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FOREWORD

For many years chemists and biologists have been interested in
proteins and a very large effort has been expended in studying
the problems of their composition, properties, and structure. As a
result, a great amount of information about them has been
gathered, and progress has been especially rapid during the last
decade or two.

So many techniques of investigation have been applied to the
proteins that it is difficult to find an author who is able to discuss
all of them in a thoroughly competent way. Professor Springall is
such a man : he is an organic chemist who for many years has been
interested also in physical chemistry and modern structural
chemistry, and who has himself carried out investigations not only
in the field of organic chemistry, but also in the field of the deter-
mination of molecular structures by diffraction methods.

In this book he has successfully attacked the problem of pre-
senting a succinct, reasonably detailed, and up-to-date account
of all of the- work that has been done on proteins, including their
composition, chemical properties, physico-chemical properties, and
molecular structure. I expect that the book will be found valuable
not only to chemists and biologists who are working with proteins,
but also to others who have an interest in the subject.

Linus PAavning’
Pasadena, California



PREFACE

Tuis book has grown from a course of lectures which I used to
give to undergraduates in the final year of the Honours School.of
Chemistry, and to post-graduate research workers, in the University
of Manchester. Its origins go further back than that, to 1937,
when, as a Commonwealth Fund Fellow, it was my good fortune
to be present at memorable discussions between Professor L. Pauling,
Professor W. T. Astbury, Dr. K. Landsteiner and Professor H.
Neurath; and to realize the fascination of protein chemistry.

I hope the book will be found useful by those following an
Honours course in Chemistry and by research workers, academic
and industrial, and others interested in the chemistry of hiological
systems. _ ’

Each chapter is self-contained in the matter of references to the
literature. I have endeavoured to make these references reasonably
full, tending to stress certain review articles which provide ready
access to a more extensive survey. [The valuable and monumental
work, The Proteins, edited by H. Neurath and K. Bailey, New York,
began to appear late in 1953 when this book was already in the
press. That is why it is not mentioned in the references.] The
abbreviations of titles of journals are those of the. World List, 1 am
not happy about some of them (notably Rep. Progr. Chem. and
Proc. rop. Soc. for publications I always think of as Ann. Rep. and
Proc. Roy. Soc. bui the overriding consideration of facilitating library
work by using standardized abbreviations seems to me of paramount
importance.

In common with others working in a large and active field, T
am very conscious that the subject has not stood still for the benefit
of the recorder and that this has led to a certain jerkiness in the
record.

It is a pleasant duty to acknowledge my indebtedness to those
friends who have fashioned- my interest in structural organic
chemistry, and in whose laboratories I have been privileged to
work: firstly, to my old tutor, Professor N. V. Sidgwick, to Sir
Robert Robinson, Professor L. Pauling, Professor E. L. Hirst and
Professor E. R. H. Jones. To them is very largely due such milk
as may be in the coconut. If some of it has curdled with keeping,
the fault is mine, not theirs.

In the actual preparation of the book I am indebted, above all,
to my wife for her unfailing encouragement and help in proof-
reading and preparing illustrations and indexes: to my colleagues,

¥



Dus. S. C. Nyburg and G. F. Smith, for criticism of the sections on
x-ray crystallography and pure organic chemisury, respectively.
to my secretary, Miss E. E. Perkins, who has cheerfully typed the
.manuscript, tuch of it several times: to those who have generously
permitted, and assisted in, the reproduction of illustrations: and te
the publishers for their helpfulness and consideration in many ways,

H.D.S.
Keele, Staffordshire.
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1
INTRODUCTION

BIOLOGICAL IMPORTANCE OF THE PROTEINS

IN recent years it has become more and more clearly recognized

that very large molecules, macromolecules of molecular weight

> 10,000, are of critical importance in biological processes, having
functions of great diversity and often of extreme specificity. The
structural material of plants and, to some extent, of animals is

composed of such molecules, and modern investigation presents a

view of the life processes within the biological cell as involving

intimate chemical and physical interactions between such mole-
cules. These chemical interactions are of a special type in that they
proceed very gently, without violent liberation or absorption of
energy, but they will only proceed if the reactant molecules are
arranged in a particularly favourable pattern-—they have low
energies, but high entropies, of activation-—characteristics which

have been discussed, for example, by C. N. HinsueLwoop 1.2 (1946

and 1947).

The macromolecules responsible for both the structural and the
cell transformation functions belong to three chemical classes: the
proteins, the polysaccharides and the nucleic acids, of which we
shall consider the first. This class is of extreme importance, thus
(/) Many animal structural materials, e.g. hair, horn, feathers,

skin, cartilage and muscle, are composed of proteins.

