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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
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2 A. J. P, MARTIN AND R. L. M. SYNGE

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 of 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 possible,
to give this review a value separate from any it may have as 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 means by which we may hope to arrive at absolute figures
for the amino acid residues constituting individual proteins.

2. Tae AMino Acips 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 proteins, 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 in higher plants, fungi, and micro-organisms. 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 notes (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’ list of protein constit-
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’ hydrozyproline is one of the 2 stereo-
isomers of y-hydroxy-l-proline (6). The configuration at the ¥-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 —COOH groups may lie trans in relation to the
pyrrolidine ring.

The presence of a common ‘J-’ configuration at the a-C 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 scope of this article (cf. 9). _

Citrulline, HoN.CO-NH.CH,.CH,.CH,.-CH(NH,).COOH. There seemsno
doubt that free [-citrulline occurs in nature. Citrulline was first described
in water-melon press-juice by Wada (10). It is also probable (11, 12) that
it is an important intermediary of animal metabolism. However, the
eitrulline 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
reason (14) for disbelieving Wada’s statement that proline is the main
product on treating citrulline with hot mineral acid. The only other evi-
dence that citruliine 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 carbamic acid,
H,N-COOQOH, as a protein constituent deserves serious consideration (17).
Peptides of this amino acid would presumably give the Fearon reaction.
Citrulline (3-carbamyl-ornithine) is merely a special case of such a peptide.
Model experiments (17, 14) suggest that on acid hydrolysis peptides of
carbamic acid do not yield CO; or NH; stoichiometrically, so the CO,
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 ‘prolysine,’ HII\T-CO-(IJH-(CHg)a-CH(NHg)-COOH,

OC——NH

as occurring in casein and gelatin hydrolyzates. Nothing further has been
published by other workers about this (ef. 20).

Ornithine, H,N.CH,-CH,-CH..CH(NH,)-COOH. This amino acid, like
citrulline, is a known metabolite and is a constituent of ornithuric acid.
3-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 8’ (23, 109a) may also 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).

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

Octopine, HsN.C(:NH).NH.CH,.CH,.CH,.CH(COOH)-NH.CH(CHj,)-
COQOH. 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 [-arginine.

Hydrozylysine. 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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this constitution, although its carbon skeleton has 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 NH,, together with
one molecule of formaldehyde. Van Slyke and colleagues suggest that it
is either aé-diamino-ehydroxy-caproic acid or &-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 as its NN!-diacetyl-O-benzoyl derivative.

If the compound is §-hydroxylysine, it will be interesting to compare the
configuration of the §-C atom with that of the ¥-C atom of hydroxyproline,
which ig perhaps formed in vivo from y-hydroxyornithine, the next lower
homologue of 8-hydroxylysine. 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,;.CH(OH).-CH(NH,)-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
B-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
(cf. also 49).

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

Jacobs and Craig (50) obtained 88-dimethylpyruvic acid or pyruvie acid
together with NH; 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 S-hydrozyvaline and serine as the precursors of these keto
acids (cf. 51). Earlier claims (2, 4, 52; ¢f. 53-55) to have isolated hydroxy-
valine from proteins are inadequately supported, and require, like similar
claims in respect of a-aminobutyric actd (2, 4, 85, 56; cf. 57), norvaline
(a-aminovaleric acid) (2, 4, 55, 58) and norleucine (a-aminocaproic acid)
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(2, 4, 55, 59-63) to be re-investigated by the newer, more specific methods
described in para. 5. By the use of the two-dimensional qualitative par-
tition-chromatographic technique referred to there, we have convinced
ourselves that they are absent from some protein hydrolyzates so far
studied, and a recent special study (63a) throws grave doubt on the claims
for the natural occurrence of norleucine.

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

CH
7 N\
HC ﬁ———(HJ-CH.-CH(NHs) -COOH
a C C-OH
AN H/ N/

Earlier reports of hydroxytryptophan (cf. 2) are less convincing. The
isolation of such a compound has special interest, since it has been postu-~
lated as 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 con-
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 todogorgoic actd are discussed (cf. also 70).

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

The view that glulamine 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 NHs
and dicarboxylic amino acid content of hydrolyzates 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 edestin and
gliadin respectively, and by the isolation of l~ay-diaminobutyric acid from
acid hydrolyzates of gliadin that had been subjected to Hofmann degrada~
tion (74).

g-Alanine, HN.CH;-CH,.COOH, is found free in nature and in combi-
nation in carnosine, anserine, and pantothenic acid. It has been suggested
that it arises by decarboxylation of aspartic acid (75; ¢f. 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 cysteine 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
article 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 linkage 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, ete. exhibited by cystine itself. Cystéine 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 acid, HOOC- CH(NHj)- CH,-SO;H, 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 di-Lanthionine, HOOC.CH(NH,).CH,-S.CH,.CH(NH,)-COOH,
have been isolated from hydrolyzates of wool and other proteins that had
been treated with alkali, and have been identified with synthetic materials
(86-91). 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 e-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 g-methyllanthionine. Kiister and Irion (96)
isolated & product from wool that had been treated with sodium sulfide,
which they formulated as HOOQC.CH(NH,) CH..CH;-S.CH;-CH(NH,)-
COOH but which from their evidence could equally be 8-methyllanthionine.
They had difficulty in repeating the preparation.

Selenium-containing 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(NH,).CH,.CH,-S.CH,CH(NH,).
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. Schéberl (97a) has made
use of the insolubility of the Na salt of NN'.dibenzoyleystine for separat-
ing it from the corresponding lanthionine derivative. He also employed
cyanide reduction of free cystine for converting it to water-soluble com-
pounds without affecting free lanthionine.

Partially racemic Il-djenkolic acid, HOOC.CH(NH,)-CH,-S.CH,.S.-CH,.
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 was 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 (ef. also 100a).

Amino Acids of Abnormal Steric Configuration. 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.

I-Hydrozyproline ‘B’ — having abnormal configuration at the y-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 eolor reaction with isatin.

The following amino acids having abnormal configurations at the «-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
organisms (103-105),

d-Leucine (106-108) and probably d-Valine (109) from gramicidin.

d-Phenylalanine (14) from tyrocidine and ‘gramicidin 8’ (109a).

3. RaceMizaTioN

In such cases as those cited above, it is probable that residues of the
d- form of the amino acids pre-exist 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 medijum 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
(cf. 109).

Detailed studies have been made of the racemization of free glutamic
acid (126-128a) and cystine (129-132). Dunn (4) gives a bibliography of
earlier work on the racemization of amino acids by hot mineral acid (ef.
also 133).

It has been proposed (118) to determine whether D is substituted for H
at the «-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.
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4, DESTRUCTION AND ALTERATION OF AMINO Acip 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 analyzing quantitatively for
any protein constituent, to carry hydrolysis so far (i) that all of that con-
stituent is set free and (i)} 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 destruection.
Tristram (138) demonstrated destruction of arginine during acid hydro-
lysis in the presence of carbohydrate. Schein and Berg (121a) found very
little destruction of basic 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 phosphorie 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
oceurs (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 destruction of hydroxyamino acids by
acid, see (147).
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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-NH;'. For determining amide-NH;
kinetic studies and various milder acid hydrolysis procedures, not destruc-
tive of hydroxyamino acids ete. 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 tyrosine 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 native
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 XKassell (162-165) by adopting this approach have achieved especially
valuable conclusions respecting the minimum molecular size 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 hydrolyzates. 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., QQUANTITATIVE 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 hydrolyzates. 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 hydrolyzates. 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), B-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 terms
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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 (c¢f. 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,
e-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 (i.e., subtracting determined non-e-amino-N from total N) or by
other suitable procedure (corrected formol titration, ete.).

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 any existing amino acid determination.

The success of micro-analysis in the elementary field is being followed
by the introduction of miero-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
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electric field. Rapid equilibrium can be obtained in systems depending
on ion exchange or adsorption from solution at a solid surface, or on par-
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 have inherent 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 have 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 perfection. 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 <solative 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 amino 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 at length with minor modifications of the
older established methods. Block and Bolling’s recent compilation (3a;
ef. 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 all
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*-containing amino acids (179-181), and the analysis of
amino acid mixtures (182) and the calculation of the errors. Analyses 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 (ef. 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 N% 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 N¥ 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 AlLO; and active carbon have recently been
made (201-202a). Adsorption on ion-¢xchange 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, as was the small use at first made of charcoal, to the
unfavorable adsorption characteristics, the adsorption isotherms being
far from linear, 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. Ezchange

Ton exchange materials, first consciously used as natural zeolites for
water-softening, consist esséntially 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 Ky, =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 dicarboxylie, 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. Turba (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:

Mizture 26 mg. each of Histidine, Leucine, Arginine, and Lysine.
12 g. ‘Floridin XXF extra’ column, developed with 200 ml. water

FILTRATE ADSORBED
(histidine+-leucine) |
Eluted with 100 ml. HsSO,»

Evaporated to 10-20 ml, pyridine mixture. H,SO, and

- pyridine removed. Evap. to
5 g. ‘Filtrol-Neutrol’ column 10 ml.
developed with 100 ml. water (Arginine+lysine)
FPILTRATE ADSORBED
(leucine) eluted with 100 ml. mixture

of 5 vols. N H,80, and 1 vol.
pyridine. Former removed as
BaSO,, latter by evaporation

(histidine)
25 g. ‘Filtrol-Neutrol’ ocol-
umn made up with M/6
KH,PO,, developed with 300
ml. same solvent
FILTRATE ADSORBED
KH,PO, precipitated from »  Eluted with 100 ml. H,S0
(lysine) with alcohol pyridine mixture. H,SO, and
pyridine removed.
(arginine)

The test for beginning or end of elution of monoamino acids or lysine is made with
5 drops of eluate, 0.5 ml. 19, ninhydrin solution and 0.5 ml. (M/3-pH 7) phosphate
buffer.

The quantity of each amino acid is finally estimated by a Van Slyke amino-N deter-
mination. The recovery of monoamino acids reaches 1009, of histidine 98-1009%, of
lysine and arginine 98%. When a mixture of amino acids (alanine, valine, leucine,
glutamic acid, serine, tyrosine, cystine .and tryptophan) was 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’ Al:0; column (7.e., Al,O; containing Na' ions) will retain arginine
and lysine, while histidine and monoamino acids are eluted by a neutral
solution. Wieland (212¢) 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’ AL,O; 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 (212¢)
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
ALO; (Brockmann) pre-treated with acid for the adsorption of the
dicarboxylic acids. The ALO; 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 Al,Os is reversed, and thus the acid ions are eluted.

Not only aspartic and glutamic acids are adsorbed by acid-activated
ALO; but also cystine (214). Wieland suggests that this is the result of
its insolubility at pH 4-5. But perhaps the rather acid isoelectric point
of cystine (pI=>5.02) also plays a part. Cystine is elutable by H,S sat-
urated water, which does not affect glutamic or aspartic acids. Wieland
elutes the latter with saturated Ba(OH);. Most of the humin is left at 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 AlO; activated by N HCI
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 acetate buffer (pH 3.3))
and the dicarboxylic acids with N/20 NaOH. Glutamic and aspartic
acids were also separated, using larger quantities of ALO;, the glutamic
acid being preferentially eluted with N acetate buffer (pH 3.3). (5g. Al.Os
required for 10-15 mg. dicarboxylic acid for separation from monocarbox-
ylic acid: 30 g. ALO; 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 (HCI) 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 and 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-CO, 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’ ‘classi-
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-monocarbozylic Acids. Wieland (215) showed
that acid-activated AlO; 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 Al;O; 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 pKz). A mixture of glycine, serine, alanine,
proline, valine, leucine and isoleucine was run on a 10 g. Al:Os coluran and
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developed with 50 ml. of a 10 per cent formaldehyde solution (pH 7-8).
The glycine and serine alone 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
Al,O; 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. AlO; 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 Al;O; using
50 per cent alcohol. (50 g. Al,O; 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.

53.2. True Adsorption

Wachtel and Cassidy (224, 225) have used active charcoal for the separa-
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 ecarbon, but as
his methods are so original, we will discuss them below separately (para.
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 Primosigh (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 4 g. 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 separa-
tions as they carried them out.) See also (223a).

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 a ‘Filtrol-
Neutrol’ column.)

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

Mizture of Amino Acids
‘Floridin XXF*

FILTRATE ADSORBED
Arginine, lysine
‘Filtrol-Neutrol’

‘Filtrol-Neutrol’

FILTRATE ADSORBED FILTRATE ADSORBED

Histidine Lysine Arginine

acid Al,O,
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FILTRATE ADSORBED
Dicarbozylic acids
‘Wofatit M’ acid Al,O,
FILTRATE ADSORBED FILTRATE ADSORBED
| Tryptophan Glutamic acid Aspartic acid
|
carbon

FILTRATE  ADSORBED
Tyrosine, phenylalanine

acid Al,O,

formaldehyde

FILTRATE ADSORBED
Alanine, valine, Glycine, serine

leucine, proline, cystine

acid Al,O4

507, alcohol

FILTRATE ADSORBED
Cystine

‘Filtrol-Neutrol’
acid 509, sleohol

FILTRATE ADSORBED
Valine, leucine Alanine, proline
carbon acid Al,O,
l 509, aleohol
FILTRATE ADSORBED FILTRATE ADSORBED
Valine Leucine Proline Alanine

Schramm and Primosigh (212d) suggest separation into five groups:

(1) Tyrosine, tryptophan and phenylalanine by adsorption on charcoal
(pretreated with acetic acid);

(2) Arginine, lysine and histidine by adsorption on silica gel;

(3) Aspartic and glutamic acids by adsorption on acid-activated
Ales;

(4) Serine, threonine, cystine and glycine by adsorption on ALO; in
presence of formaldehyde;

(5) Alanine, valine, leucine, isoleucine, proline and hydroxyproline are
unadsorbed.
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They find it necessary to have HyS present throughout to prevent pre-
cipitation and oxidation of cystine.

Karrer, Keller, and Szdnyi (226) have used a radically different approach
for the separation of the aliphatic amino acids. The methyl esters of the
N-p-phenylazobenzoy! derivatives are developed on a basic zin¢ 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 Analysts. In this method (227-232) there is no development as
normally employed. Instead, the solution to be investigated is supplied
continuously to the column and the effiuent 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

ORIGINAL. CONCENTRATION Ol:-' MIXTU

-----

CONCENTRATION OF EFFLUENT RUNNING OUTY

A

VOLUME OF EFFLUENT RUN OUT OF COLUMN
Fic. 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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CONCENTRATION OF EFFLUENT RUNNING OUT

VOLUME OF EFFLUENT RUN OUT OF COLUMN
Fia. 2. Normal or elution development of mixture E4+F+G+H

J

CONCENTRATION OF EFFLUENT RUNNING OUT
T
CONCENTRATION OF DISPLACING AGENT

\
1
[
i
[
!
y

L\
VOLUME OF EFFLUENT RUN OQUT OF GOLUMN

Fi6.3. Displacement development of mixture J 4+ K+L with displacing agent M
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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 efluent 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 b2ing 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 efluent 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 efluent
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 development 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 & 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 fronts, most 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 development, 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 coefficients 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 a
nearly routine protein analysis procedure, and have found it possible to
determine, in the hydrolyzate from 25 mg. of protein, phenylalanine,
(leucine, isoleucine), valine, alanine, 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 as 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 chanecy 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,
ete. 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 alecohols, the acetylamino
acids are rendered more extractable by the organic solvent phase,

The accuracy of the determination is about=5 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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Acetylamino Acids from 25 mg. of Protein

3 g. silica gel
Developed with] «—19, butanol-CHCl,—— «———17%, butanol-CHCl,—
Band No. | (1) 2) 3) [(#) (5)
2 g. silica 2 g. silica Remaining
propanol-cyclo- propanol- acids left
hexane cyclohexane in column
A A Tyrosine A
Phenylalanine
2 g. silica 2 g. silica
propanol- ° propanol-
cyclohexane cyclohexane
A A Alanine
Tryptophan
Leucine-isoleucine

3 g. silica
propanol-
eyclohexane

. |
Valine Methionine A A Proline

The substances represented as ‘A’ are artefact acids produced during hydrolysis and
acetylation. A mixture of amino acids in proportions similar to those of the protein,
when treated in the same way cannot be distinguished in its 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 fibrin
(1731), and in studying hydrolysis products of methylated proteins (257,
258). Quite recently it has been used for analyzing ‘gramicidin 8’ (109a).

