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Preface

This third Report continues in the pattern of the earlier volumes, reviewing
papers relevant to the chemistry of amino-acids, peptides, and proteins
appearing in the main journals in 1970; in all, some 2300 references are
quoted. The unfortunate cessation of publication of Current Chemical
Papers has made systematic coverage more difficult, and we shall be grateful
if our attention is drawn to any important omissions in the bibliography;
some December issues of journals were delayed by the postal strike, and
references from these journals will be included in the next volume. It will
be recalled that the extent of new work on metal derivatives was considered
insufficient for annual review and this field was not covered in Volume 2;
Chapter 5 therefore surveys this literature for 1969 and 1970. Work on the
synthesis of cyclic peptides, formerly appearing in Chapter 3 (Peptide
Synthesis) is now included in Chapter 4 (Peptides with Structural Features
Not Typical of Proteins), in which structural work on such peptides is
discussed. We would draw attention to the collected references now a
feature of several chapters, e.g. the list of amino-acids whose syntheses were
first reported during the year (Chapter 1), the list of peptide syntheses, and
the (selective) list of new intermediates useful in synthesis (Chapter 3). We
would remind readers that extracts relevant to this field from the Tentative
Rules of the I.U.P.A.C.~1.U.B. Commission on Biochemical Nomenclature
were reprinted in Volume 2.

As in earlier volumes, there is an author index but instead of a subject
index (the preparation of which would delay publication unduly) there is an
extended list of contents; an inspection of this will, we hope, enable the
reader to see readily which sections are likely to contain the material he
seeks.

Once more I record my gratitude to the contributors who have taken
time from their research to produce this survey for their colleagues in the

field.
G. T. Young
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Abbreviations

Abbreviations for amino-acids and their use in the formulation of deri-
vatives follow the relevant Tentative Rules of the I.LU.P.A.C-1.U.B.
Commission on Biochemical Nomenclature, extracts of which were
reprinted in Chapter 5 of Volume 2 of this Series.

Other abbreviations which have been used without definition are:

Adoc
Aoc
Asu
Asx
ATP
Bpoc
BSA
c.d.
Cha
Cm
Cmc
Dce
Dcha
DMF
DNA
Dnp
Dns
Dopa
Ec
EDTA
€.s.T.
Gal
gl.c.
Glc
Glp or Pca
Glx
GTP
ir.
Man
NAD

n.m.r.
ONSu
OPcp
OPic

adamantyloxycarbonyl

t-amyloxycarbonyl

a~-aminosuberic acid

aspartic acid or asparagine (not yet determined)

adenosine 5’-triphosphate

2-(4-biphenyl)-isopropoxycarbonyl

bovine serum albumin

circular dichroism

cyclohexylamine

carboxymethyl

S-carboxymethylcysteine

2,2-diethoxycarbonyl

dicyclohexylamine

NN-dimethylformamide

deoxyribonucleic acid

2,4-dinitrophenyl

1-dimethylaminonaphthalene-5-sulphonyl (dansyl)

3,4-dihydroxyphenylalanine

ethylcarbamoyl

ethylenediamine tetra-acetate

electron spin resonance

galactose

gas-liquid chromatography

glucose

pyrrolid-2-one-5-carboxylic acid

glutamic acid or glutamine (not yet determined)

guanosine 5'-triphosphate

infrared

mannose

nicotinamide-adenine dinucleotide (NAD+, oxidised,
NADH, reduced)

nuclear magnetic resonance

succinimido-oxy

pentachlorophenoxy

4-picolyloxy



Xiv
o.r.d.
OTcp
Pipoc
Pth-Gly
RNA
SDS
Ser(P)
tl.c.
uv.
Ztf

Abbreviations

optical rotatory dispersion

2,4,5-trichlorophenoxy

piperidino-oxycarbonyl

the phenylthiohydantion derived from glycine, etc.
ribonucleic acid

sodium dodecyl sulphate

O-phosphorylserine

thin-layer chromatography

ultraviolet
1-benzyloxycarbonylamino-2,2,2-trifluoro-ethyl



1

Amino-acids

BY B. W. BYCROFT

Amino-acids continue to attract attention from all branches of chemistry
and related disciplines, Unfortunately, this wide diversity of interest poses
considerable problems in reviewing the year’s literature since only in a
limited number of cases can any particular development be considered in
depth. However, there can be no doubt that this year some of the most
interesting advances have occurred within the field of asymmetric synthesis,
and these have been considered worthy of more detailed coverage. The
pattern already established for this chapter is maintained with a few minor
exceptions, and the emphasis remains on a-amino-acids. Regrettably, it
has only been possible to cover biochemical aspects when they relate
directly to the chemistry.

1 Naturally Occurring Amino-acids

A. Introduction.—Amino-acids with novel structures continue to be
isolated from natural sources both in the free state and from peptide and
protein hydrolysates. Spectroscopic methods have played an important
rdle in structure determination, in particular n.m.r. spectroscopy and mass
spectrometry. However, it is interesting to note the increasing application
of X-ray crystallographic analysis in cases where other spectroscopic
methods have proved ambiguous (see Section 3). Those amino-acids whose
structures have been confirmed by synthesis are presented in the list of
newly synthesised amino-acids in Section 2.

The presence of amino-acids in marine sediments is attracting increasing
attention. These acids are undoubtedly of natural origin since they are
optically active, and the degree of racemisation observed with increasing
age appears to offer an alternative method of dating.’ 2

B. New Natural Free Amino-acids.—A number of new plant amino-acids
have been described. Further work on the amino-acids formed in the early
stages of germination of pea seedlings has resulted in the isolation of the
isoxazolinones (1) and (2).>* The structures are based on extensive

K. A. Kvenvolden, E. Peterson, and F. S. Brown, Science, 1970, 169, 1079,

J. L. Bada, B. P. Luyendyk, and J. B. Maynard, Science, 1970, 170, 730.

3 F. Lambein, N. Schamp, L. Vandendriessche, and R. van Parijs, Biochem. Biophys.
Res. Comm., 1969, 37, 375.

4+ F. Lambein and R. van Parijs, Biochem. Biophys. Res. Comm., 1970, 40, 557.

[



2 Amino-acids, Peptides, and Proteins

spectroscopic data and degradative evidence. Treatment of (1) with mild
base followed by acid hydrolysis affords of-diaminopropionic acid,
whereas similar treatment of (2) gives D-glucose and glutamic acid. Both
(1) and (2) are uncommonly sensitive to u.v. radiation and it has been
suggested that they may play a rdle in some photobiological mechanism.
It is also reported that they are present in the seedlings of several other
leguminous plants.* y-Cyano-L-a-aminobutyric acid has been identified

O O-
o= NR

o\N | = Me-CH,CH,

C[ g (IIHz //C-C]H'COQH

o C!HNHE H,C NH,
(IZHNH.J CO,H

CO,H R = a-p-glucosyl @)

(N @

for the first time as a biological substance.® It accumulates when inorganic
cyanide is administered to young cultures of Chromobacterium violaceum.
B-Methylene-L-norleucine (3) has been isolated from the carpophores of
Amanita vaginata® and is a further example of a dehydro-amino-acid
produced by either a fungus or a micro-organism. N-Jasmonoyl- and
N-dihydrojasmonoyl-isoleucine (stereochemistry at the amino-acid centre
not defined) are produced by the fungus Gibberella fujikuroi” and 2-N,6-N-
di-(2,3-dihydroxybenzoyl)-L-lysine has been isolated from an iron-deficient
culture of Azobacter vinelandii.®

A number of new amino-acids have been detected in human urine.?
Both guanidino-NN-dimethylarginine and -NN’-dimethylarginine were
isolated in crystalline form; their structures were established by detailed
spectroscopic analysis and chemical degradation to ornithine, and finally
confirmed by synthesis. In addition, N®Né-dimethyl-lysine and NeN¢Ne-
trimethyl-lysine were observed; although these had been previously obtained
from certain protein hydrolysates, they had not been previously encountered
in the free state.

B-Putreamine, a B-amino-acid, occurs in relatively large amounts in
bovine brain tissue * and the quaternary B-amino-acids anodendrine and
allo-anodendrine are present in the plant Anodendron affine. !

C. New Amino-acids from Peptide Hydrolysates.—Two new guanidino-
amino-acids have been reported. Hydrolysis of the tuberculostatic anti-

5 M. M. Brysk and C. Ressler, J. Biol. Chem., 1970, 245, 1156.

¢ R. Vervier and J. Casimir, Phytochemistry, 1970, 9, 2059.

7 B. E. Cross and G. R. B. Webster, J. Chem. Soc. (C), 1970, 1839.
8 J. L. Corbin and W. A. Bulen, Biochemistry, 1969, 8, 757.

* Y. Kakimoto and S. Akazawa, J. Biol. Chem., 1970, 245, 5751.

10 T. Shiba, I. Kubota, and T. Kaneko, Tetrahedron, 1970, 26, 4307.
1t K, Sasaki and Y. Hirata, Tetrahedron, 1970, 9, 2119.



Amino-acids 3

biotic tuberactinomycin affords tuberactidine (4) as well as viomycidine
(6),' whereas hydrolysis of a new streptothricin-type antibiotic yields
N-methylstreptolidine (7).2* The relative and absolute configurations of
stendomycidine have been established and are as shown (5).1* It is note-
worthy that the above-mentioned amino-acids, as well as enduracididine

4 R!'=H, R*=0H
(5) R'=Me, R2=H

: CHQ‘CH‘CO@H
H b I -

HN” >N
H
NH,
@) (®

(8), reported last year, are all derived from microbial peptides and are
related both structurally and stereochemically to L-arginine. But, as yet,
there is no well-authenticated report of the isolation of arginine itself from
microbial peptide hydrolysate.

The antibiotics edeine A and B, produced by a strain of Bacillus brevis,
give on hydrolysis 2,6-diamino-7-hydroxyazelaic acid (9).* The stereo-
chemistry has not been fully defined but it is suggested that the two amino-
groups have the same relative chirality as in meso-pimelic acid. Acid
hydrolysis of cycloheptamycin yields L-B-hydroxynorvaline ¢ and N-methyl-
allo-isoleucine, and L-B-hydroxyglutamic acid has been isolated from the
hydrolysate of a peptide antibiotic complex.?

Further work on the hydrolysates of diatom cell walls has resulted in the
isolation of N°N4Né-trimethyl-8-hydroxy-L-lysine (10). The structure has
been determined byadetailed analysis of the spectral data, including 220 MHz
'H n.m.r. spectra, and subsequently confirmed by synthesis.}®* Possible
12 T, Nakamiya, T. Shiba, T. Kaneko, H. Sakakibara, T. Take, and J. Abe, Tetrahedron

Letters, 1970, 3497.