(2) Some of the hormones, e.g. insulin, are proteins.

(3) The enzymes are all either proteins or complexes made up
of a protein-non-protein prosthetic group, the prosthetic groups
in such systems being called co-enzymes.

(4) The substances responsible for oxygen transport in respiration
processes, ¢.g. haemoglobin, are also complexes each made up
of a protein-non-protein prosthetic group, the prosthetic
groups being organo-metallic pigments,

(5) The material of the cell nucleus, which is of critical, if only
partly understood, significance in reproduction processes,
is largely composed of complexes made up of protein-non-
protein (nucleic acid) ‘ nucleoproteins . Complexes of protein—
non-protein (lipoid) ‘ lipoproteins *, and of protein-non-protein
(polysaccharide) ‘ mucoproteins’, are also found in the cell
nucleus, and widely distributed elsewhere in living systems.

S.CP.—1 |



STRUCTURAL CHEMISTRY OF PROTEINS

{6) Many viruses are either proteins or nucleoproteins, charac-
terized by extremely high molecular weight (~ 107).

(7) The bacterial toxins are proteins and, amongst them, that
from Clostridium botulinum is the most powerful poison yet known.

(8) Protein—protein, and protein—polysaccharide interactions
underly the complex chemistry of the important fields of
immunity and allergy, and protein—carotenoid interactions
are of great importance in visual processes.

PROPERTIES AND CLASSIFICATION OF PROTEINS

Their importance in life processes, has led to intensive organic and
physico-chemical investigation of the proteins. Their properties
are, however, such as to render the work extremely difficult; for
example, proteins cannot be distjlled, and are insoluble in organic
solvents. Many of them are very sensitive to heat and even to the
mildest reagents. Any given protein is liable to occur as a com-
ponent of a2 complex mixture of closely similar proteins. Moreover,
the ordinary organic chemieal criteria of purity, such as analysis and
melting point, are of little or no use in the protein field and special
criteria, often involving elaborate techniques, such as electro-
phoresis, sedimentation, or diffusion, have to be used. Thus, des-
pite great advances, which undoubtedly give the broad outlines of
the solution of the problem of protein structure, there aré still
many obscurities challenging the investigator.

There are two main classes of proteins, fibrous and globular.
Most fibrous proteins are inscluble in ordinary aqueous media.
Many of them appear to be of indefinitely high molecular weight.
These fibres are composed-of long, approximately linear, molecules
arranged roughly parallel to the fibre axis. They are amorphous.
Most are capable of being stretched and the stretched forms,
when released, contract again. The proteins involved in biological
structural material are of this fibrous class.

The globular proteins are soluble in aqueous media, either in
water or in aqueous solutions of salts, acids, bases or alcohol. They
have definite molecular weights falling in the range ten thousand to
some millions*, the molecules in many cases being approximately
spherical in shape. A large number have been crystallized. All
such proteins undergo the characteristic process of * denaturation ’
—a molecular disorganization of far-reaching effect on physical
and physiological properties. The proteins involved in physiological
chemical reactions are of this globular class.

* The vaccinia virus body, a complex of protein, nucleic acids and lipids and
probably other components, has a particle weight of ~ § X 10°.

2



INTRODUCTION

HYDROLY1I1C DEGRADATION OF PROTEINS

Proteins of both classes are hydrolysed, rather slowly by (a) strong
acids, (b) strong alkalis, and (¢) certain groups of specific enzymes.
Alkali tends to racemize the optically active products of hydrolysis,
and so is usually avoided. Enzymes act extremely slowly on fibrous
proteins, and, in any case, being proteins themselves, they may
contaminate the products (see Chapter 5). For normal organic
chemical investigation the acid conditions are usually adopted, the
technique being to reflux the protein for some hours with either
~35 per cent sulphuric acid (the excess can be conveniently
removed, after hydrolysis, by barium carbonate) or ~ 20 per cent
hydrochloric acid.