Dakin’s widely used method of butanol extraction for the separation of
monoamino-monoearboxylic 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
inthe 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 line close and parallel 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 séparate
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DIRECTION OF RUN °
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. Fic. 4, Two dimensional chromatogram of a wool hydrolyzate
First run with collidine, Second run with phenol. Quantity of protein used: 300 ug.
The proline spot is a strong yellow color, gut does not show well in the 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
benzyl alcohol are among the most useful solvents.

The quantity of material required is remarkably small. 0.2-0.4 mg.
of protein is required for each 2-dimensional sheet and less for a 1-dimen-
sional experiment. 1 ug. 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 chromatogram
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 deseribe nearly quantitative
separations of valine and alanine 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 colored.
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5.3.6. 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 aspartic
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
hydrolyzates 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 o 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
slready 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 hydrolyza.te 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 tonophoresis to describe processes concerned with the
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movement in an electric. field of relatively small ions, elecirophoresis for
movement of large molecules and particles and electrodialysis 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 sometimes
employed. A, Léddesol (269) has reviewed 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
‘Tiselius are of course outside the scope of the present article.

In 1909, Ikeda and Suzuki (272) obtained a 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 hiydrolysis
mixture in the middle and cathode compartments. A potential of 46 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 H,SO, which was removed as CaSO, and BaSO,
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 Tkeda’s save that the electrodes were carbon, for the preparation
of the basic amino acids. Barium hydroxide was added at intervals to
maintain the middle compartment neutral, and CO; was bubbled through
the cathode compartment to prevent excessive alkalinity. 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 resistance of the cell (cf. also 275a).

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 first run being 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 Akeson (276a) 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 diketopiperazines. 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 and neutral 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 pre-
paring salt-free 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:

(8) 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. Thusin a
membrane having a positive ¢-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 toms migrating in the same direction as 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 affected by the pore diameter. A stream
due to a pressure difference across the membrane will, of course, have a
similar effect, and changes in permeability to iong 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 electro-
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 {-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 will 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.

Watson (296) using coarse membranes realized that the effect of the
different membranes was only due to the electroendosmotic pumping of
more or less 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 of 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 occurs, 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 determined 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 was 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 final pH of the middle compartment after the cur-
rent has been run for a long time depends upon diffusion and electro-
endosmosis of electrolytes from the other compartments.

Loading a given 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 membranes.
Similarly, denudation of a particular compartment of ions increases the
potential gradient across it, usually decreasing that across other compart-
ments, 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 is
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 as
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
should 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
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be so adjusted that no, or controlled, electroendosmosis 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 endos-
motic pressures will be set up, with resulting mixing notwithstanding a
back-pressure; 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 passage 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 can 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 across
the compartment most denuded of ions, with the result that the gradient
was small across other compartments. Hence the lack of sharp divisions
is not surprising,.

With their dilute solutions electroendosmosis was of course 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 are taken to reduce diffusion and convection, the resistance of the
centre compartments becomes altogether excessive. A small regular supply
of cations at the anodé 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, ef al. (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
different 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,
pKy 9.78 and 9.15) are appreciably different, but nevertheless overlap, at
a suitable pH a larger proportion of one than the other carries a net charge
(e.g., at pH 8.5 several times as much serine as 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 iso-
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 iso-electric point. If the ranges of the
amino- and carboxylic groups were approximated by alcohol, dioxane or
formaldehyde, similar differences in iso-electric point should make separa-
tions possible.

Similar separations can be effected in many cases by acid and base
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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 BERGMANN AND COLLEAGUES

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 amino 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. Results of this kind are mainly confined to the basic
and dicarboxylic amino acids. To achieve them requires great skill and
experience from the analyst, as well as 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 hydrolyzate 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.

Not 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 hydrolyzate
(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) fourid
commercial (precipitated) leucine to be difficult 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 mized 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.

Phosphotungstic 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 isnot, however, liberated when the phospho-
tungstates are decomposed with amyl alecohol-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 oceurrence of mixed crystallization was demonstrated. This
leads to better precipitation of small amounts of histidine or hydroxylysine
in the presence of the other basic amino acids than would be calculated
from the solubilities of their pure phosphotungstates. Onece-recrystallized
phosphotungstic acid precipitates from hydrolyzates are practically free
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from monoamino acids. However, cystine 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 g-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.

Flavienic Acid

This acid has been employed for precipitating arginine with considerable
sucecess. 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 diflavianate from the hydrolyzate and
recrystallizing as the monoffavianate. He compares the arginine content
of a 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 histidine (334-336) and ay-diaminobutyric
acid (337). Dakin (49a) has described glycine flavianate.

Albanese (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
extracted it with n-butanol from acid solution.

Other Organic Acids

A 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 hydrolyzate
by other methods. The slightly soluble salts and complexes have additional
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value as reference compounds for the characterization of amino acids.
When used preparatively, it is desirable that the acid should be easily
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.9., 335, 323
Ornithine 327
Proline 339-341

Hydroxyproline 339, 342
Hydroxylysine 343, 344
(Decomposition of picrates 345)
PICROLONIC ACID Histidine 346
Phenylalanine 347, 320
(Use of bromopicrolonic acid 348)

NITRANILIC ACID Glycine 349 (cf. 350)
Histidine 350, 351, 351a (cf. 352, 315)
REINECKE ACID - Proline 339, 353, 354
Hydroxyproline 339, 352, 353, 355, 354, 355a,
355b
Histidine 346
RUFIANIC ACID 356
3,4-DICHLOROBENZENE-
SULFONIC ACID Histidine 357, 358, 3£8a, 358b
‘STYPHNIC ACID’ Lysine 359

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

Note by Editor. An important distinction should be pointed out between two classes of
acid precipitants discussed here. The very strong acids, of which the aromatie sulfonic
acids are typical, may be considered completely dissociated at all pH values. Thus the
stoichiometric concentration of the anion (S7) 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 all of the amino acid being precipitated is in the
form of the cation (A1), then the solubility product of the slightly soluble salt (A+8™)
should be well defined in a given medium, and should be nearly independent of moderate
variations in pH, provided that the concentrations of other components in the system
are held practically constant. This greatly simplifics 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 situation is considerably more complex when somewhat weaker
acids, such as picric acid, are employed as precipitants., Here the acid cannot be regarded
a8 existing completely in the form of the anion, except at hydrogen ion concentrations
8o 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 considerably more complex fhan
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 Compounds

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 aspartic 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 lime-ethanol
method of Foreman, 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 crystallization 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, ¢! 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 hydrozyproline (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 Cu,0. Vickery and White (373) employed Cu,O
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,Cl; 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 Cu,O, 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 Cu,O after Zn reduction of an
HI hydrolyzate (i.e., cysteine 8); (b) S precipitated by Cu,O 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 basie, dicarboxylic and other amino
acids. Two groups of workers, Lucas and Beveridge (379, 333) and Bailey,
et al. (314; cf. 315) have independently from somewhat different starting-
points arrived at similar methods of working. They use excess Cu.O as
reducing and precipitating agent simultaneously in hydrolyzates largely
freed from HCl 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 %cids
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 quantitative 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 & 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 CuCOs or Cu(OH), (384). A mercury precipitation is then usually,
but not always, carried out, and histidine is then determined gravimetri-
cally as diflavianate, nitranilate or dichlorobenzenesulfonate (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 Chibnall, Rees and Williams (315).

Supplementary references to the mercury precipitation of histidine are
338, 396, 381, 397, 398. Mercury precipitation is also used for methionine
as a 'preparative procedure (399; cf. 399a) and for tryptophan both prepara-
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 by 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, etec.
Bergmann and his colleagues (355, 401—407) 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 l-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
erystal 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 erystal 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 I-leucine should be estimated in the
presence of d-leucine, isoleucine, valine, and methionine, — all substances
more likely to form mixed crystals with l-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
& 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 realized. Already, however, & number of amino acid figures for
various proteins have been reported (408, 406), and the new reagents have
permitted the isolation of l-serine (405), glycyl-l-alanine and l-alanylglycine
(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 PROCEDURES

Most of the methods of analysis so far discussed lead to the isolation of
amino acids either in the free state, or as 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 based 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 NH, (cf. 413, 414),

Nevertheless, many non-isolative procedures are 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 eritical
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 Hanke (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 HNO; 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 Van 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 actd 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 KMnO, oxidation to acetalde-
hyde) after deamination. Fiirth, 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 {441b) deseribes 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, 44le, 444).

Fromageot and Heitz (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 isoleucine as 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, Chloramine T, efc. The reagents discussed here bring
about oxidative degradation of the type:

COOH
O+R~CH< — R-CHO+-CO,+NH,
NH,

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 COs 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 CO, whereas ordinary peptides do not. Free amino acids
can thus be determined with some confidence in partial hydrolyzates of
proteins and of peptides and in biological fluids, ete. Hitherto no satisfac-
tory method had been available for this purpose. An additional use of the
Van Slyke ninhydrin-CO, 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 CO;. Examples of
the use of the ninhydrin-CO, 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 glutamine (4565, 455a).

Van Slyke, MacFadyen and Hamilton (456) describe a titrimetric modi-
fication of the ninhydrin-CQ, 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.

MaceFadyen (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. 411). 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 specifieally 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 HCI 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 NaNO, and KMnQO,) has been described by Arhimo and
Laine (471a).

Use of Periodic Acid, elc. Periodate, introduced by Malaprade as a
specific oxidizing agent for a-glycols, has found widespread use in structural
studies 6f carbohydrates. Nicolet and Shinn (472) discovered that, among
the amino acids, periodate attacks in the same way those possessing the
structure R-CHOH.CHNH,.R’, yielding NH; and aldehydes thus:

10/ +R-CH(OH)-CH(NH,)-R'——I0; +R-CHO +R"-CHO+NH,

Of the usual amino acids serine, threonine, and hydrozylysine may be
determined by the volatile aldehyde and ammonia liberated in these reac-
tions. Some other amino acids reduce periodate, but neither NH; 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
(cf. 437).

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-
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ing threonine. Winnick (474) has described a modification employing
micro-diffusion.

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
(411) encountered difficulties in quantitative precipitation of formalde-
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 NH; evolved from the reaction. Their procedure was
worked out specifically for use with hydroxylysine but is equally applicable
to serine, threonine, 8-hydroxyglutamic acid, etc. For quantitative recov-
ery of NH; somewhat different conditions of reaction are needed from those
in the aldehyde determinations. A ‘Conway’ modification has been
described (477, 478).

The NH; determined in this way is usually equivalent to the formalde-
hyde+acetaldehyde determined by the methods referred to above. This
affords a valuable check that the aldehydes do not originate from carbo-
hydrate, ete. 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 exéeed the
volatile aldehydes formed enabled Nicolet and Shinn (479) to exclude the
presence of significant amounts of g-hydroxyglutamic acid in a casein
hydrolyzate (cf. para. 2).

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

Egg-albumin (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 (174a).
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
hydrolyzates.

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
Bolling (444) following Arhimo (445a) deseribe (without exprimental
results) the determination of aspartic acid by a bromine oxidation pro-

cedure; cf. (3a).

5.6.2. Maethods Involving Degradation by Agents of Btological 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 experi-
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 I-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 usé has so far been made of suspensions, ete. of living micro-
organisms for effecting specific degradations stoichiometrically. Such work
as that of Woods and Trim (491) on the degradation of amino acids by
Clostrid wm welchii 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 proved of great
value in preparative amino acid chemistry, and especially for the resolu-
tion of racemic mixtures. We make no attempt to review this application.

Arginine by Arginase. 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 l-arginine by liver
arginase, with determination of the resulting urea by a urease method, can
serve as a specific method for determining arginine in protein hydrolyzates
as accurate as any of the other available methods. Subsequent modifica-
tions of their procedure have been proposed as follows:

gasometric urea determination (493)

gravimetric determination of urea with xanthydrol (494, 495)

use in connection with silver precipitation {496)

volumetrie determination of urea with xanthydrol (497)

desirability of removing canavanine from urease preparations employed

(497a).

Vickery (498) has compared results by the arginase method with those
by other methods for a2 number of proteins.

Liver arginase has a high degree of specificity for l-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 a free —COOH group, and has consequently
been employed in structural 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 Decarboxy ase. Gale and Epps (505, 505a) prepared and
studied a bacterial decarboxylase specific for l-lysine and hydroxylysine.
Neuberger 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 CO; evolved) to the
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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 decarboxylase prepara-
tions applicable to the determination of further individual amino acids
may become available,

d-Amino Acids by d-Amino Acid Ozidase. The mammalian d-amino
acid oxidase of Krebs (508), which attacks most of the d- stereoisomers of
the 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 tyrocidine (511), and to the determination of the activity
of d-peptidases (512).

The specificity of the enzyme has been studied by a number of workers
(513-521, 506).

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

Various [-amino acid oxidase systems have been described, but we are
not aware that they have been employed for analytical purposes (523-526;
526 b, ¢, d; cf. 508, 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 accurate 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 & 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 —COQ’ 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)
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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 HCl (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 a 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. Dunn and colleagues
(551, 552) have shown that precisions of =0.1 per cent are attainable
with pure amino acids. All solutions should be as strong as possible; a
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 dis-
cussed elsewhere in this volume (p. 277).

Titrations in Acetic Acid. 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 sharp-
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
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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 Toennies (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 measured 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 NH; and HC)
by a wide variety of dry substances including amino acids and proteins,
Czarnetzky and Schmidt (568, 569) studied the uptake of NH;, HCI, CO,,
and H,8 by amino acids and proteins. The end point of ‘chemical’ com-
bination and beginning of ‘adsorption’ is taken to be the point at 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 HCl under a few mm. pressure.
Bancroft (567, pp. 2433 et seq.) finding no straight-line portion of the curve
for uptake of HCI by zein comes to the remarkable conclusion that zein
containsg no peptide bonds!

We feel that the significance of a continnous (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 NH; 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 as evidence of ‘adsorption.’ Since there can be no ques-
tion of recrystallizing protein during the titration, and the various nitrogen
stoms will have different dissociation pressures for HCI, the curves cannot
in these cases either be regarded as evidence of ‘adsorption.’

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

Copper Titration. Kober and Sugura (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(OH); with Ba(OH), they decided the proportion of amino acids to
peptide in a mixture. Pope and Stevens (577) substituted copper phos-
phate for Cu(OH); 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 & determination of amino-N,
omitting reference to the fact that a mole of peptide dissolves twice as
much Cu as one of amino acid (ef. 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 14 a
mole of Cu.

5.6.4. Colorimetric and Spectrometric Methods

The special advantages of the procedures here 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
analysis, ete.; (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 speed and
ultra-micro scale make them useful for controlling the various steps of an
isolative 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 close con-
trol of conditions which is normally recommended as essential, and the
generally polemical character of the literature suggest that considerable
experience is pecessary 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. g-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 determina~
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
isolated 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 reactions 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),

Glycoeyamine 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. 536).

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, 699, 611, and 612 (carnosin2)].

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 being 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 (624-628) have found general favor among protein chemists.

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

Hydrozyproline 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
steam-distilled 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 Ulira-Violet 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 for 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 tryp-
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-Lugg 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, 658a).

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

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

Iodogorgoic Acid and Thyrozine. Brand and Kassell (654) describe a
complicated colorimetric ‘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 dihydroxyphenylalanine
from various protein hydrolyzates (cf. para. 2).

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

p-dimethylaminobenzaldehyde 6686751
formaldehyde 672, 672a
vanillin 676

glyoxylic acid 677, 678, 675, 679
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Shaw and MacFarlane’s critical 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 method is
perhaps preferable to the others since it gives concordant results on intact
proteins and their alkaline hydrolyzates. 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 Cysleine

Methods of Hydrolysis. Tt has been found that the amount of cystine
recovered from an insulin hydrolyzate 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 as sensitive
to the hydrolysis conditions as is insulin. The use of tin (688) has been
condemned by Lugg (689) as 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)], gives a red color with 1,2-naphtho-
quinone-4-sulfonate. 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). However, this
is contested (708, 707). In a late modification (706) Sullivan, Hess and
Howard report the former non-equivalence of cysteine and cystine when
used as the standard as due to the presence of insufficient reagent, and
that with adequate amounts of reagent, cystine and cysteine can be used
interchangeably, with a factor of 1 if cyanide is used as the reducing agent,
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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 substances have heen made (699, 704, 709,
710, 711, 711a). Previous precipitation as cuprous mercaptide is recom-
mended by (712, 702, 703; cf. para. 5.5). The method has 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 estimation
by many workers. 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). Kassell and Brand (729) suggest that this is due to more rapid
reaction of the peptides and show that the same amount of color is finally
developed with all. The method in its later forms (e.g., 729) gives highly
reproducible results, and is convenient for the estimation of cystine and
cysteine in the presence of each other.