13 D, B. Borders, K. J. Sax, J. E. Lancaster, W. K. Hausmann, L. A. Mitscher, E. R.

Wetzel, and E. L. Patterson, Tetrahedron, 1970, 26, 3123.

14 G, G. Marconi and M. Bodanszky, J. Antibiotics, 1970, 23, 120.
15 T, P. Hettinger and L. C. Craig, Biochemistry, 1970, 9, 1224.
1 W, 0. Godtfredsen, S. Vangedal, and D. W. Thomas, Tetrahedron, 1970, 26. 4931.

17 J, Shoji and R. Sakazahi, J. Antibiotics, 1970, 23, 418.
18 T, Nakajima and B. E. Volcani, Biochem. Biophys. Res. Comm., 1970, 39, 28.



4 Amino-acids, Peptides, and Proteins

similarities between the structure and function of the cell-wall protein and
collagen were noted. Sodium borohydride reduction of the intermolecular
cross-links in collagen fibrils, followed by acid hydrolysis, affords N&-(5-
amino-5-carboxypentyl)-3-hydroxylysine (11) and its corresponding six-
membered lactone,'® as well as de-dihydroxynorleucine.?® It is debatable

+ —
H02C~CH2'CH'(IJH'(CH2)3-(IJH-C02H Me SN'CHZ-(‘IH~(CH2)2-CIH- CO,

HO NH, NH, OH NH,
©) (10)
Co,
Hogc-clH-(CHa)g-fle-CHz-NH-(CHa)fCIH'COeH OYN*-T/‘N OH
NH, OH NH, HNmOH
) e

whether these can be classified as true natural products, but this method
has proved valuable in locating the sites of cross-linking in collagen and
it was felt that the structures are of sufficient interest to warrant inclusion.
The same argument applies also to the isolation, and characterisation by
an X-ray analysis, of (12) from the hydrolysate of a fluorescent peptide
produced by iron-deficient cultures of Azobacter vinelandii.?*

A number of S-amino-acids have been isolated for the first time from
peptide hydrolysates: 38-hydroxy-B8-lysine from tuberactinomycin;!® iso-
serine and B-tyrosine from edeine A and B;® and B-amino-B-phenyl-
propionic acid from a cyclic tetrapeptide produced by the lichen Roccella
canariensis.?®

D. Occurrence of Known Amino-acids.—It has been decided to include in
this section only those amino-acids which are rarely encountered or which
exhibit interesting biological activity. The new basic amino-acids isolated
from human urine have been described (see above); in fact the three
possible Né-methyl derivatives of lysine were obtained, as well as glucosyl-
galactosyl- and galactosyl-5-hydroxylysines.® The concentrations of the
N-methyl derivatives of arginine and lysine were unchanged either by oral
loading of these amino-acids or by a protein-free diet, and it was tentatively
suggested that these compounds are derived from tissue protein. N*-Tri-
methyl-lysine has also been obtained from the hydrolysate of the cyto-
chrome ¢ derived from Saccharomyces cerevisiae.*® 1t has previously been

1 M. L. Tanzer and G. Mechanic, Biochem. Biophys. Acta, 1970, 207, 548.

20 G, Mechanic and M. L. Tanzer, Biochem. Biophys. Res. Comm., 1970, 41, 1597.
21 J_ L. Corbin, I. L. Karle, and J. Karle, Chem. Comm., 1970, 186.

22 G, Bohman, Tetrahedron Letters, 1970, 3065.

28 R. J. Delange, A. N. Glazer, and E. L. Smith, J. Biol. Chem., 1970, 245, 3325,
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observed in plant cytochromes but is absent in the cytochrome ¢ produced
by animal tissue. N“-Methylarginine has been detected in histones from
rat-liver cell nuclei.?*

The West African legume Griffonia simplicifola, reputed to possess
marked physiological activity, has been shown to contain relatively large
amounts of 5-hydroxy-L-tryptophan in the free amino-acid pool.?®
N?® Acetylornithine has Been isolated from the seeds of the bush bean,
Phaseolus vulgaris.*® Acid hydrolysis of a peptide produced by the plant
Canthium euryoides gives NN-dimethyl-L-phenylalanine and L-threo-§-
phenylserine,?” whereas the antibiotic alamethicin, on hydrolysis, affords
2-amino-isobutyric acid.*®

2 Chemical Synthesis and Resolution of Amino-acids

A. Introduction.—The problem of asymmetric synthesis of a-amino-acids
has received considerable attention, and important advances have been
made both as regards optical efficiency and yield of material. The majority
of the work has centred on a continuation and extension of asymmetric
syntheses of wa-amino-acids from their corresponding «-keto-acids, for
which several methods have already been employed. These include:
(a) hydrogenation of C=N double bonds using an optically active catalyst;
(b) reduction of Schiff bases derived from an «-keto-acid derivative and an
optically active amine, and (c) reduction of Schiff bases obtained from an
amine and an optically active a-keto-acid derivative. The earlier literature
on hydrogenation wusing asymmetrically-modified catalysts has been
reviewed 2% 3¢ and further work using Raney-nickel modified with histidine
has been described.?* A detailed investigation on the course of the reaction
is reported, but in general the optical efficiency in the process is relatively
poor. An extensive study on the sodium borohydride reduction of the
Schiff bases of a-keto-esters with optically active a-ethyl- and «-methyl-
benzylamine has revealed that the optical purities of the resulting amino-
acids are lower than those obtained by catalytic hydrogenation.?? The effect
of both temperature % and solvent 3¢ on the catalytic hydrogenation of the
above-mentioned Schiff bases has been studied. Low-temperature hydro-
genation of (13) and hydrolysis affords (S)(i.e. L)-alanine (optical purity
60%). The optical activity decreases sharply with a rise in the reaction

24 W, K. Paik and S. Kim, Biochem. Biophys. Res. Comm., 1970, 40, 224.

2 L, E. Fellows and E. A. Bell, Phytochemistry, 1970, 9, 2389.

26 R, M. Zacharius, Phytochemistry, 1970, 9, 2047.

7 G. Boulvin, R. Ottinger, M. Pais, and G. Chiurdoglu, Bull. Soc. chim. belges, 1970,
78, 583.

28 J, Payne, R. Jakes, and B. S. Hartley, Biockem. J., 1970, 117, 757.

2 Y, Izumi, Tampakushitsu Kakusan Koso, 196, 12, 301.

30 E. I, Klabunovskii and E. S. Levivina, Uspekhi Khim., 1970, 39, 2154.

81 Y, Izumi, H. Takizawa, K. Nakagawa, R, Imamura, M. Imaida, T. Ninomiya, and S.
Yajima, Bull. Chem. Soc. Japan, 1970, 43, 1792.

32 K, Harada and J. Okhashi, Bull. Chem. Soc. Japan, 1970, 43, 960.

33 K. Harada and T. Yoshida, Chem. Comm., 1970, 1071.

34 K, Harada and T. Yoshida, Bull. Chem. Soc. Japan, 1970, 43, 921.



6 Amino-acids, Peptides, and Proteins

temperature, becoming zero at about 17 °C. Then the configuration is
inverted and the optical activity of the resulting D-alanine increases
steadily until it reaches a maximum (optical purity 43%;) at about 50 °C,
finally decreasing at higher temperatures. It is suggested that at lower
temperatures the preferred conformation of the substrate on the catalyst

H
!

.-’C\
Me" { "N=CMe-CO,Et
Ph

(13)
H
(I: Me OEt M°*~-C/H Me
Me TN o PR NI O
Pd OFt
(14) 1s

surface is as shown in (14) and that hydrogenation occurs from the least
hindered side, generating an L-alanine derivative; at higher temperatures
the conformer (15) predominates, which on reduction yields a p-alanine
ester, and further increase in temperature results in complete conforma-
tional mobility and the consequent fall in optical activity. Similar changes
in conformer population are invoked to account for the increase in optical
efficiency in solvents with a low dielectric constant. It is claimed that with
polar solvents there is an increase in the concentration of the conformer
(15).

The inherent problem of conformational mobility of the substrate in all
the previously described asymmetric syntheses has been elegantly solved
in a new important synthesis which is essentially a combination of methods
(b) and (c), and is outlined in Scheme 1.3% 3¢ The chiral reagents (16) and
(17) have been synthesised and resolved, so that both enantiomers can be
employed in the synthesis. Condensation of either (16) or (17) with an
a-keto-ester affords the corresponding cyclic hydrazono-lactone (18), a
chiral compound with limited conformational mobility. Reduction of (18)
cannot be achieved under catalytic conditions but, with aluminium amal-
gam, (19) is formed in high yield. As expected, the addition of the hydrogen,
to the a-carbon atom occurs from the least hindered side, i.e. from a
direction which is cis to the hydrogen at C-2 of the indoline. The stereo-
chemical efficiency of the synthesis of (19) is 80—909; when (16) is employed
but rises to 96—999 for (17). Reduction and hydrolysis of (19) in the
manner indicated affords the optically pure amino-acid and regenerates the

35 E. J. Corey, R. J. McCaully, and H. S. Sachdev, J. Amer. Chem. Soc., 1970, 92, 2476.
38 E. J. Corey, H. S. Sachdev, J. Z. Gougoutas, and W. Saenger, J. Amer. Chem. Soc.,
1970, 92, 2488.
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NH,
(16) Rt=H R?
(17) Rl =Me (18)
Al-Hg

;H ',,H (i) Pd-H, ,'H ,/HRl
N (|J—R1 @ 1 N o

R*(I‘H-C()J'_ 19
"NH,
Scheme 1

chiral reagent. From a practical viewpoint this synthesis makes possible
the facile and economical synthesis of 100%; optically pure amino-acids.

A previously reported synthesis of optically active alanine,?” employing a
Strecker sequence from hydrogen cyanide and Schiff base between acetal-
dehyde and a chiral amine, has been extended to other amino-acids, and
the optical efficiency and material yield have been substantially improved,38
A new synthesis, involving the addition of a Grignard reagent to a Schiff
base derived from an optically active amine and a glyoxylate ester, has been
reported *° (Scheme 2). The optical efficiency is not high but it offers a new
general route to amino-acids.

R3 R3
R3MgX | N _
R1:N=CH-CO,R? —— R!"NH-CH:CO,R* — NH,-CH-CO,
Scheme 2

Interest continues on the origin of amino-acids. Further work describing
the synthesis of amino-acids in simulated primitive environments ° and a
speculative article on the origin of chiral compounds, with particular
reference to amino-acids,*! have been published.

37 K. Harada and S. W. Fox, Naturwiss., 1964, 51, 106.
38 M. S. Patel and M. Worsley, Canad. J. Chem., 1970, 48, 1881.
39§, C. Fiaud and H. B. Kagan, Tetrahedron Letters, 1970, 1813.

