simple marking technics might however be used in the following 

manner. 
A tetrapeptide, A-B-C-D, could be hydrolyzed to fragments B-C and 

C-D. If A, B, and C are then designated chemically as terminal amino 
acids in each of these three peptides, it becomes possible to formulate the 
structure of the original peptide. To cite an actual example, it was poesible 
to reconstruct the tripeptide glutathione from the two dipeptides which 
were identified after hydrolysis, by marking procedures alone. The same 
type of determination of sequence should hold for larger peptides. 

3. TO REVEAL OTHER FEATURE8 OF PROTEIN STRUCTURE 

The terminal &o acid approach offers promise of providing a chemical 
means of testing some of the hypotheses of peptide arrangement in proteins. 

Of various conceivable types of peptide arrangement in protein, the 
closed or cyclic peptide structure would be established in a negative 
manner, i.e., by a demonstration of the absence of terminal amino acid. 
The closed peptide structure has been suggested for gramicidin (Hotchkiss, 
1944), and the absence of amino nitrogen suggests that it may apply to 
zein also (Hopkins and Wormall, 1934). Hydrolysis sufficient to open one 
peptide linkage followed by chemical designation of a terminal amino acid 
which was not present in the original molecule would then constitute nega- 
tive evidence of the kind alluded to above. 

The absence of free a-amino nitrogen in proteins l i e  zein can also be 
explained by the occurrence of proline or hydroxyproline at one terminus. 
In such cases, distinction might be established by a terminal amino acid 
method which requires a free carboxyl group. On the other hand, the 
amino terminus would have to be marked when the carboxyl is masked as 
amide. 

The two features of protein structure which have been definitely estab- 
lished are the constituent amino acid residues and the recurrent peptide 
linkage. A protein which would involve no other covalent bonds would 
then be a giant polymer of a variously substituted glycine residue and would 
possess one a-amino group and one a-carboxyl group. Methods for designa- 
tion of these two groups should then specify one terminal amino acid,' 
and one terminal amino acid, and no other. 

There is reason to believe that this simple polypeptide picture will not 
suffice for many proteins, although it may be tenable for some (Chibnall, 
1942). Chibnall haa suggested a hypothetical imide coupling of peptide 
chains : 

Amino acid refera fo terminal amino acid with free amino group; amino aeid refers 
to terminal amino acid with carboxyl group free. 
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This pattern combines peptide chains with imide linkages a t  the acid 
termini, so that although the whole molecule contains several free a-amino 
groups, it possesses but one a-carboxyl. Such a structure could accordingly 
be checked by an adequate terminal amino acid method. 

In the picture below, the peptide chaiis have been designated %ubunitsJ’ 
by Chibnall and he has suggested two hypothetical means of joining of the 
subunits. These are the ester and thiol-ester linkages, depicted as follows: 
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Should either of these types of structure be widespread in nature, some 
proteins should then yield more than one terminal amino acid and more 
than one terminal amino acid. The proper terminal amino acid methods 
would supply contributing evidence on a protein of established purity. 
The above considerations apply also for “subunits” held together by hydro- 
gen bonds (Mirsky and Pauling, 1936) or by disulfide linkages. 

Although it appears to be assumed generally that proteins do not contain 
branched main-chains, rejection of such a structural picture does not seem 
warranted. The branched-chain molecule among high polymers is for 
example known in the case of polysaccharides (Haworth, Hirst, and Isher- 
wood, 1937; Staudinger and Eilen, 1936; Meyer, 1942). Cohn (1939) has 
indicated that the peptide linkages of proteins occur only through a-mino 
and a-carboxyl groups, but it is strikiigly true that in glutathione the 
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glutamic acid is not attached through the a-carboxyl group. Were the 
glutathione type of linkage of glutamic acid to occur as a unit in protein, a 
branched main-chain could then be visualized thus: 

I 
I 

HOOC-CHR-NH- * * * -OC-CH-(CHI)&O-NH-CHR~CO- * -NH-CHRrCOOH 

NH 

A0 
AHR, 
I 

NHI 

It has been pointed out (Grassmann, Dyckerhoff, and Eibeler, 1930) 
that the wcarboxyl linkage of glutamic acid with the cysteine residue in 
glutathione has not been hydrolyzed by prot.eolytic enzymes to which it 
has been subjected. This has been taken as evidence against such bonding 
in protein. On the other hand, the existence of such a linkage in a wide- 
spread naturally occurring peptide is unequivocally established, and it 
seems reasonable to suppose that the mechanism responsible for the 
synthesis of glutathione could synthesize other peptides as well. 

Branches or other features in protein structure are likely to be expressed 
by particular arrangements and numbere of terminal amino acids. In the 
further elucidation of protein structure, the terminal amino acid should 
prove of contributory value, as hrts the “end-group” in the clarification of 
polysaccheride structure, with the added advantage that greater differ- 
ences in end-group may be expected since the protein units are more 
diverse in structure. 

It is a pleasure to acknowledge the benefit of discussions of the above 

Each of the methods which follows for designating terminal amino acids 

topics with .Dr. R. E. Rundle. 

should be evaluated in the light of the purpose for which it is intended. 

111. MEANS OF IDENTIFYING TERMINAL h o  ACIDS 

1. ENZYMIC METHODS 

Proteolytic enzymes which split off terminal amino acids Bhould be 
ideally adaptable for purposes of identification. This ideal may some day 
be attained, but application of existing knowledge suffers from one very 
fundamental criticism which applies to much of our knowledge of protein 
chemistry. This is of couwe the difficulty of insufficient and inadequately 
established purity of the enzymes (proteins) which are employed. The 
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specificity of the enzymes, knowledge of which is a prerequisite to their 
use in this connection, has also not been generally established. This may 
represent merely another manifestation of insufficient purity. It may, on 
the other hand, correspond to groupings of structural specificities which 
our conventional chemical thinking does not permit us easily to recognize. 
The specificity of the impure preparations ordinarily employed has rested 
on shifting ground, e.g., Linderstrom-Lang (1929b). Considerable uncer- 
tainty existed regarding the specificity of carb lxypep tidase preparations 
(Abderhalden and Abderhalden, 1938). With the description of a crystal- 
line carboxypeptidme (Anson, 1937), it became possible to investigate the 
specificity more carefully. Hofmann and Bergmann (1940) found that 
some of the original doubts of enzymic inhomogeneity were unjustified. 
On the other hand, thrice recrystallized carboxypeptidase was found to 
attack carbobenzoxyglycyl-l-glutamic acid slowly only, and to attack 
thippuryl-l-lysine. In this latter case, a free amino group was required 
for hydrolysis, whereas absence of a free amino group was previously con- 
sidered to have been a requirement. 

A serious objection to the enzymic method is the possibility of resyntheuia 
(Behrens and Bergmann, 1939). One might thus find sequences which did 
not occur in the original protein (Cohn and Edsall, 1943). 

In spite of these drawbacks, it has been possible to obtain reliable infor- 
mation on terminal amino acids in glutathione and in protsmines (Grass- 
mann, Dyckerhoff, and Eibeler, 1030; Waldschmidt-Leitz, 1935). The 
glycine terminus of glutathione was demonstrated by carboxypeptidase 
action. Arginine was shown to be terminal in both clupein and salmine, by 
the action of protaminase (Waldschmidt-Leitz, Ziegler, Schaffner, and 
Weil, 1931). 

The general method of enzymological investigation w&9 reviewed by 
Linderstrom-Lang in 1933. This author stated as follows: “Hat man daher 
ein reines Enzym mit wohldefiniertem Spezifitatsbereiche in Handen, so 
besitzt man gleichzeitig ein ideales Werkzeug zur Aufklarung von Struktur 
und Bindungsart einer zur Untersuchung vorliegenden Substanz. Wie 
bekannt, ist man noch weit von der Verwirklichung dieses Ideales entfernt.” 

The work of Bergmann and collaborators (Fruton, 1941) has served to 
increase the knowledge of the specificity of the proteinases since 1933, but 
much remains to be done both on this score and on purification. Such 
enzymes aR carboxJlpeptidase, aminopeptidase, and protaminase should be 
especially pertinent to structural studies. It is to be hoped that the avail- 
ability of crystalline carboxypeptidase may lead the way to a rigid estab- 
lishment of homogeneity of this enzyme, and then to an experimental 
evaluation of its substrate specificity which will make it more generally 
useful. 
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In the further development of this mode of study, the finding of pepti- 
dases which are specific for individual amino acids (Maschmann, 1941) 
could be especially helpful. By the use of leucylpeptidase, for instance, it 
has been possible to differentiate leucylglycine and alanylglycine. 

2. PHYSICO-CHEMICAL METHODS 

Three main types of physical chemical constants have been employed: 
dissociation constants, optical rotatory power, and .reaction equilibrium 
constants. 

a. Titration Constants 
The first suggestion of the correct structure of glutathione arose from a 

study of the titration constants of the various dissociable groups. The 
position of the groups was selected on the basis of the influence of neigh- 
boring structures (Harris, 1923-24; Simms, 1927-28; Pine and pinhey, 
1929). These considerations led to two suggested structures of which the 
favored one wa8 subsequently proved by chemical means to be correct. 
For this technic, glutathione probably presented an unique opportunity. 
One might expect considerably more difficulty in allocation when drawing 
conclusions from the titration of ti peptide composed only of monoamino 
monocarboxylic acids. 

b. Ramization 
The second method depends upon the relative resistance to racemization 

of the terminal amino acid. Dakin and coworkers (1912, 1913, 1919) 
employed a racemization of proteins with cold alkali. The amino acids 
within the main-chain were believed to have racemized readily, in contrast 
to the terminal amino acids. After hydrolysis, the separated amino acids 
were examined for optical rotatory power, and those which remained active 
were considered to be terminal amino acids. This type of study might 
profitably be extended to more definitely pure proteins, and to peptides 
of natural origin. 

Cahill and Burton (1940) suggested the use of racemization by ketene 
or acetic anhydride to allocate the terminal amino acid in peptides. They 
found such racemization to occur rapidly with 1-leucine and 1-glutamic acid 
when either acetylation agent was employed without neutralization of the 
acid solution resulting from acetylation of the sodium salt of the amino acid. 
If an initial alkalinity were maintained, no racemization occurred. Glycyl- 
Z-leucine was racemized whereas under the same conditions 2-leucylglycine 
was not. Cahill and Burton's experiments did not include dipeptides of 
two racemizable amino acids, however, and it would be interesting to see 
if the same principles be applicable to such peptides. 



TEBMINAL AMINO ACIDS IN PEPTIDES AND PBOTEINS 163 

c .  Equilibrium Constants 

Lack of general utility constitutes a criticism of the method employing 
the equilibriumxonstant. During the study of the reaction of amino acids, 
peptides, and glucose, it was found that the equilibrium constant of the 
reaction fell into narrow ranges of values, depending upon which amino 
acid bore the amino group (Frankel and Katchalsky, 1937, 1938; Katchal- 
sky, 1941). These principles held for simpler amino acids such as glycine, 
s h i n e ,  and leucine, but in more complex peptides containing phenylala- 
nine or glutamic acid, predictions were not borne out. 

It is conceivable that the various physical chemical methods ‘thus 
developed can however be refined to cover most or-all of the needs in this 
field. 

3. CHEWICAL MEANS 

a. At Amino Terminus 

The largest number of chemical methods have operated at  the locus of 
the free amino group, which possesses certain advantages. The chemistry 
of the amines is well-known and serves as good background information. 
Hydrolyzed condensation products would be expected to have free 
carboxyl groups or derivatives thereof, and such compounds may be 
induced to crystallize more readily than amines which have lower 
melting points. 

The ideal agent should possess the following characteristics: 
(1) It should be readily available. 
(2) It should condense in a single reaction. 
(3) It should condense under mild conditions. 
(4) The condensation product should be unaffected by hydrolysis of 

the whole molecule. It is on this criterion, especially, that most of the 
reagents used have fallen short of the ideal. 

(5)  The terminal condensation product should be readily separable. 
(6) The condensation product finally obtained should be easily identi- 

fied (as by melting point). 
(7) It should not react adversely with the amino acid side-chaim in 

peptides and proteins. 
(8) It should not react with any group other than the amino or carboxyl 

which is sought. The peptide en01 should be left untouched. 
The relative importance of each of these characteristics of course depends 

upon the purpose in view. 
The first reagents to be applied were those which had been used to form 

characteristic acyl derivatives of amino acids alone. For much of the early 
work naphthalenedonation was employed. 8-Naphthalenesuonyl 
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chloride was frequently uRed by Fischer, Abderhalden, and their coworkers 
(Plimmer, 1913). The Abderhalden group were especially active in applying 
this reagent to the determination of amino acid sequence in peptidea 
isolated from silk fibroin and other proteins (Synge, 1943). fl-Naphtha- 
leneeulfonyl chloride and other reagents applicable to the amino group are 
listed below : 

fl-NaphthalenesulfrmyI Chlm’de. The 8-naphthalenesulfonyl group iS 
coupled to the amino group in alkaline solution by the Schotten-Baumann 
technic. The resultant 8-naphthalenesulfonyl peptide is 

&1+H2N CHR CO NH----- co”” 
-- (NaOH)+ m02 NH CHR CO- I NH*----- 

hydrolyzed more readily a t  the peptide linkage than at  the sulfonylamide 
linkage. The 8-naphthalenesulfonyl amino acid can generally be readily 
identified. The structures of glycylslanine and alanylglycyltyrosine in 
silk fibroin (Fischer and Bergell, 1903; Fischer and Abderhalden, 1907; 
Abderhalden, 1911a, 1911b) were thus demonstrated. The peptides wem 
typically obtained after cold hydrolysis with 70 per cent sulfuric acid for 
several days. 

The 8-naphthalenesulfonyl chloride reagent must be used in excess if 
good yields are to be obtained. The linkage appears to be more resistant 
to hydrolysis than the peptide bond generally. fl-Naph thalenemlfonyl 
glycine, however, can be’hydrolyzed in three houm at 110’ C. in concen- 
trated hydrochloric acid solution (Fischer and Bergell, 1902). 

Benzenesulfonyl Chloride. Benzenesulfonyl chloride behaves similarly to 
the naphthalene homolog. 

csH5 SO&l+HzN CHR CO NH----- 
(NaOH)+ CeH5 SO2 NH * CHR CO- NH----- 

Gurin and Clarke (1934) have applied this reagent in an attempt to allocate 
the free amino groups of gelatin. It was poRsible by the hydrolysis of the 
benzenesulfonylgelatin to obtain e-benzenesulfonyllysine in quantity. 
Hydrolysis waa conducted in aqueous formic acid containing mineral acid. 
No derivatives of the a-amino group were isolated. This work emphasizes 
the necessity for accounting for camino groups of the side-chains. 

* The vertical line indicates the point of greatest hydrolyzability after the peptide 
ia marked. 
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Benzoyl Chloride. Benmyl chloride has been reacted with alanyltyrosine 
obtained from silk, by Abderhalden and Heyns (i931). 

CcH6 COCl+HzN CHR CO NH----- 
(NaOH)_, CaH6* CO* NH. CHR. CO- I NH----- 

The phenolic hydroxyl was also benzoylated. After four hours at reflux 
temperature with 20 per cent sulfuric acid, there was isolated from the 
N-benmylalanyl-O-benzoyltyrosine: benzoylalanine, tyrosine, and benzoic 
acid in 74, 82, and 91 per cent yields, respectively. Recoveries of this 
magnitude make it difficult to understand why the reaction has not been 
used more often, especially when one considers the smoothness of benzoyl- 
ation, and the easy characterizability of benzamino acids. What the effect 
of this or any other acyl halide is in the Bamberger reaction of the 
imidazole moiety in proteins needs to be clarified (cf. Harington and 
Overhoff, 1933). Some qualitative data is however available for ben- 
zenesulfonyl chloride, in the work of Gurin and Clarke (1934). 

The relative hydrolyzability of benzamide and peptide linkages has been 
studied (Goldschmidt and Fiiner, 1930). 

Gll~cine Color Reagents. Reagents which react with glycine bound by its 
carboxyl group in peptide linkage have been reported. E. Abderhalden and 
Neumann (1936) employed o-phthalaldehyde. R. Abderhalden (1938) 
used alloxan and ninhydrin for the same purpose. This type of allocation 
has obviously limited value. 

Nitrous Acid. The relative difficulty of obtaining crystalline hydroxy 
acids would probably interfere with the fullest utilization of nitrous acid: 

It has however been employed on glutathione (Quastel, Stewart, and 
Tunnicliffe, 1923). The use of nitrous acid in the van Slyke amino-nitrogen 
analysis of peptides is mentioned later. 

Methylation Reagenfs. Both methyl sulfate (Zimmermann, 1935a, 1935b) 
and diazomethane (Abderhalden and Sickel, 1926) have been employed for 
the methylation of peptides. The latter authors used diazomethane for 
the methylation of leucylproline to N-dimethylleucylproline methyl ester. 
This was however not hydrolyzed. 

HNO*+HsN * CHR . CO * NH------- -HO * CHR * CO 1 NH--- 

Zimmermann methylated proteins 
(CH~),SOI+HZN CHZ CO * NH CHR * CO * NH --- - HO(CH&N+ CH2 a CO- i NH--- 

and Rhowed that when betaine could be isolated, the terminal amino acid 
was glycine. If this device may be employed for glycine only, its utility is 
(y1 limited aa that of the color reactions mentioned above. The recoveries 
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of betaine were low and tediously acquired. In the case of glycylglycine, 
for instance, 0.67 g. of betaine hydrochloride was found when 3.6 g. were 
expected theoretically. 

Glutathione properly gave no betaine. A peptide of proline and glycine 
(Abderhalden and Sumrki, 1923) was shown to be glycylproline. Peptone 
and “glutokyrin” (Siegfried and Schunke, 1916) were both shown to 
possess terminal glycine by this technic. 

Nitrophenyl Chlorides. Attempts to use 2, 4dinitrophenyl chloride by 
Abderhalden and Stix (1923) gave a mixture which could not be suitably 
fractionated after hydrolysis, even though the dinitrophenyl derivatives of 
amino acids could be readily characterized (Abderhalden and Blumberg, 
1910). 

O*N-CI+H~N. CHR . COOH 

- 0 2 N y  CHR COOH 

Picryl chloride has also been found to combine with amino acids (Hirayam, 
1909) in low yields (Fox, 1941). 

Hypobromiles. Hypobromite reacts with tbe amino end of peptides to 
give different products depending upon whether an acid or alkaline medium 
is employed (Goldschmidt, Wiberg, Nagel, and Martin, 192’7). In the 
former cam the reactions involved are as follows: 

R&H(NHS) CO NH * CH& COOH 
J 2  HOBr 

1 -HBr 
R1-CHNBn CO NH C H h  COOH (unstable) 

R 1 4 (  =NBr) CO NH CH& - COOH 

R14O * CO I NH C H h  COOH 
1 +H80 

Upon hydrolysis, the keto acid is released, and it can be identified as the 
phenylhydrazone. From leucylglycine 93 per cent of the theoretical 
quantity of keto acid was isolated. 

Alkaline hypobromite simultaneously hydrolyzes the peptide linkage 
and releases the nitrile corresponding to the terminal amino acid with one 
less carbon: 
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Ri-CH(NH2) CO NH C H h  COOH 
5 (NaOBr) 

Rl-CH=NBr+HOOC NH C H h  COOH 
-HBr 
RrCN 

Secondary bromination products result from this reaction, however. 
From 200 g. of egg albumin it was possible by this.reaction to obtain 2.6 g. 
of valeronitrile, and other products. The hypobromite reaction would 
thus seem not to be sufficiently delicate for purposes of allocation in large 
molecules. 

The following peptides have, however, been successfully studied in this 
way (Goldschmidt and Strauss, 1929, 1930) : alanylvalylglycine, alanyl- 
leucylglycine, alanylalanylleucine, dialanylglycine, trialanylglycine, valyl- 
alanylglycine, .and leucylalanylvalylglycine. With tripeptides and tetra- 
peptides, dehydrohydantoins form from the peptide residue. 

Awl Isocyandes. Phenql isocyanate (Bergmann, Miekeley, and Kann, 
1927) hss many of the desired properties of a suitable condensing agent. 
This reagent condenses at room temperature, or below, to yield hydantoins 
upon hydrolysis, and these are readily identified after generally easy separa- 
tion. The reaction is schematically: 

C& * N : C O + H a  CHR * COOH C'H, NH * CO * NH . CHR * COOH 
phen ylureide 

CJJ6.N - CO 

OL \ /"" I J W I  

B C \ R  
phen ylhydantoin 

With any marking reagent of promise, such as phenyl isocyanate, it is 
desirable to test the hydrolyzabdity of the derivative, under the conditions 
of hydrolysis of protein. For glycine phenylhydantoin the rate of hydroly- 
sis in concentrated hydrochloric acid solution under reflux has been tested 
in this laboratory (Fox, 1944). The results are shown in the following 
table : 

Time of Hydrolysis Breakdown to One Free Amino Qroup 
bur8 psr cent 

2 18 
4 25 
6 33 
8 38 
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It is evident that the group is opened by prolonged hydrolysis, although 
not nearly as rapidly as the peptide linkage. 

An example of the utilization of isocyanates in determining terminal 
amino acids is found in the work of Jensen and Evans (1935). These 
authors condensed phenyl isocyanate with insulin. After acid hydrolysis 
of the coupled product, the phenylhydantoin of phenylalanine precipitated. 
This not only served to establish the terminal amino acid of a relatively 
pure protein, but provided the first evidence for the occurrence of phenyl- 
alanine in inauli. Naphthyl isocyanate proved to bc! simiilsrly applicable. 

The utilization of the phenyl isocyanate technic reached its fullest 
development in the hands of Abderhalden and Brockmann (1930). By 
hydrolysis of a phenyl isocyanate tripeptide in methanolic hydrochloric 
acid at  60-65' C. for one-half hour, these authors were able to isolate the 
phenylureido acid without marked hydrolysis of the remaining peptide 
linkage. 

Alanylglycylleucine was thus converted to the phenylhydantoin of 
alanine, and glycylleucine. The residual peptide was then similarly 
treated to yield the glycine phenylhydantoin. 

Under the hydrolytic conditions employed, leucylglycine was shown to 
be split to the extent of 6 per cent. This is of course enough to preclude 
the use of the reported method for large peptides. 

Abderhalden and Brockmann were able to combine this method with 
another used to designate the runin0 acid, described on p. 169. 

The conditions for condensation with isocyanates are favorable, and 
the derivatives obtained after hydrolysis are easily separated and charac- 
terized. The concomitant hydrolysis of peptide linkages more than one 
amino acid residue distant from the ureido linkage limits the utility of 
this relatively desirable technic as a stepwise procedure. 

Trinitrotoluene. A relatively non-hydrolyzable derivative of the amino 
group was introduced by Barger and Tutin (1918). Although this agent 
has been successfully used to elucidate the structure of anserine, carnosine, 
and glutathione, other inadequacies of the procedure have perhaps pre- 
vented its being more widely used. One of these drawbacks is that some 
of the derivatives are not readily crystallizable, as found by Quastel and 
coworkers (1923) in attempting to determine the Atructure of glutathione. 
Similar experience has been obtained in this laboratory (Bollenback and 
Fox, 1943). 

With any of the trinitrotoluenes in which two nitro groups are in ortho 
position, one will react with free amino groups on gentle heating, with the 
elimination of nitrous acid: 
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4 CHS CsHn(NO&+HzN CHR - COOH 
CHa CeH*(NO& - NH 9 CHR COOH+HNO* 

When this reaction is performed on a peptide, the dinitrotolyl peptide 
can be hydrolyzed without appreciable breakage of the linkage at the 
previously free amino group. 

The possession of this critical property of non-hydrolyrability would 
seem to make the trinitrotoluene structure a logical chemical embarkation 
point in the elaboration of a simple and therefore generally useful reagent. 

b. At Carbozyl Terminus 

The following reagents have been employed for identifying the amino 
crcid. 

Benzylamine. Benzylamine is another reagent which has been intro- 
duced by Abderhalden (Abderhalden and Brockmann, 1930). The peptide 
is converted to an ester, which is heated in benzylamine suspension. There 
re~ults a peptidebenzylamide: 

HSN CHR CO NH CHRl COOCoHs+HsN CHs CsHs 
-+HsN* CHR- CO-iNH. CHRt* CO* NH* CH,* CsHr 

This product hydrolyzes far less readily than the true peptide linkage 

8-Naphthol. This method was discovered by Lichtenstein, Hestrin, 
and crystalline compounds may be isolated. 

Dimant, and Brmm (1938). 

HzN* CHR. CO* NH- CHRi* CO* NH* C H h .  COOH 
B-naphthol ,H,N . C H h  . COOH+ HN - CHR - CO 

I I 
OC--CHRi-NH 

When tripeptides are heated in &naphthol a t  135-150" C., the amino acid 
bearing the free carboxyl is liberated, while the residue condenses to a 
substituted diketopiperazine. The two may be separated readily by solu- 
tion of the ring compound in alcohol. With leucylglycylglycylleucine only 
the glycineIeucine anhydride was recovered. This method may be appli- 
cable only to tripeptides, therefore, partly because of the expected deleteri- 
ous effect of such high temperatures on larger compounds. 

Thiohydantoin Reagents. This method bears certain similarities to the 
isOcyAnate procedure, but works on the acid end. Schlack and Kumpf 
(1926) have applied it to benmylleucylglycine and benmyltriglycine: 
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Benzoylleucylglycine+NH~NCS + (CH&O)sO 

C6Hr CO NH CH(C&)~@N<HZ 
L 

I I  
sc co 
\/ 
N _. 
H 

5 (cold NaOH solution) 
CsHK CO NH CH(C4Hp) COOH+thiohydantoin 

The particular thiohydantoin obtained corresponds to the original amino 
acid. This method has been successfully used on glutathione. One may 
question its utility on whole protein because of the vigorous reagents 
employed and the likelihood of their attack upon the large molecule. The 
free amino group, for instance, must be protected, as with a benzoyl group 
above. This degradation seems however to deserve further study. 

Grignard Reaction. The Grignard reaction has proved useful in identi- 
fying amino acid residues in amounts of less than 100 mg. I t  seems there- 
fore to be applicable to semimicro quantities, a property which is desirable 
in any reagent. Bettzieche (1926) and Bettzieche and Menger (1926) have 
developed this reaction, in which the terminal amino acid may be related 
to the ketone obtained: 

H2N CHZ - CO . NH CH(CH3) COOGH6+2 CaHK - MgBr 
HIN CH2. CO NH. CH(CHa) - C(OMgBr)(C6H& (+C2H6. OMgBr) 

H2N CH2 - CO. NR CH(CHa) - C(OH)(CaH& (+MgOHBr) 

1 
J, H2O 

H2O 
HzN CHI COOH+NHa+CHa CO CH(C&)i 

In the case of glycylalanine, illustrated by the reaction above, a 52 per 

This method, also, has been applied to glutathione. 
Bergmann-Zervas Degradation. The most elegant method for identifying 

terminal amino acids which has appeared is undoubtedly the Bergmann- 
Zervas degradation (Bergmann and Zervas, 1936) which relies heavily 
upon Curtius reactions, It has been used successfully in degrading a 
tetrapeptide, gly cylalanylleucylgIutamic acid. The peptide ester WLLB 

benmylated for protection, and converted through the hydrazide and 
szide to the benzylurethane, and then hydrogenated to give an aldehyde 
with one less carbon than the terminal amino acid. This left the benmyl- 

cent yield of the diphenylacetone was recovered. 
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peptideamide as residue and the process was repeated. The process ie 
obviously not simple and degradation has not been carried through more 
peptide links than the corresponding Bergmann-Zervas synthesis (Berg- 
mann and Zervrts, 1932), perhaps for similar reasons (Pacsu and W k n ,  
1942). 

The sequence of reactions can be represented schematically by the 
degradation of N-benmyl-Lleucine methyl ester: 

C&s CO NH CH(C$Ig) COOC& 
1 NHa-NHa 

CsHs CO NH CH(C4Ho) CO NH NHs 
1 HNOa 

C&s CO NH CH(CiH9) - CON8 
1 +c6& * CHI OH 

C&5* COO NH CH(CJ&) NH COO. CHS 
1 Ha(Pd) 

C&&* CO NHa+C$Io* CHO+NHs+COa+CHs* CaHs 

The yield of aldehyde in this instance was approximately 10 per cent of 
the starting compound. 

4. OTHERMETHODS 

a. Comparison with Synthetic Peptidks 

In a systematic investigation of isolated peptides it is now practical, 
as it wm not during the period in which most terminal amino acids were 
identified, to compare the isolated product with a synthetic material. 
This is possible because of the development of the carbobenmxy synthesis 
(Bergmann and &mas, 1932), which combines Lamino acids, and is not 
restricted to the simplest amino acids. 

The principle of comparison with synthetic materials has however been 
applied. One example of this is the finding of glycylphenylalanine in 
intestinal contents by Abderhalden (1912). 

b. Van Slgke Analysis 

The van Slyke reaction has been used for determining the amino acid 
sequence in a hydroxyproline-arginiine dipeptide isolated from clupein by 
Dim and Felix (1932). This study required determining only the presence 
or absence of amino N. It should however be expedient to determine the 
terminal amino acid of small peptides by nitrous acid analysis. Correc- 
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tiona for some hydrolysis would probably be necessary (Lieben and Loo, 
1942). 

Prior to such determination it is of course necessary to identify the 
amino acid components of the isolated peptide. The new amino acid 
bacterial assay technics (Shankman, Dunn, and Rubin, 1943), could be 
applied for systematic microdetermination and identification. 

IV. APPLICATIONS OF METHODS FOR 
IDENTIFYINQ TERMINAL AMINO ACIDS 

1. GLUTATHIONE 

The most thorough test of the methods dzveloped prior to 1929 proved 
to be the elucidation of the structure of glutathione. As in other structural 
studies, special methods also figured, but quite a number of the procedures 
alluded to in the preceding text were given the test of practical utility. 

A special bit of information was the finding that glutathione could be 
hydrolyzed to a dipeptide containing cysteine and glycine in aqueous 
solution at  62' C. (Kendall, Mason, and MrKenzie, 1930b). This was con- 
densed with 2, 3, 4trinitrotoluene, which product on hydrolysis yielded 
free glycine. 

The terminal glutamic acid component of glutathione with the free 
a-amino group was first demonstrated by Quastel, Stewart, and Tunni- 
cliffe (1923). This was done by condensing 2,3,4trinitrotoluene with the 
glutamic acid-cysteine moiety of glutathione and hydrolyzing the product. 
The dinitrotolyl derivative of glutsmic acid could not be obtsined in crys- 
talline form, but cystine was isolated, indicating it was the original amino 
m'd of the dipeptide. 

Some of the same peptide was treated with nitrous acid, and from 0.5 g. 
of material, 0.1 g. of a-hydroxyglutaric acid was isolated. 

Glutathione is an anomalous peptide in that it has both an a-amino 
and a-carboxyl of the same amino acid free. This was confirmed by oxida- 
tion with hydrogen peroxide, leading to the expected succinic acid after 
hydrolysis. 

Since Quastel and coworkers had been working with only a part of the 
glutathione molecule, it remained for others to confirm and extend the 
amino acid sequence in the natural peptide. Kendall, McKenzie, and 
Mason (1929) repeated the nitrous acid treatment, hydrolyzed, and 
obtained cystine and glycine only. 

These same workers (1930a) used the Bettzieche-Grignard method to 
indicate a terminal glycine residue. 

Nicolet (1930a, b, c) employed the Schlack and Kumpf thiohydantoin 
procedure to designate the terminal carboxyl as belonging to glycine. 
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This was also confirmed by the use of carboxypeptidase (Grassmann, 
Dyckerhoff, and Eibeler, 1930). 

All of the evidence was substantiated by the synthesis of glutrrthione by 
Harington and Mead (1935), and comparison of properties with the natural 
r-glutamylcysteylglycine. 

2. ANSERINE AND CARNOSINE 

The sequence of amino acids in these peptides (Fox, 1943) has be n 
determined by the trinitrotoluene procedure (Rarger and Tutin, 1918; 
Keil, 1930). A crystalline derivative of 8-alanine was isolated in each case. 
A characterized derivative of histidine was also reported, for comparative 
purposes. Barger and Tutin also reported the isolation of free histidine 
from the hydrolysis of dinitrotclylcarnosine. 

3. PROTEIN HYDROLYTIC PRODUCTS 

This subject has been covered in the review by Synge (1943). Elsewhere 
in the present review instances of the identification of amino acid sequences 
in proteins such as clupein, gelatin, insulin, and fibroin have been alluded 
to. The methods of partial hydrolysis of prcteins need to be developed 
much further. To obtain peptides one may employ such devices as treat- 
ment with cold concentrated acids (hydrochloric and sulfuric) for periods 
of several days, or treatment with dilute acids at elevated temperatures 
for lesser times. A rather elegant study of the conditions of hydrolysis 
is to be found in the publication of Felix, Hirohata, and Dirr (1933). At 
this time, however, the potentialities for finely controlled fissions would 
appear to be the greatest for enzymically catalyzed hydrolysis. The con- 
ceivability of resynthesis is here again a source of considerable doubt 
(cf. p. 161). 

The separation of peptides resulting from hydrolysis of proteins should 
be greatly improved by the further application of such tools as diffusion, 
adsorption (Felix and Lang, 1929), electrophoresis (Albanese, 1940), and 
liquid-liquid extraction (Martin and Synge, 1941). It is noteworthy that 
Felix w a ~  able to separate hydrolytic products of clupein as flavianates 
rather than as peptides. 

V. CONCLUSION 
The value of m y  individual method for identification of a terminal amino 

acid depends upon the purpose to which it is to be put and the type of 
material to be studied. These latter can probably best be divided into the 
small peptides, Qhe large peptides, and the proteins. 

Most of the methods reviewed above should be adequate for identifying 
dipeptides. It is of interest that in the establishment of amino acid sequence 
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in the natural dipeptides anserine and carnosine, and in the natural tri- 
peptide glutathione the trinitrotoluene condensation proved of key value 
for all three peptides. The possible utility of trinitrotoluene in sequence 
studies in protein hydrolytic products appears to have been neglected. 
Need for data of the effect of the various chemical reagents on functional 

groups other than a-carboxyl and a-amino exists. A maximum of difficulty 
might be expected from eamino groups reacting simultaneously in the 
same way as the a-amino groups. Such an effect was found in benzene- 
sulfonation of gelatin (Gurin and Clarke, 1934). Clutton, Harington, and 
Mead have demonstrated that selective suppression of the reactivity of the 
camino groups can, however, be brought about by pH control. Such 
control was accomplished in the reaction of gelatin with O-8-glucosido-N- 
carbobentiyloxytyrosyl azide. 

It is reasonable to suppose that judicious choice of conditions will provide 
the necessary control with marking reactants which condense with the 
a-amino group. 

In the amino acid group of reagents the Bergmann-Zervas degradation 
has been shown experimentally to offer no unusual difEculty even though 
an o-carboxyl of glutamic acid existed free in the tetrapeptide which was 
degraded. Inspection of the reactions of the Schlack-Kumpf procedure 
reveals that the combined a-amino group is essential for the thiohydantoin 
formation. It has thus been demonstrated that d6culties arising from 
reactions with non-a-amino groups or non-a-carboxyl groups are not 
serious. 

The study of terminal amino acids alone, in protein, would appear to 
have a working basis in procedures already developed. For the problem of 
amino acid sequence, the protein chemist has a number of large natural 
peptides on which described methods and others to be developed can be 
tested and strengthened. These peptides would include gramicidin (Hotch- 
kiss, 1934), secretin (Hammersten, Jorpes, and Agren, 1933), protease 
inhibitors (Northrop, 1934-35), and allergenic compounds (Abramson, 
Moore, and Gettner, 1942). 

A complete structure has been suggested for the protamine clupein 
(Felix and Mager, 1937). This work employed more definitely pure mate- 
rial than that which had been used by Waldschmidt-Leitz (1935). The 
structure offered relied upon the Bergmann-Niemann hypothesis, which 
the careful analytical work of Chibnall(l942) has shown to be yet unworthy 
of acceptance as a theory. The presence of amino acid-diarginyl sequences 
in clupein was demonstrated almost four decades ago (Kossel and Pringle, 
1906). 'Felix, Hirohata, and Dirr (1936) were able to isolate a small amount 
of triarginylarginine from a carefully controlled clupein hydrolyzate. 
Clupein is thus an excellent material for further study, although the high 
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proportion of arginine (88-89 per cent) makes this an atypical substance 
for the general study of amino acid sequence in proteins. 
To unravel the axnino acid sequence of the peptides and the proteins, 

the terminal amino acid would seem indeed to be a logical point at which 
to begin. 
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I . INTRODUCTION 
Although the element copper has been known to man since earliest 

times. its presence in plant and animal tissues was not demonstrated until 
a little over a century ago . Bucholz (1816) and Meissner (1817) appear 
to have been the first to report the presence of small amounts of copper i n  
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plants, and a few years later Boutigny (1833) reported its presence in animal 
tissues. These early studies stimulated a new interest in the element 
copper, and many workers since that time have concerned themselves with 
investigating many different plant and animal tissues for the presence and 
biological function of the elcment. 

No attempt will be made in this review to trace in detail the historical 
development of research in this field during the past century, for this 
has been done elsewhere (Lehmann, 1895; DhM, 1915; Redfield, 1934; 
Elvehjem, 1935; Rnwlinson, 1943). It should be pointed out, however, 
that for a long time most workers considercd that the copper present in 
biological material was merely accidental and had no definite function. This 
undoubtedly waq due largely to the fact that the early methods of analysis 
in many cases were faulty and not sufficiently sensitive. The amounts of 
copper involved were often very Rmall. ks a result much conflicting and 
erroneous copper data came into the literature. It was not possible to 
establish a definite correlation between copper content and biological 
function until these limitations in the methods of malysis had been over- 
come. Thus, although Lehmann (1895) reviewed and summarized the 
known facts regarding the dktribution of copper, it wm not until 1920 that 
the universal distribution of copper in plant life was established without 
question. This came about largely as the result of the work of Maquenne 
and Demowy (1920), Guerithault (1920) and Fleurent and Levi (1920). 
They found from 3 to 40 parts per million of copper h all plant materials 
which they analymd and suggested that copper must be an essential ele- 
ment in plant metabolipm. Most of the copper was found in the more active 
parts of the plants, such as young shoots and leaves, end it was therefore 
concluded that copper in some way had a role in the life processes of plants. 
Guerithault (1920) and Bertrand (1920) suggested that the role was of 
catalytic nature. 

In considering the position of copper in the animal kingdom it is neces- 
mry to distinguish the situation in marine animals, such as the snail, 
octopus, etc., from that in higher animals. This distinction is advisable 
because the nature of the problem and the development of research has 
been quite different in the two cases. Whereas there has long been a great 
interest in the copper content of the blood of marine animals, it is only 
comparatively recently that much serious attention has been given to the 
copper content of higher animal tissues and blood. Although Devergie and 
Hervy (1840) demonstrated its presence in the tissues of man over a cen- 
tury ago, and a few years later Dcschamps (1848) found copper in human 
blood, the amounts involved were very small and did not create much 
interest. Subsequent workers were inclined to believe that the small 
amounts of copper were of accidental origin, and it was not until about 1921 
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that copper wm accepted as a definite constituent of all animal tissues. 
A marked revival of interest in the copper content of higher animal 

tissues has developed during the past two decades as the result of studies 
on nutritional anemia. These studies, initiated in 1924 in the laboratories 
of the University of Wisconsin, have revealed that copper plays an impor- 
tant role in the formation of hemoglobin. Although the mechanism of this 
copper function is not yet clear, it appears that copper does not increase 
the absorption of ingested iron, but rather functions in the conversion of 
iron into hemoglobin and a series of such physiologically active compounds 
after the iron has been absorbed. These findings have led naturally to a 
closc examination of the distribution of copper in different animal tissues, 
in plants, milk and other foods, to the effect of copper on iron storage and 
utilization, to following changes in the copper content of blood, and to 
studying the relationship of copper to certain enzyme systems. The work 
in this field ha9 been reviewed by Elvehjem (1935) and more recently by 
Schultze (1940). 
As previously inferred, the development of interest and research on the 

copper content of the blood of marine animals came about much earlier 
than in the case of higher animals. This was most liiely due to the fact 
that relatively large amounts of copper were found in the blood of marine 
animals, and furthermore a correlation between copper content and func- 
tion was cvident very early. Likewise there wm no question of the copper 
being of accidental origin, for its concentration in the blood of certain 
marine animals was found to be many times the t in sea water. The pioneer 
observations in this field were made by Harless (1847) when he detected 
copper in the blue blood of snails and showed that tho copper did not exist 
as a free salt but in combination with the blood proteins. Marine animals 
and invertebrates possessing red blood were found to contain much smaller 
amounts of copper. Bert (1867) observed that Sepia blood on exposure to 
air turned from colorless to a deep blue, and he suggested therefore that the 
blue component of the blood of molluscs and crustaceans should be con- 
s i d e d  as a definite respiratory pigment. This suggestion was firmly 
established by Fredericq (1878) when he isolated the copper-containing 
protein of octopus (Octopus vulgaris) blood and showed that it behaved 
with oxygen in a manner similar to that of the respiratory pigment hemo- 
globin. He gave the copper-containing protein the name hemocyanin 
and called its blue, easily disvociable compound with oxygen, oxyhemo- 
cyanin. These ob.servations by Fredericq caused great intcrest in the 
hernocyanins; hence many investigators turned their attention to the 
rcspiratory function, copper content, and chemical nature of hernocyanins 
from various species of marine animals. 

In quite recent yearn this interest in copper-containing proteins has been 



182 C. R. DAWCJON AND 1. F. BULLEWE 

greatly enhanced by the high degree of purification of several new copper 
proteins from both plant and higher animal sources. These include three 
enzymes having oxidase function, i.e., tyrosinase (polyphenol oxidase), 
laccase, and ascorbic acid oxidase, all of plant origin, and several copper 
proteins of yet unestablished function which have been purified from higher 
animal tissues and fluids, i.e., hemocuprein, hepatocuprein, milk copper 
protein, etc. It is the purpose of this review to present the recent work on 
hemocyanins and the copper proteins mentioned above. 

11. THE HEMOCYANINS 
For a complete presentation of our knowledge of hemocyanins as of ten 

years ago, the reader is referred to the review by Redfield (1934). 9' m e  
that time extensive contributions have modified and extended our concept 
of the nature of these. complex proteins. But before reviewing this later 
work in some detail, it is advisable to recall the following rather well estab- 
lished facts. 

The hemocyanins are proteins occurring in solution in the blood of certain 
invertebrates, including species of molluscs and arthropods. They are 
conjugated proteins with copper as an essential part of the molecule, and 
have the property of forming a loose compound with molecular oxygen 
which dissociates a t  lower oxygen tensions. Thus the hemocyanins function 
in the transport of oxygen by the blood in a manner similar to the hemo- 
globins. The oxygenated compound (oxyhemocyanin) is blue, and when 
the oxygen has been removed the hemocyanin is colorless or perhaps slightly 
yellow. 

Although hemocyanins have been found only in the blood and body 
fluids of invertebrates, such as crabs, snails, lobsters, octopi, scorpions, etc., 
it must not be inferred that the hemocyanins are the respiratory pigments 
peculiar to animals of inferior organization. It is well known that certain 
worms, which are placed lower on the evolutionary scale than the above 
animals, have as respiratory pigments iron-containing proteins such as 
hemoglobin, chlorocruorin, and hemerythrin. Furthermore, related species 
may have hemogIobin aa the blood respiratory pigment in one case and 
hemocyanin in the other. In addition, the environment of the organism 
does not appear to control the type of pigment, since animals of both 
catcgories may live side by side. Likewise it is recognired that the hemo- 
cyanin blood of certain invertebrates has a higher capacity for transporting 
oxygen than the blood of some invertebrates containing hemoglobin. How- 
ever, the majority of the hemoglobin bloods have a greater oxygen capacity 
than any of the bloods containing hemocyanin. The fact that the oxygen 
capacity of the blood of animals containing hemocyanin is on the average 
considerably below that of animala provided with hemoglobin appears 
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to be due primarily to the following fact. Hemoglobin is circulated in 
suspended cells or corpuscles whereas the hernocyanin is dissolved in the 
blood.' For this reason factors such as solubility and viscosity which con- 
trol the effective concentration of the hemocyanin in the blood are not as 
important factors in hemoglobin blood. 

Because of the similar functions of the two respiratory pigments, there 
has been a strong tendency to use the same methodg of approach in research 
with the hernocyanins as proved successful wit.h the hemoglobins. Such 
studies, however, have revealed certain striking differences between the 
two classes of pigments. Whereas the hemoglobins from different sources 
are always similar in molecular size,' a great variation from species to 
species is observed with the hernocyanins. The molecular weights vary 
from 350,000 for lobster hemocyanin to over 5,000,000 for snail hemocyanin. 
Furthermore, etolutionary developments affecting the respiratory process 
in hemoglobin and hernocyanin animals have been along different lines. In 
the case of animals containing hemoglobin blood, evolution has resulted in 
the development of a great variety of respiratory organs for these more 
active animals rather than in modification of the respiratory pigment. 
With animals containing hemocyanin blood, however, the reverse appears 
to be true. 

It has recently been reported (Ball and Meyerhof, 1940) that animals 
provided with hemocyanin as the blood respiratory pigment also contain 
small amounts of iron porphyrin compounds. This fact suggests that the 
complete respiratory chain resembles that of the mammals except that 
hemocyanin replaces hemoglobin. The species investigat.ed were Limulus 
polyphemus, Busycon canaliculatum, Hornurns amricanus, and Loligo 
pealei of which all showed the presence in various parts of the animals of 
one or more of myoglobm, cytochrome oxidase, the cytochromes, and 
succinic dehydrogenase. In addition it has been reported (Bing, 1938) 
that mammalian organs perfused in the Lmdberg apparatus with an artifi- 
cial fluid containing hemocyanin as the respiratory pigment, were able to 
reduce oxyhemocyanin rapidly. This demonstration at least supports the 
conclusion that hemocyanin is capable of transferring oxygen to iron- 
porphyrin derivatives farther along the respiratory chain. It has also been 
suggested by Ranzi (1938) that hemocyanin is not present during the early 
growth stages of the embyro of Sepia oficinalis, but that copper is absorbed 
from sea water, and the hemocyanin is formed between Stages X and XVI 
in the development of the embryo. 

pigmente in the subsection on Molecular Dimensions (page 196). 
See the discussion of the molecular weight data for the endocellular and plasma 
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1. Preparation 
The occurrence of hemocyanin hm been obeerved in the blood of B nun- 

ber of invertebrates mostly classified as Cephalopodu, Gaslropoda, Crustma, 
and Xiphosura. This classification includes various species of crabs, 
lobsters, snails, squid, and octopi. In addition, hemocyanin definitely 
occurs in certain scorpions (Svcdberg and Hedenius, 1933) and may be 
present in some spiders (Wilson 1901). The quahog (Venus mercenuria) 
is a doubtful source (Ball and Meyerhof, 1940). For a list of animals known 
to contain hemocyanin the reoder is referred to Table 111. 

Because the hemocyanins are among the most e a d y  crystallized proteins, 
they have often been obtained in crystalline form. This ewe of crystalliza- 
tion appears to be due in part to the fact that they occur in fairly high 
concentration in the native blood, accompanied by moderately small 
amounta of other materials. Furthermore, Rawlmson (1943) suggests 
that the direct attachment of the heavy metal to the protein moiety of 
the hemocyauin molccule exerts forces tending to increase the ease of 
crystallisation. 

Many of the methods applied to the purification of other proteins have 
been employed in the isolation of hemocyanins. Included among the most 
generally useful methods are salt precipitation, dilution, dialysis, electro- 
dialysis, pH shift, and occasionally ultracentrifuga tion. The early work 
on crystallization was reviewed by DhBrB (1919), who has provided dctails 
and historical information. The first hemocyanin to be crystallized waa 
that from octopus. Henze (1901) added acetic acid to a saturated solution 
of the hemocyanin in strong ammonium sulfate, whereupon the hernocyanin 
became less soluble and crystallized. The hemocyanin of Loligo (squid) 
was crystallized in the same way. Octopus hemocyanin has also been 
crystallized by repeated ammonium sulfate precipitation and dialysis 
(Kubowitz, 1938). It has been observed by Montgomery (1930) that 
elevation of the temperature of the ssturated hemocyanin solution also 
decreases the solubility. He pointed out that a combination of slightly 
increased temperature plus the addition of acetic acid gave maximum 
yields of crystalline hemocysnin without degradation of the protein. The 
hernocyanin of Helix (snail) is inwluble in the absence of electrolytes, and 
has becn cryst,allized by prolonged dialysis. The crystallization may be 
brought zbout more rapidly by electrodialysis during which the crystals 
deposit a t  the positive pole. Recrystallization may be carried out by satu- 
rating a N/500 sodium sulfate solution with the homocyanin, and on strtnd- 
ing an abundant crystallization takes place (Redfield, 1934). The addition 
of papain to filtered Helix blood or to alkaline solutions of the hernocyanin 
results (DherB and Baumeler, 1929) in crystal formation after standing 
twenty-four hours. The possibility of modification of the hemocyanin by 
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this treatment has not been definitely excluded (Philippi and Hernler, 
1930). 

The hcmocyanin of Palinurus has been obtained in crytsalline form by 
precipitating it by electrodialysis and then taking up the amorphous solid 
in just enough N/5 sodium chloride solution to dissolve it. On standing, 
crystals are formed (Redfield, 1934). Crystalline hemocyanin from the 
species Jasus lalandii (Australian crayfish) was obtained (Rawlinson, 1940) 
by dialyzing against cold water. Solutions of the hemocyanin of Viviparus 
malleatus (snail) yielded crystals (Cohen, 1942) on the addition of heparin. 
Buqcon hernocyanin was precipitated, while the hemocyanin of Limulus 
was apparently unaffected by the addition of heparin. The pigments of 
other species have been crystallized in similar ways, but in some cases 
crystallization has not yet been accomplished. The hernocyanin of Busycon 
canaliculalum is an outstanding example of those not yet crystallized. 

The crystal system to which a given hernocyanin belongs is uncertain, 
for different methods of preparation result in different crystalline forms. 
Since it is now recognized that crystalline form is not a good criterion of 
purity, the earlier emphasis on the crystallization of proteins has some 
what abated, and purification without the additional step of crystallization 
is now often employed for obtaining pure hernocyanins. 

Such purification methods are very similar to those previously discussed 
for crystallizing the hernocyanins. For example, the hernocyanins of 
Helix p o d i a ,  Carcinus moenas, Octopus vulgaris, and Limulus polyphemus 
were prepared by Roche et a/.  (1935) using dialysis against water at  0' C. 
A very small amount of an isoelectric acetatc buffer or potassium phosphate 
buffer I W ~  added to hasten the prccipitation. The first portion of the pre- 
cipitate (cxtraneous matter) was discarded, and the subsequent hemo- 
cyanin precipitate was thcn reprecipitatcd (or recrystallizcd if crystalliza- 
tion happened to occur) from sodium chloride solution and dialyzed until 
salt-free. Purified Helix pomutia hemocyanin was also obtained (Putzeys 
and vah de Walle, 1940) by precipitation from half saturated ammonium 
sulfate solution followed by dialysis and then by clectrodialysis until the 
first solid appeared. The above solution on standing deposited non-hemo- 
cyanin material which was discarded, and the remaining solution contained 
the purified hernocyanin. By way of modification, Tiselius and Horsfall 
(1939b) prepared the hernocyanins of Helix pomatia and Helix nemoralis by 
dialysis against a primary-secondary phosphate buffer at  an ionic strength 
of 0.1 and at  4' C. Such solutions when frozen and stored at - 10' C. 
showed a single protein component by electrophoresis. When stored at 
+4OC. some change in the Figment took place, sincc insoluble matter 
wag precipitated, and the remaining solution contained two electro- 
phoretically distinguishable components. 
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As a final example of purification, Allison and Cole (1940) purified the 
hernocyanins of Umulzcs ,polyphemw, Homamcs americanus, and Cancer 
boredis by isoelectric precipitation followed by electrodialysis. The hemo- 
cyanin was then dissolved in the minimum amount of 0.01N sodium 
hydroxide and reprecipitated by adjusting to the isoelectric point with 
0.01N hydrochloric acid. This process was repeated three times and fol- 
lowed by electrodialysis against running distilled water. The hemocyanin 
precipitated on €he membrane nearest the anode. It was found necessary 
to remove most of the salt before electrodialysis; otherwise denaturation 
occurred, probably caused by an excess of acid near the anode. 

2. chemical cmpositim 
The elementary composition of the bloods and hemocyanins of many 

species has been reported. With the hernocyanins the main interest has 
centered on copper which, according to recent data, ranges from 0.15 per 
cent to 0.26 per cent on a dry weight baais. The more importapt data and 
particularly the more recent data on the composition of the purified hemo- 
cyanins are collected in Table I. From the data in this table it appears 

TABLE I 
Recent D d a  on i h  Elementaw CompositMR of V h u a  Hcmoeyanina 

C H N S Cu Rderenoer 

pace& prrcac( p r r c a l  p a M n t  pszcat 
Mdlwua 

Helit pomdicr 63.4 6.9 16.16 0.76 0.24 (1) 
16.22 (2) 

Bwyeon conolieuldum 63.6 6.86 16.9 1.23 0.246 (1) 

18.09 (2) 

b l i p 0  p& 62.76 6.8 16.76 1.19 0.26 (1) 

Limdw polgphemw 63.4 6.9 16.9 1.10 0.173 (1) 
17.6 1.22 (4) 
16.10 0.173 (6) 

Hmrua awdeuntu 63.07 6.86 18.78 0.90 0.187 (1) 
18.22 0.187 (6) 

J a w  Wundii 0.148 (6) 
C a m  borsalis 16.16 0.181 (6) 

Odopw vulgarin 8 . 4  8.96 16.9 1.04 0.26 (1) 

0.26 (3) 

Arthropods 

Carcinua* 18.83 (2) 

(1) Herder and Philippi (1930 and 1933). 
2) Roche, .et al. (1936). i 3) Kubomtz (1938). 
4) Mazur (1937 . 
6) Albion and k l e  (1940). 
6) Rswlinson (1940). 
* Not otherwise identified. 



TABLE I1 

R& Data an the Amino Acid Content of V&w Hnnoeyanins 

Tryptophan Tyrosine Cj*stine Arginine Histidins Lysine Leucine Valine Alanine References 

per cent 

5.90 
psr WnI 

4.59 
par Ccnt 

2.05 
pcr cent 

5.26 
percent percent 

5.81 7.46 

5.81 
4.86 

4.42 
4.59 

1.91 
1.95 

5.18 
5.19 

6.15 6.91 
5.98 8.63 

5.68 3.89 2.08 5.44 0.11 8.47 

2.02 5.62 5.92 7.90 5.55 4.82 

5.21 4.82 1.99 0.65 8.89 7.97 

Dromia vdgaria 
Maiu s q u i d  
Limulua po lyphmw 

5.15 
4.44 
452 

4.13 
4.27 
4.50 

1.52 
1.88 
2.26 

5.72 
5.87 
6.85 

7.12 9.61 

8.08 8.10 

0.37 4.62 8.92 

(1) Roche and Jean (19%) (2) Roche and Morugue (1941) (3) Maeur (1937) 
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that the hemocyanins of the Mollusca contain more copper than the hem+ 
cyanins of the Arthropoda. On the other hand, the hemocyanins of the 
Arthropoda are evidently slightly richer in nitrogen. The table ahows that 
the hemocyanins of different species of Mollusca (or Arthropoda) cannot 
bo differentiated on the basis of elementary analysis and suggests the same 
hemocyanin for all species within the group. However, studies of the 
physico-chemical properties of the hemocyanins have revealed stiiking 
dissimilarities. 

Data indicating the distribution of nitrogen, shown by the amino acid 
content of hernocyanins from different species, is given in Table 11. Roche 
and Jean (1934b) have claimed that a differentiation of the hemocyanins 
of the Mollusca from those of the Arthropoda can be made on the basis 
of the basic amino acid content. However, this conclusion is not self- 
evident from the data on arginine, histidine, and lysine shown in the table. 
Furthermore, euch a conclusion seems premature in view of the marked 
disagreement in the histidine content of Limulus polyphemus. Mamr 
(1937) reported that of the 1.22 per cent sulfur in the hemocyanin of 
Limulus polyphemus, 49 per cent was found as methionine, 47.5 per cent 
as cystine, and 3.5 per cent was converted into hydrogen sulfide by reduc- 
tion with hypophosphite in hydriodic acid. Finally, Gatterer and Philippi 
(1933), analyzing spectrographically the hemocyanin of Buwycon canali- 
culutum, as well as hemocyanins of other species, were unable to find heavy 
metals other than copper in experimentally significant amounts. Par- 
ticular attention was paid to zinc, iron and manganese. 

3. The Prosthetic Group Problem 

As pointed out above, copper is an integral part of the hemocyanin 
molecule, and this fact has been known for a long time. However, the 
manner in which the copper is bound to the protein moiety of the hemo- 
cyanin is still very much in doubt. Is copper directly attached to the 
protein, or is it attached indirectly through a prosthetic group analogous 
to that found with iron in the hemoglobin molecule? In other words, does 
cosper in itself const.itute the entire prosthetic group, or is it merely an 
essential part of the prosthetic group? Numerous investigators have 
searched for the answers to these questions. 

Much of the research on the hemocyanins has been planned with the 
nature of the hemoglobins in mind. This has led first, to a search for a 
porphyrin derivative in the hemocyanin molecule, and then later to a 
search for any sort of a non-protein fragment which might function as a 
prosthetic group. A porphyrin has not been found, though there have been 
occasional reports of the presence of pyrrole nuclei in some degradation 
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products of hemocyanin. Although there has been some support for the 
presence of a definite organic prosthetic group2, other investigators have 
disputed such findings. In the opinion of the present authors, the avail- 
able evidence supporting either the presence or the absence of such B 

prosthetic group is inconclusive. Before considering the evidence which 
has accumulated from degradative studies, it seems advisablc to discuss 
the absorption of oxygen by the hemocyanin molecule and the role of 
copper in this process. 

The Role and State of Copper. Although the evidence is not extensive, 
the copper in the hemocyanin molecule is probably in the cuprous state. 
Kubowitz (1938), working with Octopus hemocyanin, observed that the 
addition of hydrogen cyanide followed by dialysis at pH 7.4 split copper 
out of the hemocyanin molecule’and reduced the copper content to 0.044 
per cent. He further noted the disappearance of the spectral band char- 
acteristic of the oxyhemocyanin. (See this section, Optical Properties.) 
After the removal of the copper as described above, the hemocyanin 
molecule WBS resynthesized by the addition of cuprous chloride under an 
inert atmosphere. Then, on reoxygenation, the spectral band of the ow- 
hernocyanin reappeared to the extent of 50 per cent of the original intensity, 
indicating the restoration of cuprous copper in one-half of the original 
hernocyanin. This result is the best evidence 80 far obtained that copper 
is present in the cuprow valence state in the unoxygenated hemocyanin 
molecule. 

An earlier attempt by Conant, Chow, and Schoenbach (1933) to estab- 
lish the valence state of the copper was based on the oxidation of heme 
cyanin with potassium permanganate and potassium molybdicyanide. 
The titration curves obtained revealed an equivalence of the oxidizing 
agent with the quantity of copper known to be present. Conant et al. 
called their oxidized hernocyanin, methemocyanin, and reduced it to a 
product which at least superficially resembled the original hemocyanin. 
They presumed, therefore, that the copper had been oxidized from the 
cuprous to the cupric state, since the expected amount of oxidizing agent 
was involved, and the oxidation was apparently reversible. However, 
Rawlinson (1941) maintained that Conant and coworkers were misled in 
their conclusions, since he was unable to find a change, by magnetic sus- 
ceptibility measurements, in the valence state of copper while treating 
hemocyanin as described by Conant, et al. Although such measurements 
are capable of detecting a change in the valence state of the copper atom, 

* The term “organic prosthetic group” is used throughout this discussion to desig- 
nate a non-protein, metal-free organic fragment or complex as exemplified by the por- 
phyrin part of the prosthetic group of hemoglobin. There is no intention to imply that 
the protein moiety of the hemocyanin molecule is not organic. 
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it is known that they cannot establish the actual valence of that atom in 
any given state. For this reason, Rawlinson’s work casts doubt on the 
conclusions of Conant and coworkers, but neither adds to nor detracts 
from the evidence supplied by Kubowitz. 

Bert (1867) observed a change in the color of the blood of cephalopods 
ae it passed through the gills of these animals. The subsequent establish- 
ment of the physiological function of the hemocyanins as oxygen carriers 
wae based on this observation. Analysis of the oxygen and carbon dioxide 
content of the arterial and venous bloods of the Oclopus (Winterstein, 
1909) and of squid ( W e l d  and Goodkind, 1929) showed that a verylarge 
proportion of the combined oxygen is utilized with each complete circuit 
of the blood. The hemocyanin bloods of the highest oxygen capacity are 
those of the cephalopods which are the most active of the large marine 
invertebrates. On the other hand, the bloods of the gastropods and of 
Limulus are saturated at  lower oxygen pressures than the bloods of the 
cephalopods, and hence the former, though limited in activity, are fitted 
for life where oxygen is relatively scarce. The squid (a cephalopod) is 
capable of great activity in the presence of a plentiful supply of oxygen, 
but is extremely sensitive to the lack of oxygen. Even the active Octopus 
(also a cephalopod) has a better chance for survival than the squid, since 
the hemocyanin of the former is oxygenated at lower pressures than the 
hemocyanin of the squid (Wolvekamp, 1938b). The hemocyanins of the 
crustaceans are in a somewhat intermediate position. One of them, the 
hemocyanin of Jaws  lalandii, has been reported (Rawlinson, 1940) to 
have an oxygen capacity of about one-fifth that of hemoglobin on a weight 
basis. 

It has been well established by the data of Redfield, Coolidge, and 
Montgomery (1928) and Guillemet and Gosselin (1932) that during the 
oxygenation of hemocyanin, one molecule of oxygen combines with the 
quantity of hemocyanin containing two atoms of copper. This result was 
reported for the hemocyanins of all thirteen species tested, and was inter- 
preted as strong evidence of a direct union of the oxygen with the copper. 
Recently it has been speculated (Itawlinson, 1941) that the orientation of 
groups within the protein portion of the hernocyanin molecule confers on 
the copper atom the power of combining directly with oxygen. Since such 
a combination results in the formation of oxyhemocyanin with a charac- 
teristic blue color, it was further suggested that this color might be due 
to a resonating structure formed by linking each oxygen molecule between 
two atoms of copper. Rawlinson pointed out that such an assumption 
makes the presence, of a separate organic prosthetic group quite unneces- 
sary. 
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A very important part of the study of the hemocyanins hss been con- 
cerned with the combination of oxygen and the hemocyanin molecule. 
These studies have involved investigations of the oxygenation reacti.on of 
both hemocyanin bloods and the purified hemocyanins, and have yielded 
data on the kinetics of the reaction, the heat of the reaction, and particu- 
larly the equilibrium conditions. Practically all of this information was 
accumulated prior to 1934, largely aa the result of the efforts of Red- 
field and coworkers, and was therefore surveyed in detail in his review 
(Redfield, 1934). For this reason, and the fact that in this review emphasii 
has been placed on the nature rather than the function of the copper pro- 
teins, the oxygenation reaction will not be discussed to any extent. It 
should be pointed out, however, that some of Redfield's (1934) interpreta- 
tions of the oxygenation reaction were based on the belief, prevalent at  
that time, that the hemocyanin molecule contained a definite organic 
prosthetic group? 

The interaction of hemoglobin h t h  carbon dioxide and the formation of 
compounds with carbon monoxide and cyanide have led many investigators 
to look for analogies with the hemocyahins. Because of their role in respira- 
tion, the nature of the interaction of hemocyanins with carbon dioxide 
has long been of interest. The early investigations (Redfield, 1934) revealed 
that, whereas carbon dioxide deoxygenates oxyhemocyanin, no evidence 
of any definite compound formation was obtained. However, it was 
recognized that the exchange of carbon dioxide for oxygen in the tissues, 
and the reverse exchange in the respiratory organs of marine animals, was 
dependent on hemocyanin. In more recent years, Wolvekamp (1938a) 
has found that a small amount of carbon dioxide greatly increases the dis- 
sociation of the oxyhemocyanins of Sepia .oqicinalis (lobster) and Octopus 
indgaris. About the same time, Wolvekamp (1938b) reported the presence 
of carbonic anhydrase in the gills of Loligo (squid). Later, however, he 
could not detect the presence of this e n m e  in Helix pomalia, C a w  
pagarus, and H m w s  vulgaris, and found that the carbon dioxide in the 
bloods of these animals was present only as bicarbonate. 

Cyanide decolorizes oxyhemocyanin (Kohrt, 1903) to form a compound 
called cyanhernocyanin. This reaction has been made the basis of methods 
for estimating the amount of oxygen combined with the hemocyanins (Red- 
field, 1934). Cyanhemocyanin does not combine with oxygen to form a 
compound containing both oxygen and cyanide (Cook, 1928). Rather, it 
has been suggested that in the absence of excess cyanide, oxygen displaces 
cyanide from cyanhernocyanin (Craifaleanu, 1919). Peanon (1936) 
working with Limulus hemocyanin followed the decomposition of oxyhemo- 

l8ee footnote on page 189. 
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cyanin on addition of cyanide. Based on the disappearance of the charac- 
teristic color of oxyhemocyanin, his data indicated that in the displace- 
ment reaction two cyanide groups combined with each copper atom. 
Although in certain experiments Pearson used only enough cyanide to 
partially decolorize the oxyhemocyanin present, he was not able to dupli- 
cate the results of Craifaleanu even with increased oxygen pressures. 
However, alkaline dialysis for three weeks was found to restore 60 per 
cent of the oxyhemocyanin previously decolorized. In addition, Pearson 
also observed that solutions of cyanhemocyanin contain free cyanide which 
is apparently in equilibrium with the cyanhemocyanin. 

The literature relating to the formation of a definite compound between 
hemocyanin and carbon monoxide is contradictory. Certain investigators 
have been of the opinion that a definite compound is foimed (Craifaleanu, 
1919; Root, 1934; Roche, 1936). On the other hand, other workers have 
failed to obtain evidence of such compound formation (DhBr6 and Schneider, 
1922; Roche and Dubouloz, 1933a). Likewise, Rawlinson (194C) has 
recently reported that the hernocyanin of Jasus lalandii does not combine 
with carbon monoxide, the amount of carbon monoxide actually present 
being no more than could be accounted for by physical solution. Although 
there has been some tendency to discount the experiments of Root because 
they were carried out using Limulus senim rather than the purified hemo- 
cyanin, it should be pointed out that Allison and Cole (1940) have demon- 
strated that the carefully prepared sera of Limulus polyphemus, Cancer 
borealis, and Homarua americanus contain no proteins other than hemo- 
cyanin. 

Degradation Studies. Quite a number of degradation studies have been 
carried out in the attempt to find and isolate the prosthetic group of hem+ 
cyanin. Various hemocyanins have been used. However, ah examination 
of the contradictory results and opinions leads to the conclution that a 
definite decision regarding the presence or abnence of a prosthetic group' 
cannot be made at this time. As pointed out earlier, probably the greatest 
single factor contributing to this condition has been the tendency to view 
the hemocyanins in the reflected light of the hemoglobins. Bccause the 
work does not divide itself chronologically, those studies supporting the 
existence of a definite prosthetic group will be presented first. 

Philippi (1919) obtained a dark green product by treatment of Helix 
hemocyanin with strong alkali. This material was 7 per cent copper and 
gave an intense pine eplint test for pyrrolo. The latter fact arouped much 
interest since pyrrole derivatives were known to be the fundamental units 
of the porphyrin group of hemoglobin. However, Dh6r6 and Baumeler 

8 8 e e  footnote on page 189. 
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(1928, 1929) were doubtful of t4he presence of porphyrins in Philippi’s 
product for they were unable to detect the characteristic red fluorcsccnce 
of thesc compounds. About the same time Schmitz (1930,1931) obtained 
by alkaline degradation a product from Octopus hemocyan in which he 
named hemocuprin. This material had the composition C 45.04, H 6.99, 
N 12.58, and Cu 6.27 per cent, and Schmitz bclicvcd it to be a tetrabasic 
organic acid with the copper bound 11s a complex. Furthermore, he found 
no evidence of a porphyrin structure. 