In the hydrolytic process the proteins are progressively broken
down into smaller and smaller molecular fragments :

Corresponding r Proteins
hydrolytic mol. wt. > 10,000
enzymes
Proteinases Proteoses h
(e.g. Trypsin, mol. wt. ~ 5,000 Rather vague terms,
Cathepsin) based on isolational
techniques, for these
J ™ intermediate stages,
B | Peptones mainly encountered
€ | mol. wt. ~2,000 >in biological
'§, literature.
b o}
2
Peptidases g, Peptides
(e.g. Carboxy- £ | mol. wt. ~1,000 to
peptidase, M| s00 J
Aminopeptidase)
[ L Dipeptides
o mol. wt. ~200
Dipeptidase
-<
a-Amino acids
mol. wt. ~ 100
L 4




STRUCTURAL CHEMISTRY OF PROTEINS

NATURAL ®-AMINO ACIDS
On complete hydrolysis, proteins give almost exclusively { > 99 per
cent) mixtures of a limited number of x-amino acids*. Many
proteins, even after repeated crystallization, are found, on hydrolysis,
to yield traces of compounds other than «-amino acids. For
instance, many contain carbohydrates, ¢.¢. egg-albumin, ~ 1per cent
mannose + glucosamine ; this carbohydrate is probably combined
chemically, in a way not yet fully understood, with the protein,
and its presence may well be of critical importance in determining
the immunological. properties of the protein. Some proteins
contain phosphorus, e.g. myosin, ~ 0-05 per cent, while crystalline
insulin contains zinc, ~0-8 per cent. There can be no doubt,
however, that the general structure of proteins is dictated by their
a-amino acid contents,
The a-amino acids are often assigned the general formula

R

I

CH

AN
H,N CO,H

but their most characteristic properties depend on their existence
as internal salts, zwitterions or dipolar ions, of general formula

R

|

CH
N
*H,N CO,~
Only about twenty-five different a-amino acids are known to
occur in proteins : of these, nineteen occur frequently. A single
protein usually contains between ten and twenty of these different
. w~amino acids.
The acids range in complexity from glycine, R=H, to tryptophan
CH,
7/

=0 T
NN
H

R

In a given acid, the side chain, R, may be a chemically-inert
aliphatic alkyl group, or may contain reactive groupings such as
‘CO,H, *NH,, ‘SH, -OH.

* No single enzyme will effect the complete hydrolysis from intact protein to
individual x-amino acids in good yield. A series of enzymes, each specific for
a given range in the progressive hydrolysis, must be used.

4



INTRODUCTION

The a-amino acids with non-reactive side chains are riot physiolog-
ically inert or interchangeable. This is demonstrated most clearly
by the nutritional studies of W. C. Rose3® (1985) on rats. Thus,
valine, R=CH(Me),, is essential to the diet for health; in its
absence a characteristic and serious nervous disorder sets in, and
this cannot be cured by supplying the closely related aliphatic
side-chain acids leucine R =CHgCHMe, or isoleucine R = CHMeEt,
though it responds rapidly to the introduction of valine to the diet.

The characterizing side chains of the natural z-amino acids are
classified and listed in Table I

Table 1
1. Neutral a-Amino Acids

(a) Aliphatic Side Chains (R)

CH, H,C CH,
| s
CH, CH, H,C CH, CH
| | N/ 5
H CH, CH, CH, CH CH,
Glycine* Alanine «-Aminobutyric Norvaline Valine Leucine
acid
CH, +H,N CO,-
|
CH, CH, CH
hvd |
CH CH,
I
tsoLeucine CH,
l
CH,

«: «-Diaminopimelic acid.
(b) Side Chains (R) Containing Unsubstituted Aromatic Systems
CH,
@ Swn!
\l/ N \N)
CH, H
Phenylalanine Tryptophan
* N-Methylglycine, sarcosine, Me*NH,"CH, (0, long known as 2 decom-
position product of creatine, has recently been isolated from the antibiotic peptide
actinomycin® (C. E. DarcLesu, A. W. Jonrnson, A. R. Tcon and L. C. VINING,

1950), and from ground nut protein® (R. D. HawcrTr, R. MACGILLIVRAY and
D. H. Peacock, 1951),

L



STRUCTURAL CHEMISTRY OF PROTEINS
(c) Side Chains (R) Conlaining Hydroxy Groups

CH, CH, CH,—OH
| P |
H,C—OH CH-—-OH H,C—-C—OH H,C—C—CH,
Serine Threonine Hydroxyvaline a-Amino-y-hydroxy-
BB-dimethyl-n-butyric
acid
OH OH OH OH
N
7 Br/ Br ]/\I 7
U | (] ( Tou
| \( \( \
CH, CH, CH, CH,

Tyrosine Dibromotyrosine Diiodotyrosine 2:4-Dihydroxyphenylafanine
OH
i\
K(I
O .
CH,
7/
I 1
O S
\O
H