40 A, Bar-Nun, N. Bar-Nun, S. H. Bauer, and C. Sagan, Science, 1970, 168, 470.
4 K. Harada, Naturwiss., 1970, 57, 114.
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B. Protein and Other Naturally Occurring Amino-acids.—The methods
described in the general introduction have, in many cases, been applied
to the synthesis of protein amino-acids; in addition, further syntheses for
p-alanine,*? pL-aspartic acid,*® and prL-glutamic acid 4 have been described.
An industrial preparation of L-glutamic acid, although performed by a
well-established route (Scheme 3),% is of considerable interest since it must

CH,=CHCN —> O=CH-CH, CH,CN

CO.H CN
H,N-CH-CH,*CH,-CO,H <—— H,N-CH:-CH,-CH,CN
Reagents: i, CC-H,;; ii, NH;,KCN; iii, H;O*
Scheme 3

presumably compete commercially with the naturally obtained material.
The use of synthetic amino-acids in fortifying food materials is becoming
increasingly important and has been reviewed.*®

Interest in Ne-methyl derivatives of lysine continues; a further synthesis
of the trimethyl derivative has been reported,*® as well as a new synthesis
of the mono- and di-methyl derivatives.® The work on hydroxylation of
phenylalanine to tyrosines under physiological conditions has been extended,
and effective means of separation now appear to be available.t” The
unusual amino-acid «-amino-B-phenylbutyric acid, obtained from the
hydrolysate of a microbial peptide, has been synthesised and the relative
configuration determined.®® Photocatalytic oxidation of glucose in the
presence of a nitrate has been shown to give a variety of a-amino-acids.*®

C. C-Alkyl- and Substituted C-Alkyl-a-amino-acids.—The synthesis of the
novel cyclohexane-amino-acids (20) and (21) has been achieved by the
Strecker procedure 5% 5! from the corresponding ketones and, in the case of
(21), the cis- and trans-isomers have been separated.®® The cis-isomer
readily forms an anhydride, thus allowing a definitive assignment of relative
stereochemistry. A novel general synthesis of perfluoroalkyl-a-amino-acids

42 H. Matsuo, H. Kobayashi, and T. Tatsuno, Chem. and Pharm. Bull. (Japan), 1970, 18,
1693,

4 S. Zen and E. Kaji, Bull. Chem. Soc. Japan, 1970, 43, 2277.

4 T. Yoshida, Chem.-Ing.-Tech., 1970, 42, 641.

45 H. H. Ottenheym and P. J. Jenneskens, J. Agric. Food Chem., 1970, 18, 1010.

46 J. Puskas and E. Tyihak, Periodica Polytech., 1969, 13, 261.

47 M. Viscontini and G. Mattern, Helv. Chim. Acta., 1970, 53, 372.

4 H. Arold, M. Eule, and S. Reissmann, Z, Chem., 1969, 9, 447.

4 N. R. Dhar and 8. K. Arora, Proc. Nat. Acad. Sci., India, 1969, 39, 451.

50 J. W. Cremlyn, R. M. Ellam, and T. K. Mitra, J. Indian Chem. Soc., 1970, 8, 218.

5 J. D. Gass and A. Meister, Biochemistry, 1970, 9, 842,
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Mc. Me CO.H
CO.H NH,
NH., CO.H
Me~™ Me -
(20) 20D

employs a perfluorocarboxylic acid anhydride as the starting material.’®
The anhydride is converted into the sulphone (22) via an oxazolone inter-
mediate and treated with a Grignard reagent to give (23), which on oxid-
ation and hydrolysis yields the required amino-acid (24). L-w-Fluoro-allo-
isoleucine has been prepared *® and an improved synthesis of fluorinated

SO.E CH=CH, CO.H
R-CH ——> R-CH —> R-CH
NH-COPh NH-COPh NH,
(22) 23) 24

valine and norvaline derivatives reported.’®* Photochlorination of alanine
affords a mixture of isomers, from which S-chloroalanine can be isolated.5®

The p and L forms of the acetylenic acid (25) are conveniently prepared
from 1,4-dichlorobutyne and acetamidomalonate.’® It is suggested that
(25) may be of value for the synthesis of lysine derivatives labelled in the

NH2-CH2-CEC~CH2-('ZH-COZH
NH,
(25)

4- and 5-positions. Considerably enhanced yields of ornithino-alanine are
obtained by condensing N-benzoyldehydroalanine with N-benzoylornithine
and subsequent hydrolysis.5?

D. c-Amino-acids with Aliphatic Hydroxy-groups in the Side-chain.—The
synthesis of 8-hydroxy-amino-acids by the reaction of a suitably protected
glycine derivative with an aldehyde is a well-established method, but two
interesting modifications have been reported. Treatment of NN-bis-
(trimethylsilyl)glycine ester (26) with base, followed by reaction of the
resultant carbanion with an aldehyde, affords (27).% Good yields are
obtained if the aldehyde lacks a-hydrogen atoms, but enolisable aldehydes

52 F, Weygand, S. Wolfgang, and W. Oettmeier, Chem. Ber., 1970, 103, 818.
53 M. Hudlicky, V. Jelinek, K. Eisler, and J. Rudinger, Coll. Czech. Chem. Comm.,
1970, 35, 498.

54 R, M. Babb and F. W. Bollinger, J. Org. Chem., 1970, 35, 1438.

55 T, Zaima, K. Mitsuhashi, I. Sasaji, and T. Asahara, J. Chem. Soc. Japan, Ind. Chem.
Sect., 1970, 73, 319.

58 A, C. A. Jansen, K. E. T. Kerling, and E. Havinga, Rec. Trav. chim., 1970, 89, 861.

57 M. A. Febrer and P. Miro, Invest. Inform. Text., 1969, 12, 293.

58 K. Rithlmann, K. D. Kaufmann, and K. Ickert, Z. Chem., 1970, 10, 393.
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R2
\
CH-OH
> [MC;,SI] N:CH-CQO,R!

[Mc3SiJ N-CH,:CO,R?

(26) 27

undergo aldol condensation under the basic conditions of the reaction.
Similar observations had previously been made in the reaction between an
aldehyde and copper bis glycinate. However, it is now claimed that, using
the copper complex derived from the Schiff base of glycine and pyruvic
acid, reaction occurs readily with mild bases and is applicable to a wide
variety of aldehydes.5®

A number of O-glycosides of pB-hydroxy-amino-acids have been pre-
pared,®®—%2 and also several phosphoglycerides of threonine.®® Interest
continues in L-homoserine and its derivatives * and a facile enzymic syn-
thesis of O-alkyl-homoserines from O-acetyl-homoserine in the presence of
an alcohol has been described.®® An improved method for the synthesis of
threo- and erythro-B-hydroxy-DL-aspartic acids from cis- and trans-
epoxysuccinic acids has been claimed.%¢

E. Aromatic and Heterocyclic «-Amino-acids.—Interest continues in
substituted phenylalanines because of their potential biological activity.
Detailed accounts of the synthesis of various L-cyclodopa (5,6-dihydroxy-
indolin-2-carboxylic acid) derivatives by oxidative cyclisation of the
corresponding L-3,4-dihydroxyphenylalanine have been published.5% 68
The indane isostere of L-cyclodopa has been prepared,® as well as L-6-
hydroxydopa by hydrobromic demethylation of the corresponding tri-
methoxyphenylalanine,’ and L-N-bis-(2-chloroethyl)dopa.”* Several new
halogenated phenylalanines have been reported,’? and in this context it
is of interest to note that an earlier claim that p-chlorophenylalanine methyl
ester is an aphrodisiac has been discounted.”

5 T. Ichikawa, S. Maeda, Y. Araki, and Y. Ishido, J. Amer. Chem. Soc., 1970, 92, 5514.

80 K. Kum, Carbohydrate Res., 1970, 11, 269.

¢t M. G. Vafina, E. M. Klimov, and T. G. Alieva, Khim. Biokhim. Uglevodov, Mater.
Vses. Konf., 4th (1967) published 1969, p. 171.

%2 N, K. Kochetkov, V. A. Derevitskaya, L. M. Kikhosherstov, V. M. Kalinevich, and
O. S. Novikova, Izvest. Akad. Nauk S.S.S.R., Ser. khim., 1969, 2509.

63 J. W, Moore and M. Szelke, Tetrahedron Letters, 1970, 4423.

%4 A. Kase, K. Nakayama, and S. Kinoshita, Agric. and Biol. Chem. (Japan), 1970, 34,
274, 282.

% Y. Murooka, K. Seto, and T. Harada, Biochem. Biophys. Res. Comm., 1970, 41, 407.

86 C. W. Jones, D. E. Leyden, and C. H. Stammer, Carad. J. Chem., 1969, 47, 4363.

87 V. Wolke, A. Kaiser, W. Koch, and M. Scheir, Helv. Chim. Acta, 1970, 53, 1704, 1708.

68 N. Fischer and A. S. Dreiding, Helv. Chim. Acta, 1970, 53, 1937.

% J. B. Taylor, J. W. Lewis, and M. Jacklin, J. Medicin. Chem., 1970, 13, 1226.

70 B. A. Berkowitz, S. Spector, A. Brossi, A. Facella, and S. Teitel, Experientia, 1970, 26,
982.

7t M. N. Vasileva, V. S. Martynov, and A. Y. Berlin, Zhur. org. Khim., 1970, 6, 1677.

72 R. E. Counsell, P. Desai, T. D. Smith, P. S. Chan, P. A. Weinhold, V. B. Rethy, and
D. Burke, J. Medicin. Chem., 1970, 13, 1040.

7 R. E. Whalen and W. G. Lutege, Science, 1970, 169, 1000.
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A number of N-uridyl-phenylalanine derivatives have been synthesised
as analogues of naturally occurring nucleotides for an investigation into the
mechanism of action of various enzyme systems.’* Thyronine derivatives
with an isopropyl group in the positions usually occupied by iodine atoms
possess increased biological activity and it is claimed that this is related
to the size of the isopropyl group. Several new derivatives have been pre-
pared by standard methods and are listed.”>=""

Intramolecular cyclisation of N-chloroacetyl-2-phenylglycine ester (28)
with base produces the corresponding azetidinone (29) which undergoes

Cl
| 0) CO.H
0O CH, CH, |
RI—([?H-CogEt i E CO,Et RHN-(II-CO:H
Ph Ph Ph
(28) (29) (30)

facile ring cleavage to yield a series of novel 2-phenylaspartic acid deriva-
tives (30).”* Reasonably high yields were obtained and it appears likely
that this synthesis could be extended. An interesting modification of the
N-formylaminomalonateroute, which appears to offer anew general synthesis
of substituted tryptophans, has been applied to the synthesis of a number
of monofluorotryptophans. Alkylation of N-formylaminomalonate with
morpholine and formaldehyde gives the expected Mannich base, which
reacts with monofluoro-indoles to give, after hydrolysis, the required
tryptophan in good yield.” A considerable number of new aromatic and
heterocyclic amino-acids have been reported which were prepared by
well-established synthetic routes, and those that have been synthesised for
the first time are included in the list in Section H below.80—84

F. N-Alkyl-ac-amino-acids.—Methylation of the amide nitrogen of N-benzyl-
oxycarbonyl- and N-t-butoxycarbonyl-amino-acids with methyl iodide

¢ N. G. Shinskii, N. N. Preobrazhenskaya, Z. A. Shabarova, and M. A. Prokof’ev,
Zhur. obshchei Khim., 1970, 40, 1114.