Conant and Humphrey (1930) and Conant, Dersch, and Mydans (1934) 
using the strong alkali procedure of Philippi, prepared a material from 
Limulus hemocyanin which upon further treat<ment yielded a black in- 
soluble powder containing practically all the copper of the original hemo- 
cyanin. They reported its composition to be: Cu 21.5, N 9.2, C 39.5, 
H 5.6, and S 8.0 per cent. They bclieved their product was a complex 
copper salt of a polypeptide containing leucine, tyrosine, and serine and 
that the sulfur was not present 3s cystine, cysteine, or methionine, and 
probably not ae taurine. Since ammonia removed both copper and sulfur 
from the black powder, Conant, et al. suggepted that the copper was at- 
tached as a complex to an unknown sulfur compound as well as to the 
polypeptide. In attempting to demonstrate that the black product was 
not formed by the recombination of degradation products, they showed 
that the addition of copper sulfate to the original Limulus blood did not 
greatly increase the amount of the black pigment formed. A molccular 
formula wm proposed, and copper wm reported (Conant, Dersch, and 
Mydans, 1934) to be present in the cupric state. Although Conant, el al. 
were unablc to obtain hemocuprin from Limulus blood by the method of 
Schmitz, they reported that their black powder could be converted into a 
material similar to hemocuprin by prolonged treatment with alkali. 

Laporta (1932) treated Oclopulr hemocyanin with acetone and acid, and 
obtained a product which he considered to be identical with Schmitz’ 
hemocuprin. As a matter of fact, Roche and Dubouloz (1933a, b) observed 
the same ultraviolet spectrum for the products of both workcn and con- 
cluded that thcy were identical. Laporta stated that his material gave a 
positive pyrrole test. In their study, Roche and Dubouloz duplicated 
the degradations of Schmitz and Laporta with the bloods of snail, octopus, 
and crab, and concluded that the copper complexes obtained were the pros- 
thetic groups of the hemocyanins. They found, however, no evidcnce of a 
porphyrin structure. 

Using the hemocyanin of snail, Florkin and Toussaint (1939) prepared 
the product first described by Philippi (1919). They then demonstrated 
that this material could be changed into t*he products described by both 
Schmitz and by Conant, et al., thereby indicating a relationship between 
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the three copper-containing materials. With Conant’s “compound” they 
obtained a positive orcinol test, indicating the presence of pentose, but the 
test was negative on Schmitz’ hemocuprin. 
As previously inferred, many workers have been of the opinion that the 

hernocyanins have no prosthetic group other than copper. Among the 
first to take this view was Henze (1901) who believed that the hemocyanin 
of Oclopu8 contained nothing comparable with the porphyrin of hemoglobin. 
The ease of removing the copper from the hemocyanin by a mild acid 
treatment led him to propose a copper-albuminate type of linkage. This 
view was supported by Kobert (1903), Alsberg and Clark (1910), and by 
Roche (1930). Somewhat later Roche and Dubouloz (1936) degraded the 
hernocyanins of Helix pamatia and Cancer pagarus with acetone and hydro- 
gen chloride and obtained a product similar to the hemocuprin of Schmitr. 
Hydrolysis of this material yielded leucine, tyrosine and good evidence 
for the presence of arginine. Because of the difference in amino acids, 
they pointed out that their degradation product was different from that 
of Conant et al. Roche and Duboulos concluded ,that the copper was 
attached to a polypeptide, but felt that the polypeptide was merely a 
fragment of the protein molecule rather than a stable prosthetic group. 
As the result of more recent experiments, Rawlinson (1940) came to the 

conclusion that the degradation product of the crystalline hemocyanin of 
Jaws lalandii was nothing more than basic copper sulfide contaminated or 
combined with protein breakdown products which possessed peptizing 
properties. He claimed that much of the controversy over the nature of 
the copper degradation product was probably due to the fact that in certain 
cases workers had used whole bloods rather than purified hernocyanins. 
He pointed out that the whole blood of Jaws contained many things other 
than hemocyanin and emphasized that the use of such blood would in- 
crease the opportunities for contamination of the copper compounds with 
protein fragments. 
In criticizing Conant’s work, Rawlinson (1941) maintained that the 

copper was almost certainly detached from the protein as soon as the 
hemocyanin solution was made strongly alkaline. For this reason, he con- 
sidered it very unlikely that the product of Conant el al. had its copper 
combined in the same manner and to the same groups as in the native 
protein. It is to be noted, however, that Rawlinson apparently disregarded 
the experiment of Conant, Dersch, and Mydans (1934) designed to show 
that their copper-containing degradation product did not arise through 
recombination of ionic copper and protein fragments. 

The foregoing discussion makes it apparent that the problem of whether 
or not the hemocyanin molecule contains a prosthetic group in addition to 
copper, is a difficult one and one that has not yet been satisfactorily 
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answered. The complexity of the problem is further emphasized by the 
fact that certain investigators of long experience in the field have at one 
time or another supported each side of the controversy. 

Methemocyanin. Conant, Chow, and Schoenbach (1933) investigated 
the effect of oxidizing agents on the hemocyanins of Limulus polyphemus 
and Homarus americanus. Only the very strong oxidizing agents, potassium 
permanganate and potassium molybdicyanide, appeared to alter the hemo- 
cyanin significantly in neutral solution. They believed that in the absence 
of oxygen the reaction resulted in the formation of a new compound which 
they called methernocyanin (to correspond with methemoglobin). This 
compound , which was colorless , became greenish-blue when shaken with 
air, and then colorless again when placed under vacuum. They interpreted 
this color change as being due to a reversible combination of colorless 
methemocyanin with oxygen to form greenish-blue oxymethemocyanin. 
By following the potassium permanganate (or potassium molybdicyanide) 
oxidation of hemocyanin either electrometrically or by indicator change, 
Conant et al. obtained data indicating reduction of one equivalent of oxi- 
dizing agent for each atom of copper. Hence they assumed that the reac- 
tion involved the oxidation of cuprous copper to the cupric state. The 
oxymethemocyanin was purified by ammonium sulfate precipitation, and 
during this process a brownish solid was observed which was reported as 
probably being manganese dioxide. The purification process led to a prod- 
uct that had a color distinctly different than that of oxyhemocyanin but 
of about the same intensity. Furthermore, chemical reduction led to a 
product that resembled the original hemocyanin, especially in the case of 
reoxygenation. The oxidizing power of the methemocyanin itself was found 
to be equivalent to a change of oneelectron for the amount of copper 
present. 
As pointed out previously, Rawlinson (1941), as the result of magnetic 

susceptibility measurements, found no change in the valence state of 
copper in the presence of strong oxidizing agents and, therefore, criticized 
the above conclusions of Conant and coworkers. Rawlinson believes that 
Conant, et al. were misled by a “series of accidents,” and he offered the 
following explanation of their findings. The very strong oxidizing agents 
partly oxidized some portions of the protein moiety rather than the cuprous 
copper, and the portion affected was not concerned with the oxygenation 
reaction of the hemocyanin molecule. During the oxidation at pH7 the 
oxidizing agent was reduced only to an intermediate valence state, and 
thus the resulting mixture contained oxidized protein plus manganese 
dioxide in the case of potassium permanganate. The manganese dioxide 
was highly peptized by the protein and could not be completely removed. 
This manganese dioxide protein mixture had a modified color and had the 
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properties ascribed by Conant to a new compound, oqmethemocyanin. 
Finally, Rawlinson noted that the apparent dependence of the oxidation 
on the amount of copper was fortuitous, and probably due to the fact that 
Conant’s group used the same concentration of protein in each experiment. 
This would result in all experiments in the peptization of an amount of 
manganese dioxide always proportional to the amount of protein used 
and, thereby, proportional to the copper content. 

4. The Prolein Moiety 

All the hemocyanins appear to be globulins and as such are soluble in 
dilute salt solutions (Quagliariello, 1924). This charact,eristic solubility 
fits the hemocyanins for circulation in body fluids which contain dissolved 
electrolytes. Furthermore, the hemocyanin molecules are very large, 
and hence are retained within the walls of the fluid spaces in which they 
circulate. Finally, as protein ampholytes the hemocyanins function as 
buffers, take part in the transport of carbon dioxide, and influence the 
equilibrium of electrolytcs across membranes bathed by the blood. These 
last properties are all shared by many othcr blood proteins. 

The existing knowledge of the detailcd structure of the hemocyanins 
has been previously discussed in terms of the elementary composition and 
the amino acid content. However, such data contribute nothing regarding 
the presence or arrangement of larger structural unitR in the hcmocyanin 
molecule. In fact, information on thifi important subject has been obtained 
only recently as the result of the investigations of Trurnit and Berghold 
(1942). These authors conducted interferomctric studies of monomolec- 
ulnr films of the hernocyanin of Helix pomafia. They concludcxl that this 
molecule consists of eight rods arranged in two parallel sheets of four rods 
each. In addition, the coherence between the rods within a sheet seem 
greater than the coherence between the two Rhmts. Such obscrvations are 
in agreement with the phenomenon of dissociation which will be discussed 
later. 

Molecular Dimensions. The molecular dimensions of the hernocyanins 
have been widely investigated by a number of independent methods. The 
majority of the data has been obtained with the ultracentrifuge (often in 
conjunction with diffusion measurements), and such data are perhaps the 
moRt reliable. Although confirmation of the results from the ultracentri- 
€uge has been generally obtained with other methods of measurement, 
the occasional diaagreements have stimulated research on new and old 
methods alike. 

The hernocyanins possesa the largest known minimum molecular weights 
based on analytical data only. Assuming one atom of copper per molecule, 
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the molecular weights of the hernocyanins of the Mollusca are about 25,000. 
The hemocyanins of the Arthropoda have a lower copper content, and hence, 
the minimum molccular weights are somewhat higher, 37,000. Actually, 
these minimum molecular weights probably should be doubled for, 89 

indicated previously, the quantity of hemocyanin that combines with a 
single oxygen molecule contains two atoms of copper. Cohn (1925) by 
ultrafiltration of Limdus hemocyanin estimated the molecular weight to 
be 68,100. Hoarever, shortly thereafter, DhBrB and Baumeler (1926) 
observed that hemoglobin would pms through collodion membranes 
which retained hernocyanin. They, therefore, believed hemocyanin mole- 
cules to be larger than those of hemoglobin. In addition, the 0xygt.n equi- 
libria of certain native bloods could be accounted for only by assuming a 
minimum unit large enough to combine with four molecules of oxygen. 
This requirement indicated a minimum weight of 200,000 to 300,000 (Red- 
field, 1934). Finally molecular weights, running from about 300,000 
upward to several millions, were calculated by Svedberg and his collab- 
orators from data obtained by using the ultracentrifugal methods of 
sedimentation velocity and sedimentation equilibrium. The endocellular 
pigments, such as the hemoglobins and hemerythrins, are comparatively 
small molecules with weights ranging from 17,000 to 68,000, while the 
plasma pigments (hernocyanins, erythrocruorins, and chlorocruorins) are 
very large, ranging from 300,000 upward (Roche, 1936). A single exception 
is the plasma erythrocruorin of Chironomus with a probable molecular 
weight of either 17,000 or 34,000. 

Table 111, showing molecular weights and related data for various hemo- 
cyanins, is largely adapted from Ericksson-Quensel and Svedberg (1936) 
and Svedberg (1937, 1939). For a more extensive list of Redimentation 
constants the reader is referred to Svedberg and Hedenius (1934). The 
molecular weight data in this table are based on studies made several 
years ago and therefore are probably subject to upward revision. As knowl- 
edge of the phenomenon of protcin dissociation incresses and its influence 
on molecular wcight determinations is better understood, the reported 
molecular weights become larger. For instance, a comparison of the molec- 
ular weights in Table I11 with those reported by Svedberg and Chirnoaga 
(1928) and Svcdberg and Ericksson (1032) a few years esrlier, i.e., Helix 50, 
Octopus 20, Limulus 13, Homarus 6.4, and Palinurus 3.6, all times 10: 
illustrates the tendency towards larger estimates of the molecular weight. 
Additional evidence of this upward trend is to be found in the report of 
Brohult (1940) that the hemocyanin from the fresh blood of Helix pomatia 
had a molecular weight of 89.1X106 for the main component. Ekwall 
(1942) reported a molecular weight of 87x10' in the pH range of 4.0 to 
7.4 for the hernocyanin of Paludina vivipara. It should be pointed out, 



TABLE 111 
Molecular Weighd and Relded Data j m  the Hemocyanim oj Variow Speeh 

Pandaha bored* 6.8 17.4 3.97 1.1 (1) 
Palinwwr vulgarh 6.8 16.4 3.4 4.46 4.47 1.2 4.6 (1,2) P 
Hdiz pnatiu (dissoc. comp.) 9.7 12.1 2.23 5.02 1.5 5.05 (1,2,6) pl 

(1,2,3) jl Blcsyam canulielJ4tum (dissoc. comp.) 9.6 13.5 3.29 3.79 1.4 4.49 
Elcdonc nasrjrata (diseoc. comp.) 11.6 10.6 2.16 4.57 1.9 4.6 (1, 2, 3) 
m Q ~ M s n c g i c ~  
Honuuwvu&zzris 6.8 22.6 2.78 7.52 8.03 1.3 4.95 (11 293) 
H d i z  pomCrtia (dissoc. comp.) 8.6 16.0 2.06 7.19 7.97 1.9 5.05 (1, 2, ?) 
H d i z  ncmomlis (dkoc. comp.) 8.6 16.6 1.92 7.99 1.8 4.63 (1, 2. 7) 
colmria?nacandra8 6.8 34.0 13.29 1.2 (1,4) .s 
odopw V l d g a r i a  6.8 49.3 1.65 27.85 1.4 4.7,4.8 (1,5, 8, 9) ?( 
&doncmOrrhdcr 6.8 49.1 1.64 27.91 1.4 4.6 (1,283) 
Rossccr aocnii 6.8 56.2 1.58 33.16 1.4 (1,2) 

Buryam eonaliculalum (aggreg. comp.) 6.8 130.4 1.17 99.80 1.2 4.40 (113) I 

6.8 24.5 2.79 8.12 1.2 4.64 (11 21 3) z 
8 

F 
1.2 4.49 (1, 3) ! 

Z 

H e k  pomatia (main comp.) 6.8 98.9 1.38 66.30 66.80 1.2 5.06; 5.05; 5.3 (1, 2, 6, 10, 11, 12) 
B w u m  canalklJ4tum (main comp.) 6.8 101.7 1.38 68.14 

S, -sedimentation constant at 20" C. expressed in Svedberg units, S = lCP. 
Dto = dausion conetant at 20" C. 
&=molecular welght based on sedimentation velocity measurements. 
I& =molecular weight based on sedimentation equilibrium messuremente. 
f/f~=molecular frictional factor. 
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however, that at least a part of the upward trend in molecular weights 
must be due to improved methods and apparatus particularly as applied 
to diffusion constants, since an early report by Svedberg and Ericksson 
(1932) clearly showed recognition of the presence of two components in the 
hemocyanin of Oclopus mdgaris with the larger one having a reported 
weight of 20.5X lo6. 

Osmotic pressure data have been obtained for the estimation of the 
molecular weights of hernocyanins. Unfortunately, the osmotic methods 
yield a number average molecular weight in which the small particles exert 
a much greater effect than an equal weight of large particles. Thus, in 
measurements made on mixtures, which is usually the case with the hemo- 
cyanins, due to dissociation, the actual osmotic pressure is less than that 
exerted by a pure small component but greater than that exerted by a pure 
large component. Furthermore, with very large particles the pressures are 
low and difficult to measure. This is especially true since deviations from 
ideal solutions require measurements on rather dilute solutions followed 
by extrapolation to zero concentration. Hcnce, errors in the molecular 
weights based on osmotic data are often quite serious, but in any case this 
method, like the ultracentrifuge, indicates great molecular size for all the 
hernocyanins tested. 

Roche, el al. (1935) reported minimum molecular weights based on 
osmotic pressure measurement for the hernocyanins: Helix 18X los, 
Octopus 7.1X106, and Careinus 5.5X106. The actual values are probably 
much higher for Helix and Octopus hernocyanins (we Table 111). Osmotic 
pressure data taken on Limulus hemocyanin in an aqueous buffer solution 
yielded an estimated average molecular weight of 5.65X lo6 (Burk, 1940). 
In 6.66 M urea solution, where dissociation into smaller components was 
expected, osmotic pressure measurements indicated a molecular weight of 
1.42X 106. During a three months’ estivation of the animal, the hernocyanin 
of Helix pisana decreased in molecular weight by about a factor of two as 
evidenced by a doubling in the osmotic pressure of solutions of the hemo- 
cyanin (Roche and Roche, 1935). A similar result was observed for the 
hemocyanin of Helix pomatia after a hibernation period of five months. 
This observation that the size of the hemocyanin molecule may vary in 

References for Table I11 
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Polson (unpublished). See Svedberg 
(1939). - 
Pedersen (unpublished). See Sved- 
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Polson (1936). 

Tiselius (1930). 
Pcderscn 11933). 
Quagliarieho (1920). 
Roche (1930). 
Stcdman and Stedrnan (1927). 
Putzeys and van de Walle (1939). 
Putzeys and van de Walle (1940). 
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the animal from time to time by virtue of physiological changes, may in 
part explain some of the discrepancies in molecular weight data. 

Using amandin with a molecular weight of 3.3OX1O6 as a standard, 
Putzeys and Brosteaux (1941) detcrmined the molecular weights of various 
hernocyanins by the method of light scattering. Their results are: Pdinurus 
4.62, Homarus 7.1, Sepia 32, and Helix 63.4, all times lo6. These data are 
in fair agrcement with the ultracentrifugal data of Table 111, and the light 
scattering method appears to bo more suitable than osmotic pressure 
measurement since Amall quantities of a small component have much less 
influence on the average molccular weight. Furthermore, the great particle 
size of the hemocyanin imposes no restriction on the accuracy of the meas- 
urement of the ecattcred light as it does on the mcavurement of the osmotic 
pressure. The molecular weights of the hemocyanins of a few species have 
also been obtained from viscosity and diffusion relationships (see Table IV). 

TABLE IV 
Molecular Weighte'oj Three Hemoqaninn 

From Svedbarg, The. (1939) 

Ultracentrifugal 
V i d t y  and Diffusion Data Data 

soura, (1) (2) (3) (4) 

x l(r Xl(r x lo( x l(r 
Homarw 5.3 3.93 7.93 7.77 
odopcrs 19.52 13.37 27.8 n.8 
He& pornatia 42.5 31.01 03.5 86.5 

(1) Kuhn (1932). 
(2) Burgers (1938). 
(3) Polson (1936). 
4) Taken from Table 111. 

Tiselius and Gross (1934) reported a diffusion constant of 1.05X10-T 
cm?/sec. for Helix pomalia hemocyanin calculated to water at 20' C. 

Estimates of the molecular diameters of hemocyanins have been based 
on ultracentrifugal and ultrafiltration data and quite recently on electron 
micrographs. Svedberg and Chirnoaga (1928) assumed spherical molecules 
of 5OX1O6 weight for the hernocyanin of Helix pontatia and estimated a 
diameter of 24 m p. Ultrafiltration studies led Elford and Ferry (1936) and 
Grabar (1936) to estimate respectively diameters of 18 to 28 m p and 29 mp 
for the same hemocyanin. Ekwall (1942) estimated the length of the 
hemocyanin of Paludina mvipara to be 80 to 100 m p  with a molecular 
weight of 87X106. Svedberg (1930) calculated a diameter of 9 m p  for 
Limulus hemocyanin. 

Electron micrographs of the hemocyanin of Limulus polyphemua indi- 
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cated spherical molecules Rith an average diameter of 20 m p (Stanley and 
Andemon, 1942). In the ultracentrifuge this hemocyanin sample con- 
tained two components. The first represented 10 per cent of the total with 
a sedimentation constant of 87.33, and the second with a constant of 59.98 
made up 90 per cent of the total hernocyanin. The latter component 
calculated LW a sphere would have n diameter of 19 m p. These same investi- 
gatom, using the hemocyanin of Viviparus malleatus, found a single major 
component by means of the ultracentrifuge and estimated the average 
diameter to be 29 mp from electron micrographs. Low c0ntrrt.t on the 
photographic plates indicated assymmetry, probably as discs or platelets. 
Calculated from a sedimentation constant of 95.0s assuming spherical 
symmetry, the average diameter of this molecule would be 24 m p. Busycon 
cunaliculatum also appeared to be assymmetrical, but the presence of 
three components in similar quantities made the interpretation of the 
electron micrographs somewhat uncertain (Stanley and Anderson, 1942). 
However, a diameter for the smallest component of about 10 mp seemed 
reasonably ccrtrrin, and the assymmetry of the large components was 
probably of the plate type. 

Clark, Quaife, and Baylor (1943) reported a statistically determined 
average molecular diameter of 8.0 m p  for single molecules of the hemo- 
cyanin of Loligo pealei as measured from electron micrographs. The mole- 
cules seemed to be spherical, and possesed an average molecrilar wcight 
(ultracentrifuge) of 2.16X 10'. X-ray diffraction patterns taken on the 
same substance indicated a diamcter of 10 mp. The diameter of Limdus 
polyphemus hemocyanin, also measured from electron micrographs, was 
found to be 17 m p, a value in good agreement with that reported by Stanley 
and Anderson (1942). 

Dissociation. Nearly all the data on such chemical and physical proper- 
ties of the hemocyanins as solubility, viscosity, partial specific volume, 
acid-base titration, etc. were obtained prior to 1934, and were therefore 
discussed by Redfield (1934) in his review of the hemocyanins. At that 
time the unusual ability of the hernocyanin molecule to dissociate reversibly 
into smaller units was just becoming well recognized. As a consequence, 
much of the more recent research on the hemocyanins has bcen concerncd 
with this phenomenon. 

Among the first to suggest that reversible dissociation of the hemocyanins 
was probable were Svedberg and Heyroth (1929) who strongly suspected 
that the hemocyanin of Heliz pomatia dissociated into smaller particles 
when dissolved at a pH removed from the isoelectric point. Likewise, the 
hemocyanin of Limulus polyphemus was also thought to be dissociated by 
high dilution. In both cases abnormally low sedimentation constants were 
observed. As an explanation for a report by Stedman and Stcdman (1927) 
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that a change in viscosity of a hemocyanin solution took place during 
oxygenation, Svedberg and Heyroth suggested that dissociation was taking 
place. Another attempt to correlate viscosity and dissociation has been 
made more recently by Treffers (1940), who obwrved a h e a r  variation 
of the fluidity (the reciprocal of viscosity) with the concentration of Ocloptls 
and Homaru.~ hemocyanins. This hding  was somewhat surprising to 
Treffers for he had expected that dissociation on dilution would cause a 
deviation from linearity, since he felt that dissociation would alter the 
volume fraction or, more especially, the effective s b p e  of the particles. 
But, although a strict linearity in the fluidity-concentration relationship 
prevailed, Treffers hesitated to state definitely that no dissociation took 
place. 

Returning to the evidence supporting the concept of dissociation, 
Svedberg and Eriksson (1932) reported the presence of two components 
in the hemocyanin of Octopus vulgaris. The change from one component 
to the other was found to be reversible and was produced by a change in 
the pH. Both components, however, existed simultaneously at certain 
hydrogen ion concentrations. The molecular weight of the large component 
(2OX1O6) was found to be independent of pH over the range in which it 
existed but the size of the small component varied with pH. 

In his review of animal pigments, Roche (1936) proposed that the exist- 
ence of hemocyanins in different micellar states in the blood might be 
explained by other means than dissociation. Roche speculated that the 
protein micelles remained unchanged once formed by the animal, but that 
they could be rapidly replaced in the blood by newly synthesiaed micelles 
of variable size. 'He believed that the size of the newly formed micelle 
varied with the requirements of the animal, and in support of this view, 
he referred to the work of Roche and Roche (1935) showing that the average 
size of the hemocyanin molecule in the blood differed during estivation 
from that present while the animal waa more active. 

Eriksson-Quensel and Svedberg (1936) published results on stability 
studies of the hemocyanins of Pandalua borealis, Limulus polyphemus, 
Palinurus vulgaris, Nephrops mrvegicus, Homarus vulgaris, Cancer pagarus, 
Carciuus menus, and fourteen other species of hemocyanin-bearing ani- 
mals of all classes. The data was presented in the form of pH-stability 
diagrams. That of the hemocyanin of Busycon canaliculatum is a typical 
example (see Fig. 1). These investigators concluded from their data that at 
the hoelectric point and in the pH ranges where associations or dissocis- 
tions were reversible the resultant hemocyanin components were homo- 
geneous with regard to their molecular yeights. The stable zone for the 
component of highest molecular weight for a given hernocyanin always 
included the isoelectric point. The dissociation react*lons were reversible 
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Fig. 1. pH-Stability diagram for the hemocyanin of Busycon canaliculatum. Adapted 
from Erikeson-Quensel and Svedberg (1936). Data plotted appear in the original paper 
aa points grouped along the heavy lines. The abscissa represents the sedimentahon 
constant of the components in solution at a given pH calculated to 20' C. 

except a t  rather low and rather high pH values. Finally, the hemocyanins 
of related species were found to have related properties as evidenced by 
their stability diagrams. 

Sedimentation constant data (Svedberg, 1937) on the hemocyanin of 
Limulus polyphemus indicated the presence at  pH 6.8 of four homogeneous 
components with sedimentation constants of 5.9, 16.1, 34.6, and 56.68. 
The presence of a small amount of a fifth component, intermediate in 
size between the largest components, was suggested by the sedimentation 
diagram given (see also Svedberg, 1939). An ultracentrifugal study by 
Brohult (1937) of a solution of Helix pomatia hemocyanin before and 
after mibjecting the solution to sonic waves of a frequency of 250,000 
vibrations per second, indicated an extensive irreversible dissociation 
of the hernocyanin into % and molecules. At pH values where partial 
dissociation had already occurred, further dissociation took place during 
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the sonic treatment. Brohult stated that a heating effect was not the 
cause of this phenomenon and that the electrophoretic properties of the 
hemocyanin were unchanged by mch dissociation. Brosteaux (1937) 
found the component in Helix pomatia hemocyanin of molecular weight 
66X106 to be stable from about pH 4 to a little above pH 7 with dissocia- 
tion above and below this range. The small components formed below pH 4 
tlnd above p H 8  were apparently % molecules. He also noted that the 
presence of calcium or magnesium ions extended the stability of the large 
componcnt to ahove pH 9. 

However, Svedberg and Brohult (1 938) reported that the hernocyanin 
of Helix pomatia existed at  pH 6.2 as half molecules only. At pH 7.4 half, 
as well as smaller molecules, were formed. They considered that the 
weakest link was that binding together the two halves of the main com- 
ponent. Further splitting then required a little more drastic treatment 
resulting in an increase in the number of ionized groups. Splitting by 
irradiation was effective only with light of wave length 280 m p or shorter. 
Light corresponding to the osyhemocyanin band, 320 to 370 m p  had no 
effect. 

Tiselius and Horsfall (1939a) using the purified hemocyanins of Helix 
pomatia, Helix nemoralis, and Littorina littorea, examined them electro- 
phoretically at pH 6.85 and found them to contain single electrophoretic 
components with evidence for a little of a second component in the last 
of the above hemocyanins. These thr-e hemocyanins were chosen because 
they had been reported to hsve similar molecular weights but different 
electrophoretic properties. Likewise, all were known to dissociate when the 
pH of their solutions was altered. The hemocyanins of Helix p o d i a  and 
Helix nemoralis were mixed after adjustment of their solutions to pH 3.8 
to cause partial dissociation into half molecules. After mixing, the pH 
was readjusted to 6.85, the value used during the examination of the indi- 
vidual hemocyanins. Electrophoresis revealed the presence of two ccm- 
ponents corresponding in mobility to pure Helix pomatia hemocyanin 
and pure Helix nemoralis hemocyanin. However, a third componcnt was 
also found, and this new material had a mobility intermediate between 
the mobilities of the pure hemocyanins. In fact the rate of migration in 
the electric field could be estimated for this third component by assuming 
that it was formed from one-half molecule of each of the pure hcmocyanins. 

Using mixtures of the hemocyanins of Helix pomatia and Littorina 
Zittorea, Tiselius and Horsfall by similar experiments found that dissocia- 
tion at pH 8.5 into half and eighth molecules followed by reassociation at 
pH 6.85 led to the formation of Helix pomatia hemocyanin and three 
mixed molecules. Repeated electrophoresis experiments revealed only 
these same four components although ultracentrifugal analysis revealed 
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quite a number of different molecular weights. With the two Helix hemo- 
cyanins split at pH 8.5 into eighth molecules and then reassociated, no 
evidence of individual components could be obtained, but the reassociation 
led to what appeared to be a number of closely related molecules that could 
not be resolved electrophoretically. It was suggested that all possible 
recombinations of Helix pomatia and Littorina littorea hemocyanins had 
not taken place, for some reassociations were blocked, by generic differences 
in the molecules. Finally, Tiselius and Horsfall reported that the stabili- 
ties of the new components appeared to equal the stability of the original 
hemocyanins, and they concluded from the symmetry and constancy of the 
moving boJndaries that no equilibrium existed between the components. 

Roche and Darien (1939) studied the solubility diagrams of the hemo- 
cyanins of several species in ammonium sulfate. They deduced that dis- 
sociation occurred in the hemocyanins of those species of Crustacea studied, 
but reported probable homogeneity for the hemocyanins of the Mollusca 
investigated. Brohult and Claesson (1939) dissociated the hemocyanin of 
Helix pomatia in solutions of various concentrations by the addition of 
numerous substances. Electrolytes were quite effective, with variations 
partially attributed to differences in charge type. A minimum concentra- 
tion of solute was necessary to cause any dissociation, and beyond a limit- 
ing value further increase in concentration caused no further dissociation. 
Calcium chloride caused the formation of eighth and sixteenth molecules 
though other salts resulted only in half molecules. The same investigators 
reported that the dissociation was only partially reversible when the 
products were smaller than half molecules and that glucose, glycerine, and 
urea all induced dissociation but to a much less extent than the electro- 
lytes. 

The latest and largest reported molecular weight for the hemocyanin of 
Helix pomatia is that of Brohult (1940) who used fresh blood and obtained 
a value of 89.1 X105 by means of the ultracentrifuge. He observed that 
dissociation occurred into half molecules of weight 43.1 X lo6, into eighth 
molecules of weight 1O.3X1O6 and into intermediate molecules. In line 
with his findings of the previous year (see above) the presence of electro- 
lytes and non-electrolytes increased the dissociation. Irradiation with 
ultra-violet light caused dissociation even at liquid air temperatures and 
X-rays had a similar effect. Both of these means of dissociation caused 
degradation of the polypeptide chains. 

Paludina vivipara hemocyanin (molecular weight 87 X lo6) dissociated 
below pH 3.7 into fimaller units tind below pH 1.9 into still smaller units 
according to Ekwall (1942). In the range of pH 7.6 to 8.0 whole molecules, 
half molecules, and eighth molecules existed together, with the half mole- 
cules apparently somewhat unstable. Between pH 8 and 10 only eighth 
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molecules (molecular weight 11.3 X105) were found, and at  biigher pH 
values these broke up still further. Using molecular frictional coefficients, 
Ekwall calculated the lengths of the whole hemocyanin molecule and the 
half molecule and found them to be the same (80 to 100 mp). He con- 
cluded, therefore, that the splitting into half molecules'must hiwe occurred 
along the long axis of the molecule. Finally, he found a dependence of 
dissociation on the ionic concentration, and in phosphate buffers detected 
the presence of particles approaching in size the much larger virus proteins. 

Blectrophwelic Properties. RRdfield's (1934) review includes a table of 
the isoelectric points of the hernocyanins from fifteen species of animals. 
Table 111 presents some of the m e  &ta and also some more recent results. 
Finally, data, not to be found in either of these places, will be mentioned in 
the following brief discussion. 

Yasuzumi, et al. (1937) reported that the hemocyanins of Cristam'a plicata 
and Palinurus japonica possessed isoelectric points between pH values of 
4.5 and 4.9. Electrophoretic studies of the hemocyanin of Helix pomdia 
were carried out by Putzeys and van de Walle (1939) and they observed 
that the shape of the mobility -pH curves were significantly dependent 
on the ionic strengths of added electrolytes and particularly on calcium; 
ion. Calculations correcting for the ionic effects of the electrolytes brought 
all curves to practical coincidence, with the isoelectric point falling just 
below a pH of 5. The fo!lowing year F'utzeys and van de Walle (1940) re- 
ported an isoelectric point of 5.06 for Helix pomutia hemocyanin with no 
change caused by adding sodium chloride in different ionic strengths. On 
the other hand, they found that magnesium, calcium, and barium ions 
caused an apparent upward shift in the isoelectric point. Rawlinson (1940) 
reported an isoelectric point of 4.60 for the hemocyanin of Jasus lalandii. 

Tiselius and Horsfall (1939b) applied the scale method of boundary 
analysis to the electrophoresis of the hemocyanins of Helix pomatia and 
Helax nemoralis (see previous sub-section) and found an abnormal boundary 
spreading during the electrophoresis. However, after reversing the direc- 
tion of the current for a time equal to the period of the original electro- 
phoresis, the boundaries returned to their original positions and shapes. 
The abnormal boundary spreading was explained as being due to the simul- 
taneous existence either of several stable individual substances of the same 
weight but slightly different electrochemical properties, or of several inter- 
changeable forms closely related electrochemically and in equilibrium with 
each other. 

Optical Properties. Investigations of the spectra of the hemocyanins 
have been made by various workers. The characteristic blue color of 
oxyhemocyanin appears to  be due to an absorption band in the visible 
region of the spectrum. Svedberg and Hedenius (1933) reported that the 
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position of the band depended on the species. For example, the maximum 
absorption in the visible band by the oxyhemocyanin of Helix was found 
at  550 mp, and the corresponding position for Paludinu oxyhemocyanin 
was 600 mp. Hence, Svedberg and Hedenius suggested that the chemical 
constitution of the active groups of these molecules might differ. In addi- 
tion to this band which disappeared on deoxygenation (Roche and Dubou- 
loz, 1933a, b) two other absorption bands occur in the ultraviolet region 
of the spectrum. One of these, having a maximum absorption at 346 mp, 
was attributed to the prosthetic group by Dh6r6 (1920). This band also 
disappeared on deoxygenation and was replaced by a progressive absorp- 
tion between 300 and 380 m p  according to Roche and Dubouloz. The 
other ultraviolet absorption band occurs at 278 mp and is probably due 
to the protein moiety since a similar band has been reported for other 
proteins. 

Rawlinson (1940) reported the existence of all three bands for the hemo- 
cyanin of Jasus lalandii with the oxyhemocyanin bands located at  558 and 
335 mp. The latter was found to decrease with decreasing pH and dis- 
appeared below pH 4. There has been some disagreement as to whether 
or not the absorption of hemocyanin solutions follows Beer's law (Quagli- 
ariello, 1922; Svedberg and Heyroth, 1929; Redfield, 1930). 

Optical properties other than the absorption of light have also been of 
interest to various investigators. Using the hemocyanins of five species, 
Quagliariello (1920), Redfield (1934) and Rawlinson (1940) studied the 
relationship between the hemocyanin concentration and the refractive 
index of the solutions. 

The crystals of Oclopus hemocyanin were found (Henze, 1901) to be 
doubly refractive, and Snellman and Bjornstahl (1941) reported a strongly 
positive streaming double refraction with the hemocyanin of Helix pomatia. 
This streaming double refraction was increased by increasing the viscosity. 
A shift in pH had little effect although ultracentrifugal analysis indicated 
a very marked dissociation. 

.Rawlinson (1940) observed that the hemocyanin of Jasus lalandii in 
2.01 per cent solution at pH 7.0 and 20' C. had a specific rotation of -42.5' 
using the green line of the mercury arc. 

Immunological and Enzymatic Properties. In recent years some interest 
in the immunological properties of hemocyanins has developed. This 
interest has resulted from the theory that the amount of antibody in the 
precipitin reaction is dependent on the molecular weight of the antigen. 
According to the proponents of this theory, viz., Hooker and Boyd (1935, 
1936, 1942), the molecular weight of the antigen is inversely proportional 
to the ratio of antibody to antigen in precipitates at the equivalence point. 
The high molecular weights of the hemocyanins have led to their use in 
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the examination of this theory. The above mentioned investigators, as well 
a,s Youmans and Colwell (1943), found that the injection of hemocyanin 
led to the production of antibodies in experirncntal animals. The combina- 
tion of antibody with antigen (hemocyanin) resulted in precipitates in 
which the ratio of antibody to antigen was very low when compared to 
ratios observed with antigens of low molecular weight. Seastone, Loring, 
and Chester (1937) were able to sensitize guinea pigs to Limuluv polyphe- 
nus hemocyanin with the production of anaphylactic shock on reinjection 
of the hernocyanin. Hooker (1938) , using Limulus hemocyanin, reported 
that the formation of a precipitate with the antibody was greatly delayed 
over certain concentration ranges. He suggested the presence of disso- 
ciation components as a possible cause of this phenomenon. 

Bhagvat and Richter (1938) reported that the bloods of Cancer, Hornam, 
Loligo and Helix contained a thermolabile constituent which caused the 
rapid aerobic oxidation of catechol and homocatechol. Attempts to purify 
the active principle led to the preparation of hemocyanins and of copper 
complexes derived from the hemocyanins. The activity of these products 
was higher than that of the unpurified blood proteins and was not reduced 
by recrystallization. Furthermore, they possessed a greater activity than 
equivalent quantities of inorganic copper. Bhagvat and Richter concluded 
that the hernocyanins of these species acted as pseudo-phenolases, but 
found no reason to believe that this pseudo-activity had any physiological 
significance. 

111. THE OXIDABEB 
Within the past decade copper has been shown to be an essential part 

of the enzyme molecule in the case of three plant oxidases, i.e., tyrosinase 
(polyphenol oxidase), laccase and ascorbic acid oxidase. All three of these 
enzymes have in common the property of catalyzing the direct oxidation 
of their respective substrates by atmospheric oxygen according to the 
general equation: 

They do not function anaerobically, that is, they will not bring about the 
oxidation of their substrates by means of methylene blue or similar dyes, 
and their action does not result in the formation of hydrogen peroxide at  
least within the range of concentration that can now be experimentally 
measured? Likewise, they are sensitive to cyanide. For these reasons they 

* The fact that these systems do not produce hydrogen peroxide may be of primary 
biological importance. The problem has been investigated experimentally in the case 
of tyrosinase (Dawson and Ludwig, 1938) and sscorbio acid oxidase (Steinman and 
Dawson, 1942). There are also theoretical considerations that support the View that 
metallo-eneyme systems of this type do not produce hydrogen peroxide. 

BHs + %O, B + H10 
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are classified as oxidases rather than dehydrogenases as the equation might 
suggest. 

Two of these e n m e s ,  tyrosinase and laccase, have been known since 
the last century, and many workers have investigated their properties and 
speculated as to their role in respiratory processes. On the other hand, 
ascorbic acid oxidase has been known for only a comparatively short time, 
being first described by Szent-Gyorgyi (1930) who called it “hexoxidase.” 
Although it has been definitely established only recently (Boswell and 
Whiting, 1938; Baker and Nelson, 1943a) in the case of tyrosinase (poly- 
phenol oxidase), it seems probable that all three of these oxidases function 
as respiratory enzymes in the life processes of certain plants. 

Because of the early interest and rapid development of research in the 
field of the hemocyanin respiratory pigments, it may at first thought seem 
somewhat surprising that the essential role of copper in the above oxidases 
was not established until less than a decade ago. The reason for the slower 
progress in the case of the oxidases is apparent, however, when one con- 
siders the problem more closeIy. In the case of the hemocyanins, relatively 
large amounts of homogeneous or nearly homogeneous material were avail- 
able early for study without very great effort. Their high concentration 
in the blue blood and body fluids of easily accessible marine animals made 
their isolation and purification a relatively simple problem. In several 
cases they were crystallized with ease. Because of these facts, knowledge 
of the physico-chemical properties of the hemocyanin copper proteins 
became relatively extensive, and today our knowledge is on as firm a 
basis as with any other class of proteins (see Section 11). 

In the case of the above oxidases, however, the situation is almost the 
reverse. As a corollary of their high catalytic activity, the olddases occur 
in the plant tissues and fluids in exceedingly low r t r a t i o n .  For this 
=son, their isolation, concentration and purifica ion haa been a tedious 
and difficult task, leading ultimately, when successful, to only a few milli- 
grams or less of highly active protein of questionable homogeneity. Many 
steps are involved in the purification process, and thus many chances exist 
for protein denaturation with concurrent loss in enzyme activity and homo- 
geneity. Furthermore with each step there is the danger of contamination 
with copper. 

Because of the difficulty of obtaining more than just a few milligrams of 
purified enzyme, our knowledge of the nature of these copper protein 
oxidaees is very meager. No studies at all comparable to those described 
for the hernocyanin copper proteins (see Section 11) have as yet been 
possible. As a consequence, little or nothing is known about the size, 
shape, and other physical properties of the oxidase molecules. Nothing 
is known about their m i n o  acid content, and only in the case of laccase 
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is there a suggestion as to the nature of the prosthetic group. Although 
many investigators have worked with these oxidases, most of the studiea 
have been concerned with the activity of the enqmes, and their function 
in natural respiratory processes. Such studies require only minute amounts 
of the enzymes, and frequently only crude or partially purified prepara- 
tions have been used. 

Thus for all three oxidases the literature contains resulta of numerous 
investigations pertaining to their substrate specificity and classification, 
to their conditions of optimum activityand methods of assay, to the 
mechanisms of the oxidative reactions which they catalyze, to the nature 
and effect of various inhibitors, to theories regarding their catalytic func- 
tion, etc. It is not, however, within the scope or purpose of this volume to 
include a complete survey of such studies. Rather, it is the intention in 
this section to  divcuss the work bearing primarily on the nature of these 
oxidases as copper proteins. For a more extensive review of their enzymatic 
character, the reader is referred to Kastle (1910), Sutter (1936), Elvehjern, 
et aZ. (1939), Green (1940) , Nelson and Dawson (1944) , Tauber (1938). 

1. Laccase 
Yoshida (1883) reported that the latex of the Japanese lacquer tree 

(Rhus vernicifera) contained a thermolabde nitrogenous substance that 
caused the darkening and hardening of the latex in air. A few years later 
Bertrand (1894, 1896a) using the latex of the Indo-Chinese lacquer tree, 
isolated sn enzyme which he called laccase, and showed that the darkening 
and hardening of the latex in air was due to the enqnnatic oxidation of the 
polyphenolic bodies, urushiol and laccol, present in the latex. The struc- 
tures of urushiol and laccol aa proposed by Majima, et d. (1922) are given 
below: 

OH @ OH 

( p H * ,  
Urushiol 

Bertrand observed that the enzyme was capable of catalyzing the aerobic 
oxidation of various polyhydric phenols and related compounds, such as 
hydroquinone, pyrogallol, guaiacum, etc. , and used the color development 
with guaiacum 8s a means of demonstrating the presence of laccase in 
many plants (Bertrand, 189513) and a large number of species of muBhrooms 
(Bertrand and Bourquelot, 1895, 1896). 

It was during this same period that Bourquelot and Bertrand (1896, 
1896) and Bertrand (1896s) described the properties of another oxidase, 
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tyrosinam (see next section), which differed from laccase in that it catalyzed 
the aerobic oxidation of the amino acid tyrosine and certain other mono- 
phenols. Likewise tyrosinam was found to have no action on hydyoquinone. 
Bertrand (1896b) observed that both laccase and tyrosinase were frequently 
found in the same plants and he used the coloration development during 
the oxidation of tyrosine and hydroquinone atl a means of distinguishing 
the two oxidases. He alRo reported that they could be separated by taking 
advantage of the grcater stability of laccase towards heat and alcohol. 

During the course of his investigation8 Bertrand (18970) observed that 
laccme preparations always contained manganem, and he believed that 
thc oxidizing power of the laccaw was proportional to the amount of man- 
ganese present. Furthermore he found that oxidations accomplished by 
laccase were greatly accvlernted by small amounts of manganous salts, 
and that no other metal was capable of accelerating the oxidation brought 
about by laccw. Bertrand (1807b) was disposed therefore to regard man- 
ganese w a coenzyme of laccase. These findingu and views of Bertrand 
stimulated interest in tho oxidases, and meny workers at the turn of the 
century concerned themselves with the role and nature of the oxygen 
catalysts involved in biological oxidations (Kastle, 1910). In more recent 
years, several invcstigators (Brooks, 1934; Suminokura, 1936; Brookq, 1937; 
Grnubard, 1930; Cregg and Miller, 1940) have studied tho activity of lac- 
caw from different sources on a wide variety of substrates. Such studies 
have made possible a comparison of laccase activity with thnt of other 
oxidaseR on the basis of substrate specificity and conditions for measure- 
ment of optimum activity. 

With the development of better methods of purification, the role of 
mangane.se with laccase became doubtful. Suniinokura (1930) reported 
that mmganous eelts had no effect on the action of laccase from .Japanese 
lac and concluded that manganese was therefore not R coenzyme of laccase. 
Fleury and Campora (1934) purified laccasc by eeveral methods and found 
such a very low content of manganese and iron in their highly active puri- 
fied preparations that an essential role of thetx! metals in the enzyme 
seemed doubtful. The final answer to the problem, in reference to the 
metal component, however, came five years later. 

Keilin and Mrtnn (1939a) isolated from the latox of the Indo-Chinese 
lacqucr tree (Rhus succedanea) a highly purified blue copper protein that 
had all the properties of the laccase in the crude latex. The acetonc-pre- 
cipitated powder of the latex wa9 extracted with water, and the lacrase was 
isolated, purified and concentrated by a method similar to that previously 
used by the same investigators in the purification of polyphenol oxidme 
from the cultivated mushroom (Keilin and Mann 1938a). The best laccase 
preparation had a copper content of 0.154 per cent and contained no 
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hematin, iron or manganese. The copper was present in nondialyzable 
form and was essential to the enzyme activity as shown by the fact that the 
activities of different preparations were proportional to their copper con- 
tent. Furthermore, the activity was strongly inhibited by potassium 
cyanide, hydrogen sulfide, sodium azide and dicthyldithiocarbamate. 
However, carbon monoxide was without effect on the enzyme. Keilin and 
Mann reported that this enzyme preparation contained about 55 per cent 
polysaccharide on a dry weight basis, which was in agreement with a 
nitrogen content corresponding to 45 per cent protein, i.e., 6.45 per cent 
nitrogen. They pointed out that if the polysaccharide was aesumed to be an 
impurity, the copper content of the homogeneow laccase protein would 
then be about 0.34 per cent, 8 value identical to that reported for crystal- 
line hemocuprein (Keilin and Mann, I938b). 

Keilin and Mann (1939a) compared the properties of this laccase prepara- 
tion with thoNe of the polyphenol oxidare which they had previously 
isolated in purified form from the cultivated mushroom m d  had shown 
to be a copper protein. Several marked differences were immediately 
apparent. The laccase oxidized p-phenylenediamine better than catechol, 
whereas polyphenol oxidase had little or no action on pphenylenediamine 
and showed maximum activity with catechol. The laccase oxidized hydro- 
quinone but had no action on the monophenols, p-cresol and tyrosine, 
whereas the polyphenol oxidme did not oxidize hydroquinone and slowly 
oxidized the monophenolv after a lag period. Crude laccase preparations 
were found to oxidize ascorbic acid directly, but on purification of the 
enzyme the ability to oxidize ascorbic acid became progressively weaker. 
They reported that the ability to  oxidizc ascorbic acid could be restored 
to purified preparations by the addition of pphenylenediamine but not by 
catechol. On the other hand, the polyphenol oxidase oxidized ascorbic 
acid only through B carrier such as catechol. The laccase was found to be 
much lem active than the mushroom polyphenol olcidase as evidenced by a 
comparison of the QOS values a t  20' using p-phenylenediamine and catechol 
as substrates respectively, i.e., 40,000 for laccase and 1,160,000 for poly- 
phenol oxidase. The laccase Qoa value, obtained by making allowance for 
the polysaccharide as an impurity, is about the same as that reported for 
the potato poIypheno1 oxidase (Kubowitz, 1937, 1938). Of particular 
interest ia the fact that whereas carbon monoxide strongly inhibits poly- 
phenolase activity it was found to have no effect on the activity of laccase. 

Highly active solutions of the purified kccase were found to povyeas a 
distinct blue color. For example, Keilin and Mann (1939s) reported that 
a laccase solution containing 0.015 mg. of enzyme per cc. had a blue color 
equivalent to that of a 7 per cent copper sulfate solution. This color dis- 
appeared on the addition of substrate such as hydroquinone or 89corbio 
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acid and wm restored on shaking the leuco-enzyme with air. At first, by 
analogy with hemocuprein and the hemocyanins, it was believed that the 
blue color was in some way a property of the copper prosthetic group of the 
enzyme. However, as the result of a more recent investigation, Keilin and 
Mann (1940a) have concluded that such is not the case. In this later inves- 
tigation it was found possible to separate the blue pigment from laccase 
in a condition free of copper and protein but always associated with car- 
bohydrate material. 

In order to further check the relationship between the color and the 
enzyme, Keilii and Mann (1940a) also isolated and purified laccase from 
other sources, i.e., the Japanese and Burmese lacquer trees (Rhus vernici- 
fera and Melanorrha usitata). In all cases they found the purified and active 
enzyme to be a blue copper protein, the color of which wa.. not due to 
copper but to a closely associated bluc pigment. The copper content of 
their best preparation was 0.24 per cent. As previously stated, the blue 
pigment could be removed in a condition free of copper and protein but 
always containing carbohydrate. The separated pigment could be revcrs- 
ibly reduced to the leuco compound, but was irreversibly decolorized by 
strong acids and by boiling. The fact that in no case were they able to 
obtain an active enzyme free of the blue pigment led them to conclude that 
the pigment was in some way connected with the normal activity of the 
enzyme. A connection between the enzyme and pigment was also suggested 
by the fact that the blue pigment of the active enzyme was more sensitive 
to acids and to heat than the separated pigment. 

No statements were made by Keilin and Mann as to whether or not it was 
possible to recombine the protein, copper and blue pigment to yield an 
active enzyme. At the present time the molecular weight and other 
physico-chemical properties of the protein moiety of the enzyme are 
unknown. Likewise the chemical nature of the bluc pigment is unknown, 
except that it appears to be carbohydrate in nature. Further investigations 
must be completed before it will be possible to say definitely whether tahe 
pigment i8 intimately bound to the enzyme as an additional prosthetic 
group, or merely acts as a carrier between the enzyme and certain sub- 
strates. 

Kidney “Laccase.” Keilin and Hartree (1935) reported that fresh kidney 
tissue, when ground with sand and suspended in buffer solution (pH 7.8), 
posgessed the properties of a polyphenol oxidase in that it promoted the 
aerobic oxidation of polyphenols such as dihydr0.q phenylalanine (dopa), 
catechol, pyrogallol and adrenaline, but had no action on monophenols 
such 8 5  phenol, p-cresol and tyrosine. The oxidation reaction, which was 
inhibited by cyanide, led to the formation of colored pigments. Others, 
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including Bing, Zucker, and Perkins (1941) have also presented evidence 
for the existence of an aerobic polyphunolaw in kidney extracts. 

Cadden and Dill (1912) described a cell-free kidney extract ihst pow 
sessed the ability to catalyze the aerobic oxidation of hydroquinone but 
not of monophenols. The active principle appeared to be enzymatic in 
nature in that it was partially inactivated by heat, precipitated by alcohol 
or acetone, and W&LJ not dialyzable. Because of these properties Caddan 
and Dill suggested that, the active constituent might be a polyphenol 
oxidase of the laccase type. 

Following up this suggwtion, B&w and Nelson (1943b’l d o m i n e d  
the laccasc nature cf the active principle after further purification. They 
obtained a preparation containing 15.6 per cent nitrogen and 0.03 per cent 
copper in nondialyzable form, indirating that it w a ~  a crude copper-bear- 
ing protein. The copper content incrertscd &R the purification proqres~ad. 
In addition to hydroquinone, the kidney pwparation catrtlywd the aerobic 
oxidation of catechol, homocatechol, and adrenaline, although its activity 
towards these substances was less than toward8 hydroquinone. It Rhowed 
no activity towards ascorbic acid, p-phenylenediamino, dihydroxymaleio 
acid, tyramine, p-crosol, pyrogallol, homogentisic acid, or 2, 3-dihydroxy 
naphthalene. The activity towards hydroquinone wm Reriously inhibited 
by small amounts of potassium cyanide and sodium azide, and prolonged 
heating or the addition of acid cawed irreversible loss in activity. After 
examining the oxidation of hydroquinone, Baker and Nelson concluded 
that “the enzyme can hardly be clawed as a true oxidase, i.e., belonging 
to the same class as cytochrome oxidase, tyrosimwe, laccase, Rweet potato 
catecholase, ascorbic acid oxidme, etc., because it brings about only an 
incomplete reduction of the oxygen molecule resulting in the formation of 
hydrogen peroxide.” 

2. Tyrosinase - Polyphenol Oddaae 

As previously pointed out, tyrosinam i R  a phenol oxdizing enzyme that 
was firRt recognized by Bourquelot and Bertrand (1805) while they were 
investigating various plants for the presence of laccase. They first found 
it in the fungus Russula nigricans to which thcy wcre attracted by the fact 
that its tistme on injury showed rapid discoloration. The following year 
Bcrtrand (1896a) identified tho subtjtrate in the fungus as the amino acid 
tyrosine and therefore called the enzyme tyrosinaee. Subsequent studies 
by Bertrand and many other workers have revealed that the enzyme 
occurs widely spread in nature. The presence of phenolam of the tyro- 
sinase type has been recognized for a long time in mod, of the plants and 
vegetables which show the darkening reaction on injury of the thue ,  i.e., 
potato, mushrooms, banana, apple, pear, etc. In more recent yeam, interest 



TEE COPPER PROTEINS 215 

has developed in the role of such phenolases in the respiration of other 
plants such as tea (Roberts, 1942) and tobacco (Smirnov and Pshennova, 
1941). The presence of tyrosinase in insects and other invertebrates was 
established early (Kastle, 1910). Although its presence in higher animals 
has been suggested numerous times, confirmation of such claims has been 
difficult . 

Hegeboom and Adams (1942) demonstrated that mouse melanoma 
tum3r was a relatively rich source of tyrosinase and dopa (dihydroxyphe 
nylalanine) oxidase. The presence of the latter enzyme in skin was first 
suggested by Bloch (1929). More recently the dopa oxidase activity of 
skin extracts has been studied by Ginsberg (1944). Charles and Rawles 
(1940) reported that extracts of black chicken feather germs showed a 
cyanide sensitive heat labile tyrosinase activity. 

The enzyme tyrosinase, a. isolated from the mushroom or potato, is 
characterized by the fact that it possesses the ability to catalyze the aerobic 
oxidation of certain monophenols as well as o-dihydric phenols. In this 
respect it differs from laccase which has no action on monophenols. Whereas 
tyrosinase catalyses best the oxidation of o-dihydric phenols such as c a t e  
chol and is without action on p-dihydric phenols such as hydroquinone, 
laccase catalyses the oxidation of both types of dihydric phenols with 
preference for the hydroquinone type. These specificity differences between 
the two enzymes were recognized by Bertrand (1896b) and numerous 
later workers, who showed that crude tyrosinase preparations possess the 
ability to oxidize many other phenols besides tyrosine. These includc 
monohydric phenols such as phenol , pcresol , phydroxyphenylacetic acid, 
phydroxyphenylamine and derivatives, etc. , and o-dihydric phenols such 
as catechol, pyrogallol , 4, !%dihydroxyphenylalanine, protocatechuic acid, 
adrenaline, etc. As previously stated, the enzyme is without action on 
p-dihydric phenols, and the same is true of mdihydric phenols such as 
resorcinol. 

Because of its ability to catalyze the aerobic oxidation of both monohy- 
dric and o-dihydric phenols, by apparently different mechanism*, there 
has been considerable controversy over naming and classifying this oxidase. 
In recent years several investigators have observed that during the isola- 
tion and purification of the enzyme, the ratio of the o-dihydric phenolme 
activity to the monophenolase activity can be greatly increased over that 
existent in the expressed juice of the plant. This apparent separation of 
the two activities has led certain workers to abandon the name tyrosinase 
and introduce the name polyphenol oxidase. This group attributes the 
monophenolase activit!? to some unknown and easily lost factor. However, 
during the past five years considerable evidence that the two activities 
belong to the same enzyme protein complex has been accumulated in these 
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laboratories. Thus the substitution of the name polyphenol oxidase for the 
earlier name tyrosinase cannot be accepted without challenge. A recent 
review of the work on tyrosinase (Nelson and Dawson, 1944) presents the 
evidence pertaining to this controversy. For reasona outlined there, the 
present authors feel that until more data are obtained, the original name, 
tyrosinase, is to be preferred. 

Two plants which are particularly rich in the enzyme and which, there- 
fore, serve as good starting material8 for its isolation *and purification are 
the common, edible mushroom, Psdliota campestria, and the ordinary white 
potato, Solunum luberosum. From a preparational view-point the mush- 
room is the better of these two sources; since aqueous extracts of the potato, 
besides containing large amounts of inert globulin-like proteins which are 
difficult to  remove from the enzyme, also contain relatively large amounts 
of another enzyme, i.e., peroxidase. The methods employed for isolating 
and purifying the enzyme from the crude expressed juices or aqueous 
extracts involve operations such as fractional salt precipitations, fractional 
precipitations with alcohol or acetone, adRorption to agents such as alumina 
and calcium phosphate gel, elution, precipitation with lead acetate, dialy- 
sis, etc. Throughout these operations the enzyme behaves in all respects 
like a water soluble protein. It is very scnsitive to elevated temperatures 
and low pH, and all operations must be carried out above pH 5 and in 
the vicinitty of room temperature or lower to insure a respectable yield of 
the enzyme. Due to the presence of a natural substrate along with the 
enqme, the expressed juices of the mushroom or potato darken very r a p  
idly on exposure to air. During thh process, enzyme activity is frequently 
lost and it is very difficult to remove the color in subsequent purification 
operations. It is advisable, therefore, to rcmove as much 8s possible of 
the natural phenolic substrate (or substrates) at an early stage in the puri- 
fication. Experience has shown that ti cold acetoue wash (dry-ice chilled) 
of the ground tissue before extraction with water or dilute salt solution 
helps to yield colorless enzyme preparations. Highly purified preparations 
in concentrated solution have a light yellow-green color. 

Interest in the mode of action of tyrosinase and the nature of its reaction 
productrihas been high since the outstanding work of Raper (1928) in con- 
ncction with the enzymatic conversion of t,yrosine into melanin. Numerous 
workers since that time have investigated the reactions of tyrosinase with 
other phenols, and have attempted to throw light on the role of tyrosinase 
in natural pigmentation and respiratory processes. Such studies, concerned 
primarily with the enzymatic functions of tyrosinase, are not, however, 
within the scope of this review. They have been recently reviewed e l m  
where (Nelson and Dawson, 1944). Only those studies of tyrosinase or 
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polyphenol oxidase pertaining to its nature 8 5  a copper protein will be 
discussed here. 

The first experimental evidence that copper was an essential part of the 
phenol oxidase of the potato was provided by Kubowitz (1937, 1938), who 
found a linear relationship between the copper content of his preparations 
and the catalytic activity (toward catechol) of the enzyme. The activity 
of his best enzyme preparation, which had a copper content of 0.2 per 
cent, was inhibited by agents which chemically combine with copper, such 
as cyanide, diethyldithiocarbamate, salicylaldoxime, and carbon monoxide. 
He proved that the copper was essential to the activity of the enzyme by 
removing it and demonstrating that the copper-free protein no longer 
possessed the ability to catalyze the oxidation. He found that the copper 
could be removed by a treatment similar to that which removes copper 
from the hemocyanin molecule, i.e., treatment with cyanide followed by 
dialysis, and just as in the case of the hemocyanin copper protein, the 
resolution was reversible. Practically complete enzyme activity could be 
restored by adding excess copper ion to the inactive protein. However, to 
obtain complete restoration of the activity, Kubowitz found that he had 
to add to the copper-free protein about ten times the theoretical amount of 
copper ion. He interpreted this fact to mean that only parb of the copper 
combined with the protein at  the “catalytic point of attachment” and the 
rest was bound by groups not concerned with the enzymatic activity. 
Other divalent metals such as iron, cobalt, nickel, manganese, and zinc were 
found to be ineffective in restoring the enzyme activity when added to the 
copper-free protein.’ 
As the result of carbon monoxide inhibition studies, Kubowitz concluded 

that the copper in the enzyme, as isolated, is in the cupric state. He postu- 
lated that in its reaction with catechol, the enzyme copper is reduced to 
the cuprous state, which in turn is reoxidized by molecular oxygen. The 
two stage reaction may be represented as: 

4 Cu++ (enzyme) +2 catechol-4 Cu+ (enzyme)+2 o-quinone+4H+ 
4 Cu+ (enzyme) +4H++02-4 Cu++ (enzyme) +2H20 

Following Kubowitz’ work on {he oxidase of the potato, Keilin and Mann 
(1938a) found that the phenol oxidase of the common, edible mushroom 
was also a copper protein compound. They used the cultivated mushroom 
(Agaricus campestris) as starting material and isolated about 10 mg. of 
the enzyme in highly purified form. Keilin and Mann observed that the 

’Tenenbaum and Jensen (1943) have recently reported that under certain eondi- 
tions salts of iron, cobalt, and manganese, as well as those of copper, can “reactivate” 
mushroom tyrosinase wliich has been “inactivated” by potassium cyanide, sodium 
diethyldithioearbamate, or potassium ethyl xanthate. 
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activity of the enzyme preparation did not become proportional to  its 
coppcr content until after sevcral steps in the purification process. On the 
basis of its coppcr content, as compared with that of various cryPtalline 
hemocyanins, they considered their b e F t  preparation (0.3 per cent copper) 
to  be pure. This preparation was found to be completely free from 
hcmatin, and all of its oxidation reactions were strongly inhibited by po- 
tassium cyanide, hydrogen sulfidc and carbon monoxide. On a copper 
basis, their mushroom preparation was about twenty times as active as 
the potato oxidase described by Kubowitz. 

Keilin and Mnnn emphasized that whereas their crude mushroom oxidase 
catalyzed the aerobic oxidation of monophenols, this property was rapidly 
lost during the purification proccss. As a consequence, they found the puri- 
fied enzyme to bc specific for the oxidation of odihydric phenols such as 
cstechol and pyrogallol. They chose, therefore, to call the enzyme poly- 
plicnol oxidase, and dismissed the monophenolaee activity with the state- 
ment thn t it "probably requires the prcsence or the gradual formation of 
an  additional factor, the nature of which rcmains still to be determined." 

For reasons which have becn discussed elsewhere (Nelson and Dawson, 
1944), it has fiermed desirable to workers in the authors' laboratory to 
retsin the name tyrosinase even for purified enzyme preparations possessing 
marked octivity towards catmhol with little activity towards monophenols 
such as p-crcsol and tyrosine. Such preparations have, thcrefore, been 
callcd high catecholase preparations of tyrosinam. Ludwig and Nelson 
( I  930) dcscribed several preparations of this typo from the common mush- 
rocm (Psalliota campcslrifl), and found, as had Keilin and Mann ( 1 9 3 8 ~ ) ~  
that the catecholase activity became proportional to the copper content of 
the enzyme after several steps in the purification. No proportionality 
between the copper content and monophenolasa (crcsolaw) activity existed, 
for the ratio of catecholase to  cresoltlse activity varied from one prepara- 
tion to anothcr. Judging from the copper contents and the QII values, 
thcir beet preparations were about one-third as pure as the best prepara- 
tion of Keilin and Mann (0.3 per cent copper, &~~=1,160,000). 

The following year ParkinFon and Nelson (1940) reported that, by chang- 
ing the purification procedure somewhat; it was possible to obtain from 
the same source, the common mushroom, purified enzyme which was rela- 
tively high in monophenolase (wesolase) activity, i.e., thc ratio of the two 
activities in the purified enzyme was comparable to that found in the 
exFresscd juice or crude extract of the mushroom. They referred to such 
preparations, therefore, as high cresolaae preparations of tyrosinase. 
Parkinson and Nelson made a large number of preparations of this type 
and showed that both activities were proportional to the copper content 
of the purified enzyme. Their best preparations contained about 0.1 per 
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cent copper. These findings led Parkinson and Nelson to conclude that 
“tyrosintwe as it exists in the common mushroom is one enzyme complex 
rather than two Reparate independent factors.” 

None of the above workers, using the common mushroom as a source 
of the enzyme, succeeded in obtaining enough purified enzyme to attempt 
an investigation of the chemical nature of the prosthetic group, or to study 
the phyeico-chemical properties of the protein moiety of the tyrosinam 
molecule. The latter course of study has received some attention more 
recently in the authors’ laboratory. Before describing these experiments, 
however, it seems advisable to discuss the tyrosinase from the wild mush- 
room. 

Dalton and Nelson (1039) isolated from the wild mushroom (Laclarius 
  per at us) a highly purified tyroshase preparation that possessed as its 
most striking characteristic a high monophenolase activity (p-cresol) as 
compared with its activity towards catechol. The ratio of the two activities 
remained constant throughout the isolation and purification process and 
both activities became proportional to the copper content after several 
purification steps. Their best preparation contained 0.23 per cent copper 
and no iron. Concentrated solutions were practically colorless, but two 
absorption bands were observable in the ultraviolet region of the spcctrum; 
a pronounced band due to protein at 273 m p and a weak band at  about 330 
m p probably due to copper. 

By using a procedure similar to that usually employed for crystallizing 
hemocyanins, colorless, well shaped crystals belonging to the isometric 
system were obtained from rather crude as well as purified preparations 
of the enzyme. In no case, however, was more than 10 per cant of the 
dry weight of a purified preparation obtainable in crystalline form. The 
crystals contained 0.25 per cent copper, 13.6 per cent nitrogen and in 
solution showed the same ultraviolet absorption as did the purified enzyme 
solution. They were insoluble in water, dilute acids, and salt solutions, 
but when freshly prepared were soluble in dilute alkali (secondary sodium 
phoRphate solution, pH 8). Solutions of the crystals were only slightly 
active towards pcresol and catechol; but on standing such solutions showed 
a tendency to increase in activity, and the ratio of the two activities re- 
mained the same as that of the uncrystallized enzyme. Dalton and Nelson 
concluded that the enzyme and the crystals were very closely related: 
“Either the enzyme becomes, for some unknown reason, inactive when it 
is crystallized, or an inactive form, such as a proenzyme, accompanies 
the enzyme as it is purified.” 

As previously stated, an attempt has been made recently in the authors’ 
laboratory to gain some information about the physico-chemical properties 
of the protein moiety of the tyrosinase molecule (Mallette, Ames, and 
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Dawson, 1945). Theee studies have been directed towards determining if 
possible whether or not the two enzymatic activities of mushroom tyro- 
sinase are properties of a single copper protein. Electrophoresis experi- 
ments with crude preparations have been carried out using a large-capacity 
electrophoresis cell (Tiselius type) which permitted division of the cell 
contents at the completion of the experiment into several fractions large 
enough to allow for enzyme and protein assay. Parallel experiments involv- 
ing highly purified tyrosinase have been carried out using a small capacity 
Tiselius apparatus equipped to analyze the protein 'boundaries optically.6 
These experiments revealed that with crude preparations the ratio of the 
two activities varied irregularly from one section of the cell to another, 
whereas, with highly purified tyrosinase preparations, the ratio remained 
relatively constant throughout the cell. This would suggest that in the case 
of the crude preparations the activity ratio as measured was markedly 
influenced by accompanying inert proteins. In agreement with this inter- 
pretation is the fact, observed by many workers, that the ratio of the two 
activities is most easily changed during the early stages of the purification 
process. 

