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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).



ANALYTICAL CHEMISTRY OF THE PROTEINS 7

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



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

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
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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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. 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



ANALYTICAL CHEMISTRY OF THE PROTEINS 37

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 simultaneou