75 T. Matsuura, T. Nagamachi, and A. Nishinaga, Chem. and Pharm. Bull. (Japan),
1969, 17, 2176.

6 E. C. Jorgensen and J. Wright, J. Medicin. Chem., 1970, 13, 745.

77 E. C. Jorgensen and J, Wright, J. Medicin. Chem., 1970, 13, 367.

8 T. A. Martin, W. T. Cower, C. M. Combs, and J. Q. Carrigan, J. Org. Chem., 1970,
35, 3814.

7 M. Beutov and C. Roffman, Israel J. Chem., 1969, 7, 835.

80 1 I. Grandberg, L. F. Morozova, V. A. Moskalenko, and A. N. Kost, Khim. geterotsikl.
Soedinenii, 1969, 1049.

81§, J. Norton and P. T. Sullivan, J. Heterocyclic Chem., 1970, 7, 699.

82 J, D, Milkowski, F. M. Miller, E. M. Johnson, and N. Zenker, J. Medicin. Chem.,
1970, 13, 741.

83 M. Y. Lidak, Y. Y. Shluke, S. Y. Poritere, and Y. P. Shvachkin, Khim. geterotsikl.
Soedinenii, 1970, 529.

8 V., V, Kiselev and G. P. Menshikov, Zhur. obshchei Khim., 1970, 40, 914.
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and silver oxide in dimethylformamide gives the corresponding N-methyl-
amino-acid derivatives in excellent yield.** The methylation occurs without
racemisation of the a-centre and the reaction could no doubt be extended to
other alkyl halides. Reference to the novel synthesis of N-alkyl-2-phenyl-
aspartic acid derivatives has been made above, and several N-pyridyl
derivatives of the same acid have been obtained by addition of an appro-
priate amine to a maleate ester.’® Several new substituted proline deriva-
tives have been reported.’” 88

G. a-Amino-acids containing Sulphur or Selenium.—Alkylation of N-formyl-
aminomalonate with the bromo-derivative (31) affords, after hydrogenolysis
and hydrolysis, the novel benzothiophen isostere (32) of 5-hydroxytrypto-
phan.®® An extensive investigation into the synthesis of thialysine and its

RO CH,Br HO CHy CH-CO.H
| —_— | NH,
S S

(B3R =Bz (32)

sulphoxide and sulphone has been reported.’® The antileukaemic activity
of S-trityl-L-cysteine has led to the synthesis of a wide variety of these
compounds by the condensation of the corresponding carbinol and
cysteine in the presence of boron trifluoride;®* most of these compounds
are new but only a selection have been included in the list of newly syn-
thesised amino-acids.

Optically active selenium-containing amino-acids can be prepared in
good yield by nucleophilic displacement of a tosyl group by either a benzyl
selenoate or selenide anion from a suitably protected O-tosylserine deriva-
tive (33).%3. #¢ Compound (34) can be further modified to give a range of

CH,OTs -SeR CH,SeR
SRS, |
RCO-HN-CH-CO,R RCO-NH-CH'CO,R
(33) (34)

selenium-containing amino-acids. In this way L-selenocystine, L-seleno-
lanthionine, L-selenomethionine, and L-selenoethionine have been prepared ;
it is claimed that the optical purities are greater than those previously
obtained by alternative methods.

85 R. K. Olsen, J. Org. Chem., 1970, 35, 1912.

8¢ (C, J. Abshire and R. Pineau, Experientia, 1970, 26, 752.

87 (. Gallina, F. Pentrini, and A. Romeo, J. Org. Chem., 1970, 35, 2425.

8 A, J. Verbiscar and B. Witkop, J. Org. Chem., 1970, 35, 1924.

8 E. Campaigne and A. Dinner, J. Medicin. Chem., 1970 13, 1205.

99 P, Hermann, K. Stalla, J. Schwimmer, I. Wilthardt, and I. Kutschera, J. prakt. Chem.,
1970, 311, 1018.

91 K. Z. Cheng and C. C. Cheng, J. Medicin. Chem., 1970, 13, 414.

92 C. Lee and G. S. Serif, Biochemistry, 1970, 9, 2068.

9 J. Roy, N. Gordon, 1. L. Schwartz, and R. Walter, J. Org. Chem., 1970, 35, 510.

4 C. S. Pande, J. Rudick, and R. Walter, J. Org. Chem., 1970, 35, 1440,
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H. A List of x-Amino-acids which have been Synthesised for the First Time.—

Compound Ref.
NGNG.dimethyl-L-arginine 9
NGN’G.dimethyl-L-arginine 9
NeNeNe-trimethyl-8-hydroxy-L-lysine 18
Ne-(5-amino-5-carboxypentyl)-5-hydroxy-L-lysine 19
Se-dihydroxy-L-norleucine 20
DpL-1-amino-3,3,5,5-tetramethylcyclohexane-1-carboxylic acid 50
pL-1-aminocyclodecane-1-carboxylic acid 50
pL-1-aminocyclo-octane-1-carboxylic acid 50
DL-cis-1-amino-1,3-dicarboxycyclohexane (cycloglutamic acid) 51
DL-trans-1-amino-1,3-dicarboxycyclohexane 51
DL-3,3,4,4,4,-pentafluoro-2-aminobutyric acid 52
DL-3,3,4,4,5,5,5-heptafluoro-2-aminovaleric acid 52
w-fluoro-pL- and L-allo-isoleucine 53
D- and L-2,6-diamino-4-hexynoic acid 54
O-(a-D-glucopyranosyl)-L-serine 60
0-(1-oleyl-glycero-3-phosphoryl)-L-threonine 63
0-(1,2-dioleyl-glycero-3-phosphoryl)-L-threonine 63
DL-2-amino-5,6-dihydroxyindan-2-carboxylic acid 69
N-bis-(2-chloroethyl)-3,4-dihydroxy-L-phenylalanine 71
pL-3-(m-fluorophenyl)-2-methylalanine 72
DL-3-(m-bromophenyl)-2-methylalanine 72
DL-3-(m-iodophenyl)-2-methylalanine 72
DL-2-[(m-iodophenyl)methyl]glycine 72
pL-4-(m-iodophenyl)-2-methyl-2-aminobutyric acid 72
3,5,3’-tri-isopropyl-pL-thyronine 75
3,5-dimethyl-3’-isopropyl-pL-thyronine 76
3,5-di-isopropyl-pL-thyronine 77
3,5-di-isopropyl-4’-amino-DL-thyronine 77
3,5-di-isopropyl-3’-bromo-pL-thyronine 77
3,5-di-isopropyl-3’-methyl-pDL-thyronine 77
3,5-di-s-butyl-pL-thyronine 77
3,5-di-s-butyl-4’-amino-DL-thyronine 77
3,5-di-s-butyl-3’-bromo-bDL-thyronine 77
3,5-di-s-butyl-3’-iodo-DL-thyronine 77
N-phenyl-2-phenyl-pDL-aspartic acid 78
N-methyl-2-phenyl-pL-aspartic acid 78
N-benzyl-2-phenyl-pL-aspartic acid 78
4-fluoro-pL-tryptophan 79
5-fluoro-pL-tryptophan 79
6-fluoro-pL-tryptophan 79
B-(5-hydroxy-6-iodo-2-pyridyl-1-oxide)-pL-alanine 81
B-(5-hydroxy-6-iodo-2-pyridyl)-pL-alanine 81
B-(benzimidazol-5-yl)-DL-alanine 82
B-(2-amino-6-hydroxypurin-9-yl)-pL-alanine 83
B-(2-amino-6-mercaptopurin-9-yl)-pL-alanine 83
N-dicolchicidyl-L-lysine 84
N-(2-pyridyl)-DL-aspartic acid 86
N-(3-methyl-2-pyridyl)-DL-aspartic acid 86
N-(4-methyl-2-pyridyl)-pL-aspartic acid 86
N-(6-methyl-2-pyridyl)-pDL-aspartic acid 86
cis-p-methoxybenzylmercapto-L-proline 88

trans-p-methoxybenzylmercapto-L-proline 88
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Compound Ref.
B-(5-hydroxy-3-benzo[b]thienyl)-pL-alanine 89
Né-acetyl-L-thialysine 90
L-thialysine sulphoxide 90
L-thialysine sulphone 90
S-[(diphenyl-a-naphthyl)methyl]-L-cysteine 91
S-[(diphenyl-B-naphthyl)methyl]-L-cysteine 91
5-(9-methyl-9-fluorenyl)-L-cysteine 91
DL-2-amino-6-(methylthio)caproic acid 92

I. Labelled Amino-acids.—An interesting new method for labelling aryl
aldehydes with deuterium or tritium in the formyl group, which also
provides a novel route to labelled amino-acids, has been described.®® Aryl
aldehydes are converted into the crystalline morpholinoacetonitrile
derivatives (35). The benzylic hydrogen is readily exchanged with
deuterium oxide or tritiated water, and hydrolysis with aqueous acid
affords the formyl-labelled aldehydes in high yield without loss of the label.
The utility of these aldehydes for the synthesis of labelled amino-acids has

Ar-CIJH-CN
|:Nj (INHCOPh
o 070
(35) (36)

been demonstrated with synthesis of (#)-3,4-dihydroxy-[8-2H,]phenyl-
alanine, but the wider synthetic potential of these aldehydes for specific
labelling at prochiral centres is apparent. Tritioammonia has been
employed to label 5-hydroxytryptophan, asparagine, and glutamic acid.?®
Reaction of the lactone (36) with radioactive cyanide in dimethylformamide,
followed by reduction and hydrolysis, affords [6-'*C]-pL-lysine.®” [2-1*C]-
and [**N]-pL-2-amino-6-(methylthio)caproic acid has been prepared from
the correspondingly labelled aminomalonate,?? and several DL-[**S]thialysine
derivatives have been synthesised by standard procedures.?® An improved
biochemically *C- and 3%S-labelled methionine has been reported *® and
incubation of O-acetylhomoserine in the presence of a radioactive alcohol
gives the corresponding labelled O-alkylhomoserine.®® It is claimed that the
reaction of tyrosine with hydrochloric acid solutions of radioactive potas-
sium iodide and potassium iodate gives good yields of [***I]iodotyrosine,®®
but previous experience with this type of compound suggests that they are
very unstable.

% D. J. Bennett, G. W. Kirby, and V. A. Moss, J. Chem. Soc. (C), 1970, 2049.