The variation with pH of the electrophoretic mobility of the main com- 
ponent of a purified high catecholase preparation (C172-5AB) is shown in 
Table V. The mobility p is that of the descending boundary, and the 

TABLE V 

Mobility of Main Component of Pul.i$ed High Catecholase Preparation 

Homogeneity 
PH mobilitu. p cm.*/aec./uoll per ten: 

4.97 2.4 X 100 
7.58 4.6X10-' 93 
8.90 7.9 X 1 Oms 90 

homogeneity is expressed as the per cent of the total protein represented by 
the rtct,ive ccmponent, as determined by optical analysis of the boundary 
durirg .electrcphoresis at the pH indicated. The results show that the 
isoelectric point of the active component is considerably below pH 5. 
Kubowitz (1937) reported tha.t his purified potato tyrosinase had an k+ 
electric point of pH 5.4. The enzyme loses its copper in solutions buffered 
below pH 5, and for this reason electrophoretic mobility or homogeneity 
studies are impossible at  a lower pH value. 

All electrophoresis runs in the small capacity Tiselius apparatus and all ultracentri- 
fuge studies were made hy Dr. D. H. Moore, College of Physiciana and Surgeons, 
Columbia University, New York, New York. 
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TABLE VI 
Activity and Eledrophoretic Data for Three Purified Tyrosinase Preparations 

of the High Cdecholase Type' 

Activity j y  Activity/mg. 
cu. c u .  dry wt. Ratia Electrophoresis Data 

Enzyme Cat. Crca. Cat. Cres. Cat./Cres. Homo- 
Preparation p pH geneity 

per cent per r a t  

C211-228F2 0.21 2130 48 4400 95 48 6.310-' 7.58 100 
C175-BI 0.10 2100' 104 2150 107 20 5.310-5 7.71 95 
C172-5AB 0.10 2300 137 2270 135 17 4.610-5 7.58 93 

* Data for preparations from the mushroom, P .  campestris (Mallette, Ames and Daw- 
son, 1945). The catecholase activity units (-Cul.) are those of the chronomrtric method 
(Miller, Mallctte, Roth, and Dawson, 1944). The cresolase activity units (=Cres.)  are 
those of Gregg and Nelson (1940). The activity values per mg. dry weight when multi- 
plied by 600 give Qot values. 

Some of the electrophoresis results obtained with three mushroom 
tyrosinase preparations of the high catecholase type are shown in Table VI. 
It can be seen that with preparations of this type, where the ratio of cate- 
cholase activity to cresolase activity was high, only the catecholase activity 
was proportional to the copper content. Likewise, it is to be noted that the 
electrophoretic mobility of the enzyme increased as the ratio of the cate- 
cholase activity to the cresolase activity increased. In other words the 
surface character of the molecule, upon which the mobility was mainly 
dependent, varied with the ratio of the two activities. These results agreed 
with those obtained using a preparation having a low ratio of catecholave 
to cresolase activity, i.e., a high cresolase preparation. The preparation 
had an activity ratio ,of 1.6, and its main component, constituting 70-80 
per cent of the total protein as determined electrophoretically, had a 
mobility of 2.9X10-5 cm.2/sec./volt at pH 7.71. A sample of this com- 
ponent was found to have the same activity ratio as the original prepara- 
tion. The faster moving component, constituting 20-30 per cent of the 
total protein, had no activity. 

I t  should be pointed out that the most highly purified preparation (C211- 
228F2) of those shown in the table, using the activity and copper content 
as the basis of purity, was found to be only about 85 per cent homogeneous 
in the ultracentrifuge, and the light-weight heterogeneous material (about 
15 per cent of the total protein) was found to possess no enzymatic activity. 
Although more than one explanation of these data may be possible, the 
following explanation has been suggested by Nelson and Dswson (1944). 

The activity, copper, and homogeneity data of Table VI can be corre- 
lated in terms of differences in molecular weights of the copper protein 
enzyme. The active component of C211-228F2 waq found to have a 
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molecular weight of about 100,000 using the ultracentrifuge. Since the 
preparation contained 0.21 per cent copper, and the active component 
constituted about 85 per cent of the total protein, it might be inferred that 
the pure active component of the preparation contained about 0.25 per cent 
copper. This copper content corresponds to  four atoms of copper per 
enzyme molecule having a molecular weight of 100,000, It follows that a 
four copper atom enzyme molecule having a molecular weight of about 
200,000 would contain about 0.13 per cent copper. Unfortunately, it waa 
not possible to det,ermine in the ultracentrifuge the homogeneity and 
molecular weight of the two preparations, containing 0.1 per cent copper, 
shown in the tublc. However, a molecular weight of 200,000 for mushroom 
tyrosinase had previously been reported by Tenenbaum (1940), who used 
the diffusion method of Korthrop aiid Anson (1928-29). Although the 
copper content of the preparation used by Tenenbaum was not reported, 
the fact that the preparation apparently had a considerably lowcr cate- 
cholnse to cresolsse activity ratio than C211-228F2 is of interest. 

As a result of these and other data Nelson and Dawson (1944) concluded 
that tyrosinme is one copper protein entity or complex possessing two 
enzymatic activities. The ratio of these activities depends on factow such 
as the size, shape, surface characteristics, etc., of the protein complrx. A 
change in ratio during preparative stages would thus be interpreted as 
being due to chemical or physical modification or fraginentation of the 
protein complex. 

Recently Sreerangachar (1944) purified the phenol oxidape of tea leaf 
and found it contained 0.08 per cent copper. His best preparation which 
had been concentrated about 800 times was completely free from iron, and 
he reported that it had an activit.y about one-tenth of that found for the 
potato oxidase by Kubowitz (1938). It will be recalled that Keilin and 
Mann (1938a) reported that on a copper basis, their mushroom prepara- 
tion was about twenty times as active as the potato oxidase of Kubowitz. 
It might be noted that on the Rame basis the preparation C211-228F2 of 
Table VI is about three times as active as that of Keilin and Mann. Such 
comparisons of the activity of an enzyme from different sources should, 
however, be made with considerable caution. Not only docs the reported 
activity depend very markedly on the way it was measured but also on 
the extent of the alteration and chemical breakdown of the enzyme protein 
that may have occurred during the isolation and purification. 

Proturosinase. Bodine, et al., have published during the past few years 
a serics of papcrs dealing with their studies of an inactive form of tyrosinase, 
which they have trrmcd protyrofiinase (Bodine and Boell, 1935; Bodine, 
Allcn, and Boc11, 1937; Rodine and Allen, 1938; Allen and Bodine, 1941a). 
This mntcrisl occurs in the eggs of grasshoppers, Melanoplus diflerentialis, 
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and in the larvae of the meal worm, Tenebrio molitor. In  the case of the 
grasshopper, Allen, Ray, and Rodine (1938) found that the protyrosinase 
begins to form in the egg immediately following the diapause period accord- 
ing to a simple autocatalytic reaction. To obtain the protyrosinase from 
grasshoppers, the diapause eggs were triturated in 0.9 per cent s3dium 
chloride solution , centrifuged, the lipoidal layer removed, and the fluid 
brought to pH 6.8. After fractionating with ammonium sulfate, a precipi- 
tate was obtained which was dissolved in 0.9 per cent sodium chloride and 
dialyzed against the same concentration of sodium chloride. The resulting 
solution contained the inactivo form of tyrosinase but not active tyrosinase. 

On treatment of the saline solution of protyrosinasc with detergents, such 
as sodium oleatc, aerosol OT (dio2tyl sodium sulfosuccinate) , or duponol 
(sodium dodecyl sulfate, etc.) , active tyrosinase results. Several substanccs 
mch as chloroform, acetone, urethane and urea, as well as heating the 
saline solution to 60-70°C. were also found to activate the protyrosinase 
(Rodine and Allen, 1941). It was also found (Allen, Otis, and Bodine, 
1943) that vigorous shaking of the saline solution of protyrosinase resulted 
in irreversibly changing the lattcr into definite proportions of protyro- 
sinme, active tyrosintwe, and inactive products. Rodinc and Tahmisian 
(1943) reported that. salts of mercury, gold, platiniim, and palladium tend, 
when present within definite concentrations, to change protyrosinme into 
the active enzyme. Higher concentrations, however, proved toxic to the 
active enzyme but not to the protyrosinase. 

The common meal worm, Tenebrio molilor, has long been recognized as 
a good soiirce of tyrosinase (Raper, 1928, 1932). Bodine and Allen (1941) , 
however, found that the oxidase occurs in the worm entirely in the inactive 
protyrosinase form. The re;son that the worms serve as a good source for 
active tyrosinam appears to be due to the fact that in extracting the oxidase 
the worms are usually ground with water saturated with chloroform. As 
mentioned above chloroform has been shown to convert protyrosinssc into 
the active tyrosinase. Bodine and Allen (19-11) also found that protyrosi- 
nase occurs together with active tyrosinase in the serum of the crayfish. 
No protyrosinase could be found in the common mushroom and potato, 
the usual sources of the active enzyme. 

Protyrosinasr appears to be more sensitive to pH changes than tyrosi- 
nase. I t  shows instability at pH 7.3 and at pH 9.3 is changed irreversibly 
into a mixture of tyrosinase and an inactive product. I t  is also less stable 
than tyrosinase at pH 4.8 (Allen, Otis, and Bodine, 1942). 

Allen and Bodine (19-llb) have denionstrated that copper is an essential 
constituent of protyrosinase from grasshopper eggs. They were led to 
investigate the role of copper in the protyrosinase by the fact that the 
proenzyme yielded an active tyrosinase which was inhibited by cyanide, 
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diethyldithiocarbamate, and carbon monoxide. They found that protyro- 
sinase frcm which the copper had been removed by the potassium cyanide 
method of Kubowitz (1938) could no longcr be converted into active tyro- 
sinase by means of aerosol. However, t.reatment of the copper-free pro- 
tyrosinase with excess copper sulfate in 0.9 per cent sodium chloride solu- 
tion yielded protyrosinase as evidenced by the fact that treatment with 
aerosol produced 98 per cent of the expected tyrosinase activity. Just as 
found by Kubowitz (1938), salts of iron, cobalt, nickel, manganese, and 
zinc were unable to replace those of copper. 

3. Ascmbic Acid Osidase 
The first isolation of vitamin C in crystalline form came about as the 

r e d t  of the intcrest of Szent-Gyorgyi in the mechanism of biological oxi: 
dation. From adrenal cortex and from orange jnice Szent-Gyorgyi (1928) 
isolated crystals of a substance of carbohydrate nature which he called 
“hexuronic acid.” This crystalline acid, which had remarkable reducing 
properties, and which was readily oxidized by peroxidase in the presence 
of a phenol and hydrogen peroxide, was later shown to be identical with 
crystalline vitamin C (King and Waugh, 1932). The name, ascorbic acid, 
was suggested by Szent-Gybrgyi and Haworth (1933) during the course 
of studies leading to the establishment of its chemical structure and syn- 
thesis (see review by King, 1936). 

Szent-Gyorgyi (1930, 1931) prepared from cabbage leaf an enzyme 
‘(hexoxidase” which was relatively specific in its ability to catalyze the 
direct aerobic oxidation of (‘hexuronic acid.” The enzyme was highly 
active and because of the rcrersible nature of the oxidation (involving the 
removal of two hydrogen atoms from hexuronic acid) , Szent-Gyorgyi be- 
lieved that the reaction occupied an important position in the normal 
respiration of many plants. The enzyme had no action on phenols or 
polyphenols and did not function under anerobic conditions with dyes as 
hydrogen acceptors. 

Following this description of (‘hexoxidase” from cabbage by Szenb 
Gyorgyi, several investigators reported the existence of an ascorbic acid 
oxidizing enzyme in other plants. Zilva (1934) reported the presence of 
a similar enzyme in seedling apples, and Tauber el a2. (1935a, b) isolated 
from Hubbard squash an oxidase which they felt was different than that 
of Szent-Gyiirgyi. They suggested the name (‘ascorbic acid oxidase” for 
their preparation. Srinivasan (1936) prepared the enzyme from the pods 
of the drumstick tree (Mom’nga plerygosperma), and Hopkins and Morgan 
(1936) reported its presence in cauliflower juice. Among the first to supply 
evidence of the widespread occurrence of this type of an enzyme were 
Kertesz, Dearborn, and Mack (1936) who demonstrated the presence of 8 
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heat labile ascorbic acid oxidase in cabbage, squash, peas, pumpkin, string 
beans, lima beans, sweet corn, Swiss chard, carrots, parsnips, and spinach. 
Stone (1937) added banana, cucumber, marrow (vegetable) and potato to 
this list but failed to find the enzyme in cantaloupe, green pea, lettuce, 
lucerne, onion, spinach, and watermelon. Silverblatt and King (19%) 
demonstrated that an adequate supply of air was necessary while testing 
for the “oxidase” activity in plant juices. Using an aeration technique, 
they observed a rapid oxidation of vitamin C in the presence of cantaloupe 
juice, and suggested that Stone’s (1937) failure to detect the enzyme in 
cantaloupe and lettuce was probably due to insufficient aeration during 
the mpasurement. 

During this period the inhibitory effect of certain substances (cyanide, 
sulfide, carbon monoxide, diethyldithiocarbamate, etc.) on the activity of 
ascorbic acid oxidase preparations from a variety of sources was noted by 
a number of investigators. (See reviews by Tauber, 1938; and Elvahjem, 
et al., 1939). Many of these earlier investigations were primarily concerned 
with the mechanism and kinetics of the enzymatic oxidation of vitamin C. 
However, as inferred previously, the prime concern of this paper is to 
revicw the work on ascorbic acid oxidase that pertains to its copper protein 
nature. 

The catalytic effect of copper salts on the aerobic oxidation of vitamin C 
was observed by Hess and Unger (1921) and was studied more extensively 
by Barron, DeMeio and Klemperer (1936). Barron, Barron and Klem- 
perer (1936) questioncd the existence of a specific oxidase in plant juices 
and suggested that the destruction of vitamin C in biological fluids was 
brought about mainly by the catalytic action of ionic copper and hemo- 
chromogen catalysts. Using inhibitors that were more specific in their 
action on copper than those used by Barron et al., Stotz, Harrer, and King 
(1937) clearly demonstrated the dependence of the catalytic activity of 
squa5h and cauliflower juices on their copper content. They believed that 
the catalytic effect of copper in such plant juices was enhanced by its 
combination with protein but argued that the name “ascorbic acid oxidase” 
should mplied to this (‘enzyme” because of its unspecific character. 

thib&w, they found that a mixture of copper and albumin 
m y  of the ckacteristic properties of the “enzyme,” such aa 

Jf heating, the e&.d of pH, and the effect of several copper 
, including diethyldithiocarbamate and cyanide. In a subsequent 

IcCarthy, Green, and King (1939) compared the substrate speci- 
j and inhibition characterisitics of the copper protein (‘oxidasses” from 

,umber and potato. Whereas, both “oxidases” were inhibited by spe- 
cific copper inhibitors, they found that the cucumber oxidase was without 
a t i o n  on catechol, and confirmed Kubowitz’ (1938) observation that the 
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potato oxidase did not catalyze the direct oxidation of ascorbic acid. In  
support of the suggestion that something other than copper, such as pro- 
tein, w&. involved in the “oxidase” action of certain plant juices, Straub 
(1938) found that the ash of cucumber juice was 5 to 10 timex less 8ctive 
than the whole juicc in catalyzing the autoxidation of ascorbic acid. Also 
Spruyt and Vogelsang (1938) concluded that “ascorbic acid oxidation and 
copper do not go hand in hand, and the oxidation is certainly not exclu- 
sively to be ascribed to  the presence of copper.” 

Although theie WM little direct evidence at that time, Tauber (1935) 
and Graubard (1939) were aniong those who supported the view that the 
biological oxidation of ascorbic acid was due to  a specific copper protein 
enzyme which they termed “ascorbic acid oxidase.” Matsukawa (1940) 
studied the oxidation of ascorbic acid by copper-albumin mixtures and 
found that the rate of oxidation was dependent on the ratio of albumin 
to  copper in the reaction system. This observation was also made by 
Steinman and Dawson (1941) who found that with small amounts of inert 
protein, the catalytic effect of copper on the Oxidation of ascorbic acid was 
enhanced. However, with much larger amounts of inert protein for a 
constant amount of copper, the rate of oxidation was greatly inhibited 
over that observed with copper alone. It is clear, therefore, that compari- 
sons of the catalytic activity of ascorbic acid oxidase with the activity of 
synthetic copper-inert-protein mixtures must be made with caution. 

The first definite evidence of the specific copper protein nature of ascorbic 
acid oxidase came about only when the enzyme had been prepared in a 
high state of purity. At least three groups of workers independently 
approached the problem from this viewpoint at about the same time. 
Ramtsarma, et al. (1940) appear to have been the first LO report a rough 
parallelism between ascorbic acid oxidme activity and copper content 
throughout several stages of purification of the enzyme. However, their 
best preparations (from drumstick and cucumber) contained less than 
0.03 pcr cent copper and had a very low specific activity. Within a few 
months both Stotz (1940) and Lovett-Janison and Nelson (1940) reported 
preparations containing 0.25 and 0.15 per cent copper f r d b e r  
and summer crook-neck squash respectively. The scy:,sh en 
activity of 630 units per milligram of dry wei$-.: whereaq th  
by Stotz from the cucumber possessed an rxtivity of 850 unit 
gram dry weight. At first glance it would appear that this pr 
was conPiderably more pure than that of Lovett-Janison and 
However, the activity unit used by Stotz was smaller by a factor 
and a comparison of the preparations on a Q32 h i 8  shows the Lou, 
Janison and Nelson preparation to be over four timcs more active per 
milligram dry weight than the preparation described by Stotz. Thus the 
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high copper content reported by Stotz would suggest that the cucumber 
preparation either contained considerable non-enzyme copper (inactivated 
copper), or the proportionality factor between enzyme activity and copper 
is very much lower for cucumber oxidacle than for the squash enwmo. 

Although Stot’z (1940) in his brief report did not mention any correla- 
tion between enzyme activity and the copper content during the purifi- 
cation, he did point out that the purified enzyme was inhibited by low 
concentrations of sodium diethyldithiocarbamate and cyanide. Lovett- 
Jmison and Nelson (1940) compared tho copper content and enzyme 
activity throughout a preparative procedure involving a large number of 
operations. They found that after the preliminary stages of purification, 
the enzymatic activity became proportional to the copper content and 
further purification failed to change the activity per microgram of copper. 
Their best preparation, containing 0.15 per cent copper, WEIS free of man- 
ganese and had a QSZ of about 350,000. It was also free of pcroxidase 
activity and was inactive toward phenols such as catechol, p-crcsol, and 
hydroquinone. 

These findings established beyond question the specific copper protein 
naturc of mcorbic acid oxidase, and Lovett-Janison and Nelson (1940) 
emphasized the fact that their preparation catalyzed the aerobic oxidation 
of ascorbic acid over 1000 times more effectively than an equivalent 
anioumt of ionic copper.’ 

The following gear Meiklcjohn and Stewart (1941) using cucumber 
juice reported that the wcorbic acid oxidacre activity was proportional to 
the copper content after all the frco copper had becn removed by pro- 
longed dialysis. They found also that the activity of the juice WW much 
greater than that of ionic copper or copper in the form of a “loose non- 
specific combination with protein.” Complrte removal of the coppcr by 
dislysis against sodium cyanide inectivatcd the juice, but the activity was 
restored on the addition of excess copper sulfatoe. The restored activity 
wa.. greater than that of the amouut of copper sulfate used for the restora- 
tion. 

qdification of the method employed by Lovett-Janison and 
4); Pow-srs, Lewis and Dawson (1  944) prepared from summer 
squash (C. pepo condensa) an ascorbic acid oxidare containing 

;ent coppcr. Using comparable activity mcasurements the oxi- 
a specific activit,v (Q3~=600,000) over one and a half times greater 

should be pointed out that wherena the enzyme activity is largely indrpendent 
. bhe buffer system used, the rate of the reaction catalyzed by ionic copper is markedly 

hfluencd by the buffer system employed (Steinman and Dawson, 1942). Thus uuch 
cornparisone cm only k evaluated with full knowledge of the buffer systems employed. 

U F ~ ‘  
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than that of the preparation of Lovett-Janison and Nelson. However, the 
activity per microgram of copper was the same. 

Powers, Lewis, and Dawson observed that their purified enzyme rapidly 
lost its activity when highly diluted. They found, however, that when the 
dilution was made with a dilute inert protein solution, the enzyme was 
much more stable. Using this procedure in preparing the enzvme dilu- 
tions for activity measurements, their best preparation was found to have 
a Q . 2  of about 1,000,000. 

In concentrated solutions the enzyme was blue. Thus s solution con- 
taining 1970 units of enz>me activity per ml., and about 4.5 micrograms 
of copper per ml., had a color comparable to. that of a copper nitrate solu- 
tion containing 2500 micrograms of cupric ion per ml. Such concentrated 
solutions, when dialyzed salt free, precipitate the activity in the form of 
an amorphous greenish-blue protein. This protein readily dissolved in 0.1 
molar secondary sodium phosphate without loss in activity, and such solu- 
tions were stable for several months when the concentration exceeded 
0.1 per cent protein and the solution was stored a t  refrigerator tempera- 
tures. In solutions buffered below pH 4 the enzyme rapidly lost its activity 
presumably due to dissociation of the copper frnm the cnzyme molecule. 
Ames and Dawson (1945) reported that dialysis of such an ascorbic acid 
oxidase preparation against dilute acid resulttd in loss of copper. 

Both the preparations described by Lovett-.Tanison and Nelson (1940) 
and Powers, Lewis, and Dmvson (1941) were free of peroxidase activity. 
This point is of interest in connection with the theory postulated by Huszak 
(1937) concerning the role of ascorbic acid oxidase as related to peroxidme, 
in plant respiration. The essential feature of this t,heory, which was 
accepted by other workers in the field (Szent-Gyorgyi, 1039; Roberts, 
1939, Jayle, 1939; Ebiharrr, 1939) was the assumption that hydrogen 
peroxide was produced during the oxidation of ascorbic acid by ascorbic 
acid oxidase. The hydrogen peroxide thus produced was presumcd to be 
utilized in the oxidation of flavone subqtances by means of peroxidase. 
Using a perosidrtse-free ascorbic acid oxidase preparation of the type 
described above, Steinman and Dawson (1942) failed to  d e l e U r o g e n  
peroxide as a primary product of the enzymatic oxidatim of , 

by ascorbic acid oxidase and concluded that "these appears 
reason at present for eupyorting the view that hydrogen per 
reaction product of the enzymatic oxidaiion of ascorbic acid, a 
capable of entering into secondary reactions.” Of interest is the fi 

extensive studics of the mrcharlism of thc oxidation of ascorhL a~ 
catalyzed by cupric ion have revealed that hydrogen peroxide is one of tL. 
products formed (Lyman, Schultze, and King, 1937; Drkker and Dirkin- 
mn, 1940; Hand and Greisen, 1942; Steinman and Dawson, 1942; Silver- 
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blrrtt, Robinson, and King, 1943; Peterson and Walton, 1943; Weissberger, 
Lu Valle, and Thomas, 1043; Weissberger and Lu Valle, 1944). 

An extensive series of studies on the chemical nature of ascorbic acid 
oxidase has been carricd out by Tadokoro and associates (1941). In one 
of the papers in this series Tndokoro and Takasugi (1939) report the isola- 
tion of a crystallinc material from pumpkin juice and state that the crys- 
tals possessed strong ascorbic acid oxidase activity and showed the prop- 
erties of albumins. As a result of this report, Sumner and Somers (1943) 
have credited Tadokoro and Takasugi with the crystallization of ascorbic 
acid oxidase. In view of the method of preparation and the low activity of 
their crystals, relative to snme of the preparations described above, and 
the fact that the identity of the crystals with the enzyme was not dcfinitely 
proved, it seems advisable to withhold judgment as to whether or not 
ascorbic acid oxidase has yet been obtained in crystalline form. 

Iv. OrIIEn COPPER PROTEINS 

During the past decade certain other copper-bearing proteins have been 
isolated, but as yet little is known of their physiological significance. 
During this same period there has been some controversy concerning the 
presence of copper in certain well known proteins. For example, Agner 
(1938) intimated that a copper compound WRS associated with the activity 
of purified horse liver catalase. On the other hand, Dounce and Frampton 
(1939) and Sumner and Dounce (1939) found that both horse and beef 
liver crystalline catalme of high actikity were essentially free from copper. 
During the same year Agner (1939) found that the copper in his prepara- 
tions could be r9movcd without loss of activity. At the present time it 
appears, therefore, that copper is not essential to the activity of the 
catalase molecule. However, it hw been established by Schultze and 
Kuikcn (1941) that copper has an essentiel role in the formation of the 
catalase found in the liver, kidney, and blood of rats. 

It has also been suggested that copper may be a structural component 
of cytochrome osidase (Kcilin and Hartree, 1938; Graubard, 1941). 
Although there is &y yet little direct evidence in favor of this supposition, 
the indirect evidence summarized by Keilin and Hartree is of interest. 
In addition t<o the fact that, copper salts are the only known simple metal 
salts which rapidly oxidize all the components of cytochrome, and the 
fact that. cytochrome o x i d e  and the copper protein polyphenol oxidase 
of plants are quite similar in many of their actions, it has been known for 
some time that the addition of copper to copper-deficient diets for rats 
produces Rn increase in thc cytochrome content and the cytochrome oxidase 
activity of various tissues (Cohen and Elvehjem, 1934). More recently 
Schultu? (1940, 1941) has found a similar effect of copper feeding on the 
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cytochrome oxidase content of the bone marrow. The fact that cyto- 
chrome oxidase is very intimately bound to the insoluble matorial of the 
cell h a  thus far made it impossible to evaluate the role of copper by the 
direct and usual methods involving isolation and purification. 

With Roluble proteins, the difficulty involved in identifying copper aa an 
essential part of the molecule is not very great when tho protein has o 
phydological activity that can be eaeily meam-ed. However, in the case 
of proteins having no known activity, tho problem is much more difficult, 
for copper has the ability to form, with many proteiria, compluxes of vari- 
able stability (Macheboeuf and Viscontini, 1943). 

1. Hemcuprein and Hepatocuprein 
Au pointed out in the introductory section of this review, the presence 

of copper in animal tissues and blood was first recognimd about a century 
ago. Since that time many workers have wondered about the &ate of the 
copper in red blood corpuscles and serum. After a number of investigators 
(Warburg and Krehs, 1927; Abderhalden and Moller, 1928; TompHett, 
1934; Eider, Rosdahl and Theorell, 1036; Boyden and Potter, 1937) & ~ 1  the 
result of dialysis, acid extraction and electrophoresis expcrimonts, had 
suggested that the copper in serum was present in a more or leno loose com- 
bination with an organic compound, probably protein in character, Mann 
and Kcilin (1938) succeeded in isolating such a copper-protein compound, 
in rrystalline form, from red blood corpueclcs of the ox, Fhcep and horse. 
They named the blue cryetalline copper protcin, hemcuprein, and Rtatod 
that it was  obtained also from horse Berum.' 

The crystalline hemocuprein of Mann and Kcilin contained 14.35 per 
cent nitrogcn, 1.12 per cent sulfur and 0.34 per cent copper. Solutions of 
the material appeared to be homogeneous in the ultrficexitrifuge, and a 
sedimentation constant wm obtained indicating R niolccular weight not 
far froni 35,000, This value is in agreement with a copper content of two 
atoms per protein molecule, The copper was found to be only loosely 
bound to the protein, which appeared to belong to the class of albumins. 
Thus treatment with a dilute eolution of trichloracetic acid precipitated a 
colorles8 protein which was devoid of copper. Fresh preparations of the 
cryfitalline protein contained no free copper, but on long &anding, or when 
damaged by heat or acid treatment, free copper appeared. 

The pronounced blue color of hemocupkn solutions was found to be 
much strongcr than that of an equivalent amoutit of copper salt in alkaline 
solution. The blue color disappeared when hernocupsin 8olutions were 
treated with sodium hyposulfite, and the reduction was irrcwsjble aa 
' Cohn, el ol. (1940) reported that crystalline hemocuprein waa obtained from horse 

plasma by ammonium sulfate fractionation. 
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evidenced by the fact that the color was not revived by shaking in the 
presence of air or by treatment ?ith dilute hydrogen peroxide. 

Mann and Keilin (1938) also isolated from ox liver another copper 
protein, hepatocuprein, which like hemocuprein possessed a copper content 
of 0.34 per cent. Gruzewska and Roussel (1937) had reported the year 
before that the copper in liver was present in combination with an organic 
non-dialyzable compound such as a protein, and they described liver 
protein preparations containing 0.155 per cent copper (lamb) and 0.21 per 
cent copper (calf liver). Although Mann and Keilin pointed out that in 
nature the blood and liver copper proteins might t)c intimately connected, 
or even interconvertible, they chose to distinguish them by name fiince 
the hepatrocuprcin was practicnlly colorless and showed no tendency to  
crystal h e .  

Mann and Keilin were unrthle to find any direct biological or catalytic 
function for hcmocuprc in or hepatocuprcin. The purified copper proteins 
did not combine with oxygen, as does hemocyanin, nor did they catalyze 
directly phosphorylation reactions or any of the reactions a catslyzed by 
polyphenoF. oxidase, cytochrome oxidase, peroxidase, catalase or carbonic 
anhydrase. Nevcrt heless, it would seem likcly that hemocuprein and 
hepatocuprein represent important steps in copper metabolism, and may 
directly or indirectly be coiiccrned with the role of copper in the synthesis 
of hcmoglobin, cytochrome, and cytochronie oxidase in higher animals. 

2. Iron-Copper Nucleoprotein 
In connection with the role of copper in the synthesis of heme com- 

pounds, the work of Sahs and Guha (1941) is of interest,. As the result of 
their study of the availability of .iron in fish and other animal tissues, Saha 
and Guha claimed that 30-40 per cent of the total non-hemin iron in several 
animal tissues consisted of an iron-coppcr-nucleoprotein complex. The com- 
plcx was isplated in a fairly pure stat,e, and the copper was shown to be 
loosely combined, W i g  removed by trichloracctic acid and also hy alkali. 
Experiments with anemic rat8 indicated that the complex (or its break- 
down products after absorption) might be a precursor for the formation 
of hemoglobin. Previous elimination of t.he coppcr from the complex dimin- 
ished it.s heinopoiet'ic power, and quant.ities of iron and coppcr, correspond- 
ing in amounts to a given qu3ntit.y of the complex, were found in feeding 
experiments to be considerably lcss potent. than the complex in regard to 
hernoglobin formation. 

In a more detailed account of his studies on thc nature of the nonhemin 
iron in fish tissur, Saha (104 1) reported that the iron-copper-nucleoprotein 
substancc contained 0.0432 per cent Fe, 0.0072 per cent Cu, 1.95 per cent 
P, 10.1 per ccnt N, and gave positive tests for protein, carbohydrate, and 
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purine material. It was insoluble in hot or cold water, organic solvents, 
dilute or strong mineral acids, ammonia, sodium carbonate solutions, but 
was soluble in dilute cold sodium hydroxide solutions. Precipitation with 
acid of the alkali-dissolved msterial gave the same Fe : P : N ratio ‘a. the  
original material. All of the copper was extractable with trichloracetic 
acid, and the iron could be removed by dialysis against sodiuni pyro- 
phwophate. 

3. Milk Copper Protein 
It has been known for a rclatively long t,ime that cow’s milk contains a 

small amount of copper. When Hart, Steenbock, Waddell, and Elvchjem 
(1928) demonstrated that copper was a necessary supplement to iron in 
the prevention of anemia in rats fed on a diet of whole cow’s milk, interest 
in t.he coppcr content of milk was naturally aroused. The following year 
Elvehjem, St.eenbock, and Hart (1929) found that the earlier values for 
the copper content were too high, and reported that cow’s milk normdly 
contains about 0.15 mg. of copper per liter. Sylvevter and Lampit,t (1935) 
determined the copper content of sixteen samples of milk drawn from c:ows 
of different breeds and found the copper content to  range from 0.09 to  
0.17 mg. per liter with B mean of 0.12. 

Following McIlroy’s (1936) report t.hat the copper in milk mas almost 
entircly in combination with protein, traces only being found in the fat, 
Dills and Nelson (1942) attempted the isolation of a copper-broring protein 
from raw cow’s milk. Using a procedure similar to that whit4i 11:~s been 
employed in the same laboratory for purifying other copper prottkn in a 
native condition, euch LS tprosinase froin mushrooms snd from potatoes, 
and ascor1:ic acid oxidase from squn,sh, they obtained from 40 likrs of 
unpasteurized skimmed milk about 9 mg. of prokin mat.erial containing 
0.19 per cent coppcr and 15 per cent, nitrogen. The copper was lionionic and 
could not be removed by dialysis a t  pH 6.5. However, dialysis agahst a 
dilute hydrochloric acid solution of pH 3.5 resulted in a rapid loss in copper. 
The loss of copper in dilute acid solutioiis iA a well known property of 
copper proteins (Kubowitz, 1938). Dialysis experiments a t  pH 6.5 were 
also used to demonstrat’e that the coppcr protein in the presence of copper 
salts did not combine with more copper. 

Dills and Nelson were un:tble to find any chemical reactions which were 
catalysed by their milk copper protein, and they stressed the fact that the 
protcin showed no polyphenolase or ascorbic acid oxidase activity. The 
latter point is of interest, in connection with the fact that milk shows a loss 
in ascorbic acid on shnding (Tnuber, 1936). 
4. Copper in Virus Protein and i n  the Cytoplasmic Granules of Various Cells 

During the purification of the elementary body of vaccinia, Hoagland, 



THE COPPER PROTEINS 233 

et al. (1941) found a certain dcgree of parallclisrn between the extent of the 
virus purification and the copper content. Spectroscopic analysis revcaled 
that all other metallic constituents present during the early stages of the 
virus purification were lost as the purification process progressed. The 
coppcr-containing constituent proved to be different from any of the known 
copper protein enzymes, as evidenced by its lack of reactivity with appro- 
priate substrates, and no biological role could be ascribed to it. The copper 
in a sample of dried purified virus amounted to 0.05 per cent, and it could 
not be removed from the virus by repeated washing, ultrafiltration, dialysis 
against 0.1 molar potasium cyanide, or by electrodialysis over a pH range 
which did not inactivate the virus. 

Cells contain granules of various sizes which by appropriate mcan? may 
be extracted from the cells. Claude (1941) report& that the final chemical 
composition and appearance of the purified granules depended marked!y 
on the procedure used for their extraction and purification. The centrif- 
ugal fractionation of an extract of dried yeast cells that had been incubated 
three hours at 40” C. resulted in a material whose blue color and copper 
content resembled that of the hemocyminr. The chemical composition of 
the pigmented granules was found to be 8s follows: C, 53.15; H, 7.80; 
N, 11.73; P, 0.30; ash, 1.65; and copper, 0.116 per cent. 

Claude (1941) found that granules isolated from other cells also contained 
copper but in smaller amounts. Thus small particles isolated from the 
malignant cells of a mouse leukemia were found to contain 0.023 per cent 
copper, and two types of granules isolated from gdinea pig liver contained 
0.034 and 0.013 per cent copper, respectively. Clsude felt that the copper 
present in the cytoplasmic granules was “associated with the protcin” 
and mggested the possibility that the copper compound might “play the 
role of a respiratory pi-gnent in the cell.” 

V. PF~OTEIXS CONTAINING OTHER METALS 
A survey of the literature reveals that most of the research up to the 

present time on metal proteins has been on the iron porphyrin, magnesium 
porphyrin, and copper proteins. The iron proteins are to be reviewed in a 
subsequent volume of “Advances in Protein Chemistry” and it is not within 
the scope of this review to survey the extensive studies on chlorophyll. 

Many studies have demonstrated the ewential role of a variety of metals 
in the physiological procwses of both plants and animals. The various 
investigators hhve approached the problem by studying the dietary require- 
ments, the analysis of tissues and organs, and the catalytic effect of metals 
in v i h  on physiologicdly important reactions. A partial list of the metals 
studied in one or more of these ways includes zinc, vanadium, cobalt, 
nickel, molybdenum, manganese, magnesium, etc. The results of such 
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investigations rmgjgest that many metalloorganic compounds exist in 
living organipms, and some of these compounds undoubtedly are of protein 
character. Yet at this writing only in 8 very few cases has B mctiil other 
than iron or copper been shown to be a definite part- of a naturally occurring 
protein molecule. In fact the only examples for which tjhe data can l a  
considered fairly conclusive are R few zinc and mngnesium proteins. 
As the result of studies since the turn of the century by a large number 

of workers in the field of carbohydrate metabolism, the complex mechun- 
isms of glycolyRis and alcoholic fermentation are today better underwtood 
than moRt comparable biological processes. Such studies which hnvo been 
the subject of numerous reviews (Lipmann, 1939; Cori, 1939; Grecn, 1040; 
Lipmann, 1941 ; Meyer, 1943; Krebs, 1943; Barron, 1943; Sumner urid 
Somcrs, 1943; Potter, 1944. See also “A Symposium on Rospirutory 
Enzymes,” the University of Wisconsin Press, 1942; and recent volumos 
of Annual RRviews of Biochemistry) have revealed that many onzymutic 
equilibria are involved in each process, and much of our knowlcdge lios 
been gained by isolating these equilibria, and studying them in vitro. All 
of the reactions are catalyzed by specific proteins, and it has becn found in 
numerous casos that certain metals and other factors such as coenzymo 
1 or 2, diphosphothiamine, adenosinetriphosphate, etc., must abo be 
present. 

In most of tho cases the metal requirement has been eRtablishcd by stndy- 
ing the effect of a variety of metallic ions on the activity of thc system. In 
certain instances there is no activity in the absence of appropriate mchllic 
ions, but in the majority of cases the metallic ions merely enhanca the 
activity. In systems where more than one metallic ion is cffcctivc, it, is 
generally found that an order of effectiveness can be established. Tliu fiwt 
that magnesium has an important role and most of the other mutdllu are 
also divrdent and of the type that do not readily undergo change in vulciice, 
has ltid to the suggogtion that “tho metal acts as a chemical link lctwcen 
the protein and the prosthetic group and has purely structural nignificntice” 
(Qreen, 1941). Some of the systems and activating metallic ions that luve 

References for Table VII 
(13) Patwardhan (1937). 
(14) Seent-Gyorgyi and Banga (1041). 
(16) Neodham (1942). 
(16) Bailuy (1942). 
(17) Adler, Eulcr, Gunther, and Plee~  

(18) Grwn, Herbcrt, and Subruhiiianyan 

(19) Kubowita and Ltlttgens (lQ4l). 
(20) Lipmann (1939). 

11939). 

(1941b): 

(21) Stlll (1941). 



236 C. R. DAWSON AND M. F. MALLETTE 

been investigated in connection with the studies of glycolysis, alcoholic 
fermentation, and related processes are shown in Table VII. 

1. Carboxylase 
Of the enzyme systems shown in Table VII the role of the metal is best 

understood in the case of the carboxylase system. This engyme which is 
found in yeast, bacteria, fungi, and higher plant and animal tissues, cata- 
lyzes the decarboxylation of pyruvic acid and certain othcr o-ketmar- 
boxylic acids (Gieen, et d. 1941a; Sumner and Somets, 1943). Auhagen 
(1982) ohserved that magnesium ions and a coenzyme "cocarboxyyyIase" 
were necessary parts of the uarboxylade system of yeast. Lohmann and 
SchuPtcr (1937) crystallized cocarboxylaqe and found it to be the pym- 
phosphate of thiamine, In a study of the effect of metallic ions on the 
activity of the enzymc, the same investigators found that manganese was 

probably concerned physiologically &ice it was present in yeast in rela- 
tive!y high concentration whereas manganese occurred only in tracej. 

Green, et al. (1940, 1941b) prepared a highly purificd and stable form of 
carboxylase from top brewer's yeast and reported that the enzyme waa a 
diphosphothiamine magnesium protein. Their best preparation contained 
0.46 per cent diphosphothismine and 0.13 per cent magnesium. No other 
metal was found. The specific protein could be aeparated from the pros- 
thetic group and the metal by pfecipitation three times with a m o n i a c d  
ammonium sulfate, and the original enzyme activity could he recon..tituted 
by combining the protein with diphosphothiamine and magnesium. Other 
divalent metals such as manganese, iron, calcium, cadmium, zinc, and 
cobalt could be used instead of magnesium but with varying effectivcneas. 
Monovalent and trivalent metals were inactive? and silver, copper, and 
mercury completely inhibited the activity in 0.0001 molar concentration. 
I n  high salt concentrations or a t  pH 6 the carboxylase was found to be a 
stable conjugated protein, whereas in dilute salt solutions or a t  pH 8 the 
enzyme was almost completely dissociated. 

Grwn, el al. believed that. the molar ratio of diphosphothiamine to 
protein to metal wm 1 : 1 : 5. Kubowitz and Ltittgens (1941) found that 
their purest caiboxylase contained 7 g. atoms of magnesium and 1 mole of 
diphosphothkmine to about 75.000 g. of prgtein. Melnick and Stern (1940) 
reported that purified yeast cerboxylase has &. molecular weight of about 
141,000 and an isoelectric point a t  pH 5.1. 

more effective than magnesium, but pointed out that magnes: 'Urn waa 

2. Arginase 
Some of the most extensive work along the lines of metal activation has 

been carried out with the enzyme arginase. Thia enzyme is found in the 
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liver, kidnej-, and spleen of mammakq as well as in certain plants, e.g., the 
jMk bean. In animals the enzyme is concerned in the formation of urea, 
splitting the mino acid 2-arginine into urea and t-ornithine. Early studies 
of the enzyme activity revealed that the catalytic activity of the protein 
was low when the concentration of heavy metal wm low. The addition of 
divalent manganese, cobalt, or nickel was found to increase the activity to 
a maximum, and further addition of the metal did not further increkse the 
act.ivity. The activation produced by manganous ion w s  greater than 
for nickel and generally greater than for cobaltous ion. In no CUR was the 
action of cobahous ion found to be greater than that of manganoug ion 
(Greenberg, 19-14; Hunter and Downs, 1944). Facts such as these have 
led numerous investigators to postulate the presence of manganese in 
arginase. Although the enzyme has been purified by several workers, no 
one has demomtrated b parallelism betwem the enzymatic activity and the 
manganese content during several stages of purification. Richards and 
Helleman (1940) partitlly purified the enzyme and examined the prepara- 
tion spectrographically. They found neither cobalt uor nickel but did find 
manganese and iron. AmbiyouR results from their activation studies with 
ferrous iron led them to imply that manganefie was the only metal likely 
to be found in arginase. On the other hand, Rossi f1942) claimod that, 
although manganeso accelerated the act%t.y of arginase, it was not a 
constituent of the enzyme. 

3. Insutin 
Of the three known proteins containing zinc, insulin was the first in 

which the natural occurrence of zinc was fdrly well established. This 
protein hormone wa first crystallized by Abel (1926) who demonstrated 
the protein nature of the rhombohedral crystals and observed their charac- 
teristic physiological activity. A few years later Scott (1934) and Scott 
and Fieher (1935) prepared crystalline insulin by various methods and 
rnported positive tests for zinc in all of their preparations. One preparation 
had a zinc content of 0.52 per cent. Subsequently Cohn et d. (1939, 1941) 
found, by the use of radioactive zinc that the zinc content of hqulin crystals 
was dependent on the pH of the solution from which they were crystallized. 
In eolutions below pH 5.5 the zinc content was always 0.34 per cent, but 
from solutions of higher pH the zinc content was higher. However, crystals 
with a high zinc cbntent never contained more than two atoms (about 
0.36 per cent,) of the metal per protein molecule after they were equilibrated 
again& conductivity water. Further evidence of the variability of the 
zinc content of insulin crystals was obtained by Sahyun (1941) who pre- 
pared crystallin insulin from pancreatic extract with the protein containing 
only 0.15 per cent of the metal. 
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Some knowledge of the amino acid content of the insulin molecule is 
available as the result of the studies of Nicolet and Shinn (1941) and 
Chibnall (1942). The former investigators reported a eerine content of 
3.57 per cent and a threonine content of 2.66 per cent. They pointed out, 
however, that any part of their serine value might actually be due to 
hydroxylysine. Chibnall (1942) in a summary of his studies reported 
amino acid contents as follows: arginine, 3.05 per cent; histidine, 10.7 per 
cent; lysine, 1.26 per cent; cystine, 12.5 per cent; tyrosine, 12.5 per cent; 
and an nmide nitrogen content of 1.65 per cent. Chibnall nlao rcported a 
study of the number of free amino groups and concluded that the insulin 
molecule might contain eighteen separate polypeptide chains. 

Bath and Ellis (1941) approached the problem of the structure of the 
insulin molecule by means of infrared absorption spectroscopy. Their 
failure to find bands corresponding to OH groups led them to conclude 
that these groups were involved in structural linkages. On the other hand, 
Crammer and Neuberger (1943) examined the ultraviolet absorption of 
insulin and found that it was unnecessary to assume linkages of the phenolic 
groups in order to explain their results. 

While investigating the molecular sire of insulin by means of the ultra- 
centrifuge, Sj6gren and Svedberg (1931) observed a stable molecule from 
pH 4.5 to 7.0 with a moleculrsr weight of 35,000. The particles appeared 
to be spherical, and had a radius of 2.18 mp. At pH values below 4.5 and 
above 7.0 the molecule was apparently broken into smuller units. Recently, 
Miller and Andersson (1942) also using the ultracentrifuge, obtained an 
apparent molecular weight of 46,000 for a twice recrystallid sample'of 
imulin. 

Because insulin is rather easily crystallired, it is readily available in 
relatively large quantities and in a high state of purity. Such conditions 
have led to its use aa a subject in the X-ray examination of the general 
structure of proteins. Since Crowfoot (1941) and Astbury (1943) have 
recently rekiewed this work as applied to insulin, the details will not be 
presented here. It is sufficient to  point out that Bernal (1939), using the 
X-ray data of Crowfoot and Riley (1939) as a basis, suggested that the 
insulin .molecule might contain eighteen subunits. It will be recalled that 
this is in agreement with the suggestiowde somewhat later by Chibnall 
(1942) on the bash of free amino nitrogen Astbury (1943) warned, 
however, that the data did not permit one to mwme dependence of the 
X-ray observations on the number of peptide c h a i h  

Though it seems probable that rinc is an essential part of insulin, it 
must be kept in mind that such has not yet been conclusively proved. In 
tho first place the actual rinc content has been difficult to ascertain, since, 
88 pointed out earlier, the conditions of purification appear to exert a 
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pronounced effect. Furthermore, it is well known that amorphous zinc- 
free insulin has a phyRiologica1 activity nearly as great rn that of the crys- 
talline zinc-containing material. This latter fact might be explained, how- 
ever, on the basis that the zinc-free insulin combines with the metal in the 
body of the experimental animal. It is quite possible that the zinc content 
of insulin crystallized from pancreatic extracts arises during the isolation 
and purification process, i.e., the zinc is removed from some other substance 
and combines with the protein portion of the insulin molecule. It may be 
argued, however, that such a possibility is rather unlikely, for many differ- 
ent methods of preparation yield a zinc-containing molecule, It is also 
known that cobalt and cadmium induce the crystallization of insulin (Scott 
and Fisher, 1935). 

4. Carbonic Anhydrase 
The enzyme which catalyzes both phases of the reaction wm first demon- 

strated to be present in the erythrocytes of cow blood by Meldrum and 
Roughton (1932) who called it “carbonic anhydrase.” Following a series 
of investigations by Roughton and associates and other groups of workers 
in reference to the occurrence, purification, and catalytic properties of the 
enzyme, Keilin and Mann (193913, 1940b) reported that highly purified 
preparations from the erythrocytes of ox blood had a zinc content ranging 
from 0.31 to 0.33 per cent. Magnesium, manganese, iron, copper, and lead 
were present only in traces. During the process of preparation, the enzy- 
matic activity, measured by the evolution of carbon dioxide from fiodium 
bicarbonate, wm found to be proportional to the zinc content. In addition 
all of the zinc present in red blood cells war believed to be rontaincd in the 
enzyme. Keilin and Mann reported that their preparation of carbonic 
anhyclrme was apparently pure as judged by cataphoretic and ultracen- 
trifuge studies. The latter studies were made by Eirich and Rideal (1940) 
who reported a sedimentation constant of Sla=3.80 S. Hove, et al. (1940) 
rcported that they had confirmed the result,s of Keilin and Mann in refer- 
ence t o  the zinc content of the enzyme, and the fact that all of the zinc in 
the erythrocytes was located in tb-enzyme. 

Scott and Mendive (1941) reported that they had prepared a carbonia 
anhydrase with a purification factor (based on activity per unit weight) 
greater than that s5’cained by Keilin and Mann. In spite of the greater 
purification, Scott and Mendive found only 0.15 per cent zinc in their 
diff!Z’preparations, This led them at  first to doubt that zinc was an 
v g r a l  part of the enzyme molecule. However, on repeated attempts at 

s ther  purification by electrophoresis and adsorption, they were unable to 

H&OSCO2+ H2O 



240 C. R. DAWSON AND IrZ. F. MALLETTE 

reduce the zinc content any further. Their best preparation hnd a total 
nitrogen content of 15.9 per cent and contained 1.3 per cent cystine and 4.1 
per cent tyrosine. 

The following year Scott (1942) succeeded in crystallizing carbonic 
anhydrase and reported that the crystals, which were highly active, had a 
total nitrogen content of 16.5 per cent and a zinc content of about 0.2 per 
cent (Scott and Fisher, 1942). The purified enzyme was found to rapidly 
lose its activity in dilute solutions, such as those used for activity measure- 
ments. The addition of peptone to such solutions “protected’J8 the enzyme, 
as evidenced by the fact that a greater activity w a s  measured in the pres- 
ence of peptone. A specimen of the enzyme prepared by Scott and Fisher 
was studied by Petermann and Hakala (1942) in the ultracentrifuge. The 
material was estimated to be 85 per cent pure with a sedimentation con- 
stant of 2.8 S and a molecular weight of about 30,000. The isoelectric 
point was found to be about pH 5.3. 

Although it seems clear that carbonic anhydrase is a zinc-protein enzyme, 
it is evident that there is a considerable disagreement between the two 
main groups of workers as to the zinc content and the specific activity of 
the enzyme. There also appears to be an important difference in opinion as 
to the sedimentation constant of the enzyme molecule. 

Recently Keilin and Mann (1944) suggested that the low zinc values 
reported by Scott and Fisher might be due to their method of zinc analysis, 
and they offered an explanation to account for the higher activities meas- 
ured by Scott and coworkers. Shortly thereafter Scott and Fisher (1944) 
defended their method of zinc analysis and pointed out that a polaro- 
graphic analysis of their enzyme by an independent investigator had showed 
a zinc content of 0.22 per cent, a value in good agreement with theirs. To 
explain their higher activity data, they rebmphasized the importance of 
using a protective agent such as peptone during the activity mesurement 
of highly purified preparations. In other words, they inferred that Keilin 
and Mann were probably measuring only a fraction of the true enzymatic 
activity . 

5. Um’case 
The enzyme uricase catalyzes the oxidation of uric acid to allantoin 

accompanied by the reduction of oxygen to hydrogen peroxide. Holmberg 
(1939) obtained and purified the enzyme from pig liver, using the mano- 
metric uptake of oxygen as a meamre of the actk?: He found the 
enzyme to be insoluble except in solutions buffered near pYT 10 or above. 
Noting that the activity was cyanide sensitive, Holmberg investig +ed the 

* This phenomenon of an inert protein protecting an enzyme has also \ been o 
in other systems (Nelson and Dawson, 1944; Powers, Lewis, and Dawson, 1944). 
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metal content of his preparation. He found 0.025 per cent iron, a probable 
zinc content of 0.13 per cent and no lead. 

The results obtained somewhat later by Davidson (1942) supported 
Holmberg’s suggestion that uricase might be a zinc protein. Using two 
different methods of preparation of the enzyme from pig liver, Davidson 
found in both cases fairly high iron and zinc contents. Only in the case of 
h c ,  however, was there a parallelism between the activity and the metal 
content during the purification process. His best. preparation showed a 
maximum zinc content of 0.09 per cent, and by spectrographic analysis 
contained, in addition to zinc and iron, traces of copper, lead, manganese, 
magnesium, aluminum, and tin. 
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I. INTRODUCTION 
Compared to the progress in the knowledge of chemistry, physiology, 

and pathology of the proteins proper, our knowledge of the mucoids and 
glycoproteins has remained rather incomplete. As evidence of this no 
comprehensive review of this field has appeared since the monograph of 
Levene (1925). Furthermore in textbooks of biochemistry, the field of 
carbohydrate-containing proteins and of mucopolysaccharides finds only 
incidental mention, or the data given are erroneous and antiquated to a 
surprising extent. Although practically nothing is known about the metab- 
olism of these substances and little about their functions, enough data have 
been accumulated in the last twenty years to indicate rather important 
roles for some of these substances in biological processes. 

11. DEFINITION AND CLASSIFICATION 
A reviewer of mucopolysaccharides, mucoids, and glycoproteins ie 

faced with the problem of giving his own definition and classification, since 
in thia field, unlike the general field of proteins, there is no accepted ter- 
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minology. In this paper it is proposed to limit the discussion to substances 
which contain hexosamine. This excludes proteins containing nucleic acids 
or glycolipids. Aminosugars other than hexosamines or simple proteins 
containing hexoses in the absence of hexosamine have not been encoun- 
tered in nature thus far. 

We propose to classify the hexosamine-containhg compounds into three 
main groups, the mucopolysaccharides, the mucoids, and the glycoproteins. 
As mucopolysaccharides we define polysaccharides which contain hex- 
osamine as one component, whether they occur free or whether they be 
obtained by chemical manipulation from substances of higher molecular 
weight. As mucoids we define substances which contain a mucopoly- 
saccharide in firm chemical union with a peptide, where the hexosamhe 
content is greater than 4 per cent? The group of proteins which contain 
less than 4 per cent hexosamine, clwified as glycoproteins, embraces many 
proteina listed as albumins and globulins in the accepted classification of 
proteins. It obvioudy would be undesirable to change this accepted claesi- 
fication. It would, for example, not be advisable to separate the two com- 
ponents of crystalline ~ r u m  albumin into two different classes, the albumin 
proper and the hexosamine-containing albumins. It therefore might suffice 
to  designate the latter with the prefix glyco-. While some of these proteins 
are probably pure and single molecular species, many may be complexes 
of mucoid with simple protein. It might be pointed out here that the 
crystallographically most perfect proteins such as insulin, pepsin, chymo- 
trypsin, or trypsin do not contain any carbohydrate. 

In general this classiication follows one proposed in an earlier review 
(Meyer, 1938). It is based on the nature of the carbohydrate moiety. We 
distinguish between simple and complex mucopolysaccharides. Simple 
mucopolysaccharides are those containing N-acylated hexosamine in 
combination with other carbohydrates or carbohydrate derivatives such 
as uronic or hexonic acids. Complex rnucopolysaocharides contain in 
addition, either sulfuric or phosphoric acid groups or lipid in firm chemical 
union with the mucopolysaccharide. 

The ease with which the mucopolysacchsrides can be obtained free from 
their natural ~ources varitx greatly. As a rule, mucopolysaccharides of 
acidic nature, in contrast to the electroneutral compounds, can be eady  
obtained free of protein by mild procedures. Neutral mucopolysaccharides 
from animal EOUW occur in firm chemical linkage with protein. In some 

"he distinction between mucoida and glycoproteim bawd on a hexommine content 
of 4 pet cent or over is arbitrary. This figure is chosen since compounds with such a hex- 
manhe content posee4s the solubility propertha of mumids and remain soluble after 
precipitation by alcohot 
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micro6rganisms, however, the neutral polysaccharides may occur not 
bound to protein. 

Acid mucopolysacchzrides as they occur for example in vitreous humor, 
synovial fluid, cornea, gastric juice, and cartilage are in part dissociated, 
since in the native fluid or neutral aqueous extracts they migrate in an 
electric field independently of the proteins present. On the other hand 
on acidification they form protein compounds of definite stoichiometric 
proportions (Meyer, Palmer, and Smyth, 1937). In the literature these 
protein compounds have been called mucins or mucoids, such as vitreous 
and synovial mucin, cornea and chondromucoid. It seems to us best not 
to use the latter terms. The term “mucin”2 has only a physiological mean- 
ing, denoting a viscous secretion. 

While the simple mucopolysaccharide acid, hyaluronic acid, in nature 
occurs entirely in the dissociated form, the complex mucopolysaccharide 
acids, especially the sulfuric acid esters, seem to be bound much more 
firmly to protein. This linkage in part a t  least is of polar nature. It is, 
however, not known whether the linkage is entirely polar. Another differ- 
ence between hyaluronic acid and the sulfuric acid esters is the nature of 
the protein with which the carbohydrate is associated. Thus complexes 
formed on acidification of the hyaluronic acid - containing fluids like 
vitreous humor (Meyer and Palmer, 1936), synovial fluid (Meyer, Smyth, 
and Dawson, 1939), or some tumor fluids (Meyer and Chaffee, 1940s) 
precipitate with serum globulin fractions. On the other hand the sulfuric 
acid esters occurring as intercellular substances in the cornea or in cartilage 
probably exist in part as protein complexes with specific proteins. As a rule, 
some difficulty is encountered in bringing these complexes into solution, 
this difficulty varying with the tissues. Thus chondroitinsulfuric acid in 
very good yield can be extracted from defatted and finely ground cartilage 
by 10 per cent calcium chloride at a pH of about 9 (Meyer and Smyth, 
1937), while umbilical cord (Meyer and Palmer, 1936) or skin (Meyer and 
Chaffee, 1941) seem to require more drastic treatment. The data available 
at present seem insufficient to designate as mucoids the complexes obtained 
from tissues by more or less drastic treatment followed by acidification. 

However, there is no evidence that an ester linkage (Levene, 1925) is 
involved as has been claimed. Chondroitinsulfuric acid in hyaline cartilage 

The term “mucin” and “pseudomucin” as used by the pathologist does not seem to 
have a clear cut biochemical basis. As a rule acid mucopolysaccharides cause the typical 
“mucin” clots on acidification of cyst fluids. However, we have encountered such fluids 
which contained hyaluronic acid in high concentrations; on dilution and acidification 
these did not give such a clot, apparently because of the large excess of hyaluronic acid 
over protein. On the other hand, some ovarian cysts contain fluids which give a precipi- 
tate OR dilution and acidification but yield only a neutral mucopolysaccharide. 
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may be a salt of the acid with a collagen, since the ratio of hexosamine to 
total nitrogen is similar to that of the artificial products prepared from 
gelatin and chondroitinsulfuric acid (Meyer, Palmer, and Smyth, 1937). 
The form in which chondraitinaulfuric acid is combined in the connective 
tissues like dormis (Meyer and Chaffee, 1941) or umbfical cord (Meyer 
and Palmer, 1936) is unknown. 

Certain of the mucoids, for example ovomucoid, seromucoid, and gonado- 
tropic hormones, are distinguished by great solubility in aqueous solutions. 
They are not readily precipitated by trichloroacetic, sulfosalicylic, picric, 
or flsvianic acids. They are precipitated by alcohol or acetone without 
losing their solubility in aqueous media. No member of this group seems 
ever to have been crystallized. Some mucoids are almost completely 
insoluble. Among these little studied mucoids is the so-called ovomucin of 
eggwhite (for literature see Young, 1937) for which we proposed the term 
ovomucoid-8, the chalaaae of eggshells, the so-called residual protein of 
vitreous humor and the capsule of the lens. All these substances seem to 
serve Bome architective function. Whether other histological structures 
such as limiting or basal membranes belong to this group is unknown. 

The following scheme summarizes the data outlined above. 

I. Mucopo&mccharidea 
A. Ncutral mucopolysaccharidea (do not contain an acid group) 

1. Acetylglucosamine only 

2. Acctylglucosamine and galactose 
Example: chitin 

a. Inratio1:l  
Example: neutral plysaccharide of pig gastric m u c m  (Meyer, Smyth, 

and Palmer, 1937) (the main fraction in a mucoid, see below). 
h. In ratio 1 :3 

Example: Type XIV pneumococcus polysaccharide (Goebel, Beeson, and 
Hoagland, 1939). 

3. Glucoesmine, galartme, and rhrtmnose 
Example: Shiga-Kruee specific polysaccharide (Morgan, 1938; Morgan and 

Purtridge, 1940, 1941). 
B. Acid hlucopolysaccharidea 

1. Simple acid mucopolysaccharidea 
a. Acetylglucosamine and glucuronic acid 

Example: hyaluronic acid (Meyer and Palmer, 1936). 
2. Complex acid mucopolysaccharides 

u. Sulfomucopolysacchwidea 
a. Acetylglucosamine, glucuronic acid, and sulforic acid 

Example: hyaluronosulfate from cornea (Meyer and Chaffee, 194Ob) 
8. Acetylglucosamine, sulfuric acid, and undetermined uronic acid 

Examplea: acid mucopolysaccharide of hog gastric m u c m  (Meyer, 
Smyth, and Palmer, 1937); heparin (trisulfuric eater), (Jorpes 
and Bergstroem, 1937; Charles and Todd, 1940). 
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y. Acetylgaladosamine, glucuronic acid, and sulfuric acid 
Example: chondroitin sulfate ( L a m e ,  1925). 

b. Phoaphomucopolysaccharidea 
a. Amhoeugar, galactoae, and phosphate 

C carbohydrate of streptococcus (4) (Zittle and Harris, lW). 
Examples: C carbohydrate of pneumococcus (Goebel, d d., 1943); 

II. Mucoids or\mucoproteina (contain more than 4 per cent aminomgar) 
A. Soluble neutral mucoids 

1. Acetylglucosarnine and galactose in ratio 1 : 1 
Examples: mucoid of oviduct of the frog (Schulz and Becker, 1935); gonad- 

otropic hormone of ptegnancy urine (?) (Gurin, 1945); blood group A 
crubstance of gastric mucosa (Meyer, Smyth, and Palmer, 1937; &and- 
steiner and Hartc, 1940) and saliva (Landsteiner, 1936a); mucoid from 
anthrax bacillus (IvBnovica, 1940). 

Examplca: ovomucoid (Levene and Mori, 1929); serum mucoid (?) 
(Rimington and Van der Ende, 1940); seroglycoid(?) (Hewitt, 1939). 

2. Acetylglucosamine and mannose 

B. Insoluble mucoida (composition unknown) 
Examples: “ovomucin” or ovomucoid-8 (Young, 1937; Meyer, 1938); 

chlrlazae (Young, 1937); residual protein of vitreous humor, lens capsule 
(may bc glycoproteh). 

C. Acid Mucoids 
1. Acetylglucoeamine and gluconic acid 

Example: eubmaxiUary mucoid (see below). 

111. Glycoproteina (contain less than 4 per cent hexosamine) 
1. Acetylglucossmine and mannow 

Examplea: ovalbumin (Neuberger, 1938); serum albumin (Rimingt~n, 
1929, 1931). 

2. Composition and homogeneity unknown 
Examples: serum globulins; stromatin; and many others. 

111. GENERAL METHODS OF PREPARATION 
OF MUCOPOLYBACCHARIDES AND MUCOIDS 

Most mucopolysaccharides and mucoids are characterized by a high 
solubility in water and a relative resistance towards denaturation by agents 
which denature proteins. Thus extraction with aqueous salt solutions in 
many instances suffices to obtain these compounds in solution. In micro- 
organisms more drastic treatment has to be used to disintegrate the organ- 
ism. In many instances, however, the polysaccharides are liberated during 
growth into the media or, as in the case of pneumococci, are easily obtained 
in solution by autolysis of the organisms. If the microorganisms do not 
autolyze, disintegration by ball mills or other bacterial mills (Booth and 
Green, 1938) or by ultrasonic vibration (Chambers and Flossdorf, 1936) has 
to be used. It has become a rule to employ procedures as mild as possible 
in order to avoid loss of biological properties, as for example antigenic- 
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ity. But in some instance rather drastic procedures, 88 the UBB of hot for- 
mamide, hot acid or alkali, or extraction with 90 per cent phenol have been 
employed for the liberation of mucopolysaccharides. 

Acid mucopolysaccharides as a rule are fax easier to obtain in pure form 
than the neutral substances. In some instances advantage may be taken 
of the salt formation of acid mucopolysaccharides with proteins. For thie 
purpose the extracts or fluids have to be diluted to obviate the dissociating 
influence of salts. If the protein concentration is insufficient or if the pro- 
tein has been digested as in commercial gastric mucin, a carbohydratefree 
protein may be added, such as edestin or gelatin. In some instances there 
are also present e n z p e s  which decrease the yield of polysaccharides. In 
such cases extraction with concentrated urea solutions may be used. 
Usually it is advantageous to reduce the bulk and simultaneously denature 
some proteins by dehydration with acetone. 

For the removal of proteins, digestion with pepsin and trypsin has 
proven successful in some instances. Precautions have to be used with 
pepsin, since commercial preparations contain rather high concentrations 
of a mucopolysaccharide. It has to be noted too that many mucopoly- 
saccharides and mucoids are quite effective inhibitors of proteolytic 
enzymes. Protein is removed effectively by shaking with mixtures of 
chloroform and butyl, amyl, or octyl alcohol. This procedure was appar- 
ently first used by P. Plbz as quoted by Morner (1895). The latter used 
shaking with chloroform and with mixtures of chloroform and butyl alcohol 
for the removal of protein in urine. The method was rediscovered by Sevag 
(1934). Mechanical stirring by an efficient stirrer for one-half to one hour 
is as effective as shaking for several hours as recommended by Sevag. 
Previous freezing with liquid air &s recommended by the latter is unneces- 
sary. The denaturation requires salt. Usually a neutral or slightly alkaline 
reaction is used. At acid reaction some mucoids may become insoluble 
by this treatment. For the removal of nitrogenous impurities remaining 
in solution after chloroform-amyl alcohol treatment, adsorption on zinc 
hydroxide, cadmium hydroxide, or in acid solution by Lloyd’s reagent has 
been found useful. 

The separation of mixtures of different polysaccharides may be very 
difficult. In material from animal sources, glycogen usually accompania 
the mucopolysaccharides, since like the latter it is precipitated by alcohol 
and glacial acetic acid. Digestion for a few hours with filtered saliva, or 
another good source of amylase, like clarase, in the presence of toluene will 
suffice to remove it. In mixtures of acid and neutral mucopolysaccharides, 
separation may be obtained by salt formation with protein of the acid 
compounds. Mixtures of sulfomucopolysaccharides with neutral or simple 
acid mucopolysaccharides may be separated by fractionation of the neutral 
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solution with alcohol in the presence of 10 per cent calcium or barium 
chloride. The sulfomucopolysaccharides require a lower concentration for 
precipitation than the simple polysaccharides. A very promising procedure 
for the separation of polysaccharides from peptides or amino acids was 
introduced by Neuberger (1938) for the isolation of the mucopolysaccharide 
component of crystalline egg albumin. The hydrolysis mixture after tryptic 
digestion was treated with ketene in alkaline reaction, giving N-acetyl 
compounds. The basic amino acids are removed by phosphotungstic acid 
and the remaining N-acetylated amino acids are removed, after acidifica- 
tion, by chloroform extraction. The water-soluble carbohydrates were 
acetylated at  low temperature with acetic anhydride and pyridine. The 
resulting O-acetyl compounds were extracted with chloroform and saponi- 
fied at  about pH 9 with lithium hydroxide. The deacetylated polysaccha- 
ride containing N-acetylglucosamine was precipitated by alcohol. 

The mucopolysaccharides and mucoids are, in general, amorphous sub- 
stances of high molecular weight. Heparin seems to form a crystalline 
barium salt (Charles and Scott, 1936) in acetic acid solution, but the dried 
material appears amorphous. Among the mucoids, an eggwhite fraction 
having a high avidin potency has in a preliminary note (Pennington, 
Scell, and Eakin, 1942) been claimed to be crystalline. However, the biolog- 
ical potency of these crystalline preparations was considerably lower than 
amorphous preparations and no complete description has apparently been 
given. Carbohydrate free avidin preparations of high potency have been 
described (Woolley and Longswvorth, 1942). 