Todimetric 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 KI[O;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 (ef. 736). Lucas and King (737)
made a thorough study of iodine uptake by various thiol groups (cf. 738).
The iodimetric method has been used for urine (739) and glutathione
(740) and widely by Sullivan and Hess. Baernstein (741) recommends
the Okuda method on HI hydrolyzates though of course only (cystine+
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 Baernstein
(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. Brdicka (744, 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
S-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 cystine.

Vassel's 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) has
modified the method to increase the accuracy, particularly in the presence
of detergents.

Methionine

Baernstein (753, 754) has shown that on heating with HI 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 H,S from isulin
(which contains no methionine) than does HCl hydrolysis (683). The vol-
atile icdide was not methyl iodide in this case. Beach and Teague (758)
have estimated the hcmocysteine produced by HI hydrolysis as already
described (para. 5.5).

Lavine (759) 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 added, and back-titrated. A blank is done on a hydrolyzate in which
the methionine has all been oxidized to sulfoxide by iodate in N HCL
Maodificaticns are neceded 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 sulfoxide in N perchloric acid by H;O..
(Cf. 7602.)

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

Lanthionine

Sullivan and Hess (766) report that on boiling with HI 1 mole of lan-
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. Schober] (767a) observed only 5 per cent of this theoreti-
cal yield.

Distribution of Sulfur in Proteins

Elementary analysis for 8 provides a valuable check on the total of
S-containing am'n> 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. 10J), estimates
(cystine+ cysteine) as SO, produced by oxidation with fuming HNO;, 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), microérganisms have
been used to determine the presence of substances which increase the rate
or extent of their growth, and to guide efforts to purify and isolate these
substances. Williams (1919) observed the great similarity in properties of
“bios” and ‘‘water-soluble vitamine” required by animals, and suggested
85
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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 *vitamine.” The use of microtérganisms 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 microsérganisms and those of experimental
animals, 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 microdrganisms 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 B,, using the
mold Phycomyces blakesleeanus. Despite continued study and modification
(Meiklejohn, 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. Nurrimive REQUIREMENTS OF M1cROGRGANISMS UskD
FOR DETERMINATION OF AMINO ACIDS
An ideal medium for use in the microbiological assay of any essential
nutrilite would be one which contained every other substance either essen-
tial for growth or stimulatory to the growth of the assay organism, but was
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 all other living organisms, lactic acid bacteria require for growth
mineral salts, and a utilizable source of energy and of nitrogen. They also
require an assortment of “‘growth factors” or vitamins. In the complexity
of its requirements, this group of microérganisms 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 1

Reguirements of Laclic Acid Bacteria for Rapid Growth
on Laboratory 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 (Orla-
Jensen, 1919). The homofermentative group, which includes such com-
monly used organisms as Lactobacillus casei, Lactobacillus arabinosus,
Lactobacillus pentosus, Lactobactllus 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
mesenteroides and Lactobacillus fermentum, 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, Cirong, and Peterson, 1937) and has been widely
used.
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No extended study of the mineral requirements of organisms of the lactic
group has been made. The mineral salt mixture most commonly used is
that recommended by Speakman (1923) for culture of certain spore-forming
soil anaerobes, and was first used with lactic acid bacteria by Snell, Tatum,
and Peterson (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 Faclor Requirements

Inecluded in this category are substances other than mineral salts and
amino acids which have been found necessary for growth, or which greatly
stimulate growth, of one or more of these organisms. The list (Table IT)
is not complete, since all the materials which stimulale growth of these
organisms are not yet known. Omitted also are substances, such as 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 be found which require various combinations of the growth factors
listed. Where an individual nutrilite is not essential for growth of a given
organism, it often aids early growth. Thus L. arabinosus grows well with-
out vitamin B,, but its development is greatly speeded by pyridoxin (Snell
and Wright, 1941), pyridoxamine, or pyridoxal (Snell and Rannefeld,
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 Requiremenis

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 became 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. caset (Snell, Strong, and Peterson
1937). Moller (1939) grew La. tobactillus plantarum in a medium which con-
taired only amino acids in place of crude peptones or protein hydrolyzates.
He found tryptophan, glutamic acid, leucine, aspartic acid, and valine to
ke essential for growth of this organism, while other amino acids improved
growth. Wood, Geiger, and Werkman (1940) showed that certain hetero-
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TABLE II

Vitamins and Growth Faclors Essential for or Stimulatory
to Growth of Various Lactic Acid Bacteria

Growth factor Typical organism responding Reference
Riboflavin Lactobacillus casei Snell, Strong (1939b)
Pantothenic acid Ladtobacillus casei Snell, Strong, Peterson (1938)
Nicotinic acid Lactobacillus arabinosus Snell, Strong, Peterson (1938)
Snell, Wright (1941)
Biotin Lactobacillus plantarum Méller (1939)
p-Aminobenzoic acid  Laclobacillus arabinosus Isbell (1942)
Lewis (1942)
Vitamin B,* Lactobacillus plantarum Maéller (1939)
Thiamine Streptococcus salivarius Niven, Smilcy (1943)
Lactobacillus fermentum Sarett, Cheldelin (1944)
Folic acid (Fluate Lactubacillus casei Snell, Peterson (1939, 1940)
factor, vitamin B,) Streplococcus fecalis Mitchell, Snell, Williams (1941)
Inositolt Streptococcus hemolylicus Mellvain (1940)
Adenine} Lactohacillus plantarum Maéller (1939)
Lactobacillus arabinosus Snell, Mitchell (1941)
Guanine} Lactobacillus arabinosus Snell, Mitchell (1941)
Leuconostoc mesenteroides
Xanthine} Le ak teroides Snell, Mitchell (1941)
Uraeil Lactohacillus arahinosus Snell, Mitchell (141)
Thymine Streptococcus fecalis Snell, Mitchell (1941)
Lactobacillus casei Stokstad (1941)

® The growth-promoting effect of vitamin B,, originally discovered with pyridoxin,
is more effectively demonstrated with pyridoxal or pyridoxamine, which far surpass
pyridoxin in activity for these organisms (Sncll, 1944; Snell and Rannefeld, 1945).

t Streptococcus hemolylicus is not ordinarily classified with the lactic acid bacteria
because of its pathogenic character; inositol stimulated its growth, but the effect was
non-specific.

} For most organisms, adenine, guanine, and xanthine are interchangeable, but various
organisms differ in the ease with which they utilize the individual compounds, .

9 The effcet of thymine is demonstrable only in a folic acid-free medium, Thymine
plus gurine hases replace folic acid more or less completely for certain organisms (Mitchell
and Snell, 1941; Stokstad, 1941; Stokes, 1944).

fermentative lactic acid bacteria (including Lactobacillus mannitopoeus
and Lactobacillus lycopersici) required a variety of amino acids for growth
and suggested use of these organisms for the quantitative determination
of threonine. At this time, however, lack of knowledge concerning the
groewth factor requirements of these organisms prevented realization of a
full and specific response to any amino acid. Later, Snell and Wright (1941)
presented a medium for the determination of nicotinie 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 stated 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.!
Further addition to this medium of folic acid, purified (Mitchell, Snell,
and Williams, 1941, 1944; Hutchings, Bohonos, and Peterson, 1941) since
that time, permits the growth of additional organisms which require this
substance (cf. Landy and Dicken, 1942).

When the hydrolyzed casein contained in media such as these is replaced
by mixtures of amino acids, the media beccme essentially identical with
those so far reccmmended for amino acid assay. The nutritional require-
ments of various organisms for individual amino acids can then be deter-
mined by cmitting 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 preduction 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) non-essential, 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 I1I.

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 glutamie
acid, leucine, isoleucine, valine, cystine, and tryptophan, and on the non-
essential nature of glycine, hydroxyproline, norleucine, and norvaline.
With phenylalanine, tyrosine, threonine, arginine, and lysine, there is dis-
agreement as to whether each individual acid is essential or accessory;
all agree, 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; others 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 acids. Thus, McMahan and Sncll (1944)
found isoleucine to be non-essential for various organisms tested, including
L. arabinosus. Other workers, using different sources of amino acids, found
isoleucine essential, and noted that different results were obtained with
different sources of amino acids. Hegsted and Wardwell (1944) tested
seven samples of dl-leucine, and found only two which contained no
isoleucine. The others contained from less than 1 per cent to almost 20

1 1t was later found that p-aminobenzoie acid, though not added to this medium, was
required by the test organism (Isbell, 1042). The very minute amount nccessary is

present as a contaminant in other constituents of the medium unless extreme care is
taken in their preparation (Lewis, 1942).
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per cent of this amino acid, as determined with L. arabinosus. Isoleucing
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 I(+) valine, when assayed
against a pure sample. The nature of the impurities present was not deter-
mined. It had been previously supposed that the 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 sources
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-essential” 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 III); 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 III). 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 microdrganisms 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 leucine for

1 A striking example of variation in amino acid requirements with the composition
of the medium is afforded by the recent work of Stokes und Gunness (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. casei,
L. arabinosus, and L. delbrueckii. This may explain the disagrecement among various
workers concerning the essential nature of lysine and threonine for L. arabinosus (cf.
Tables III 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).
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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. arabmosus 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 correspondingly 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 aré variously regarded as essential or
accessory for L. arabinosus. L. caset also requires arginine, which is merely
auxiliary for L. arabinosus, and serine, which is non-essential for L. ara-
binosus. Streptococcus fecalis, Streptococcus lactis and Leuconostoc mesen-
teroides differ considerably from other organisms studied in their require-
ments. The latter organism is especially exacting in its requirements, 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 investigation 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.

II. OTHER ORGANISMS

Only two organisms outside the group of lactic acid bacteria have been
suggested for amino acid assay. These are mutant cultures of Neurospora
crassa (Beadle and Tatum, 1941; Tatum and Beadle, 1942) and of Esche-
richia colt (Lampen, Jones, and Roepke, 1944). The growth requirements
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of both organisms are very simple. Parent cultures of N. crassa 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. colt 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 Neurospora
and E. coli have been suggested as assay agents for amino acids, many
other microdrganisms 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. Extent of Total Growth

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 comparative 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. Biol. Chem. 157, 141 (1945))
have shown that tryptophan can be estimated successfully with Eberl .ella typhosa.
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markedly stimulated by it. In such cases, one is limited to the determina-
tion of comparative growth rates. In all amino acid assays 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 at 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. delbrueckit 3) clump during growth, and it is diffi-
cult to suspend them uniformly for turbidimetric measurement.

The second method used to evaluate growth with these organisms
involves titration of acid produced as a by-product of growth. Rates of
growth and acid production do not run exactly parallel courses. In general,
growth (as measured turbidimetrically) 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 consequence, 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 valine assay (McMahan and Snell, 1944),
pantothenic acid assay (Thompson, et al., 1944), and riboflavin assay
(Emmett, et al., 1941), no differences in results were obtained by the two
methods. With some of the heterofermentative lactic acid bacteria, and
with E. colt, 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 & 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 proceeded to com-
pletion, the mycelial mat is filtered out, washed, dried, and weighed (Ryan
and Brand, 1944).

II. CRITERIA FOR ESTABLISHING RELIABILITY IN AN ASSAY

1. Agreement with Other 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, 1944), can
be accepted as yielding reliable values on these grounds. The former
yields values which check the procedure of Vickery (1940), involving
isolation of arginine 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. Agree;nent 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 then caleulated 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 consistent 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 sample in exactly the same fashion. as it
responds to the pure amino acid used in establishing the standard curve.
Presumably it does so because that amino acid is the sole 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 as
the amount of sample is increased.

TABLE V
Conslancy of Assay for Valine at Ascending Levels of Sample®
Casein Hydrolyzate Valine Indicated Valine Pressnt
Added From Standard Curve In Casein
per cont
Y Y

40 2.75 6.9

60 3.88 6.5

80 5.20 6.5

100 6.82 6.9

120 7.88 6.5

140 8.10 6.5

160 104 6.5

Average: 6.6

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

3. Consistent Values on Repealed Assay
The assay must yield consistent results for a single 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
Constancy of Resulls on Repeated Assay: Effect of Allered Conditions®
Assay No. Valine Present in Casein
per cent
1 6.72
2 6.66 Turbidimetric: 6.69
3 6.90 Acidimetric: 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. casei (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. caser (Table VI), exactly the same result was obtained when the
test cultures were grown for three days at 32° or at 37°, or whether one
determined response to the amino acid by turbidimetric or acidimetric
means,

4. Recovery 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, ¢t al. (1944a) simulate, from the best
available data, 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 Experiments in Valine Assay: Comparison of Test Organiams
Organism Valine Found Recovery
Casein Casein +6%
Valine
per cent per cent per cent
L. casei* 6.72 12.92 103
6.80 12.79 100
L. arabinosus* 6.86 12.88 100
L. pentosust 6.82 12.81 100
8. fecalis} 6.95 12.93 100
6.70 —_ —_

® McMahan and Snell (1944).
1 McMahan and Snell (unpublished data).
1 Guirard and Snell (unpublished data).

5. Agreement between Different 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. arabinosus (Kuiken, et al.,
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1943) check rather well those obtained with Neurospora (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. Specificity 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 easy. It is not
certain, however, that such a medium will permit quantitative and specifie
estimation of the amino acid in a protein hydrolyzate or other natural
sample. 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 sddi-
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 Glutamic Acid
tn Medium Lacking Certain “Non-Essenlial”’ Amino Acids

Hydrolyzate Glutamic Acid Found
Microbiological Method* Chemical Methods
Medium At Medium B

Assay Recovery Assqy Recovery

per cent per cent per cent per cent
Gliadin 67.9 124 45.7 100  45.7 (Olcott, 1944)
Casein 35.2 112 20.4 101 22,0 (Olcott, 1944; 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 ind«
pendently made similar observations.

t Amino acid mixture “b"” of Shankman (1943), which contains no serine, proline,
hydroxyproline, glycine, or tyrosine, . .

} Same as medium A, but supplemented with serine, proline, hydroxyproline, and
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. Such
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 Oleott, 1945; Dunn et al., 1944a). The response to glutamic acid was
non-specific in the absence of the missing amino acids, which themselves
were either completely non-essential or accessory (cf. Table III). 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 toxie
effect of glycine (and to a lesser extent of serine and threonine) on growth
of S. fecalis is eliminated if adequate quantities of vitamin Bs 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
some 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.