* K. Bloss, J. Labelled Compounds, 1969, 5, 555.

97 J. Pichat, J. Tostain, and C. Baret, Bull. Soc. chim. France, 1970, 1837.

»¢ K. Samochocka and J. Kowalczyk, Radiochem. Radioanalyt. Letters, 1970, 4, 131.

% M. El-Garhy, Y. M. Megahed, A. A. Kassem, and E. Abdullah, Internat. J. Appl.
Radiation Isotopes, 1970, 21, 240.
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J. Resolution of a-Amino-acids.—It is well established that certain amino-
acids can be resolved by paper adsorption chromatography, and further
applications of this particular technique have been reported.’®® The pos-
sibility of employing alternative optically active adsorbents for resolution
has recently attracted considerable attention. It is claimed that the ion-
exchange resin, prepared by co-polymerisation of ethyl-N-acryloyl-L-
polyglutamate and divinylbenzene, will resolve basic amino-acids such as
lysine and ornithine with up to 909 efficiency.’®® Di- and tri-peptide
derivatives of L-valine are also very effective stationary phases for the
gas-liquid partition chromatographic separation of the enantiomers of
racemic N-trifluoroacetyl-a-amino-esters,'%% 1% This technique is to some
extent limited to neutral amino-acids and, as yet, is intended more for
analytical application than for preparative use. (See also Section 5.)

Chemical and enzymic methods of resolution of synthetic racemates are
still the most commonly employed, and detailed accounts of the use of
ephedrine 1** and phenylethylamine *° for the resolution of N-benzyloxy-
carbonyl-pL-amino-acids have been published.

3 Physical and Stereochemical Studies of Amino-acids

A. Determination of Absolute Configuration.—Lengthy chemical correla-
tions for the establishment of absolute configuration are fortunately
becoming less essential. The extent of application of o.r.d. and c.d. spectra
and X-ray analytical techniques is increasing (see below), and chemical
methods are only employed where direct correlation is relatively facile.
Enzymic resolution of synthetic racemic amino-acids is, in effect, a method
of determining the absolute configuration, and is constantly employed.
The o.r.d. spectra of L-amino-acids exhibit a positive Cotton effect at
about 225 nm.'% This has now been shown to hold for amino-acids
containing a second chiral centre and has been used to assign the L-con-
figuration at the a-centre of stendomycidine (5). Oxidation of (5) with
N-bromosuccinimide gives (37; R = Me), the o.r.d. curve of which is

H
N.__NR

H NR

CO,H
37

0 R, Weichert, Arkiv. Kemi, 1970, 31, 517.

10t H, Suda, Y. Hosono, Y. Hosokawa, and T. Seto, J. Chem. Soc. Japan, Ind. Chem.
Sect., 1970, 73, 1250.

102§ Nakaparkan, P. Birrell, E. Gil-Av, and J. Oro, J. Chromatog. Sci., 1970, 8, 177.

103 B Feibush and E. Gil-Av, Tetrahedron, 1970, 26, 1361.

104 K. Oki, K. Suzuki, S. Tuchida, T. Saito, and H. Kotake, Bull. Chem. Soc. Japan,
1970, 43, 2554.

105 E, Felder, D. Pitre, and S. Boveri, Z. physiol. Chem., 1970, 351, 943.

108§, P. Jennings, W. Klyne, and P. Scopes, J. Chem. Soc., 1965, 294,
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identical with that obtained from the hexahydropyrimidine derivative
(37; R = H) derived from L-glutamic acid. The absolute chirality of
stendomycidine is therefore as shown in (5) !* and corresponds to that of
capreomycidine and viomycidine at the a- and B-centres. The B-methyl-
aspartic acid derived from the antibiotic amphomycin has been assigned
the L-threo-configuration 17 and N-malonylmethionine, present in tobacco
plants, is tentatively assigned the D configuration on the basis of the selective
incorporation of pD-methionine.1%

Enzymic deacylation of the N-acetyl derivatives of w-fluoro-pr-isoleucine
and w-fluoro-bL-allo-isoleucine affords the respective L-isomers which can
be readily transformed into the corresponding cis-3-methyl-L-proline (38)

/Eicozu Nl comn
HC | Me H,C j:
ke H Ko Me
H, H,
H
(38) (39

and frans-3-methyl-L-proline (39).52 These are readily distinguished by
their n.m.r. spectra, thus allowing a complete stereochemical assignment.
A similar application of n.m.r. spectroscopy and enzymic resolution has
allowed configurational assignments to be made to all the isomers of
B-methyl-leucine and B-methylnorleucine.'®®

B. Crystal Structures of Amino-acids.—(See also Chapter 2, Part II,
Section 2.) The crystal structures of L-isoleucine,!® L-valine,!!! L-arginine
hydrochloride,*? pr-histidine hydrochloride,’** 3,4-dihydroxy-L-phenyl-
alanine '* (L-dopa), and 5-hydroxy-pL-tryptophan,!!® as well as the
derivatives N-chloroacetyl-pL-alanine ** and O-phosphoryl-pL- and -L-
serine,’¥” have been published. A further X-ray analysis of the basic
amino-acid viomycidine ! and the details of the analysis of viocidic acid
(40),118 the other basic component isolated from the hydrolysate of the
antibiotic viomycin, have been reported. The proposed structure and

107 M. Bodanszky and G. G. Marconi, J. Antibiotics, 1970, 23, 238.

108 B, T ade$i¢, M. Pokorny, and D. Keglevi¢, Phytochemistry, 1970, 9, 2105.

109 K. Okubi and Y. Izumi, Bull. Chem. Soc. Japan, 1970, 43, 1541.

10 B, Khawas, Acta Cryst., 1970, 26B, 1385.

m K. Torii and Y. Iitaka, Acta Cryst., 1970, 26B, 1317.

1z y. Dow, L. H. Jensen, S. K. Mazumdar, R. Srinivasan, and G. N. Ramachandran,
Acta Cryst., 1970, 26B, 1662,

13 1, Bennett, A. G. H. Davidson, M. M. Harding, and 1. Morelle, Acta Cryst., 1970,
26B, 1722.

114 A, Mostad, T. Ottersen, and C. Romming, Acta Chem. Scand., 1970, 24, 1864.

15 A, Wakahara, M. Kido, T. Fujiwara, and K. Tomita, Tefrahedron Letters, 1970,
3003.

us E, E. Cole, Acta Cryst., 1970, 26B, 622.

117 M, Sundaralingam and E. Putkey, Acta Cryst., 1970, 26B, 782.

18 P, Coggon, J. Chem. Soc. (B), 1970, 838.
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stereochemistry of the proline derivative obtained from diatom cell walls
have been confirmed by X-ray crystallographic analysis.11®

C. Optical Rotatory Dispersion (o.r.d.) and Circular Dichroism (c.d.).—
(See also Chapter 2, Part III, Section 3B.) It has been confirmed that
a-amino- and a-hydroxy-acids of the L-configuration exhibit, in addition
to the strong positive c¢.d. maximum at 210—215 nm which is used for
configurational assignments, a weak, negative, long-wavelength band at
235—240 nm.*?® The former is due to the n—=* transition of the carboxy-
group and the latter is attributed to the coupling of the non-bonding
heteroatom with the chromophoric transition of the carbonyl,'?*% 122 gnd
not to intramolecular or intermolecular hydrogen-bonding as originally
supposed. The fact that the hydrochlorides of L-a-amino-esters lack the
weak, negative, long-wavelength band provides support for this proposal.123

The c.d. spectra of a number of «-methylamino-acids have been measured
in acidic, alkaline, and neutral media and it appears probable that for the
simple neutral amino-acids the shorter wavelength band can be used for
configurational assignments.'** Further work on the pH dependence of a
number of aromatic amino-acids has led to the suggestion that the 220 nm
band is due to the interaction of one of the transitions associated with the
benzene ring and the m—=* transition of the carbonyl, and not merely to a
summation of the contributions of each chromophore.'?* N-o-Nitrobenzoyl
derivatives of a-amino-acids exhibit a negative Cotton effect centred at
350 nm and it is claimed that they can be used for configurational assign-
ments, 126

In weakly alkaline solution a-amino-acids react with methyl isothio-
cyanate to give the derivatives (41). The c.d. data of the N-methylthio-
carbamyl derivatives of all the common amino-acids with the L configura-
tion exhibit positive Cotton effects centred around 260 nm.'?” These are

s 1, L. Karle, Acta Cryst., 1970, 26B, 765.

120 C, Toniolo, J. Phys. Chem., 1970, 74, 1390.

121 J C, Craig and W. E. Pereira, Tetrahedron, 1970, 26, 3457.

122 G, Barth, W. Voelter, E. Bunnenberg, and C. Djerassi, Chem. Comm., 1969, 355.

128§ C. Craig and W. E. Pereira, Tetrahedron Letters, 1970, 1563.

124 S, Yamada, K. Achiwa, S. Terashima, H. Mizuno, N. Takamara, and M. Legrand,
Chem. and Pharm. Bull. (Japan), 1969, 17, 2608.

126 N, Sakota, K. Okita, and Y. Matsui, Bull. Chem. Soc. Japan, 1970, 43, 1138.

126 J, Nagai and M. Kurumi, Chem. and Pharm. Bull. (Japan), 1970, 18, 831.

137 C, Toniolo, Tetrahedron, 1970, 5479.
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h
CHs-NH-%-NH'CH'COZ—

(41)

unaffected by the presence of a second chiral centre or a further dichroic
centre. This method would appear to offer a very facile means of deter-
mining the configuration of amino-acids derived from microbial peptides.
A similar, but more limited, approach employing isothiocyanate derivatives
has also been reported.1?®

D. Nuclear Magnetic Resonance (n.m.r.) Spectra.—(See also Chapter 2,
Part III, Section 4B.) The literature on the n.m.r. spectra of amino-acids
has been critically reviewed!®® in an extremely valuable article which
covers analysis and configurational determination, as well as the n.m.r.
data of various derivatives including metal complexes. A detailed investi-
gation of chemical shifts and spin-spin coupling constants of amino-acids,
in relation to studies on peptide conformation, has been described 13° and
rotational isomerism, as determined by variation of the vicinal couplings,
has been shown to be dependent on solute-solvent and solute-solute
interactions,!s!

As part of a more general programme related ultimately to the study of
polypeptides, the ¥C n.m.r. spectra of *C-enriched amino-acids have been
determined. The '*C nuclei were noise decoupled from protons and the
spread in the chemical shifts is sufficiently large for unambiguous assign-
ment.132 Interest in the application of N n.m.r. data of amino-acids
continues ¥ and the vicinal coupling constants have been used to estimate
conformer populations.*®® In addition to these more esoteric applications
of n.m.r. spectroscopy, the technique is now generally employed for
characterisation of new amino-acids and is particularly important in
differentiating between diastereoisomers (see, e.g., references 12, 14, 53,
66).