IV. AVALYTICAL PROCEDURES 
The proof of purity and homogeneity in all these substances undoubtedly 

is a very difficult problem. The criteria applied in protein chemistry, 
namely constancy of analy& and rotation, electrophoresis, and ultra- 
centrifugation, have been applied to these substances. To these might be 
added quantitative immunological rcuctions (for review see Kabat, 1943) 
especially for bacterial mucopolysaccharides, and quantitative enzymatic 
analysis (Meyer, Smyth, and Dawson, 1939; Meyer and Chaffee, 1940a). 
Constancy of the solubility (Soerenson, 1930) hardly seems to have been 
used. A similar principle has been employed in fractionating a serum 
mucoid fraction with alcohol in the presence of salt. By this method the 
ratio of hexosamine to nitrogen showed a shift, while an ovomucoid-a 
fraction by the same method gave a constant ratio, thus indicating homo- 
geneity of the latter and complexity of the former. A similar procedure 
was used in the characterization of the mucopolysaccharides of skin (Meyer 
and Chaffee, 1941)) where this method led to the recognition of mixtures of 
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two mucopolyflaccharides, while a constant analysis of a number of mixed 
fractions suggested one complex polysaccharide acid. 

The estimation of the carbohydrate components of mucopolysaccharides 
and mucoids depends to a very large degree on colorimetric methods, which 
undoubtedly have been relied upon too much. The isolation of component 
parts obviously is desirable. 

The methods for the estimation of aminosugar are based on the conden- 
sation of acetylacetone with 2-aminosugars to form pyrrole derivatives, 
which in turn are condensed with dimethylaminobenzaldehyde to give 
colored products (Pauly and Ludwig, 1922). The method has been modi- 
fied by a number of authors (for literature see Palmer, Smyth, and Meyer, 
1937) and seems to give values with an error of about 5 per cent. The error 
is greater with sulfcmucopolysaccharides apparently due to destruction of 
hexosamine during hydrolysis, and may reach 20 per cent. In our opinion 
the method is specific and reliable within the limits mentioned. There is 
apparently no case known in which the color produced was proven to be 
due to the presence of a substance other than an aminosugar. 

Schiff bases 
with anisaldehyde (Bergmann and Zervas, 1931), salicylaldehyde (Irving 
and Earl, 1922), 2,4-dihydroxybenzaldehyde (Neuberger, 1938), Zhydroxy- 
1-naphthaldehyde (Jolles and Morgan, 1940) ; as derivatives with phenyl 
isocyanate (Steudel, 1901) or naphthyl isocyanate (Neuberg and Hirsch- 
berg, 1910); as benzoyl (Muller, 1898) or carbobeneoxy (Chargaff and 
Bovarnick, 1937) compounds. The isolation as the crystalline hydro- 
chloride has been used most extensively. It has the advantage of being 
successful both with glucosamine and chondrosamine, whereas the Schiff 
bases and the csrbobenzoxy compound do not give good results with chon- 
drosamine. Disadvantages in the hydrochlorides are first, the hydrolysis 
usually has to be severe, so as to destroy other sugars present, and second 
the material has to be free of salts, as otherwise the isolation proves ex- 
tremely difficult. In the case of sulfuric acid esters, the barium or lead 
mlt should be used. 

The estimation of carbon dioxide on decarboxylation with strong acid 
or zinc chloride (Tol1ens:LefBvre reaction) and the color reaction with 
naphthoresorcinol have been used most extensively for the determination 
of uronic acids. The estimation of furfural formed during decarboxylation 
seems to be insufficiently quantitative to be used as a micromethod. 
Methods baaed on the Tollens-LefBvre reaction, in our experience, are far 
superior to the naphthoresorcinol method, especially in the presence of 
protein. The former has been used in this laboratory for the estimation of 
gluconic acid which yields carbon dioxide quantitatively and which mm8 
to occur aa a component of a mucopolysaccharide in submaxillary mucoid 

Hexosamines have been isolated as the hydrochlorides; 
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(see below). Many modifications of the naphthoresorcinol reaction have 
appeared. From an extensive study of the reaction in this laboratory 
(Meyer, Bloch, and Chaffee, 1942) the following conclusions have been 
drawn. Pure uronic acids can be estimated quantitatively with naphtho- 
resorcinol if pure reagents are used, if the type of vessel, time of heating, 
and the acid concentration are kept constant and if benzol is substituted 
for ether in the extraction of the color, as pointed out by Ncuberg and 
Saneyoshi (1911). The color is produced by an oxidation of the condensa- 
tion product of 1 mole of a furfural derivative and 2 moles of naphtho- 
resorcinol, producing a quinoid structure. This oxidation is catalyzed and 
the color intensified by adding, during the reaction, an oxidant like persul- 
fate instead of depending on the oxidation by air. In the presence of an 
excess of other sugars and of amino acids, the colorimetric determination 
of uronic acids has proven unsuccessful. 

The isolation of the free uronic acids from mucopolysaccharides has 
apparently not been achieved. Glucuronic acid has recently been isolated 
from chondroitinsulfuric acid as the amide of 2, 3,4-trimethyl-a-rnethyl 
glucuronide (Bray, Gregory, and Stacey, 1944) after exhaustive methyla- 
tion of the mucopolysaccharide. In other instances the presence and iden- 
tity of uronic acids (in the absence of hexoses) have been establiehed by 
oxidation with nitric acid or bromine and isolation of potassium acid saccha- 
rate in the case of glucuronic or gluconic acid, and of muck acid in the 
case of gdacturonic acid. Glucosamine is oxidized with nitric acid to 
isosaccharic acid, which does not interfere, but can be isolated as the 
quinine or cinchonine salt from the oxidation mixture (Schulz and Becker, 
1935). The oxidation with hypoiodite and subsequent condensation with 
o-phenylenediamine to a benzimidazole derivative (Moore and Link, 1940) 
may be a very useful method, although no crystalline products couldbe 
isolated in this laboratory with impure fractions of several mucopoly- 
aaccharide acids in quantities of a few grams. 

Various colorimetric methods for the estimation ana characterization 
of hexoses in mucoids and glycoproteins have been described (Tilmans and 
Philippi, 1929; Soerenson and Haugard, 1933; Dische, 1930; Gurin and 
Hood, 1939). For purposes of identification of sugars in mixtures of sugars, 
such methods seem highly questionable, though they are of value for the 
approximate estimation of hexoses. For the identification of the sugars, 
recognized methods of isolation and characterization such as summarized 
by van der Haar (1925) are still imperative. 

Among the best characterized mucopolysaccharides and mucoids, the 
basic unita were found to consist of one hexosamine in combination with 
one or two molecules of uronic acid or other sugars. In one instance a 
tetrasaccharide seems to have been encountered, namely hexosamine to 
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galactose in ratio 1 :3 in type XIV pneumococcus polysaccharide (Goebel, 
Beeson, and Hoagland, 1939). While still higher ratios may exist, it seems 
imperative to rigidly exclude mixtures of mucopolysaccharides as a reason 
for such high ratios. In the case of the mucopolysaccharide of ovomucoid 
(Stacey and Woolley, 1940; 1942) there has been postulated a hendeca- 
saccharide, having a central core of three mannose units to which are 
attached by glucosidic l i i s  seven N-acetylglucosamine and one gdactose 
units. This conclusion was based on the isolation of the carbohydrates as 
methyl derivatives after exhaustive methylation. However, the ovomucoid 
used in this careful work must have been impure as judged by the high 
nitrogen value end the low rotation and reducing values as compared 
with figures reported by other authors. The valucs for hexosamine and 
“hexose” determined colorimetrically or by titration fit a 1 to 1 ratio better 
than a 7 to 4 ratio postulated by Stacey and Woolley. In spite of all the 
errors of the colorimetric and titrimetric methods, the isolation of the 
methyl derivatives of these components appears quantitatively even less 
reliable. 

Very little is known about the molecular weights of mucopolysaccharides 
and mucoids. The great importance of the molecular weight of these 
compounds in biological reactions is clearly shown in a number of reports. 
Thus Morgan and King (1943) found the blocd group A reactions of thc 
gastric mucoid greatly influenced by heating in various solutions, which 
simultaneously led to a decrease in viscosity (see below). In this lnbora- 
tory the highly polymerized form of hyaluronic acid caused a great in- 
crease in erythrocyte sedimentation rate an vitro and in vivo, while the 
depolymerized form was practically without effect (Meyer, Hahnel, and 
Feiner, 1945). The failure of some commercial gastric mucin preparations 
to’ cause increased virulence of microorganisms, when they are injected 
as suspensions in this medium, may best be explained by depolymeriza- 
tion of the mucoid. Molecular weight of gastric mucoid preparations has 
been determined by osmotic pressure (Landsteiner and Harte, 1940) (see 
below). Recently Blix and Snellman (1944) found hyaluronic acid prepared 
from several sources to be polydisperse, a finding in agreement with the 
experience of this laboratory (Mqrer and Palmer, 1936). The Swedish 
authors calculated from the double refraction of flow a particle length of 
hyaluronic acid from vitreous humor of 4800 b, from synovial fluid about 
7000 A, and from umbilical cord still higher and outside the range of the 
apparatus used. By extrapolation of viscosity measurements they found 
for the latter material 10,000 to 12,000 b. Chondroitin sulfate of cartila e 
was found to be less polydisperse with a particle length of about 4700 f . 
Assuming 10 b for the disaccharide unit of hyaluronic acid, they calculated 
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the molecular weight as 200,000 to 400,000, and for chondroitinsulfuric 
acid about 200,000. The actual particle size in the native forms is probably 
considerably larger than these figures. 

V. MUCOIDS’ 
1. Gastric Mucoid 

The mucoids of the first group, those containing glucosamine and galac- 
tose in the ratio of 1 : 1, probably are widely distributed in animals and in 
microorganisms. The mucopolysaccharide group of some of these mucoids 
is ret3ponsible for blood group A activity and is related to the Forssman 
antigen (Goebel, et al., 1943). They occur in the gastric mucosa, in horse 
saliva, and in some ovarian cysts. It is unknown whether the mucoid of 
the oviduct of the frog (Schulz and Becker, 1935), i. e., the glands that 
furnish the egg jelly, and that of salamander egg jelly (unpublished experi- 
ments) are related biologically to these substances. 

In former papers (Meyer, 1938) the neutral substance obtained from 
hog gastric mucosa was listed as a mucopolysaccharide, although it was 
realized that most fractions contained only about 75 per cent of a poly- 
saccharide, while the rest was made up of nitrogenous constituents of 
amino acid nature. This substance was shown by Landsteiner to be highly 
potent in serological tests for blood group A substance (for literature see 
Landsteiner, 193613). This substance probably occurs in the mucosa and 
in the gastric secretion it9 a true mucoid. During its preparation the peptide 
moiety is partly split off leaving a more or less pure mucopolysaccharide 
which carries the serological activity. In the mucosa and the gastric secm- 
tion this substance occurs together with a sulfomucopolysaccharidc acid, 
which like the neutral substance contains acetylated glucosamine, but 
instead of galactose has an uronic acid of unknown structure. The viscosity 
of gastric juice sccms t80 be due to the neutral substance. The latter 
(Morgan and King, 1943) likewise probably is the factor in commercial 
“gastric mucin” which on injection into mice enhances the virulence of 
microorganisms (Nungester, Wolf, and Jourdonais, 1932). 

For the isolation of the mucoid, different investigators extracted the 
crude material with hot carbonate (Meyer, Smyth, and Palmer, 1937), 
hot formamide (Landsteiner and Harte, 1940), aqueous carbon dioxide 
(Morgan and King, 1943), or 90 per cent phenol (Morgan and King, 1943). 
Protein was removed by proteolytic enzymes or by adsorption on Lloyd’s 
reagent, zinc hydroxide, or charcoal, by shaking with chloroform-amyl 
dcohol, or by fractional precipitation with sodium sulfate. The final 

a A systematic diacqxion of mucopolysaccharidea is omitted in accordance with the 
wishes of the Editors. 
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product was usually obtained by fractional precipitation with glacial 
acetic acid and alcohol. The material, especially that described by Morgan 
and King, forms viscous solutions. These investigators showed that heating 
in acid and especially in alkaline solutions leads to a considerable drop in 
viscosity and to loss of some of the biological functions. (However, the 
effect of alkali on the purified material is considerably greater than on the 
crude.) The chemical properties of samples prepared from commercial 
gastric mucb or from commercial pepsin were similar. The nitrogen 
values in the published figures range from 3.3 to 6.3 per cent, the hexosa- 
mine values lie between 31 and 39 per cent, and the specific rotation 
between -8 and +2Z0. The variation in the data indicates that the sub- 
stances were either all impure or degraded to a varying degree. Phenol 
extracted fractions, further purified by fractionation by alcohol and con- 
taining between 5.9 and 6.2 per cent nitrogen, with [alD +lo to +14O, 
were investigated by Kekwik (addendum to Morgan and King, 1943) in 
the Tiselius apparatus. In acetate and phosphate buffers at pH 8.0 and 
4.0 a single component accounted for 90 per cent of the totaI refraction. 

Galactose content by mucic acid determination was found to be 26.1 to 
28.8 per cent (Meyer, Smyth, and Palmer, 1937) and 29 per cent (Land- 
steiner and Harte, 1940). By fermentation with a galactose yeast the value 
was 31 per cent (Landsteiner and Harte, 1940). The hexosamine was 
isolated (Meyer, Smyth, and Palmer, 1937; Landsteiner and Harte, 1940) 
and proved to be glucosamine. 

An estimation of the molecular weight was attempted by Landsteiner 
and Harte. From the sedimentation rate in the ultracentrifuge a minimum 
of 40,000 was indicated. By measuremente of the osmotic pressure, one 
preparation gave a molecular weight of 70,000, while others had a molecular 
weight of at least 120,000 to 200,000. 

The biuret, xanthoproteic, and Sakaguchi reactions in most preparations 
were positive. Tests for tyrosine and tryptophan were negative. 

The blood group A substance isolated from horse saliva by Landeteiner 
(1936a) was less pure than those described above. A similar material waa 
isolated by King and Morgan (1944) from pseudomucinous ovarian cysts 
(nitrogen 6.0 per cent, acetyl 10 per cent, hexosamine 25 per cent, Van 
Slyke amino nitrogen 4.4 per cent, and a-amino acid nitrogen 2.5 per cent). 

The majority of papers on the gastric mucoid dealt mainly with the 
properties of the substance as blood group A fractions. For this test either 
the inhibition of boagglutination (the agglutination of human A erythro- 
cytes by human anti-A serum) or the prevention of hr molysis of sheep 
erythrocytes by an anti-A rabbit serum (Landsteiner, 1936) is used. The 
A substance itself, in contrast to some similar bacterial aptigens, is not fully 
antigenic. It can be made so, however, by combining it with a polypeptide 
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isolated from Shiga-Kruse bacillus (Morgan and Patridge, 1940, 1941). 
The inhibition of the isoagglutination was decreased in Morgan and King's 
experiments by lowering the viscosity of the fractions, while the property 
of inhibiting the hemolysis of sheep cells by anti-A immune serum was not 
lowered by the loss in viscosity or even was enhanced. The serological 
activity by the latter method of samples prepared by different labora- 
tories was in the same order of magnitude (lo-' to lO-'g., Morgan and 
King, up to lO-''g. in some preparations made in this laboratory and tested 
by Dr. Landsteiner). The serological activity of the A substance is dimin- 
ished by enzymatic decomposition by certain bacteria or bacterial extracts 
(Landsteiner and Chase, 1935; Schiff, 1939). In this laboratory the hydrol- 
ysis of the neutral polysaccharide by extracts of a strain of C1. welchii was 
demonstrated by measuring reducing sugar (Meycr, et al., 1940). In 
later expcrirnents with Dr. Schiff it was shown that other strains of Cl. 
welchii, which he found ineffective in abolishing the serological activity, 
likewise failed to give an increase in reducing sugar. Inactivation by heat 
or oxidation led to a simultaneous disappearance of the two properties. 
These experiments seem to indicate that the blood group A activity is 
entirely dependent on the polysaccharide moiety regardless of the peptide 
groups attached to it. 

2. Gonadotropic Hormones 

The probable mucoid nature of the gonadotropic hormone of pregnancy 
urine was first suggested by Fischer and Ertel (1931). The presence of 
hexosamine in addition to reducing sugar, in a concentration of 7.7 per 
cent in highly purified preparations was demonstrated by Meyer (1937) 
The ratio of hexosamine to hexose was 1 : 1. The purification and chemical 
properties were then further studied by Gurin and his associAtes (1940). 
The gonadotropic hormone of pregnant mare serum, like the biologically 
distinct hormone of the urine in pregnant women also seems to be of mucoid 
nature (Hartman and Bena, 1938; Fleischer, Schwenk, and Meyer, 1938; 
Rimington and Rowlands, 1944). The gonadotropic hormones obtained 
from the pituitary gland probably are of mucoid nature too, at  least the 
more soluble and biologically better defined follicle stimulating fraction 
(see Gurin, 1942, for some analy8es). 

The hormone of pregnancy urine was prepared by Gurin and his asso- 
ciates with an activity of about 6,000 to 8,000 I. U./mg. It contains 12 per 
cent nitrogen, 10.7 per cent hexose, 5.2 per cent hexosamine, and 3 per cent 
aaetyl. The ratio of hexose to hexosamine thus was 2: 1 as was the ratio of 
acetyl to hexosamine. This acetyl ratio in our experience is unique for this 
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hormone.' The hexose was thought, from colorimetric data, to be galactose. 
Electrophoretically the best fraction was apparently homogeneous with a 
mobility a t  pH 7.0 of -4.85XlO-' in phosphate of ionic strength 0.1. In 
the ultracentrifuge only one component was visible with a sedimentation 
constant (Szo) of 4.3XlO-I3. The diffusion constant was (D~o) 4.4X10-', 
and the partial specific volume was 0.76 (Lundgren, et al., 1942). A second 
fraction prepared as the iodo compound (Meyer, 1937) had n sedimentetion 
constant of 5.4X1O-l3. The molecular weight was calculated from the 
data as approximately 100,000. This molecular weight is surprkhgly 
high for a substance excreted apparently a t  a constant rate through the 
kidney. The isoelectric point (microscopic electrophoresis of substance 
adsorbed on quartz) was given as at  pH 3.2 to 3.3. 

The most recent publication on the gonadotropins from pregnant mare 
serum was published by Rmington and Rowlands (1944). The serum was 
deproteinised by metaphosphoric acid, the hormone adsorbed on benzoic 
acid, followed by fractionation of aqueous extracts by alcohol a t  various pH 
levels. Fractions were obtained assaying 12,500 I. U./mg. The chemical 
dat,n for these preparations include only the hexose value of between 14 
and 16 per cent. For some less potent preparations a ratio of hexose to 
hexosrcmine of about 2 wm found. It  is interesting to note that from non- 
pregnant mare serum, the authors likewise obtained a small non-active 
fraction, which had a hexose content about equal to that of the active 
fractions. The carbohydrate in less pure pregnant mare serum prepara- 
tions was stated to be either galactose or an equimolar mixture of glucose 
and mannose (Gurin, 1942). The ratio of hexose to hexosamine was 
approximately 2 : 1. 

3. Uuomucoid-a 
Most investigators have isolated ovomucoid-a from the supernatant 

fluids after heat coagulation of other proteins. Fkom this fluid the mucoid 
was either precipitated by alcohol or by salting out with ammonium sulfate 
or sodium sulfate. An apparently identical fraction has been prepared by 
removing proteins by shaking with chloroform-amyl alcohol. Our labora- 
tory has prepared ovomucoid from acetone precipitated eggwhite. The 
dried precipitate waa extracted with a mixture of 60 per cent alcohol and 
10 per cent acetic acid, and the filtered solution concentrated in vacuo to 
a small volume. The precipitate obtained by adding 5 volumes of alcohol 

4 Hexosamine to acetyl ratios of 1: 2 have been reported in other rnucopolysacchsridea 
(for example, see Bli ,  1938). In t h e  cases methyl alcoholic sodium hydroxide has 
been used in the saponification, which leads to the appearance of a second volatile acid. 
The saponification is best carried out with ptoluenwulfonic acid (Mryer and Palmer, 
1936). 
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was dissolved in water. From this solution a further protein fraction could 
be removed either by shaking with a chloroform-my1 alcohol mixture or 
by adjusting the pH to about 4.0 followed by addition of sodium flavianate. 
From the supernatant solution the mucoid was precipitated by 3 volumes 
of alcohol. 

The concentration of ovomucoid in eggwhite has been reported as about 
13 to 15 per cent of dry weight by electrophoretic measurement (Longs- 
worth, Cannan, and McInnes, 1940). By isolation we have obtained about 
10 per cent (Mryer, 1938). Other authors have reported much lower values. 

The mucoid fraction has been reported by Longsworth, et al. (1940) to  
be electrophoretically inhomogeneous. The isoelectric point was reported 
as 4.3. Hesselvik (1938), who heated eggwhite for 3 to 4 hours on a water 
bath, reported homogeneity and an isoelectric point a t  pH 4.5. Constant 
values for nitrogen and hexosamine were obtained by us on fractions 
obtained by increasing alcohol and salt concentrations. 

The analytical values reported in the literature show considerable varia- 
tion. The following table summarizes some of the more recent figures. 

Nitrogen Hexoaamine [ah Author 

12.60% 9.70% - Young (1937) 
- 13.5 - Karlberg (1936) 

11.0 12.5 - Heaselvik (1938) 
12.7 - - 57" Stacey, Woolley (1940,1942) 
11.1 to 11.8 12 to 16 -65" to -70" Meyer (1938) 
11.7 - -62.9" to -64.6" Sevag (1934) 

The amino acid composition of ovomucoid has received little attention, 
but values for cystine have been reported as 3.95 per cent (Young, 1937) 
and 4.10 per cent (Needham,'l 1927). 

Considerable work has been done on the carbohydrate radicle of ovo- 
mucoid. Frankel and Jellinek (1927) were the first to show in eggwhite 
the presence of mannose, isolated as phenylhydrazone, beside glucosamine, 
isolated as the hydrochloride. It is unfortunate that these careful experi- 
ments were done only on whole coagulated eggwhite. The authors assumed 
the presence in eggwhite of a biose composed of glucosamine and mannose, 
linked through the amino group of the glucosamine. The evidence for a 
biose was based on the elementary analysis of the mucopolysaccharide. A 
few years later Levene and Mori (1929) extended the work of these authors. 
They likewise isolated glucosamine and mannose from polysaccharides 
which they obtained not only from whole eggwhite, but from crystalline 

8 The material studied by this author was undoubtedly very impure. 
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egg albumin and from ovomucoid as well.’ The polysaccharides obtained 
by them from these sources agreed among each other fairly well in anal.ysh 
and rotation. However, they concluded from elementary analysis that the 
unit of the polysaccharide was a glucosamine dimannoside. This conclusion 
apparently has been widely accepted. In the isolation of the mucopoly- 
saccharide, Levene and Mom had hydrolyned their material with 10 per 
cent barium hydroxide for much longer periods than Frankel and Jelliiek. 
The latter, however, obtained a fraction apparently v e q  similar to their 
barium hydroxide digested product by enzymatic splitting of tho eggwhite 
with trypsin, both being optically inactive and comparing well in analysis 
with each other. Levene and Mori undoubtedly had saponified the acetyl 
group of the glucokmine by the prolonged treatment with barium hydrox- 
ide, since in the final product total nitrogen and amino nitrogen pave 
identical values and acetyl was absent, while the preparations of Friinkel 
and Jellinek gave amino nitrogen only after acid hydrolysis. 

The instability to alkali of the mucopolysaccharide of crystalline egg 
albumin is evident from the data of Neuberger (1938). Treatment with 
normal sodium hydroxide at  100’ for 16 hours liberated 50 per cent of the 
total nitrogen as ammonia. The yield of mannose as phenylhydrazone 
after a subsequent acid hydrolysis wa.. also greatly diminished. 
By a colorimetric method or by determining the total reducing. value 

after hydrolysis, Karlberg (1936) found in ovomucoid 13.5 per cent glu- 
cosamine and 10.2 per cent “mannose.” Masamune and Hoshino (1936) 
likewise found hexosamine and “mannose” in equimolar ratio. By colori- 
metric methods (orcinol) or by determining the reducing value, our prepa- 
rations of ovomucoid all gave a ratio for hexosamine and hexose aa 1: 1. 
In wmmary, one may conclude that the claim of a one to two ratio for 
hexosamine and mannose may be incorrect as it is based only on elementary 
anctlysis of degraded material. The work of Stacey and Woolley (1940; 
1942), who found 7 moles of glucosamine for 4 moles of mannose plus 1 
mole of galactose, has been discussed previously. 

Apparently a fraction identical with ovomucoid from eggwhite exists in 
egg yolk (Frhkel and Jellinek, 1927). 

4. Seromucoid and Seroglycoid 
Zanetti (1903) and later Bywaters (1909) investigated the occurrence 

in serum of mucoids similar to those of ovomucoid. Rimington (1929) 
demonstrated the presence of mannose in serum proteins. The carbohy- 
drate rich fractions of serum proteins were then intensely studied by 

a Levene had earlier concluded that eggwhite as well &B BCND contained a miianitin- 
sulfuric acid (1925). In later papers he did not repeat thia claim. Apparently them ie 
neither in eggwhite nor in serum any demonstrable material of euah nature. 
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Hewitt (1936 to 1939). Hewitt isolated one fraction from the mother liquor 
of the albumin portion which he called seroglycoid. The crude albumin was 
separated into a carbohydrate rich fraction, which he termed globoglycoid, 
and a crystalline albumin, which was practically devoid of carbohydrate. 
The latest study on seromucoid, seroglycoid, and globoglycoid was carried 
out by Rimington (1940) and Rimington and Van der Ende (1940). These 
last authors seem to have obtained good chemical and immunological 
evidence for the nonexistence of globoglycoid. On repeated reprecipitation 
from ammonium sulfate solution, the globoglycoid fraction crystallized in 
fine needles. The crystals were free of carbohydrate and were indistinguish- 
able from the albumin fraction in amino acid content, molecular weight, 
crystalline form, rotation, and immunological response on the uterine strip 
of guinea pigs. 

The same authors, however, found seroglycoid and seromucoid fractions 
of horse serum, although both immunologically impure, distinctly different 
from each other. It is evident likewise from the chemical data of Rimington 
as well as from our own that the mucoid fractions of serum are not homo- 
geneous. How many components it contains, their exact chemical nature, 
as well as their physiological significance is a t  present unknown. 

The serum mucoids are usually obtained from the mother liquor of 
serum from which the bulk of the protein has been removed by heat coagu- 
lation at  an acid pH. On fractionation of the serum with salts, most of the 
mucoid fractions seem to coprecipitate with the proteins, and only a small 
amount can be obtained on salt fractionation. On removing the acetone 
denatured proteins from slightly alkaline salt.solution with chloroform-amyl 
alcohol, the largest part of the mucoid fractions are also coprecipitated with 
the proteins. 

Rimington prepared the mucoid fractions from defibrinated ox blood, 
which was diluted with an equal volume of 0.9 per cent sodium chloride. 
The cells were removed, the pH adjusted to 4.7, and the mixture heated to 
maximal coagulation by steam. The clear filtrate was concentrated to a 
small volume in vacuo and the crude mucoid precipitated with 10 volumes 
of alcohol. The precipitate was washed with alcohol and ether and dried. 
The aqueous extract of this material was dialyzed and from the clear fluid 
a bulky precipitate was obtained by 2.75 volumes of alcohol. The aqueous 
solution of this precipitate was then fractionated with alcohol. The main 
frrrction with a ratio of carbohydrate to total nitrogen of 0.95 Precipitated 
with 1 volume of alcohol. The end fraction, obtained with 4 volumes of 
alcohol, constituted only a small amount of material with a carbohydrate 
to total nitrogen ratio of 4.40. The main fraction was again fractionated 
with alcohol and showed a ratio of carbohydrate to total nitrogen of 0.79, 
corresponding to about 10 per cent glucosaminodihexose (see below for a 
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discmion of the carbohydrate moiety) and a total nitrogen of 13.60 per 
cent and sulfur of 1.59 per cent. 

The hexoses were determined colorimetrically by the reaction with 
orcinol, as in the procedure of Tilmans and Philippi (1929), Using a mixture 
of equal parts of mannose and galactose as a standard. Hexosamine, deter- 
mined according to Elson and Morgan (1933) was very close to one-half the 
“hexose” value, the ratio of hexose and glucosamine in all preparations 
being close to 2: 1. [aID of the main fraction was about -M0, the cystine 
content 2.28 per cent, tyrosine and tryptophan 2.98 and 1.03 per cent, 
respectively. The most soluble fractions had a total Carbohydrate content 
of about 45 per cent, with a nitrogen of 9.67 per cent and correspondingly 
lower total sulfur and amino acid contents. 

The mucoid fractions were not precipitated by heating or by 2 per cent 
trichloroacetic acid, but were precipitated by saturation with ammonium 
sulfate. Rimington believes the main fraction, the constants of which are 
listed above, to be homogeneous. 

The preparation of seroglycoid, as reported in various papers by Hewitt, 
was carried out either by ammonium sulfate fractionation or by alcohol 
precipitation after heat coagulation to remove globulin and albumin. From 
his work Hewitt concluded that seroglycoid was different from the seromu- 
coid of previous publications. According to his author, seroglycoid hss a 
carbohydrate content of between 10 and 11 per cent, while the seromucoid 
contained, according to Bywaters (1909) and Rimington (1933), about 
24 per cent. It has been pointed out above that Rimington (1940) in his 
last publication gives the carbohydrate content of the main fraction of 
seromucoid as 10.7 per cent. Similar low values were obtained by Onoe 
(1936) and in this laboratory. The second argument for the difference 
between seroglycoid and seromucoid was the fact that the latter was pre- 
pared from the supernatant solutions after coagulation of the protein, while 
seroglycoid on boiling with protein was carried down to a large extent with 
the albumin. However, whether or not these mucoids coprecipitate with 
proteins is conditioned by the presence of salt and pH and holds true for 
both fractions equally well. It was, however, reported above that sem- 
glycoid and seromucoid were distinctly different serologically. Whether 
this indicates essential differences remains doubtful, since the seromucoid 
used by Rimington and Van der Ende (1940) in these experiments was a 
rather crude fraction not corresponding in purity to  the fractions described 
in the preceding paper (Rimington, 1940). In summary, it may be stated 
that seromucoid is a mixture. Whether seroglycoid is a single and distinct 
fraction has not been established. 

In fever the total serum hexosamine is greatly increased (Nilsson, 1937; 
West, 1936). Whether the serum mucoid fraction is increased has appar- 
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ently not been determined. In some cases of carcinoma an increase of about 
300 per cent over the normal was found in one serum mucoid fraction 
(Mayer, 1942). This fraction was thought to be responsible for a polaro- 
graphic carcinoma reaction. 

Zanetti (1903) isolated glucosamine (as the tetrabenzoyl compound) 
from the hydrolymte of a seromucoid fraction. The presence of mannose 
in seromucoid fractions, contrary to many statements in the literature, 
has apparently never been established by isolation. The presence of man- 
nose in acid hydrolyzates of plasma treated with phosphotungastic acid 
was apparently established first by Dische (1929) who isolated mannose 
phenylhydrazone from the mixture. A second non-fermentable reducing 
substance was thought by this author to be glucommine. Rimington in 
1929 isolated glucosamine as the hydrochloride and mannose as phenyl- 
hydrazone from carbohydrate fractions obtained after barium hydroxide 
digestion of serum albumin, serum globulin, and mixed albumin-globulin. 
These protein preparations had been reprecipitated 8 times and, after 
denaturation with alcohol, washed thoroughly with distilled water to free 
them from easily soluble components. An identical component was isolated 
from an albumin-globulin fraction hydrolyzed for 4 weeks with trypsin 
without alkaline hydrolysis. The hydrolysis with barium hydroxide was 
carried out for only 3% hours. In the isolation of the polysaccharide the 
author followed in general the procedure used by Friinkel and Jellinek 
(1927) for the isolation of the mucopolysaccharide of eggwhite. The ma- 
lytical figures published, like those of the last named authors, agree well 
with those of a disaccharide. In 1931, apparently under the influence of the 
paper by Levene and Mori (1929), Rimington hydrolyzed the same pro- 
teins with 10 per cent barium hydroxide for periods up to 42 hours. The 
nitrogen values, as well as the yields, of the material decreased with the time 
of hydrolysis and apparently did not become constant. However, in most 
preparations the hydrolysis was stopped when the nitrogen values a p  
proached those required for a trisaccharide, the compound being assumed 
to be composed of one mole hexosamine and two moles of mannose. The 
orcinol reaction of Tilmans and Philippi corresponded to that required 
by a triose, while the indole reaction of Dische and Popper (1926) gave 
considerably lower values. 

A later paper on serum mucoid by Rimington (1933) did not give 
detailed chemical data. The carbohydrate content determined by the 
orcinol method and expressed as glucosaminodimannose approached 
twenty-two per cent, but “some variation was noted.” 

In the last paper on seromucoid by Rimington (1940), the hexoses in 
the mucoid fractions are said to be composed of equimolar mixtures of 
mannose and galactose. This conclusion is apparently based on the exam- 
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ination with two different filters of the color produced by orcinol sulfuric 
acid, although the difference between mannose and galactose seems to have 
been slight. Since no significant deviation was found by using the two 
filters and equal mixtures of mannose and galactose, the author concludes 
that the two hexoses are present in equimolar ratio. The evidence for this 
statement appears insufficient. 

5. Ovomucoid-/3 
As examples of insoluble mucoids, the so-called ovomucin of eggwhite 

and the chalaeae are discussed briefly. On dilution of eggwhite with 2 to 3 
volumes of water a mucilaginous precipitate is obtained, which can be 
redispersed with 5 to 10 per cent sodium chloride and reprecipitated by 
dilution with water. ‘Even concentrated salt solutions or 50 per cent urea 
solutions do not result in a solution which can be filtered. The following 
data are given by Young (1937): nitrogen 11.8 to 13.1 per cent, total sulfur 
1.59 and 1.80 per cent, cystine 3.25 to 5.61 per cent, hexosamine 10.4 to 
12.1 per cent. 

The chalazae of eggwhite washed repeatedly with 5 per cent sodium 
chloride and distilled water gave the following analysis: nitrogen 13.3 per 
cent, sulfur 1.08 per cent, cystine 4.10 per cent, hexosamine 11.4 per cent. 
It may be noted that the analysis of the ovomucoid is quite similar to that 
of the chalazae. Some of Young’s experiments were repeated in thia 
laboratory and similar results were obtained (Meyer, 1938). 

6. Submaxillary Mucoid 
The carbohydrate-protein compounds obtained from submaxillary 

gland have been studied by Blix and his collaborators and by this labors- 
tory. Blix (1936) used extraction at 0’ C. by water followed by precipita- 
tion by dilute hydrochloric acid according to Hammarsten (1882). On the 
basis of a “direct positive color test” with p-dimethylaminobenzaldehyde 
and the orcinol reaction, Blix distinguished two substances in such extracts, 
one a neutral mucoid in which a ratio of one mole hexosamine to 2 moles of 
hexose was established by color reactions. This fraction was not further 
investigated. In the “crude mucin” fraction it was present in a concentra- 
tion of about 5 per cent. From the other fraction a small quantity of a 
crystalline nitrogenous acid was isolated by a process not well defined. 
The crude dehydrated extracts were refluxed with 95 per cent alcohol. The 
residue was boiled under nitrogen with water for 2 hours, the extracts were 
evaporated in vacuo, and extracted twice with methanol. To the concen- 
trated methanol solution ether waa added, the remlting precipitate was dis- 
carded and petroleum ether added to the supernatant solution. On stand- 
ing in the cold the acid deposited in crystal clusters along with oily material. 
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The acid was recrystallized from methanol-petroleum ether solution. The 
yield was 0.05 to 0.075 per cent of “mucin.” By color reactions Blix found 
the “mucin” to contain 20 to 25 per cent of this acid. 

The product was strongly acid in nature, gave positive direct Ehrlich 
reaction with pdiethylaminobenzaldehyde, negative Moliich and orcinol 
reactions, and strongly reduced alkaline copper solution on warming. 

The analysis for carbon, hydrogen, and nitrogen fitted best the formula 
C14Hs8 or WNOII (Blix erroneously gives H9,), although other formulae 
could be fitted to the analysis. Micro acetyl determination gave values 
between 22.6 and 23.4 per cent indicating two acetyl groups, one of which 
Blix believed to be due to degradation of the molecule (see footnote 4). 
Titration indicated an equivalent weight of 381 which is in good agreement 
with the thcoretical value of 381-383 for the CI4 formula. 

In experiments in this laboratory a disappearance of carbohydrate was 
noted when fresh submaxillary glands were used for extraction, especially 
when the tcmperature became elevated. The cold minced glands were 
therefore dehydrated with acetone and ether and the extraction carried 
out a t  rocm temperature with 50 per cent alkaline urea at  a pH of about 
9. Frcrn the diluted extracts an acidic mucoid was obtained after acidifka- 
tion with acetic acid, while a neutral mucoid, not further investigated, 
remained in the supernatant fluid. The acid fraction was redissolved and 
reprecipitated and inert protein removed by stirring with chloroform- 
amyl alcohol solution and by adsorption on Lloyd’s reagent. A further 
purification was achieved by precipitating an aqueous solution with 10 to 
12 volumes of glacial acetic acid. After being washed with alcohol and 
ether the resulting material was not acidic in contrast to other acid poly- 
saccharides, such as hyaluronic acid, which under the same conditions are 
converted frcm their sodium or calcium salts to the free acid. A free acid 
is obtained, however, frcm the basic lead salt after removing lead with 
sulfuric acid and precipitating with alcohol. Fractions thus obtained con- 
tain 8 to 9 per cent of nitrogen, 18 to 22 per cent of hexosamine, and an 
amount of carbon dioxide (obtained on decarboxylation with zinc chloride 
according to Freudenberg, et al., 1941) equivalent to the hexosamine value. 
As in Blix’s compound the naphthoresorcinol reaction for uronic acids 

is negative, the Molisch and orcinol reactions are very weakly positive, 
and the substance gives the direct Ehrlich’s reaction as described by Blix. 
After hydrolysis by normal hydrochloric acid in a sealed tube the reducing 
values corresponded closely to the hexosamine content. It can be concluded 
that a uronic acid or a ketose and aldose are absent or present only in 
minimal concentrations. After hydrolysis with 6 N hydrochloric acid hexo- 
samine was isolated and characterized by analysis and rotation as glucos- 
amine hydrochloride. On oxidation with nitric acid according to Van der 
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Haar (1925) saccharic acid was isolated as acid potassium saccharate, 
which was converted to the silver salt and analyzed. This finding strongly 
indicates that the carbohydrate portion contains gluconic acid, since 
glucuronic acid is excluded by the negative naphthoresorcinol reaction and 
by the absence of a reducing group. Gluconic acid on decarboxylation 
gives one equivalent of carbon dioxide under the same conditions as glu- 
curonic acid.’ Gluconic acid or its lactone in our experience gives B weak 
Molisch reaction. In our muooid the orcinol reaction corresponded to the 
carbon dioxide value. 

The material as isolated contains a peptide chain. The biuret reaction 
is positive. It contains neither sulfur nor phosphorus, and tests for tyrosine, 
tryptophan and histidine are negative. The Sakaguchi reaction for arginine 
is positive. No carbohydrate is lost on prolonged dialysis. In the Tiselius 
apparatus one sample migrated in a single boundary with a mobfity of 
--8.95X10-5 at pH 7.8 in barbiturate buffer. It must; be concluded from 
these experiments that the substance is a mucoid containing an acidic group. 
On incubation of the mucoid with iiltered saliva in the presence of toluene, 
an increme in reducing power is obtained at different rates with different 
samples of saliva. Some extracts prepared from autolyzates of pneumococci 
contain a heat labile enzyme which in 24 houq will liberate reducing groups 
equivalent to the concentration of hexosamine in the mucoid. Amylase, 
lysozyme, and hyaluronidase do not attack the mucoid. This laboratory 
is testing other bacteria, especially those involved in upper respiratory 
infections, for the presence of this enzyme. The acid carbohydrate isolated 
by Blix is probably identical with the reducing carbohydrate liberated by 
this enzymatic hydrolysis. Blix’s analytical figures agree well with those 
calculated for an acetyl glucosamine-gluconic acid. Glucosamine and glu- 
conic acid‘may be linked to each other by an ether linkage, while the “disac- 
charide” units are linked together by the glucosidic linkage through the 
amino sugar. “his conclusion is based on the presence of only one glucosidic 
group in the disaccharide, the acetylation of the glucosamine, the presence 
of a free carboxyl group, and of a long chain type carbohydrate as evidenced 
by viscosity and enzymatic hydrolysis. 

In sublingual gland extracts, mucoids with properties identical with 
those described by Blix were found by Tanabe (1939). 

VI. GLYCOPROTWINS 
The distinction between mucoids and glycoproteins, based on a hexoss- 

mine content of the former of 4 per cent or over, is arbitrary. In many 
instances a substance cannot be placed properly at the present time. 

7 For these testa crystalline glucono-lactone was prepsred from twioe recryatallired 
~doium glueonate. 
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Furthermore homogeneity of fractions in this group has been rigidly proved 
even less often than in the mucoids. For example, complex formation is 
known to occur among the blood proteins and the question whether car- 
bohydrate is an essential part of a molecule or whether it occurs as a com- 
plex between d8erent proteins in .some instances is not yet settled. This 
problem is still more complicated for the tissue proteins, where our knowl- 
edge is very meager. However, in at  least two instances, in a serum albumin 
fraction and in egg albumin, the data strongly support the theory that 
carbohydrate is an essential part of these protein molecules. 

1. Swum Albumin 
The serum albumin fraction is not homogeneous, as shown by electro- 

phoresis or by salt fractionation. Kekwick (1938) partly in confirmation 
of work by Soerenson (1930) obtained from horse serum two crystalline 
albumin fractions A and B. A ww more soluble than B, both were recrys- 
tallized from sodium sulfate solution. In the two fractions the hexose 
content, determined with orcinol, was 1.95 per cent for fraction A and 
0.083 per cent for fraction B. No hexosamine values were given. Electro- 
phoretically both fractions were homogeneous; serologically. there was 
mme difference between A and B, as reported in an addendum by GeU 
and Yuill. 

Blix, Tiselius, and Svensson (1941) found in the albumin fraction of two 
human sera, obtained by two electrophoretic separations, 1.1 and 1.2 per 
cent hexose, while the hexosamine values were 0.45 and 0.56 per cent, 
respectively. (The authors state that the hexose values according to the 
method of Soerenson and Haugaard cannot be considered very accurate.) 
In one serum albumin fraction from a patient with lobar pneumonia the 
hexose was 5.8 per cent, the hexosamine 3.6 per cent. 

Carbohydrate-free preparations of serum albumin have been reported 
by Soerenson (1930), Hewitt (1936), and by McMeekin (1939). Electro- 
phoreticdly even the carbohydrate-free and crystalline fraction is inhomo- 
geneous (Luetscher, 1939). 

2. Serum Globulin 
The serum globulin fractions a11 seem to contain carbohydrate. The 

homogeneity of these fractions is still more open to question as their prop- 
erties depend on the method of preparation. Complex formation in these 
proteins seems to be the rule (Jameson and Alvarez-Tostado, 1943; Hewitt, 
1938). Values varying from 1.4 to  5.6 per cent have been given for the 
carbohydrate content of different globulin fractions from different animals. 
Tiselius (1937a, b) reports hexose values of 0.4 per cent for a-globulin, 
2.2 per cent for &globulin, and 0.7 per cent for y-globulin of horse serum. 
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Blix, Tiselius, and Svensson (1941) gave much higher hexose values for 
2 normal sera and one serum from a pneumonia patient as follows: 

aUlobulin B-Globulin y-Qlobulin 

Normal I - 8.3% 3.6% 
Normal I1 6.0% 6.2 3.0 
Pneumonia 9.9 1.5 3.7 

A very high carbohydrate value of 10.3 per cent (orcinol method) for one 
euglobulin fraction, which the authors found to be one component of com- 
plement, has been reported (Pillemer, et al., 1941). 

Serum globulins have occasionally been observed to crystallize from 
certain pathological sera. One such globulin, not identical with Bence- 
Jones protein, was reported recently. It gave a strong Moliich reaction 
(Holmberg and Gronwall, 1942). 

Prothrombin and thrombin prepared by Seegers (1940) had a carbohy- 
drate content (Soerenson and Haugaard) of 3.8 to 6.2 per cent. The car- 
bohydrate seems to be associated with the activity of these preparations. 

3. Egg Albumin 
Most authors have agreed on the presence of carbohydrate in crystalline 

egg albumin. However, some have ascribed it to contamination by copre- 
cipitated ovomucoid, while others considered it an essential component of 
the molecule. Levene and Mori (1929) favored the first assumption. M. 
Soerenson (1934) by the orcinol method found 1.7 per cent hexose in crys- 
talline egg albumin which she believed to be mannose. Neuberger (1938) 
carefully reexamined the question of carbohydrate in egg albumin. He 
found by the orcinol method a hexose content of 2.8 per cent in the first 
Crystallization, which fell to 1.8 per cent in the third and remained conPtant 
over seven recrystallizations. The carbohydrate, even after denaturation 
of the protein by heat or acid, did not pass through membranes of known 
porosity which retained the protein, and the ratios of hexoses to nitrogen 
remained constant in ultra filtrates obtained with membranes of lower 
porosities. 

The isolation by acetylation and deacetylation (Neuberger, 1938) of a 
carbohydrate group after tryptic digestion of crystalline egg albumin has 
already been mentioned. The carbohydrate isolated had a molecular 
weight of 1200 and contained 2 moles of hexomnine, 4 moles of mannose, 
and an unidentified nitrogenous constituent. The polysaccharide was 
regarded as forming a single prosthetic group with one point of attachment 
to the molecule of egg albumin. Neuberger has estimated that egg albumin 
of a molecular weight of about 40,000 contains one such polysaccharide 
unit of molecular weight of 1200. 
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I. INTRODUCTION 
Formaldehyde is a reagent familiar to all protein chemists through its 

employment in the formol titration of amino acids and peptides, following 
the classical studies of Sorensen (1907). It is also of immense importance 
to the immunologist, because of its use in converting the toxins of diphtheria 
and tetanus into the relatively inert toxoids which are far less dangerous 
than the original bacterial poisons, but still possess the power of evoking 
specific antitoxins on injection into animals or man. Moreover, formalde- 
hyde has been widely used as a tanning agent for collagen and other fibrous 
proteins. Like other such agents, it renders these proteins relatively inert 
to digestion with trypsin, greatly decreases their tendency to swell in water, 
or in acid or alkaline solutions. In the specific cam of collagen, it markedly 
increases the temperature required to produce thermal shortening. 

All these properties of formaldehyde are of great interest, both theoreti- 
cal and practical. Its reactions with proteins, however, are inevitably 
numerous and complex. Formaldehyde can combine with any one of s 
number of different kinds of functional groups found in proteins. More- 
over, when steric relations are favorable, i t  can react with two such groups, 
forming a methylene bridge between them. It is reactions of the latter 
type which are most likely to modify the mechanical properties of the pro- 
tein. Thus, the interpretation of observed changes in the properties of the 
proteins is rendered extremely difEicult by the multiplicity of possible reac- 
tions which must be considered. The remarkable variety of these reac- 
tions, indeed, has not always been fully realized by those who have em- 
ployed formaldehyde as a reagent. Some of the reactions are rapid, some 
are slow; some are readily reversible, some practically irreversible; some 
proceed readily even at room temperature, others only at higher tempera- 
tures. Thcir nature is, of course, far more readily discerned when only one 
or two functional groups are involved, as in the amino acids and dipep- 
tides, rather than in the more complex peptides and the proteins. We have, 
therefore, devoted the major part of this review to a discussion of the 
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simpler compounds, and have given only a relatively brief discussion of a 
small number of recent studies on proteins, with emphasis on work which 
can be at least tentatively interpreted in terms of definite reactions with 
functional groups in the protein. The discussion of proteins makes no 
attempt to cover the vast technical literature relating to  formaldehyde, 
but simply t6 present the results of a few significant researches which 
may serve to stimulate the further investigations which are needed in 
this field. 

11. GENERAL PROPERTIES OF  FORMALDEHYDE^ 

1. ANHYDROUS FORMALDEHYDE 

Pure monomeric formaldehyde may be obtained by dry distillation of 
paraformaldehyde in a stream of inert gas, drying the vapors thoroughly 
and condensing at a low temperature. Liquid formaldehyde so obtained is 
fairly stable in the absence of moisture and boils at -21" C. If traces of 
moisture are present, the monomeric form polymerizes, often suddenly and 
violently. Several polymers, more or less well defined, are known. The 
open chain hydrated polyoxymethylenes, H-(-O-CH2-),-OH, range from 
the water-soluble di- and trioxymethylenes to the highly insoluble para- 
formaldehyde with n =  100 or more, For detailed discussions of the poly- 
mers of formaldehyde, with extensive references, see Staudinger (1933, 
pp. 224-287 incl.); and Walker (1944), Chapter 7. 

The cyclic trimer of formaldehyde, sym-trioxane, is a clear, crystalline 
solid with a low melting point (m.p. 60-61" C.) and none of the charac- 
teristic reactivity of formaldehyde. The odor resembles that of chloroform 
or pdichlorobenzene. It can be distilled unchanged, but at high tempera- 
tures in the presence of acid catalysts it is broken down into formaldehyde. 

2. STRUCTURE OF FORMALDEHYDE IN AQUEOUS SOLUTION: 

METHnENE GLYCOL 

Technical formalin contains about 37 per cent formaldehyde and varying 
amounts of methanol in water. By fractional distillation, discarding the 
low-boiling fractions, it is possible to obtain a relatively methanol-free 
product boiling at 99-100' C. 

Solutions of pure formaldehyde in water may be readily obtained by 
passing a stream of formaldehyde gas, mixed with nitrogen, into water. 
Solutions containing as much as 30 per cent formaldehyde are relatively 
stable for short periods of time, although the methanol present in commer- 
cial formalin appears to stabilize the formaldehyde and inhibit the forma- 

l A comprehensive monoglttph on formaldehyde has recently been published by 
J. F. Walker (1944), and the reader is referred to it for thorough discussion of manp 
point8 which can only be mentioned briefly, if at all, in the present review. 
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tion of higher polymers. For accurate studies, involving determination 
of equilibrium and velocity constants, solutions of purified formaldehyde 
are, of course, decidedly preferable to those containing methanol. 

Freezing-point measurements of aqueous solutions of formaldehyde 
(Auerbach and Barschall, 1905) indicate that a t  concentrations up to one 
molar or more, the formaldehyde is present chiefly in monomeric form. 
However, the ultra-violet spectra of such solutions (Bielecki and Henri, 
1912) show no evidence of the characteristic absorption band near 2800 A, 
which is typical of compounds containing the carbonyl group. Likewise, 
the Raman spectra of aqueous solutions of formaldehyde (Hibben, 1931; 
Krishnamurti, 1931; Kohlraufich and Koppl, 1934) show no evidence of the 
typical carbonyl vibration frequency near 1700 cm:'. These facts, com- 
bined with the low volatility of formaldehyde in aqueous solution, indicate 
that it exists chiefly as the hydrate, methylene glycol CHI(OH)~.~ At 
higher concentrations, the molal freezing point depression of formaldehyde 
in water is considerably less than that calculated for methylene glycol, 
suggesting the presence of formaldehyde polymers in equilibrium with the 
monomeric form. Auerbach and Barschall (1905) calculated an equilibrium 
constant for the monomer and an assumed open chain-trimeric form, 
assuming the reaction to be 

HO-CH~O-CHI-O-CH~-OH+ 2 &0*3 HO-CHz-OH (1) 

They found that a value of K =  0.0264 gave a good fit to the observed data. 
On this basis, the concentration of monomeric formaldehyde approaches 
a maximum of about 11 per cent when the total concentration of formalde- 
hyde is 20 per cent. The monomer concentration would not increase above 
this value with increase of total formaldehyde up to 40 per cent. It seems 
certain, however, that Equation 1 must be an inadequate representation 
of the equilibrium actually existing in formaldehyde solutions. There is 
every reason to expect the presence of the dimer and (in smaller concentra- 
tions) of a series of polymers larger than the trimer. 

On diluting a concentrated solution of formaldehyde, a measurable 
amount of time is required for the depolymerization to take place. Wadano, 
Trogus, and Hess (1934) have studied the kinetics of the depolymerization 
reaction. They found the rate to vary markedly with pH, reaching a 

Confirmahry evidence may be obtained from the apparent molal volume of formal- 
dehyde in such solutions. From the density data of Auerbach and Bmchall (1906), 
this volume ie calculated aa approximately 21 cc. per mol. Employing the atomic volumes 
deduced by Traube (1899) (see also Cohn and Edsall, 1943, p. 157) and a co-volume uf 
13 cc, the value for IItC PO should be bear 34.5 cc. The calculated value for CH,(OH), 

38.0 cc. However, one mol of water, with a volume of 18 cc. is consumed in the forma- 
tion of a mol of methylene glycol; hence, the expected value for the lattm compound Is 
20 cc./mol, in very good agreement with the apparent molsl volume actually observed. 



FORMALDEHYDE WITH AMINO ACIDS AND PROTEINS 28 1 

minimum in the pH range 2-4 and increasing rapidly as the pH deviates 
from this minimum in either direction. At pH values of 7 and above, the 
equilibrium state is reached very quickly. There is no convincing evidence 
that the final equilibrium state is dependent on pH, and no such dependence 
would be expected if the stable forms of the monomer and polymers are 
uncharged molecules; see the discussion by Levy and Silbermm (1937). 

Formaldehyde in aqueous solution is a very weak acid, the pK value 
according to Wadano (1934) being 12.79, and according to Levy (1934) 
being 12.87. Even this very weak acidity, however, leads to the neutrali- 
zation of significant amounts of alkali a t  pH values of 9 or even below, in 
moderately concentrated formaldehyde solutions - a fact which has 
important implications, as Levy has pointed out, for the accuracy of the 
formol titration. 

3. REACTIONS OF FORMALDEHYDE WITH FUNCTIONAL QROUPS FOUND 

IN AMINO ACIDS AND PEPTIDES 

a. Addition and Condensation Reactions 
The most frequently encountered reaction of formaldehyde is its addi- 

tion to a compound containing an active hydrogen atom with the forma- 
tion of a hydroxymethyl compound : 

If the formaldehyde is present as methylene glycol, this may be formulated 
as a condensation reaction, 

R-H+ CHzOSR-CHt(0H) (2) 

R-H + CHt (OH)zSR-CH2 (OH) + H20 ( 2 4  
The hydroxyl group thus formed is usually reactive and may condcnse 

with another atomic grouping containing an active hydrogen atom to 
form a methylene bridge: 

R-CHz(0H) +H-R'*R-CH*-R'+H20 (3) 
This condensation may take place intramolecularly with the formation 

of cyclic structures, intermolecularly with the formation of molecular 
aggregates, or with more formaldehyde molecules to form polyoxymethl - 
lene chains or bridges. In general, one may expect the formation of cyclic 
structures in polyfunctional amino acids if steric conditions are favorable, 
and there is now abundant evidence, presented later in this discussion, 
that such structures are actually formed. 

Nwerous groups found in amino acids, peptides, and proteins are 
capable of undergoing addition and condensation reactions with formalde- 
hyde. 

(1) The Amino Croup. The reactions of this group with formaldehyde 
have certainly received more intensive study than those of any other group. 
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Sprung (1940) has reviewed the reactions of aldehydes with amines. The 
oldest formulation of the reaction with primary amines 

with the formation of monomeric Schiff bases appears to be of little impor- 
tance in the case of aliphatic compounds. Compounds having the chemical 
composition of Schiff bases are more likely cyclic trimers: 

R-NHz+ CHzOSR-N = CHz+HzO (4) 

R 
N 

I 

R-I4 h--R 
\ /  
C 

There is some evidence that dioxytrimethylene rings may be formed 
under special circumstances (Bergman, Jacobsohn, and Schotte, 1923). 

Physical-chemical methods of analysis make it clear that each amino 
group is capable of forming unstable hydroxymethyl derivatives with 
either one or two moles of formaldehyde: 

R-NH*+ CH20 SR-NH-CHg OH (5) 
R-NH2+2 CH~OSR-N(CHI * OH)? ( 5 4  

(2) The Imino GToup. The imino group can react with one molecule of 
formaldehyde to  form a hydroxymethyl compound 

and two imino groups may react to form a methylene compound 
&=NH+CHBOS&=N-CHa OH (6) 

2 €b = NH+CH?OS(& = N)&Ha+H20 (7) 
(3) The Amide Group. The classical researches of Emhorn (1905, 1908) 

have shown that acid amides can react with formaldehyde to form hydroxy- 
methyl compounds 

R-CO NHs+CHsO+R-CO NH-CHs OH (8) 
in which the hydroxyl group is unusually reactive and readily condenses 
with another amide molecule to give met.hylene diamides: 

(9) 
These compounds are usually prepared at  elevated temperatures. The 
hydroxymethyl compounds are somewhat unstable at room temperature 
and markedly so at  higher temperatures, while the methylene diamides 
are quite stable. 

(4) The Peptide Linkage. Diketopiperahe rebctB with one or two 

2 R-CO * NH~+CHIO~(R-CO NH)&Hs+HsO 
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molecules of formaldehyde to form hydromethyl groups. Presumably 
the peptide linkage is capable of reacting in the same way. 

-CO-NH-+ CHaO*-CO-N( CH* 0H)- (10) 
(5) The Gwnidino Group. The Sakaguchi test for the monosubstituted 

guanidino group is drastically altered when arginine has been allowed to 
react with formaldehyde for 20 or 30 minutes. The exact nature of the 
underlying reaction is not yet clear (see the discussion of arginine in Part V). 

(0) The Hydrozyl Group. Formaldehyde reacts with alcoholic hydroxyl 
groups to form acetale and hemiacetale: 

R-OH+CH~O’R-O-CHS OH (11) 
2 R-OH+CHsO*(R-O)&H2 (12) 

Hemiscetals are rather unstable while acetals are stable ih neutral or alka- 
line media, unstable in acid. 
. (7) The Carboxyl Group. Under condensing conditions formaldehyde 
reacts with organic acids to form esters of methylene glycol: 

2 R-COOH+ CH2O,’(R-COO)aCHg+H*O (13) 
In aqueous solutions, however, conditions scarcely favor this reaction and, 
in general, it appears to be unimportant for amino acids and proteins 
except when they are in the dry or nearly dry state. 

(8) The Sulfhydql Group. Thio analogs of acetals and hemiacetala are 
readily formed, and are considerably more stable than the oxygen deriva- 
tives : 

RSH+CHsO*RS-CHa - OH (14) 
2 R S H  + CHaOe (R-S)aCHe+ S O  (15) 

(9) Aromatic Rings. Under favorable conditions the active hydrogen 
atoms of an aromatic ring are capable of reacting with formaldehyde to 
form hydroxymethyl groups: 

=GH+ CHtO+= C-CH, 9 OH (16) 
The C-C bond formed is very stable and so the reaction, though it often 
proceeds slowly, is practically irreversible. The hydroxyl group formed is 
comparable in reactivity to that of benzyl alcohol, and Reaction 16 is 
frequently followed by condensation with another reactive group, according 
to Equation 3, with the formation of a methylene bridge. Alternatively 
condensation may occur between the aromatic =CH and a neighboring 
hydroxymethyl group attached to another functiond group in the same or 
another molecule. Such reactions underlie the formation of phenolformal- 
dehyde polymers. In the amino acids they lead to formation of additional 
rings in tryptophan, tyrosine, phenylalanine, and histidine, as discussed 
in Part V below. 
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b. Reduction, Alkylation, and Other Reactions 
Aldehydes in general, formaldehyde in particular, are good reducing 

agents and under appropriate conditions alkylating agents. Clarke, 
Gillespie, and Weisshaus (1933) have shown that amino acids may be 
methylated by boiling with formaldehyde in the presence of very concen- 
trated formic acid. The process eventually leads to considerable deamina- 
tion with the simultaneous formation of methylamines. N-Dimethyl 
glycine may be prepared in this way, but many other amino acids are 
rapidly deaminat ed . 

It is possible that formaldehyde may reduce disuEde linkages and then 
react with the newly formed sulfhydryl groups. Convincing evidence on 
this point is lacking (see the discussion of keratin in Part VI). 

111. METHODS APPLICABLE TO THE STUDY OF TEE REACTIONS 

OF FORMALDEHYDE WITH AMINO ACIDS AND PROTEINS3 

We shall, at this point, give only a brief summary of the methods 
employed for studying the reactions of formaldehyde with amino acids and 
proteins, since the methods can in general be more conveniently presented 
in connection with the discussion of the various reactions that have been 
studied. The isolation, crystallization, and analysis of well defined com- 
pounds has been repeatedly attempted. Particularly in the caSe of the 
polyfunctional amino acids, which can react with formaldehyde to give 
ring structures containing a methylene bridge, important evidence has 
been obtained by the actual isolation of the resulting compounds (see 
Part V). However, the reactions of formaldehyde with the amino group 
are so rapid and so readily reversible that little evidence of the nature of 
the equilibria existing in solution has been obtained by isolation procedures. 
In the study of compounds which release formaldehyde on hydrolysis, the 
formaldehyde can be distilled off and the distillate analyzed for formalde- 
hyde. The difficulties involved in this procedure, and the precautions 
which should be taken, are further discussed below. Also, the amount of 
unbound and reversibly bound formaldehyde in a system maybe determined 
by adding dimedon (dimethyldihydroresorcinol) t o  the mixture, and 
filtering off and weighing the insoluble methylene addition product. This 
method has been employed by Wadsworth and Pangbon (1936) in their 
study of the combination of various amino acids with formaldehyde. It 
was also employed by Nicolet and Shinn (1941) and by Martin and Synge 
(1941) for the isolation of the formaldehyde produced by periodate oxida- 

* A general survey of methods for the detection and analysis of formaldehyde has been 
given by Walker (1944), Chapters 16 and 17. 
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tion of serine and hydroxylysine in protein hydrolyzates.4 The compounds 
form slowly, and several days must generally be allowed for complete 
precipitation. Clearly, analytical methods of this sort cannot be applied to 
obtain information about the equilibrium state of systems in reversible 
equilibrium. For information about systems of the latter type, one must 
turn to the methods of physical chemistry. 

Two methods of the latter sort have proved particularly powerful in the 
study of the equilibria between formaldehyde and the free amino group 
of amines, amino acids, peptides, and proteins: 

(1) Potentiometric A d y s i s .  In this method, the pH of a buffer system, 
made up of the acidic and basic forms of the substance under investigation, 
is studied as a function of the concentration of formaldehyde added. From 
observed changes in pH, and from the fundamental equations of acid-base 
equilibrium, important inferences may be drawn concerning the affinity 
of formaldehyde for the combining groups in the molecule being studied, 
and concerning the number of formaldehyde molecules which can react 
with such groups. The method is discussed in detail in Section IV below. 

(2) Polarimetric Analysis. The optical rotation of optically active 
amino acids and their derivatives is markedly altered when formaldehyde 
combines with a group adjoining the center of asymmetry. If a second 
molecule of formaldehyde combines with the reacting group, a further 
change in optical rotation occurs which can, in genera1,'be clearly distin- 
guished from that due to the addition of one molecule of formaldehyde. 
Here again the detailed discussion of the application of the method is pre- 
sented in Section IV. 

In recent years, intensive study has been devoted to the mechanism of 
the action of formaldehyde as a tanning agent on collagen, casein, and 
other fibrous or potentially fibrous proteins. A detailed discussion of some 
of the principal methods employed in such studies, and the results obtained, 
is given in Section VI. 

IV. THE REACTIONS OF FORMALDEHYDE 
WITH THE AMINO GROUP IN SIMPLE AMMO ACIDS 

1. AMMONIA AND AMINES 

Ammonia, the simplest amine, is somewhat unusual in its reaction with 
formaldehyde, yielding the very compact and symmetrical hexamethyl- 
enetetramine : 
' As Neuberger (1944) has recently pointed out, formaldehyde formed by periodate 

oxidation from serine may react irreversibly with histidine or other aromatic aminu 
acids present in the hydrolyaate, the analytical determination of serine being thereby 
falsified. An extensive discussion of periodate oxidation methods, in the analysis of 
hydroxyamino acids, is given by Martin and Synge in this volume. 
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6 CHz0+4 NHs$(CHl)sN4 (17) 
Each of the four nitrogens is linked to three CH2 groups, and each CHg 

group links two nitrogens. The four nitrogens are arranged at  the cornera 
of a regular tetrahedron; each face of the tetrahedron contains three of the 
nitrogens and three CH2 groups arranged in a puckered hexagonal ring 
like that shown in Formula 4a. The structure is best visualized with the 
aid of a space model; it has been definitely established by X-ray diffraction 
studies (Dickinson and Raymond, 1923; Wyckoff and Corey, 1934). The 
reaction which gives rise to the formation of hexamethylenetetramine 
proceeds nearly to completion at room temperature in neutral or .dkaline 
solution, and a large amount of heat is evolved in the process. Hexa- 
methylenetetramine is a moderately weak monoacid base (pK, = 6) and in 
the cationic form reacts with an equimolar amount of F : b  

with an appreciable increase in basic strength (French, unpublished). On 
heating in acid solution, hexamethylenetetramine can be decomposed into 
F and ammonium salts and the F can then be removed by distillation. 

Methylamine reacts with an equimolar amount of formaldehyde to form 
ti cyclic trimer, trimethyl trimethylenetriamine (see for instance Duden and 
Scharff, 1895; Einhorn and Prettner, 1904; other references are given by 
Sprung, 1940). 

CeHiaN4++ CH*OCC 7HlsONf (18) 

CHI 
k 

Likewise, ethylamine and F give triethyl trimethylenetriamine, aa 
Dybing (1936) has shown by freezing point and pH measurements. He 
deduces an association constant, for the ethylamine reaction corresponding 
to Equation 19 for methylamine, of the order of 17XlOla. 

The higher aliphatic amines appear to undergo analogous reactions. At 
very low concentrations of amine, however, and at high concentrations of 
formaldehyde, they may also react to form mono and di (hydroxymethyl) 
amines. The trimethylenetriamines of n-butyl .and higher normal amines 
are relatively insoluble in water. However, they dissolve in concentrated 
F solutions, perhaps due to the formation of N-dihydroxymethyl amines. 

'We use the symbol F, when convenient, aa an abbreviation for formddehyde. 
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The formation of the cyclic trimen from their components involves appar- 
ently a very low energy of activation; the reactions are rapid, and run 
practically to completion within comparatively few minutes. 