\ AN
CH,

Thyroxine Hydroxytryptophan

(d) Side Chain (R) Containing Sulphur

H,N+ CO,
H,N* CO,- CH
H,N* CO,- CH |CH 2
o b, s
b o
s s L 5
on, &, o, e,
~ Cysteine Lanthionine Cystine Djenkolic acid



INTRODUCTION

CH,
|
SH S
I o
CH, CH, SH
| | |
CH, CH, H,C—C—CH,
Homocysteine Methionine Dimethylcysteine
(¢) Side Chain (R) Cycliced : Imino Acids
HO
. H,C——CH, HC—CH,
|
H,C CH H,C CH
+ +
N/\CO’- \N/\CO,‘
H, H,
Proline Hydroxyproline
2. Basic «-Amino Acids
Sids Chains (R)
NH,
N
C=NH
INHz NH
I
NH, o (6]
| | I
’CHl IGH' CH,
| |
CH, CH, CH,
« : y-Diaminobutyric acid Canaline Canavanine
NH,
N
C==NH
/
INH, NH
l
ICH’ CH,
|
;CH2 CH,
! |
CH, CH,
Ornithine Arginine
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NH,
C=0 NH, IlN'H,
: |
Né CH, IC‘H:
|
ICH2 CH, ?H'OH
l l
CH, lCH2 ?H,
|
CH, CH, CH, )
Citrulline Lysine 8-Hydroxylysine
N——CH N-—CH
| I [
HC G C
\‘N'/ /\ // \N/\
H CH, HS H CH,
Hisddine Thiolhistidine

3. Acidic a-Amino Acids
ide Chains (R)

CO,H
|
CO,H CH,
l |
CH, CH,
Aspartic Acid Glutamic Acid
These acids also occur as the corresponding amides—side chains (R)
CO*NH,
I
CO*NH, CH,
| ]
CH, ) CH,
Asparagine Glutamine

H. B. Vickery, in 1931¢ (with C. L. A. Scamit) and 19417, dis-
cussed, authoritatively, the necessary steps in confirmation before a
newly reported a-amino acid can be accepted as an established
natural product: the subject has been further discussed by G.
Toennies® (1948), R. J. Brock® (1946), and J. T. EpsaLr1? (1949),
The main criteria are: ’

(#) the isolation must be repeated in another laboratory;
(i) the constitution of the new acid must be confirmed by synthesis.

8
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INTRODUGCTION

Not all the forty-one acids listed in Table I have complied with these
conditions, nor have all of them been isolated from proteins. The
position with regard to the actual constituents of the proteins may
be stated as follows:

There are
{(a) nineteen acids of general occurrence: glycine, alanine, valine,

leucine, isoleucine, proline, phenylalanine, cysteine, cystine,
methionine, tryptophan, arginiue, histidine, lysine, aspartic
acid (and asparagine), glutamic acid (and glutamine), serine,
threonine and tyrosine*;

(6) five acids of definite occurrence but found infrequently:
dibromotyrosine, diiodotyrosine, thyroxine, hydroxyproline
and hydroxylysine;

(¢) six acids of very rare occurrence which may be protein
constituents:  dihydroxyphenylalanine, lanthioninet, djen-
kolic acid, canavanine, citrulline and thiolhistidine.

Of the remaining eleven acids listedin Table I, two, norvaline and
hydroxyvaline, have been claimed as protein constituents, but
the claims have not yet been confirmed or disproved: seven, amino-
butyric, diaminopimelic, and aminohydroxydimethylbutyric acids,
dimethylcysteine, diaminobutyric acid, ornithine, and, probably,
hydroxytryptophan, are definitely established constituents of
natural products analogous to proteins but of lower molecular
weight, and not yet identified in proteins: two, homocysteine and
canaline, have, so far, been found only as intermediates in amino-
acid metabolism. :

This statement is based on the analysis of H. B. Vickery? modified,
as far as the protein constituents are concerned, by the inclusion of
3-hydroxylysine and the rejection of norleucine and hydroxyglu-
tamic acid, following the studies of J. G. HeaTncoTe!s (1948),
of R. Conspen, A. H. Gorbon, A. J. P. MarTiN, O. ROSENHEIM
and R. L. M. Syncel4 (1945), and of H. D. Dakm!s (1941),
respectively, :

Al these a-amino acids, save glycine, have an asymmetric carbon
atem (Cq), and are optically active when carefully isolated from
proteins and allied natural sources. Almost all such optically
active a-amino acids are of the same configuration, belonging to

* The common 2-amino acids are here listed in the standard order suggested by
E. Brand" (1946}, and considered further in Chapter 5.

t Until 1951, lanthionine had only been isolated after alkali treatment and was
suspected of being an artifact, but in that year G. ALperToy and H. L. FevoLp!®
isolated it unequivocally from the relatively low molecular weight antibiotic
substance, subtilin, from Bacillus subtilis.