III. INDIVIDUAL ASSAY METHODS
1. Methods Using Lactic Acid Bacleria: 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
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TABLE IX
Suggested Media for Use in Determining Amino Acids with Lactic Acid Bacteria

Concentration Per 10 oc. of Final Medium®

5 3 bt 3
e { g = - 8
83 3 @ § i Hw 2 ¥
g~ dx  Se = o & * gt §£
fiax) _58 & 23 3 AL | oy X
Bubstance 3 I = b 3 ~§ -3 i3 53
§2 58 #2 22 0§ B¢ E8 g 42
8 & M = Mo A a s E
‘Gluoose, mg. 100 100 200 100 175 100 100 100 200
Budiun scetute, mg. 60 60 72.8 60 87.8 60 60 60 200
KHePOy myg. 5 -] 5 10 5 5 [) 5 5
Kali Pug, 1, ] 5 5 10 5 5 ] 3 ]
MuS0U 7110 mg. 2 2 2 2 2 2 2 2 2
FuoSuUs TH4L, myg. 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ma80,.4140, mg. 0,1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
NaCl, mg8 0.1 0.1 0.1 0.1 0.1 0.1 100 0.1
SrN Hua8t n‘nig. 30 30
lhinmine hydrochloride, y 1.0 1.0 1.0 1.0 4.0 10 10 5.0 2
Pyridoxin hydrochlmide, y 1.0 1.0 1.0 3.0 4.0 20 18 5.0 2
Cnleium pantothenato, y 1.0 1.0 10 1.0 4.0 20 10 1.0 2
Riboflavin, y 20 20 20 10 40 20 20 20 4
Nieotinic acid, ¥ 2.0 2.0 4.0 1.0 4.0 40 20 5.0 2
Biotin, y 0004 0.004 0.004 0002 0.004 0.05 0.05 0.1 1
p-Aminvbenzoio acid, ¥ 10 0.1 0.005 3.0 4.0 2.0 1.0 0.1 0.003
Folic avid, yh 0.1 0.11 0.04
Chuline chloride, y 25
Inositol, y 25
Adeunine, wg. 0.1 0.1 0.05 0.1 0.04 0.5 1.0 0.1 0.1
Guanine, mg. 0.1 0.1 0.05 0.1 0.04 0.5 1.0 0.1 0.1
Uracil, mg. 0.1 0.1 0.05 0.1 0.04 0.5 1.0 0.1 0.1
Xanthine, mg. 0.1 0.04
Aspartic acid mg. 1.6 4.0 40 0.83 1.0 z 4.01t
Glutamie aeid mg; 2.0 4.0 10.0 28 2.0 4.0
Arginine mouohydrochloride,
mg. 61 20 10 083 20 050 0.5
Histidine monohydrochloride,
myg. 2.0 1.0 0.83 2.0 0.50 0.5
Lyrine monohydrochloride, mg. 0.4 2.0 1.0 0.42 1.0 1.0 2.0
Alanine, mg. 1.0 1.0 1.0 0.42 1.0 1.0 1.0
Crst'no. mg. 1.0 0.10 2.0 1.0 0.83 2.0 1.0 1.0 1.0
Glycine, mg. 1.0 2.0 1.0
{ydroxyproline, mg. 1.0 0.83 2.0 1.0
Isnleucine, mg. 0.50 1.0 1.0 0.42 1.0 1.0 1.0
Leucine, mg. 0.50 1.0 1.0 0.83 2.0 2.0 1.0
Methionine, mg, 0.10 1.0 1.0 0.42 1.0 0.50 0.8
Norleucine, mg. 1.0 0.42 1.0 08
Norvaline, mg. 1.0
Phenylalanine, mg. 0.10 2.0 1.0 0.42 1.0 0.50 0.5
Proline, mg. 2.0 1.0 0.83 2.0 1.0
Scrine, mg. 1.0 1.0 0.42 1.0 0.25
Threonine, mg. 0.50 1.0 1.0 0.42 1.0 1.0 1.0
Tryptophan, mg. L 0.10 2.0 1.0 0.83 2.0 0.50 10 0.4
Tyrosine, mg. 0.10 1.0 1.0 0.83 2.0 0.20 0.4
Valine, mg. 0.50 1.0 1.0 0.42 1.0 1.0 1.0
Hydrolyzed casein, mg. 50 50%e

* Recommended for assay. of tryptophan with L. arabinosus Tryptophan is omitted when medium is
used for this purpnse. The mediuin is the sane as that recommended by Suell and W-icht (1941) for nico-
tinic acid assay, except for addition of p-aminobenzoic acid and nientinic avid. and owinsion of tryptophan,

+ Media similar to this have been used with L. arabinssus for nssay of some amino acida, e.g., valine and
leucine, by emitting the proper ane from the medium (cf, Schweigert, ef al., 1944,

t Recommended for assay of leucine, ignleucine, or valine with L. arahinosus by omitting the proper
amino acid. The authors also add a tomato juice eluate factor at a level of 1 mxz. per 10 ce. of medium.
Some evidence indicates thin may be renlaced by a fulic acid concentrate (cf. Baumgarten, ef ul.), although
the active prineiple does not appear to be folic acid.

|| Recommended for assay of arginine and valine with cither L. casei or L. arabinosus, but devised to
support growth of all lactic acid bacteria whose nutritional requirementa are known. and thus to be gene
era‘li:v applicable as a base medium for assay of other amino acids by omitting proper amino acid fromn the
medium.

4 Used as base for determining amino acid requir ts of L. arabinosus. and used for tentative determi-
pation of leucine, valine, and phenylalanine.

§ Devised as a complete medium allowing maximum growth of L. arabinosus and L. cnses, for later
use in determining amino acids.

# Devised for determination of glutamic acid with L. arabinosus, 4.0 mg. asparagine is added per 10 ce.
in place of aspartic acid.
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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 be 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 methodology, too, each of the assay methods is very similar, and
patterned after earlier methods for vitamin assay. The selected medium,
deficient in & 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

** Devised for determination of glutamic acid with L. arabinosus. The carein hydrolyzate used has

b:henl free;i {rom glutamic acid by converting the latter to pyrrolidone carboxylic acid. and extracting with
ethyl acetate.

1t Recommended for determination of valine and leucine in both protein hydrolyzates and fresh food-
stuffs. When thus used, the appropriate amino acid is omitted from the medium. Test organism: L. arabino-
sus. Aspa:agine added in place of aspartic acid. .

a Most media contain more NaCl than is indicated by these additions due to use of HC] to dissolve
or preserve certain constituents of the medium, and subsequent neutralization.

b Expressed as micrograms of material 40,000 times as active by weight as an arbitrary standard, liver
fraction B..0.ly of material of this potency is about 20 times the amount required to produce maximal
growth of L. cases on a folic acid-free medium. Very crude concentrates of this material are suitable for
use.
¢ No convention has been followed by diferent investigators concerning use of the [- or dl- forma of the
amino acids. All compatisons in this table are on the basis of the weight of the naturally occurring I- isomer
added. f di- amino acids were used, the amount added was twice that indicated, This procedure seema
justified, since in most cases so far investigated, the unnatural isomers of the amino acids have not been
available for growth to any 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 response in the
sample tubes onto this standard curve. Tests for the reliability of results
obtained in this fashion were discussed above.

a. Determination of 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. caset was the test organism, and

-1

MICROGRAMS OF 1)-ARGININE

Fia. 1

the medium was that described in Table IX, with arginine omitted.
Response to added /(+) 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 hydrolyzates 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 arginine; 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 Microbiological and Chemical Values
Jor Arginine in Protein Hydrolyzates

Protein Arginine
Mierobiological Method* Chemical Method
per cent per cent

Casein 3.7 8.72 (Vickery, 1940)

Ovalbumin 5.6 5.66 (Vickery, 1940)

8ilk fibroin 0.97 0.95 (Bergmann, Niemann, 1938)
Horse hemoglobin 3.5 3.59 (Vickery, 1940)
Lactoglobulin 2.9 2.89 (Chibnall, 1942)

Gelatin 9.3 9.34 (Kossel, Gross, 1924)

9.1 (Block, Bolling, 1940)

® McMahan and Snell (1944). Assay organism: L. casei. Assay range: 0-40v 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 ecriteria 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
Valine Content of Casein as Delermined Microbiologically
Valine Found

per cent Test Organism Reference
6.25 L. arabinosus Kuiken, et al. (1943)
6.2 L. arabinosus Schweigert, el al. (1944)
6.86 L. arabinosus McMahan, Snell (1944)
6.7* L. casei MecMahan, Snell (1944)
6.8 L. pentosus ) McMahan, Snell (unpublished)
6.7, 6.9 8. fecalis Guirard, Snell (unpublished)
6.8, 7.3 L. arabinosus Dunn (1944)
5.2 L. arabinosus Hegsted (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, et 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 XII
Valine, Leucine, and Isoleucine Contents of Various Materials
as Determined Microbiologically
Arino Acid Present

Bubstance Valine* Leucinet Isoleucine$

per cent per cent per rent
Casein 6.7 (1) 9.27 (2) 6.05 (2)

6.25 (2) 9.1 (5) 5.9, 6.3 (5)
Ovalbumin 68 (1)
Hemoglobin (horse) 88 (1)
Lactoglobulin 58 (1)
Gelatin 2.67 (1)

2.46 (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)
Soybean meal 2.06 (2) 3.23 (2) 2.29 (2)
Beef round 0.96 (4) 1.36 (4)
Beef liver 1.08 (4) 1.72 4)

(1) McMahan and Snell (1944); test organism, L. casei.

(2) Kuiken, Norman, Hale, Lyman, and Blotter (1943); test orga.msm, L. arabinosus.

(3) Guirard and Snell (unpub lshed) test organism, 8. fe

(4) Schweigert, Mclntire, Elveh)cm, and Strong (1944); test orga.msm, L. arabinosus.

(5) Dunn (1944).

* Assay range: 0 to 507y 1-valine per 10 cc. medium.
I Assay range: 0 to 50+ I-leucine per 10 cc. medium.
Assay range: 0 to 507 l-isoleucine per 10 ce. medium,
rigorous comparison of data secured from different laboratories by slightly
different methods can be made. It has been reported that longer hydrolysis
periods are necessary to secure maximum values for valine than for most
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
l-configuration 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 l-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,
et al. (1944) have shown that d-leucine will inhibit growth of L. arabinosus
if added to the medium at very high levels; I-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
isoleucine are low. Similarly, leucine present in the peptides leucylglycine
and glyeylleucine could be determined quantitatively only following
hydrolysis (Kuiken, et al., 1944). Negligible quantities of these amino
acids were destroyed by humin formation during acid hydrolysis, even
when carbohydrate was added before hydrolysis.

¢. Determination of Tryptophan. Greene 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, pancreatic
digestion or hydrolysis with barium hydroxide is employed to release the
tryptophan. The latter procedure effects complete racemization. Since
d-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 I-tryptophan is used as
standarc. 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 originally 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, indolebutyrie
acid, indolepropionic acid, indoleacetic acid, kynurenic acid, and trypta-
mine,

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

2 An alternate procedure would be to use proper strains of 8. fecalis, Leuc. mesenteroides,
or L. pentosus for the assay organism, since these organisms cannot utilize indole or
anthranilic acid 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 checks 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 XI1I). Sullivan and Hess (1944) have recently
indicated some of the factors which contribute to variability of figures for
tryptophan obtained by colorimetric procedures.

TABLE XIII
Tryptophan Content of Various Substances®
Tryptophan
Bubstance Assayed  Microbiological Method* Other Methods
per cent per cent
Casein 1.19 1.21, 1.22 (Toennies, 1942; Beach, et al., 1941)
Ovalbumin 1.47 1.26, 1.6 (Brand, Kassell, 1939; Block,
Bolling, 1940)

Lactalbumin 2.06 2.14 (Plimmer, Lowndes, 1937)
Gliadin 0.59 1.10 (Looney, 1926)
Zein 0.10
White flour 1.23 0.84 (Block, Bolling, 1943)
Dried milk 1.31 1.32 (Beach, et al., 1943)

* From Greene and Black (1944). All analytical figures are based on 169, nitrogen.
Assay organism: L. arabinosus. Assay range: 0-107 l-tryptophan per 10cc. 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, e al. (1944, 1945) and Hae, 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 increases 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, ef al. 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 readily effected by
the organism only when the glutamic acid concentration was high, or
when vigorous growth had been initiated. Glutamine, which is well-
known as a 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 obvious 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 al. (1945)
found that (a) when glutamine was 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 was
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 (i.e., 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. arabinosus,! and that presence of ammonium salts aids in the con-
version,

Lyman, et al., therefore, add glutamine routinely to their assay medium
(that of Kuiken, et al., 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.

! Exactly similar behavior is noted when L. cased, S. fecglis, or Leuc. mesenteroides is
used as the assay organism; the phenomenon thus appears to be of general occurrence.

* Most of the glutamine added is converted to inactive pyrrolidone carboxylic acid

by autoclaving; only enough is lcft to permit growth initiation. Autoclaving time and
temperature must therefore be rigorously controlled. Guirard and Snell (unpublished)
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Comparative figures for the glutamic acid content of various substances
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 al. (1943a) reported that dl-glutamic acid was only 50 per cent
a8 active as I(+) glutamic acid; other workers (Lewis and Olcott, 1945;
Hae, et al., 1945) find dl-glutamic acid to be about 55 per cent as active as
I(+) glutamic acid. Dunn, et al. (19442) observed that dl-glutamic acid,
although much less active than I(+4) glutamic 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. «-Ketoglutaric acid is 1-6 per cent
as active as I(+4) 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 glutamie acid, but
gave full activity after hydrolysis., Nevertheless, enzymatic protein digests
or incompletely hydrolyzed samples may 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, espacially 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 bafore acid hydrolysis.

e. Determination of Lysine. Dunn, ef al. (1944b) have recommended Leue,
mesenteroides P-60 for the determination of lysine in protein hydroly-
zates. 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 2007y of lysine per
10 ce. of medium. In 15 assays of casein, an average value of 7.72 per cent
have successfully substituted small amounts of a tryptic digest of easein for the gluta-
mine. Such a preparation is stable to autoclaving. It is known that such enzymatio
digests contain a substance (or substances) which replaces glutamine and asparagine for
lactic acid bacteria (Pollack &nd Lindner, 1943; Wright and Skeggs, 1944).

1 Glucose and sodium acetate concentrations were doubled; dl-alanine was increased
to 20 mg. per 10 ce. and minor variations made in concentration of other amino acids.

Glutamic acid was added and lysine omitted from the medium; ammonium chloride
was also added.



Preparation

Casein

Casein, corrected for ash

Silk fibroin
Egg albumin
Gliadin

Lactoglobulin

Gelatin
Brewers’ yeast
Torula yeast

TABLE XIV

The Glutamic Acid Conlent of Various Substances: Comparative Values

Dunn, et al.
(1944n)

per cent
21,2
225

2.03=0.05

8.0

Glutamie Acid

Miecrobiological Aseay*
Lewis, Olcott Lyman, et al.
(1945) (1945)
per cent per cent
19.7 21.5
-— 22.4
11.6-13.7¢ 143
442 -—
18.7 -
10.2, 10.8 -—
—_ 5.56

Hae, et aol,
(1945)

per cent

211

14.3-15.1%
44.9

19.0%

10.2

Chemical Procedures

22.0 (Bailey, Chibnal), et al., 1943)
22.0 (Olcott, 1944)

16.0 (Chibnall, ef al., 1943)

45.7 (Olcott, 1944)
46.9 (Bailey, Chibnall, et al., 1943)

21.5 (Chibnall, et al., 1943)
21.5 (Olcott, 1944)

11.7 (Oleott, 1944)

® All investirators have used L. arabinosus as the test organism; media are formulated in Table IX. Assay range: In media
unsupplemented with glutamine, range varies with size of inoculum and other factors, but is usually between 0 and 250+ {+) glutamic
acid per 10 cc. medium. With glutamine added to initiate growth the range is 0~150+.
t Interfering substances were noted in egg albumin, not present in most other samples, which contributed to variability in these

a3says

cedure (Foster, G. L., J. Biol. Chem., 169, 431, 1915).

'§Vallves of 19.0 and 19.1%, were recently reported for the glutamic acid content of S-lactoglobulin by the isotope dilution pro-
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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, et 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 values obtained by the nitrogen distribution procedure
and some other methods (cf. Dunn, ef al.). In a series of 15 consecutive
assays, the maximum deviation 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 activity of relsted compounds (e.g., hydroxy-
lysine, d(—) lysine, peptides of lysine, ete.) 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. Other 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 I(4) leucine, based upon the require-
ment for this amino acid of the mutant strain of N. crassa (Regnery,
1944) has been described by Ryan and Brand (1944). Aliquots up to 5ce.
of a standard solution of I{(+4) leucine or unknown solution are meas-
ured into 125 ce. Erlenmeyer flasks, then all volume are adjusted to 5 ce.
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 increase in mycelial weight
occurs (814 days at 30° C.2£0.2°), 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(4+) leucine), mycelial 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



TABLE XV
Microbiological Determination of Amino Acids: Miscellaneous Values

Amino Acid
Amino Acid Protein Microbiological Assay Other Methods
per cent per cend
Casein 7.03 (Hac, Sncll, 1945)* 6.65 (Bailey, Chibnall, ef al., 1943)
Aspartic acid Lactoglobulin 115 (Hac, Snell, 1945)§ 9.88 (Chibnall, ef al., 1943)
parsic & Fig albumin 9.0 (Hac, Sncll, 1945) 8.13 (Bailey, Chibnall, ef al., 1943)
Gliadin 2.8 (Hac, Snell, 1945) 1.40 (Bailey, Chibnall, et al., 1943)
Tyrosine Casein 5.2, 4.8 (Dunn, 1943)t 5.2 (Block, Bolling, 1940)
Methionine Casein 3.1, 3.2 (Dunn, 1943)t 3.25 (Baernstein, 1936)
Phenylalanine Casein 3.7 (Hegsted, 19441)t 3.88 (Foreman, 1919)

5.8 (Block, Bolling, 1940)

* Assay organism: Leue. mesenteroides,

{ Assav oreanism® L. arabirosus.

§ Valires of 11.3 and 11.2 per cent were recently reported by Foster (J. Biol. Chem., 159, 431, 1915) for the aspartic acid content
of S-lactuglobulin, as determined by isotoge dilutivn.
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or approximately:
mg. leucine =0.02335 Xmg. mycelium

This numerical relationship was constant, and once such a standard curve
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 same 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

TABLE XVI
Leucine Assay with Neurospora Crassa (Mutant Cullure)

Leucine Content

Product Neurospora* Other Methods
per cent per cm!