2. QLYCINE 

The reactions of glycine with formaldehyde have been studied more 
extensively than those of any other simple aliphatic amino acid. To a 
large extent, glycine may be considered typical of the monoamino mono- 
carboxylic acids. However, it shows notable merences in certain respects 
from most of the other amino acids of this type, and in some respects its 
behavior appears to be more complex than that of its homologues with 
longer carbon chai i .  The isolation of numerous compounds has been 
reported a a result of the action of formaldehyde on glycine (RNH,) or 
its esters or salts. In most cssee, the reactions involve the uncharged amino 
group. The following is a partial list of the reported reactions, in which 
R denotes HOOCCHS- or -OOC*CHz- : 
RNH*+CH%OS RN = CH, (20) 

Methylene gl cine 
@a salt reported by &amen and Fellmer, 1917, and Bergmanu, el al., 1923) 

RNH*+3CHaO S R- dCH* -o\cH, (21) 

(Bergmann, el al., 1923) 
\ / 

CHI-0 
"riformal glycine ester and amide 

RNH*+2CHaO e R-NH-CHPOH 
N-Hydroxymethyl glycine 

(22) 
(Krause, 1919) 

CHI 

RNHa+4CH*O + R-N ' 'CHOH + HCOOH+H*O (23) 

'CH! (Krause, 1919) 
N-Hydroxytrimethylene glycine 

RNHs+CHn0+2H S RNHCHI+H*O 
Sarcosine 

(24) 

(Gb,  1913) 

RNH*+2CHsO+2HCOOH + RN(CH8)z + 2C01+2H20 (25) 
N-Dimethyl glycine (Clarke, d al., 1933) 

(26) 

(Lob, 1913) 
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In addition, physical chemical methods have indicated the following 
reactions: 
RNHa+PCHsO R-N(CHs.OH)s (n) 

N-Di(hydroxymethy1) glycine (Levy, 1933; Levy 
and Silberman, 1937) 

R 
/ 

C H r N  
/ 

\ / 
\c& 3RNHa+3CH& e R - N  

'CH,-N 

k 
Tricarboxymethyl 
trimethylenetriamine 

(28) 

(French, 1945) 

This is by no means an exhaustive list of the reactions which have been 
postulated to occur between glycine and formaldehyde, but it does give 
some indication of the varied possibilities that must be considered. In 
Reactions 21, 22, 24 and 25, there appears to be satisfactory evidence of 
the nature of the compounds formed. Reaction 23 is dubious. The assumed 
occurrence of Reaction 22 is in harmony with the potentiometric measure- 
ments of Levy (1933) and of Levy and Silberman (1937). The products of 
Reactions 24 and 25 have been compared with authentic specimens of 
sarcosine and Ndimethyl glycine. The isolation of the barium salt of 
methylene glycine (Reaction 20) by Bergmann, Jacobsohn and Scbotte 
(1923) (see also Bergmann and Ensslin, 1925) appears to be substantiated 
by the analytical data." However, it should be noted that this salt cryetal- 
lized from solution with 4 or 5 molecules of water of crystallization, which 
could only.be removed by heat and intensive drying. Thus, while the 
methylene derivative could apparently be obtained by thorough dehydra- 
tion, it appears very unlikely in the light of all the other evidence avail- 
able that it exists as such in aqueous solution. In all probability, the 
substances present in the solution are the N-hydroxymethyl and 
N-di(hydroxymethy1) derivatives of glycine, as indicated by Reactions 22 
and 27, and the trimer shown in 28. Sprung (1940) has pointed out that 
the monomeric Schiff bases of formaldehyde and aliphatic amines are 
practically unknown in aqueous solutions.7 

It may be, however, that the anion of this salt is a trimer, aa ahown in Reaction 28, 
which would give identical analytical data. Crptallographic studies might serve to 
decide this point. 

Well defined Schiff bases, formed by the reaction of acetaldehyde and higher ali- 
phatic aldehydes with methyl amine, have been prepared and their Raman spectra 
etudied by Kahovec (1939). He also studied the Raman spectra of a series of N-alkyl 
trimethylene triamines (Formuhi 19). 
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The formation of “methylene diglycine” postulated by Lob (Reaction 26) 
appears extremely improbable, especially in the highly acid media em- 
ployed by Lob in his preparation. The compound obtained is probably 
srtrcosine, since Lob himself and later Clarke showed that sarcosine can be 
prepared under almost the same conditions as the hypothetical methylene 
diglycine. Lob’s analytical data for “methylene diglycine” are in better 
agreement with sarcosine. 

3. REVERSIBLE EQUILIBRIA INVOLVINQ ONLY THE AMINO OR IMINO GROUP 

a. Pobntiometric Analysia 
The utility of the formol titration (Sorensen, 1907)8dependedon the fact 

that formaldehyde appeared to decrease greatly the basicity of the amino 
group, while leaving practically unaltered the degree of alkalinity required 
to cause an indicator such as phenolphthalein to change color. Birch and 
Harris (1930) titrated a number of amines, fatty acids, and amino acida 
potentiometrically, in water and in formaldehyde solution (generally 1-2 
per cent). Those portions of the curves associated with ionization of car- 
boxyl groups were virtually unchanged by addition of formaldehyde (F), 
but those associated with amino groups were shifted markedly to the acid 
side, In the case of glycine, determinations at  several different concentra- 
tions of F showed a progressive decrease in the apparent pKg value as F 
increased. 

The first systematic treatment of the effect of F on the apparent dis- 
sociation constants was given by Levy (1933, 1934, 1935), and extended 
and summarized by Levy and Silberman (1937). Levy’s conclusions, for 
substances containing only a single amino or imino group, may be sum- 
marized as follows: (1) only the uncharged amino or imino group reacts 
with formaldehyde, (2) the formaldehyde addition products are such weak 
bases that their basicity may be neglected in considering the equilibria 
involved, (3) amino groups can combine, rapidly and reversibly, with either 
one or two molecules of formaldehyde; imino groups with only one. The 
reactions of the amino group are probably those shown in Equations 22 
and 27. 

Thus, in a solution containing isoelectric amino acid and amino acid 
anion, the following equilibria determine the state of the system (A* 
denotes the dipolar ion of the amino acid, A- the anion). The association 
constants of the reactions with F are denoted by Ll and L. 

L1= - (29) 

‘Ae Sijrensen pointed out, the fundamental observations on whiuh the formal 
titration is based were made by &hiff (lQ00, 1901, and other papers). 
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For an imino acid, L1=0. If the amino acid is titrated in water, pH is 
determined by the equation 

For an extensive table of such pK values, see, for 
Edsall (1943, p. 84). 

Lct CA dcnotc the sum of the concentrationsof all 
derived from the amino acid. 

(31) 

instance, Cohn and 

the dserent anions 

CA= (A-)H*o= (A-)+(AF)+(AFz3 = (AT(l+hF+LP) (32)O 
It is assumed that in formaldehyde solution the activity coefficients of 

the component species, and the liquid junction potentials, are the same 
as in water, and that (A*) is equal to (A*)H~. The decrease in pH, as 
formaldehyde is added, is thus determined only by the decrease of (A9, 
due to its partial conversion into (AT) and (AFL). 

Then, in the solution containing formaldehyde at concentration F: 

pH=pKz+log-- log (1 + LlF+ L2P) = pGf+log - cA (33) 
(A*) (A*) 

Thus, if the solution is so made up that pH = pK2 in water, then in formal- 
dehyde solution pH = pG,. 

pKz-pGi=log (l+LIF+L,F') (34) 

At high F values, the first two terms in the parenthesis become negli- 
gible, and as an approximation: 

On plotting (pKz-pGr) against log F, a curve is obtained which at high F 
values approaches a straight line of slope -2. The intercept of this line 
a t  log F = 0 is log LO. Similarly for Kin0 compounds, the limiting s l o p  at  
high F is -1 and the intercept log LI. 

Fig. 1 shows clearly the distinction between primary, secondary, and 
tertiary (L1=O) amino acids when plotted according to  Levy's method. 
This type of plot is very useful for exploratory work, aa i t  permits the 
investigator to cover quickly a wide range of formaldehyde concentrations 
and to infer by inspection (a) whether acidic, basic, or both forma me 
reacting; (b)  the number of moles of F reacting, from the limiting slope at 

* It is assumed in this treatment that CA is a constant, not affected by (F). Thks ia 
strictly true only if the concentrations of If+ and O R  ions, and of the anions (CHO-) 
der.ived from the acidic dissociation of F, are regarded as negligible in the equation for 
electroneutrality of the system. In the more alkaline solutions considered, (OK) and 
especially (CHO-) if (F) is large, are not negligible. The corrections 80 introduced have 
important implications for the formol titration (p. 301), but we shall omit them in this 
discussion for the sake of simplicity. 

pKa-pGr=Iog L2+2 log F (35) 



291 FORMALDEHYDE WITH AMINO ACIDS AND PROTEINS 

-3 -2 -I 0 'I 
6' 

k! tF 
Fig. 1. Plots based on Levy's equations 34 and 35, showing the distinctive differences 

in behavior of primary, secondary, and tertiary amino acids in formaldehyde solution. 

-3 -2 -I 0 . *i 
bg EF 

Fig. 2. The Levy plot for cysteine and tryptophan in formaldehyde solutions. Note 
that tryptophan behaves as a secondary amino acid (see equations 46 and 41). 

high F concentrations; (c) the approximate values of the association con- 
stanta. If an unsuspected reaction is taking place it is often revealed by 
the Levy plot. For example, cysteine (Fig. 2) shows a rapid drop in pGf 
on addition of an equivalent amount of formaldehyde, followed by a plateau 
and a gradual falling off to a slope of -1. The interpretation of these 
phenomena is discussed in Part V below. 
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CF 
Fig. 3. The evaluation of the association constants between amino acids and formal- 

dehyde by equation.37. Data for alanine from Frieden (1942); data for the amino- 
butyrio suds from French (1945a). 

The second step in Levy's treatment is the graphical determinationIof 
the association constants LI and LI. From Equation 34, 

GJKi= 1 + L9+ L.E9 (36) 
and therefore 

By plotting the function (GJKn-l)/F against F one should obtain B 
straight line of slope La and intercept 4. Values of LI and LZ so obtained, 
f o r a  number of amino and imino acids, are given in Table I on p. 293. 
Fig. 3 shows the plot of Equation 37 for alanine, a-aminobutyric acid, 
and a-aminoisobutyric acid. 
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2 m  
290 
Mx) 

36.8 
75 
66 
28 
17 

0.6 
18 
18 

12 
10 
35 
32 
31 
86 
35 
10.2 

780 
1500 

0.15 

TABLE I 

Aaaocialim, Conatants of Amino and Imino Acids with Formddehydc 

1.2 
4.8 
3.1 

1.6 
3.4 
2.7 
1.2 
1.1 

0.16 
1.0 
1.0 
0.2 
0.55 
0.43 
2.2 
1.9 
1.56 
1.7 
1.65 
0.90 
3.4 
2.5 

-- 

-- 

Aesociation Constants 

251 
309 
880 
35 
38 

Bubstanoe 

2.8 
1.3 
3 8  
1.6 
1.5 

Method 

77 
23 
25 
15.8 
5 

Temp. 
C. 

- 
30" 
25' 

6 
1.5 
1.1 
1.5 
0.5 

Reference 

F(1945a) 
LS( 1937) 
BL(1936) 

0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

-- 

Li 

Ethylaminel 
Glycines 
Glycinet 

G P  
H P  
H P  

1700 
60 

160 

23 
22 
24 
21 
15 

3 
18 
17 

22 
23 
16 
17 
19.9 
bo 
20 
11.3 

230 
600 

0.85 

Q-Ahnhe 
&Ahnine 
a-Alanine 
U-Aminobutyrio acid 
a-Aniinobutyric acid 

- 
30' 
26' 
25' 
- 

G P  
H P  
H P  
H P  
G P  

G P  
G P  
C P  
G P  
H P  
H P  

H P  
POL 
GP 
GP 
G P  
G P  
G P  

nP 

FR(1942) 
LS(1937) 
BI.(I936) 
BL(1936) 
F( 19458) 

F(  19 15a) 
F (19458) 
F( 19458) 
F(19lda) 

LSf 1937) 
BI,f 1936) 
LS( 1037) 
BL(1936) 

FDC(1943a) 
FR (1942) 
FR (1942) 
FR(19I'L) 

F(1045a) 
F( 19458) 

LS(1937) 
IS(1937) 

BL(lT36) 
F( 19458) 

JJL(l'J30) 

~~ 

a-Aminoisobutyria acid 
a-Aminovalerio aoid 
a-Aminocaproic aoid 
a-Amino-a-methyl butyrio wid 
Valine 
Valine 
Leucine 
Leucine 
Leucine 
Leucine 
Leucine 
Leucine 
B Alanine 
r-Aminocaproio sdd 

- 
- 
- 
- 
30. 
25' 
30. 
25. - 
3.1' 

24.5' 
44.9. - - 

Lysine (pK# 
Lpine (pK3' 
Glycylglycine 
Leucylglycine 
Leuc ylglyc ylgl wine 

89 
240 
230 
22 
25 

H P  
H P  
GP 
€1 P 
€~ P 

30' 
30' 

25' 
- 
- 

a-Aminophenylaeetio aoid 
Phen ylalanine' 
Phen ylalanine' 
Phenylalaninel 
Tvroaine' 

13 
16 
22 
10.5 
10 

€I P 
H P  

GP 
H P  

IIP 
H P  
POL 
H P  
€1 P 

H P  
I i  P 
€I P 

i r  p 

LS(l937) 
LSf 133i) 
BL( 10363 
FR(1942) 
LS(lW37) 

1 S  (1937) 
BL( 1930) 

FDCfl942) 
Tomiyania 

IS(1937) 

LS(1937) 
BJ4(193f3) 
LS(1937) 

30' 
25" - 
- 
30' 

30' 
25' 
30' 

112 
126 
105 
67 
79 

83 
320 
161 

Proline 
Proline 
Proline 
Proline 
H ydroxyproline 

Tryptophan* 
Sarcosine 
Sarcosine (N-Methyl glycine) 

1 Thcae "constanta" depend on the amine concentration, since the complex forms a cyclic trimer (see 
Equation 19 and Dybing's (1936) paper). 

8 The apparent assoriation constanta detezmined var with the glycine concentration, presumably due to 
polymerization of the glycine formaldehyde conlpler. gee'text. 

8 For a further discussion of lyrine. sce Part V of the text 
4 For a further discussion of phenylalanine and tyrosine. eee Part  V of the text. * Tryptophan behaves like an imino acid because of its rapid conversion to a carboline derivative throuqh 

ring closure by the action of one molecule of formaldehyde. The observed Baaociation constant is a hybnd 
oonstant 8 6  defined in Equation 47 of the text. 
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Method Temp. 
-- 

QP - 
POL - 
HP - 
HP 30' 
POL - 
HP 30' 

POL - 
HP 30' 

POL - 

-- 

POL - 

TABLE I (Continued) 

Referenw 

mc(18438)  
FDC(1943a) 

BL(1936) 

LS( 1937) 
CL(lQ43) 
LS(lQ37) 

CL(1843) 
L5(1937) 

CL(lQ42) 

FDC(lQ438) 

Substanoe 

N-Methyl leuhe  
N-Methyl leudue 
N-Dimethyl s l y h e  

Asparti0 acid 
Asparti0 acid 
Qlutamio wid 
Qlutrmio wid 
Qlutamic mid 
Aapemgine' 
SOxytetrahydIbP~dYl- 

4-oarboxylio soid7 

~edwiation COlMtmb 

0 0 

26 

22 
38 

13 

- 

- 

7.04 

37 

24 
43.7 

64 

0 

- 

- 

1.42 
2.03 
1.OQ 
1.16 
0.823 
4.16 

0 

Thin astimate wan derived from the meOaurement4 of Levy and Silberman (1937, page 7284,  from the 

7 Thin compound hss oommonb been designated as methyleneasparaeine. Concerning the evidenoe for 

Mbuadr: The s mbole employed are ss follom: 

extrapolated initial points from the reaction of formaldehyde with asparagipe. 

ita structure nee page 307. 

H%denoten potentiometrio messurements on the hydro en electrode 
QP denotea potentiometrio measurements on the glasa &eotrode 

POL denotes polarimetrio measurement4 
Rqfrsnesr: L8 =Levy and Sibarman 

BL -Baleon and Lawson 
FDC -Frieden, Dunn and CoryeU 
FR -Frieden 
CL -Carpenter and Lovelace 
F -French (the approximate temperature of Frenoh's meanvementd is 2K* c.) .  

Balson and Lawson (1936), who carried out experiments similar to 
Levy's, concluded that amino acid anions could combine with a third 
molecule of formaldehyde. Evidence for the third association constant, 
however, depended on measurements at  very high formaldehyde concen- 
trations; where uncertainties due to activity coefficients and liquid junction 
potentials are considerable. Levy and Silberman (1937) and French 
(1945a) could find no evidence for a third association constant in their 
data. The phenomena observed by Balson and Lawson could equally well 
be explained on the assumption that their formaldehyde contained a trace 
of formic acid, although they took precautions to minimize this.1° The 
assumption that a third mol of F can combine with the amino group is not 
inherently unreasonable - compare, for example, the triformal derivatives 
of glycine ester and glycine amide: Reaction 21 -but there appears to be 
insufficient evidence to establish its occurrence in solution. 

The titrations of Dunn and Loshakoff (1936b) and Dunn and Weiner 

loIt is extremely ditficult to prepare and maintain F acid free. At high F or low 
amino acid concentrations, it is imperative to correct for the amount of acid in the 
formaldehyde. 
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(1937), carried out with the glass electrode, show satisfactory agreement 
with Levy's measurements, in which the hydrogen electrode was used.l' 

b. Polarimelric Analysis 
The following discussion of the polarimetric method is taken directly 

from the work of Frieden, Dunn, and Coryell (1942) : 
"The polarimetric method used in studying the formaldehyde-amino 

acid equilibria . . . is based on the principle that the rotations of the com- 
plexes resulting from the combination of formaldehyde with optically 
active amino acid anions should differ from each other and from the rota- 
tion of the amino acid. By inspection of the curve relating rotation and 
formaldehyde concentration it should be possible to determine the number 
of complexes. From a detailed study of the changes in rotation occurring 
in amino acid solutions varying in formaldehyde concentration, it should 
be possible to determine the relative concentrations of the complexes and 
the equilibrium constants of the reactions." 

The molecular rotations of an amino acid anion, (AT, and of its asso- 
ciation compounds with formaldehyde, AF- and AFs-, are respectively 
denoted by al, US, and as. The observed molecular rotation, [MI, is then 
the sum of the rotations of the components present, or 

(See Frieden, Dunn and Coryell, 1943a). 
For imino acids, L = O  and the solution of 38 is relatively simple. In 

Fig. 4, the molecular rotation of a solution of anionic proline is plotted 
as a function of the concentration of added formaldehyde. [MI in water 
is - 112'. As formaldehyde increases, [MI progressively decreases and 
approaches asymptotically a limiting value of approximately - 168', 
which is the molecular rotation of the proline formaldehyde complex, A T .  
The form of the curve is that of a segment of a rectangular hyperbola, as 

Svehla (1923) attempted to  determine association constants by freezing point 
measurements, and Baur (1941) employed both freezing point and conductivity measure- 
ments for the same purpose, using eolutions of F and isoelectric amino acids. However, 
their calculated values can not be relied on, because the nature of the mderlying reac- 
tions waa inadequately formulated in these papers. Qualitatively, the results appear 
to  agree well with those discussed in the text here. 

Baur (1941) made rough estimates of reaction velocity for the combination of F 
with glycine and alanine, by following the change of conductivity with time. Eather 
surprisingly, alanine appeared to react faster than glycine, combination being essen- 
tially complete in about 30 seconds a t  25", whereas, in the case of glycine the reaction 
waa not fully complete for about two minutea. This may mean that glycine reacts in 
two stages (see Reactions 22and 28) while alanine undergoes only Reaction 22 and 
does not react further. 
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FORMALDEHYDE, MOLES PER UTER 

Fig. 4. Optical rotation of proliie anion in solution aa a function of formaldehyde 
concentration. Data from Frieden, Dunn, and Coryell (1842). 
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Fig. 6. The molecular rotation of dianionic 1 (+) - glutamic acid a~ a function of totel 
formaldeh de concentration. The line is calculated from the association conatmb 
given in $able I, assuming as- -23.4' and a*= +25.0°. From Frieden, Dunn, and 
Coryell (19438). 

would be expected from the law of maas action for a single molecule of 
formaldehyde combining with one of prolinb anion. 
In Fig. 5, a curve for an amino acid, anionic I(+)-glutamic acid, ie 

shown. Here it is immediately apparent that the curve falls into two 880- 
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tions. The first descending portion, at low formaldehyde values, is deter- 
mined by the formation of the complex Al? . As the concentration of form- 
aldehyde increases. further, [MI rises again as AF?' is formed, the latter 
having clearly a larger positive molecular rotation than the simple anion A-. 
There is, of course, some overlapping between the two successive formalde- 
hyde addition compounds; a considerable amount of AFC haa begun to 
form long before A- is completely converted into AF. In order to derive 
the association constants from data like those shown in Fig. 5, Equation 38 
must be solved. This involves four unknowns: a2, as, 4, h. Moreover, in 
solutions containing little formaldehyde, F must be regarded 88 a fifth 
unknown, since this symbol represents the free, not the total formaldehyde 
in the solution. The equation can be solved only by successive approxima- 
tions. At high F concentrations, it may be assumed that A- is absent 
from the solution. 

Here L'=L/L1 is the equilibrium constant of the reaction 
AF+F$AF2- (40) 

Under these conditions, it is fairly simple to evaluate a2, as, and h. Having 
thus obtained a2, and since a1 is known from measurements at F-0, a 
similar calculation can then be carried out at low F concentrations, assum- 
ing that under these conditions A F 2 -  is present in negligible amounts. 
Equation 38 then becomes: 

A full discussion of the derivation of the constants from the equations will 
not be given here; the method is presented in detail by Frieden, Dunn, and 
Coryell (1943a). 

Equation 41 is obviously applicable also to  imino acids at all F concen- 
trations, since 38 automatically reduces to 41 if L-0. Here the association 
constant may be derived most conveniently by a plot of log (AF-)/(A-) 
against log F, since from Equation 29 

When a1 and a2 have been evaluated, the observed value of [MI allows the 
calculation of log (AF)/(A-), and F may be calculated by difference 89 
the total added formaldehyde minus (AT). Here again, however, suc- 
cessive approximations are required in evaluating these quantities. A 
tentative value of L1 must be assumed in order to estimate a1 and ~ 1 ,  and 
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two or three approximations may be required before the best value of h is 
obtained. 

The values of the association constants obtained by the polarimetric 
method on all the amino acids, except the dibasic acids which are discussed 
in Part V below, are given in Table I, together with those derived from 
potentiometric measurements. The results of the measurements by the 
two Werent methods are generally in fairly good agreement. The proline 
values of Levy and of Frieden, DUM, and Coryell, for instance, agree 
within about 6 per cent. On the other hand, the values for N-methyl 
leucine, by the two methods, differby a factor of more than 2 to 1. Frieden, 
Dunn, and Coryell(1943a), who carried out both sets of measurements on 
this compound, are unable to find a reason for the diecrepancy. Esch set 
of measurements appears entirely consistent within itself. However, 
equally marked discrepancies appear between dserent potentiometric 
determinations: for example, Ll for sarcosine, as reported by Balson and 
Lawson (1936) is more than twice as great SB that reported by Levy and 
Silbemn (1937). A factor of 2 in these values corresponds to a difference 
of approximately 0.3 in the pH measurements at high formaldehyde con- 
centration. Actually, the measurements of Balson and Lawson were 
made at  a temperature 5' lower than those of Levy and Silberman, but 
there is no indication, in the other compounds studied by these authors, 
of any systematic differences in the L values due to temperature.12 Some 
of the discrepancies in the reported values may be due to an inadequacy 
of the underlying assumptions concerning the reaction mechanism. This is 
particularly true in the case of glycine, which appears to form a cyclic 
trimer with F, similar to those formed by the aliphatic amines (pp. 282 and 
286). 

4. INFLUENCE OF STRUCTURE ON OBSERVED ASSOCIATION CONSTANTS 

Allowing for the uncertainties just indicated, some definite deductions 
concerning the effect of structure on LI and 4 may be drawn from the data 
in Table I. The data for ethylamine and for glycine must be treated with 
reserve, since the first formaldehyde addition products of both tend to 
condense, forming cyclic trimers. In any case, it is clear that the association 
reactions are markedly inhibited by substituting a -COO- for the CHs 
group in ethylamine. On further replacing one hydrogen on the a-carbon 

12 However, the data of Frieden (1942) for LL and LS of leucine at three ditrerent tem- 
peratures, given in Table I, show clearly a a!ecreuus of association with rising temperature. 
From these data, Frieden calculates AH values as follows: 

A ' + F = U  ; AH1= -6200 cal/mol 
AF+F=A&-; AH,= -9000 cal/mol 

Aleo, with respect to the glycine-F complex, Hobohm (1944) states that rise of tem- 
perature causea the complex to dissociate; but he gives no quantitative data. 
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by a methyl group, to give alanine, association is still further inhibited, Ll 
falling from 60-80 to 22, and LZ from 300-550 to about 70. On inserting a 
second methyl group on the a-carbon (a-aminoisobutyric acid), L1 falls to 
3, and Lz to 6.4. An equally striking decline in Ll and L, on a-methylation, 
is shown by the comparison of a-amino-n-valeric acid and a-amino-a-methyl 
butyric acid; for the latter compound L1=0.85, Lze0.15. The effect of 
changing from a-methyl to a-ethyl (alanine to a-amino butyric acid) is 
comparatively small, and the higher members of the a-amino-n-alkyl 
carboxylic acid series have nearly identical values, L1zLzr18.  The effect 
of branching at  the far end of the alkyl chain, as in leucine or valine, is small. 

All these observations indicate that steric factors, depending primarily 
on the size and perhaps on the charge of the groups attached to the a-carbon 
atom, have a profound influence in inhibiting the tendency of an amino 
group to combine with formaldehyde. If the steric inhibiting factors are 
weak or absent, as in the n-alkylamines and to a lesser estent in glycine, 
condensation of the amino group with F, and formation of a cyclic trimer, 
proceed rapidly. 

Similar effects of steric hindrance are revealed in the imino acids: com- 
pare sarcosine (Ll= 150 -320) with N-methyl leucine (Ll=2.3 -4.8).13 For 
proline L1 is not much smaller than for sarcosine, indicating that the two 
additional CHZ groups of the pyrrolidine ring interfere very little with the 
approach of a formaldehyde molecule to the =NH group. 

The effect of N-methylation does not appear systematic from the avail- 
able data. Ll for sarcosine is greater than for glycine; but for N-methyl 
leucine, i t  is only one-fourth to one-eighth as large as for leucine. 

Increasing the distance between the amino and carboxyl groups increases 
the tendency of the amino group to combine with F. For 8-alanine, LI 
and LZ are much greater than for glycine; for eaminocaproic acid, they 
are much greater still. It is not unlikely that these substances, like glycine, 
form cyclic trimethylenetriamine derivatives. 

In peptidea similar relations are found. L1 = 230 and Lz = 880 for glycyl- 
glycine are similar to the values for 8-alanine, and much larger than for 
glycine. For leucylglycine and leucylglycylglycine, L1 = 22-25, h= 35-38, 
revealing again the steric effect of the bulky leucyl group in inhibiting 
Combination with F. Evidence on this point is also given by the studies of 
Dunn and Loshakoff (193613) whose data for some amino acids and peptides 
in 9 per cent HCHO are given in Table 11. 

It is clear that (pKs-pGf) is about one unit greater here for amino 
groupe without alkyl substitution on the adjoining a-carbon than for those 

I* For substances with association constants as low as those of a-aminoisobutyricacidor 
N-methyl leucine, it would be impossible to get accurate values in the formol titration, 
because of the very small downward shift of pGf with increasing F. 
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TABLE I1 
Diesociation Constank of Amino Acids and Peptides in Water and Formaldeh.yde 

(B%HCHO) 
Substance pK; (Water) PGf PIG -pGf 

Glycine 9.60 5.92 3.66 
dl-Norleucine 9.76 7.10 2.66 
Glycylglycine 8.13 4.27 3.86 
Diglyc ylglycine 7.91 4.24 3.67 
GlycyldGleucine 8.29 4.40 3.89 
dGAlanylglycine 8.18 5.52 2.66 
dGLeuc ylgl y cine (8.18) 5.55 2.63 

pK, values from Cohn and Edsall (1943, p. 84); pGf values from Dunn and Lonhttkoff 
(1936b). For leil.ylglyc*ine, pKz in water is not available; it was assumed to be the same 
aa for alanylglycine. 

with attached alkyl groups. Particularly striking is the difference between 
the isomers glycylleucine and leucylglycine, for which p& probably diff em 
by only about 0.1 pH unit in water, while the pGf values in 9 per cent F 
‘differ by 1.15. Here again it is the distance between the large alkyl group 
and the amino group that determines the tendency to associate with for- 
maldehyde. This shows strikingly the difference between formaldehyde 
association constants, which are profoundly affected by the steric effects 
of non-polar groups, and acid dissociation constants, which are primarily 
aiTected by charged and polar groups, and only in minor degree by variation 
in the size of neighboring alkyl groups. 

5. LIMITATIONS TO THE SIMPLE FORMULATION OF THE REACTIONS 

OF AMINO GROUPS WITH FORMALDEHYDE 

Practically the entire discussion given in the preceding section is based 
on the two association equilibria expressed by Equations 29 and 30, which 
presumably correspond to the chemical Reactions 22 and 27. If Equations 
29 and 30 represent completely the nature of the reactions involved, it is 
to be expected that (a) the titration curve in the presence of a constant 
amount of F should be an undistorted Henderson-Hasselbalch curve which 
is shifted to a region of lower pH, and (b)  that the amount of shift should 
be independent of the amino acid concentration. With glycine neither 
condition is fulfilled. The titration curve is appreciably broader than a 
typical Henderson-Hrasselbalch curve and the extent of shift depends 
considerably on the glycine concentration. Irregularities of this sort had 
been observed by Levy (1933) who concluded that “the formaldehyde 
complex is polymerimd to a marked extent and the values of the constanta 
are dependent to some extent on the actual glycine concentration” (p. 776). 
Polymerization alone, however, should tend to make the titration curve 
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steeper than a simple Henderson-Hasselbalch curve, whereas the curves 
actually observed are broader. 

Recent experiments (French, 1945b) have indicated that the observed 
phenomena can be explained if it ia assumed that the hydroxymethyl 
complex first formed condenses with itself to form a cyclic trimer, tricar- 
boxymethyl trimethylenetriamine (Reaction 28). In this compound, one 
of the nitrogen atoms of the ring can accept a proton (pK,=8.0). The 
reaction is quite analogous to that of the aliphatic amines with F. Addition 
of an excess of F may lead to the formation of the di(hydroxymethy1) com- 
pound. As expected, this shows no tendency to polymerize. 

The above reactions appear to account quantitatively for the titra- 
tion behavior of glycine throughout a wide range of F concentration 
(0.0001-10 M )  with glycine from 0.001 to 0.1 M .  Freezing point measure- 
ments of sodium glycinate at varying F concentrations are also in good 
agreement with this theory. 

In addition to the reactions discussed above, which are all quite rapid, 
s l o ~  reactions involving a gradual loss of amino nitrogen appear to take 
place in alkaline solutions of even the simple amino acids. Such a slow 
loss of amino nitrogen has been observed by Holden and Freeman (1931) 
and by Wadsworth and Pangborn (1936) when the amino acids are incu- 
bated for several weeks in mildly alkaline solution. Thus, at a pH near 8, 
Wadsworth and Pangborn found that in 28 days at 39" C. the free amino 
nitrogen of glycine had decreased by about 25 per cent below its initial 
value. It is possible that the reaction involved is due to contaminating 
microorganisms. (Toluene was added as a preservative in these experi- 
ments, but rigid sterility KEG not maintained.) The observed changes are, 
in any case, exceedingly slow and certainly have no influence on the 
results obtained in the formol titration, which is ordinarily carried out 
very promptly after the addition of F to the amino acid solution. The 
rapid loss of amino nitrogen, due to the reaction of F with tryptophan, 
histidine, tyrosine, cysteine , and other bi-functional amino acids, representa 
an entirely distinct type of reaction of which the simple amino acid0 are 
incapable. The mechanisms involved are discussed further in Part V. 

6. CHOICE OF CONDITIONS FOR THE FORMOL TITRATION 

The general principles of the formol titration should be immediately 
apparent from the foregoing discussion. The essential object involved is 
to add sufficient F so that the pGr values of the amino acids become so low 
that they are completely titrated before the indicator used changes color. 
Levy (1934) haa shown that phenolphthalein changes color at the same pH 
in F solution and in water, up to F concentrations of 3.5 M, and that the 
color is apparently unaltered by the change of solvent. If F itself did not 
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react with the added alkali, the optimum conditions for titration would lie 
at the highest obtainable F concentration. However, F is an acid of pK 
near 12.9 (Levy, 1934). Its presence in the solution at high concentration, 
therefore, has an effect which, from the point of view of the titration, is 
equivalent to a large increase in K,. Thus there is an optimum region of 
F concentration for the formol titration, in which the pGf values are 
sufficiently depressed to make the titration satisfactory, but in which the 
concentration of anions at the end point, due to the dissociation of F itself, 
is small enough to produce little error. A detailed analysis of the problem 
has been given by Levy (1934) who concludes that the maximum accuracy 
is obtained when the F concentration is 6-9 per cent at the end volume. 
He recommends that neutral formalin, adjusted to pH 7, should be used, 
that no correction for a blank should be made, and that the amino acids be 
titrated at  a,a high a concentration as possible. The error of the titration is 
smallest when the solution at  the end point contains equivalent quantities 
of the amino acid and the added alkali. If F=2.3 M, this occurs when 
pH is equal to 9.6+% the log of the molar amino acid concentration. 
For a 0.1 M amino acid at  the end volume, the proper end point is some- 
where near pH 9.1.14 In the presence of large amounts of proline, as in 
gelatin hydrolyzates, the end point of the formaldehyde titration should be 
somewhat more alkaline than otherwise (Levy, 1931, p. 164). 

The stoichiometric relations involved in the formol titration have been 
discussed by Van Slyke and Kirk (1933). If the titration is begun at the 
isoelectric point of the amino acid and carried to an end point near pH 9 
in formaldehyde, the titration gives a measure of the free carboxyl groups. 
If the titration is started at pH 7 in water and carried to the same end point, 
it gives a measure of the free amino groups present. The latter method is 
generally the condition of choice; obviously the first method can only be 
applied to a single amino acid, or to a mixture of amino acids which are all 
of the same charge type. 

Highly accurate formol titrations have been carried out by Dunn and 
Loshakoff (1936a) who determined pH, during the progress of the titration, 
on the glass electrode. Choosing the conditions of the titration to be nearly 
optimum according to the directions given by Levy and summarized above, 
they determined the electromotive force (E) aa a function of the volume (V) 
of added alkali. The function AE/AV passes through a sharp maximum 
near the stoichiometric end point, which can thus be located with very 
high precision. In this method, the absolute pH values are not of impor- 
tance, but only their variation with V. This method L admirably suited to 
'' The conditions for the titration of the dibasic amino acids require special considera- 

tion (Levy, 1935). In particular, significant errors are to be expected for histidine, if it 
b titrated under the same conditions as the other d n o  acids. 
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titrations of individual amino acids for determination of analytical purity; 
and Durn and Loshakoff report that the error of the method for this pur- 
pose can be reduced to 0.1 per cent or leas. With some modifications, 
methods based upon the same principle should be applicable to more 
complex mixtures of amino acids, but the accuracy of the titration in a 
mixture must necessarily be somewhat lower. 

Borsook and Dubnoff (1939) described an ultramicro modification of 
the glass electrode formol titration of Dunn and Loshakoff. It should be 
noted that the conditions chosen by them for the titration deviate markedly 
in several respects from those recommended by Levy; presumably these 
conditions were chosen deliberately for special purposes, and could be 
suitably modified by other workers without alteration of the ultramicro 
technique. Sisco, Cunningham, and Kirk (1941) have described a micro 
titration by quantitative drop analysis, which permits the determination 
of 4 to 10 pg. of amino N with an accuracy comparable to that of the macro 
method as ordinarily carried out. Here again (as the authors have indi- 
cated) accuracy could be improved by'using a higher F concentration, with 
F adjusted to pH 7, and a final pH of approximately 9, following Levy's 
recommendation. 

Martin and Synge discuss the formol titration as an analytical tool 
elsewhere in this volume. 

V. POLYFTJNCTIONAL AMINO ACIDS AND PEPTIDES 
When functional groups other than the amino group are present in an 

amino acid, the possible complexities of the formaldehyde reaction are 
increased. Reactions of the types already outlined may occur at two or 
more points in the molecule, and any one of the initial products may react 
with another free functional group, with elimination of water and methy- 
lene bridge formation. However, the relative rates of the various possible 
reactions may be so different that a satisfactory description of the reaction 
mechanism, and of the products obtained, may be achieved. In the cases 
of cysteine and asparaghe, the products obtained are well characterized, 
and there is considerable knowledge of the steps in the reaction. In other 
cases - tryptophan, tyrosine, phenylalanine, histidine - crystalline reac- 
tion products have been obtained and identified, although the mechanism 
of the reaction is still almost unknown. The gussidino group of arginine, 
and the peptide linkage, are known to react with formaldehyde, but neither 
the exact mechanism of the reaction, nor the exact nature of the derivativea 
formed, is yet known for arginine or the peptides. 

1. CYSTEINE 

The reaction of F with cysteine has been examined by several workers 
with substantially identical results. The most complete report is given by 
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Fig. 6. Rate of thiazolidine carbosylic acid formation in buffered solutions at 25'. 
Initial conccntrations of cystcine and formaldehyde both 0.068 M at all pH values. 
From Ratner and Clarke (1937). 

Ratner and Clarke (1937); somewhat earlier Schubert (1935, 1936) pub- 
lished similar accounts. Ratner and Clarke show that the reaction of one 
mole of formaldehyde with cysteine gives a crystalline amphoteric deriv& 
tive, C4H70aNS, which is remarkably stable toward acid and alkali. The 
nitrogen exists as a secondary amino group; the sdfur is present as a 
thiocrther, for the nitroprusside reaction is negative. Oxidation of the acetyl 
derivative by hydrogen peroxide leads to a sulfoxide or a sulfone. All the 
properties of the compound are readily explained by the assumption that 
it is thiazolidine-4-carboxylic acid (Reaction 43). 

CHpSH H&'-S 

(43) 
\ 

CHn +H& I ,  +H&O + 
CH.NH3+ H C-NHn + 

l coo- I coo- 
The reaction is readily followed by observing the very large change in 

optical rotation which it involves. The course of the reaction, at several 
different pH values, is shown in Fig. 6. The rate increases rapidly with 
increasing pH, and above pH 5 becomes too fast to follow by the technique 
employed. S-Ethylcysteine, at pH 5.1, does not react rapldly with formal- 



FORMALDEHYDE WITH AMINO ACIDS AND PROTEINS 305 

dehyde, as shown by change of rotation; while N-acetylcysteine does 
react very quickly. All these facts suggest that the initial step in the reac- 
tion with cysteine involves combination of formaldehyde at  the sulfur atom, 
probably to form a derivative of the type RSCHZOH. This then condenses 
with the uncharged amino group, with formation of a methylene bridge. 
This second reaction is the rate determining step and is therefore very 
sensitive to pH, since the concentration of uncharged -NHz groups of 
cysteine is small, and increases rapidly with pH in the range studied.l5 

Reaction 43 is reversible, but the equilibrium lies very far to the right, 
On boiling a solution of thiazolidine carboxylic acid in N hydrochloric acid. 
formaldehyde can be distilled from it, but the rate of liberation is very 
slow, about 15 per cent of the possible yield being obtained by nine hours' 
distillation. Oxidation with HZOZ or iodine produces cystine and formalde- 
hyde almost quantitatively; with bromine, cysteic acid is formed. 

Thiazolidine carboxylic acid is an ampholyte, pK1 (COOH) = 1.51 , 
pKz ( =NHz+) =6.21, isoelectric pH=3.86. Thus, although a hydroxy- 
methyl amino group (R-NH-CHZOH) is too weak a base to be measured, 
the basicity of the nitrogen is readily measurable (although weak) after 
further condensation, with methylene bridge formation.16 Proline differs 
from thiazolidine carboxylic acid only by the substitution of a -CH2- 
group for the sulfur atom; but pKn of proline is 10.6. Thus the presence 
of the sulfur decreases the pK value of the =NH2+ group by 4.4 pH units 
- a remarkably large shift. The sulfur also decreases the affinity of the 
neighboring imino group for formaldehyde. For proline (Table I), Ll is 
approximately 110; for thiazolidine carboxylic acid (French, unpublished) 
it is near 2.2. 

Djenkolic Acid, CHz[S CHZ - CH(NH3') COO-],. This amino acid was 
isolated from the djenkol bean by Van Veen and Hyman (1935), who 
correctly deduced its structure. It was synthesized by du Vigneaud and 
Patterson (1936) by the action of methylene chloride on l-cysteine in liquid 
ammonia. The synthetic product gave [ c L ] , ~ ~ =  -44.5" (2 per cent solution 
in 1 per cent HC1) and the isoelectric amino acid has a solubility of 1.02 

l5 In more alkaline solutions (pH > 8.5) the amino groups are largely in the uncharged 
form, and the S H  groups have begun to ionize. It is probable that the -SH, like the 
-NH2 group, reacts with F only when Uncharged. In that case, the order of the steps in 
the reaction in highly alkaline solution may be the revcrse of that in acid solution; but 
the great speed of the reaction under these conditions has hitherto prevented further 
study. 

lG The effect of formaldehyde on the titration behavior of cysteine was presented in a 
graph by Birch and Harris (1930) who wrongly interpreted the decrease in pK, and 
increase in pK, as indicating Aat  the groups responsible for these constants are the amino 
and sulfhydryl groups respectively. (Concerning the assignment of these pK values, 
Bee Ryklan and Schmidt (1944) ). 
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g./l. in water at 30' C. It decomposes in the range 300-350' C. Djenkolic 
acid has not as yet been identified as a hydrolyb product of any protein 
and would indeed be decomposed by hydrolysis with strong acids (compare 
Lillevik and Sandatrom, 1941). It may arise in nature through the inter- 
action of cysteine (or cysteine peptides) and formaldehyde. Likewise, 
djenkolic acid residues might arise in formaldehyde treatment of a protein 
euch as keratin, through rupture of diaulfide linkages and subsequent 
methylene bridge formation between the sulfur atom. This would main- 
tain the crom linkage between adjacent peptide chains, with an S - C H A -  
bond replacing the original SS. No positive proof of the formation of such 
linkages, however, has yet been given (Middlebrook and Phillips, 4942). 

2. SERINE AND THREONINE 

By analogy with cysteine, these hydroxyamino acids might be expected 
to react with F, with methylene bridge formation betwen the hydroxyl and 
amino groups, giving oxarolidine-4-carboxylic acid and its methyl d*v& 
tive, respectively. Oxazolidmes have been prepared (Knorr and Matthes, 
1901) by interaction of formaldehyde and acetaldehyde with %amino- 
ethanol or its N-methyl and N-kobutyl derivatives. The reactants were 
heated in ethereal solution over potash; the products were fairly volatile, 
alkaline oils, which could be purified by distillation at atmospheric prea- 
sure, Them oxazolidines are very unstable, being largely and rapidly 
decomposed into aldehyde and ethanolamine by acids, alkalies, or dilution 
with water. These facts suggest that serine and threonine, in aqueous 
formaldehyde solution, probably undergo reactions analogous to 43, but 
that the products are very unstable and the equilibrium lies much further 
to the left than in the case of cysteke." The pH measurements of Dunn 
and Weiner (1937) on serine with the glaas electrode show a very laxge 
decrease in pGt on the addition of small amounts of F, and a relatively 
small further decrease at higher F concentrations - decidedly smaller 
than that of most a - h o  acids. Qualitatively these findings appear to 
be in harmony with the picture suggested above, but further study of the 
hydroxyamiuo acids i~ clearly needed. 

3. ASPARAOINI 

Schiff (1900) isolated a well defined crystalline substance, CSH~OJ%,, 
from the interaction of equimolar amounts of asparaghe and F. This 
compound combined with a second molecule of F, giving ako a crystalline 
product. The second molecule of F, however, was very loosely bound, and 
on standing in a desiccator over sulfuric acid the second compound wa 

Bergmann and Zervas (1926) have prepared salts of O-hydroxybenaylidene &ne 
from serine and salicylaldehyde. These structures probably contain an oxazolidiue rhp 
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reconverted to the first. S c h 8  assumed the fimt compound to be methylene 
asparagine, in which the amino group has been converted to an -N=CH2 
group (compare Equation 20). He noted, however (Schiff, 1901) that 
several other amino acids failed to give well defined crystalline derivatives 
andogous to “methylene asparaghe.” In particular it was impossible to 
isolate a similar derivative of aspartic acid, and S c M  concluded that the 
neighboring amide group of asparagine exercised a determining influence 
on the reactivity of the amino group. 

Cherbuliee and Stavritch (1922) showed that “methylene asparagine” 
was converted by oxidation with hypobromite to 6-hydroxyd-bromo- 
pyrimidine-4-carboxylic acid, from which they prepared a series of other 
pyrimidine derivatives. In the light of these findings, and of their own 
electromotive force measurements, Levy and Silberman (1937) advocated 
a cyclic formula for the asparagine-F condensation compound CsH,OaNz. 
They determined pH at varying F concentration in ari asparagine solution 
initially adjusted to pH = pK2 = 8.8. The potentials varied with time, the 
pH values decreasing and gradually approaching a limiting value which 
was reached and maintained within two or three days. The major part of 
the reaction (in molar F) was complete in half an hour at 3OOC. The 
initial pH (or pGf) values, extrapolated to zero time, when plotted against 
log F gave a characteristic curve for an amino acid, with a limiting slope 
of -2 at high F values. The final pH values, after the steady state had been 
attained, gave a typical curve for an imino acid, with a slope of -1 at  high 
F. These findings, combined with those of Cherbuliee and Stavritch, are 
most satisfactorily explained by the assumption that the amino group of 
asparagine (A) comes into practically instantaneous equilibrium with F, 
forming mono-and dihydroxymethyl derivatives, like those of other amino 
acids. Following this, however, is a slow reaction, involving methylene 
bridge formation between the amino and the amide nitrogen, the resulting 
product being 6-hydroxy-tetrahydropyrimidyl-4-carboxylic acid (B). 
This is the true formula of “methylene asparaghe.” 

CO-NH, CO-NH 

CH2 +H& (a) 
/ \ 
\ / 

I +  

+HCHOe H& 
/ 

CH-NHa+ CH-NHo 
\ 

l coo- 
(A) (B) 

H2C 

coo- 

It is an imino acid which, when the imino group is uncharged, can combine 
with one more molecule of F, giving the unstable “dimethylene” derivative 
of Schiff, Levy and Silberman calculated the velocity constant for Reso- 
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tion 44 in two ways: (1) From the change of pH with time, knowing the 
initial and final pG, values a t  any given F value. (2) From the rate of 
disappearance of amino nitrogen. The two methods gave results in satis- 
factory agreement, the velocity constant K (Equation 45) being 
0.029f.003 (Ao= initial asparagine concentration) at 30" C. 

1 A" 
Ft Ao B 

K =  -log--- ~0.029 (t in minutes, logs to  base 10) (45) 

The F concentration was a t  least ten times as great as the asparagine 
concentration in all experiments. Notable is the fact that the rate is inde- 
pendent of pH, and therefore the rate determining step of the reaction 
presumably takes place a t  the amide group; a fact quite incompatible with 
Schiff's formulation of the reaction. The pK value of the imino group in 
compound I3 is of the order of 6.0. As with cysteine, the convcrsion of an 
open chain amino to a cyclic imino compound decreases markedly the basic 
strength of the nitrogenous group. 

The optical rotation measurements of Carpenter and Lovelace (1942, 
1943) on asparagine are readily interpreted in terms of Reaction 44, 
although these authors themsevcs interpreted them differently. We 
believe their interpretations to  be incompatible with the findings of Levy 
and Silberman, of which Carpenter and Lovelace were evidently unaware. 

The possiblc biological importance of the reaction between asparagine 
and aldehydes, as a source of pyrimidines and their derivatives in plant 
metabolism, has been pointed out by Cherbulicz and Stravritch. 

Schiff also studied a-methyl asparagine and glutaminc, reporting that 
they combined with F to form derivatives similar to  that of asparagine. 
Aspartic and glutamic acids have been studied by several authors. No 
well defined derivatives have been isolated, but the optical rotation meas- 
urements of Carpenter and Lovelace (1943) and of Frieden, Dunn, and 
Corycll (1043b) indicate association of F with the amino group similar to  
that of simple amino acids (see L, and b values in Table I). Carpenter 
and Lovelace noted, however, that the solutions required a very long time to 
reach equilibrium - five to  sevcn days for disodium glutamate, and 45 
days for disodium aspartate solutions! Perhaps this indicates formation of 
a methylene bridge between the amino and cnrboxyl groups, the resulting 
compound being presumably very unstable. Frieden, Durn, and Coryell 
make no mention of a variation with time in their studies. 

4. DIKETOPIPERAZINE AND THE PEETIDES 

Dikctopiperazine readily forms a dihydroxymethyl derivative on heating 
with F in neutral or slightly acid solution. It is a well defined, crystalline 
compound melting at 179-180" C., more soluble in water than is diketo- 
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piperazine ikelf. It waa first prepared independently by Cherbuliez and 
Feer (1922) and by Bergmann, Jacobsohn, and Schotte (1923). The 
former authors prepared a large number of derivatives from it. 

CHz- OH 
I 
N 

/ \  oc CH: 

\ /  
HZ c! Lo 

N 

Thus the peptide group, in a diketopiperazine, shows a reactivity with 
F comparable with that of a primary amide group. This is perhaps sur- 
prising, since Einhorn (1905, 1908) found that N-alkyl amides of fatty 
acids were very unreactive with F; however, he reported that an N-hydroxy- 
methyl derivative was readily formed by the action of F on sym- 
dimethylurea. Studies on proteins, reported in Part VI, suggest that most 
of the peptide groups in proteins reaat with F either very slowly or not 
at all. Further studies on synthetic peptides are clearly desirable; our 
present information is very limited. Wadsworth and Pangborn (1936) 
found a progressive decrease in free and "reversibly bound" F in solutions 
of glycylalanine and alanylglycine at  pH 8 and 39" C. The reaction was 
slow and was not entirely complete, even after four weeks; but the bound 
formaldehyde mas very firmly held, not being removed by exposure to 
dimedon at pH 4.4-5.0 for three days at 39'. Since in the dipeptides a 
free amino group is present as well as the peptide group the reaction may 
be analogous to that of asparagine, involving ring closure and methylene 
bridge formation to give an imidazolidone derivative (Reaction 45). 

NI&+ 
/ 

R-C/H 
+H&O 4 

0 L 
N- H 
\ 

I 
R' 

(45) 

I 
R' 

h compound which may be of this type was prepared by Franzen and 
Fellmer (1917) from glycylglycine. The reactions of peptides with F 
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clearly call for further study, which should yield information of great value 
for elucidating the reactions of proteins with F. 

6. TRYPTOPHAN 

Annie Homer (1912), in Hopkind laboratory, obtained the crystalline 
mono- and dihydratea of a substance C~H1202N2, from the interaction of 
tryptophan and F, but did not estabIish its structure. Wellisch (1913) 
attempted to investigate the reaction further, but did not obtain a homo- 
geneous product. Jacobs and Craig (1936) prepared what waa evidently 
the same compound described by Homer, by heating the reactanb in 
moderately acid solution, and identified it aa 3, 4, 6, 6-tetrahydro-4- 
carboline-5-carboxylic acid (Reaction 46). 

(46) 

It is an ampholyte, and is clearly a dipolar ion, melting with decomposition 
at 306’. It is rather insoluble in water near the isoelectric point, but dis- 
solves in moderately acid or alkaline solutions. It is formed readily and 
rapidly in neutral or slightly alkaline solutions, at  ordinary temperatures 
(Wadsworth and Pangborn, 1936; Ross and Stanley, 1938). Jacobs and 
Craig showed that a number of other aldehydes readily undergo reactions 
with tryptophan exactly analogous to 46, with the formation of carboline 
derivatives. The reaction is of interest aa indicating a possible mechanism 
for the formation of certain ergot and hamala alkaloids from tryptophan 
(concerning these alkaloids, see for instance Small, 1943, p. 1228). The 
reactions between tryptophan and aldehydes, considered aa a source of 
humin formation in protein hydrolyzates, have been investigated in a 
series of researches in Gortner’s laboratory (see Zeleny and Gortner, 1931; 
Lillevik and Sandstrom, 1941 ; further references are given in these papers). 

The reaction with F haa been examined by Levy and Silberman from 
the point of view of the formol titration. They found that tryptophan 
behaves as an imino acid, the reaction product combining reversibly with 
only one mol of F. The association constant (4=83) given by Levy for 
the reaction must be considered aa a composite of the ratio of the basic 
dissociation constants of tryptophan and tetrahydrocarboline carboxylic 
acid and the F association constant of the latter: 
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(47) 
KZ (carboline) 

Kz (tryptophan) 
Ll (“tryptophan”) = Lr (carboline) 

Measurements by one of us (French, unpublished) indicated that the ratio 
of the basic dissociation constants is not large, perhaps two or three (a few 
tenths in logarithmic units). 

In order to obtain more quantitative information about this interesting 
syst,em, the authors attempted a polarimetric study, after the method of 
Frieden, Dunn, and Coryell. Although large effects were observed, the 
course of the reaction appeared to be so complex as to admit nosatisfactory 
solution. The rotations were not constant even after several days, and the 
necessary alkalinity led to a high development of color in the solutions. 

Tryptamine (Hahn, Barwald, Schales, and Werner, 1935) reacts in a 
manner similar to that of tryptophan. Glycyl tryptophan also reacts, 
as judged by the formation of an insoluble “methylene” derivative (Birch 
and Harris, 1930) and by the effect on the reaction of the peptide with the 
Folin reagent (Ross and Stanley, 1938). 

6. PHENYLALANINE AND TYROSINE 

The reaction of these amino acids with F is somewhat similar to that of 
tryptophan, and leads to the formation of tetrahydroisoquinoline deriva- 
tives (Reactions 48 and 49). @-Phenylethylamine gives tetrahydroiso- 
quinoline itself on treatment with F, 

H* 

H2 
C 

(49) 

while the amino acids react even more readily to give the carboxylic acid 
derivatives shown in Equations 48 and 49. These products were first 
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obtained by Pictet and Spengler (191 I), by heating the reactants for several 
hours in acid solution. Both are dipolar ions, as shown by their very high 
melting points (with decarboxylation) and their extreme insolubility in 
non-polar solvents. The phenylalanine derivative is fairly soluble in hot 
water; but the tyrosine derivative, near its isoelectric point, is extremely 
insoluble in almost every solvent. As Pictet and Spengler pointed out, the 
products of the reaction - in which F can be replaced by many other 
aldehydes - are very closely related to the important class of alkaloids 
which contain the isoquinoline ring structure (see Small, 1943, p. 12091, and 
reactions such as 48 and 49 may play a significant role in the biosynthesis 
of alkaloids. 

In these studies, dl amino acids were empl6yed; Wellisch (1913) carried 
out Reaction 49 with I-tyrosine, the crystalline reaction product being very 
similar to the dl compound. The high acidity and high temperature 
employed in these preparations are perhaps unnecessary, especially in the 
case of tyrosine. Holden and Freeman (1931) showed a rapid disappearance 
of amino N in moderately alkaline tyrosine solutions at room temperature; 
the observed effect was probably due to Reaction 49, although the product 
was not isolated. 

Levy and Silberman (1 937) reported F association constants of Ll = 10; 
L=5 for tyrosine. It is likely that these rather low values do not reprcsent 
fairly the reactivity of tyrosine with F. The pK values of the phenolio 
hydroxyl group and the a-amino group in tyrosine lie so close together that  
~ K I '  cannot be taken as the pI< of the amino group; therefore, the drop in 
pH of a tyrosine solution, initially adjusted to  pH=pK2', on the addition 
of F might he expected to be considerably retarded due to the buffering 
effect of the phenolic group. The true association constants are probably 
appreciably higher than those reported. Attempts to  determine the asso- 
ciation constants by the polarimetric technique, in which the buffering 
capacity of the phenolic group should introduce no error, were unsuccessful 

in the case of tryptophan. 
The reaction with phenylalanine is not complicated by the presence of 

the phenolic group. Levy determined the association constants: Ll= 10, 
L=23. Balson and Lawson gave similar values 4 = 2 2 ;  L=25. 

7. HISTIDINE 

Histidine undergoes a reaction with F exactly analogous to  that  of 
tryptophan, the product being 1 , 2, 3,4-tetrahydropyrido-3,4-imidazoIe-6- 
carboxylic acid. This was isolated by Wellisch (1913) in the form of the 
dihydrochloride, after boiling a strongly acid solution of' histidine in for- 
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H H HI 

pCR A A  
“\!!H N JH,+ \ N yNHs+ 

+ K O  ’ 8 CH(CO0-) 
+HsCO+ HC 

H, 
(50) 

maldehyde for several hours (Equation 50). This treatment was undoubt- 
edly more drastic than necemary. Holden and Freeman (1931) observed a 
very rapid disappearance of amino N on incubating histidine with F at 
pH 8 and 37” C. A crystalline product, much less soluble than histidine 
itself, separated from the solution. Holden and Freeman were evidently 
unaware of the work of Wellisch, but there seems little doubt that Reac- 
tion 50 describes the process they observed. Similar observation3 were made 
by Wadsworth and Pangborn (1936), although they did not obtain a crys- 
talline product. Smith, Handler, and Mrgudich (1940), also in ignorance 
of Wellisch’s work, treated histidine (free bwe) with an excess of formalde- 
hyde, precipitated the complex with alcohol and dried for an extended 
period of time. The X-ray powder diagram of the complex, at first amor- 
phous, gradually became crystalline and decidedly different from that of 
histidine. Probably this product also is that shown in Equation 50, although 
the analytical figures of Smith, et d. do not check very well with those 
expected. 

Decisive evidence for the occurrence of Reaction 50, and for the exact 
atructure of the reaction product, has recently been furnished by Neuberget 
(1944). He has shown clearly that the methylcne group in the. find product 
of the reaction of F with histidine is linked to LI carljon (not nitrogen) atom 
of the imidazole nucleus. He determined the dissociation constants of 
tetrahvdropyrid0-3,4-imidazole-6-carboxylic acid as PIG’ (imidazole) 
-4.73; pKJ’ (imino) -8.58. The isoelectric point pI = (pKa’+pKs’)/2 ia 
at pH 6.65, as compared with 7.59 for histidine (Cohn and Edsall, 1943, 
p. 85). Both pK2’ and pK3’ are derreased by addition of F, the latter being 
the more strongly aNected. This indicates further reaction with F of the 
product of Reaction 50, and indeed a monohydroxvmethyl derivative of 
this product is readily obtained; on heating or acidifying this derivative, 
one mol of F is again readily given ON. Neuberger has studied the kinetics 
of Reaction 50, and deduces that it occurs in two steps, the first (involving 
disapptbaranre of amino N) being nearly complete in a few minutes, while 
the second requires many hours to nin to completion. The reaction is very 
slow below pH 4, very fast above pH 5, the rate being virtually independ- 
ent of pH between 7.4 and 11.2. 
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Neuberger has suggested several possibilities for the mechanism of the 
reaction. Perhaps the most likely is an initial formation of a new ring by 
means of a methylene group joining the amino group to one of the nitrogen 
atoms of the imidazole ring. On t h i  hypothesis the slow secondary rear- 
rangement involves an intramolecular shift of the attachment of the 
methylene group from nitrogen'to carbon in the imidazole ring. This 
hypothesis would explain why both the initial and the final reaction 
products contain no amino nitrogen. Final proof of this or any other 
reaction mechanism remains for future investigation. 

The potentiometric analysis of the reaction is complicated by the fact 
that the imidazole group has its greatest buffering action in the pH range 
in which the effect of F on the amino group is normally examined, In order 
to determine the association constants it was found necessary to obtain 
data in the acid range (pH<6). Levy (1935) concluded that the major 
changes produced in the titration behavior of histidine on the addition of 
F could be interpreted on the basis of a reaction with the amino group, 
together with internal shift of a hydrogen ion. Thus the histidine dipolar 
ion can react with F, a proton being transferred from the -NH,+ to the 
imidazole group in the process; and a similar reaction occurs with the mono- 
cation, the COO - group acting as proton acceptor. The imidazole group is 
considered to be a simple buffer which doea not react with F. The behavior 
of histamine was found to be quite analogous to that of histidine. There 
was no mention of a slow reaction taking place.'a 

Levy also examined in the same way the effect of F on 4methyLimidazoIe 
and imidazole lactic acid. The effect waa fairly small as compared to that 
on an amino group; however, the shape of the curve is quite characteristic 
of the reaction of F with both the basic and cationic forms, the reaction 
with the basic forms predominating at low F concentration. "he effects 
are probably too large to be ascribed to changes in the solvent, since the 
bulk of the effect is manifest in solutions containing only 1 per cent F. 

The polarimetric studies of Frieden, Dunn, and Coryell(1943c) led them 
to general conclusions not dissimilar to those of Levy. They concluded, 
however, that the anion, the dipolar ion, and the monocation of histidine 
can all react with either one or two mols of F, several of the reactions 
involving intramolecular proton shifts. Like Levy, they recorded no drift 
of their readings with time, such as might be expected from Reaction 50. 
However, the change in the molecular rotation on the addition of the first 
mol of F was very great-from -16.3' for anionic Z-histidine to about -320' 
for anionic histidine plus an equimolar amount of F. This is much greater 
than the change generally observed for the simple combination of F with an 

Concerning the effect of F on the depressor activity of histamhe, see Best and 
McHenry (1930, p. 357ff). 
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amino group, and is comparable to the very large negative shifts of rotation 
which occur in the reactions of cysteine (Ratner and Clarke, 1937) and 
asparagins (Carpenter and Lovelace, 1942) with F. Since both the latter 
reactiona involve ring closure near the asymmetric carbon atom, the data 
here suggest a similar reaction. It is well known that the absolute vdue of 
the molecular rotation in ring compounds is generally much higher than 
for closely related open chain compounds (Kauzmann, Walter, and Eyring, 
1940, pp. 376-81; Kauzmann and Eyring, 1941). The extremely large 
values for the association constants (Table 111), especially for anionio 
hietidine, also suggest that a distinctive type of reaction is taking place. 
The association constants reported by Levy (1935) and by Frieden, Dunn, 
and Coryell (1943~) are given in Table 111. 

TABLE I11 
Aaaoeialion Constanb for the Reactha between tlistidina a d  Formaldehyde 

Autbora LI+ Ll * Ll* L- Ll- 

0.59 430 - 82,000 - Levy 
Frieden, DUM, and firyell 0.74 660 1680 42,Ooo 146,Ooo 

The subscript of the symbol L (1 or 2) indicates whether the reaction involves 1 or 2 
mob of F (see Equations 29 and 30). The superscript (+ * or -) indicatee whether 
the histidine cation, dipolar ion, or anion is involved. fn  Levy’s notrrtion, the five 
constants given here, reading from left to right, are denoted aa Lls Lu, La, ha, and L, 
respectively. 

8. ARGININE 

Both pH and optical rotation measurements indicate that arginine, in 
the presence of F, undergoes a rapid reaction which attains equilibrium 
almost at once, followed by a slow reaction which is not complete for 24 
hours or more. A steady state, however, appears to be finally achieved. 
The pH measurements of Levy (1935) on arginine in this steady state 
indicated that both the dipolar ion and the monocation of arginine react 
with two mols of F, the association constants being Lf=2.57X105, and 
b+ =0.71. 

Frieden, Dunn, and Coryell (1943d) concluded from their polarimetric 
measurements that the instantaneously established equilibrium involved 
reaction between one mol of arginine and one of F; the final, slowly 
attained equilibrium,state appeared to involve 2 moles of F per mol of 
wginine. They therefore formulated the slow reaction as 

AF*+FeAFz* (51) 
Measurements of the change of optical rotation with time, and also of 

the change of pH with time in a solution initially a t  pH 7.85, indicated a 
velocity constant for this reaction close to 10- (t in minutes, logs to base el. 
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A slow alteration in the response of arginine, in the presence of F, to the 
Sakaguchi test, was also obsewed. The usual deep carmine color waa 
obtained with the Sakaguchi reagent immediately after mixing F and 
arginine; but if the reagent was not added until a half hour later, a dark 
green color appeared, which gradually chnnged to a reddish brown. This 
is strong evidence that the slow reaction involves the guanidino group. It 
should also be noted, however, that the change in optical rotation accom- 
panying this reaction is extraordinarily grcat. In the presence of a large 
excess of F, the initial molecular rotation is near -loo', the final value 
greater than +700°. Such an estrcmely large change would be surprising 
if none of the groups immediately adjoining the asymmetric carbon were 
involved. The total picture suggests methylenc bridge formation, involving 
both amino and the guanidino nitrogen - compare the preceding discus- 
sion of histidine - but conclusive evidence is lacking. Wdsworth and 
Pangborn (1036) reported that all the F in an arginine -F mixture could be 
precipitated as the dimedon derivative, on standing at pH 4.4-5.0 with 
dimedon for three days, even when arginine and F had first been allowed 
to  react as long aa 11 days at pH 8 and 39' C. This suggests that Reaction 
5.1 is revcmihle, at least with respect to F, although it has not been proved 
that unaltered arginine can be recovcred from such systems. Further 
etudies of the arginine-formaldehyde system should prove of great value. 

9. LYSINE 
E&h of the two amino groups of lydne should presumably be capable 

of reacting, in the unchnrged form, with either one or two molecules of F. 
Levy (1935) reported for the lysine dipolar ion the association constants 
L,* =89, L* = 250; for the anion he reported 4- = 240, L- ~ 3 1 0 .  Frieden, 
Dunn, and Coryell (1943d) however, could not confirm these values by the 
optical rotation method, although their analysis was incomplete. They 
evaluated 4*/Ll* as 8.72, as against 2.7 from Levy's results; and L,- as 
35.0, much lower than Levy's figure. They concluded that tho tamino 
group has a much stronger tendency to assodnte with F than the a-amino 
group - a result to be expected in view of the steric factors affecting the 
reaction (p. 299). The possibility of methylene bridge formation between 
the two amino groups should be considered, although there is no positive 
evidence for it from the available data. Titherly and Branch (1913) be- 
lieved that hexahydro pyrimidine waa formed from propylene diamine by 
a similar reaction with F. Their obsemations indicated a very mobile 
equilibrium between hexahydro pyrimidine and the open chain hydroxy- 
methyl derivatives of propylene diamine. Further knowledge of the condi- 
tiona of formation, and the stability, of such cyclic methylene diamine 
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derivatives may be important for understanding of the reactions of proteins 
with F. 

VI. PROTEINS 
1. INFLUENCE OF FORMALDEHYDE ON TITRATION CURVES 

The formol titration of proteins does not differ in principle from that of 
the amino acids. The effect of F in modifying the titration curves has been 
studied most systematically by Kekwick and Cannan (1936) (see also 
Cannan, 1942, Fig. 1 and p. 402). An alkaline segment of the curve is dis- 
placed by F (1 to 8 per cent) from a pK value near 10 to one near 7. This 
very large displacement corresponds to what would be expected for the free 
c-nmino groups of lysine. The best procedure for titrating these groups 
appears to involve: (1) an initial adjustment of the aqueous protein solution 
to a pH of approximately 8.5; (2) addition of F, which, of course, causes a 
marked decrese in pH; (3) titration to a final pH of 8.5 in the F solution. 
The alkali consumed should be equivalent to the eamino groups. If ter- 
minal free a-amino groups are present, they should contribute very little 
t o  the titration, provided their pK values are similar to those found in 
peptides (pK values of 8.1 or less). If the initial adjustment of pH in water 
Is made to 6.5 instead of 8.5, the a-amino groups are presumably included; 
there is then also a contribution from the imidazole groups of histidine. 
The tamino groups, as determined by formol titration, frequently exceed 
the lysine determined by analysis of the protein hydrolysate; often this is 
due to inadequacies in the analytical procedure (Cannan, 1942). Lichten- 
stein (1940) has shown that deamination .of gelatin causes virtually com- 
plete disappearance of that portion of the titration curve which is affected 
by F, other portions being virtually unaffected. The effect of F on the 
titration curves of numerous other proteins has been studied: among those 
investigated most systematically, we may cite egg albumin (Cannan, Ki- 
brick, and Palmer, 1941), 8-lactoglobulin (Cannan, Palmer, and Kibrick, 
1942) and myosin (Dubuisson, 1941). 