E. Mass Spectrometry.—The value of mass spectrometry as a structural
tool appears to be increasing and it has been applied to at least two new
naturally occurring amino-acids (see reference 10). Protection of amino-
acids as either the N-trifluoroacetyl ester'®® or N-trimethylsilyl ester 13¢
continues to be the preferred method, but perhaps the most interesting

128 B. Halpern, W. Patton, and P. Crabbé, J. Chem. Soc. (B), 1969, 1143.

129 J, Rowe, M. Julian, J. Hinton, and K. L. Rowe, Chem. Rev., 1970, 70, 1.

130 M. Nagai, A. Nishioka, and J. Yoshimura, Bull. Chem. Soc. Japan, 1970, 43, 1323.
131 ), R. Cavanaugh, J. Amer. Chem. Soc., 1970, 92, 1488.

132 W, J. Horsley, H. Sternlicht, and J. Cohen, J. Amer. Chem. Soc., 1970, 92, 680.
133 R. L. Lichter and J. D. Roberts, Spectrochim. Acta, 1970, 26, 1813.

134 R. L. Lichter and J. D. Roberts, J. Org. Chem., 1970, 35, 2806.

135 M. S. Manhas, R. S. Hsieh, and A. K. Bose, J. Chem. Soc. (C), 1970, 116.

156 K. Bergstrom, J. Gurtler, and R. Bloomstrand, Analyt. Biochem., 1970, 34, 74.
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development in this area is the application of chemical ionisation mass
spectrometry.’®” In this method ion formation is effected by protonation
rather than loss of an electron. Consequently the resulting even-electron
species is relatively stable and the quasimolecular ion at mfe (M + 1) is
the most intense in the spectrum, except in the cases of glutamic acid or
ornithine where cyclisation occurs, with loss of water and ammonia
respectively. The technique could possibly be valuable for molecular
weight determination since it avoids the inconvenient protection of amino-
acids. A novel differentiation of meso- and racemic diaminopimelic acid,
which involves an initial preferential thermal dehydration of the racemic
form, has been reported *3® and it is suggested that the method can be
extended to other diamino-acids. The mass spectra of trimethylsilyl
derivatives of deuteriated *® and *C-enriched ¥ amino-acids have been
determined, in relation to their possible application in biosynthetic studies.

F. Other Physical and Stereochemical Studies.—The internal rotation in
crystalline glycine has been estimated from heat capacity data 4! and the
i.r. spectrum of matrix-isolated glycine supports the suggestion that the
molecules are not in the zwitterion form in this state.’4*> The conformations
of a number of amino-acids have been calculated theoretically using
extended MO theory.'*®* These studies come within the framework of a
broader approach to the conformation of polypeptides. The dissociation
constants in deuterium oxide of several amino-acids have been determined 44
and a detailed study on the racemisation of a-amino-acids and their
derivatives in acetic acid has been reported.145-147

4 Chemical Studies of Amino-acids

A. Oxidation and Reduction.—Oxidation of «a-amino-acids by silver(in)
picolinate gives almost quantitative yields of the nor-aldehyde, while the
action of silver(1r) oxide affords, in most cases, the nor-acid.!*® The a-keto-
acid is not an intermediate in these reactions and the mechanism outlined
in Scheme 4 has been proposed. Oxidation of a-amino-esters, under the

137 G. W. A. Milne, T. Axenrod, and H. M. Fales, J. Amer. Chem. Soc., 1970, 92, 5170.

133 H. Falter, M. Madaiah, and R. A. Day, Tetrahedron Letters, 1970, 4463.

19 W, J. A. van den Heuvel, J. L. Smith, I. Patter, and J. S. Cohen, J. Chromatog., 1970,
50, 405.

140 W, J. A. van den Heuvel, J. L. Smith, and J. S. Cohen, Biochim. Biophys. Acta, 1970,
208, 251.

141 R. C.J. Liand N. S. Berman, J. Phys. Chem., 1970, 74, 1643.

12 Y, Grence, J. C. Lasseques, and C. Carrigou-Laqrange, J. Chem. Phys., 1970, 53,
2980.

13 J. M. George and L. B. Kier, Experientia, 1970, 26, 952.

144 1. N. Gordon and B. M. Lowe, Chem. Comm., 1970, 803.

145 M. SatG, T. Tatsuno, and H. Matsuo, Chem. and Pharm. Bull. (Japan), 1970, 18, 1794.

18 . Matsuo, Y. Kawazoe, M. Sat6, M. Ohnishi, and T. Tatsuno, Chem. and Pharm.
Bull. (Japan), 1970, 18, 1788.

147 M. Sato, T. Tatsuno, and H. Matsuo, J. Pharm. Soc. Japan, 1970, 90, 1160.

148 T, G. Clarke, N. A. Hampson, J. B. Lee, J. R. Morley, and B. Scanlon, J. Chem. Soc.
(C), 1970, 815.
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0
R:CH +
/«7("{ — s R.CH=NH, =25 R.CH=0O
HNZ(O N
Co,
Scheme 4

same conditions, yields the corresponding o-keto-esters. Alternatively,
electrochemical oxidation of a-amino-acids at a silver electrode in aqueous
electrolytes gives the corresponding nor-nitriles and small amounts of the
nor-aldehyde.'*® Inthiscaseitis argued that the intermediate imine is formed
and further oxidation to the nitrile occurs before it is released from the
electrode surface.

Kinetic studies on oxidation using cobalt(i) in aqueous perchloric acid
solution have not provided any evidence for the formation of chelate
complexes in the course of reaction, and a radical mechanism is proposed
for the formation of the nor-aldehyde.'®® Kinetic data have also been
reported on the uncatalysed oxidation of glycine by potassium persul-
phate.®* N-Bromosuccinimide oxidises aspartic acid to the corresponding
nor-aldehyde, which then undergoes a-bromination and decarboxylation
to give bromoform in good yield.!®? N-Acyl-B-hydroxyamino-acids (42)
are cleaved on oxidation with lead tetra-acetate to N-acyl-hydroxyglycine

R
C’H-OH OH
R*CO-NH:CH-CO,Et ——> RECO-NH-(‘ZH-CozEt
(42) (43)

derivatives (43). The yields are high and this reaction offers a simple route
to this interesting class of compounds.’®® A new general route has also
been devised for the synthesis of N-phenylacetyl-8-alkoxyglycine deriva-
tives by the reaction of 2-benzylidene pseudo-oxazolone with various
alcohols, 1%

Reduction of «-amino-amides and esters with lithium aluminium
hydride under a variety of conditions affords both primary alcohols and
aldehydes in varying ratios,'*®* whereas reduction of tertiary amides of
amino-acids with sodium borohydride in pyridine gives the corresponding
diamines in moderate yield.'%®
149 11\;.70A.ll7i6a.énpson, J. B. Lee, K. 1. MacDonald, and M. J. Shaw, J. Chem. Soc. (B),
150 R, A’ Sheii(h and W. A. Waters, J. Chem. Soc. (B), 1970, 988.
15t K, Kumar and L. K. Saxena, J. Indian. Chem. Soc., 1970, 47, 435.

182 W, L. Parker, C. Aklonis, and J. A. Last, Experientia, 1970, 26, 242.

183 W, Oettmeier, Chem. Ber., 1970, 103, 2314,

154 G. Lucente, G. M. Lucente, F. Pantonella, and A. Romeo, 4nn. Chim. ({taly), 1970,
w o %’?gbuhamel, L. Duhamel, and P. Siret, Compt. rend., 1970, 270, C, 1750,

186 1, SaitG, Y. Kikugawa, and S. Yamada, Chem. and Pharm. Bull. (Japan), 1970, 18,
1731,
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B. General Reactions.—The literature on the protonation of amino-acids in
strong acid solutions has been reviewed.’®” In superacids (e.g. fluorosul-
phonic acid-antimony pentafluoride) protonation of both the amino- and
carboxy-functions occurs as well as at other basic sites in the molecule.'®8
The protonated species have been studied by n.m.r. spectroscopy and are
generally quite stable, unlike aliphatic carboxylic acids, which dehydrate
to give the corresponding oxo-carbonium ions. The N-nitroso-derivatives
of a number of common secondary amino-acids have been prepared in high
yield under conditions approximating to those found in the mammalian
stomach.}®® Evidence concerning the populations of the syn- and anti-
conformers of these nitroso-amino-acids is derived from n.m.r. data. A
previous report that the reaction of glucose with amino-acids affords
nitrosamines has been refuted by a very extensive analytical investigation
of the reaction products,1¢0

a-Amino-acids continue to act as convenient starting materials for
heterocyclic syntheses. The azlactones (44), prepared in situ from the
corresponding N-acylamino-acid, react readily with dimethyl acetylene-
dicarboxylate to give substituted pyrrole-3,4-dicarboxylates.!** The reaction
proceeds as outlined in Scheme 5 via a 1,3-dipolar cycloaddition of the
dimethyl acetylenedicarboxylate to the tautomeric oxazolium-5-oxide (45).
An extensive investigation of this general type of reaction, employing a
variety of dipolarophiles and azlactones, has been reported.’®—$¢ In

O, o (0) o
) o} (0]
Rz\/z — |RX 2 <~ 2/
H N/)RI - Ifi/ RI R? Ifi)\kl

@4 (45)

2z
2
zm

MeO,C  CO,Me MeO,C o.M

Scheme §
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G. A. Olah, D. L. Brydon, and R. H. Schlosberg, J. Org. Chem., 1970, 35, 317.
1 W, Lijinsky, L. Keefer, and J. Loo, Tetrahedron, 1970, 26, 5137.
K. Heyns and H. Koch, Tetrahedron Letters, 1970, 741.
H. 0. Bayer, H. Gotthardt, and R. Huisgen, Chem. Ber., 1970, 103, 2356.
162 R, Huisgen, H. Gotthardt, and H. O. Bayer, Chem. Ber., 1970, 103, 2368.
168 H, O. Bayer, R. Huisgen, R. Knorr, and F. C. Schaefer, Chem. Ber., 1970, 103, 2581.
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2611,



22 Amino-acids, Peptides, and Proteins

relation to these reactions, the mechanism of the Dakin-West reaction has
also come under scrutiny.'%% 166 Reaction of (46) with acetic anhydride
containing appreciable amounts of acetic acid yields (47) which then

CO,H Q o
Ph-CIJH COPh /2/ PN
N7 Ph” N "Ph
Me Me
(46) @7
COMe Me . Me _CO,H
Ph'CEIN/COPh Ph/ +7Ph Ph[ NB\ Ph
Me Me H
(48) (49) (50)

affords the normal Dakin—West product (48). However, if the reaction is
conducted in acetic anhydride with a very low concentration of acetic acid
a number of other products are formed, including the oxazolium salt (49)
and the pyrrolecarboxylic acid (50). A reaction sequence involving
acetylation of (47) followed by nucleophilic ring-opening is proposed to
account for these products.1%®