Gelatin 3.6, 3.6 3.5 (solubility product)t

. 3.3 (L. arabinosus)t
Egg albumin 9.6, 9.9 9.1 (solubility product)t
Casein 8.8 || 9,27 (L. arabinosus)$
Horse hemoglobin 15.7 15.1 (isotope dilution){
Wheat 0.82 (L. arabinosus)}
Wheat flour 0.8

* Ryan and Brand (1944).

t Cf. Moore and Stein (1943).

Kuiken, Norman, Lyman, Hale, and Blotter (1943).

ﬁR an and Brand obtained 8.5 per cent after 26 hours hydrolysis; Kuiken, ef al.
hydrolyzed for 24 hours. The result emphasizes need for a standard procedure for pre-
paring samples before comparing results from different laboratories in detail.

{ Cf. Rittenberg and Foster (1940).
obtained for leucine by Kuiken, et al. (Table XII), using L. arabinosus.

QOccasionally, an individual culture flask 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). o-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 therefore
much more than 50 per cent as active as I(+) leucine. a-Hydroxyisocaproic
acid (leucic acid), isovaleric acid, isovaleraldehyde, and isoamyl alecohol
increase weight of mycelium obtained when present together with sub-
optimal amounts of [(4) 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 HCI, 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. colt (Roepke, et 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.

D. ConNcrLusIoNs

It is hoped by this review to have accomplished four purposes: (1) to
show that microdrganisms 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, it has been shown that the scale
of assay can be cut 50-fold without sacrificing accuracy (Pennington, et al.,
1941; Lowry and Bessey, 1044); 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 methads should yield results of great value to all fields of biochemistry ,
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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. Itis 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 estimate the quantities of tyrosine and
tryptophan in the intact protein by spectrographic methods. Bates (1937)
used a modification of the Voisenet-Rhode p-dimethylaminobenzaldehyde
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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.

II. SerarATION OF CARBOHYDRATES FROM PROTEINS IN FOODSTUFFS

1. Eztraction 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 HCI for 48 hours under reflux, After removal of the excess HCI,
the solubilized proteins were ready for determination of the basic amino
acids by the Kossel procedure (cf. Block and Bolling, 1945).

2. Ezxtraction of Protein with Formic Acid

Wilkins (1937) found that extraction of air-dried grass in a Soxhlet
apparatus with 90 per cent formic acid brought most of the sample 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 HCl. 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 HCl 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 excess 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 filtra-
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 raises
the protein content from initial 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 ghitamic 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.

III. MgetHODS OF HYDROLYSIS OF PROTRINS
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 arginine, cystine, threonine, and certain other amino acids.
Alksline hydrolysis is, however, necessary in the determination of trypto-
phan and is conveniently employed in the estimation of tyrosine and
phenylalanine.
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3. Acids

HC, H:80,, HI, and a mixture of HCl 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 ef. Block and Bolling, 1945),

In order to prevent or decrease the formation of the brown-black protein-
carbohydrate decomposition products called humin, Hlaziwetz and Haber-
mann (1873) introduced tin or SnCl; 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, et al. (1944) extract the carbohydrate reduction
products with chloroform before complete hydrolysis of the protein.

IV. ApproXIMATE AMINO Acip CoMPOSITION OF Foop 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 also in the case of the plant proteins
because of amino acid variations in differing species of the same plant,
Thus, Hamilton and Nakamura (1940) 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 basic amino acids: arginine, histidine, and lysine, lead the list,
followed by the aromatic amino acids: 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 diearboxylic amino aeids
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 necessary 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 contains 12.2 per cent of nitrogen, then the amino acid
values would be multiplied by the factor
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12.2

160 °F 0.76

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 irre-
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 proteins is of paramount importance and not
the absolute amounts of each essential amino acid in per cent of total
nitrogen. :

TABLE I
APPROXIMATE AMINO Actp CONTENT OF ANIMAL PROTEINS
(Calculated to 16.0 g. of Nitrogen)*

Collagen Egg Albumin .
Amino Acid in g, Gelatin Elastin . Crystalline Vitellin
Arginine 8.8xy7 0.9x0 5.8x1 8.4K2¢
Histidine 1.0xy7 0.0ro4 24K 1.9K84
Lysine 4.6K17 fo. oW 5.1K3p 5.8Kge
Tyrosine 0.3Mg3 1.5M94 4.4Mg; 5.3Ma¢
Tryptophan 0.18¢; 0.0Mg4 1.37gs 1.3196
Phenylalanine 2.1a57 3.1a58 5.6A3
Cystine 0.1-0.2wy, 0.2wgy 2.3wes 1.883¢s
Methionine 1.0Bs; 0.4B8g4 5.0Bse2 3.1B8es
Threonine 1.58y7 2.5313 4.98g
Leucine 3.7vByy 9.4Xge
Isoleucine 1.71Les 5.6¥B17
Valine 2.1¥By7 68.8L7s
Glycine 23.68M;3 27.5BMyy 3.3BMgs 0.828
Alanine 9.2x4u 0.08My 7.4x103
Serine 3.3N7s 7.6N21 9.4Nw
Glutamie Acid 10.3xg; 2.5194 16.313 12.7184
Aspartic Acid 5.91158 0.0194 8.2130
Hydroxyproline 13mcp 1.9xg4 )
Proline 15.3BMg; 14.2BMy4 4.3x35

* 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
15.6 (Osborne), 15.75 (Vickery 1944), 15.5 (Vickery 1940); gliadin 17.66; zein 16.1;
edestin 18.7; cottonseed globulin 18.6; arachin 18.0.
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Amino Acid in g,
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Alanine
Serine
Glutamic Acid
Aspartic Acid
Hydroxyproline
Proline

Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Alanine

Serine
Glutamic Acid
Aspartic Acid
Hydroxyproline
Proline

Egg White
5.8xg7
2.2K97
6.5Ke7
5.4M7
1.7197
5.54108
2.6wir
4.4x3p
4.3By7

Lactalbumin
3.9x9
2.1K13
9.6K1s
4.4My5
2.5M18
54418
4.1wsg
3.1B8g
5.4B79

104145
6.41L58
6.413
0.0zg9

4.9N7p
13.4155
9.7155
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TABLE I (continued)

Egg Yolk
8.2K27
1.4K27
5.5Kg7
5.8Ma7
1.7197
5.7A17
2.3wn

Whole Milk
4.3K17
2.6K13
7.5K11
5.5M17
1.8Mm17
5.3A17
1.0wys
3.3818
4.6317

11.3118
'6.2148
6.6L1g

Whole Egg
7.0517
2.4K37
7.2r18
4.3Mg0
1.5My7
5.9437
2.4wyr
4,988
49837
9.2L18
8.0L18
7.3L18
2.2z90

Human Milk
6.8x13
2.8K18
7.2K17
5.1m33

1.5—-3.1m35
5.9418
2.3—-3.9wys
2.5513
4.5B18
10.1L1s
7.5118
8.8L13

Casein
4.2K99
2.5Ks1
7.9x300
6.9Mes
1.4Mg4
5.2A58
0.3W35
3.5B34
4.1Bgp
9.91.68
6.5Leg
6.71e3
0.6291
2.8X35
7.5Ngp

24.214

6.317
0.0MCu
8vs2

Beef Muacle
7.7%313
2.9&13
8.1k11
3.4M55
1.3My3
4.9A18
1.3wys
3.3813
4.6Bu
7.71’113
8.3L13
5.8143
5.0217
4.Xgs
5.4nn

15.413¢
6.0157

6.0138
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TABLE 1 (continued)

Shell Fish

Amino Acid in g. Chicken Muscle Fish Muacle Muscle Heart
Arginine 7.1y 7.4x8 7.6x92 7.4x11
Histidine 23511 2.4xy7 1.9Kg5 2.7y,
Lysine 8.4k 9.0K51 8.3x11 7.4xy
Tyrosine 4.3M11 4.4My 4. 7™y 4.4m13
Tryptophan 1.2M13 1.37192 1.2m11 1.4M3y
Phenylalanine 4.6A11 4.5a11 4.8a11 5.1M11
Cystine 1.3cun 1.2892 1.3sp2 1.2sy1
Methionine 3.2cun 3.5811 3.4884 3.28)1
Threonine 47811 4.5B1) 4.0By1 4.7811
Leucine 7.1138 8.4193
Isoleucine 6.0L13
Valine 5.8L18 6.31L92
Glycine
Alanine
Serine 4.7811 4.9N1; 4.0B1; 5.9811
Glutamic Acid 16.5183 13.3129
Aspartic Acid 6.9159

Amino Acid in g. Liver Kidney

Arginine 6.6K11 6.3K14

Histidine 3.1y 2.7814

Lysine 6.7K14 5.5K14

Tyrosine 4.6My1 4.8Mgs

Tryptophan 1.8My1 1.77g;

Phenylalanine 6.1ap 5.5437

Cystine 1.3cun 1.5w17

Methionine 3.2cun 2.7cun

Threonine 4.8B11 4.68

Leucine 8.4Lg3 7.9193

Isoleucine

Valine 6.2L93 5.3143

Glycine 8.5217

Alanine

Serine 7.381 6.1By1

Glutamic Acid 12.2154

Aspartic Acid 6.9199

Hydroxyproline 0.0x¢4

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 threonine can be made to yield accurate results if carefully
carried out. Shinn-Nicolet very accurate.

BM: Bergmann’s solubility methods are highly accurate.
BS: Baernstein for cystine and methionine. Accurate.

C: Cohen-Krebs for glutamic acid. Accurate.

Cu: Hopkins’ cuprous oxide for cystine and methionine. Satisfactory if properly
carried out.

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

FB: Fromageot-Block for leucine, isoleucine, and voline. Useful only in the absence
of any other method. Now replaced by microbiological methods,

H: Hopkins, Voisenet, Rhode aldehyde methods for {ryptophan. 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, histidine, and lysine. Has had
many modifications. Accurate minimal values only.

L: Microbiological methods. Appear aceurate, but are too new for a final evaluation.
Probably better for some amino acids than others. They are discussed in detail by Snell
elsewhere in this volume.

M: Modifications of Millon’s test for tyrosine and tryptophan. Very accurate.
Mc: McFarlane’s hydrogen peroxide oxidation for proline and hydroxyproline.
Approximate only.

N: Nicolet’s method is very accurate for serine.

P: Modifications of Pauly’s diazo reaction. Can be made quite accurate for histidine
and {yrosine.

S: Sullivan-MecCarthy procedure for methionine. Accurate. Sullivan cystine
method. Accurate.

T: Folin’s colorimetric method for tryptophan. Only useful with purified proteins;
otherwise will give completely erroneous results, '

V: Van Slyke amino nitrogen. Approximate for lysine.

W: Winterstein-Folin phosphotungstic acid method for cystine and cysteine. Can
be made very accurate. Many substances give high results.

X: Miscellaneous methods.

Z: Zimmermann’s phthaldialdehyde method for glycine. Approximate only.

V. DiscussioN

The data presented in 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, ‘

1 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 grains 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 1II

APPROXIMATE AMINO Acip CONTENT OF PLANT PROTEINS
(Calculated to 16.0 g. of Nitrogen)

Amino Acid in g. Flour Wheat Corn Corn Gluten
Arginine 3.9xy7 3.8K37 4.8K17 3.1x17
Histidine 2.2K17 2.1K37 2.5K17 1.6k17
Lysine 1.9x17 2.7x17 2.0Ky7 0.8x317
Tyrosine 3.8m17 4.4M17 5.6M17 6.7M17
Tryptophan 1.3146 1.2my7 0.8L4s 0.7m17
Phenylalanine 5.5A17 5.7a17 5.0417 6.4A17
Cystine 1.9W17 1 .8]?13 1 .5W17 1. lFls
Methionine 3x17 4813
Threonine 2.7837 3.3B17 3.7817 4.1B17
Leucine . 5.81gs 22FB17 24FB17
Isoleucine 3.3Les 4FB)7 5FB17
Valine 3.6Les 5By 5FByy
Glycine 7.2217 4.3z2y7

Glutamic Acid 24.5¢13
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Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Glutamic Acid

Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Glutamic Acid
Aspartic Acid
Proline

Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
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TABLE II' (continued)

Rice
7.2K18
1.5K13
3.2K1s
5.6M15
1.3M13
6.7A13
1.4r3
3.4818
4.1B33
9.0118
5.3L58
6.3L13

10.3213
24.1L13

Leafy
Vegetables

7.0Rg
2.1xy7
5.7kgp
5.4Meg
1.9Mgs
4.5A17
2.0Bsgy
2.3Bser
4.1Bgg

13.1175
5.3175
2.517

Sesame
e

0.2K18
1.5K18
2.8K13
'4.3M13
1.9M8
8.3a18
1.3F1s
3.1s38
3.6B13
7.5143
4.8L18
5. 1L1s
9.3213

Oats

6.0x13
2.2K33
3.3K13
4.6M13
1.2m3
6.6418
1.8ri8
2.4818
3.5B18
8.3Lu
5.61.13
6.3L1s

Cottonseed
Meal

7.4x17
2.6x37
2,717
3.2My7
1.3M17
6.8M17
2.0w1y
1.6837
3.0m17
5.0Lgg
3.41Lg8
3.7Les
5.3213

Sunflower
Seed

8.2K1s
1.7K3s
3.8K18
2.6M38
1.3Mm38
5.4A1»3
1 .3F13
3.4818
4.0B18
6.2L18
5.2L]3
5.2L13

Corn Germ
8.1x17
2.9Kx17
5.8K17
6.7M17
1.3My7
5.5A17
1.8wy;
1.6817
4.7817

13rBy7
4¥By7
6FB17

Peanut Meal
9.9K17
2.1x37
3.0x;7
4.4m7
1.0My7
5.4M17
1.6wyy
0.9511
1.5817
7F517
3rpyy
8FBy7
5.6z37

Brewer's
Yeast

5.3k18
3.0x5
7.4x13
3.5M18
1.5M8
4.6A18
0.9F13
2.8818
5.3B1s
© 7L
6.0145
4718

Wheat Germ
6.0x17
2.5K17
5.5817
3.8My7
1.0M37
42417
0.8wyr

3.8817

Linseed Meal
6.2xy7
1.5r17
2 5Ky7
8.1My7
1.9My7
5.6A17
1.9wyy
2.3817
5.1By7
TrB1y
4rB17
7!’B17

Food
Yeast

4,085
2.3K18
8.0K;8
3.4M8
1.2Mm5
2.9A13
1.1Fys
2.8s813
5.1313
6.8!43
5.8148
5.4118



Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Alanine
Glutamie Acid
Aspartic Acid
Hydroxyproline
Proline
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TABLE II (continued)

Soybean
Meal

5.8x17
2,3K17
5.4Ky7
4.1Mmy7
1.214¢
5.7A11
0.9ry5
2.08y
4.0By7
6.61L¢g
4.7Lsg
42143
(17.4)157
( 8.8)157
(21.0)x3;

Amino Acid in g.
Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine
Cystine
Methionine
Threonine
Leucine
Isoleucine
Valine
Glycine
Alanine
Serine
Glutamic Acid
Aspartic Acid

Gliadin
2.7145
1.9p4
1.1;7
2.8M37
0.81g7

2.3s8
2.788,
2.73105

42.217
1.317

1215

Cottonseed
Globulin

12.2K4
3.0x4
5.2K49
3.4M40
1.3M4p
7.8A40
1.1B84
2.3B3¢
2.784
7.5FByg
2.3FByg
6.7FB4g

2.7N40
21.2xg1

Zein
1.6K03
0.8x101
0.0x1091
5.9M33
0.2138
6.6172
1.0wse
2.5835
2.5320

25FB17
5FB17
3FB17

9.9x108
35.6122
3.4x43
0x34
Ovyy

Arachin
12.2K102
1.9g53
1.5K53
4.1mMy7
0.6X24
4.4A94
1.3BsSg3
0.6B8g3

2.3323

1 .8259
4Xs3
4.6N93
22.1xg
4.9157

129

Edestin
14.31(30
2.1k39
2.2Kg9
3.9M37
1.31g7
4.2173
1.2wgg
2.0Bsg

6.6rBg

5.1FBy2

1.6zs9

4.8%35
17.8130
10.313¢

5.4xy

‘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 III

ApproxiMaTE AMINO Acip ConTent OF SoME PREPARED BrEAKFAST CEREALS
(Caleulated to 16.0 g. of Nitrogen)
Amino Acid in g. Whole Wheat Puffed Wheat Toasted Corn Puffed Rice Puffed Oats

Arginine 5.0r17 2.2xy7 5.018
Histidine 1.7g14 2.2Ky7 2.1x38
Lysine 3.0x17 0.9x;7 <1k 14Ky 2.2K33
Tyrosine 3.0M17 2.1m17 5.6M15 6.4M38 4.0M;5
Tryptophan 1.0My7 0.5M17 0.5M38 1.3my8 1.1mMg
Phenylalanine 5.6A17 4.6A17 6.2413 8.3438 6.0A15
Cystine Llmg 0.7r17 1.5F18 1.2ry5 1.4rmyg
Methionine 2.5858 3.4515 3.18:8 2.5813
Threonine 3.3B33 3.8By7 2.98;3 3.9818 3.5m;8
Leucine 9.1195 21.0143 9.0143 8.8148
Isoleucine 4.5148 4.5118 5.1118 5.6L18
Valine 5.0L18 5.2L1s 6.4148 6.2Ly3

Prepared Breakfast Cereals. The results in Table III when compared
to those in Table II 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. NurriTIONAL EvALUATION OF CEEMICAL 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, ete., 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 methionine, 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 III, when compared with some of the figures in Table
I1, 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 cystine in the case of puffed
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 basis
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 Ioods 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 mizture where each is utilized to maximum
efficiency rather than furnishing a considerable excess of total protein and
trusting to chance and practical experience that the minimum amino acid
requirements are being met.