2. THE DETERMINATION OF BOUND FORMALDEHYDE IN PROTEINS 

In the study of such processes aa the tanning of collagen or casein by F, 
it L necessary to expose the protein to F at a given concentration and tem- 
perature, for a known time, and study the effects on the protein. At the 
end of the time of treatment, the sample is removed from the solution and 
thoroughly washed to remove F which is not firmly bound. Some of the 
limitations of such a procedure must be immediately apparent. Any F 
which is held only in a loose reversible combination will be rapidly removed 
by the washing procedure. This fact has generally been clearly recognized. 
However, F which can readily be removed in this way is not likely to play 
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an important part in the reactions underlying the tanning proceas. More 
important is the fact revealed by the very careful studies of Nitgchmann 
and Hadorn (1943a) on caseim, that a considerable amount of F, which 
still remains adherent to the solid protein even after several hours of quite 
thorough washing, can be removed if the waahing is prolonged for a period 
of many days. On one sample of caaein, for example, which had been soaked 
for 64 hours at  room temperature in 38 per cent F, they were unable to 
demonstrate any further F in the flowing wash water after five hours of 
wakhing, even by the very delicate teat of Rimini and Schryver.lo However, 
if the wash water were allowed to stand at this stage for 10 minutee in 
contact with the casein, a positive teat appeared. The teet did not become 
finally negative, in this case, until after 24 days of continuous washing. 
At the end of this time, analysis of the casein, by the method &cussed in 
the following paragraph, showed an F content of 1.78 per cent. This 
amount of F, therefore, is very firmly held, and cannot be removed even 
by mch prolonged washing 8t room temperature. In another experiment, 
a eample of casein which had been treated 24 hours with 38 per cent F w8s 
divided into two portions, one being continuously washed for 1% hours 
and the other for 12 days. The formaldehyde content of the former waa 
2.69 per cent; of the latter, 1.91 per cent, so that the amount removed by 
the more prolonged washing waa more than 35 per cent of the reaidud 
amount which remabed firmly bound. It seems clear that the F which 
can be removed, but only by very prolonged washing at room temperature, 
must exkt in the form of a chemical complex which does not readily dis- 
sociate. A t  the same time, it must be less firmly bound than the residud 
F which cannot be removed even by weeks of washing at room temperature. 
It is imposaible, at  present, to differentiate the chemical groups involved 
in these two forms of binding. This work of Nitachmann and Hadorn, how- 
ever, reveals clearly the dii3iculties which arise in defining the concept of 
“bound formaldehyde” in proteins. Such a term, in order to have a definite 
meaning, must be very precisely defined in terms of the operations used in 
measuring it. 

Various different techniques have been employed in the determination 
of bound F in proteins. Most of the linkages between F and the groups 
existing in the protein molecule can be broken, with the release of free 
formaldehyde, by prolonged hydrolysis in hot acid solution.2o On thorough 

‘OThia test ia carried out by adding phenylhydrmine hydrochloride and potassium 
ferricyanide to the solution to be tested, and then adding a little concentrated hydro- 
chloric acid. In the presence of formaldehyde, a strong red color appears; one part in a 
million of formaldehyde can be detected by this method. *’ This is probably not true, however, of F which has been incorporated into tryptophan, 
tyrosine, phenylalwine, or hiatidme residues by the reactions described in Bection V. 
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distillation, the formaldehyde passes over into the distillate, and can be 
determined there, for instance, by collecting it in a solution of NaHSOo 
and subsequent titration with iodine. Highberger and Retzsch (1938) 
determined bound formaldehyde in collagen by digesting the sample to be 
analyzed in 2 N HzSOl and distilling over nearly all of the digestion fluid 
into a receiving flask containing NaHS08. A sufficient length of time was 
permitted to allow complete formation of the bisulfite addition product in 
the receiving flask. Iodine solution was then added in amount just sufficient 
to oxidize the free bisulfite, and the solution waa made alkaline after the 
addition of a little ethanol to inhibit oxidation of sulfite by oxygen. In the 
alkaline solution, at pH between 9 and 10, the formaldehyde addition 
compound is decomposed. The liberated sulfite is then rapidly titrated 
with iodine and the formaldehyde content calculated from the amount of 
sulfite thus liberated. 

Nitschmann and Hadorn (1941) confirmed the accuracy of this method 
of determining F in collagen digests, but showed that it gave low results 
for formaldehyde-treated casein, and also for vitellin and probably for 
certain other proteins. For casein, they discovered that accurate results 
could be obtained if solutions less strongly acid than those recommended 
by Highberger and Retzsch were employed for the digestion. Approx- 
mately 0.1 molar phosphoric acid was found to give quantitative yields. 
Later (Nitschmann, Hadorn, and Lauener, 1943), it was found that low 
results were sometimes obtained even by this technique unless the digestion 
fluid waa twice distilled. After about 85 per cent of the original volume of 
liquid had been distilled, more water was added and a second distillation 
carried out, to a very small h a 1  volume. The second distillation leads to an 
added recovery, generally of the order of 1 or 2 per cent of the total amount 
of bound formaldehyde determined. 

Theis and Jacoby (1942, 1943) and Theis (1944, 1945) have chosen not 
to remove free and reversibly bound F by washing, but instead press out 
the collagen (or other fibrous protein) several times between sheets of 
blotting paper at a pressure of 10,000 lbs. per sq. in. They present evidence 
that free water and free electrolytes are removed by this treatment, and 
therefore infer that free F is also removed from a protein preparation previ- 
ously exposed to F solution. However, this pressure method certainly 
must leave in the protein considerable amounts of F which are removed 
even by brief washing. The values of bound F, determined by the method 
of Theis, are therefore not directly comparable with those determined 
after the protein has been thoroughly washed. 
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3. COLLAQEN~~ 

The use of formaldehyde in the tanning of leather has led to  a long series 
of empirical studies. The action of F renders the product inert to trypsin 
and other proteolytic enzymes, greatly decreases the amount of ewelling 
in water, acid, or alkali, and increase8 the temperature at which collagen 
undergoes thermal shortening?* from 65-70' C. to  about 90 "C. Moreover, 
the thermal shortening of F-treated fibers, unlike that of normal fibers, 
is reversible. Such a treated fiber, heated briefly to 90-100° C. in water, 
contracts to about one-third of its original length. On cooling it extends 
and uncoils very rapidly to about two-thirds of its original length, and 
over a period of several hours, lengthens further, returning to  the same 
dimensions as before heating (Ewald, 1919; Kuntzel and Prakke, 1933). 

Interpretation of the reactions underlying these phenomena involves a 
knowledge of the amount of F actually bound by collagen under various 
conditions, a determination of the chemical groups in collagen responsible 
for the binding, and also of the nature of the linkages formed. Recent years 
have secn significant beginning of knowledge on these points. Highberger 
and Retzsch (1939) equilibrated collagen with formaldchyde solutions of 
various concentrations, adjuMted to various pH values, generally for periods 
of 24 hours. 

After equilibration, the collagen was wmhed for several hours to remove 
unbound or loosely bound F, and then digested with 2 N H$Oc and 
analyzed for hound F as described in Section 2. Similar studica were made 
on partially deaminated collagen. The amounts of bound F, a9 a function 
of pH, after equilibration with 1 per cent F, are shown in Fig. 7. The 
uptake of F, up to  pH values of 7 to 8, is greatly decreased by deamination; 
but the rate of increase of bound F with increasing pH above 8 is not much 
affected. Similar observations were made independently by Rowes and 
Plems (1930). The plausible inference was drawn that the binding of F 
below pH 8 is due chiefly to combination with tho tamino groups of lysine. 
at higher pH values to combination with the guanidino groups of arginine, 
The latter concept waa Rtrengthcned by the finding that treatment with 
hypochlorite - which chemically alters the guanidino groups - led to  a 
decrease in bound F in the alkaline portion of the curve, above pH 8 
(Highberger and O'Flaherty, 1939). These findings were confirmed and 
extended by Gustavson (1943), who has given a particularly critical nnaly- 

For general diRcusxiori of the structure of the collagen fiber, see KUntael and Prakke 
(1933); KUnt.zt.1 (1941); Srhmitt (1944). 

The exuct value obtained for this temperature depends on the particular type of 
collapnoulr fiber under study and also on the manner and duration of ita exposure to 
high temperature. 
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Fig. 7. Formaldehyde bound by collagen as a function of pH. Data from Highberger 
and €&jtzsch (1 939). 

sia of the factors involved.la Table IV, taken from his paper, shows the 
effect of treatment with F at several pH values on native, and on partly 
and complctely deaminated collagen, indicated by the elevation of the 
tempcrature of thermal shortening (T.), the loss of digestibility by trypsin, 
and the decrea3ed swelling in solutions far from the isoelectric point. It 
will be noticed that all these altcrations are achieved almost tls complctcly 
by treatment with F at pH 8 as a t  either of the highcr pH values, although 
the amount of bound F increases very greatly aa the pH rises. The differ- 
ence in bound F between native and completely deaminated collagen, at 
pH 11 and 13, is 0.41-0.48 mM/g., which is very nearly equivalent to 
the lysine content of native collagen. The completcly deaminatcd material 

sp Gustavson'e paper is also useful for its very full bibliography of work in thia field. 
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can still bind large amounts of F at high pH, but this binding is associated 
with none of the alterations characteristic of the tanning of native collagen. 
Gustavson infers from the data that the tanning reaction is determined by 
combination of F with the amino groups of lysine; and that, although 
reactions with guanidino groups and peptide linkages also occur, the latter 
contribute nothing to the strength of the internal “lattice structure” of 
the fiber. This structural alteration is therefore assumed to be due to 
methylene bridge formation24 involving the e-amino groups of lysine. 
Gustavson assumes that a -CH*- group derived from formaldehyde links 
two lysine camino groups. On this hypothesis, however, the ratio of 
bound F to bound amino groups should be 1 : 2, while Gustavson’s data (and 
also those of Highberger, and of Bowes and Pleass) indicate that it is more 
nearly 1: 1. This suggests that each -CHr  bridge links a lysine amino 
group to another type of functional group. The most likely group to be 
involved here is the peptide linkage, for such linkages are far more nu- 
murous than any other functional group in the protein molecule; and the 
type of reaction involved is exactly analogous to that which has been 
shown to occur in asparagine (p. 307) and to be probable in simple pep- 
tides (compare also the work of Nitschmann and Hadorn on casein, dis- 
cussed below). 

It is possible to produce the typical alterations associated with the 
tanning process even at  very low pH (1 to 2), but high F concentrations 
must be employed, and the reaction runs very slowly. Thus Gustavson 
(1943) reports that a t  pH 8 the reaction is essentially complete in 8 hours 
even for thick samples and in one hour for thin ones; while more than a 
week, and high F concentrations, may be required to produce an equivalent 
effect a t  pH 1-2. This is what might be expected if an essential step in 
the process is the combination between an F molecule and an uncharged 
amino group. 

Theis (1945, and earlier references there cited) has studied the F binding 
of collagen after heat denaturation, and finds it to be much increased over 
that of the native collagen, He also finds much less change in F binding 
capacity after deamination than do Highberger and Retzsch, or Gustavson. 
The differences reported proceed largely from differences in method of 
removing bound F (see pp. 317-319). The method of Theis certainly allows 
much F to remain with the protein, which would be removed by the 
thorough washing procedures of the other authors. 

Bear (1944) has shown that the long X-ray spacing parallel to the col- 
lagen fiber a.. - approximately 640 A in dried, and 675-680 A in wet 
a The explanation of the alteration in mechanical properties of proteina by F through 

methylene bridge forniation between adjoining functional groups was perhaps first 
suggested by K. H. Meyer (1929). 
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native collagen - is reduced to about 615 in a dried sample which had 
previoualy been treated with 4 per cent F (10 per cent formalin) for 24 
hours, and thoroughly washed. Another F-treated fiber (rat tail collagen) 
was shortened to 30 per cent of its initial length on brief trcatment with 
water at 100’ C.; after reversible spontaneous extension to 87 per cent of 
its initial length, the long spacing w&q 550 A. In contrast to the change in 
the long spacing, the charlrcteristic short spacings of collitgcn - 11.5 1, 
equat<orial; 2.86 b, meridional - were virtually unaffected by trcatment 
with F. 

4. CASEIN 

The use of formaldehyde in the tanning of casein has also been of major 
technological importance. As with collagen, treatment wit.h F makes the 
matcrial tougher, more resistant to swelling and to enzymatic action. We 
shall consider here only the rccent careful studies of Nitschmann and 
Hadorn. They confined their studics to a narrow pH zone, approximately 
5.5f0.5. Nitschmann, Hadorn, and Lauener (1943) determined the 
amount of bound F in cascin as a function of time and F concentration. 
A discussion of the analytical methods employed, and of thcir very pains- 
taking study of the effecta of prolonged waqhing in removing part of what 
has commonly been called “bound” F, has already been givm on p. 317. 
Nitschrnann and Hdorn (1943h) studied the swelling of F-treated casein. 
When the amount of F bound is near 1.5 per cent, the casein becomes far 
more resistant to Rwelling, not only in acid and alkaline solutions, but in 
concentrated solutions of urea or thiocyanates; only drastic hydrolysis 
breaks down the network structure produced hy F. It is only up to about 
1.5 per cent bound F that the mechanical properties dcpend upon the 
amount bound; much more than this can be bound, but the additional F 
contributes nothing to the tanning process. In a further study, Piitschmann 
and Hdorn (1944) give evidence that, as in collagen, the lysine amino 
group8 play a mttjor part in the procem. The comparison of casein and 
deaminated casein is shown in Table V. If the tanning process is carried 
out for only 24 hours (10 per cent F) the decrease in bonnd F on deamintl 
tion is close to, but somewhat less than, the decrease in maximum acid 
binding or amino N. If the tanning is much prolonged (30 days), dcamin- 
ated casein binds nearly as much F as native casein. Nitschmann and 
Hadorn believe this to be due to a  low reaction with F of the -OH groups 
which have replaced the -NH* groups on deamination; but the evidence 
for this particular conclusion is not compelling. The decreaye in free amino 
N of native casein, on tanning in the cold with F under a variety of condi- 
tions, k near 0.4 milliiol/g., or about twethirds of the total van Slyke 
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amino N, a figure very close to the difference in bound F between native 
and deaminated casein after 24 hours tanning (Table V). 

TABLE V 
Binding of Formaldehyde bu Casein and Deaminaled Casein 

.- 
Deamino- 

(1) (11) (1-11) 
Mixture Casein cfi-ein Diverence 

Acid Itinding cnpnrity in millimols/g. 0 763 0 263 0 500 
van Slykc amiiiu ti in millimols/g. 0 597 0 102 0 495 
CR,O bound in prr rent 2 18 0 96 1 22 
CH,O bound in rnillimols/g. 0.528 0.32 0.406 
(Tanning 48 hours with 10 per cent 

CHt0 bound in prr wnt 3.42 3.10 0 32 
CHIO botrnd in rnillirnoL~/g. 1.14 . 1.033 0.166 
(Tanning 30 days nit h 10 per cent 

CHSO, wva-*hwl24 huum) 

CH,O. watitivd 24 ~ J O U ~ S )  

From Nitschrnann and Hadorn (1944). 
- 

Strong evidence for the esistence of methylene bridge formation is given 
by the change of weight of casein after tanning by exposure to gaseous F. 
The casein samples were first dried, then exposed to F vapor over a 35 per 
cent F solution in a desiccator for 28 days at room temperature. After 
this, they were exposed to the air for 14 days to remove all unbound and 
loosely boiind F, and finally dried again, wriglied, and analyzed for bound F. 
The resulta are shown in Table V1. If F is bound as a hydroxymethyl 
compound, the change in weight should be equivalent to the F bound; if 
-CHr bridges are formed, the low of water in the reaction should make the 
weight increase correspondingly less. The results show clearly that some 

TABLE VI 
Loss of Water and illethylene Bridge Formation in lhe Readion of F o d e h y d c  with Casein 

Erpenment I Experiment I1 

Weight of cwcin before tanning 0 3262 g. 0 3307 g. 
Weight of rawin after taming 0 3352 g. 0 3395 g. 
Increase in weight 0 0090 g. 0 0088 g. 
Inrrvwe in per vent (final wt. = 100) 2 69% 2 59% 
Bound CHIO in g. 0 01 166 g. 0 01 152 g. 
In per cent 3.54 % 3 39% 
CHIO bound a8 methylol 2 11% 2 06% 

CH,O bound ae methylene in millirnola/g. 0 476 0 443 
CHtO bound a* met hylrne 1.43% . 1.33% 

From Nitschmann and W o r n  (1944). 
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water is lost in the reaction between casein and F. The number of methy- 
lene ~ O U P E  formed calculated on this basis is 0.44-0.48 mM/g. casein, a 
figure in close correspondence with the previously estimated number of 
lysine groups reacting with F. Nitschmann and Hadorn (1944) deduce, 
from all these results, that the essential reaction involved in the tanning of 
casein at pH 5-6 is methylene bridge formation between the eamino 
groups of lysine and the nitrogen of adjacent peptide linkages. Cross 
linkage between two lysine residues is excluded, since the ratio of bound 
lysine to bound F is very nearly 1: 1, not 2: 1 as the latter hypothesis 
would require. Moreover, methylene bonds between an amino group and 
an amide or peptide group appear to be considerably more stable than 
those between two amino groups (compare the discussion of aspasaghe and 
the peptides, and of lysine, in Part V). 
This work of Nitschmann and Hadorn stands out as a carefully planned 

and critical study of the action of F on a protein. However, the recent 
work of Fraenkel-Conrat, Cooper and Olcott (1945) indicates that the 
terminal amide groups of glutamine or asparagine residues bind F more 
readily than the peptide groups. In a series of proteins and related com- 
pounds, they found that the F bound in four days, a t  pH 3 .54  and 70°, 
was always somewhat less than the sum of the free bmic groups plus the 
amide groups. Partial deamidation of casein, gliadin and zein was accom- 
panied by a diminution of the F binding capacity, which closely paralleled 
the number of amide groups hydrolyzed. Polyglutamic acid (from B. 
SubtiZis) bound very little F, while the polyglutamine prepared from it, by 
amidation of the free carboxyls, bound between ten and twenty times aa 
much. (Compare ale0 WormeU and Kaye, 1945.) 
All this is strong evidence of the importance of the terminal amide 

groups. It does not, of course, cast doubt upon the work of Nitschmann 
and Hadorn indicating methylene bridge formation; but it does suggest 
that such bridges in casein may (as in asparagine) link chiefly amino and 
amide, rather than amino and peptide groups. 

6. KERATIN 

Except in one respect, the behavior of keratin is fairly similar to that of 
collagen and casein (Bowes and Pleass, 1939; Hegman, 1942). Between 
pH 6 and 8, the results can be interpreted aa indicating the reaction of 
1 mol of F with each +amino group of lysine; and above pH 8 at  low F 
concentration, reaction with arginine appears to account for the data. At 
higher F concentratione, the amount bound in alkaline solution is definitely 
greater than can be explained in terms of the lysine and arginine content 
and appears to  be explicable only on the basis of reaction with the disulfide 
linkages of cystine. Bowea and Pleass and also Hegman aasume that F 
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acts as a reducing agent in alkaline solutions, transforming the S-S groups 
of cystine to S H  groups. Middlebrook and Phillips (1942), on the other 
hand, assume preliminary hydrolysis of the S S  linkage, giving S H  and 
S O H  groups in equivalent amounts. Presumably, however, this must be 
followed by a reduction of the SOH groups to S H ,  in order to explain 
the observed reactions. When S H  groups have once been formed, they 
might conceivably react with F in any one of three ways: (1) to form 
thiazolidine carboxylic acid residues with an adjoining peptide nitrogen 
of the aame peptide chain, (2) to form analogous cross linkages with the 
peptide nitrogen of an adjoining peptide chain, (3) to form djenkolic acid 
residues by methylene bridge formation between adjacent S H  groups of 
what had been ti cystine residue before reduction. Middlebrook and 
Phillips favor the fUgt of these possibilities,*' but the brisis for their argu- 
ment rests on the failure of treatment with F to inhibit the subsequent 
supercontraction of the treated wool. The exact interpretation of the super- 
contraction mechanism is still open to some doubt (compare also Stoves, 

The conditions employed by Middlebrook and Phillips were significantly 
merent  from those of the other investigators. They found that at  pH 6.6 
wool reacts with F at 70°, but not at  room temperature, about one-third 
of the total disulfide sulfur reacting at the higher temperature. They 
consider these groups to be the same that react with sodium bisulfite to 
give sulfhydryl and S-cysteine-sulfonate groups that are stable to 
water, since bisulfite no longer is capable of reacting with wool in this way 
after a preliminary treatment with F at  70'; Clearly wool protein presents 
important differences from collagen or gelatin, because of its high cystine 
content, and much further study is needed in order to elucidate the mechan- 
ism of the reactions involved. 

1944). 

6. ZEIN 

Zein shows an interesting distinction from collagen, caseip, or keratin 
in its reaction with F, since it contains no lysine and extremely little 
arginine (Cohn and Edsall, 1943, Chapter 15). Therefore, it cannot undergo 

Ratner and Clarke, in studies not included in their published paper, were unable to 
demonstrate the formation of acetyl thiazolidine carboxylic acid from the reaction of 
formaldehyde with acetyl cysteie. Not only could none be isolated, but the final 
rotation of the reaction mixture was observed to be -0.90" under conditions which would 
have given -2.95' if the acetyl thiazolidine derivative had been formed. The assumption 
that acylation of the nitrogen prevents thiazolidine formation rules out, as a reasonable 
hypotheaia, the idea that thiazolidines can be formed from cysteine groups in which the 
nitrogen atom ia in peptide linkage. The reaction would proceed only with terminal 
cysteine residues in which the NH2 was free. (Personal communication from Professor 
H. T. Clarke.) 
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the same reactions that appear to underlie the tanning process in collagen 
or casein. Nevertheless, the action of F is capable of producing very 
marked increase in the strength of artificial films or fibers of win. The 
study of the reaction is still in a relatively early stage, and much of the 
work has been carried out in unpublished studies in this Department.26 
In attempting to interpret the nature of the groups responsible for thie 
reaction in zein, the large number of amide groups of the dicarboxylic acids 
is to be noted aa a distinctive feature of its composition. Furthermore, the 
probability that these groups are involved in the reaction is strengthened 
by the fact that F has little action on zein in neutral or alkaline solutions, 
and shows its maximtim effect on treatment in fairly acid solution near 
pH 4. This is comparable to the conditions found moRt favorable by Ein- 
horn (1905, 1908) for the reaction of amides with F to form methylol 
derivatives and methylene diamides (Reactions 8 and 9). It would be 
premature to attempt today any final interpretation of the reactions 
involved, but there is fairly strong evidence that methylene bridges are 
formed, presumably between the nitrogen of a dicarboxylic acid amide 
group and that of a neighboring peptide linkage or perhaps of a second 
amide group; this reaction is the most important underlying process which 
increases the mechanical strength of zein films. Ammonium salts exert a 
marked accelerating effect on the reaction. The genera1 character of the 
findings obtained in this laboratory is fully in accord with those recently 
mentioned in a brief note by Wormell and Kaye (1944):' 

7. FORMATION OF TOXOIDS FROM BACTERIAL TOXINS 

The action of dilute formaldehyde on solutions of soluble proteins leada 
to reaulta which superficially, at least, are very different from the tanning 
reactions obtained with fibrous proteins. As far back aa 1896, Blum ob- 
served that egg albumin, on treatment with dilute F, became resistant to 
heat coagulation, and a large number of similar scattered observations have 
been reported in the literature. These observations, however, have led to 
little theoretical study of the underlying mechanisms, but have led to 
important practical applications in the conversion of bacterial toxins to 
toxoids. The conditions for the most favorable course of the reaction have 
been determined by trial and error. Generally, the concentration o f F  
employed is of the order of 0.12 to 0.16 per cent (0.3 to 0.4 per cent forms- 

*( Thee.e studiea were carried out by C. C. Jensen, W. E. C. Yelland, C. R. Harmison, 
and Dexter French. Many other related Mtudita on scin have been carried out at the 
labratoria of tho Corn F'roducte &fining Co., Argo, Illinois. 

The I.econt work of Fraenkel-Conrat, Cooper and Olcott (1945),discussed in the 
section on caaein above, suggests that the terminal arnide group8 of aspnragine and 
glutamine are much more reactive than the peptide group, in F binding and mcthylene 
bridge formetion. Wormell and &ye (1945) express similar view. 
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lin)." The incubation is generally carried on at a temperature of 37 to 
89 O and over a period of several weeks. The reaction is therefore a very slow 
one and is essentially irreversible. Clearly, therefore, it cannot be com- 
parable to the reaction of F with simple amino groups as in the formol 
titration, since the latter process is rapid and is readily reversible. No at- 
tempt will be made here to survey the earlier literature in this field. Careful 
and critical studies on preparations of diphtheria toxins that were still 
relatively impure were given by Hewitt (1930) and by Mudd and Joffe 
(1933)) who give useful bibliographies of earlier work. The recent prepam 
tion of highly purified diphtheria toxins by Eaton (1937,1938) and Pappen- 
heimer (1938) has opened up the possibility of a far more precise study of 
the nature of the reaction. Most of the work on this problem remains for 
the future, hut some significant observations have already been recorded 
by these authors. Eaton (1937) notes that much greater quantities of F 
are needed to convcrt toxin to tosoid in acid at pH 6 than in alkaline solu- 
tions near pH 9. In agreement with results of early workers, hexamethylene- 
tetramine was  found to produce unaltered toxoid from toxin at  any pH 
value from 6 to 9. The conversion of toxin to toxoid involves no change 
in the ratio of protein nitrogen to the number of flocculating units (LJ aa 
determined by the reaction with diphtheria antitoxin. In alkaline solu- 
tions, the use of higher F concentrations than those needed to produce 
toxoid formation leads to marked impairment of the flocculating, combin- 
ing, and immunizing properties of toxoid. The reaction is therefore very 
sensitive to conditions, but little is still known about the nature of the 
groups involved. Eaton finds that in the change from toxin to toxoid,about 
20 per cent of the amino N of the toxin is slowly and irreversibly bound 
eo that it can no longer be determined by the Van Slyke method. Pappen- 
heimer (1938) similarly reports that 6.3 per cent of the nitrogen of toxin is 
free amino N, while in toxoid this has been reduced to from 2.8 to 3.3 per 
cent. The earlier studies of Hewitt (1930) on less highly purified toxin agree 
with these in showing that toxoid formation is complete when a large 
amount of free amino N still remains in the protein. The slow and irre- 
versible nature of the disappearance of that amino N which is lost inthe 
reaction suggests methylene bridge formation between amino groups and 
adjoining aromatic rings of tyrosine, tryptophan, or histidine residues. 
More exact interpretation of the nature of the reaction involves as a neces- 
sary preliminary an accurate knowledge of the amino acid composition of 
toxin. 

It should be noted that the statement8 in the literature on this point are frequently 
aonfuning. Many authors speak of F concentration when they actually mean formalin 
concentration. The true concentration of F is approximately 40 per c a t  of the concen- 
tration of formalin. 
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Diphtheria toxoid is much more stable to  heat than is toxin and is less 
subject to irreversible alteration on precipitation in acid solution near 
pH 5 (Eaton, 1937). Toxoid precipitated by acetone at room temperature 
will readily redissolve and react with antitoxin as if it had been unchanged 
by the precipitation. Toxin, on the other hand, becomes almost com- 
pletely insoluble after acetone precipitation under the same conditions, and 
the small residue that does redissolve no longer reacts with antitoxin aa well 
as before. 

If amino acids or peptones are present in the medium in which toxoid 
formation is occurring, the amount of F necessary to produce the reaction is 
increased, since some of the F is bound by the other substances in the 
medium which compete with the toxin for F. Wadsworth, Quigley, and 
Sickles (1937) have observed that a quantity of histidme, equivalent to the 
F present, almost completely inhibits toxoid formation. In view of the 
reaction of histidine with F already discussed in Part V, this inhibition is 
not surprising. 

The reactions discussed in this section are drawn almost entirely from 
experiments with diphtheria toxins. The toxins of B. tetani and other 
bacteria presumably undergo reactions which are similar, but our knowledge 
of them is even more elementary than that of diphtheria toxin. 

The effects of F on snake venoms are similar to those on toxins. Treat- 
ment at 38” for several days, at low F concentration, destroys or greatly 
reduces the toxicity of the venom, while leaving the antigenicity virtually 
unimpaired. The resulting products, frequently termed “anavenins,” 
especially by the French workers in this field, are excellently adapted to the 
production of anti-venom on injection. For discussions and references in 
this field see Arthus (1930, 1931); Grasset and Zoutendyk (1933); Cbari 
and Boquet (1939) ; Boquet and Vendrely (1943). 

Few studies appear to have been carried out on plant toxins. Abrin 
(from Abrus precatorius) has been reported to become virtually non-toxic, 
while still remaining strongly and specifically antigenic, under conditions 
similar to those employed for the preparation of diphtheria toxoid (Ramon, 
1925). On the other hand, the toxicity of ricin is not destroyed, although 
much diminished, by concentrations of F as high as 3.5 percent or even 
more, at temperatures of 38-50’ C., acting over periods up to a month or 
more (Heymans, 1926). Moreover, ricin treated with F in this manner was 
found to have lost some of its immunological specificity as an antigen, in 
the process of reducing its toxicity. 

8. TOBACCO MO8AIC VIRUS 

A very thorough study of the inactivation of this virus by F was carried 
out by Ross and Stanley (1938). In most of their experiments they used 
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solutions containing approximately 2 per cent virus protein and 2 per cent 
F, the pH being held at  7 with phosphate buffer. They reported that a 
marked reactivation of virus activity could be obtained, after nearly all of 
the activity had been lost, if prolonged dialysis of the inactivated material 
at pH 3 was carried out. Reactivation under these circumstances (as meas- 
sured by the infective power of the preparation for the tobacco plant) was 
never complete, but it was possible to increase the virus activity in many 
cases by a factor of 10 or more over that of the inactivated preparation 
before dialysis. Even preparations that were so completely inactivated 
that no infective power could be detected recovered an appreciable amount 
of virus activity on dialysis. ‘The fully inactivated virus protein contains 
about 60 per cent of the amino N of the active protein. The rate of inac- 
tivation decreases with decreasing pH, being much lower at pH 6 than at 7. 
It was found that the amount of color obtainable when the virus protein ia 
treated with ninhydrin or with Folin’s phenol reagent was markedly 
reduced by the treatmeht with F which produced inactivation, and that 
definite increases in the amount of color obtained in both reactions were 
obtained after reactivation by dialysis. The reactions underlying the 
inactivation process, therefore, appeared to be at least partly reversible. 
Ross and Stanley inferred that the tryptophan residues in the virus protein 
might play &n important part in the reaction. They carried out experi- 
ments with tryptophan, indole propionic acid, and glycyltryptophan, 
showing a marked effect of F on the capacity of these substances to react 
with Folin’s phenol reagent, whereas no similar effects were observed with 
tyrosine or glycyltyrosine. 

Kassanis and Kleczkowski (1944) were unable to find any reversal of F 
inactivation of virus activity, even after prolonged dialysis at pH 3; and 
they also found no completely regular parallelism between virus inactiva- 
tion and changes in color produced with the phenol reagent. They suggest 
that the virus preparations employed by Ross and Stanley may have con- 
tained a virus inhibitor (other than F) which is removed by dialysis, giving 
apparent reactivation; or that the virus particles may have been reversibly 
aggregated and disaggregated under the conditions employed. Further 
investigation of these points is obviously desirable. 

9. INnUENZA AND OTHER VIRUSES 

It has now been shown that many viruses, on treatment with F at low 
concentrations, lose most or all of their infectivity, while retaining full 
antigenicity, so that on injection the altered virus can produce a high degree 
of immunity to the unaltered v i m .  Such studies have been made with the 
viruses of typhus (Zinsser and Castaneda, 1931), equine encephalomyelitis 
(Beard, Beard and Finkelstein, 1939), malignant panleucopenia of cats 
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(Enders and Hammon, 1940) and recently with great success for influenm 
virus (Hirst, Rickard, Whitman and Horsfall, 1942; Stanley, 19451. The 
use of low F concentrations is very important; in the case of influenza 
virus, Stanley (1945) finds that the best results are obtained with concen- 
trations of 0.01-0.10 per cent, in systems containing one to ten mg./cc. of 
virus material. Higher concentrations of F largely destroy antigenicity as 
well as virus activity, and render the material ineffective for immunization. 
The combination of F treatment, under carefully controlled conditions, with 
differential centrifugation, appears to have yielded concentrated prepare 
tions of modified influenza virus which can be used for large scale im- 
munization of populations exposed to the disea.se.lg 

The studies discusscd in this section represent only a small fraction of the 
vast number of reports on the action of F on various proteins. However, 
in the present fragmentary and preliminary state of our knowledge there 
would be little value in multiplying instances. The use of F aa a reagent for 
modifying specific properties of proteins is only in its infancy. Certainly, 
i t  will be used very much in the future under more definitely controlled 
conditions and with a gradually increasing knowledge of the nature of the 
underlying processes involved in the reaction. Many of the reactions dia- 
cussed in this paper are given by numerous other aldehydes aa well. 
Formaldehyde, however, owing to  the very compact structure of the 
molecule and its high reactivity, is a particularly versatile reagent with B 
vast range of possible reactions. 

Dr. John F. Endem hss kindly supplied us with a number of references dealing with 
the formol treatment of virusca, in addition to those cited in the text. For the bcucfit 
of waders intercsted in this field, the other rcferunces are cited here. 

Stuart-Harris, C. H., Andrewes, C. H., and Smith, W. (1938). Med. RmCMEJl Council, 
Special Report Seder No. 228. 

Tnylor, R. hl., and Dregtiss, M. (1940). Am. J .  Hug. S1,31-35. 
Frnncis, T., Jr., Salk, J. E., Pcanon, H. E., and Brown, P. N. (1944). Protective 

effect of vaccination against induced influenza A. Proc. Soc. Ezptl. Biol. Med. 66, 
101-105. 

Sulk. J. E., Pearson, H. E., Brown, P. N., and Francis, T., Jr. (1944). Protective effect 
of varrination against induced influenza B. Proc. Soc. Erpfl.  Biol. ilferl. 66, 106-107. 

Shnhan, M. S., Ciltner, L. T., and Sehoening, €1. W. (December, 1933). A revicw of 
the 1938 oritbrcnk of infwtious equine encephalomyelitis in the United States. Proc. 
&'d Annual Meeting U. S. Live Stock Sanitary Aaaoc. 

Vacvination against influenza (August 15,1944). War Department Technical Bulkfin,  
TB Ned.  86. 

Influenza vaccination program (October, 1944). Bulletin of the U. S. Army Mdid 
Department, Nu. 81,  2626. 

Endcn. J.  F., Kane, L. W., Cohen, S.,andLevens, J. H. (1945). Immunity in Mumpe. 
I. J. Exp. Med. 81,93. 
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I. INTRODUCTION 
The exclusiveness of wheat as a bread making cereal is accounted for by 

thc special and distinctive characteristics of a protein substance that is 
intermixed with the starchy endosperm of the grain. I t  is only by virtue 
of the unique properties of this protein material that the carbon dioxide 
produced during dough fermentation is retained by the dough in a manner 
which provides the familiar porous and spongy structure of bread. This 
substance, recognized as the “gluten protein” of the wheat, can be readily 
and conveniently separated from the bulk of the wheat starch; the gluten, 
itself, being recovered as a coherent, extensible, and rubbery mass, merely 
by the thorough kneading (or similar physical manipulation) of flour dough 
under a stream of water. ks isolated by this “washing-out” procedure, 
gluten has an average water content of about 65oJO1 while its dry substance 
usually contartins 7540% protein, 5-1 5’3j residual carbohydrates (chiefly 
starch residues), 5-10% lipids, and a small quantity of mineral salts. Due 
to the prcsence of these substantial quantities of starch, fat, etc., which 
annot bc completely removed by the conventional washing procedure, 
he term “crude gluten” is commonly applied to  the recovered protein* 
eous material. By the use of exceedingly vigorous and prolonged mechani- 
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cal treatment during the washing operation crude glutens containing 
8540% protein (dry matter basis) can be obtained. 

The protein substance of corn, as separated and recovered in the produc- 
tion of corn starch; is also designated as “gluten.” In contrast with wheat 
gluten, corn gluten is a granular substahce lacking in coherence, elasticity, 
and extensibility. 

Since wheat gluten exclusively provides the structural framework of 
bread and of other baked food products its importance to civilization 
equals that of bread itself. It might reasonably be expected that the 
higher the gluten content of flour the better will be its baking value. This 
does not always follow, however, because of variations in the physical and 
mechanical character of glutens from different wheat types and varieties. 
The nature and magnitude of these variations constitute the basis for the 
most perplexing problems encountered in the broad field of cereal tech- 
nology. Realization of this has been the factor chiefly responsible for 
numerous and persistent scientific investigations of the fundamental struc- 
ture, properties, and behavior of gluten. These researches have extended 
over many decades and are still in progress. 

11. HISTORICAL 
The first recorded separation of gluten from the starch of flour by the 

time-honored “washing-out” procedure was accomplished by Beccari, 1728, 
and reported in 1745 (Beccari, 1745). Because of his observations and 
conclusions as to the properties and behavior of gluten, Beccari is con- 
sidered to have been among the first to recognize in plant material the 
occurrence of a substance having characteristics in common with those of 
animal protein. 
In 1805, Einhof recorded the presence of an alcohol-soluble protein in 

flour, and he considered this to be identical with Beccari’s gluten (Einhof, 
1805). Taddei (1820) announced his belief that gluten consists of two 
distinct protein substances, and he named the alcohol-soluble component 
“gliadin.” During the next half century a number of workers became 
interested in gluten protein, prominent among them being de Sauseure, 
Berzelius, Boussingault, Liebig, Dumas, and especially Ritthausen (1872). 
In the aggregate, the published reports of these and of other contemporary 
workers axe characterized by confusion in terminology and by a lack of 
agreement as t o  the number and nature of the individual components of 
gluten. 

A complete literature survey of the earlier studies on gluten protein was 
prepared by Osborne (1907). For a more detailed account of the individual 
researches cited by Osborne (1907) the recent book by Bailey (1944) ia 
recommended. 



WHBMT GLTJTEN 339 

111. OSBORNIO’S ~ U ~ A C ~ P ~ R I Z ~ ~ O N  OF GLUTEN 
It is appropriate to recognize, aa is emphssid by Bailey (1944), that 

the “modem period” of gluten protein investigations begina with the 
comprehensive and systematic studiea of Osborne and his ssl3ociatea. The 
results of these studiea, which extended over a period of about 15 ye-, 
have been brought together in one inclusive report (Osborne, 1907). 

Osborne’s chief endeavor was to identify and characterize the protein 
constituents of wheat flour on the basis of solubility characteristics in 
conjunction with painstaking analyses to determine elementary and amino 
acid compositions of purified protein fractions succeaively and selectively 
extracted by appropriate solvents. 

Osborne’s essential conclusiona are that gluten protein normally consti- 
tutes more than 80% of the total wheat flour protein, and that the actual 
protein substance of gluten is an intimate mixture of two distinct individual 
proteins, glutenin and gliadin,I present in nearly equal amounts. He found, 
moreover, that gluten, as prepared by the conventional “washing-out” 
procedure, contains, in addition to its 64-67% water of hydration, “more 
or less starch which cannot be wholly removed by washing, and also 
some fat, cholesterin, and lecithin. . . . The glutenin probably forms the 
nucleus to which the gliadin adheres, and this binds the gluten proteina 
into one coherent elastic rnasa.” Incidentally, the nun-gluten proteina of 
wheat flour were stated by Osborne to consist of an albumin (leucosin), a 
globulin (edestin), and a small quantity of proteose. These “soluble” 
proteins normalty account for one-fifth to one-sixth of the total flour 
protein. Presumably they are not essential gluten components, and 
although they are substantially eliminated during the gluten-washing 
process, their removal is by no means compiete. 

The gross compositions of two samples of dry crude gluten, aa reported 
by Dill (1926) are shown in Table I. 

TABLE I 

Composilion of o+ar Crude Qlutm 

Gluten A Gluten B 
(Soft Wheat) (Commeraal Product) 

pcr cent 

Protein (NX6.7) 72.7 
Lipids (neutral extraction method) 7.1 
Aeh 0.6 
Carbohydratea 18.8 

pn cent 
81.0 
11.6 
0.9 
4.9 

1 For an extensive discuesion of various methods that have been proposed for the 
preparation and qumtitstive astimation of ths gluten proteins, see Bailey’s (1944) 
recent book. 
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Other analyses of samples of gluten might be cited here, but the values 
in Table I clearly show that crude glutens exhibit a wide range of variation 
aa to content of total protein, carbohydrate, ash, and lipids, respectively. 
Differences in gross composition may be due to the type of wheat, or to 
the grade of flour, or both. 

Numerous analyses intended to measure the gliadin content of gluten, 
based upon its extraction with alcohol, have been reported, and some 
of the reports indicate large variations in ratio of gliadin to glutenin, while 
others suggest that the range of variation is actually very small. It has 
become abundantly evident, however, that the conflicting opinions, inter- 
pretations, and conclusions are largely attributable to differences in the 
analytical methods employed (see Bailey, 1944). 

In the light of relatively recent studies, and of modern criteria of protein 
homogeneity, the validity of Osborne’s characterization of gluten as an 
intimate mixture of only two “individual” proteins is no longer acceptable, 
for reasons to be discussed later. Evidence will be cited in strong support 
of the view that gluten is composed of several, if not many, protein com- 
ponents, and also that Osborne’s “glutenin” is a derived, not a natural 
protein. Until the true character of gluten is eventually disclosed, how- 
ever, it is convenient and appropriate, for purposes of identification and 
discussion, to retain the terms glutenin and gliadin in referring to the later 
researches which have been based largely upon the distinguished work of 
Osborne. Of the two protein types, much more is known of the character 
and properties of gliadin - soluble in dilute alcohol and dilute acids - 
than of glutenin, which is far more insoluble than gliadin, and certainly 
more indefinite as to fundamental composition and properties. 

IV. PHYSICAL PROPERTIES AND BEEUVIOR 
When gluten is prepared from flour dough by the usual washing process, 

both the amount and the nature of the product will be influenced by a 
number of individual factors including the character of the flour itself or 
of the wheat from which it was milled. Not only do flours of higher total 
protein content yield the larger quantities of gluten, as expected, but also 
the ratio of gluten to non-gluten protein is usually larger as the total flour 
protein content increases. With flours of very low protein content, or of 
inferior grade, or both, it is frequently difficult to effect proper agglomertG 
tion of the gluten particles, and in such instances low or negligible yields 
of gluten are obtained unless special precautions and very careful handling 
axe used. 

Asauming a flour of satisfactory gluten content and character, several 
factors are known substantially to a!Tect not only the yield of gluten but 
also its protein content and the percentage of total flour nitrogen recovered. 
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Soft water solublizes more gluten protein than hard water and gives a 
“weaker” gluten. Dill and Alsberg (1921) recommended for gluten-washing 
the use of a dilute.sodium phosphate solution adjusted to pH 6.8, while 
various other workers have also used dilute salt solutions. Fisher and 
Halton (1936) propose a 0.1% NaCl solution in cases where sufficient 
hardness of the tap water is lacking. Other factors (see Fisher and Halton, 
1936) include temperature of water, length of the “rest period” between 
preparation of the dough and the washing process, and personal peculiari- 
ties of the operator. 

Familiarly known to milling and baking technologists is the fact that 
glutens washed from flours of different origin may exhibit conspicious 
variations in their physical properties, even though the flours are of equal 
grade and protein content. Merely a casual inspectioil will reveaI pro- 
nounced differences in properties such as toughness, coherence, brittleness, 
elasticity, pliability, extensibility, etc. These properties, usually denoted 
as gluten “quality” manifestations, are considered to be related more 
specifically to varietal and genetic factors than to the soil and climate 
conditions under which the wheat waa grown. To an experienced observer 
some of these physical gluten properties can be made to serve as useful 
criteria of bread making performance. 

A variety of mechanical devices, intended for measuring and recording 
in numerical values the various physical characteristics (plasticity, extensi- 
bility, elasticity, etc.) of wet crude gluten, have been employed by different 
workers. Most of these contrivances have been described and discussed 
by Bailey (1 940). 

Water of hydration usually accounts for about two-thirds of the weight 
of wet crude gluten. Some variation in water content has been noted, 
however, and a high water absorbing capacity is likely to be associated 
with desirable physical and mechanical properties. When gluten is dehy- 
drated it may or may not be reconstituted without loss of original physical 
properties, depending upon the temperature at which the dryipg operation 
was performed. 

Gluten dried rapidly in a high vacuum, and without being subjected to 
elevated temperatures while wet, does not lose its hydration capacity and 
can be reconstituted without apparent change in original physical and 
colloidal properties. As the drying temperature of the wet gluten is gradu- 
ally increased, however, there is a progressive loss of hydration capacity 
and of original “colloidal” properties including dispersibility in solvents. 
Sharp and Gortner (1922) noted a pronounced decrease in hydration 
capacity after drying at 45-50°C. Sharp and Gortner (1923) also pre- 
sented conclusive evidence that the glutenin fraction is far more sensitive 
to heat “denaturation” than the gliadin portion. 
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Blish and Sandstedt (1926) found that the dehy@ation of gluten by 
prolonged exposure to 6 0 - 6 6 O  C. in a partial vacuum mlulted in an almost 
complete denaturation of glutenin without significant effect on gliadin, 
and they made this operation the basis of a convenient laboratory method 
for the preparation of gliadin in quantity and in a high degree of purity. 

Olcott and Blish (1944), using an arbitrarily choeren analytical method 
based upon changes in gluten solubility in a mixture of dilute acetic acid 
and alcohol, studied the comparative denaturing effects of various heat 
treatments, with results as shown in Table 11. 

TABLE I1 

Hsal Dmaturalion of Ghtan 

Heat Treatment “Soluble” N in Dried Glutan1 

psr cmt 
Vacuum dried at 45” C.* 76 
Vacuum dried at 100” C.a 76 
Commercial “A,” vacuum dried 65 
Commercial “B,” vacuum dried 63 
Commercial “C,” oven dried, no vacuum 23 
Dried after one minute in boiling water 60 
Dried after ten minutes in boiling water 33 
Dried after thirty minutes in boiling water 10 

1 Method: 1 g. luten, 5 ml. 95 per cent ethanol, 26 ml. 0.1 N scetia acid; let stand 
over night, filtereft and N determmed in filtrate. 

These are oven temperatures, but under the high vacuum employed the gluten itself 
presumably remained at a temperature not above the low boiling point of water, until 
completely dry. 

From the foregoing data (Table 11) it is evident that gluten ie rapidly 
denatured by drying at atmospheric pressure, and eepecidy so when 
boiled in water. 

Exposure of gluten protein to alcohol, in the presence of a significant 
quantity of water, effects a denaturation of glutenin that corresponds 
closely to that produced by heat. Kosutany (1903) found that the mere 
addition of alcohol to flour, followed by its removal by evaporation, caused 
a pronounced loss, both in yield and quality, of gluten recoverable. Sharp 
and Gortner (1923) and Sandstedt and Blish (1933) presented clear evi- 
dence of glutenin denaturation caused merely by exposure to alcohol. 

It is noteworthy that although the manifestations of gluten “denature 
tion” closely resemble those that are characteristic of protein denaturation 
in general, there is at least one important reapect in which gluten denature 
tion differs from the denaturation of globular proteins, such as hemoglobin 
and egg albumin. This is shown by the fact that various detergents known 
to denature most globular proteins do not correspondingly denature 
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gluten protein. Applying the currently accepted belief that the denatura- 
tion of globular proteins by detergents involves a molecular “unfolding” 
to  give a random structure and an increased asymmetry, it does not appear 
that the gluten protein molecules undergo changes of this character. 
Accordingly, whereas hemoglobin is readily denatured by sodium salicylate 
(Anson and Mirsky, 1929) gluten protein can be alternately dispersed by, 
and salted out of sodium salicylate solution without significant change in 
original properties. The explanation probably has to do with difference in 
the molecular structure of the native proteins. Thus the asymmetry of 
hydrated gliadin, calculated by Neurath (1939), is 7.3, as compared to 
1.5 for lactalbumin, suggesting that the gluten protein molecules are elon- 
gated or rodlike rather than essentially spherical. 

It was previously stated that the physical properties of gluten can be 
influenced by the presence or absence of salts dissolved in the water,used 
for separating i t  from starch by the usual washing procedure. Wood and 
Hardy (1908) were the first to undertake systematic studies of the colloidal 
properties and behavior of gluten, particularly as affected by relatively 
small quantities of acids, bases, and salts of diffecent kinds and concentm 
tions. It was observed that when gluten was suspended in some solutions 
of these substances it became rapidly hydrated to the point of almost com- 
plete dispersion, while in others the effect was to increase its coherence and 
toughness. In 0.0001 N HC1 it became gradually dispersed, the rate of 
dispersion increasing with higher HC1 concentrations up to 0.033N, beyond 
which the rate diminished until a t  about 0.08 N its original coherence was 
restored. With weaker acids, i.e., phosphoric acid and oxalic acid, disper- 
sion was maintained over higher ranges of acid concentration. The addition 
of salts to dispersions in acid caused rapid coagulation of the gluten with 
restoration of original properties. Upson and Calvin (1915, 1916) quantf 
tatively studied water imbibition of gluten as affected by acids, bases, 
and.salts, and their findings substantiated those of Wood and Hardy. 
Upson and Calvin suggested that gluten “quality,” as reflected in bread 
making value, is governed more by the kinds and amounts of acids and 
salts in the dough than by differences in chemical composition or in the 
relative quantities of the protein components of the gluten itself. 

Many later investigations dealing with the effects of electrolytes and of 
hydrogen ion activity on gluten properties have been recorded, and in moat 
of them the endeavor has been to disclose the underlying causes of differ- 
ences in flour baking characteristics. A comprehensive, detailed review 
of the more significant of these studies has been presented by Sharp and 
Cortner (1923). They reported that glutens are decidedly variable in their 
imbibitional powers, that “strong” (in baking properties) flours are more 
nearly perfect colloidal gels - as evidenced by their greater hydration 
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capacities - than ccweakJJ flours, and that these differences can be m e w  
ured by properly performed viscosity determinations on acidified (lactic 
.acid) flour-water suspensione. They found that all acids produced maxi- 
mum viscosity, with all flours, at  a pH slightly above 3, but that different 
acids do not produce their maximum effects to the same degree. “Salts . . . 
divide themselves into sharply defined groups in respect to their ability to 
inhibit imbibition produced by lactic acid . . . the maximum viscosity 
produced by alkalies occurs at  approximately a pH of 11. . . . Glutenin 
is the protein mainly responsible for the marked imbibitional power of 
flour and gluten.” 

The evidence that the glutenin is the all-important contributor to the 
unique colloidal properties of gluten is highly signscant when it is recalled 
that, as compared to glidin, glutenin is by far the more easily denatured by 
heat- and by alcohol. Gliadin presumably functions chiefly aa a binding 
agent or adhesive for the more labile glutenin particles or aggregates. 

For a discussion of various data concerning isoelectric points, optical 
rotation values, and refractive indices of gluten protein preparations, the 
reader is referred to Bailey’s (1944) book. 

V. SOLUBILITY BEHAVIOR OF GLUTEN 
The solubility characteristics of gluten present a serious stumblingblock 

to anyone who wishes to study its fundamental properties by conventional 
procedures. No solvent has been reported which will dissolve all of the 
gluten protein so completely that it can be entirely dissociated from all non- 
protein “impuritiesJJJ either by filtration or by selective precipitation or 
both, and recovered with all of its original properties intact. 

It is of course possible to extract and isolate gliadin fractions by taking 
advantage of its characteristic solubility in dilute (50-70%) alcohol. 
Gliadii preparations thus isolated can be rendered free from starch and 
lipids, and can be recovered in dry form without apparent alteration in 
properties. Attempts to crystallize gliadin have not yet been successful. 

After the removal of gliadin, insofar aa possible, by repeated alcohol 
extractions, the glutenin residue, which has been largely denatured during 
exposure to the alcohol, is strongly resistant to nearly all solvents other 
than caustic alkali. Osborne (1907) employed dilute KOH for dissolving 
the glutenin from this residue, leaving the starch in suspension, from which 
it could be e l i i a t e d  by filtration of the alkaline solution through a thick 
layer of paper pulp. The glutenin waa precipitated by neutralization with 
acid. For further purification it could be extracted with alcohol and ether, 
then redissolved in dilute alkali and reprecipitated by neutralization with 
acid. 

Blish and Smdstedt (1929) found that “gluteninJJJ when prepared by 



WHEAT GLUTEN 345‘ 

methods employing dilute alkali as the dispersing agent, varies in chemical 
composition in accordance with the concentration of alkali used. They 
also showed that any glutenin thus prepared has undergone irreversible 
changes in its original physical properties (coherence, hydration), and that 
it should accordingly be regarded as a derived rather than a native protein. 
These findings are in conformity with those of Csonka and Horn (1931), 
in their study of the effect of alkalies on gluten proteins. 

When freshly prepared wet gluten is exposed to the action of dilute 
acetic acid it becomes progressively and increasingly hydrated until it 
eventually disintegrates into a uniform, although extremely cloudy, “dis- 
persion.” Filtration of the dispersion 3s impossible, for the filter very 
quickly becomes clogged, due to the size and gelatinous character of the 
larger protein particles, or aggregates. By the addition of a neutral salt to 
such a dispersion, or by neutralization with alkali, the gluten can be rapidly 
coagulated and recovered without any apparent change in original proper- 
ties, although after the dispersion has stood for a number of hours at room 
temperature a measurable (though slight) degradation, due to enzyme 
action, is detectable (Cook and Rose, 1935). Olcott, Sapirstein, and Blish 
(1943) found that this enzyme action can be prevented, and the dispersion 
stabilized without detectable alteration of original properties, by heating 
the acid dispersion for a few minutes at  95-100” C. The resistance of 
glutenin to heat denaturation, when in dilute acid dispersion, is striking, 
in contrast to its extreme lability to heat when in contact with water alone. 

When a considerable volume of alcohol is added to a gluten-acetic acid 
dispersion (Blish and Sandstedt, 1929; Sandstedt and Blish, 1933; Blish, 
1936) such a dispersion can be made a convenient starting point for the 
precipitation of “fractions” by adding salts of various kinds and amounts, 
at various temperatures, as will later be discussed in some detail. Starch 
can be satisfactorily separated from acid-alcohol dispersions by means of a 
Sharples supercentrifuge, at 40,000 r.p.m., but a substantial portion of the 
protein (12-14%) is also usually thrown out along with the starch. 

Mangels and Martin (1935) found gluten to be readily dispersible in lac- 
tic, propionic, tartaric, citric, and oxalic acids, respectively. When dis- 
persed in these acids the behavior of the gluten resembled its behavior in 
acetic acid, and over the range of 0.1 N to 2.0 N more protein was dis- 
persed in the lower than in the higher acid concentrations. 
, Cook and Alsberg (1931) reported that gluten cain be dispersed in 30% 
urea. Cook and Rose (1934,1935) discovered that it can almost be com- 
pletely dissolved in &lo% sodium salicylate solution, and that in such 
solution it does not undergo perceptible hydrolytic change on long standing. 
McCalla and Rose (1935) showed that gluten can be salted out of sodium 
eslicylate dispersion without apparent loss of original physical properties, 
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and that a series of “fractions” can be progressively precipitated by adding 
successive increments of MgSOd. Fractionation can also be accomplished 
by diluting sodium salicylate dispersions with water, alcohol and acetone 
(Blish, 1936). Sodium salicylate dispersion offers noteworthy advantages 
for purposes of gluten fractionation, but unfortunately most of the 8880- 

ciated starch and lipids are dispersed along with the gluten, thereby pre- 
venting the isolation of protein fractions entirely uncontaminated with 
foreign substances. 

VI. THE “INDIVIDUALJ’ PROTEIN COMPONENT8 OF GLUTEN 
The inadequacy of Osborne’s characterization of gluten as a simple mix- 

ture of two individual proteins has been made clearly evident in the light 
of accumulated observations and data obtained in large part by the use of 
comparatively recent and specialized techniques, instruments, and criteria 
that were not available to Osborne. Among these are the ultracentrifuge, 
the electrophoresis procedure of Tiselius, and the diffusion measurement 
technique of Lamm. Additional evidence has been furnished by fractiona- 
tion procedures with examinations of the properties of individual fractions. 

The “glutenin” portion of the gluten protein has not satisfactorily lent 
itself to examination by ultracentrifugal, electrophoretic, or diffusion 
methods, largely because of failure thus far to find a suitable solvefit in 
which it can be dispersed or “disaggregated” in a manner suitable for the 
requirements a t  hand. Studies involving these and related techniques 
have accordingly been restricted to the more soluble “gliadin” fractions, 
and even in these instances there is frequently good reason for doubt as to 
whether the protein is molecularly dispersed. 

In all cases where solutions of gliadin preparations have been examined, 
as to molecular properties, by highly refined physical methods, it has been 
concluded that the preparations are in4omogeneous. Burk (1938) reached 
this conclusion from molecular weight determinations of gliadii by means 
of osmotic pressure measurements in several organic solvents. His values 
vaxied from 40,000 to 75,000, depending on the solvent used. Krejci and 
Svedberg (1935) reported evidence, from ultracentrifugal studies, of a 
mixture of whole- and half-molecules in a gliadin solution, stating that 
the former dissociated into the latter with increased temperature and 
acidity. The “whole” molecules showed a molecular weight of 34,500, the 
half-molecules 17,250. 

Lamm and Polson (1936) found gliadin to be inhomogeneous, as shown’ 
by differences in diffusion constants of several fractions, although the moat 
soluble fraction appeared to be homogeneous. Schwert, Putnam, and Briggs 
(1944) , using the moving-boundry electrophoretic method of Tiselius, 
found gliadin to be electrophoretically inhomogeneous. They were unable 
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to estimate the number of Components because the components appar- 
ently did not migrate as independent entities, but rather as complexes 
resulting from component interaction. 

McCalla and Gralen (1940, 1942) undertook an investigation of the 
molecular characteristics of gluten in sodium salicylate solution, using 
methods of sedimentation (ultracentrifuge) and diffmion. As the sodium 
salicylate concentration waa increased there was a corresponding increase 
in molecularly dispersed protein, a maximum of about 25% of the protein 
being regarded as molecularly dispersed in a 12% solution of salicylate. 
In the molecularly dispersed fractions sedimentation constants increased 
elightly as Solubility decreased, while diffusion constants decreased accord- 
ingly. All fractions contained aggregates of varying size. A negative corre- 
lation between length and solubility of molecules was indicated. It was 
concluded that gluten is a protein system of innumerable components 
which vary progressively in solubility and other physical properties, and 
that it is therefore incorrect to regard it as being composed of 2 or even 
3 or 4 individual components. The estimated minimal molecular weight of 
the most soluble fraction was 35,000. 

It has been found possible to isolate a large number and variety of 
“fractions” from gluten protein by any of several procedures, none of 
which involve dispersion in alkali. One of the simplest methods (Blish, 
1936) is to add incrementa of very small quantities of salt to a gluten dis- 
persion in dilute acetic acid, Factors influencing the amount of protein 
precipitated are, respectively, pH, quantity of salt, protein concentration, 
and time. 

Series of protein fractions can be successively precipitated from a disper- 
sion of gluten in acetic acid dispersion to which approximately an equal 
volume of alcohol has been added. When ethyl alcohol is used, the addition 
of NaCl causes little or no precipitation at room temperature, but frac- 
tional precipitation occurs as the temperature is progressively lowered. 
When methanol, instead of ethanol is used, in conjunction with added salt, 
fractional precipitation starts at  higher temperature. According to Blish 
and Sandstedt (1933) : “There is no established limit as to minor variations 
in the number, quantities, and character, respectively, of protein fractions 
that can be isolated from gluten by modifications of this type of method. 
Nevertheless, certain trends of properties and behavior indicate that these 
fractions may be conveniently classified into 3 main groups . . . designated, 
for convenience as the ‘glutenin’ group, the ‘gliadin’ group, and a group 
to which the name ‘mesonin’2 has been tentatively assigned. The name 
‘mesonin’ is intended to convey the idea that the protein components of 
that group have properties which are intermediate with respect t o .  . . 

Suggested by C. H. Bailey. 
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glutenin and gliadii.” For detailed evidence (which is admittedly cir- 
cumstantial rather than direct) in justification of this suggested claasifica- 
tion, the paper of Blish aad Sandstedt (1933) may be consulted. 

Stockelbach and Bailey (1938) prepared mesonin and glutenin by the 
foregoing type of fractionation, and studied the distribution of amino acids 
in the two fractions by a modification of the Brazier method (1930). Sub- 
stantial differences in amino acid composition were found. Harris and 
Bailey (1937) found significant differences in the proportions of glutenin, 
mesonin, and gliadin among 20 flour samples of widely varying charac- 
teristics. 

RRference has been made to  the fractionation experiments of McCalla 
and Rose (1935) in which successive fractions were obtained by varying 
quantities of MgSO, added to gluten dispersions in 8-lOY0 sodium salicy- 
late. When individually isolated, hydrolyeed, and analyzed for amide-N 
and arginine-N, a series of these fractions showed progressive and systs- 
matic variations in chemical composition. It was concluded that gluten 
is “a single protein complex which may be separated into a great many 
fractions which differ progressively and systematically in both physical and 
chemical properties.” Further support for such a conclusion was afforded 
by the work of Spencer and McCalla (1938) in which fractional 80ZubiZity 
in sodium salicylate was employed. 

Haugaard and Johnson (1930) obtained a thermal fractionation of 
gliadin, starting with a 10% gliadin solution in 60% ethanol at room tem- 
perature. Upon lowering the temperature to  0’ C., a considerable portion 
of the gliadin precipitated after several days standing. The fraction waa 
isolated and dried with absolute alcohol and ether. When the clear mother 
liquor wm cooled to -1l0C., another large fraction deposited, while a 
smaller fraction remained in solution. When studied individually the 
several fractions showed significant differencea in viscosity and in optical 
rotation. When subjected to acid hydrolysis and analysis for amino acid 
make-up, however, the fractions showed no appreciable differences other 
than in content of tryptophan and tyrosine. Haugaard and Johnson con- 
cluded that gliadin is inhomogeneous. 

It is apparent that fractional precipitation procedures have not provided 
trustworthy evidence aa to the number and character of the individual 
components of gluten. The successive precipitation of many fractions, 
differing progressively in composition and properties, might well be inter- 
preted to mean that gluten is a system consisting of innumerable compo- 
nents, aa is believed by McCalla and his associates. Nevertheless, it is 
quite conceivable that a series of systematically varying fractions could 
result from component interaction, and that relatively few componentg 
might precipitate mixtures in which the components occur in p r o m  
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sively varying proportions. This type of interaction was, in fact, demon- 
strated by Bungenberg de Jong (1933) with purified preparations of 
glutenin and gliadin. de Jong found that interaction between his two 
“components” resulted in the formation of complexes, by reason of differ- 
ences in electrical charges on the protein particles. The nature and degree 
of interaction varied with the pH and with the concentrations of the two 
proteins. As would be expected, maximum interaction occurred in the 
region between the isoelectric points of the two proteins, in which the 
gliadin carried a positive and the glutenin a negative charge. de Jong 
suggeste that the formation and stability of natural gluten is dependent, 
upon complex formation of this character. This reviewer subscribes to the 
belief that the principal components of gluten are limited and relatively 
few in number, but that component interaction, or “complex formation” 
is frequently a complicating factor which makes any rational interpretation 
of results extremely difficult. 

Summarizing the evidence as to the individual protein components and 
homogeneity of gluten protein, the following conclusions seem warranted: 

1. Gluten protein is definitely inhomogeneous and probably consists of 
several, if not many components, instead of only two, as postulated by 
Osborne (1907). 

2. Non-homogeneity appears to increase with a decrease in solubility 
of the various protein fractions. 

3. Evidence of non-homogeneity may however be due, in considerable 
measure, to aggregation, and to component interaction with “complex 
formation,” rather than to the actual existence of numerous individual 
components. 

4. The solubility: characteristics of gluten present unique difficulties 
and complexities when attempts are made to apply and interpret modern 
physical methods for studying protein individuality and molecular proper- 
ties. 

5. Convincing solution of the problem of gluten structural composition 
and homogeneity apparently must await discovery and application of 
appropriate solvents, or of new methods and criteria, or a combination of 
these developments. 

VII. ELEMENTARY AND AMINO ACID COMPOSITION OF GLUTEN PROTEINS 

Since gluten, as prepared by the conventional method, always contains 
more or less associated carbohydrate and lipid substances, it logically 
follows that efforts to study its elementary and amino acid composition 
have usually been confined to purified gliadin and, to lesser degree, to 
glutenin preparations. Osborne’s determinations of the ultimate composi- 
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tions of gliadin and glutenin (as shown in Table 111) are doubtless reliable 
and authoritative. 

TABLE I11 
Elmnmtq A d @ a  of Gliodin and GlulminT(Oaboms 1807) 

Gliadin Glutenin 

per em: psr cmt 
Carbon 62.72 52.34 
Hydrogen 6.86 6.83 
Nitrogen 17.66 17.49 
oxygen 21.73 22.28 
Sulfur 1.03 1.08 

In consideration of the close agreement between total N values for 
gliadin and glutenin (17.66 and 17.49%) it follows th4.t total N multiplied 
by the factor 5.7 will serve satisfactorily rn a close approximation of the 
quantity of gluten protein in gluten or in various protein fractions prepared 
from it. 

Osborne and his coworkers were the first to undertake extensive analyti- 
cal studies of the amino acid constituents of purified samples of gliadin 
and glutenin. Applying the Fischer ester method for the monoamino acids 
and the familiar technique of Kossel and Kutscher for the basic amino 
acids, Osborne’s analyses accounted for considerably more than half of 
the total quantity of amino acids in his purified gliadin and glutenin prepa- 
rations. 

Later analyses, with improved and refined methods, have made it possible 
to present a more complete picture as to content and distribution of amino 
acids in gluten protein. In this, as in other respecta, gliadii has received 
far more attention than glutenin, doubtless because of the greater ease 
and confidence with which i t  can be prepared in a highly purified state and 
recovered without having undergone obvious and irreversible alterations in 
original properties. 

In Table N are shown the amino acid compositions of gluten, gliadii, 
and glutenin, respectively, the values given being aa authoritative and 
up-to-date as the reviewer has been able to assemble from available sources. 
Most of the figures appearing in Table IV have been selected from tables 
recently compiled and published by Block and Bolling (1945). The values 
have been calculated to a total N content of 17.50/0, and in some instances, 
notably of glycine and valine, they represent a compromise among rela- 
tively few discordant figures reported. 

The outstanding feature of gluten protein composition is the extraordi- 
narily high content of glutamic acid, especially in gliadii, where glutamic 
acid constitutes nearly half of the entire protein substance. Noteworthy 
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TABLE IV 

Amino Acid Composition of Gluten Proteins 

Gluten Gliadin Qlutenia 

per cmt per cmt per cent 
Arginine 4.3 3.2 4.7 
Lysine 2.1 0.6 1.9 

Tryptophan 1.1 0.9 1.8 
Phen y lalanine 2.0 2.5 2.0 
Cystine 1.9 2.3 1.7 
Methionine 3.3 2.3 - 

0.1 0.7 Serine - 
Threonine 2.5 3.0 - 
Leucine and Isoleuciue 0.0 6.0 6.0 
Valine 3.0 3.0 1 .o 
Glutamic Acid 36.0 46.0 27.2 

1.4 2.1 Aspartic Acid - 
Glycine - 1.0 1.0 
Alanine 5.5 2.5 4.4 
Proline 11.0 13.2 4.4 
Hydroxyproline - - -. 
Ammonia 4.5 5.10 4.0 

also are the large proline content and the relatively small amounts of basic 
amino acids and of tryptophan. The obvious lysine and tryptophan defi- 
ciencies indicate a limited nutritional value, an indication which has been 
abundantly confirmed experimentally. The presence of hydroxyglutamic 
acid, in both glutenin and gliadii, was reported by Dakm (1919), but this 
must now be considered doubtful, in the light of the findings of Nicolet and 
Shinn (1942). 