9
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the vL-series, and are represented by the conventional Fischer-
Rosanoff projection formula

Co,~

+NH,—~;
R

[see A. NEUBERGER!® (1948) for a review]. The sign of rotation
varies with R, thus natural alanine is L{+) while natural tyrosine
is L(—).

Certain rare exceptions are known in which «-amino acids of
the p-series occur in natural products, which though not proteins,
are related to them, e.g. p(—)-glutamic acid in the capsular
material of Bacillus anthracis, p(+)-phenylalanine in tyrocidin
and gramicidin-S, p(+)-dimethylcysteine in penicillin, p(+)-
proline in certain ergot alkaloids (see R. L. M. SynGel? (1949)
for a review).

Very rarely, f-amino acids are found in nature. B-Alanine
was isolated from meat proteins by J. von Liesie and was subse-
quently found to be a component of the essential growth-substance,
pantothenic acid, a niaterial widely distributed in nature but always
occurring in minute amounts*. A new compound of this class, a-
methyl-8-alanine,

CH,
I
*NHy*CH, CH-CO,-

has been isolated (H. R. CrumpLEr, C. E. Dent, H. HaRrRrIs,
R. G. WEestaLL, 1951)!% from human urine. Taurine of ox bile
is the sulphonic-acid analogue of p-alanine,

The a-amino acids are crystalline solids of high density (~ 1-5),
melting indefinitely with decomposition at high temperatures
(250°~ 300°C), soluble in water and some aqueous solutions, but
insoluble in organic solvents.

These properties are characteristic of ionic substances and there
is no doubt that.the compounds exist in the crystalline state, and in
neutral solution, as zwitterions (N. Bjerrum?20, 1928, see Part Iof
the monograph by E. J. Coun and!j T. EpsaLr?, 1948). The
ionization effects operating on an amine acid in solution as the pH
varies are as follows:

* The brilliant researches of R. J. WiLLiams and his collaboratars and of the
Merck laboratories on pantothenic acid were reviewed by T. HeNsHALL!® in 1941,

10



INTRODUCTION

R R 1!1
| |
CH ut CH H* /C\H
= PN =
H,N/\CO; OH~  +H. N COo,- ©OH" +HN COH
alkaline solution neutral* solution acid solution
pH decreasing———— >

The lack of volatility and the solubility relations of the a-amino
acids make it difficult (a) to isolate them in a state of purity (since
such an acid is usually prepared either mixed with other similar
@-amino acids or mixed with inorganic salts, e.g. ammonium
chloride, having similar solubilities); and (b) to investigate their
organic chemical reactions. Nevertheless, versatile general methods
have been devised which have resulted in the synthesis of almost all
the naturally occurring acids. While, by combinations of inorganic
and orgahic techniques, the isolational problem following synthesis
has been largely solved (see H. B. Vickery and C. L. A. ScuMipT®,
M. 5. Dunn®2 (1988-43), A. H. Cook?? (1945), M. S. Dunn and
L. B. Rockranp?* (1947), and H. N, Rypon?®s (1950) for re-
views). '

The zwitterion structure can be broken down in two ways:

(I) The amino group can be acylated by a variety of reagents,
when the product can be treated as a normal carboxylic acid;

(2) The carboxyl group can be esterified and the product treated
as a rather unstable, but reasonably normal, amino com-
pound,

The amino group of an «-amino acid can be eliminated, as nitrogen

with nitrous acid, as ammonia with ninhydrin. The carboxyl group

can be eliminated as carbon dioxide with ninhydrin. These re-

actions have been made quantitative (see Chapter 5).

The separation of a mixture of a-amino acids into its components
and their individual estimation is a general problem of critical’
importance in the investigation of a protein and is considered in
Chapter 5.

PEPTIDE BOND HYPOTHESIS FOR PROTEIN STRUCTURE

A consideration of the results of the hydrolysis of proteins leads,
inescapably, to the idea that these compounds must be built up
from a-amino acid units, and, since the average molecular weight
* For cach amino-acid there is a definite pH, the isoclectric point, at which

the compound does not wigrate in an electric field, because the net charge on

the molecule is zero.  For moast ncutral amino-acids the isoelectric point is close
to pH 6.
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