VII. AMiNno Acip 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, <.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 as
good as 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
regtard 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
differences 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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II. SErUM PROTEIN SYNTHESIS A PROBLEM 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 amino 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 as 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 protein 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 pldsma
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, euglobulin, 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.”

IT1. Cuemican 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 y-globulin 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 analyzed by essentially similar methods?
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IV. CaemicaL CoMPOSITION OF ANTIBODY SERUM (GLOBULIN

Breinl and Haurowitz reported in 1930 ‘“that the precipitate containing
about 10 per cent of haemoglobin, formed by haemoglobin and antihaemo-
globin serum, contained the same percentages of tyrosine, histidine, and
cystine, as 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 serum
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 said,
“in a general way the values agree with those reported in the literature for
serum globuling but specific comparisons are almost impossible since no
single globulin fraction 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 ANALYRIS

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 & 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 not a more or less continuous mixture,
but contains well-defined protein fractions, albumin and three globulins;
a, B, and v4.” 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 y-globulin fraction only.”” Since this
work of Tiselius, rapid progress has been made in the application of the
electrophoretic technique to important immunological problems (20, 21, 22,
23) and as a result it is now obvious that one can no longer think exclu-
sively of serum “‘globulin”; rather one must consider at least three types of
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globulin of differing 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 inas-
‘much as most antibodies thus far studied by the technique of electro-
phoresis have been found either in the y-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.

V1. S1GNIFICANCE OF y~-GLOBULIN IN RELATION 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 y-globulin, presumably because of the
impermeability of the cow’s placenta to this protein (24). Coincidentally
the calf also may be extremely susceptible to colon bacillus infection, at
least until antibodies present in the colostrum have been ingested and
absorbed (25). But within 18-24 hours after the ingestion of colostrum,
v-globulin can be demonstrated in the serum (24). Another example of
the role of y-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
v-globulin 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 y-fraction,
that removal of the antibody with antigen produced a decrease in the
y-globulin and that this decrease corresponded quantitatively to the
amount of antibody removed.”

Although 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, ete. 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
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of antibodies. Thus Enders and his collaborators (27) have found, in
globulin fractions containing over 90 per cent of vy-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-
gitis. 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 modifi-
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 y-globulin (23). It is obvious, therefore, that changes in the a- and
B-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 y-globulin fraction may be almost negligible in amount and yet,
because of the high amount of the S-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. TrE Site oF ORIGIN OF ANTIBODY GLOBULIN

Consideration of the nature of y-globulin requires consideration also
of its site of origin. Although the problem of the locus of antibody forma-
tion is as old as immunology itself, the view has 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 y-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
as 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 Sabin, ‘“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~
eral 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 lymphoeytic 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, 1.e., bacteria or other formed antigens, has been properly prepared by
the action of micro- or macrophages.”

A somewhat different 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 y-giobulin of normal rabbit serum.” 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 lymphoeytes.” They look upon the
Iymphocyte as a carrier of antibody protein and believe that this antibody
may be released at an increased rate “in circumstances 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 structurally 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 thé 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 BrorocicAL EvALUATION OF PROTEINS

For the production of a complex tissue protein such as 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 potentialities 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 well-digested 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. Because both of these methods are time-consuming,
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 “sereen 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,
viz., 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, »z., it deter-
mines regeneration of fotal 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 protein-deficient test animals; but once
this has been established it is usually as easy to feed a colony of rats on a
~ protein-deficient 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 is 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
protein-deficient 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 animals fed fibrinogen and certain globulin fractions; -
the poorest responses occurred in rats fed purified albumin and several
albumin fractions. Presumably, therefore, the larger globulin molecules
of these plasmas contain a greater content or assortment of essential amino
acids utilizable for weight recovery and for total serum protein fabrication.
With respect to y-globulin 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 types 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-
ditions 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 ome should influence adversely the
production of the other,

IX. TuE ErrEcTs OoF 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
associates, 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 1s 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 “dynamic 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
a8 being 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, hypoproteinemia 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 hypoglobulinemia. Impairment of production of
either type of plasma protein, however, interferes seriously with its fune-
tional effectiveness, as 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 minimized.

X. TaE ErrecTs OF PROTEIN DEFICIENCY AND PROTEIN REPLETION
UPON THE ABILITY OF EXPERIMENTAL ANIMALS TO FABRICATE ANTIRODY

If antibodies are specifically modified plasmsa 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, precipiting, 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 animsal 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 our 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 adequate
amounts 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 results
indicated that ‘“the animals with abundant protein reserves and an ade-
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
severe 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 reéstab-
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 microérganisms 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
10 REDpUCED RESISTANCE TO BACTERIAL INFECTION

If the above evidence is valid there should be indications from clinical
and experimental sources of the influence of protein deficiency upon resis-
tance to infection. Clinical 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 has
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 iinme-
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 microdrganisms, exposure, fatigue,
ete.; 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, 50). It should be kept in mind, how-
ever, that antibacterial resistance may not only be acquired; it may also
be lost, 25 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 phagoeytic 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
agents 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
tuberculosis, 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 I deaths from tuberculosis in lunatie 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
safely 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 inctrease
in mortslity 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 Hgygaard 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, 8s 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 association 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,
Kohman (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 being 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 intoxications 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
microdrganisms 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 distinet 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 means 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 parenteral
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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 (@) non-antigenic and (b) complete
with respect to the assortment and amounts in them of at least those
eight amino acids essential for the maintenance of nitrogen balance in
man. At the present stage of development of these hydrolyzates, therefore,
it is imperative that each manufacturer demonstrate both their safety for
intravenous use, and their amino acid completeness.

We have tested several of these hydrolyzates by our assay method and
have fourd considerable varigbility in their nutritive potentialities. In
generzal, 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-
zates, 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 amino acids, therefore, should not cause one to underrate the
importance of the dynamic mechaniems 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 accus-
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 linked together to form larger molecules has, however, not
been appreciably cultivated. There is reason 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.

1t 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 obhtained
a8 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 g-naphthelenesulfonyl derivatives of leucine and phe-
nylalanine are easily soluble in ether, in contrast to the unsubstituted
amino acids (Fischer and Bergell, 1902). Alcohol solubility is found also
for B-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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II. ActuaL AND PrROPOSED PURYrOSES
oF DETERMINING TERMINAL AMINO AcCIDS

A number of reasons 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 differences- 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 Jowa 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 Dakin and coworkers
(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 termmal
amino acids from a peptide of any length, one at & 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 possible
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 FEATURES OF PROTEIN STRUCTURE

The terminal amino 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, 1.6., 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 like 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 has suggested a hypothetical imide coupling of peptide
chains:

! Amino acid refers to terminal amino acid with free amino group; amino acid refers
to terminal amino acid with carboxyl group free.
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This pattern combines peptide chains with imide linkages at 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 chains have been designated ‘‘subunits”
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:

|
H;N-CH-CO-NH-CH-CO- - - - -NH-CH-CO-. . . -COOH

(CHa) (CHa)s
CO-8 Co-0
b o
HOOC- - - .- -CO-CH- - - . - -CO-CH-NH-. . - -NH,

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 Eilers, 1936; Meyer, 1942). Cohn (1939) has
indicated that the peptide linkages of proteins occur only through e-amino
and a-carboxyl groups, but it is strikingly true that in glutathione the
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glutamic acid is not attached throtugh the e-carboxyl group. Were the
glutathione type of linkage of glutamic acid to occur as a unit in protein, &
branched main-chain could then be visualized thus:

HOOC-CHR-NH-: « - -OC-CH-(CHy)y-CO-NH-CHRCO- - - - -NH-CHR,~COOH

NH

!

&o
HR)

&H’

It has been pointed out (Grassmann, Dyckerhoff, and Eibeler, 1930)
that the w-carboxyl linkage of glutamic acid with the cysteine residue in
glutathione has not been hydrolyzed by proteolytic 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 numbers of terminal amino acids. In the
further elucidation of protein structure, the terminal amino acid should
prove of contributory value, as has the “end-group” in the clarification of
polysaccharide 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
topics with Dr. R. E. Rundle,

Each of the methods which follows for designating terminal amino acids
should be evaluated in the light of the purpose for which it is intended.

III. MEANS oF IDENTIFYING TERMINAL AMINO AcIDS

1. ENZYMIC METHODS
Proteolytic enzymes which split off terminal amino acids should 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 course 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., Linderstrém-Lang (1929b). Considerable uncer-
tainty existed regarding the specificity of carb>xypeptidase preparations
(Abderhalden and Abderhalden, 1938). With the description of a crystal-
line carboxypeptidase (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
ehippuryl-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 resynthesis
(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 protamines (Grass-
mann, Dyckerhoff, and Eibeler, 1930; 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, Schiffner, and
Weil, 1931).

The general method of enzymological investigation was reviewed by
Linderstrom-Lang in 1933. This author stated as follows: ‘“Hat man daher
ein reines Enzym mit wohldefiniertem Spezifitdtsbereiche in Hénden, so
besitzt man gleichzeitig ein ideales Werkzeug zur Aufkldrung 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 as carboxypeptidase, 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; Pirie and Pinhey,
1929). These considerations led to two suggested structures of which the
favored one was 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 a peptide composed only of monoamino
monocarboxylic acids.

b. Racemization

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 I-leucine and l-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. Glyeyl-
I-leucine was racemized whereas under the same conditions l-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.
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¢. Equilibrium Constants

Lack of general utility constitutes a criticism of the method employing
the equilibrium constant. 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,
alanine, 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. CHEMICAL 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.

(8) 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-chains in
peptides and proteins.

(8) It should not react with any group other than the amino or carboxyl
which is sought. The peptide enol 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 naphthalenesulfonation was employed. B-Naphthalenesulfonyl
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chloride was frequently used 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 peptides
isolated from silk fibroin and other proteins (Synge, 1943). g8-Naphtha-
lenesulfonyl chloride and other reagents applicable to the amino group are
listed below:

B-Naphthalenesulfonyl Chloride. The g-naphthalenesulfonyl group is
coupled to the amino group in alkaline solution by the Schotten-Baumann
technic. The resultant S-naphthalenesulfonyl peptide is

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

The S-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. B-Naphthalenesulfonyl
glycine, however, can be hydrolyzed in three hours at 110° C. in concen-
trated hydrochloric acid solution (Fischer and Bergell, 1902).

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

C¢H; - SO,Cl14+H,N. CHR. CO. NH-————
(NaOH) | CH;. 80+ 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 possible by the hydrolysis of the
benzenesulfonylgelatin to obtain ebenzenesulfonyllysine in quantity.
Hydrolysis was 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 eamino groups of the side-chains.

* The vertical line indicates the point of greatest hydrolyzability after the peptide
18 marked.
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Benzoyl Chloride. Benzoyl chloride has been reacted with alanyltyrosine
obtained from silk, by Abderhalden and Heyns (1931).

OCHS * COC]+H2N . CHR . CO . NH —————
(NaOH) | C,H;. CO. NH. CHR- CO- | 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-benzoylalanyl-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).

Glycine 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:

HNOy+H,N - CHR - CO - NH »HO - CHR - CO | NH-—-

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 Reagenis. 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.

Zimmermann methylated proteins

(CH,).80:+H;N. CH;. CO. NH. CHR. CO- NH ~--
——— 5 HO(CH;);N*. CH,. CO-{ NH——~
and showed that when betaine could be isolated, the terminal amino acid

was glycine. If this device may be employed for glycine only, its utility is
a8 limited as 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 Suzuki, 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, 4-dinitrophenyl chloride by
Abderhalden and Stix (1923) gave a mixture which could not be suitably
fractionated after hydrolysis, even though the dinitropheny! derivatives of
amino acids could be readily characterized (Abderhalden and Blumberg,

1910).
OzN—OCHHzN- CHR . COOH

NO.

- O:N{KNH- CHR. COOH
0,

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

Hypobromites. Hypobromite reacts with the amino end of peptides to
give different products depending upon whether an acid or alkaline medium
is employed (Goldschmidt, Wiberg, Nagel, and Martin, 1927). In the
former case the reactions involved are as follows:

R;~-CH(NH,) - CO- NH. CHR,. COOH
|2 HOBr

R;~CHNBr;. CO- NH. CHR;. COOH (unstable)
| —HBr

R~C(=NBr)- CO- NH. CHR,;.- COOH
| +H0

R~CO. CO | NH. CHR,- COOH

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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R-CH(NH,) . CO. NH. CHR,;. COOH
l (NaOBr)

R~-CH=NBr+HOOC. NH. CHR,- COOH
| —HBr

R~CN

Secondary bromination products result from this reaction, however.
From 200 g. of egg albumin it was possible by this-reaction to obtain 2.5 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.

Aryl Isocyanates. Phenyl isocyanate (Bergmann, Miekeley, and Kann,
1927) has 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:

CH, - N : CO+H,N - CHR - COOH — C.H;:NH.CO NH:CHR - COOH

phenylureide
CHy: N — (|30
O NH (HC)
/
C
i
phenylhydantoin

With any marking reagent of promise, such as phenyl isocyanate, it is
desirable to test the hydrolyzability of the derivative, under the conditions
of hydrolysis of protein. For glycine phenylhydantoin the rate of hydroly-
gis 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 Group
Aours per 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, theé 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 insulin. Naphthyl isocyanate proved to bé similarly 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 hydrochlorie
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 glyeylleucine. 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 amino actd, 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 structure 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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l CH, - C¢Hi(NO:);+H:N - CHR - COOH
CH;. C¢H2(NO:):—NH. 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-hydrolyzability: 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
acid:

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
results a peptidebenzylamide:

H,N. CHR. CO. NH. CHR,. COOC;H;+H;N . CH,. CsH;
— H,N. CHR- CO- | NH. CHR;. CO. NH. CH;. C¢H;

This product hydrolyzes far less readily than the true peptide linkage
and crystalline compounds may be isolated.

B-Naphthol. This method was discovered by Lichtenstein, Hestrin,
Dimant, and Brzoza (1938). '

H:N.CHR. CO- NH. CHR,- CO.- NH. CHR,.- COOH
p-naphthol H.N.CHR,- COOH+ HN—CHR — CO

| l
0C—CHR,—NH

When tripeptides are heated in g-naphthol at 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 alecohol. With leucylglyeylglycylleucine only
the glycine-leucine 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 benzoylleucylglycine and benzoyltriglycine:
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Benzoylleucylglycine+NHNCS +(CH;C0):0

!

CeH; - CO- NH.CH(CH,)-CO-N——CH,
sC Co
N/
N
H
| (cold NaOH solution)

CeH;s. CO+ NH. CH(CH,) - COOH-thiohydantoin

The particular thiohydantoin obtained corresponds to the original amino
actd. 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. It 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:

H,N. CH,. CO. NH. CH(CHs) - COOC,H;3+2 C¢H; - MgBr

H:N . CH;- CO- NH. CH(CH;) - C(OMgBr)(CeHy)s (+C;Hs - OMgBr)
| HO

H;N.CH;. CO. NH. CH(CHj;) - C(OH)(C¢H;)s (+MgOHBr)
H:0
H,N . CH;. COOH+-NH;4-CH; . CO .+« CH(CeHj)a

In the case of glycylalanine, illustrated by the reaction above, a 52 per
cent yield of the diphenylacetone was recovered.