VIII. TECHNOLOGY OF GLUTEN IN THE BREAD INDUSTRY 

Histidine 2.4 2.1 1.8 
Tyrosine 4.2 3.1 5.1 

Admittedly our knowledge of the chemistry of gluten and of its compo- 
nents is wholly inadequate either to account for its peculiar physical 
properties or to explain the manner and degree in which these properties 
vary among the glutens of different wheats. This is a technological dis- 
advantage when it is realized that variations in physical properties are 
factors chiefly responsible for differences ia specific industrial utility. 
Thus, for example, a quality of gluten beat adapted for current types of 
commercial bread production is quite different from that which is desired for 
the bakiig of crackers or biscuit. 
In numerous endeavors to discover correlations between chemical and 

physical properties of gluten the main objective has been to establish 
reliable testing methods for the identification and classification of raw 
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material (wheat) in terms of those gluten characteristics that are most 
significant in the control of industrial processing operations (milling and 
baking), These endeavors have not yet succeeded in providing satisfactory 
methods of chemical analysis that will permit quantitative measurement 
and recording of industrially important gluten properties. 

The general acceptance of the findings and conclusions of Osborne, aa 
first announced about fifty years ago, at once led to the supposition that 
differences in gluten ‘(quality” might be attributed to variations in the 
quantity of either gliadin or glutenin, or to differences in the ratio of one 
of the other. Accordingly many workers, among the first of whom were 
Fleurent (1896),. Guthrie (1896), and Teller (1896), proposed methods for 
the quantitative estimation of gliadii and glutenin, and these or simiim 
procedures were applied to flours of different types and grades. A variety 
of methods and of conflicting results and interpretations were reported 
from time to time during the next 20 or 25 years, but no clearly discernible 
correlations with baking properties were established. Since it has become 
increasingly probable that neither glutenin or gliadin is a homogeneous 
protein, efforts to evaluate glutens or flours on the basis of alleged varia- 
tions in glutenin or gliadin content, or of differences in glutenin-gliadin 
ratios, have been largely abandoned. 

The possibility that variations in gluten qualities might be due to dif- 
ferences in amino acid composition was examined by Blish (1916) and by 
Cross and Swain (1924). In these investigations the Van Slyke nitrogen 
distribution method, as applied to glutenin and gliadin preparations from 
different flours, failed to show any convincing evidence of differences in 
amino acid make-up among the various preparations of gliadin, on the 
one hand, and of glutenin, on the other. 

Failure to discover technologically significant relationships between 
chemical and physical properties of gluten has led to numerous investiga- 
tions of the merits of various methods for the measurement and classifica- 
tion of the physical properties themselves. Several mechanical contriv- 
ances, designed for the measurement of plasticity, tensile strength, elas- 
ticity, extensibility, etc., are applicable directly to the wet crude gluten, 
while others are intended for doughs, flour pastes, or suspensions. In any 
case the variations measured are considered to reflect corresponding dif- 
ferences that are attributable exclusively to the gluten constituents and 
not to starch or other associated substances, 

One of the most widely used and currently popular among these physical 
testing procedures measures and records progressive changes in plasticity 
which a dough undergoes when subjected to a certain type of prolonged 
mechanical mixing. During the first part of the mixing period there is B 

gradual increase in plasticity until a maximum is reached, beyond which 
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further mixing causes a pronounced breakdown of structural properties, 
which, in turn, is denoted by a corresponding decline in plasticity. A point 
is finally reached where the dough becomes slack and sticky, and will not 
yield gluten by the customary washing process. When plasticity values 
are plotted against mixing time - as is accomplished by an automati- 
cally recording “plastometer” - the result is a curve (called a “miso- 
gram”) that indicates both rate and magnitude of the changes in plasticity 
duriag the entire mixing operation. The patterns of the mixograms vary 
significantly and characteristically among wheat varieties, and are believed 
to  indicate inherent differences in gluten properties. This method of 
recording distinctive physical peculiarities of various glutens is adequately 
described by Swanson and Working (1933) and has been studied in great 
detail by many workers? 

Although there are several types of methods whereby wheats may be 
classified and evaluated on the basis of variations in the physical and 
mechanical properties of their glutens, the technological implications of 
these differences are not always apparent unless the differences are of con- 
siderable magnitude. Physical testing procedures are especially useful  at^ 

a convenient means for the identification of particular varieties of wheat 
which have notoriously inferior gluten quality, but which cannot be reliably 
distinguished by visual inspection. Accordingly such tests are frequently 
specified and used in connection with importations of wheat from one 
country or continent to  another. 

Since the chief problems of milling and baking technology are attrib- 
utable to peculiarities of gluten properties and behavior, and because 
these gluten properties are, in turn, predominantly inherent and varietal in 
character, i t  follows that problems of processing control would be greatly 
simplified if the processor could select and purchase his wheat according 
to  variety. This however is seldom possible because bulk shipments are 
more than likely to be mixtures of which cannot be distinguished by inspec- 
tion. The difficulty can be largely overcome if adequate storage facilities 
are available, whereby various lots of wheat are segregated and held until 
their individual gluten properties can be determined and classified by 
means of properly conducted laboratory milling and baking tests. Having 
been thus classified, different lots may be blended in such a manner that 
the deficiencies of one are supplemented or offset by the desirable proper- 
ties of another. 
An interesting and highly effective method of processing control now 

available to the cereal technologist depends upon the fact that gluten 
properties and behavior can be profoundly and usefully altered by means 

* Numerous report9 of studiea by Dr. Swanson and associates, and by others, have 
been published in Cereal Chemistry, during the past ten years. 
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of treatment with very small quantities of effective oxidizing agents. A 
foundation for this type of treatment was laid by Kohman, Irvin, and Cross 
(1920), who patented a salt mixture containing a small quantity of potas- 
sium bromate, and found that its use in the baking of freshly milled winter 
wheat flours produced at once a favorable result that otherwise would be 
obtained only by permitting the flour to undergo weeks or months of 
natural aging in storage. The significance of this “artificial maturing” 
by means of potassium bromate was not generally appreciated at first, but 
became increasingly apparent after the introduction of nitrogen trichloride 
as a flour bleaching agent, by Baker (1921), for it was promptly observed 
that very small amounts of nitrogen trichloride produced a powerful 
“maturing” effect in addition to its bleaching action. 

By means of controlled utilization of an oxidizing agent (such as chlorine, 
nitrogen trichloride, potassium bromate, potassium iodate, ammonium 
persulfate, sodium chlorite) for modifying the gluten properties of certain 
flours, it is possible to effect a remarkable improvement both in baking 
performance and in the character of the final product. Gaseous oxidizing 
agents are applied to the flour in the milling process while salts such as 
potassium bromate are more conveniently employed in the bakeshop. 

The modifying action of oxidizing agents on gluten is not instantaneous, 
but develops gradually during dough fermentation, the rate of its progress 
varying with the kind and quantity of the agent used. The degree of effect 
is usually measurable only in terms of dough behavior and of the character 
of the baked loaf of bread. The treatment has a toughenin’g or “strengthen- 
ing” effect on the gluten. When properly applied, it favorably affects the 
gas retaining properties of the dough, and produces an astonishing improve- 
ment both in volume and texture of the loaf. That the quantity of oxidizing 
agent required is remarkably small in proportion to the magnitude of the 
effects achieved is evidenced by the fact that one or two thousandths of 
one per cent of potassium bromate (based upon the weight of flour) is 
ordinarily all that is required for optimum results. Merritt, Blish, and 
Sandstedt (1932) found that, under comparable conditions, potassium 
iodate has even a more powerful action than potaasium bromate. Over- 
treatment is disastrou8, for it tends to destroy the elasticity of the gluten 
so that the dough tears easily, its gasretaining capabilities are injured, 
and the final product is inferior. 

The artificial “maturing” of wheat gluten by means of chemical oxidizing 
agents has not only greatly facilitated the industrial processing of wheat 
in a technological sense but it has also benefited agriculture in several 
important wheat growing areas. It has largely removed prejudice against 
several wheat varieties which are agronomically best adapted for their 
environments but which were formerly @counted because their flours did 
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not give satisfactory baking performance until they had been naturally 
matured or “oxidized” by meam of long periods of aging during storage in 
warehouses. It is a varietal and inherent characteristic of such wheats 
that when freshly milled into flour their gluten is relatively soft, extensible, 
and lacking in elasticity and “toughness.” Oxidation is the only known 
method of treatment which will produce the improvement necessary for 
proper functioning in the bakeshop. “Response to oxidation” as measured 
by increased loaf volume, becomes progressively greater as flour protein 
content increases. Some types of wheat obviously require no oxidizing 
treatment for optimum baking performance and in those instances artifi- 
cial “maturing” by oxidizing agents is likely to be detrimental rather than 
otherwise. 

In considering the striking effect of minute quantities of oxidizing agents 
on the physical and mechanical properties of gluten it is important also to 
note the action of various reducing agents, including soluble sulfides, 
sulfites, sulfur dioxide, cysteine, and glutathione. These substances when 
applied in quantities of the order of a few thousandths of one per cent, 
also act as powerful modifying agents, and, as might be expected, their 
effect is opposite to that produced by oxidizing agents. The reducing 
agents cause increased extensibility, fluidity, and stickiness of the gluten 
and dough, this “weakening” action being accompanied by a marked lower- 
ing of gas-retaining power. 

The true explanation of the effects of such minute quantities of oxidizing 
and reducing agents on the structural properties of gluten constitutes one 
of the foremost current problems in the field of cereal technology. One 
group of workers, including Jorgensen (1935), Balls and Hale (1936,1938), 
and Elion (1943) has subscribed to the belief that the phenomena are best 
explained on the basis of an inhibition of proteinase activity by the oxidiz- 
ing agents, in contrast to an activation of proteinases by the reducing 
agents, aa is known to be thezase with papain. This viewpoint necessarily 
assumes that the properties of wheat proteinase closely resemble those of 
papain, although there are some who disagree with that assumption. 

Many investigators consider that the enzyme theory is entirely inade- 
quate to explain the observed types and peculiarities of behavior, and they 
believe that other facton are of far greater importance. Read and Haaa 
(1939) observed that the proteinase of malted wheat flour ia much less 
responsive to inhibition by potassium bromate than is papain, and that 
“when applied in quantities applicable to commercial baking practice no 
significant repression of wheat proteinase was apparent.” Ford and Maiden 
(1938) found the softening action of glutathione on dough to be much more 
rapid than that of papain, showing that the effect of glutathione was directly 
on the gluten and not merely a matter of proteinase ttctivation. Sullivan, 
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Howe, Schmalz, and Astleford (1940) expressed the opinion that “all the 
work indicates that changes in the sulfur linkages of the gluten proteins are 
responsible for many of the effects described.” Sandstedt and Fortmann 
(1943) were able to  reverse the action of reducing agents in flour by subse- 
quent oxidation, and they regard this as strong evidence against the enzyme 
theory. Olcott, Sapirstein, and Blish (1943) found that the viscosity of 
gluten dispersions in dilute acetic acid was greatly lowered by reducing 
agents even though all enzymic activity had previously been destroyed by 
heat. 

This reviewer is unable to believe that the drastic alterations in gluten 
properties produced by seemingly insignificant quantities of oxidizing and 
reducing agents can satisfactorily be accounted for on the basis of proteinase 
inhibition or activation. The actual proteinase activity of sound wheat 
flour, as measured by gelatin liquefaction (Landis and Frey, 1938), is of an 
exceedingly low order. Moreover no one has been able to demonstrate 
that any substantial hydrolytic degradation of gluten protein occurs during 
a normal process of dough fermentation unless malt or other enzyme prepa- 
ration is added. Efforts to obtain direct and positive evidence as to the 
mechanism by which the effects are produced have thus far failed to pro- 
duce convincing results. A satisfactory solution of the problem will doubt- 
leas have implications extending well beyond the field of milling and baking 
technology. 

IX. COMMERCIAL PRODUCTION OF GLUTAMIC ACID 
AND SODIUM GLUTAMATE FROM WHEAT GLUTEN 

Because of its extraordinarily high glutamic acid content (about 36% on 
a protein basis) wheat gluten takes precedence, among the several available 
protein substances, aa a raw material for the commercial production of 
monosodium glutamate, a meat-flavoring condiment first introduced in the 
Orient by the Japanese about 30 years ago. Currently, monosodium glu* 
mate is in large and rapidly i n c r e k g  demand in the United States as an 
indispensable ingredient of canned and dehydrated soups. The annual 
production and consumption of monosodium glutamate in this country now 
amounts to approximately 4,000,000 pounds. Availability of gluten for 
this type of use is, however, dependent largely upon the market demand 
for wheat starch, for only as a by-product of wheat starch manufacture can 
gluten be produced cheaply enough to meet economic requirements. 

Methods for large scale production of sodium glutamate from gluten 
necessarily involve hydrolysis by acid, followed by precipitation of gluttunic 
acid or glutamic acid hydrochloride, from the hydrolysate. After suitable 
purification operations, the glutamic acid is converted to the monosodium 
salt. Essential steps in the p r o m  have recently been described by Cddee 
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(1945), and statements of various modifications of procedure axe to be 
found in several United States patents. 

X. INDUSTRIAL NON-FOOD USES FOR WHEAT GLUTEN 
The fact that until recently wheat was generally regarded aa one of the 

more serious surplus commodity problems has stimulated considerable 
inquiry into the potentialities of gluten protein for adaptability to non- 
food industrial utilization. Laboratory investigations in this field have 
thus far failed to produce any announced results having important indus- 
trial significance (Olcott and Blish, 1944). Although plastics, fibers, film, 
and adhesives can be made from gluten, no means have been found for 
overcoming serious disadvantages that are both technological and economic 
in nature. Plastics and fibers are characterized by inherent tendencies 
toward brittleness and low water resistance, and no methods of overcoming 
these handicaps have yet been disclosed. There are strong indications 
that excellent adhesives can be made from gluten protein, but it is to be 
doubted that these adhesives can successfully cope with competitive prod- 
ucts made from cheaper raw materials. 

The probability of competition with cheaper proteins that are more 
abundantly available aa processing by-products (cottonseed, soybean, and 
peanut proteins) suggest that any successful industrial application for 
gluten must of necessity be one that is unique and exclusive. An interesting 
example of such an application has been reported by Reitz, Ferrel, and 
Olcott (1944), who have described a “gluten sulfate” which has extraordi- 
nary gel-forming properties. This gluten protein derivative almost instan- 
taneously absorbs “one hundred to three hundred times its weight of cold 
water to form a firm, odorless, tasteless, and non-toxic gel.” Attempts to 
produce the same product from other proteins were not successful. 

With an anticipated expansion in commercial uses for wheat starch, the 
gluten by-product will become more abundantly and cheaply available, 
and the search for new industrial applications for gluten protein will be 
correspondingly intensified. 
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I . INTRODUCTION 
If a solution of 8 protein like egg albumin is heated in the neighborhood 

of its isoelectric point. the protein is coagulated . This heat coagulation of 
isoelectric protein takes place some 600 times faster when the tempera- 
ture is raised ten degrees . In contrast. temperature has a much smaller 
effect on the rate of ordinary chemical reactions . Acid and alkali dissolve 
heat coagulated protein. and heat coagulated protein can be dissolved even 
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at the isoelectric point by a number of substances such aa urea, guanidine 
hydrochloride, detergents, and salicylate. The conversion of native protein 
which is soluble at its isoelectric point to denatured protein which is insolu- 
ble at the isoelectric point in the absence of reagents such aa urea, can be 
brought about not only by heat but by surface action, by ultradolet light, 
by high pressure, by organic solvents such as alcohol and, in general, by 
those reagents such as acid, alkali, urea, guanidine hydrochloride, deter- 
gents, and salicylate which can dissolve coagulated protein. 

A protein denatured so that it becomes insoluble a t  its isoelectric 
point in pure water or dilute salt solutions, is also changed in a number of 
other properties. Groups, such as SH, S-S, and tyrosine groups, give cer- 
tain characteristic reactions more readily in the denatured than in the native 
form of many proteins. Some of the specific properties of individual native 
proteins are lost when the protein is denatured. For instance, enzymes 
become inactivated and hemoglobin changes color and no longer can com- 
bine loosely with oxygen. Some proteins which in their native state are not 
digested by enzymes become readily digestible after denaturation. As we 
have seen, a conjugated protein such aa hemoglobin loses some of its 
specific properties on being denatured. There also is a change in the nature 
of the combination between prosthetic group and protein. Native heme 
globin is a tight combination between native globin and reduced heme. 
Denatured hemoglobin, or globin hemochromogen, is a loose combination 
between denatured globin and reduced heme. A number of protein proper- 
tia which depend on the shape of the molecule change when the protein ie 
denatured and changes its molecular shape. A urea solution of a corpus- 
cular protein, such as egg albumin or hemoglobin, becomes more viscous 
aa denaturation takes place and a protein is formed which precipitatea on 
removal of the urea. Furthermore, the rates of diffusion and sedimentation 
of a protein are decreased when the protein is denatured in urea solution, 
except in those cases in which the denaturation causes dissociation of 
the protein into smaller units. Finally, although many native proteins 
are known in crystalline form, no denatured protein has been crystallized 
out of solution. Thus denaturation can now be followed, in many ca8e8 
quantitatively, in a great variety of ways. One is no longer limited, in 
measuring the rate or the extent of denaturation, to measuring the forma- 
tion of insoluble protein. 

When a molecule of protein is denatured it opens up and, aa a result, 
changes its shape radically. Although this general change in structure is 
now well established, it is not possible at the p m n t  stage of knowledge of 
protein structure to define denaturation exactly by means of a detailed 
description of the change in structure of the protein molecule. One can 
aa yet define denaturation only in terms of the whole characteristic group 
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of changes in properties which are known to be brought about by certain 
types of procedures. For the present it is desirable to discuss denaturation 
primarily in terms of these observed changes in properties rather than in 
terms of some dogmatic definition of the word or some hypothetical theory 
of structural change. 

Despite the fact that it is not yet possible to define denaturation exactly, 
it is possible to separate denaturation, with its characteristic group of 
changes in observed properties, from other changes in observed properties 
of a protein which definitely are different from denaturation. Thus, the 
combination of native proteins with various salts or certain chemical 
modifications of the groups of native proteins such as those which result 
from reactions with amino groups (to be reviewed in a later volume) are 
quite clearly not denaturation. Similarly, the dissociation of proteins into 
smaller units such as can take place with tobacco mosaic virus and hemo- 
cyanin (also to be reviewed in a later volume), the hydrolysis of proteins 
and the splitting off of ammonia, can and should be separated from denatu- 
ration. A more precise understanding of what happens to the large compli- 
cated molecule of protein upon denaturation is not promoted by lumping 
together with denaturation all the miscellaneous modifications which pro- 
tein molecules can undergo. 

The purpose of this review is to discuss (1) the properties of protein 
groups, how they are infiuenced by denaturation and other factors, and 
how these influences can be explained, (2) the reversibility of denaturation, 
and (3) the all-or-none character of denaturation. 

Previops reviews. A brief and more general review of the subject of 
denaturation with references to the earlier literature has already been 
written for Schmidt’s book on proteins (Anson, 1944). A much more 
extensive review has recently been presented by Neurath, Greenstein, 
Putnam, and Erickson (1944). Denaturation by ultra-violet light has been 
reviewed by Arnow (1936). The present volume contains a review by 
Fankuchen (1945) on X-ray studies of native and denatured proteins. Pro- 
tein films, protein fibers, and the reactions of native and denatured proteins 
with detergents will be discussed in later volumes. Matthews, DOW, and 
Anderson (1940) give references to papers on denaturation by high pressure. 
Barron and Singer (1943) enumerate those enzymes whose activities are 
destroyed by reagents which e l i i a t e  free reactive SH groups. 

11. SULFHYDRYL GROUPS 
SH groups of coagulated egg  albumin. It was observed a long time ago 

that denatured but not native egg albumin gives the nitroprusside color 
test for SH groups (Heffter, 1907; Arnold, 1911). The SH groups of coagu- 
lated egg albumin were &st studied quantitatively by measuring how much 
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cystine is reduced by a suspension of the precipitated protein (Mirsky and 
Anson, 1935). 0.05mM SH groups were found per gram of protein. A 
similar figure was obtained when the much stronger oxidizing agent porphy- 
rindin was used (Kuhn and Desnuelle, 1938). 

SH groups of denatured egg albumin in solution. Greenstein (1938) made 
an important step forward by applying the porphyrindin titration not to 
a suspension of coagulated egg albumin but to a, solution of denatured egg 
albumin in guanidine hydrochloride solution, and by using as the end point 
of the titration the disappearance of the nitroprusside test. The number 
of SH groups titrated in the guanidine hydrochloride solution was double 
that found by oxidation of the coagulum. In urea solution 80% tu many 
groups were titrated as in guanidme hydrochloride solution. Greenstein 
concluded from his observations that guanidine hydrochloride liberates all 
the SH groups of egg albumin, whereas heat denaturation liberates only 
half, and urea solution liberates only 80% of the SH groups. Although 
Greenstein’s discovery that egg albumin contains twice as many SH-groups 
aa had been previously observed in coagulated egg albumin has been amply 
confirmed, his conclusion that heat and urea do not “liberate” all the SH 
groups of egg albumin has since, in my opinion, been experimentally dis- 
proven. 

The titration in guanidine hydrochloride solution can be carried out 
not only with porphyrindin, which is hard to prepare, unstable, and an 
unnecessarily strong oxidizing agent, but by the convenient oxidising 
agents fenicyanide and tetrathionate and by pchloromercuribenzoate, 
which is not an oxidizing agent at all and hence is a good reagent for testing 
the SH specificity of the titration (Anson, 1941). 

The titrations are carried out in neutral solution and the nitropnrsside 
test in alkaline solution. To make sure that the oxidation takes place in 
the neutral solution and not under the alkalime end point conditions, one 
can observe the disappearance of the color of the porphyrindin in the neutral 
solution or test the end point of the oxidation by precipitating the protein 
with trichloroacetic acid and removing any excess of the oxidizing agent 
before making the nitroprusside test or seeing whether the protein reduces 
f enic yanide. 

Another precaution which must be taken with the nitropwide test ie 
to  avoid the presence of minute traces of heavy metals which can prevent 
the appearance of part or all of the nitroprusside color even when some SH 
groups are still intact before the nitroprusside test (Anson, 1941). Either 
the guanidine hydrochloride should be purified (Greenstein and Jenrette, 
1942) or the guanidine hydrochloride should be prepared from purified 
guanidine carbonate which can be prepared quite readily (Anson, 1941) 
If the heavy metal impurity is in the protein preparation, rn it is in some 
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preparations of tobacco mosaic virus, the SH protein may give no nitro- 
prusside test at all. Then a small amount of cyanide should be added before 
the nitroprusside test to combine with heavy metal impurities, an amount 
of cyanide insufficient to cause reduction of the S-S groups (Anson and 
Stanley, 1941). Cyanide must not be present during oxidation of the SH 
groups by the titrating agent because the oxidation of SH groups by com- 
mon oxidizing agents such as ferricyanide is catalyzed by copper salts and 
inhibited by cyanide just as is the oxidation by oxygen (Anson, 1942). 
It is advisable, however, to add the titrating agent before the denaturing 
agent so that the SH groups of the denatured protein should not be exposed 
to oxygen before they are exposed to the titrating agent. 

The titrations can be carried out in urea solution and in a solution of 
long chain alkyl sulfates (Duponol PC) as well as in guanidine hydro- 
chloride solution (Anson, 1941, 1942). The nitroprusside test for the end 
point is carried out after precipitation of the protein with trichloroacetic 
acid and resolution of the protein with guanidine hydrochloride. The fact 
that a negative nitroprusside test in guanidine hydrochloride solution is 
obtained after oxidation in urea or Duponol solutions shows that all the 
SH groups which are “liberated” by the guanidine hydrochloride are also 
“liberated” by urea and Duponol. 

The SH groups of denatured egg albumin can be estimated by measuring 
the amount of ferricyanide reduced in solutions of Duponol, urea, and 
guanidine hydrochloride (Anson, 1939a, b, 1941; Mirsky, 1941a). The 
Duponol solution is the most convenient for the estimation of ferrocyanide 
formed as Prussian blue. Under the conditions used for the ferricyanide 
reduction, cysteine is the only amino acid which reduces ferricyanide. 
Denatured proteins which do not contain cysteine do not reduce ferri- 
cyanide (Anson, 193913). Denatured egg albumin which has been treated 
with the SH reagents formaldehyde, iodoacetamide (Anson, 1939b), 
mercuribenzoate (Anson, 1941), mercuric chloride or iodoacetate(Mirsky, 
1941a), likewise does not reduce ferricyanide. 

One can also measure the amount of Folin’s Uric Acid Reagent reduced 
by denatured egg albumin in urea solution. This procedure for estimating 
the SH groups is very convenient since the reduced reagent has a blue color 
by which it is readily estimated (Anson, 1942). 

Iodosobenzoate has been used as an oxidizing agent for the SH groups of 
egg albumin (Hellerman, Chinard, and Ramsdell, 1941). The iodine 
liberated is estimated by titration in acid solution. There is the danger in 
this procedure of the liberated iodine itself taking part in some reactions 
but this does not seem to have taken place in the titration used by Heller- 
man e2 al. 
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Finally, the SH groups of egg albumin have been egtimated by iodine 
titration (Anson, 1940, 1942; Hess and Sullivan, 1943). 

0.1 mM of SH per gram of egg albumin (corresponding to 1.2% 
cysteine) have been found whether the titration is carried out with various 
oxidizing agents or with mercuribenzoate, whether the nitroprusside test 
or ferricyanide reduction is used as an end point, whether the titration is 
carried out in guanidine hydrochloride, urea, or Duponol solution, whether 
one uses a titration method or meamres the amount of oxidizing agent 
reduced in guanidine hydrochloride, urea, or Duponol solution. This 
general agreement between the mults obtained by many different methods 
indicates that the same groups are being estimated by the different methods 
and that all the groups estimated by one method are also estimated by the 
other methods. 

Mirsky (1941a) reported some 20% less SH in denatured egg albumin 
than other investigators. His methods were not especially different from 
those used by others so it is difficult to ascribe this difference to any 
methodological reason. I have found an occasional sample of recrystallized 
egg albumin which had a low SH content. Egg albumin is a mixture of 
proteins (Longsworth, 1941) and so not entirely reproducible in composi- 
tion. It has recently been stated that old samples of egg albumin are 
changed in composition (MacPherson, Moore, and Longsworth, 1944). 
Dr. M. X. Sullivan has written me that he observed some years ago that 
samples of egg albumin change in cysteine content on storage. 

In comparing different methods for the estimation of an amino acid, one 
should either apply the different methods to a single sample of protein 
or use a protein, such as chymotrypsinogen, which is a pure, one component, 
reproducible protein. Unfortunately, there is not readily available a one 
component protein which contains cysteine in amounts convenient for 
estimation. 
In the case of tobacco mosaic virus the SH content found by titration 

(Stanley and Lauffer, 1939; Anson and Stanley, 1941) corresponds to the 
total sulfur of the protein (Ross, 1940) which is a good check on the correct- 
ness of the titration. 

Aggregation. Aggregation of denatured egg albumin derreasea the 
reactivity of its SH groups (Anson, 1939a). When the SH groups of 
denatured egg albumin were estimated with ferricyanide, using not a 
suspension of coagulated egg albumin, but a solution of denatured egg 
albumin in which the protein was still somewhat aggregated, then 64% of 
the SH groups were oxidized by twice the stoichiometric amount of ferri- 
cyanide under the conditions used, and 94% of the SH groups were oxidized 
by fifty times the stoichiometric amount of ferricyanide (Anson, 1939b). 
When stil l  greater precautions were taken to avoid aggregation, then all 



DENATURATION AND PROPERTIES OF PROTEIN GROUPS 367 

the SH groups were oxidized by a stoichiometric amount of ferricyanide 
in the complete absence of reagents such as guanidine hydrochloride, urea, 
and Duponol (Anson, 194!2). This shows that all the SH groups of egg 
albumin can be “liberated” by heat denaturation alone. 

The effect of aggregation can also be demonstrated by coagulating egg 
albumin by shaking in the presence of a large excem of ferricyanide. Under 
thew conditions all the SH groups are oxidized by the ferricyanide, which 
reacts before the egg albumin is aggregated despite the fact that ferricyanide 
does not oxidize all the SH groups if it is added to the surface coagulated 
egg albumin after the coagulation (Mirsky, 1941b). If a solution of 
denatured egg albumin in urea is diluted so that aggregation takea place, 
the reactivity of the SB groups is decreased (Mmky, 1941b). 

Although all the SH groups of coagulated, aggregated egg albumin are not 
oxidized by ferricyanide they are all oxidized by the stronger oxidiing 
agent, porphyrindin, in aufEciently high concentration (Brand and Kaasel, 
1940). 
Di$erent so~vents. The conditions for the estimation of SH groups 

already described were deliberately made favorable in order that the SH 
reagent should react with all the SH groups. Under such favorable condi- 
tions all the procedures, as we have seen, give the same result for the m u m -  
ber of SH groups and, at the most, the rate of reaction varies. That the 
reactivity of protein SH groups, however, is quite Werent in different 
solvents can readily be shown by making the conditions of reaction legs 
favorable. This can be done by using a weaker oxidihg agent, by making 
the solution more acid, and by varying the protein (Anson, 1942). 

Although fenicyanide can oxidize the SH groups of denatured egg 
albumin even in plain water solution, the Uric Acid Reagent, a weaker 
oxidizing agent, cannot oxidize these SH groups either in water solution or 
even in Duponol solution, but it does oxidize the SH groups in urea solution. 

Ferricyanide which oxidizes the SH groups of denatured egg albumin in 
both Duponol and guanidine hydrochloride solution, oxidizes the SH 
groups of denatured tobacco mosaic virus completely in guanidine hydro- 
chloride solution but only incompletely in Duponol solution. 

At a slightly acid pH, ‘ferricyanide oxidizes the SH groups of denatured 
egg albumin more completely in gumidine hydrochloride solution than 
in urea solution. 

Denatured egg albumin gives a strong nitropruaside test in-guanidine 
hydrochloride solution, a weaker test in urea solution and B still weaker 
test in Duponol solution (Anson, 1941). The weak test in urea solution 
may be the reason why Greenstein got a low result when titrating the SH 
groups of denatured egg albumin in urea solution although the observrt. 
tions of Burk (1940) indicate that the nitroprusaide test in urea solution is 
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still sufficiently sensitive for titration purposes. Some proteins, such aa 
serum albumin, which give no nitroprusside test in urea solution, give a 
weak nitroprusside Wt in guanidine hydrochloride solution (Greenstein, 
1940). 

Thus, the few experiments which have been done indicate that the SH 
groups of denatured protein are more reactive in a solution of long chain 
alkyl sulfates than in water, more reactive in urea solution than in the 
detergent solution and more reactive in guanidine hydrochloride solution 
than in urea solution. Nevertheless, under favorable conditions, all the SH 
groups of denatured egg albumin are accessible to SH reagents in all these 
solutions. 

Hydrolysis. The SH groups of denatured egg albumin can be made more 
reactive by partial digestion to the point of no precipitation by trichloro- 
acetic acid (Anson, 1942). Thus, the Uric Acid Reagent oxidizes the SH 
groups of a neutralized digest although it does not oxidize the SH groups of 
undigested denatured egg albumin in plain water or in Duponol solution. 
At pH 4.8 under the conditions chosen, ferricyanide oxidizes 15% of the 
SH groups of denatured egg albumin in Duponol solution but 83% of the 
SH groups of the digested protein. 

We have seen that the SH groups of a protein can be readily estimated by 
a variety of procedures which take only a few minutes and require only 
a few milligrams of protein. Even when partial enzymatic digestion is 
resorted to, the digestion is very convenient, takes only a short time, 
and does not involve any of the problems of humin formation, racemisa- 
tion, and decomposition which one encounters when one uses complete 
acid hydrolysis. In general, it should be possible to develop similar con- 
venient methods for the estimation of all amino acids with characteristio 
groups without using the usual complete acid hydrolysis but by taking 
advantage of a knowledge of the factors which increase the reactivity of 
protein groups. It should be further possible to estimate all the amino acids 
which do not have characteristic groups by specific enzymatic methods, 
applied to hydrolysates, as will be discussed in a later volume. 

SH groups of nalive proteins. SH groups of very different degrees of 
reactivity are found in different native proteins. Although all the SH 
groups of denatured egg albumin can be titrated in guanidine hydrochloride 
solution and in other solutions, native egg albumin does not give a nitro- 
pruaside test, and does not reduce ferricyanide or porphyrindm. Tobacco 
mosaic virus in these respects is a SH protein of the egg albumin type 
(Stanley and Lauffer, 1939). In contrast, all the SH groups of tissue nucleo- 
proteins in the form isolated by Greenstein and Jenrette (1940), are accw 
sible to titration. Lens protein and myosin contain some SH groups which 
can be detected by ordinary procedures in the native protein and others 
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which become detectable only when the protein is denatured (Rlirsky and 
Anson, 1935; Mirsky, 1936; Greenstein and Edsall, 1940). Many other 
tissue proteins behave in the same way as myosin (Greenstein, Thompson, 
and Jenrette, 1940; Greenstein, Jenrette, and White, 1941). 

Urease has two kinds of SH groups. The first kind gives a nitroprusside 
test and can be readily oxidized by porphyrindin. These SH groups can be 
oxidized without an effect on the activity of the urease. Urease SH groups 
of the second kind do not give a nitroprusside test and when they react 
with mercuribenzoate the activity of the urease is destroyed (Hellerman, 
Chinard, and Deitz, 1943). Isolated papain does not give the nitroprusside 
test, is inactivated by iodoacetate, and is not inactivated by porphyrindin 
(Balls and Lineweaver, 1939a, b). A myosin preparation with an initial 
adenosinetriphosphatase activity of Qp = 1150-1300 in carbonate buffer, 
pH 8.52 at 38" C. was not inactivated by 3X10-3 M of iodoacetamide 
while it was completely inactivated by 1.3X M of p-chloromercuri- 
benzoate (Singer and Barron, 1944). 

None of the SH groups of native hemoglobin are oxidized by ferri- 
cyanide in neutral solution. 65% are oxidized at pH 9.5 (Mirsky and 
Anson, 1936). It would be desirable to repeat these experiments with the 
newer SH methods, to extend the experiments to other proteins, and to test 
the effects of denaturants such as urea in concentrations too low to cause 
denaturation, and also of temperatures too low to cause denaturation. 
SH groups of native egg albumin. The SH groups of native egg albumin 

which do not react with ferricyanide or porphyrindin can be readily 
oxidized by iodine (Anson, 1941). If 1.5 times the stoichiometric amount 
of iodine is added at pH 3.2, all the iodine is absorbed and no SH groups 
can be detected after denaturation of the protein. At pH 3.2, iodine does 
not react with tyrosine, and although it reacts with tryptophan it does not 
react with native chymotrypsinogen which is rich in tryptophan but does 
not contain cysteine. 

The SH groups of native egg albumin can be completely oxidized by a 
stoichiometric amount of iodine if the oxidation is carried out a t  zero 
degrees in 1 N K I  (Anson, unpublished experiments mentioned in Anson 
and Stanley, 1941). 1 N KI prevents the reaction of iodine with tyrosine. 

When the SH groups of native egg albumin are oxidized by a stoichio- 
metric amount of iodine in 1 N KI there is no change in the sedimentation 
rate (Anson, 1942). This indicates that iodine oxidizes pairs of neighboring 
SH groups, each pair in a single molecule, and does not bring together SH 
groups from different molecules. 

There is evidence that the first step in the oxidation of SH groups by 
iodine involves the reaction between one iodine molecule and one SH group 
to give free radicals from both the iodine and the SH groups. Two free 
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radicals from two SH groups then combine to give one S-S group (Aneon, 
1940). 

Iodoacetamide can react with 40% of the SH groups of native egg albu- 
min at pH 9 (Anson, 1940). 
In summary, whether or not SH groups of anative protein are detected 

depends on which protein is being examined, on which SH groups in a 
particular protein are being examined, on which SH reagent is used, and 
on the composition of the solution. 

Differences between different native proteins have also been observed in 
the reactions of. S-S groups and in digestibility and similar differences 
undoubtedly exist in many other properties. As will be described later, 
the S-S groups 'of some native proteins are reducible by cysteine, whereas 
the S-S groups of other native proteins do not react with cysteine at  all. 
Native hemoglobin is not digested at all even by pure trypsin in high 
concentration (Anson and Mirsky, 1934b). Native edestin, in contrast, 
is digested very rapidly by trypsin in low concentration (Anson, 1944). 
Some plant proteinasea digest even native hemoglobin, but very much 
more slowly than they digest denatured hemoglobin (Winnick, Davis, and 
Greenberg, 1940; Lineweaver and Hoover, 1941). 
SH groups of tobacco mosaic virus. After it WM found that the SH 

groups of native egg albumin can be oxidized by iodine and that the tobacco 
mosaic virus is a SH protein of the egg albumin type, a preliminary experi- 
ment showed that iodine can be absorbed by tobacco mosaic virus without 
inactivation of the virus (Anson, 1940). In all previous experiments, when- 
ever a virus wag shown to be chemically modified, the virus waa inactivated. 
A more detailed study (Anson and Stanley, 1941) showed that iodine 
abolishes the SH groups of native tobacco mosaic virus aa it does the SH 
groups of native egg albumin, that tobacco mosaic virus with all its SH 
groups destroyed retains quantitatively its original infectivity, and that 
plants infected with virus whose SH groups have been destroyed produce 
virus with the normal number of SH groups. 

Although the SH groups of native egg albumin are oxidized by iodine 
even in the presence of 1 N KI, KI prevents altogether the reaction of 
iodine with tobacco mosaic virus (Anson and Stanley, 1941). 

It is possible that oxidized virus is reduced by the living plant to normal 
SH virus and that this normal virus in turn starts the infection. When, 
however, oxidized virus waa incubated with tobacco tissue and the virw 
was isolated again, the virus waa still found to be without any SHgroups. 

Tobacco mosaic virus can also be modified by reactions with its amino 
groups without inactivation of the virus (Schramm and Miller, 1940; 
Agatov, 1941; Miller and Stanley, 1941, 1942). Miller and Stanley showed 
that plants infected with virus modified by amino group reagents produce 
normal virus just aa plants do when they are infected by virus whose SH 
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groups have been oxidized by iodine. Some of the amino group reactions 
they used could hardly be reversed by ordinary tissue reactions. It may, 
therefore, be safely concluded that viruses, like enzymes, can undergo 
some chemical modifications without loss of biological activity. Unfor- 
tunately, the production of a virus mutant has not yet been achieved by 
direct chemical modification of a virus. In order to synthesize a mutant, 
it will probably be necessary to create the kind of chemical modification, 
such as change in amino acid composition (Knight and Stanley, 1941), 
which is normal to the living cell. The technique of producing such modi- 
fications is not yet known. 

111. DISULFIDE , TYROSINE, AND TRYPTOPHAN GROUPS 
The SH groups of proteins have been studied much more than other 

groups because they are the easiest groups to study. So far as is known, 
denaturation and some other factors such as the addition of urea affect 
other protein groups in much the same sort of way as they affect SH groups. 
It would clearly be desirable to have as many protein groups as possible 
studied in a variety of native and denatured proteins with many different 
reagents used under many different conditions. If the SH results turn out 
to be applicable to protein groups in general, it will be necessary to explain 
the changes in protein groups on denaturation on the basis of general 
considerations of protein structure. 

S-S groups. Reactive S-S groups may appear on the denaturation of 
certain proteins just as reactive SH groups appear. Thus, an S-S protein 
which does not contain cysteine may give a nitroprusside test in the pres- 
ence of cyanide, which reduces S-S partially to SH, only when the protein 
is denatured (Walker, 1925). Thioglycolic acid reduces more S-S groups 
of serum albumin to SH when the protein is denatured than when the 
protein is native (Mirsky and Anson, 1935). 

Tyrosine groups. Folii’s Phenol Reagent oxidizes more tyrosine groups 
in denatured pepsinogen and egg albumin than in the native forms (Her- 
riott, 1935,1938, unpublished results). When native egg albumin is titrated 
with alkali the tyrosine phenolic groups are not titrated at the pH at which 
the phenolic groups of pure tyrosine react with hydroxyl groups (Cannon, 
Kibrick, and Palmer, 1941). This has been confirmed by the failure to find 
the change in absorption of ultraviolet light which tyrosine phenolic groups 
undergo when their ionization changes (Crammer and Neuberger, 1943). 
The optical method, however, showed that the phenolic groups of egg 
albumin are titrated at the usual pH when the protein is denatured. 

In the experiments of Crammer and Neuberger only 20% of the tyrosine 
groups of native egg albumin were found to react with the small hydroxyl 
ions at pH 12. In the experiments of Herriott parried out under similar 
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conditions, 60% of the tyrosine groups were found to react with the Phenol 
Reagent, which has a molecular weight of about 4100 (Wu, 1920). Here, 
as haa been found to be the case with SH groups, a particular group of a 
native protein fails to react with one reagent and nevertheless does react 
with a reagent of larger size. This suggests that factors other than loca- 
tion of the groups may influence the reactivity of the groups of a native 
protein. 

Tryptophan groups. There have been no studies of the tryptophan 
groups of both native and denatured proteins with reagents specific for 
tryptophan. In 1 N potassium iodide solution iodine reacts with free tryp- 
tophan although it does not react with pure tyrosine. Yet chymotrypsino- 
gen, which is rich in tryptophan and free of SH, does not react at  all with 
iodine in 1 N IiI (Anson, 19-10). It would be interesting to follow the reac- 
tions of iodine in 1 N KI and of other tryptophan reagents with various 
native and denatured proteins. 

Amino and carboxyl groups. It is well known that amino and carboxyl 
groups of native proteins react with many different reagents and hence are 
undoubtedly accessible in the native protein. There has been no systematic 
comparison, however, of the rates of these various reactions with amino 
and carboxyl groups in native and denatured proteins and of the effects 
of reagents such as guanidine hydrochloride on these rates. Perhaps a 
general effect of denaturation on the rates of reactions of protein groups 
can be shown even when the groups of the native protein are all finally 
detectable with the reagent used. Furthermore, there has been no attempt 
to discover those unfavorable conditions which just prevent the reactions 
of native proteins with amino and carboxyl reagents. Perhaps under these 
unfavorable conditions the amino and carboxyl reagents would still react 
with denatured protein. 

Other groups. Most of the specific reactions for particular protein groups 
have been reactions which yield colored products. Most of these color pro- 
ducing reactions, unfortunately, are carried out under conditions which 
result in denaturation, so there has been no comparison of the behavior 
of the native and denatured forms of the protein. Many amino acids, 
however, have such special structures and properties that it ought to be 
possible to find reactions, color producing or not, which take place at a pH 
and a temperature which permit the protein to remain native. The further 
development of such reactions would be useful not only for the theoretical 
study of the factors which influence the properties of the protein groups 
but also for the preparation of modified nathe proteins to be used in 
immunological experiments and for the characteri~ation and identification 
of proteins. 

The kind of optical method used by Crammer and Neuberger in their 
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study of tyrosine groups could perhaps be applied to tryptophan and 
phenylalanine groups by the use of proteins which are particularly rich in 
these amino acids. 

Biological reactions of protein groups. It is well known that the buffer 
action of the amino and carboxyl groups of proteins is an important 
biological reaction. It is not known whether other protein groups are 
likewise involved in the normal reactions of the living cell, although it is 
likely that the properties of special protein groups influence the reversible 
combination between specific proteins and prosthetic groups to form 
enzymes. When glutathione was discovered, it was assumed that any 
substance possessing such reactive SH groups and present in such signs- 
cant concentration must surely take part in some biological SH reactions. 
Yet native muscle protein is a much larger source of reactive SH groups 
and there has been little discussion of the possibility of muscle protein SH 
groups taking part in any normal cellular processes. 

So far as is known, the usual amino acid enzymes, such as tyrosinase, 
do not bring about any amino acid reactions in intact proteins. In general, 
no case has as yet been discovered in which an enzyme increases the 
reactivity of any group in native protein. 

N. HYPOTHETICAL STRUCTURAL MECHANISMS 
All presentday theorizing about protein structure attempts to include 

an explanation of why the groups of the native and denatured forms of a 
protein behave differently. Although the newer methods of studying the 
shapes of protein molecules have made some progress possible, the knowl- 
edge of the structures of the native and denatured forms of protein is still 
not adequate to account completely for the changes in properties when a 
protein is denatured. What are lacking, in particular, are experimental 
methods of studying the bonds between polypeptide chains in native 
protein and their effects on protein properties. 

The compound theory. Three types of explanation have been suggested 
for the appearance of reactive SH groups when egg albumin is denatured. 
All three have serious weaknesses. The compound theory assumes that 
the SH groups in native albumin are involved in some kind of specific 
compound formation, the compound being broken on denaturation to 
release free SH groups. For instance, Linderstrom-Lang and Jacobsen 
(1940) have suggested that the unreactive SH groups of native protein are 
combined in thiazolidine rings which open up on denaturation of the pro- 
tein. There are two objections to this type of theory. First, there is 
no positive evidence for the existence of such compounds in proteins. 
Secondly, if one assumes SH groups to be involved in specific compounds 
in native proteins, one must also assume specific compounds for S-S, 
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i tyrosine, and perhaps many other groups. The correctness of so complex 
a theory is highly improbable. It seems better to seek the explanation of 
the changes which occur in many different protein groups when the pro- 
tein is denatured in terms of some general change in protein structure. 

be considered an argument against the compound theory. SH groups com- 
bined with aldehyde (Schubert, 1936) or with p-chloromercuribenzoate 
(Anson, 1941) still are oxidized by iodine although they do not give B 

nitroprusside test and, in the case of the mercuribenzoate compound, have 
been shown not to be oxidized by ferricyanide. 

Denduration and change in shape. It is now well eatablished that the 
protein molecule opens up when the protein is denatured. The evidence 
from X-ray studies (Fankuchen, 1945) is described elsewhere in this volume. 
The evidence from studies of protein films will be described in a later 
volume. There is also evidence from measurements of viscosity, diffusion, 
and eedimentation which will now be summarized. 

The long known increase in viscosity when a protein solution is heated 
is usually due to aggregation of the molecules of denatured protein, but 
there is a definite increase in viscosity even when the denaturation is 
brought about by urea and aggregation is avoided (Anson and Mirsky, 
1932). This increase in viscosity has been attributed to an uncoiling 
of the molecule (Mirsky and Pauling, 1936). Recently Neurath and co- 
workers (reviewed in Neurath, Greenstein et al., 1944) have made careful 
measurements of the effect of denaturation on viscosity and have calcu- 
lated the change in asymmetry from the latest equations relating viscosity 
to molecular shape as derived for ellipsoids of revolution by F. Perrin and 
others. Neurath and coworkers have also measured the decrease in the 
diffusion constant on denaturation and have calculated the increase in 
asymmetry from the Perrin equation. Finally, Rothen (1942) has demon- 
strated the opening up of the protein molecule in denaturation by the 
classical Svedberg technique involving measurements of diffusion and sedi- 
mentation. 

The accessibility theory. It has been suggested that the opening u p  of 
the protein molecule accounts for the appearance of active groups on 
denaturation (Mirsky and Pauling, 1936; Mirsky, 1941a, b). On this basis, 
the groups are inaccessible in the interior of the native, coiled molecule, 
and become accessible when the molecule is opened up. 

The accessibility theory, despite its obvious advantages, has several 
weaknesses. Although the SH groups of native egg albumin do not react 
with nitroprusside, ferricyanide, porphyrindin, oxygen, or dilute hydrogen 
peroxide, they do react with iodine, iodoacetamide, permanganate, and 
concentrated hydrogen peroxide. The SH groups of denatured egg 

The fact that iodine oxidizes the SH groups of native egg albumin cannot ' 
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albumin do not react at all with some oxidizing agents under certain con- 
ditions but react readiiy with stronger oxidizing agents. These results are 
diihult to explain on the basis of the accessibility theory. They suggest 
that denaturing agents make already accessible groups more reactive or 
destroy some protective structure. 
As has already been stated, the tyrosine phenolic groups of denatured 

but not of native egg albumin react with hydroxyl groups at pH 12. 
Crammer and Neuberger (1943) have pointed out it is unlikely that the 
interior of the native molecule is inaccessible to the small hydroxyl ions. 
Furthermore, some of the phenolic groups of native egg albumin react with 
Folin’s Phenol Reagent. 
As is well known, many reagents, some of them of large molecular size 

compared with hydrogen and hydroxyl ions, can combine with the free 
amino groups of proteins. Recently, the same has been shown to be true 
of protein carboxyl groups (Herriott, unpublished results). There is nothing 
in the present knowledge of protein structure which suggests why amino 
and carboxyl groups should be on the outside of the native protein molecule 
and SH, S-S and tyrosine groups in the interior. 

The bonding thewy. If the SH groups of native egg albumin are unreactive 
but not tied up in specific compounds and not inaccessible, there remains 
to consider what kinds of structural change could possibly make them 
reactive. In some cases it is known that amino acid groups are more reactive 
in the free amino acid than in a peptide, and more reactive in the peptide 
than in denatured protein. Furthermore, there are big differences between 
dif’ferent denatured proteins. It is possible that this effect of neighboring 
peptide bonds and protein groups is more pronounced in native than in 
denatured protein, since any protein group has more and closer neighbors 
in the coiled native molecule than in the extended denatured molecule. 
But although this kind of effect must influence the reactivity of protein 
groups to some extent, it is doubtful whether by itself it can account for 
the extreme and general differences between native and denatured protein. 

It has been suggested that the bonds between polypeptide chains in 
native protein are hydrogen bonds (Mirsky and Pauling, 1936; Jordan 
Lloyd, 1938), and that it is hydrogen bonds which are broken by denatum 
tion procedures. The hydrogen bond theory is plausible on general chemical 
grounds. It has not as yet any direct experimental basis. Whatever the 
nature of the non-peptide bonds in proteins, their rupture may well cause 
a general change in the reactivity of protein groups apart from any bringing 
of groups from the interior of the molecule to the exterior. The bonding 
theory avoids the difficulties of the accessibility theory but has no positive 
experimental basis and therefore is too vague to be of much practical use, 
although it was of some use in suggesting the experiment of oxidizing the 
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SH groups of native egg albumin with iodine. In fact, the bonding theory 
(Brand and Kassell, 1942; Crammer and Neuberger, 1943) or more gen- 
erally the theory of a change in reactivity not due to the breaking of a 
specific compound or the bringing of a group from the interior to the ex- 
terior of the protein molecule (Anson, 1940) is merely a statement of the 
type of theory which remains if one rejects the specific compound and the 
acqessibility theories. And it has the advantage of suggesting that all the 
groups even of a native protein can be made to react by a suitable choice 
of reagent and conditions. 

In summary, it may be said that the increase in reactivity of protein 
groups when a protein is denatured must be explained by some general 
structural theory and not by a mass of specific structural theories like that 
of Linderstrom-Lang and Jacobsen. The increase in reactivity is probably 
connected in some way with the breaking of the bonds between the poly- 
peptide chains. To what extent the breaking of these bonds merely brings 
the groups to the exterior of the molecule and to what extent it increases 
the reactivity of the groups in other ways which may or may not involve 
spatial considerations cannot be decided on the basis of the present limited 
knowledge. 

Aggregation. Mirsky (1941b) has suggested that some groups of coagu- 
lated egg albumin do not react with SH reagents because they are inacces- 
sible in the interior of the coagulum, as he supposes all the SH of native 
egg albumin to  be inaccessible in the interior of the individual native 
molecule. Just as the accessibility theory applied to denaturation has to 
account for the fact that the SH groups of native egg albumin react with 
some reagents and not with others, so the accessibility theory applied to  
aggregation has to account for the fact that all the SH groups of coagulated 
egg albumin can be oxidized by concentrated porphyrindin but not by 
concentrated ferricyanide, a weaker oxidizing agent (Brand and Kassel, 
1940). 

Although a considerable part of the protein of the living cell is in the 
precipitated form, there has unfortunately been relatively little study of 
the effect of precipitation on the reactions of proteins. A priori, there are 
three ways in which precipitation can change the properties of any protein 
and, in particular, the reactivity of the groups of denatured protein. (1) 
Certain parts of the protein may become completely inaccessible to the 
test reagent, as suggested by Mirsky. (2) Precipitation may change the 
rate at which the test reagent diffuses into contact with the group being 
tested. (3) The bonding between the protein molecules which brings about 
the precipitation and the proximity of many groups from different mole- 
cules in the precipitate may change the reactivity of the group being tested. 
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There is no way of telling from present data the relative importance of 
these three factors. 

So far as denaturation itself is concerned, it has a t  least been shown 
in a preliminary experiment that the temperature coefficient of denatura- 
tion is roughly the same whether the protein is precipitated or in solution 
(Anson, 1944). This result, if confirmed, would indicate that the unit 
which undergoes denaturation is the same whether the protein molecules 
are dissolved or precipitated. 

It would be desirable to have structural theories to account not only for 
the effects of denaturation and aggregation but for the different effects of 
different denaturing agents and for the effect of partial digestion of already 
denatured protein. Unfortunately there is little basis for speculation. 

In considering possible mechanisms for the effect of reagents such as 
urea on protein groups the possibility should not be neglected that urea and 
similar reagents affect protein groups directly apart from any effects they 
may have on protein structure. Some preliminary experiments carried out 
by Dr. V. Hollander in the writer’s laboratory indicated that even free 
tyrosine is oxidized more readily in urea solution than in plain water. 

V. REVERSIBILITY OF DENATURATION 
Evidences of reversibility. Hemoglobin which has been denatured in a 

variety of ways can be converted back into native protein which has the 
same solubility as the original protein, is crystallizable, has the charac- 
teristic spectrum of native hemoglobin, can combine loosely with oxygen 
has the same relative affinities for carbon monoxide and oxygen, and is not 
readily digested by trypsin. Similarly denatured serum albumin can be 
converted back into protein which has many of the properties of the 
original native protein. The “reversed” protein is soluble (Spiegel-Adolph 
1926; Anson and Mirsky, 1931), crystallizable (Anson and Mirsky, 1931) 
and has very nearly the normal molecular size and shape (Neurath, Cooper, 
and Erickson, 1942). It has S-S groups which are not reducible by cysteine 
as are those of denatured serum albumin (Mirsky and Anson, 1931). The 
original serological specificity is restored by the reversal process (Miller, 
1933; Erickson and Neurath, 1943). The proteinases trypsin and chyme 
trypsin become inactive when denatured and recover their enzymatic 
activity when the denaturation is reversed. When the denaturation of the 
proteinase precursors, trypsinogen, chrymotrypsinogen, and pepsinogen is 
reversed, soluble proteins are obtained which can again be converted into 
the active proteinases (Northrop, 1939). There is thus no doubt that the 
major changes involved in the denaturation of hemoglobin, serum albumin, 
and several proteinases and proteinase precursors can be reversed. 
Equilibrium between native and denatured proteim. In some casw only 
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a part of the denatured protein can be converted back into protein with 
some, at least, of the characteristics of the original native protein. For 
instance, if acid denatured hemoglobin is neutralized only about 75% is 
changed back into native protein by the neutralization, whereas the rest is 
precipitated as still denatured protein (Mirsky and Anson, 1930). In 
other cases, all of the denatured protein can be converted into soluble 
native protein again. For instance, if an acid solution of trypsin is heated 
to  denature the protein, then all of the trypsin is converted into native, 
active trypsin again by cooling (Northrop, 1932; Anson and Mirsky, 
1934a). or if hernoglobin is denatured by salicylate under special conditions, 
then on removal or mere dilution of the salicylate all the hemoglobin is 
made native again (Anson and Mirsky, 1934b). 

Similar results have been obtained with chymotrypsinogen (Kunitz and 
Northrop, 1935), pepsinogen (Herriott, 1938), and a number of other pra- 
teins. In those cases in which all the denatured protein can be converted 
back into soluble, native protein again, it is possible to study the equilib- 
rium between native and denatured protein. 

As has long been known, the rate of heat denaturation of protein at ita 
isoelectric point is extremely sensitive to the temperature. With trypsin it 
was possible to show that the equilibrium between native and denatured 
trypsin is likewise extremely sensitive to temperature (Anson and Mirsky, 
1934a). The heat of denaturation of trypsin, calculated from the effect 
of temperature on the equilibrium, is 67,000 calories. In contrast, tempera- 
ture has practically no effect on the equilibrium between native and dena- 
tured hemoglobin in salicylate solution (Anson and Mirsky, 193413). 

The following explanation was given for the apparent discrepancy 
between the great effect of temperature on the trypsin equilibrium and the 
small effect of temperature on the hemoglobin equilibrium. If salicylate or 
any other denaturing agent causes ,reversible denaturation , then salicylate 
must combine more with the denatured than with the native form of the 
protein. The heat of denaturation as calculated from the effect of tempers 
ture on the equilibrium includes the heat of the change in combination 
with salicylate and, indeed, the heats of all the changes between the 
original and the final forms of the protein. In the case of heat denaturation 
of trypsin, energy for the breaking of bonds comes from heat. In the case 
of the salicylate denaturation of the hemoglobin energy comes from the 
change in combination with salicylate, and so less thermal energy is 
required. 

Both the trypsin and the hemoglobin equilibria are independent of the 
protein concentration. This shows that the denaturation in these caaea 
involves neither dissociation nor aggregation. Osmotic pressure measure 
menta have likewise shown no change in molecular weight on denaturation 
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except in those proteins like iuyosin which are dissociated by denaturing 
agenta (Huang and Wu, 1930; Burk, 1932; Wu and Yang, 1932; Edsd 
and Mehl, 1940; Neurath, Cooper, and Erickson, 1942). 

Although the hemoglobin equilibrium is independent of the protein 
concentration, it is extremely sensitive to the salicylate concentratioQ 
(Anson and Mirsky, 193413). The peculiar shape of the curve relating the 
percentage denaturation to the salicylate concentration was explained in 
t e rn  of a complex equilibrium, involving the reaction of a single molecule 
of hemoglobin with a considerable number of molecules of salicylata 
Steinhardt (1937) later interpreted the great effect of alkali on the rate of 
denaturation of pepsin to mean that activation of the pepsin molecule 
involves a change in the ionization of many groups. By plotting the pH 
against the accurately measured velocity constant of the reaction, he WBB 

able to calculate from the slope of the line that the number of group 
involved was five. (This does not mean that the activation of pepsin under 
other denaturation conditions also involves the ionization of five groups).. 
Herriott (1938) by plotting the equilibrium constant of the equilibrium 
between native and denatured pepsinogen against pH showed that d e n s  
turation of pepsinogen involves a change in ionization of two groups. 

It was pointed out in the discussion of the salicylate equilibrium (Anson 
and Mirsky, 1934b) that if denaturation takes place biologically it La 
probably by a reaction similar to the salicylate denaturation in which tha 
denaturation is extremely sensitive to the concentration of some substance 
which may be produced and removed under biological conditions. 

One is practically forced to conclude from a priuri considerations that & 
high heat of reaction for a reaction which takes place readily at ordinary 
temperatures means the breaking of many bonds of moderate strength. 
A few very strong bonds could not be broken thermally at ordinary tem- 
peratures at any appreciable rate. It is only with large complex molecules 
that one has the possibility of breaking a large number of bonds in a single 
molecule. Ionization of a protein molecule involves many changes in a 
single lsrge molecule. The heat of complete ionization of a protein is 
very high if one calculates it per mole of protein rather than per mole of 
acid as is usually done. All the intermediate ionic forms are stable, and 
tbere is no method for estimating the concentrations of the completely 
ionized and the completely unionized forms. Thus, one does not detect 
the great sensitivity to temperature of the equilibrium between the com- 
pletely ionized and the completely unionized forms which must theoreti- 
cally exist. To detect the great temperature coefficient of a change involv. 
ing the breaking of many bonds in a single molecule either the intermediate 
forms must be relatively unstable or the two extreme forms must have 
some special properties by which they can be estimated. 
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Non-iikntity oj  reversed and native proteins. Roche and his coworkers 
found that in some cases although after reversal of denaturation the 
essential properties of the native protein are restored, still by some meas- 
urements the reversed protein can be distinguished from the original native 
protein. For instance, “reversed” methemoglobin aa prepared by Roche 
and Combette (1937) was more easily split into globin and heme by alkali 
than the original native hemoglobin. “Reversed” serum albumin aa pre- 
pared by Roche and Choudech (1940) had the same molecular weight aa 
the original native serum albumin but differed in solubility. 

Neurath and his coworkers (reviewed in Neurath, Greenstein, and 
coworkers, 1944) have confirmed with different techniques the observation 
that reversed protein can in some caaes be distinguished from the original 
native protein. They found, for instance, that reversed serum albumin 
prepared from denatured serum albumin has a different electrophoretic 
mobility and is digested more rapidly by trypsin than the original albumin. 
Most of the experiments of Neurath and his coworkers were done with 
protein denatured by long standing in concentrated urea solution. 

In general, the proteins and the denaturing procedures used by Roche 
and Neurath were not ideal for producing a reversed protein most likely to 
be identical with the original native protein. In order to obtain the best 
possible conditions for reversing denaturation completely the following 
conditions should be observed. The protein chosen should be a one compo- 
nent protein like chymotrypsinogen, and the reversal of its denaturation 
should be complete by the solubility test, as is also the case with chymo- 
trypsinogen. The denaturation should be rapid, the denaturation proce- 
dure should be carried out for the minimum time and with the least con- 
centration of denaturing agent and at the lowest temperature necessary 
to obtain the changes characteristic of denaturation. The reversal proce- 
dure should be begun just as soon aa the changes characteristic of den& 
turation have been obtained. Aggregation should be avoided and reagents 
such as alkali, which may cause secondary changes, should not be used. 
These conditions in general were not fulfilled in the experiments of Neurath 
and his associates who intentionally sought the maximum changes from 
hhe long esposure of the protein to urea. 

In summary, it may be said that the basic changes involved in the 
denaturation of some proteins can be reversed but it has been proven in 
some cases that the reversed protein is not identical with the original 
native protein. These latter experiments, however, have not been done 
under conditions which one might suppose to be optimum for obtaining 
completeness of reversal. The subject, therefore, needs further experi- 
mental study. 

Reversal of denaturation in the living cell. The luminescence of bacteria 
ia catalyzed by an enzyme, luciferase. If bacteria are heated to a high 
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enough temperature, this luminescence is irreversibly quenched. If, how- 
ever, the temperature is just high enough to cause quenching and is main- 
tained for only a short time, then on cooling, all the luminescence is 
restored. The temperature change required for quenching and restoration 
of luminescence is very small. Johnson and his associates have concluded 
from their observations that the great effect of temperature is due to the 
reversible denaturation of luciferase, just as the great effect of temperature 
on the heat inactivation of trypsin is due to the reversible denaturation of 
trypsin (Johnson, Brown, and Marsland, 1942; Johnson, Eyring, and 
Williams, 1942; Johnson et al., 1945). The observed lowering of the tem- 
perature of quenching by alcohol or urethane is interpreted as due to a 
shift of the luciferase denaturation equilibrium to the denatured side. The 
observed effect of pressure in restoring luminescence partially quenched by 
heat or urethane is interpreted as due to a shift of the denaturation equi- 
librium to the native side. This increasing of luminescence by pressure 
supposedly takes place only when an appreciable fraction of the luciferase 
is in the denatured form and is used as a test for the partial denaturation 
of luciferase by heat or inhibitors. Similar considerations are believed to 
be applicable to the effects of temperature, pressure and narcotics on many 
other biological processes. 

That denaturing agents such as alcohol and salicylate shift the equilib- 
rium between the native and denatured forms of isolated protein has 
already been shown. Similar experiments with urethane and with pressure 
(not the extremely high pressure which causes denaturation) remain to 
be done. 

The reversible heat quenching of luminescence, if it is due to the revers- 
ible denaturation of luciferase, must mean either that luciferase gets 
denatured at a lower temperature than other proteins which accompany it 
in the living cell, which would seem improbable, or that the denaturation 
of many other proteins in the cell whose clennturs,tien temperature is lower 
than that of luciferase is also readily reversible, which again seems improb- 
able. Thus, a priori ,  the reversible heat quenching of luminescence seems 
to be a remarkable phenomenon. 

The fact that the denaturation of luciferase or any other enzyme can be 
brought about by heat in viva and reversed by cooling does not by itself 
mean that the reversible denaturation of these enzymes ever takes place to 
any appreciable extent in real life. The evidence is strong, however, that 
reversible denaturation is at least compatible with the complex structure of 
the living cell. It is to be hoped that many more attempts will be made to 
discover reversible heat effects, with the precautions taken of using the 
minimum temperature needed to produce the effect and of cooling promptly. 
In particular, it would be extremely interesting to know whether normal 
enzymatic activity is ever regulated by reversible denaturation. 
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VI. THB ALL-OR-NONE CHARACTER OF DENATURATION 
Definition o j  all-or-none. By the statement that denaturation is rn d-or 

none reaction is meant merely the experimental observation that, in the 
cases so far studied, when a protein is changed so that it is denatured by 
one test it is denatured by other tests and that when the protein is half 
denatured by one test it is half denatured by other tests. This result 
indicates that as denaturation proceeds in a solution of constant composi- 
tion and temperature or when there is an equilibrium between native and 
denatured protein, the solution contains, for practical purposes, only two 
kinds of protein molecules. One kind has been altered from its original 
properties in that particular solution by all of the tests used. The other 
kind has been altered by none of the tests used. 

There is no intention of implying by the statement that denaturation 
is an all-or-none reaction that the properties of either the still native or of 
the already denatured form of a protein are independent of the composition 
and temperature of the solution any more than that they are independent 
of the specific structure of the protein. On the contrary, we have seen that 
the reactivity of the SH groups of denatured egg albumin depends on what 
organic solutes are present in the solution, that the reactivity of the SH 
groups of native hemoglobin depends on the pH, and that different native 
and depatured proteins have quite different properties. 

Neuiath, Greenstein, et al. (1944) define denaturation as “any non- 
proteolytic modification of the unique structure of a native protein” which, 
as they state, is not the usual meaning of the word. They describe changea 
brought about in denatured proteins by changing the composition of the 
solution as stages of denaturation. They therefore properly conclude that 
denaturation in their sense of the word is not an all-or-none reaction. It ia 
clear that they are not using the expressions “denaturation” and “all-or- 
none reaction” in the way those expressions are used in this review. Since 
there is not agreement about the meaning of these expressions, emphasis 
should be placed on the experimental observations themselves rather 
than on the words by which they are described, and expressions such as 
“all-or-none reaction” should be defined in terms of experimental observa- 
tions. 

Experimental evidence for the all-or-none character of denaturation. In the 
ideal experiment for testing the all-or-none character of denaturation, 
several different properties of native, half denatured, and all denatured pro- 
tein are measured in the same solution. The properties of the native solu- 
tion are taken as a base line and the percentage denaturation is calculated 
from the change in properties. For practical reasons, the ideal conditions 
have not been completely realized in the experiments which will now be 
summarized. 
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When the enzymes pepsin (Northrop, 1930), trypsin (Northrop and 
Kunitz, 1932), chymotrypsin (Kunitz and Northrop, 1935)and carboxy- 
peptidase (Anson, 1937) are completely denatured as shown by the solu- 
bility test, they are completely inactivated. When they are half denatured 
as shown by the solubility test they are half inactivahed. 

When salicylate is added to methemoglobin under certain conditions, 
no change in spectrum takes place until the salicylate concentration is 
0.15 M .  Further small increase in the salicylate concentration causes 
changes in the spectrum and color in the direction of the spectrum and 
color of denatured hemoglobin. At just the peculiar concentration of 
salicylate which begins to cause the change in color some of the methemo- 
globin is changed from a form which is not digestible by trypsin to a form 
which is digestible by trypsin and some of the methemoglobin is changed 
from a form which is not precipitated by a particular concentration of 
ammonium sulfate to a form which is precipitated. Thus, the change in 
the structure of the methemoglobin molecule which is responsible for the 
change in spectrum seems to be also responsible for the changes in digesti- 
bility and solubility (Anson and Mirsky, 1934b). 