N-Furfuryl-amino-acids have been synthesised by reductive alkylation
of amino-acids using furfural. These compounds, on electrolytic oxidation
in alcohol, yield compounds of the type (51), which readily rearrange in

Rl

L ~OH
H. ome GHR |
MeO” 0O~ “CH,-NH-CH-CO,Me Tf
LI*H-co;
CH-R2
R
(52)

sh

acid solution to give the novel pyridinium derivative (52) of the starting
amino-acid.®? Treatment of N-benzoylserine methyl ester with phosgene
gives the predicted oxazolidine in good yield.2¢8

185 N. I. Aronova, N. N. Makhova, and S. 1. Zavialov, Izvest. Akad. Nauk S.S.S.R.,
Ser. khim., 1970, 1835.

186 R, Knorr and R. Huisgen, Chem. Ber., 1970, 103, 2598.

187 K. Unaheim and M. Gacek, Acta Chem. Scand., 1969, 2488, 2475,

188 T Invi, S. Tanaka, and M. Takino, Bull. Chem. Soc. Japan, 1970, 43, 1582.
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The use of orthoesters is still attracting considerable attention both for
the acylation and esterification of amino-acids.'®® It is now possible to
prepare the diazoketones from N-benzyloxycarbonyl or N-t-butoxy-
carbonyl amino-acids by the reaction of the mixed anhydride or carbodi-
imide adduct with diazomethane.'”™® Previous attempts to prepare these
compounds via the acid chloride had been unsuccessful. The suggested
key step in the photolytic breakdown of N-2,4-dinitrophenyl derivatives of
amino-acids is the formation of the intermediate (53) which then undergoes

. (,.OH
2\ R® (lj RI\ /R'~’
>C-CO,H Rl—\c/) =0 C
R | ~X l
N (n) N._\’(i) ~ N
\O—- hv 5
NO, NO, NO,
(53) (4

ring-opening and decarboxylation to (54). This intermediate can yield
either 2-nitroso-4-nitroaniline and an aldehyde, or the benzimidazole-N-
oxide, which are known products of photolysis, depending on the con-
ditions of the reaction.'”*

C. Specific Reactions.—Oxidation of N-acetylated derivatives of tryptophan
with t-butyl hypochlorite gives the acid-labile indole compounds (55), the
cyclisation presumably occurring via the B-halogeno-indolenine.'”? Hydro-
genolysis of aryl-2-oxazolines of the type (56) affords N-formylphenyl-
alanine ethyl esters in good yield. Only a preliminary account of this work

[ I Il j‘--.COZR Ar o7
N7 N7 H H>g<N

H  COMe R”SCO,E
(55) (56) R=H
R = Me

has been published but it appears to offer an interesting new route to
phenylalanines.'’ Interest in the reaction of L-cysteine with carbony!
compounds continues,'?* and several new thiazolidines have been prepared
by the condensation of cysteine with monosaccharides.!” Reduction of
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a-nitro-acrylates ¢ and condensation of an amide with an a-keto-acid **?
are still the main sources of dehydro-amino-acids.

D. Non-enzymic Models of Biochemical Processes Involving Amino-acids.—
The reactions of o-quinones with amino-acids continue to attract attention
in relation to the biosynthesis of products resulting from quinone-amino-
acid and quinone—protein interactions. It is now fairly well established that
phaeomelanins are formed in vivo by the 1,6-addition of cysteine to
dopaquinone produced by enzymic oxidation of tyrosine.'”® 1"® The first
step is stated to involve the formation of 2-S-cysteinyldopa (57) and 5-S-
cysteinyldopa (58) in the ratio 95:5 (Scheme 6) which then undergo
oxidative cyclisation. These proposals are supported by the observation
that the model compound (59) is oxidised by oxygen in buffered solution to
give a high yield of the dihydrobenzothiazine (60).1%° It is claimed that the
o-quinone produced by oxidation of caffeic acid reacts with the a-amino-
group of amino-acids 18! (Scheme 6). The in vitro oxidation of L-dopa with

OH OH
OH OH
+
o S R S

7 R ] |

o) CH, CH
H,N-CH-CO,H ILN-CH-CO,H
R € (58)

\ OH
O
NH-CH-CO,H

R
Scheme 6

p-benzoquinone under physiological conditions leads to the same products
as are obtained from inorganic oxidants and phenol oxidase.182

The interaction of amino-acids with pyridoxal can be conveniently
followed by n.m.r. spectroscopy and appears to be a valuable probe for
examining structure and equilibria, as well as the reactivity of the azo-
methine bond towards various functional groups in polyfunctional amino-
acids.’®® The formation of a thiazolidine derivative from cysteine is
readily observed, as is the formation of a bis-Schiff-base by homocystine.
176
177
178
179
180
181

182
188
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OH HO g
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(59) (60)

Cystine is known to degrade when it reacts with pyridoxal phosphate,
giving thiocysteine, ammonia, and pyruvic acid, but homocystine is stable
under these conditions, giving, as observed by n.m.r. spectroscopy, a bis-
Schiff-base.184

Transamination reactions conducted with 1-methyl-3-hydroxy-4-formyl-
pyridinium chloride indicate that quaternisation of the ring nitrogen in
pyridoxal models markedly increases the amount of transamination.!®s
The decarboxylation of aminomalonic acid has been studied as a function
of pH and in the presence of 5-deoxypyridoxal,'®® In acid solution, (61)

+
H,N-CH-CO,"~
CHOH
Me "X

Itl/ Me
H

(61)

is formed by the interaction of aminomalonic acid with two molecules of
5-deoxypyridoxal.

The non-enzymic addition of ammonia to fumaric acid has been shown
to be non-stereospecific, unlike the enzymic reaction.8?

The hydroperoxide (62) is still regarded as the precursor of thyroxine in
non-enzymic model systems, involving the oxidative coupling of di-
iodotyrosine. Further work supports this claim and indicates that (63) is
the precursor of the other thyroid hormone, 3,5,3’-tri-iodothyronine.!®

I (I)H
HO @(}ﬁc-cozu
R OOH
(62) R=H
63)) R=1
184 A, Rinaldi and C. De Marco, Arch. Biochem. Biophys., 1970, 138, 697.
18 J, R. Maley and T. C. Bruice, Arch. Biochem. Biophys., 1970, 136, 187.
188 J W. Thanassi, Biochemistry, 1970, 9, 525,
187 J. L. Bada and S. L. Miller, J. Amer. Chem. Soc., 1970, 92, 2774.
188 H, J. Cahanmann and K. Funakoshi, Biochemistry, 1970, 9, 90.
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A direct conversion of di-iodotyrosine to thyroxine can be achieved by
aerial oxidation in the presence of glyoxylic acid and copper acetate.l®®
It is suggested that 4-hydroxy-3,5-di-iodophenylpyruvic acid is formed in
situ by a transamination reaction with the glyoxylic acid and that this is
oxidised to the intermediate (62). A kinetic investigation of the iodination
of tyrosine suggests that a non-polar environment favours di-iodination
relative to mono-iodination and it is concluded that this may be significant
in relation to the internal environment of thyroglobin.!?

E. Effects of Electromagnetic Radiation on Amino-acids.—There continues
to be much activity in research on the effect of ionising radiation on amino-
acids, and the observed radiolytic products and postulated reaction
mechanisms have recently been reviewed.’®* Although a number of studies
in the solid state have been reported,?>-1% the emphasis again remains on
reactions in solution. For radiolysis of neutral amino-acids in agueous
solution, the products formed by their reaction with (*OH) radicals and
hydrated electrons and the presumed mechanistic pathways are shown in
Scheme 7. An e.s.r. study of the deamination step by hydrated electrons

R R
+ | +
H,N-CH-CO,” + *OH —> H,N-C-CO,” + H,0

R
+ |
g + HN-CHCO,” ——> NHyCHCO,™ + H:

R
\ R
I +
‘CH-CO,” + NH,
Scheme 7

has been reported.!®® Irradiation with high-energy electrons was carried
out directly in the e.s.r. cavity and either ethyl formate or methanol was
used as an (+OH) radical scavenger in order to eliminate its reacting with
the amino-acids. General confirmation of the pathways outlined in Scheme
7 has been obtained from the transient optical absorption spectra of the
intermediates in the dehydrogenation and deamination steps.1®?

18 T, Shiba, M. Kajiwara, Y. Kato, K. Inoue, and T. Kaneko, Arch. Biochem. Biophys.,
1970, 140, 90.

190 W, E. Mayberry and T. J. Hockert, J. Biol. Chem., 1970, 245, 697.

131 W, M. Garrison in ‘Current Topics in Radiation Research’, ed. M. Ebert and A.
Howard, North Holland, Amsterdam, 1968, p. 43.

12 VY. G. Pasoyan, M. K. Pulatova, and L. P. Kavush, Biofizika, 1970, 15, 12.

193 VY, G. Krivenko and M. K. Pulatova, Biofizika, 1969, 14, 986.

19¢ T M. Chen, Photochem. and Photobiol., 1970, 12, 81.

195 M. D. Sevilla, J. Phys. Chem., 1970, 74, 2096.

198 P Neta and R. W. Fessenden, J. Phys. Chem., 1970, 2263.

197 P, Neta, M. Simic, and E. Hayon, J. Phys. Chem., 1970, 74, 1214.
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The radiolysis of aqueous solutions of cysteine and of cystine, and of
phenylalanine and tyrosine, involves qualitatively different reactions from
those outlined, due to the comparatively higher reactivity of the thiol group
and the benzene ring towards hydroxyl radicals, and of sulphide and thiol
group towards hydrated electrons. Several further studies on cysteine and
cystine have been reported.'?®-2¢® The radiolysis products of these amino-
acids have been attributed to the breakdown or reaction of the sulphur
radical of cysteine, but evidence for the participation of the radical (64)
in the radiolysis of cystine has now been given.20!

CH,'S-S+
H,N-CH-CO,H
(64

Chemically produced hydroxyl radicals continue to be used to simulate
the effects of radiation. The generation of hydroxyl radicals (by the
reaction of titanous chloride with hydrogen peroxide) in the presence of
amino-acids leads to the same free radicals as are formed by radiolysis,
and these can be conveniently studied by e.s.r. spectroscopy.’* 202 The
free radicals produced in the reaction between amino-acids and peptides
with ninhydrin are very much dependent on the water and oxygen concen-
trations in the reaction mixture. Analysis of the e.s.r. spectra reveals
hyperfine structure which, it is suggested, permits their possible use in
identifying certain amino-acids and peptides.2%¢

The mechanism for the photochemical addition of L-cysteine to uracil is
believed to proceed through the triplet excited state of uracil, which can
abstract an hydrogen atom from cysteine to form (65) (see Scheme 8).20%
The photo-oxidation of methionine to methionine oxide has been investi-
gated using acetone 2 and proflavine 27 as sensitizers. In the case of
proflavine it is suggested that the triplet state of the sensitizer is an inter-
mediate and a mechanism is proposed in which methionine reacts with the
first singlet state of oxygen, produced by energy transfer from the triplet
sensitizer. A detailed scheme for the sensitized photo-oxidation of histidine

w8 P, Giles and D. W. Grant, Chem. and Ind., 1970, 1437.