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, glycylalanylleucylglutamic acid. The peptide ester was
benzoylated for protection, and converted through the hydrazide and
azide to the benzylurethane, and then hydrogenated to give an aldehyde
with one less carbon than the terminal amino actd. This left the benzoyl-
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peptideamide as residue and the process was repeated. The process is
obviously not simple and degradation has not been carried through more
peptide links than the corresponding Bergmann-Zervas synthesis (Berg-
mann and Zervas, 1932), perhaps for similar reasons (Pacsu and Wilson,
1942),

The sequence of reactions can be represented schematically by the
degradation of N-benzoyl-l-leucine methyl ester:

CeH;- CO- NH . CH(CH,) - COOCH,
| NH:-NH,
CeH;- CO. NH. CH(CH,). CO. NH. NH,

l HNO,

CeH;. CO. NH. CH(C,H;) - CON;,

l  +CeHs. CH;. OH

CéHl;. CO. NH. CH(CH,) - NH. COO. CH; . CeHy
| Hy(Pd)

CeH; - CO+ NH;+CH, - CHO+NH;+CO;+CH;+ CeHj

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

4, OTHER METHODS

a. Comparison with Synthetic Peptides

In a systematic investigation of isolated peptides it is now practical,
a8 it was not during the period in which most terminal amino acids were
identified, to compare the isolated product with & synthetic material.
This is possible because of the development of the carbobenzoxy synthesis
(Bergmann and Zervas, 1932), which combines l-amino 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 glyeylphenylalanine in
intestinal contents by Abderhalden (1912).

b. Ven Slyke Analysis

The van Slyke reaction has been used for determining the amino acid
sequence in a hydroxyproline-arginine dipeptide isolated from clupein by
Dirr 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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tions for some hydrolysis would probably be necessary (Liecben 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. AprLicaTIONS OF METHODS FOR
IpENTIFYING TERMINAL AMINO ACIDS

1. GLUTATHIONE

The most thorough test of the methods daveloped 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 McKenzie, 1930b). This was con-
densed with 2, 3, 4-trinitrotoluene, which produect on hydrolysis yielded
free glycine,

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

These same workers (1930a) used the Bettzieche-Grignard method to
indicate a terminal glycine residue.

Nicolet (1930a, b, ¢) employed the Schlack and Kumpf thioliydantoin
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 Eikeler, 1930).

All of the evidence was substantiated by the synthesis of glutathione by
Harington and Mead (1935), and comparison of properties with the natural
v-glutamylcysteylglycine.

2. ANSERINE AND CARNOSINE

The sequence of amino acids in these peptides (Fox, 1943) has be n
determined by the trinitrotoluene procedure (Barger and Tutin, 1918;
Keil, 1930). A crystalline derivative of g-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 dinitrotclylearnosine.

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, Hirchata, 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 was able to separate hydrolytic products of clupein as flavianates
rather than as peptides.

V. ConcLusioNn

The value of any 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, the 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 e-carboxyl and a-amino exists. A maximum of difficulty
might be expected from e-amino 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
eamino groups can, however, be brought about by pH control. Such
control was accomplished in the reaction of gelatin with 0-g-glucosido-N-
carbobenzyloxytyrosyl 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 difficulty even though
an w-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 difficulties 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 deseribed 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 (1942) 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 amino 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. INnTRODUCTION

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 in

179
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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 element.

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; Dhéré, 1915; Redfield, 1934;
Elvehjem, 1935; Rawlinson, 1943). It should be pcinted out, however,
that for a long time most workers considered that the copper present in
biological material was merely accidental and had no definite function. This
undoubtedly was 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 small. As 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 analysis had been over-
come. Thus, although Lehmann (1895) reviewed and summarized the
known facts regarding the distribution of copper, it was 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 Demoussy (1920), Guerithault (1920) and Fleurent and Levi (1920).
They found from 3 to 40 parts per million of copper in all plant materials
which they analyzed and suggested that copper must be an essential ele-
ment in plant metabolism. Most of the copper was found in the more active
parts of the plants, such as young shoots and leaves, and 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-
sary 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 Deschamps (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 was 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 hemoglokin and a series of such physiologically active compounds
after the iron has been absorbed. These findings have led naturally to a
close 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 has 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 ecame about much earlier
than in the case of higher animals. This was most likely 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 was 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 that 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 the 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 molluses and crustaceans should be con-
sidered as & 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 dissociable compound with oxygen, oxyhemo-
cyanin. These observations by Fredericq caused great intcrest in the
hemocyanins; hence many investigators turned their attention to the
respiratory function, copper content, and chemical nature of hemocyanins
from various species of marine animals.

In quite recent years this interest in copper-containing proteins has been
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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, 7.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, <.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.

II. TeE 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). Since
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 at 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 hemoecyanin 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, ete.,
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 hemoglobin as 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
categories may live side by side. Likewise it is recognized 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 animals 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 hemocyanin 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 methods of approach in research
with the hemocyanins as proved successful with 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 hemocyanins. The molecular weights vary
from 350,000 for lobster hemocyanin to over 5,000,000 for snail hemocyanin.
Furthermore, evolutionary developments affecting the respiratory process
in hemoglobin and hemocyanin 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 hemoeyanin 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 investigated were Limulus
polyphemus, Busycon canalicularum, Homarus americanus, and Loligo
pealer of which all showed the presence in various parts of the animals of
one or more of myoglobin, cytochrome oxidase, the cytochromes, and
succinic dehydrogenase. In addition it has been reported (Bing, 1938)
that mammalian organs perfused in the Lindberg 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 officinalis, but that copper is absorbed
from sea water, and the hemocyanin is formed between Stages X and XVI
in the development of the embryo.

! Bee the discussion of the molecular weight data for the endocellular and plasma
pigments in the subsection on Molecular Dimensions (page 196).
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1. Preparation

The occurrence of hemocyanin has been observed in the blood of a num-
ber of invertebrates mostly classified as Cephalopoda, Gastropoda, Crustacea,
and Xiphosura. This classification includes various species of crabs,
lobsters, snails, squid, and octopi. In addition, hemocyanin definitely
occurs in certain scorpions (Svedberg and Hedenius, 1933) and may be
present in some spiders (Wilson 1901). The quahog (Venus mercenaria)
is & doubtful source (Ball and Meyerhof, 1940). For a list of animals known
to contain hemocyanin the resder is referred to Table III.

Because the hemocyanins are among the most easily crystallized proteins,
they have often been obtained in crystalline form. This ease 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
amounts of other materials. Furthermore, Rawlinson .(1943) suggests
that the direct attachment of the heavy metal to the protein moiety of
the hemocyanin molecule exerts forces tending to increase the ease of
crystallization.

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 ultracentrifugation. The early work
on crystallization was reviewed by Dhéré (1919), who has provided details
and historical information. The first hemocyanin to be crystallized was
that from octopus. Henze (1901) added acetic acid to a saturated solution
of the hemocyanin in strong ammonium sulfate, whereupon the hemocyanin
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 hemocyanin without degradation of the protein. The
hemocyanin of Heliz (snail) is insoluble in the absence of electrolytes, and
has been crystallized by prolonged dialysis. The crystallization may be
brought about more rapidly by electrodialysis during which the crystals
deposit at the positive pole. Recrystallization may be carried out by satu-
rating a N/500 sodium sulfate solution with the hemocyanin, and on stand-
ing an abundant crystallization takes place (Redfield, 1934). The addition
of papain to filtered Heliz blood or to alkaline solutions of the hemocyanin
results (Dhéré 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 hemocyanin 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 lalandit (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.
Busycon hemocyanin 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 hemocyanin of Busycon
canaliculatum is an outstanding example of those not yet crystallized.

The crystal system to which a given hemocyanin 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 erystallization
is now often employed for obtaining pure hemocyanins.

Such purification methods are very similar to those previously discussed
for crystallizing the hemocyanins. For example, the hemocyanins of
Helixz pomatia, Carcinus moenas, Octopus vulgaris, and Limulus polyphemus
were prepared by Roche ef al. (1935) using dialysis against water at 0° C.
A very small amount of an isoelectric acetate buffer or potassium phosphate
buffer was added to hasten the precipitation. The first portion of the pre-
cipitate (cxtraneous matter) was discarded, and the subsequent hemo-
cyanin precipitate was then reprecipitated (or recrystallized if crystalliza-
tion happened to occur) from sodium chloride solution and dialyzed until
salt-free. Purified Helix pomatia hemocyanin was also obtained (Putzeys
and vah de Walle, 1940) by precipitation from half saturated ammonium
sulfate solution followed by dialysis and then by electrodialysis 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 hemocyanin. By way of modification, Tiselius and Horsfall
(1939b) prepared the hemocyanins of Helixz pomatia and Heliz 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
+4° C. some change in the pigment took place, since insolukle matter
was 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
hemocyanins of Limulus polyphemus, Homarus americanus, and Cancer
borealis 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 the 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 Composition

The elementary composition of the bloods and hemocyanins of many
species has been reported. With the hemocyanins 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 basis. The more important 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 Data on the Elementary Composition of Various Hemocyanins
C H N - 8 Cu References
peor cent per cent per cent per cent per cent
Mollusca

Heliz pomatia 53.4 6.9 15.156 0.76 0.24 1)
15.22 (2)

Busycon canaliculatum 53.5 6.65 15.9 1.23 0.245 (1)
Octopus vulgaris 53.4 6.95 15.9 1.04 0.25 1)
16.09 2)

0.25 3)

Loligo peales 52.75 6.8 15.756 119 0.26 (1)

Arthropoda

Limulus polyphemus 53.4 6.9 16.9 1.10 0.173 (0]
17.56 1.22 4)

16.10 0.173 )

Homarus americanus 53.07 6.85 16.78 0.90 0.187 1)
16.22 0.167 (5)

Carcinus* 16.83 (2)
Jasus lalandrs 0.148 )
Cancer borealis 16.156 0.181 (5)

(1) Hernler and Philippi (1930 and 1933).
2) Roche, et al. (1035).

3; Kubowitz (1938).

4) Mazur (1937).

5) Allison and Cole (1940).

6) Rawlinson (1940).

* Not otherwise identified.



TABLE 11
Recent Data on the Amino Acid Conlent of Various Hemocyanim

Tryptophan  Tyrosine Cystine Arginine  Histidine Lysine Leucine Valine Alanine References
per cent per cent per cent per cent per cent per cent per cent per cent per ceni

Heliz pomatia 5.90 4.59 2.05 5.26 581" 7.46 (1)
9.17 7.64 3.82 (2)
Helix aspersa 5.81 4.42 1.091 5.18 6.15 6.91 (1)
Octopus vulgaris 4.86 4.59 1.95 5.19 5.98 8.63 (1)
10.93 6.37 7.54 (2)
Eledone moschata 5.68 3.89 2.08 5.44 6.11 8.47 1)
11.6 3.6 5.88 )
Sepia officinalis 5.55 4.82 2.02 5.62 5.92 7.90 1)
7.04 6.25 3.58 2
Carcinus moenas 5.21 4.82 1.99 6.65 8.89 7.97 (1)
15.0 4.2 7.6 @)
Dromia vulgaris 5.15 4.13 1.52 5.72 7.12 9.61 1)
Maia squinado 444 4.27 1.88 5.87 )
Limulus polyphemus 4.52 4.50 2.26 6.85 9.08 8.10 ®
7.7 6.7 4.8 @
6.37 4.52 8.92 (3)

(1) Roche and Jean (1934a)

(2) Roche and Morugue (1941)

(3) Mazur (1937)
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that the hemocyanins of the Mollusca contain more copper than the hemo-
cyanins of the Arthropoda. On the other hand, the hemocyanins of the
Arthropoda are evidently slightly richer in nitrogen. The table shows that
the hemocyanins of different species of Mollusca (or Arthropoda) cannot
be 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 striking
dissimilarities,

Data indicating the distribution of nitrogen, shown by the amino acid
content of hemocyanins from different species, is given in Table II. 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, such a conclusion seems premature in view of the marked
disagreement in the histidine content of Limulus polyphemus. Mazur
(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 Busycon canali-
culatum, 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
copper in itself constitute 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 & 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 group?, 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 a
prosthetic group is inconclusive. Before considering the evidence which
has accumulated from degradative studies, it seems advisable to discuss
the absorption of oxygen by the hemocyanin molecule and the role of
copper in this process.

The Role and Stale 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 was resynthesized by the addition of cuprous chloride under an
inert atmosphere. Then, on reoxygenation, the spectral band of the oxy-
hemoecyanin reappeared to the extent of 50 per cent of the original intensity,
indicating the restoration of cuprous copper in one-half of the original
hemoeyanin. This result is the best evidence so far obtained that copper
is present in the cuprous 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 hemo-
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 hemocyanin, 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, ¢t al. Although such measurements
are capable of detecting a change in the valence state of the copper atom,

2 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 moicty of the hemocyanin molecule is not organie,
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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
a8 it passed through the gills of these animals. The subsequent establish-
ment of the physiological function of the he mocyanins as oxygen carriers
was based on this observation. Analysis of the oxygen and carbon dioxide
content of the arterial and venous bloods of the Octopus (Winterstein,
1909) and of squid (Redfield 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 Jasus 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 (Rawlinson, 1941) that the orientation of
groups within the protein portion of the hemocyanin 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 charaec-
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-

8ary.
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A very important part of the study of the hemocyanins has been con-
cerned with the combination of oxygen and the hemocyanin molecule.
These studies have involved investigations of the oxygenation reaction 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 as 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 emphasis
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 with carbon dioxide and the formation of
compounds with carbon monoxide and cyanide have led many investigators
to look for analogies with the hemocyanins. 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-officinalis (lobster) and Octopus
vulgaris. 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 enzyme in Heliz pomatia, Cancer
pagarus, and Homarus vulgarts, and found that the carbon dioxide in the
bloods of these animals was present only as bicarbonate.

Cyanide decolorizes oxyhemocyanin (Kobert, 1903) to form a compound
called cyanhemocyanin. 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 cyanhemocyanin (Craifaleanu, 1919). Pearson (1936)
working with Limulus hemocyanin followed the decomposition of oxyhemo-

1 See 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 wecks 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 formed (Craifaleanu,
1919; Root, 1934; Roche, 1936). On the other hand, other workers have
failed to obtain evidence of such compound formation (Dhéré and Schneider,
1922; Roche and Dubouloz, 1933a). Likewise, Rawlinson (194C) has
recently reported that the hemocyanin 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 serum 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 Homarus 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 hemo-
cyanin. Various hemocyanins have been used. However, an examination
of the contradictory results and opinions leads to the conclusion that a
definite decision regarding the presence or absence 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. Because 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 Heliz
hemocyanin with strong alkali. This material was 7 per cent copper and
gave an intense pine splint test for pyrrole. The latter fact aroused much
interest since pyrrole derivatives were known to be the fundamental units
of the porphyrin group of hemoglobin. However, Dhéré and Baumeler

$ Beo footnote on page 189.
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(1928, 1929) were doubtful of the presence of porphyrins in Philippi’s
product for they were unable to detect the characteristic red fluorcscence
of these 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 believed it to be a tetrabasic
organic acid with the copper hound as 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 treatment 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 believed their product was a complex
copper salt of a polypeptide containing leucine, tyrosine, and serine and
that the sulfur was not present as cystine, cysteine, or methionine, and
probably not as taurine. Since ammonia removed both copper and sulfur
from the black powder, Conant, et al. suggested 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 molecular
formula was proposed, and copper was reported (Conant, Dersch, and
Mydans, 1934) to be present in the cupric state. Although Conant, et al.
were unable 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 Octopus hemocyanin with acetone and acid, and
obtained & product which he considered to be identical with Schmitz’
hemocuprin. As a matter of fact, Roche and Dubouloz (19334, b) observed
the same ultraviolet spectrum for the products of both workers and con-
cluded that they 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 snuil, octopus,
and crab, and concluded that the copper complexes obtained were the pros-
thetic groups of the hemocyanins. They found, however, no evidence 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 the 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
hemocyanins have no prosthetic group other than copper. Among the
first to take this view was Henze (1901) who believed that the hemocyanin
of Oclopus 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
hemocyanins of Heliz pomatia and Cancer pagarus with acetone and hydro-
gen chloride and obtained a product similar to the hemocuprin of Schmitz.
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 Dubouloz 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
Jasus lalandii was nothing more than basic copper sulfide contaminated or
combined with protein break-down 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 hemocyanins,
He pointed out that the whole blood of Jasus 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 ef 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 methemocyanin (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 one electron 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 & new compound, oxymethemocyanin.
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 Protein Moiety

All the hemocyanins appear to be globulins and as such are soluble in
dilute salt solutions (Quagliariello, 1924). This characteristic 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 electrolytes across membranes bathed by the blood. These
last properties are all shared by many other blood proteins.