When egg albumin is completely denatured by urea in the presence of 
ferricyanide, as shown by the complete insolubility of the protein on re- 
moval of the urea, then all the SH groups of the protein are oxidized by the 
ferricyanide. When half the protein is denatured, as shown by the solu- 
bility test, then half the SH groups are oxidized (Mirsky, 1941a). 

Experiments of Neurath and Saum. Neurath and Saum (1939) measured 
the diffusion constants of serum albumin in buffered solutions of increasing 
concentrations of urea and also measured the relative viscosities of these 
solutions. They found that the relative viscosity was slightly increased 
and the diffusion constant slightly decreased by 3 M urea. Increasing 
concentrations of urea up to 6.6 M caused further marked changes in the 
relative viscosity and in the diffusion constant. The protein in each solu- 
tion was monodisperse so far as one could tell from the diffusion meas- 
urements. The diffusion test for homogeneity is sensitive enough to show 
that the solutions did not contain any considerable percentage of molecules 
which differed extremely in shape from the other molecules present. The 
test is not sensitive enough to exclude mixtures of molecules of less extreme 
differences. No measurements were made of the extent of denaturation 
as shown by the solubility test. 

The experiments of Neurath and Saum indicate that the shape of the 
molecule of denatured serum albumin, or at least the size and shape of the 
albumin-urea compound, depends on the concentration of urea. The 
experiments by themselves, however, do not permit any conclusions about 
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the all-or-none character of the urea denaturation as the all-or-none phrase 
has been defined here. 

In  order to test the so-called all-or-none character of denaturation by 
viscosity measurements of urea solutions, both the viscosity and the amount 
of protein of changed solubility should be measured aa denaturation pro- 
ceeds slowly. The solubility test should be carried out by dilution with 
concentrated salt solution so that the denatured protein is precipitated 
before denaturation can be reversed. Finally, the viscosity of the solution 
when the protein is haIf denatured by the solubility test should be com- 
pared with the viscosity of a mixture of equal parts of a solution of protein 
which has been exposed to urea for a very short time and has no dena- 
tured protein and a solution of protein which has been exposed to urea for 
a long time and is all denatured. If the solution during denaturation con- 
tains only two kinds of molecules, one like the original unaltered protein, 
the other like the protein denatured by urea, and if there is no slow reac- 
tion between urea and the protein already denatured 86 shown by the 
solubility test, then the viscosity of the solution of the protein when it has 
become denatured by the solubility test should be the same as the mixture 
of the two solutions of native and denatured protein. Experiments of this 
sort have not yet been done. 

In general, there is as yet only limited knowledge of the extent to which 
viscosity and other properties of both native and denatured protein depend 
on the composition and temperature of the solution. By keeping the com- 
position and temperature of the solution constant, however, one can never- 
theless study the separate and more restricted experimental question of 
whether or not under any given conditions, when half the protein has been 
changed a8 shown by the solubility test, half has also been changed aa 
shown by the viscosity or any other test. 
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I. INTRODUCTION 
X-ray diffraction is now more than thirty years old. For many yearn 

after the first work by Friedrich, Knipping, and Laue (1) in 1912, most of 
the efforts of X-ray crystallographers were devoted to the study of com- 
paratively simple structures, structures which could be determined in 
detail. However, some of the early workers endeavored to apply this 
technique to more complex structures; a few even studied biological 
materials. Herzog and Jancke (2) in 1920 obtained fiber diagrams from 
silk, collagen, and other protein fibers. 

Protein crystals were also studied at  an early date. The first attempts 
either gave no diagrams of the sort one would expect from a crystalline 
material (3) or were completely incorrect from an experimental point of 
view (4). Only when Bernal and his associates used single protein crystala 
immersed in their mother liquor (5, 6) were reasonable X-ray diagrams 
obtained. 

Enough X-ray studies of proteins have by now been made to result in 
an impressive collection of data. Undoubtedly there is much valuable 
information concealed in these data, but, to date, the analyses of these data 
have not generally been carried as far as had been hoped. Where attempts 
have been made to carry the analyses to more advanced stages, contro- 
versies have usually arisen as to the correctness of the conclusions. There 
are serious technical difficulties which arise in the course of the analyses of 
X-ray diffraction data of complex structures. In addition to surveying the 
more recent work with X-rays on proteins, this paper will attempt to 
present these difficulties and the possibilities for their eolution. 

387 
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In all X-ray diffraction experiments on proteins, a well dehed esaen- 
tially monochromatic parallel beam of X-rays impinges on a specimen, and 
the scattered X-rays are recorded on photographic film. These photo- 
graphic records of the scattered radiation constitute the experimental 
data. The kind of data one obtains will depend essentially on the specimen 
used and on the geometry of the X-ray apparatus, and of course the sort 
of conclusions one can draw will in turn depend on the character of the 
data (Fig. 1). 

All types of specimens have been used for X-ray protein studies, and it 
has been generally true that the higher the state of orientation - i.e., the 
closer the specimen approaches in character a single crystal - the more 
useful the data have proved. Completely unoriented specimens have been 
studied, both non-crystalline and polycrystalline. One obtains a few 
halos in the non-crystalline case and a set of comparatively sharp rings 
when polycrystalliie specimens are used. There is generally not much 
that can be done with such diagrams in the case of proteins. The halos 
are due to scattering at angles which when translated into Bragg spacings 
(the justification for the use of Bragg's law for all such cases is not clear) 
correspond to approximately 4.5 and 10 A. and have been interpreted 
by Astbury as corresponding to the dimension of the backbone of a poly- 
peptide chain and to an average side chain dimension, respectively. Even 
when clearly crystalline protein material is used, the diagram (Fig. lc) 
is surprisingly simple. Thus the writer has obtained powder diagrams 
from crystalline horse serum albumin (7) immersed in its mother liquor. 
While single crystals of the same preparation gave diagrams with hundreds 
of clearly resolvable spots (reflections), the powder diagram only showed a 
few distinct lines. Apparently only the very intense reflections are visible 
in protein powder diagrams; the others blend into a diffuse background. 
Indeed, in the case of horse serum albumin, while the dimensions of the 
hexagonal unit cell could be definitely determined from single crystal 
X-ray data, it was impossible to index the powder diagram unequivocally 
despite the fact that the unit cell dimensions were known. This failure 
indicates vividly the shortcomings of the powder method for crystalline 
proteins. The data may be adequate for purposes of identification, but 
they certainly cannot be used to arrive at  any conclusions regarding 
structure. 
An interesting fact which has been commented upon by Bernal is that 

in single crystal diagrams there seems to be an enhancement of some of 
the individual reflections at  spacings of about 4.5 and especially 10 A. 
Apparently, these distances correspond to important dimensions in the 
native protein molecule. As a result powder diagrams of polycrystalline 
protein specimens show distinct features at these spacings. It should be 
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realized, however, that these rings are composite and therefore never rn 
sharp as would be expected from individual lines of a clearly crystalline 
material, for each line may be due to a large number of individual reflec- 
tions of about the same spacing. The appearance of broad rings or halos a t  
these spacings is then characteristic of proteins and may be considered rn 
circumstantial evidence of the protein character of a specimen which 
produces them. 

Heat, chemical agents, and radiant energy (ultraviolet light, X-rays, etc.) 
cause changes in proteins, and apparently these changes sometimes cause 
changes in the characteristic protein pattern observed at wide angles 
(10 A. - 2 A.). Undoubtedly a change in the X-ray diagram indicates a 
transformation within the specimen - but the fact that there is no change 
in diagram need not mean that there is no change in the specimen. This 
latter statement may seem surprising to those who have heard the X-ray 
powder diagram described aa a sort of unique fingerprint of the specimen 
in which it has its origin -but fingerprints would not have the unique 
value in identification which they do have if they consisted only of one or 
two rather badly defined lines! Two or three broad diffraction lines can- 
not be considered as characterizing a specific protein - identity or near 
identity of pattern does not indicate identity or near identity of specimen. 

Sometimes - but rarely - powder diagrams can be used to determine 
the dimensions of a unit cell of a crystalline protein. This possibility occurs 
when the material crystallizes in the cubic system. Thus the unit cell for 
ferritin (8) was determined on the basis of powder diagrams alone. Bushy 
stunt virus was also studied by this method (9) but because only two 
reflections were observed there seems to be some doubt aa to the correctness 
of the unit cell chosen. 

When some orientation is present or is introduced in the specimen, the 
prospect of obtaining useful information from the data increases greatly. 
Such orientation is present in natural and in some synthetic fibers and 
can be produced in solutions of anisotropic molecules by flow. When the 
character of the orientation is uni-axial, fiber diagrams are obtained. It is 
then always possible to determine uniquely the period in the direction of 
the fiber axis. Always for proteins the period has turned out to be intra- 
molecular in origin - small for the fibrous proteins (-5-10 A.) and large 
(68 A.) in the caae of tobacco mosaic virus (10). 

When only orientation parallel to a given direction is present, it is usually 
impossible to be sure of details of the structure in directions other than the 
fiber axis. In almost every case (protein and non-protein) in which the 
attempt has been made to derive such information from fiber diagrams, 
the interpretations have been questioned by other workers in the field. 
When the controversies which arose in these instances were resolved, the 
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resolution always occurred because some experimenter obtained better 
data by impressing secondary orientation upon the specimen. Thus 
Astbury and coworkers have produced secondary orientation in keratin (11) 
and in myosin (12) and proved that the side chain (10 A.) and the back- 
bone (4.5 A.) spacings are perpendicular to one another. A similar second- 
ary orientation has been observed for dry gels of tobacco mosaic virus (10). 

The single crystal represents the ultimate in orientation and whenever 
adequate single protein crystals were available, it has always been possible 
to determine uniquely the size and shape of the unit cell thus permitting 
unequivocal indexing of the significant X-ray reflections. So far only one 
group of X-ray workers has studied single protein crystals (Bernal and his 
colleagues). The reason for this is probably the nature of protein crystals. 
They are usually small, soft, and easily deformed or broken and must 
generally be studied while immersed in their mother liquor. The experi- 
mental difllculties are nevertheless not too great; and techniques for hand- 
ling and mounting such crystals have been developed by Bernal’s group. 

While there is a t  present considerable doubt that the interpretation of 
X-ray data can be carried far enough to give a reasonable picture of the 
atomic arrangement within native protein structurm, there can be no 
doubt but that only single crystal X-ray data can hope to lead to any useful 
conclusions in that direction. For this reason, it is to be hoped that single 
protein crystals will be much more extensively studied than they now are. 

The diffraction of X-rays by crystals is essentially an interference phe- 
nomenon occurring between the X-rays scattered by the extranuclear 
electrons of all the atoms in the specimen. It is convenient to consider 
all of the electrons in each atom aa a single scattering unit, and the scatter- 
ing power of every atom has been determined (theoretically and experi- 
mentally) as a function of sin 0/X (0 is half the angle of deviation of the ray 
of scattered radiation; X is the wave length of the radiation used). The 
size and shape of the unit cell determines the directions in which construc- 
tive interference occurs between atoms in one unit cell and similarly placed 
atoms in the other unit cells of the specimen. In these directions, strong 
X-ray beams can be observed. Bragg and Bragg (13) showed that these 
beams could be thought of as reflections from planes of atoms-hence 
the term Bragg reflections. To compute the intensity of a given reflection, 
only the atoms within one unit cell need be considered. The atomic scatter- 
ing curve of each atom determines the amplitude of its contribution to 
the reflection, and the location of the atom in the unit cell determines the 
phase of its contribution. The contributions of the individual atoms are 
added vectorially to determine the structure factor of the reflection. The 
amplitude of the wave (reflection) scattered in the chosen direction is the 
absolute value of the structure factor. The intensity of the reflection will 
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be proportional (for protein crystals which may be considered as imperfect 
crystals) to the square of the amplitude of the resultant wave. With 
reference to the phase of a wave scattered by an atom at the origin of the 
unit cell taken aa zero, each reflection will have associated with it a phase 
angle and obviously, just as the amplitudes do, the phase angles depend 
on the atomic arrangement within the unit cell. Thus in general, the struc- 
ture factors are complex numbers. Nevertheless, the blackness of the 
spots on the photographic film depends only on the energy of the X-ray 
reflections, i.e., on the squares of the amplitudes. Thus because we observe 
energy, we lose during the experiment the phase angles, and it is this loss 
which makes for the difficulties and ambiguities which one encounters in 
trying to determine a structure from the X-ray data. 

A crystal is a three-dimensional periodic arrangement of atoms and it 
can be represented by a three-dimensional Fourier series. It can be shown 
that when the structure factors of the reflections of indices (hkl) are made 
the coefficients of the corresponding terms of a Fourier series (frequency 
hkl), then the resulting three-dimensional Fourier summation represents to 
scale the electron density within the unit cell. Maxima in electron density 
will correspond to atoms. If the phases of the structure factors are deter- 
mined, then it is possible to determine the structure assuming that enough 
reflections have been observed to provide the coefficients for the necessary 
number of terms of the Fourier series. All approaches to the problem of 
structure determination are really attempts to determine the missing 
phases regardless as to whether or not Fourier methods are used in the 
analysis. 

Most of the methods that have been used in working out simpler struc- 
tures have been considered for use in protein work. The most widely used 
approwh is to guess at the structure and then to compute the intensities of 
the reflections to be expected. If there is reasonable agreement between 
the computed and observed intensities, the assumed, and of course only 
approximate structure, can be refined to give better agreement. This 
adjustment can be conveniently done by Fourier methods since the approxi- 
mate structure can be used to determine the phases of most of the reflec- 
tions. This approach has not been too useful in protein work because at  
present not enough is known of th'e stereochemistry of the protein molecule 
to permit of an intelligent first approximation. 

Even if one were to make a guess at  the atomic arrangement within B 
protein molecule, that would not be enough to permit of the computation 
of the intensities, for the molecule would still have to be placed in the unit 
cell in a number of positions and orientations which would depend on the 
observed symmetry of the cryatal and the size of the unit cell. On the basis 
of model experiments, there would probably be many different ways to 
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place the molecules and the intensities would have to be computed for each 
of these possibilities. Obviously the task of summing up the contribution 
of the thousands of atoms that are in every protein molecule and moreover 
to do this for many different arrangements of the molecules in the unit cell 
would be literally unending. There seems possible at least one elegant way 
out. Ewald (14) and Knott (15) have suggested the use of molecular 
structure factors for use in working out crystal structures. The idea of 
molecular structure factor is an extension of the concept of atomic form 
factor. One computes aa a function of sin O/X, the scattering curve of a 
group of atoms which are often found associated - a benzene ring or an 
aliphatic chain are simple examples. Such groups need not have spherical 
symmetry, and their structure factors are also then not spherosymmetrical. 
However, the structure factor for a given assemblage of atoms - once 
computed - can be used to determine the contribution of the group to a 
particular set of reflections for any given orientation of the group. Wrinch 
(16) suggests that the use of such molecular structure factors could possibly 
be useful in protein work. Thus the structure factor of a cyclol molecule 
could be computed and used to check with observed X-ray data. The task 
would still be an arduous one, but the possibilities are exciting. 

Another approach is through the use of Fourier series. If, aa is generally 
the case, the phase angles are not known, the Fourier series which express 
the electron density cannot be directly computed. Patterson (17,18) 
showed that a three-dimensional Fourier series in which the coefficients 
were the intensities of the X-ray reflections could be given a physical 
meaning. This summation gives a three-dimensional distribution function, 
i.e., the peaks represent not atoms but rather the ends of interatomic 
vectors. 

Both the collection of the data necessary for and the summation of a 
three-dimensional series are tedious and time-consuming affairs. Both 
for the original Fourier series and for the Patterson summation, it has been 
shown that only a selected fraction of the data need be used to compute 
two-dimensional summations which represent projections of the corre- 
sponding three-dimensional series onto a plane. These projections naturally 
contain much superposition of peaks since they are projections and their 
interpretation is correspondingly more difficult. Harker (19) has shown 
that in the threedimensional Patterson summation, certain sections con- 
tain particularly valuable information which can be obtained by doing 
two- (or sometimes one-) dimensional summations. The Harker section, 
however, requires all the data necessary for a complete three-dimensional 
Patterson series. 

It can be shown that all of the Fourier type of summations are trans- 
formable into two-dimensional summations. Many methods have been 
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used for accomplishing these summations. Beevem and Lipson (20,21), 
Robertson (22), and others use sets of printed strips. With this technique, 
one average double summation can be completed in a day. Another tech- 
nique (23) employs punched cards and standard business machines. 
These techniques all give at  the end numbers which must be plotted to 
permit the drawing of a contour diagram. Bragg (24, 25) has proposed 
two other methods, both optical, which use photographic film to produce 
the final summation. The first suggestion has been taken up by Buerger 
(26), the second by Huggins (27). Both optical methods have been developed 
to ~ o m e  extent, but neither as yet to the point where they are likeIy to be 
useful for protein studies. It is interesting that Bragg, using the first of 
these optical techniques, has applied it to hemoglobin (28). The resulting 
diagram while suggestive is nevertheless inferior to that obtained by 
mathematical summation, and at  present it appears to be true that the 
more tedious mathematical methods must be used if results as good as the 
data warrant are to be obt@ed. For more complete analyses of Fourier 
methods applied to molecular structures, the reader is referred to 
papers by Robertson (29) and Huggins (30). 

This rather lengthy survey has, it is hoped, indicated that methods are 
available for collecting adequate X-ray data and for at least partially 
analyzing them when obtained. The writer has recently given a more 
detailed discussion of X-ray diffraction technique as applied to organic 
materials (43). This may perhaps prove useful to the reader. We next 
give a brief survey of what has been accomplished and will end with an 
attempt to suggest likely directions for work in the future. 

11. FIBROUS PROTEINS 
The fibrous proteins were the first to be studied successfully - success- 

fully at least in the sense that X-ray diagrams were obtained. Until 
recently most of this work was devoted to the study of scattering at  com- 
paratively large angles. Astbury has been the leader in this field and the 
work has been extensively reviewed by both him (31, 32, 32) and others 
(34, 35, 36). There has been and still is much controversy about the inter- 
pretation of the data. All of the earlier workers used specimens that pos- 
sessed only orientation parallel to the fiber axis. There was no trouble about 
determining the periodicity along the fiber axis; neither was there any 
question about the magnitudes of the spacings at right angles to the fiber 
axis. The difficulty arose when attempts were made to determine uniquely 
three-dimensional unit cells to fit the data. Combined with the X-ray 
data wm also the knowledge about atomic sizes, bond lengths, and angles 
derived mainly from X-ray studies of other structures although strict 
enough attention apparently was sometimes not paid to such information. 
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Thus the first structure proposed by Astbury for a-keratin wm criticized 
(37,34) and finally discarded by its author because it did not allow of the 
packing of atoms with the sizes and bond angles obtained from other 
X-ray crystal studies. The writer does not feel justified in presenting here 
any summary of the many papers which have been published in recent 
years in this field. No very definite scientific results seem to have been 
obtained. Thus to quote from the conclusion of the paper by Huggins (36) 
on “Structure of Fibrous Proteins”: “No claim can be made that the struc- 
tures proposed here (by Huggins) for silk fibroin, keratin, and collagen are 
proven, that they are correct in all their details, or that they are complete. 
The writer does claim that they are in considerably better agreement with 
the available experimental data than are the other structures which have 
been proposed.” 

The situation is very different when the low-angle scattering of naturally 
occurring fibrous proteins is considered. Here, considerable new and 
most interesting data have been secured from collagen, muscle, keratin, 
and other fibrous protein materials. These new data were obtained by 
using better defined X-ray beams, longer specimen-to-film distances, and 
carefully selected oriented specimens. 

MacArthur (38) in this way obtained an exceedingly fine diagram from 
porcupine quill (a-keratin). MacArthur concludes that there is a period of 
658 A along the fiber axis, but this value is obtained not from direct X-ray 
measurements alone but by introducing Astbury’s ideas (33) about the 
number of amino acid residues a respectable protein should have. Bear 
(39) has carefully investigated the meridian spacings from porcupine quill 
tip and finds no X-ray evidence for a period other than 198 A. 

MacArthur’s work has also clearly shown the composite character of 
Astbury’s 10 A side chain spacing and of the 5.1 A meridian spacing. It 
would appear that fibrous protein giving an a-keratin X-ray diagram in 
which these spacings are not obviously composite (assuming the apparatus 
used is of adequate refinement) are more or less rough approximations of 
more perfect structures of which porcupine quill tip is one example. 

Clam muscle (39), which also gives an a-keratin type wide angle diagram, 
seems to have a fiber period of 735 A and a somewhat different fine struc- 
ture for the prominent wide angle diffraction spots. 

Feather keratin and silk give 8-keratin diagrams, and here again the 
small angle X-ray scattering is different; for feather keratin (39) appears to 
have a fiber period of 95 A while no discrete low angle scattering has been 
observed for silk. The prominent wide angle spots of feather keratin 
exhibit fine structure; silk shows none. 

Collagen has a distinct wide angle diagram, and low angle studies (40) 
show a fiber period of about 650 A. 
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The relationship between the wide and low angle scattering is an inter- 
eating question which Bear (39) discusses at some length. He concludes 
that the components of the wide angle spots are high orders of the large 
periods. Because the assignment of such large indices exactly is impossible 
at present, he considers it advisable to continue to look upon the wide 
angle (small spacing) spots as being related to small pseudo-unit cells 
which are only part of the larger true macro cell. He also suggests why 
silk shows no large spacings while collagen and clam muscle exhibit very 
long ones. 

Bear (40) has also described the effect of moisture, acid, and tanning on 
the long meridian spacings of collagen. The “tanned” specimen gave the 
smallest periods, averaging about 620 A, the dry about 640 A, acid treated 
660A, and the wet specimens about 675A. No good correlation was 
observed between the behavior of the meridian and equatorial large angle 
spacings and that of the long low angle meridian reflections. 

This new work, particularly by Bear, has truly opened new vistas in the 
field of fibrous proteins. It is at  its beginning, but already it is clear that 
many generally accepted ideas about the structure of these proteins must 
be radically revised or discarded. The data now being obtained seem 
good enough to permit of the use of Fourier methods, and these, combined 
with the results of electron microscope studies, should lead to a clear and 
convincing picture of the macro structure of the fibrous proteins. 

111. VIRUS PROTEINS 

Only tobacco mosaic virus and related strains have been studied (10,41) 
in any detail by X-rays. The virus “molecules” are anisotropic shaped 
cylinders 150 A in diameter and from ten to twenty times as long. Because 
of the anisotropic shape, dilute solutions are spontaneously birefringent, 
and oriented gels containing from zero to 50% water can be made. The 
ordinary X-ray diagrams of such oriented preparations show a fiber type 
diagram (in which the period however is 68 A, much longer than that 
given by the fibrous proteins) with a pronounced unresolved equatorial 
streak at low angles. The use of refined slit systems resolved the equato- 
rial scattering into a set of sharp lines (Fig. Id). The wide angle diagram 
was practically independent of the state of hydration while the low angle 
equatorial scattering was a sensitive function of the state of hydration. 
Obviously the very complex wide angle diagram has its origin in a quite 
regular internal structure of the virus particles while the low angle lines 
are caused by a regular packing of identical parallel molecules. 

The intermolecular pattern of the dry gel enabled a determination of the 
diameter, 150 A, of the virus particle. Even at low virus concentrations 
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(high hydration), the intermolecular forces were strong enough to maintain 
a regular hexagonal packing of parallel molecules. 

A piece of oriented dry gel of virus placed in water disperses completely. 
However, for salt and buffer solutions, there are ranges of salt concentration 
and of pH at which the gel swells to an equilibrium size. Such equilibrium 
gels also give sharp low angle intermolecular patterns from which can be 
determined the equilibrium distances as functions of salt concentration 
and pH. 

The wide angle intramolecular diagram indicated a rather detailed 
regular internal structure for the virus particles. In a sense they 
could be considered as very small crystallites, having only a few (three 
probably1 unit cells in cross section and twenty-five to fifty along the 
direction of the length. The intensities of the reflections indicated the 
presence of a series of smaller subunits, the smallest of which is about 
equidimensional of side 11 A. 
The virus work was interesting for many reasons. The influence of water 

on the packing of virus molecules was very great and this permitted the 
direct demonstration of long range interparticle forces. The diagrams 
although varying slightly from strain to strain were constant enough to 
um for identification purposes. Thus Holmes’ ribgram virus waa by its 
X-ray diagrams shown to be a variant of tobacco mosaic despite its very 
different amino acid analysis. In some early X-ray work on unoriented 
specimens (a), sharp l i e s  were observed which had been considered as 
demonstrating the crystalline character of the virus aggregates. Theae 
lines are now shown to be completely intramolecular in origin. The ordered 
aggregates of molecules are not threedimensional crystalline arrays but 
rather are a form of liquid crystal. 

N. CRYSTALLINE PROTE1INS. SINGLE CRYSTAL STUDIES 

Single protein crystals can be made to yield exceedingly detailed X-ray 
diagrams and yet one must admit that to date the results of such single 
crystal study have been disappointing, disappointing because very beautiful 
and complete data have so far only yielded comparatively meager results. 

It has always been possible with single protein crystals to determine 
uniquely the size and shape of the unit cell. Often the space group can also 
be assigned, and this knowledge of cell size, shape, and symmetry usually is 
d c i e n t  to determine the number of molecules in the unit cell. The 
number can definitely be determined if in addition the molecular weight is 
known very approximately. If the density of the crystal can be measured 
it is possible to determine the X-ray molecular weight - either hydrated 
if the crystal was immersed in its mother liquor or anhydrous if the crystal 
waa dry. Table I contains the essential data which are derived from an 
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analysis of the geometry of the X-ray reflections (43). It will be seen that 
in general the agreement between X-ray and non X-ray molecular weighta 
is quite acceptable. 

Nevertheless, already one difficult step (the density determination) has 
been introduced. When wet crystals are studied, there is considerable 
doubt as to just what one measures. When the densities are measured by 
adjusting a solution in which the crystals are immersed until equilibrium 
h obtained, the solution undoubtedly affects the state of hydration of the 
crystal. McMeekin and Warner have studied this question in detail for lac- 
toglobulin (44). They conclude among other things “that previous eati- 
matea of the water of hydration of protein crystals are entirely too small.” 
The density of anhydrous crystals can usually be determined reliably, 
but unfortunately in dry crystals the X-ray patterns are always poorer 
than those obtainable from the wet crystals. 
As soon as attempts were made to use the intensities of the X-ray 

reflections, progress became very slow. So far, insulin, lactoglobulin, and 
hemoglobin have been so studied, the last most extensively. 
Insulin has been studied both air dry (45) and wet (46). For the dry 

crystal, Patterson projections and Harker sections were computed. The 
high symmetry of the insulin unit cell permitted the determination of the 
principal gross features of the three-dimensional Patterson synthesis. 
Because no reflections were observed of spacing smaller than 7 A, this 
Patterson map could not be expected to reveal detail on an atomic scale. 
Crowfoot did not attempt to push the analysis much further. She did, 
however, point out the clustering of interatomic vectors of 11 A and 22 A 
length. Similar but not so extensive computations have been made for 
wet insulin (46), and a correlation appears to exist between the two vector 
maps. The molecule does not appear to be much affected by hydration; 
all that happens is a rearrangement of the molecules relative to one another 
to accommodate the water. Tobacco mosaic virus and hemoglobin (see 
below) also seem to exhibit this constancy of molecular geometry. Lacto- 
globulin has been similarly studied although to date only a brief report of 
this work has appeared in a review paper (47). 

Wrinch has suggested her cyclol, Ca, as the structure for insulin and con- 
siders the X-ray data from insulin as supporting her proposals (18). The 
acute discussion which followed has now subsided with nothing settled 
save the conviction that what is badly needed are better experiments and 
more useful data. 

Perutz and Boyes-Watson have attempted to supply these experiments 
and data in some studies of hemoglobin. It is to be regretted that so far 
only three short papers in Nature have appeared about their work. In the 
first of these papers (491, crystals of horse methemoglobin were studied in 
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X-RAY DATA 

Ribmudem (dhorhombic). I. Fankuchen (1). 
Ribonucleaee (monoclinic). I. Fankuchen (2). 
Insulin. Crowfoot (3, 4) (dry), and Crowfoot and Riley (5) (wet). 
Lactoglobulin. Crowfoot and Riley (6). Further work is being carried on by these 

workers (private communication) including Fourier Btudies and x-ray studies of 
crystah in various states of hydration (7). See Crowfoot (21). 

7-Chymotrypsin: prepared by Kunitz. X-ray studies by I. Fankuchen (1). 
Chymolrypuin. Bernal, Fankuchen and Peruti (8), Pcrutz (9). (In the original com- 

munication (8) n waa taken as 4. It is now suggested by Peruta that n=2. This 
gives a moleculru weight in better agreement with the data.) Crystals prepared 
by Northrop. 

Hemoglobin. Bernal, Fankuchen and Perutz (8). Further intensive study is beiig done 
by PeNtZ (9). See also Crowfoot (21). Perutz, Nature 149, 491 (1942). 

Pspein. Bernal and Crowfoot (10). These memurementa were the first on single pro- 
tein crystals and repetition of thia work would be desirable. 

R o r ~  Serum Albumin: prepared by T.L. McMeekin; x-ray studies by I. Fankuchen (1). 
Tobucco Seed Globulin. Crowfoot and Fankuchen (11). Fairly old, dry crystals wem 

used prepared by Vickery. Only three extremely faint powder lines were observed. 
It would be desirable to have them messurements repeated and an effort to obtain 
data on wet crystals would be worthwhile. 

E W n .  Astbury, Dickinson and Bailey (12) and Astbury and Bell (13). Astbury and 
Bell refer to this unpublished work in their paper in Tabulae Biologicae (14). 

Bwhy Stunt Viruu. Bernal, Fankuchen and Riley (15). Material furnished by Bawden 
and f i e ,  and x-ray studies of Bernal, D., and Fankuchen, I., J.  Gun. Physid., 
26, 111, 147 (1941). 

NON-X-RAY MOLEICULAB WEIQET DATA 

Ribonucleass, 12,700, A. Rothen (16). 
Inadin, hdcglobtulin, pepuin and ezcelsin are taken from Svedberg (17) and ace centri- 

Chymdrypein, 41,000, Kunitz and Northrop (18), measured by oemotio pressure. 
Eemogbbin: 66,700 ia found by chemical methods. The ultracentrifuge value for home 

hemoglobin (17) is 68,00089,000. 
Hm~e Serum Albumin. From Mehl and Oncley, unpublished measurements of sedi- 

mentation and dBusion constants yielding about 70,000. 
Tobucco Seed Globulin: only the sedimentation constant 12.7XlVJ waa known (Philpot, 

unpublished data). Thia is similar to the values for the other eeed globulins whose 
molecular weighta are about 300,000. 

Bushy Stunt Virue: molecular weighta 7,800,000 and 8,800,000, McFarlane and Kekick 
(19); molecular weight 10,600,000, LautTer and Stanley (20). These molecular 
weights were used in determining “nyl the number of molecules per unit cell. 

fuge measurements. 

DBINBL’PIBB 
Ribanuc?cuue: I. Fankuchen (1). 
Inadin: both needle-shaped and flat rhombohedra were studied by Crowfoot. These 

were shown to poesess identical crystal structure. The nwdlea were imperfect and 
gave density values a trifle lower than the rhombohedra. The value chosen WM 

the highest observed and was obtained from the largest rhombohedral cryetsls. 
Residual water 6.36% in airdried crystals wm determined by dryihg under reduced 
preseure at 1049 
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Ladoglobulin: Wet Tabular, 1.257 in sugar solution (Crowfoot, 6). Wet Needles, dis- 
solved too rapidly to permit of any density determinations. Dry Crystals found to 
be 1.27 by immersion in dichlorobensene and toluene (6). Crowfoot believes this 
value too low, due to occlusion of air and uses an assumed density of 1.31 (insulin) 
in computations of molecular weights. McMeekm and Warner (22) suggest that the 
density of wet tabular crystals is 1.146 and of the dry 1.26. The wet X-ray molec- 
ular weight then becomes 61,100. The wet crystals contain 46% water, and there- 
fore the anhydrous molecular weight is 33,000. For the air dry crystals, the X-ray 
molecular weight is 39,700. Corrected for 10% residual water, thk gives an anhy- 
drous molecular weight of 35,800. 

Chymottypsin: Wet. Determined by Perutz (8). Dry, value of 1.31 assumed (8). 
Hemoglobin: Wet. Determined by Perutz (8). Dry, value of 1.26 assumed to corre- 

spond with value for serum albumin as given by Chick and Martin. 
Tobacco Seed Globulin: measured in sodium phosphate buffer solution at p H  5.0. Resid- 

ual water 10.4%. Determined by drying in vacuum a t  100’. 
Ezcelsin: Value of 1.31 aseumed by I. Fankuchen to  permit computation of molecular 

weight. Table in paper by Astbury and Bell gives only unit cell data and dry molec- 
ular weight. Assumption is made that this value is corrected for residual water. 

Buahy Stunt Virus: Wet crystale, 1.286, measured by immersion. Dry crystals, 1.35, 
from computations of McFarlane and Kekwick (19). 

various states of hydration. At all hydrations, the unit cell was mono- 
clinic. The “aJJ axis changed slightly with changing water content, and 
the “bJJ axis remained constant. The largest change waa in the magnitude 
of the “c” spacing and in the /3 angle. Patterson projections onto the b 
plane were computed for the different states of hydration and compared. 
It is concluded “that the dry hemoglobin molecule is seen to be a platelet 
36 A thick; it is 64 A long in the direction of b and probably somewhat 
shorter along “a.” It may consist of one layer in the 36 A direction or at 
most of two 18 A thick layers which in the hydrated molecule are sepa- 
rated by water and salt. 

In the second paper (50), oxyhemoglobin is studied. This crystallizea 
in an orthorhombic unit cell. Patterson projections were made and com- 
pared with those of methemoglobin. There are some similarities which 
enable reasonable guesses to be made as to the orientation of the molecules 
in the crystal-providing one assumes that essentially the geometry of 
both molecules is the same. 

In the third paper (51), two merent  ways were used to determine the 
phase angles of a limited set (00 I )  of reflections of methemoglobin. First, 
the change of intensity of the 00 1 reflections with change of water content 
was used to limit the choice of phase angles of these reflections. Thie 
narrowed the choice to eight possibilities, all of which, it is claimed, ruled 
out the possibility of the hemoglobin molecule consisting of a double layer 
etructure separatable by water. By introducing the dimensions and density 
of the molecules, all but one of the possibilities were eliminated. Thie 
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choice waa checked by studying the Merencse in the intensitits of the 00 Z 
reflections in wet crystale, cryatallid in pure water and in ammonium 
sulfate solution. The resulting Fourier analysis suggests a four layer 
structure for the molecule - each layer 9 A thick. Thw layers are tied 
together, however, and form a rigid molecule. 

These three papers make a promising beginning in the detailed study 
of a native protein structure. It is to be hoped that a fuller publication of 
this work will be forthcoming soon. Only then can a proper evaluation of 
its importance be made. 

V. MISCELLANEOUS PROTHIINS AND RELATED MATRIRIALS 
Schmitt (52) has in a recent review in Vol. 1 of this series carefully 

reviewed the structural studies of biological tissueg, and therefore no 
further discussion of this group of protein rich mattuiale is necesslvy here. 

Spiegel-Adolf and collaborators have published a seriea of papers (53,54, 
55,56) in which X-rays and unoriented specimens have been UBBd to traoe 
the effects of chemical and physical agents on proteins. The austomsrg 
wide angle diagrams were used. Tuberculin proteins (63) show generaUy 
the usual protein halos. The quantitative aspects of this and the other 
papers of this series are open to criticism. The reviewer cannot see how 
spacings of halos can be given to one part in a thousand (63,M) when a 
1 mm. diameter pinhole system, a 37.7 mm. specimen to film distance, and 
unfiltered copper radiation are used. In (53) the line widths are used to 
compute “crystallite” size. No corrections are apparently made for the 
instrumental contribution to the line breadth, the radiation is not mono- 
chromatic, and finally there is every reason to doubt that the computation 
would be meaningful even if’it were properly carried out. The line width 
computations can only apply when the line is a single, crystauine reflection, 
and almost certainly the halos studied are composite and the material 
non-crysta,lline. 

Powder diagrams of ferritin and apoferritin (8) c&~l be interpreted in 
temp of a unit cell since both are cubic. They crystallize in the cubio 
system with identical unit cells in size, 186 A. The line intensities in the 
two c&8e8 are very different. Apparently the protein decides the packing 
and the iron somehow fills the interstices. 

The polyhedral bodies of silkworm disease (55) give a sharp line diagram 
(7). The innermost line observed is about 40 A. A cubic unit cell of aide 
75 A fits the data, but this must be considered aa a tentative figure. 
Proteins denatured in various ways have been formed into oriented 

fibers (66,57) which give the @ pattern. This again supporta the idea that 
globular proteins am folded configurations of a polypeptide chain. 
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VI. SUMMARY 
In the not too distant future, it is likely that considerable light will be 

thrown on the structure of proteins by X-ray diffraction investigations. 
As the preceding part of this paper has indicated, a beginning has been 
made. Further results will undoubtedly come from many converging 
directions, Thus, many approaches will require the making of models - 
models of polypeptide chains both straight and coiled up in various ways. 
The recent work by Pauling’s group on the crystal structure of diketo- 
piperazine (58), glycine (59), dCalanine (60), 8-glycylglycine (61) will 
undoubtedly be of considerable value. In these papers, the structures were 
worked out in detail and thus reliable interatomic bond lengths and angles 
became available. Most of the results were as expected but thecbond, 
N-CH2, was unexpectedly short in all these structures, 1.41 A. Corey (62) 
has discussed in detail the interatomic distances found in these amino 
acid crystals in connection with the work on fibrous proteins. It is not 
unreasonable to assume that in the globular proteins, interatomic relation- 
ships exist similar to those found by Corey and his coworkers in the 
simpler amino acids. - 

The fibrous protein field also should soon produce interesting results. 
Several new and rather attractive pictures of what fibrous protein struc- 
tures look l i e  have been recently proposed but much more important is 
the fact that new and better experiments are being performed. It is, 
moreover, now being realized that specimen preparation is important; 
that proteins are rather delicate structures and that it is essential that the 
chemical or physical procedures used in the isolation of a fibrous protein 
be chosen so as to produce a minimum of change from the native state. 

The developments that have been and are being made in the use of 
Fourier series will certainly play a role in protein investigations, not only 
in the crystalline proteins where they have already been partly applied 
but in the fibrous proteins as well. The data which are being obtained 
particularly from the low angle studies seem eminently suitable for such an 
analysis. 

In the crystalline protein field, the situation is perhaps in one sense 
analogous to that which existed in steroid structures (63, 64). Here an 
extensive survey (63) of about 100 steroids indicated which steroid crystals 
might repay an intensive study (64). Only about ten different crystalline 
proteins have been studied with X-rays; three: insulin, lactoglobulin, and 
hemoglobin, in some detail. The choice of these three was probably dictated 
not by their individual promise, but rather by the fact that suitable crystals 
of these materials were available. Before much more time is spent on any 
further intensive studies, it might be wise to attempt a more complete 
preliminary survey of all available crystalline proteins. Such a survey 
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might well yield several much more promising proteins than those already 
studied. Ribonucleaae may be one of them. The molecule is very small for 
a protein, two different crystal forms have been found, the crystals of both 
forms yield excellent X-ray diagrams, both wet and dry (Fig. la, lb). 

The actual mechanics of obtaining the X-ray data may be improved also. 
Heretofore, with single crystals, the oscillation method has been used. 
Buerger (66) has devised a new technique which permita the direct photog- 
raphy of the reciprocal lattice, one layer at a time, and he believes that it 
should be useful for crystals with laxge unit celh - such as proteins. 

Another new approach may be in the study of the low angle X-ray 
scattering of protein solutions. Chymotrypsin has been so studied (66). 
The method does not give information concerning the internal structure 
of the molecule but does permit some computation of the molecular size 
and shape (67). 

In 1939 in a lecture on proteins at  the Royal Institution, Bernal said: 
“The problem of the protein structure is now a definite and not unatkainable 
goal, but for success it requires a degree of collaboration between research 
workers which has not yet been reached.” Six years later, this quotation 
is still a good description of the writer’s feelings. 
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129 

chemical composition, 3M) 
degradation, 6 
molecular weight, 346 

Globm hemochromogm, 362 
Globoglycoid, 266 
Globulin, X-ray data of tobacco seed, 3 
a-Globulin, hexose content, 271 
fl-Globulin, hexose content, 271 
 globulin, antibodies and blood serum, 

139 
concentration in blood serum, 139 
infection and, 139 
macrophagee and, 140 

amino acid composition of, 137, 138 
carbohydrate content, 271 
crystalline, from pathological sera, 272 
dietary proteins and, 145 
enzymes and synthesis of, 152 
homogeneity of, 271 
macrophages and, 140 
relation to antibody serum globulins, 

139, 144,145 
Vitamins and, 152 

Gluconic acid, 253, 257 
determination, 256 

Glucosamine, 256 
in seromucoid, 267 

Glucoaamine dimannoaide, 264 
Glucuronic acid, 252 

Glutamic acid, 8, 160 

of gelatin, 111 
of gliadin, 111 
of ladoglobulin, 111 
of ovalbumin, 11 1 
of silk fibroin, 111 
of wheat gluten, 356ff 
of yesat, 111 

Globulins, blood serum, 253,271 

isolation, 257 

content of casein, 11 1 

determination, 12, 15, 18ff, 30, 31, 44, 
47,49 

isolation, 39, 42 
malignant tumors and, 15 
microbiological assay, 108ff 
preparation from gelatin by ionophoreeis, 

razemization, 9, 15 
reaction with formaldehyde, 308 

32 



Glutamine, 6, 109 
determinefian, 48 
reaction with formaldehyde,308, 826 

structure, 159, 160, 172 

amino acid composition, 350,351 
chemical composition, 350 
determination in flour, 352 
preparation, 344, 345, 348 

Glycine, 15, 1W, 41,43 
crystal structure, 403 
determination, 40, 47, 49,58 
inhibitory effect on Streptococcus fecalis, 

reaction with formaldehyde, 287-289 

Glutathione, 110 

Glutah, 339, 340,344 

101 

Glycine oxidase, 53 
Glycoproteins, 250,253,270-!272 

definition, 250 
determination of hexosea in, 257 

Glycylalanine, isolation, 46 
reaction with formaldehyde, 309 

Glycylglycine, crystal structure, 403 
Glycyltryptophan, reaction with formal- 

Gonadotropins, from pregnant mare serum, 
dehyde, 311 

282 

Gramicidin, 8 
properties, 262 

analysis, 12, 29, 31, 53 
structure, 158 

Gramicidin S, 4 
analpis, 29 

Guanidino group, reaction with formalde- 
hyde, 283,303,316 

H 
Haptens, synthetic, 157 
Harmala alkaloids, 310 
Heart, amino acid content, 125 
Heme compounds, copper and synthmis of, 

Hemerythrin, 182 
Hemocuprein, 182 

23 1 

biological function, 231 
composition, 230 
copper protein nature of, 230 
isolation from red blood corpuscles, 230 
molecular weight, 230 

HemocuDrh. 193 
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. I -  determination, 17, 33, 39, 40, 41, 44, 57 

Hemocyanin(s), lmff 
amino acid content, 188 
combination with oxygen, 190 

with cu, 193 
composition, 186188 
copper content, 1811 
degradation, 1Wff 
dissociation, 201-206 
enzymatic properties, 208 
globulin nature, 196 
isolation, 184fI 
immunological properties, 207-208 
molecular weights, 183,196-201 

occurrence in marine animals, 181 
oxidation, 195 
oxygen capacity, 190 
oxygen in, 190, 191 
physical propertia, 206 
prosthetic group, 188ff 
protein moiety, 188, 196ff 
reaction with carbon monoxide, 191, 192 
respiratory function, 181, 182, 183 
sulfw content, 188 

amino acid composition, 105, 106, 114 
denaturation, 343, 377, 378, 379, 383 
density, 401 
determination of hydroxyamino acids in, 

molecular weight, 399, 400 
respiratory function, 182 
X-ray data, 397, 399, 400 

dimensions, 196 

Hemoglobin, 182 

50 

Hemolysins, protein starvation and forma- 

Henderson-Hasselbalch curve, 300, 301 
Heparin, 252 
Hepatocuprein, 182, 230 

biological function, 231 
copper content, 231 

tion of, 146, 147 

Hexoxidase, 209 
Hexamethylenetetramine, 285, 286 
Hexmamines, 250, 271 

Hexuronic acid, see Ascorbic acid 
Histamine, reaction with formaldehyde, 

Histidine, 187, 188 

isolation, 256 

314 

association constants. 315 
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inhibitory d e c t  on Lacbbnoillw OM&, 

101 
on toxoid formation, 8%) 

reaction with formaldehyde, 283, 803, 
311-315 

Hormones, gonadotropic, 263, 261-262 
aarbohydrate ratio in, 261 
oomposition, 261, 262 
molecular weight, 262 
mucqid nature of, 201 
from pituitary gland, 201 
from pregnancy urine, 261 
preparation, 261 

Hormones, pituitary, separation, 36 
Horn liver catslase, analysis by ion* 

Horse-radish peroxidase, analysis by iono- 

Humin, 18,43, 122, 310 
Hyaluronic acid, 251,252 

molecular weight, 258 

phoreais, 33 

phoresis, 33 

and biological activity, 258 
Hydrogen peroxide, produced in the copper 

catalyzed oxidation of ascorbic acid, 
228 

Hydroxyarginine, 5 
0-Hydroxybenzylideneaehe, 306 (foot- 

Hydroxybromopyrimidinecarboxylic acid, 

Hydroxyglutamic acid, 3, 5 
determination, 60 

6-Hydroxytetrahydropyrimidyl- 4 - carbox- 
ylic acid, 307 

Hydroxyl groups, reaction with formalde- 
hyde, 283 

Hydroxylysine, 4ff 
determination, 39, 49, 60, 51, 52 

Hydroxymethylamines, 286 
N-Hydroxymethylglycine, 287, 288 
Hydroxyproline, 3 , 8  

note) 

307 

determination, 15, 41, 47, 58 
isolation, 42 

N-Hydroxytrimethylenegycne, 287, 461 
Hydroxytryptophan, 6 
Hydroxyvaline, 5 
Hyperglobulinemia, 140 
Hyperproteincmia, 139, 146 
Hypoalbuminemis, 145 

nutritional edema and, 145 

Hypoglobulinemis, 140 

Hypoproteinemia, 160,161 
and re~ktanoe to bqterial iafection, 1% 

I 
hidesolelactic acid, reaction with formal- 

Imino acids, reaction with formaldehyde, 
dehyde, 314 

293-296,807-308 
Imino group, reaction with formaldehyde, 

282 
Inanition, blood plaama and, 46 
effect on mistance to infection, 148ff 
lymphatic glands and, 142 
tuberculosis and, 149, 150 

Indole, growth factor for LactobaciUus 

Infection, y-globulin and, 139 
arabmosus, 107 

hypoglobulinemia and, 146,160 
inanition and, 148 
protein deficiency and, 148ff 
protein intake and diphtherial, 150 

and pneumococcic, 150, 151 
and postoperative, 151 

Influenza virus, d e c t  of formaldehyde on, 
.331ff 

Insulin, 7, 237ff, 250 
amino acid composition, 238 
analysis, 12,50, 168 
myatdliiation, 239 
determination of amino acids in, 168 
molecular structure, 238 
molecular weight, 238, 399, 400 
structure, 397 
X-ray data, 397,39!3-401 
zinc content of crystalline, 237 

Invertebratea, hemocyanina in blood of, 
182,183,184 

Iodogorgoic acid, 6 
determination, 59 

Ionophoresis, 31-38 
Iron-copper-nucleoprotein, 231ff 

composition, 231-232 
hemopoietic activity, 231 
isolation, 231 
eolubility, 232 

Isoleucine, 15, 45 
determination, 1W, 27,48 
inhibitory effect on Lactobacillus ossei, 

101 
microbiological assay, 105ff 



“Iaotopa dilution” method, 9,16,97 (foot- 
note), 114 

K 
Keratin, 326ff 

reaction with formaldehyde, 326 
X-ray data, 394 

Kidney, amino-acid content of, 126, 127 

L 
Lacwe, l82,209,210E, 213ff 

sscorbic acid and, 212 
blue pigment of, 211,213 
carbohydrate component, 213 
dopper content, 208, 211, 214 
enzymatic activity, 211, 213 
inactivation, 211, 213, 214 
iron and, 211 
in kidney, 213ff 
manganese and, 211 
as polyphenoloxidase, 210, 213 
Boucce of, 210 
tyrosinase and, 212 

conetitution, 210 
h c o l ,  210 

Lactalbumin, amino acid content, 108,124, 

determination of hydroxyamino acids in, 

Lactarius piperatus, tyrosinme content, 

Lactic acid bacteria 

127 

M) 

217,218,219 

amino acid assay with, 101-112E 
’ requirements,88-94 

growth factors for, 88,89 
media for, 102 
mineral requirements, 88 
nutritive requirements, 86-88 
vitamin requirements, 88 

hctobacillus arabinosus, 87 
amino acid w a y  with, 99, 106, 101- 
lW, 113 
requirements, 8%94 

p-aminobenzoic acid requirement, 90 

growth factors for, 89, 107 
vitamin requirements, 89 

amino acid assay with 99,1OP,105,109 

(footnote) 

Lactobecillus caeei, 87,89 

SUBJECT INDEX 

(footnote) reaction with formaldehyde, 316-317 

437 

requirements, 93, 94 
growth factors for, 89 
vitamin requirements, 89 

Lsctobacillus delbrueckii, 87 
growth factors for, 88, 89 
vitamin requirements, 88, 89 

Lactobacillus fermentum, 87 
vitamin requirements, 89 

Lactobacillus lycopersici, amino acid re- 
quirements, 89 

Lactobacillus mannitopoeus, amino acid 
requirements, 89 

Lactobacillus pentosus, 87 
amino acid assay, 99,105,107 (footnote) 
amino acid requirements, 93 

Lactobacillus plantarum, amino acid re- 
quirements, 88 

growth factors for, 89 
vitamin requirements, 89 

Lactoglobulin, amino acid content, 106, 
106, 111, 113 

analysis, 12, 50 
density, 401 
effect of formaldehyde on titration 

molecular weight, 399, 400 
X-ray data, 397 

determination, 63 

curves of, 317 

Lanthionine, 7, 8 

Lena capsule, residual protein of, 252, 263 
Leucine, 8, 15,43, 187, 194 

determination, 17, 19ff, 27,45, 48 
microbiological aasay, 105ff, 112,114,120 
content of proteins, 114 

amino acid w a y  with, 107 (footnote), 
Leuconostoc mescnteroides, 87 

109 (footnote), 110, 113 
requirement, 93, 94 

growth factors, 89 
vitamin requirements, 89 

Leucosin, 339 
Linseed meal, amino acid content, 127,128 
Liver, amino acid content, 125 
Luciferase, reversible denaturation of, 381 
Lysine, 187, 188, 3168,320 

determination, 12, 17, 33, 39, 41, 44, 62 
inhibitory effect on Lactobacillus casei, 

microbiological assay. 110, 112 
101 
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M 
Macrophages, y-globulin and, 140 

Man, amino acid requirement, 131 
Mare serum, gonadotropins from pregnant, 

262 
Melanin,216 
Mesonin, preparation, 348 
Metalenzyme systems, carbohydrate me- 

tabolism and, 234 
Metals, occurrence in proteins, 180ff, 233ff, 

241 
Methemocyanin, 195 
Methemoglobin, X-ray data, 399, 401 
Methionine, 39, 45, 188, 193 

serum globulin and, 140 

in casein, 113 
determination, 27, 43, 44, 62ff 
microbiological assay, 113 

Methylasparagine, reaction with formal- 

Methyleneasparagine, 307 
MethyIene bridge formation, 278,281,284, 

316,623,325,326 
Methylenediglycine, 287, 289 
Methyleneglycine, 257, 288 

barium salt of, 287, 288 
Methylene glycol, 279ff, 281 
CMethylimidazole, reaction with formal- 

Microbiological assay of amino acids, 85- 

criteria for establishing reliabiity, 97- 

medii for, 102 
specificity, 100, 101 

of whole, 124 
copper content, 232 
tryptophan content, 108 

Milk-copper protein, 182,232ff 
composition, 232 
isolation from raw milk, 232 

dehyde, 308 

dehyde, 314 

115 

100 

Milk, amino acid content of human, 124 

Molecular weight, of carbonic anhydreae, 
240 

of chondroitin sulfate, 258 
of gonadotropic hormones, 262 
of mucoids, 258 
of mucopolysaccharides, 258 
of proteins, 398-400 

Much, synovial, 251 
Mucins, formation, 251, 253 
Mucoid, gastric, 251 

blood group A activity, 268, 259,260 
composition, 259 
isolation, 259 
molecular weight, 258, 260 
properties, 260 

carbohydrate moiety, 270 
isolation, 269 

submaxillary, 253,268-270 

Mucoids, 250, 253, 259ff 
blood group A activity of, 259 
determination of hexoses in, 257 
molecular weight, 258, 259 
sources, 259 

Mucoitinsulfuric acid, 264 (footnote) 
Mucopolysaccharide acid, we Hyaluronia 

Mucopolysaccharides, 250, 252 
analysis, 255 
carbohydrate moiety of, 250 

definition, 250 
determination of amino sugam in, 256 
lipid component of, 250 
molecular weight, 258 
occurrence, 251, 252, 253 
phosphoric acid and, 250 
preparation, 253-255 
properties, 255 

of skin, 255 
sulfuric acid in, 260 

acid 

ratio in, 254, 258 

Mucoproteins, 253 
Mucma, gastric, blood group A substance 

of, 253 
neutral polysaccharide of, 252 

Muscle protein, determination of hydroxy- 

Muscles, amho acid content of aaims), 

Myoglobin, 183 
Myosin, 5 

amino acids in, 50 

124,125,127 

analpie, 29, w 
determination of sulfhydryl groups in,- 
effect of formaldehyde on titrrtian 

curven of, 817 
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N 
Neurospora crassa mutants, assay of 

amino acids with, 94,95,100,112,115, 
120 

Norleucine, 5 
inhibitory effect on Proteus morganii, 

101 
Norvaline, 5 

inhibitory effect on Proteus morganii, 

Nucleoproteins, determination of sulfhy- 
101 

dry1 groups in tissue, 368 

0 
Oats, amino acid content of, 128, 130 
Octopine, 4 
Ornithine, 4 

determination, 40, 41 
growth factor for Lactobacillus arabi- 

nosus, 104 
Ornithuric acid, 4 
Ovalbumin (sec also egg albumin), 253 

amino acid content, 105, 106, 108, 111, 
113, 123 

Ovomucin, composition, 267 
Ovomucoid, 253 

propertics, 252 
Ovomucoid-a, 262 

amino acid cornposition, 263 
analysis, 263 
carbohydrate component, 263, 264 
concentration in egg-white, 263 
isolation, 262, 263, 264 
stability, 264 

Ovomucoid-& 252, 253, 268 
Oxazolidine carboxylic acid, 306 
Oxmolidines, preparation, 306 
Ox blood, mucoid from defibrinated, 265 
Oxidases, 208ff 

Oxyhemocyanin, 181, 182 
Oxyhemoglobin, X-ray studies on, 401 
Oxymethemocyanin, 195, 196 

P 
Papain, 355 
Peanut meal, amino acid content, 127,128 
Pepsin, 250 

copper and, 208 

inactivation, 383 
X-ray data, 400 

Peptides, association constants with for- 

determination of amino acid sequence 

dissociation constants in water, 300 

reaction with formaldehyde, 283, 303, 

separation by chromatographic meth- 

structure, 159 
terminal amino acids in, 159 

maldehyde, 299 

in, 157, 158-173 

in formaldehyde, 300 

3086 

ods, 31 

Phalloidin, 6 
Phenolases, 2086 
Phenylalanine, 8, 9, 43 
h casein, 113 
destruction during protein hydrolysis, 10 
determination, 20, 41, 58ff 
microbiological assay, 113 
reaction with formaldchydo, 283, 303, 

Phenylethylamine, reaction with formnlde- 

Phosphomucopolysaccharides, 253 
Phosphotungstic acid, 39ff, 44, 61 
Phycomyces blakesleeanus, assay of vita- 

Picric acid, 41, 44 
Picrolonic acid, 41 
Plasma, see Blood plasma 
Pneumococcus, C carbohydrate of, 253 
Polarimetric analysis, 285. 295-298 
Polyphenol oxidme, see Tyrosinase 
Polysaccharide of Type XIV Pneumococ- 

Porphyrindin titration, 364 
Potato, tyrosinme in, 216ff 
Potentiometric analysis, 285, 289-295 
Precipitation methods, 3844 

Preeipitins, effect of protein starvation on 

Proline, 4 

311ff 

hyde, 311 

min BI with, 86 

cus, 252, 258 

accuracy, 38 

formation of, 146 

determination, 12, 198, 27, 47, 58 
isolation, 42, 44 
purification, 40, 41 

Prolysine, 4 
Propylenediamine, reaction with formal- 

Prosthetic groups in hemocyanins, 188ff 
dehyde, 316 
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Protaminase, 161 
protsmineap, determination of terminsl of nitrogen in, 13ff 

of disulfide groups in, 371 

of sulfhydryl group in, 363-371 amino acids in, 161 

355 , of terminal amino acids in, 157-1s 
Proteinam, activation by reducing agenb, of sulfur in, 63 

inhibition by oxidbiing agenta, 355 of tryptophan groups, 371,372 
of tyroshe groups, 371 Protein deficiency, effect on syntheaia of 

antibodiea in animals, 146 
infection and, 148 
nutritional edema and, 150 
rheumatic disease and, 160 
tuberculosis and, 149, 160 

Protein denaturation, 361-383 
accessibility theory of, 374 
“All or None” character of, 382-384 
bonding theory of, 375 
change in shape and, 362,374 
compound theory of, 373,374 
reversibility of, 377-380 

Protein group, biological reactions of, 373 
Protein hydrolyaatea, biological degrada- 

tion, 51-53 
chemical degradation, 46-51 
chromatography, 14,16431 
colorimetry, 56ff 
ionophoresis, 14,3138 
isotope dilution, 15 
non-antigenicity, 152 
nutritive value, 162 
parenteral source of utilieable amino 

acids, 152 
precipitation, 38-46 
spectrometry, 66ff 

action of formaldehyde on fibrous, 278 
PrOtehi 

319-327 
on virus, 395-396 

determination in intact, 119, 120 
amino acid composition of food, 119-131 

analysis, 1-63 
biological evaluation, 142-145 
blood seruml half life of molecule of, la7 

mannose in, 264 
nutrition and aynthesia of, 130, 137 

complex nature, 250 
deemination and formaldehyde bindhg 

determination of amino groups h, 372 
of bound formaldehyde in, 317-320 
of carboxyl groups in, 372 

capacity, 323,325,326 

dietribution of sulfur in, 63 
affect of formaldehyde on titration 

equilibrium between denatmted and 

hydrolysis by acids, 122 

ourves of, 317 

native, 377 

by alkalis, 121 
by enzymes, 121 

iron-containiig, 182 
methylated, 29 
non-identity of native and revered, 877 
nutritive value of egg, 126 
occurrence of metala in, 179-241 
selenium in, 7 

Proteose, 339 
Proteus morganii 

101 
growth inhibitory effect of d o t h d n e ,  

norleucine, 101 
norvaliue, 101 

Rothrombin, carbohydrate content, 272 
Protyrosinaae, 222 

activation, 223, 224 
copper in, 223-224 
isolation, 223 
source of, 222 

Psalliota campestria (edible mushroom), 

Ptyalin, 121 
Purpuhsulfonic acid, 41 
Pyridoxal, 88,8Q 
Pyridoxamine, 88, 89,92 (footnote) 
Pyridoxine, growth promoting &wt, 88, 

tyrosinase in, 211, 216 

89,92 (footnote) 

B 
Reiiecke acid, 41 
Resins, synthetic, 18ff 
Respiratory pigmenb, 18H 
Rheumatism, protein deficiency and, 160 
Riboflavin, assay with lactic acid bacterb, 

86 
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Ribonucleaae, molecular weight, 399, 400 

Rice, amino acid content, 128, 130 
Rich, effect of formaldehyde on, 330 
Rufianic acid, 41 

X-ray data, 399401,404 

S 
Saliva, isolation of blood group A mb- 

8almine, determination of hydmxyamino 

Sarcoeine, 287,288,289 
Sepia officinak, formation of hemocylrnin 

Serine, 5, 7, 193 306 

strrnce from horse, 280 

acids in, 50 

in, 183 

destruction during protein hydrolyaii, 10 
determination, 19,49, 60 
inhibitory effect on Streptomcus fecalis, 

101 
ieolation, 46 
reaction with formaldehyde, 306 

Seroglycoid, 264,265 
carbohydrate content, 286 
composition, 265 
preparation, 265,286 

h m u c o i d ,  ,252, 253, 204 
carbohydrate content, 267 

increase in carcinoma, 267 
preparation, 265, 266 
properties, 252 

moiety of, 267 

Sesame seed, amino acid content of, 128 
Shiga-Ihwe specific polpawharide, 252 
Silk fibroin, amiuo acid content, 1&j,lOS, 

111,112 
analysis, 12,39,46 

Skin, mucopolysaccharidea of, 255, 
Sodium glutamate, manufacture &j6,367 
Soy bean meal, 147,150 

“Soroiodolic acid”, 41 
Spectrometric methods, 56 
Spermatozoa, 43 
steric hindrance, 2ggtr 
Steroids, X-ray studies on structure of, 403 
Stmptococcus, C carbohydrate of, 263 
Streptoooccus fecalis, 87,88 

emino acid content, 106, 129 

amino acid away with, MISS, 105,101 

amino acid requirementa, 93 
(footnote), 109 (footnote) 

growth factora for, 89 
toxic effect of glycine on, 101 

of wine  on, 101 
of threonine on, 101 

streptococcus lactie, 

Streptococcua sslivariue, 

Stromatin, 253 
Subunits, 159 
Succinic dehydrogenaae, 183 
Sulfanilamide, action mechaniem, 381 

effect on denaturated enzymes, 381 
Sulfhydryl group, behavior during protein 

determination in coagulated egg albu- 

in denaturated egg albumin, 3 M  
in proteins, 368,369 
in tobacco mosaic virus, 37Off 

Sulfomucopolysaccharidsridee, 252 

Sulfonic acids, aromatic, 45-46 
Sulfur, distribution in proteins, 63 
Sullivan reaction, 60 
Sudower seed, amino acid content, 128 

T 
Tanning of fibrous proteins, 278,285,317- 

Tetrahydrocarboline carboxylic acid, 310 
Tetrahydroisoquinoline derivativsridee, 31 1 
Tetrahydropyridb3,4-iidasoles-oarbox- 

amino acid requirementa, 93,W 

thiamine requirement, 89 

denaturation, 364-371 

min, 30413 

preparation, 253 

326 

ylic acid, 312, 313 
physical constants, 313 
structure, 313 

Thiamine, growth factor for Streptococcw~ 

Thiazolidine carboxylic acid, 304,305 
Thiolhistidine, 8 
Threonine, 3, 5, 7, 308 

salivarius, 89 

dostruction during protein hydrolynia, 10 
determination, 48, 49, 60, 51 
inhibitory effect on Streptoeoccua fecalis, 

reaction with formaldehyde, 308 
BOurCea, 5 

Thrombin, carbohydrate content, 272 
Thyroid, debmination of diiodotyrcmb 

in, 29 

101 

of thyroxine in, 29 
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Thyroxine, 6 
det&tion, 6, 9 

in thyroid gland, 29 
TiBBuea, detection of d-amino acids in, 53 
Titration methods, 53-56, 3014503 
Tobacco mosaic virus, 33W1 365, 370 
Toxin, diphtherial, protein intake and 

Toxins, bacterial, conversion into toxoids, 
toxicity of, 150 

278, 328-331 
effect of formaldehyde on 328-330 
diphtheria, preparation, 329 

plant, effect of formaldehyde on, 330 
tetanus, conversion into toxoide, 278 

inhibitory action of histidine, 330 
preparation, 278, 328-331 

stability, 330 

Toxoide, diphtheria, stability, 330 

Transference numbers, 338 
Tricarboxymethyltrimethylenetriamine, 

Triethyltrimethylenetriamine, 286 
Triformalglycine amide, 287 

ester, 287 
Trimethylmethylglucunide, amide of, 

257 
Trimethyltrimethylenetriamine, 286 
Trioxane, 279 
Trypsin, 250 

288ff, 301 

inactivation, 383 
reversible denaturation, 378,381 

Trypsinogen, reversible denaturation of, 

Tryptamine, reaction with formaldehyde, 

Tryptophan, 87, 152,187,331 

377 

311 

destruction during protein hydrolysis, 10 
determination, 12, 27, 44, 68ff, 11M, 

microbiological assay, 107, 108 
reaction with formaldehyde, 283, 303, 

310,372 

310 
Tuberculosis, inanition and, 14W 
Tumors, malignant, glutamic acid and, 16 
Typhoid bacilli, 150 
lLphus Virme, effect of formaldehyde on, 

Tyrocidine, 4, 8 
331 

analpis, 29,53 

Tyroeinase, 182,209,211, 21M 
catecholsse activity of, 218,221 
chemical nature, 217 
copper content, 208,217ff 
cresolase activity of, 218 
electrophoretic properties, 220 
enzymatic activity of, 215, 218 
inactivation, 217 
isolation, 216, 219, 222 
reactivation, 217, 218 
similarity to cytochrome oxidase, 229 
solubility, 219 
sources, 211, 214, 215,216, 222,223 
as vegetal respiratory wyme,  209, 216 

in casein, 113 
destruction during protein hydrolpb, 10 
determination, 12, 20ff, 27,39, M, 119 
enzymatic conversion into melanine, 216 
microbiological may, 113 
reaction with formaldehyde, W, 803, 

Tyrosine, 187, 193, 194 

812 

U 
Undernutrition, p b m a  globulins and, 146 
Uramino acids, 47 
Urease, 52 

369 
determination of sulfhydryl, group in, 

Urethane, action mechanism, 381 

Uricase, 240, 241 
effect on denatmated enzymes, 381 

iron content, 241 
preparation, 240 
zinc content, 241 

Urine, determination of amino acids in, 49, 

Uronic acids, 252 
determination, 256, 257 
isolation, 257 

Urushiol, 210 
constitution, 210 

56 

V 
Vahe, 8,45,187 

determination, IQff, 27, 30, 48 
microbiological m a y  of, 105ff 

Vegetables, amino acid content, la8 
- . .  nutritive value of leafy, 1%' 
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V i  protein, copper content of, 233 
d e c t  of formaldehyde on, 330-332 
X-ray data, 396 

Virusea, effect of formaldehyde on, 330-332 
Vitamin B1, microbiological assay with 

Vitamin &, see Pyridoxine 
Vitamin C, see Ascorbic acid 
Vitellin, amino acid content, 123 

Phycomyces blakesleeanus, 86 

determination of bound formaldehyde 
in, 319 

Vitreoua humour 
acid mucopolysaccharidea in, 257 
“residual protein” of, 252, 253 

W 
Water, dissociation constants of amino 

acids in, 300 
of peptides in, 300 

Wheat, amino acid content of, 106, 127, 
130 

of germ of, 127 
artificial mnturing of, flour, 354 
composition of, flour protein, 339 
properties of, 343,344 

Wheat gluten, 150, 337-357 
adhesives from, 357 
chemical composition, 338, 339 
denaturation, 342 
effect of oxidizing agents on, 354, 355 
glutamic acid from, 355 
physical properties of, 340-352 
preparation, 344 
protein components of, 339, 344,346 
technology of, 351-356 

Wool, analysis, 12,28,31,37 
reaction with formaldehyde, 327 

Worms, iron-containing proteins aa respi- 
ratory enzymes in, 182 

X 
X-Ray dihc t ion ,  387ff 

Y 
Yeast, brewers, amino acid content, 128 

2 
Zein, amino acid content, 108; 129 

reaction with formaldehyde, 327ff 
structure, 168 