‘The existing knowledge of the detailed 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 units in the hemocyanin
molecule. In fact, information on this important subject has been obtained
only recently as the result of the investigations of Trurnit and Berghold
(1942). These authors conducted interferometric studics of monomolec-
ular films of the hemocyanin of Heliz pomatia. They concluded 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 seems
greater than the coherence between the two sheets. Such obscrvations are
in agreement with the phenomenon of dissociation which will be discussed
later. . _

Molecular Dimensions. The molecular dimensions of the hemocyanins
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
most reliable. Although confirmation of the results from the ultracentri-
fuge has been generally obtained with other methods of measurement,
the occasional disagreements have stimulated research on new and old
methods alike.

The hemocyanins possess 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 hemocyanins of the Mollusca are about 25,000.
The hemocyanins of the Arthropoda have a lower copper content, and hence,
the minimum molecular weights are somewhat higher, 37,000. Actually,
these minimum molecular weights probably should be doubled for, as
indicated previously, the quantity of hemocyanin that combines with a
single oxygen molecule contains two atoms of copper. Cohn (1925) by
ultrafiltration of Limulus hemocyanin estimated the molecular weight to
be 68,100. However, shortly thereafter, Dhéré and Baumeler (1926)
observed that hemoglobin would pass through collodion membranes
which retained hemocyanin. They, therefore, believed hemocyanin mole-
cules to be larger than those of hemoglobin. In addition, the oxygen 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 ealculated 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 (hemocyanins, 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 I11, 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 sedimentation
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 protein dissociation increases and its influence
on molecular weight determinations is better understood, the reported
molecular weights become larger. For instance, a comparison of the molec-
ular weights in Table II1I with those reported by Svedberg and Chirnoaga
(1928) and Svedberg and Ericksson (1032) a few years earlier, ¢.e., Heliz 50,
Octopus 20, Limulus 13, Homarus 6.4, and Palinurus 3.6, all times 105,
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 Heliz pomatia
had a molecular weight of 89.1X10° for the main component. Ekwall
(1942) reported a molecular weight of 87X10% in the pH range of 4.0 to
7.4 for the hemocyanin of Paluding vivipara. It should be pointed out,



TABLE III
Molecular Weight and Related Dala for the Hemocyanins of Various Species

861

Dn M, Me

Species pH B2 X107 xng X104  f/fo Isoelectrie Paint References
Pandalus borealis 68 174 397 11 1)
Palinurus vulgaris 68 164 34 446 447 12 4.6 Q,2)
Heliz pomatia (dissoc, comp.) 97 121 223 5.02 1.5 5.05 1,2,6)
Busycon canaliculatum (dissoc. comp.) 96 135 3.29 3.79 14 4.49. 1,2, 3)
Eledone moschata (dissoc. comp.) 116 106 216 4.57 1.9 46 1,23
Nephrops norvegicus 68 245 279 8.12 1.2 464 1,23
Homarus vulgaris 68 226 278 752 803 13 495 1,2, 3)
Helix pomatia (dissoc. comp.) 86 160 206 719 797 19 5.05 1,2,7
Helix nemoralis (dissoc. comp.) 86 166 192 7.99 1.8 4.63 1,2,7)
Calcaris macandrae 68 340 1329 1.2 1,4
Octopus vulgaris 68 493 165 2785 14 47,48 1,589
Eledone moschata 68 4901 164 27901 14 4.6 1,23)
Rossea owensi 68 562 158 33.16 14 1,2
Heliz pomatia (main comp.) 68 989 138 6630 6680 12 b506;5.0553 (1,2 6, 10,11,12)
Busycon canaliculatum (main comp.) 68 1017 138 6814 1.2 4.49 1, 3)
Busycon canaliculatum (aggreg. comp.) 68 1304 117 9980 1.2 4.40 Q,3)

ALLATIVA “d "W ANV NOSAYVA ‘9 D

81 =sedimentation constant at 20° C. expressed in Svedberg units, S=10"1.
Dy =diffusion constant at 20° C. ’

Mg =molecular weight based on sedimentation velocity measurements.

Me =molecular weight based on sedimentation equilibrium measurements.
f/fs=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 vulgaris with the larger one having a reported
weight of 20.5X 105,

Osmotic pressure data have been obtained for the estimation of the
molecular weights of hemocyanins. 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. Hence, 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
hemocyanins tested.

Roche, et al. (1935) reported minimum molecular weights based on
osmotic pressure measurement for the hemocyanins: Heliz 18X10%,
Octopus 7.1 X105, and Carcinus 5.5X10%. The actual values are probably
much higher for Heliz and Octopus hemocyanins (see Table III). Osmotic
pressure data taken on Limulus hemocyanin in an aqueous buffer solution
yielded an estimsted average molecular weight of 5.65X10° (Burk, 1940).
In 6.66 M urea solution, where dissociation into smaller components was
expected, osmotic pressure measurements indicated a molecular weight of
1.42% 108, During a three months’ estivation of the animal, the hemocyanin
of Heliz 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 Heliz pomatia after a hibernation period of five months.
This observation that the size of the hemocyanin molecule may vary in

References for Table II1

(1) Eriksson-Quensel and Svedberg (6) Tiselius (1930).
(1936). (7) Pedersen (1933).
(2) Polson (unpublished). See Svedberg (8) Quagliariello (1920).
(1939). (9) Roche (1930).
(3) Pedersen (unpublished)., See Sved- (10) Stedman and Stedman (1927).
berg (1939). (11) Putzeys and van de Walle (1939).
(4) Svedberg and Hedenius (1934). (12) Putzeys and van de Walle (1940).
(6) Polson (1936).



200 C. R. DAWSON AND M. F. MALLETTE

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 3.30X10® as a standard,
Putzeys and Brosteaux (1941) determined the molecular weights of various
hemocyanins by the method of light scattering. Their results are: Palinurus
4.62, Homarus 7.1, Sepia 32, and Helix 63.4, all times 10°. These data are
in fair agrcement with the ultracentrifugal data of Table III, and the light
scattering method appears to be more suitable than osmotic pressure
measurement since small quantities of a small component have much less
influence on the average molecular weight. Furthermore, the great particle
size of the hemocyanin imposes no restriction on the accuracy of the meas-
urement of the scattered light as it does on the measurement 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 1V
Molecular Weights of Three Hemocyanins
From Svedberg, The. (1939)

Ultracentrifugal
Viscosity and Diffusion Data Data
Source (¢V) 2) 3) (O}
X108 X108 X108 X104
Homarus 5.3 3.93 7.93 7.7
Octopus 19.52 13.37 278 27.8
Heliz pomatia 42.5 31.01 83.5 66.5

(1) Kuhn (1932).

(2) Burgers (1938).

(3) Polson (1936).

4) Taken from Table III.

Tiselius and Gross (1934) reported a diffusion constant of 1.05X10~7
cm.?/sec. for Heliz pomatia hemocyanin caleulated 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 50X 10° weight for the hemocyanin of Heliz pomatia and estimated a
diameter of 24 m u. Ultrafiltration studies led Elford and Ferry (1936) and
Grabar (1936) to estimate respectively diameters of 18t0 28 mu and 29 m
for the same hemocyanin. Ekwall (1942) estimated the length of the
hemocyanin of Paludina vivipara to be 80 to 100 mu with a molecular
weight of 87108, Svedberg (1930) calculated a diameter of 9 mu for
Limulus hemocyanin.

Electron micrographs of the hemocyanin of Limulus polyphemus indi-
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cated spherical molecules with an average diameter of 20 m u (Stanley and
Anderson, 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 87.3S, and the second with a constant of 59.98
made up 90 per cent of the total hemocyanin. The latter component
calculated as a sphere would have a diameter of 19 m u. These same investi-
gators, using the hemocyanin of Viviparus malleatus, found a single major
component by means of the ultracentrifuge and estimated the average
diameter to be 29 my from electron micrographs. Low contrast on the
photographic plates indicated assymmetry, probably as dises or platelets.
Calculated from a sedimentation constant of 95.0S assuming spherical
symmetry, the average diameter of this molecule would be 24 m u. Busycon
canaliculatum 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 m p seemed
reasonably certain, 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 mpu for single molecules of the hemo-
cyanin of Loligo pealei as measured from electron micrographs. The mole-
cules seemed to be spherical, and possessed an average molecular weight
(ultracentrifuge) of 2.16%10°%. X-ray diffraction patterns taken on the
same substance indicated a diamecter of 10 m u. The diameter of Limulus
polyphemus hemocyanin, also measured from electron micrographs, was
found to be 17 m u, 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 hemoecyanins. At that
time the unusual ability of the hemocyanin 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 been concerned
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 Stedman (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 observed a linear variation
of the fluidity (the reciprocal of viscosity) with the concentration of Oclopus
and Homarus hemocyanins, This finding 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 shiape 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
(20105 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 synthesized 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 was more active.

Eriksson-Quensel and Svedberg (1936) published results on stability
studies of the hemocyanins of Pandalus borealis, Limulus polyphemus,
Palinurus vulgaris, Nephrops norvegicus, Homarus vulgaris, Cancer pagarus,
Carcinus moenas, 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
exaraple (see Fig. 1). These investigators concluded from their data that at
the isoelectric point and in the pH ranges where associations or dissocia-
tions were reversible the resultant hemocyanin components were homeo-
geneous with regard to their molecular weights. The stable zone for the
component of highest molecular weight for & given hemocyanin always
included the isoelectric point. The dissociation reactions were reversible



THE COPPER PROTEINS 203

140 p—

120 —

pH

Fig. 1, pH-Stability diagram for the hemocyanin of Busycon canaliculatum. Adapted
from Eriksson-Quensel and Svedberg (1936). Data plotted appear in the original paper
a8 points grouped along the heavy lines. The abscissa represents the sedimentation
constant of the components in solution at a given pH calculated to 20° C.

except at 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 56.6S.
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 Heliz pomatia hemocyanin before and
after subjecting the solution to sonic waves of a frequency of 250,000
vibrations per second, indicated an extensive irreversible dissociation
of the hemocyanin into 14 and 14 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
hemoeyanin were unchanged by such dissociation. Brosteaux (1937)
found the component in Heliz pomatia hemocyanin of molecular weight
66X 10° 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
and above pH 8 were apparently 14 molecules. He also noted that the
presence of calcium or magnesium ions extended the stability of the large
component to above pH 9,

However, Svedberg and Brohult (1938) reported that the hemocyanin
of Heliz 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 g or shorter.
Light corresponding to the oxyhemocyanin band, 320 to 370 m g had no
effect.

Tiselius and Horsfall (1939a) using the purified hemocyanins of Heliz
pomatia, Heliz nemoralis, and Littorina littorea, examined them clectro-
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 thrze hemocyanins were chosen because
they had been reported to have similar molecular weights but different
electrophoretic properties. Likewise, all were known to dissociate when the
pH of their solutions was altered. The hemocyanins of Heliz pomatia and
Heliz 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 Heliz pomatia hemocyanin
and pure Heliz nemoralis hemocyanin., However, a third component 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 hemoeyanins,

Using mixtures of the hemocyanins of Helir pomatia and Littorina
Uittorea, 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 Heliz 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 Heliz 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 boundaries 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
Heliz 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
Helvx pomatia is that of Brohult (1940) who used fresh blood and obtained
a value of 89.1X10° by means of the ultracentrifuge. He observed that
dissociation occurred into half molecules of weight 43.1 X108, into eighth
molecules of weight 10.3X10% 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 87X 10%) dissociated
below pH 3.7 into smaller units and 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 11.3X10%) were found, and at higher 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 mu). He con-
cluded, therefore, that the splitting into half molecules'must have 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.

Electrophoretic Properties. Redfield’s (1934) review includes a table of
the isoelectric points of the hemocyanins from fifteen species of animals.
Table III presents some of the same data and also some more recent results.
Finally, data, not to be found in either of these places, will be mentioned in
the following brief discusston.

Yasuzumi, et al. (1937) reported that the hemocyanins of Cristaria plicata
and Palinurus japonica possessed isoelectric points between pH values of
4.5 and 4.9, Electrophoretic studies of the hemocyanin of Heliz pomatia
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 following year Putzeys and van de Walle (1940) re-
ported an isoelectric point of 5.06 for Helix pomatia 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 Heliz pomatia and
Helvxr 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 Heliz was found
at 550 my, and the corresponding position for Paludina oxyhemocyanin
was 600 m u. 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 mu,
was attributed to the prosthetic group by Dhéré (1920). This band also
disappeared on deoxygenation and was replaced by a progressive absorp-
tion between 300 and 380 mu according to Roche and Dubouloz. The
other ultraviolet absorption band occurs at 278 m u 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 lalandis with the oxyhemocyanin bands located at 558 and
335 mpu. 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 Octopus hemocyanin were found (Henze, 1901) to be
doubly refractive, and Snellman and Bj6rnstahl (1941) reported a strongly
positive streaming double refraction with the hemocyanin of Heliz 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 lalandit in
2.01 per cent solution at pH 7.0 and 20° C. had 2 specific rotation of —42.5°
using the green line of the mercury are.

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
as Youmans and Colwell (1943), found that the injection of hemocyanin
led to the production of antibodies in experimental 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 Limulus polyphe-
mus hemocyanin with the production of anaphylactic shock on reinjection
of the hemocyanin. 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, Homarus,
Loligo and Heliz 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 hemocyanins of these species acted as pseudo-phenolases, but
found no reason to believe that this pseudo-activity had any physiological
significance.

ITI. Tue OxXIDABES

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:

BH; + 140, _erzyme | B 4 H,0
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

3 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 ascorbic acid oxidase (Steinman and
Dawson, 1942). There are also theoretical considerations that support the view that
metallo-enzyme systems of this type do not produce hydrogen peroxide.
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are classified as oxidases rather than dehydrogenases as the equation might
suggest,

Two of these enzymes, 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-Gyérgyi (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
a8 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 closely. 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 easc. Because of these facts, knowledge
of the physico-chemical properties of the hemocyanin copper proteins
became relatively extensive, and to-day our knowledge is on as firm a
basis as with any other class of proteins (see Section II).

In the case of the above oxidases, however, the situation is almost the
reverse. As a corollary of their high catalytic activity, the oxidases occur
in the plant tissues and fluids in exceedingly low goncentration. For this
reason, their isolation, concentration and pun'ﬁcafi(z)n has 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
oxidases is very meager. No studies at all comparable to those described
for the hemocyanin eopper proteins (see Section II) 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 amino 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 studies
have been concerned with the activity of the enzymes, 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 results of numerous
investigations pertaining to their substrate specificity and classification,
to their conditions of optimum activity and 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, ete. 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 discuss 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), Elvehjem,
et al. (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 thermolabile nitrogenous substance that
caused the darkening and hardening of the latex in air. A few years later
Bertrand (1894, 1895a) using the latex of the Indo-Chinese lacquer tree,
isolated an enzyme which he called laccase, and showed that the darkening
and hardening of the latex in air was due to the enzymatic oxidation of the
polyphenolic bodies, urushiol and laccol, present in the latex. The struc-
tures of urushiol and laccol as proposed by Majima, et al. (1922) are given
below:

OH s OH
H 4 ) OH
Cis Har \/-Ciz Hu
Urushiol Laccol

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 as a means of demonstrating the presence of laccase in
many plants (Bertrand, 1895b) and a large number of species of mushrooms
(Bertrand and Bourquelot, 1805, 1898).

It was during this same period that Bourquelot and Bertrand (1895,
1896) and Bertrand (1896a) described the properties of another oxidase,
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tyrosinase (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 tyrosinase was found to have no action on hydroquinone,
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 as a means of distinguishing
the two oxidases. He also reported that they could be separated by taking
advantage of the greater stability of laccase towards heat and aleohol.

During the course of his investigations Bertrand (1897a) observed that
laccase preparations always contained manganese, and he believed that
the oxidizing power of the laccase was proportional to the amount of man-
ganese present, Furthermore he found that oxidations accomplished by
laccase were greatly accelerated by small amounts of manganous salts,
and that no other metal was capable of accelerating the oxidation brought
about by laccase. Bertrand (1897b) was disposed therefore to regard man-
ganese as a coenzyme of laccase. These findings and views of Bertrand
stimulated interest in the oxidases, and many 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 investigators (Brooks, 1934; Suminokura, 1936; Brooks, 1937;
Graubard, 1939; Gregg and Miller, 1940) have studied the activity of lac-
case from different sources on a wide variety of subst