199 1, 1. Grossweiner and Y. Usui, Photochem. and Photobiol., 1970, 11, 53.

200 H. Nishimura, S. Kawakishi, and M. Namiki, Agric. and Biol. Chem. (Japan), 1970,
34, 609.

201 C, J. Dixon and D. W. Grant, J. Phys. Chem., 1970, 74, 941.

202 Y, B. llyasova, E. P. Busel, E. A. Burshtein, and O. A. Azizova, Biofizika, 1970, 15,
265.

208 P, Smith, W, M. Fox, D. J. McGinty, and R. D. Stevens, Canad. J. Chem., 1970, 48,
480.

204 Y, P. Yuferov, W. Froncisz, I. G. Kharitonenkov, and A. E. Kalmanson, Biochem.
Biophys. Acta, 1970, 200, 160.

206 T, Jellinek and R. B. Johns, Photochem. and Photobiol., 1970, 11, 349.

206 G, Gennari and G. Jori, F.E.B.S. Letters, 1970, 10, 129.

207 @G. Jori and G. Cauzzo, Photochem. and Photobiol., 1970, 12, 231.
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CO,H

o o /
/COzH N SCHyCH
Hj\ | + scu-ch — H  NH,
o N NH, o N H

(65)
Scheme 8

and N-benzoylhistidine to aspartic acid and urea has been proposed and
substantiated to a considerable degree by the isolation of a number of the
proposed intermediates.20®

5 Analytical Methods

The number of papers on the subject of amino-acids which are devoted to
analytical methods continues to run at approximately a quarter of the
total published. As pointed out in previous Reports, these mainly cover
modifications of established techniques or the determination of specific
amino-acids under certain conditions (e.g. amino-acids in biological
fluids). The improvements and developments in amino-acid analysis in
relation to structural studies of proteins and peptides are also covered
elsewhere in this Report (Chap. 2, Part I, Section 2A). Therefore the majority
of references will be presented under the appropriate heading without
discussion, and only a few advances of general interest will be dealt with
more fully.

A. Gas-Liquid Chromatography.—The application of g.l.c. for amino-acids
protected either as the N-trifluoroacetyl n-butyl esters or the trimethylsilyl
derivatives is now a well-established technique and is being used more
often for routine analysis.?®—211 Per(methylsilyl) derivatives have been
employed extensively 212-21¢ and the various methods of silylation have
been reviewed.??® The difficulties imposed by injection of the derivatives
onto the column while in solution have to some extent been circumvented
either by direct solid injection ¢ or by preparation of the derivative on a
solid support followed by direct introduction on to the column.?'” The
separation of enantiomers of racemic N-trifluoroacetyl-a-amino-esters by
g.l.c. has been described earlier, but several more detailed accounts have

208 M. Momita, M. Irie, and T. Ukita, Biochemistry, 1969, 8, 5149,

200 D, J. Casagrande, J. Chromatog., 1970, 49, 537.

210 R, W, Zumwalt, D. Roach, and C. W. Gehrke, J. Chromatog., 1970, 53, 195.
211 W, Parr, C. Yang, J. Pleterski, and E. Bayer, J. Chromatog., 1970, 50, 510.
22 C, W. Gehrke, H. Nakamoto, and R. Zumwalt, J. Chromatog., 1969, 45, 24.
213 C, W. Gehrke and K. Leimer, J. Chromatog., 1970, 53, 195,

24 C, W. Gehrke and K. Leimer, J. Chromatog., 1970, 53, 201.

215 J, F. Klebe, Accounts Chem. Res., 1970, 3, 299.

216 A, Darbre and A. Islam, J. Chromatog., 1970, 49, 293.

217 B, Teuwissen and A. Darbre, J. Chromatog., 1970, 49, 298.
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been reported.?®—220 A further study on g.l.c. separation of methylthio-
hydantoins has been presented.??!

B. Ion-exchange Chromatography.—Hydrolysis of proteins with a mixture
of oxalic and hydrochloric acids in a sealed tube is claimed to be more
efficient than the classical procedure, and analysis can be conducted without
initial neutralisation.???* A large number of improvements in instrumenta-
tion and techniques,??*—2% a5 well as alternative buffer systems,?2"—22® for
automatic amino-acid analysers have been described. The ninhydrin
colour-constant for N-methylamino-acids can be increased if the eluting
buffer flow is slowed down, and the optical purity can be established by
analysing the diastereoisomeric dipeptides obtained by coupling rL-alanine
N-carboxy-anhydride with the N-methylamino-acid.??® The increasing
application of computers for handling automatic analysis data is widely
apparent and the whole area has been critically reviewed.?3® Alternative
internal standards for amino-acid analysis have been reported.?3!

C. Thin-layer Chromatography.—An English translation of a well-known
handbook on the t.l.c. of amino-acids is now available.?*> A new method
of detection of amino-acids and amines on thin-layer chromatograms uses
the fact that primary amines readily condense with 2,5-dimethoxytetra-
hydrofuran to yield N-substituted pyrroles which with p-dimethylamino-
benzaldehyde in acid solution give an intense violet-red colour.23?

A further modification of the Dragendorff reaction 23 for the visualisa-
tion of amino-acids and detailed investigations on techniques for rapid
separation with various absorbents and detection with various reagents
have been reported.??® 238 Other papers on t.l.c. have described an improved
technique for determining dansyl derivatives,*? iodo-amino-acids,?*® and

218§ Nakaparkan, P. Birrell, E. Gil-Av, and J. Oro, J. Chromatog. Sci., 1970, 8, 177.

215 W, A. Koenig, W. Parr, H. A. Lichenstein, E. Bayer, and J. Oro, J. Chromatog. Sci.,
1970, 8, 193.

220 W, Parr, C. Yang, J. Pleterski, and E. Bayer, J. Chromatog., 1970, 50, 510.

22t K, Tuzimura, Agric. and Biol. Chem. (Japan), 1969, 33, 1566.

222 N, Maravalhas, J. Chromatog., 1970, 50, 413.

223 J. G. Heathcote, R. J. Washington, C. Haworth, and S. Bell, J. Chromatog., 1970, 51,
267.

224 S, Jacobs, Analyst, 1970, 95, 370.

225 P, D. Meyer, L. D. Stegnik, and H. W. Shipton, J. Chromatog., 1970, 48, 538.

226 A. Mondino, J. Chromatog., 1970, 50, 260.

227 R. G. Redman, J. Chromatog., 1970, 46, 107.

228 A Vega and P. B. Nann, Analyt. Biochem., 1969, 32, 446.

228 J R. Coggins and N. L. Benoiton, J. Chromatog., 1970, 52, 251.

B. Sheldrick, Quart. Rev., 1970, 24, 454.

281 J, F. Cavins and M. Friedman, Analyt. Biochem., 1970, 35, 489.

232 (G, Pataki, ‘Techniques of Thin-layer Chromatography in Amino-acid and Peptide
Chemistry’, Ann Arbor-Humphrey Sci. Publishers, Ann Arbor, Michigan, 1969.

283 P, Haefelfinger, J. Chromatog., 1970, 48, 184.

234 E, Tyihak and D. Vagujfalvi, J. Chromatog., 1970, 49, 343.

235 J. (3. Heathcote, R. J. Washington, C. Haworth, and S. Bell, J. Chromatog., 1970,
51, 267.

238 . T. N. Pillay and R. Mehdri, J. Chromatog., 1970, 47, 119,

237 P, Nedkov and K. Gaucev, Pharmazie, 1970, 25, 159.

38 C, Wu and R. C. Ling, Analyt. Biochem., 1970, 37, 313.
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peptide hydrazides.?®® A preliminary account of the separation of “C-
labelled amino-acids and their detection by autoradiography on indium
oxide plates indicates that this could be a valuable technique for the
separation of very small amounts.?4°

D. Other Methods.—High-voltage electrophoresis continues to be a
valuable analytical technique.?** A new electrolytic procedure for the
detection of L-amino-acids, employing an electrode covered with L-amino-
acid oxidase, has been developed.?*® A preliminary account of the possible
application of isotachophoresis of amino-acids in the presence of form-
aldehyde suggests that the technique may have some qualitative applica-
tion.?® Many other topics have been discussed, including fluorimetric
determinations,?** Sephadex chromatography,?® and ion-exchange paper
electrophoresis.?4®

E. Determination of Specific Amino-acids.—Papers on the determination
of the following amino-acids have appeared: 1i-leucine,**’ L-phenyl-
alanine,?*® L-glutamic acid,?*® rL-tryptophan,?®® arginine,?% 252 cystine,?"?
hydroxylysine,?’* and lysine.25%

28 H, J. Goren and M. Fridkin, J. Chromatog., 1970, 47, 519.

240 E, Cremer and E. Seidl, Mornatsh., 1970, 101, 1614.

241 P ¥, Peterson and H. Fowden, J. Chromatog., 1970, 48, 575.

242 G, G. Guilbault and E. Hrabankova, Aralyt. Chem., 1970, 42, 1779.

243 F, M. Everaerts and A. J. M. van der Pat, J. Chromatog., 1970, 52, 415.

244 J, Borko and R. W. Frei, Mikrochim. Acta, 1969, 1144,

245 A D, Williams, D. E. Freeman, and W. H. Florsheim, J. Chromatog., 1969, 45, 391.

246 E, Selegny, J. C. Fenyo, G. Broun, F. Matray, and C. De Bernady, J. Chromatog.,
1970, 47, 552.

247§ Pande and M. L. Verma, Microchem. J., 1970, 15, 6.

248 E_Jellum, V. A. Close, W. Patton, W, Pereira, and B. Halpern, Analyt. Biochem.,
1969, 31, 227.

249 A, Zamorani and G. Roda, J. Chromatog., 1970, 47, 261.

250 F. Lingens and B. Sprossler, Analytische Chemie, 1970, 252, 232,

251 C, Saxena, Microchem. J., 1970, 15, 391,

252 K, Bahadur and M. H. Verma, Microchem. J., 1969, 14, 547.

283 P, Grisonni, Biochim. appl., 1970, 15, 227.

284 E, Moczar and M. Moczar, J. Chromatog., 1970, 54, 277.

255 (), A. M, Lewis and B. M. G. Shanley, J. Agric. Food. Chem., 1970, 18, 1178.
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Structural Investigation of Peptides and Proteins

BY R. N. PERHAM, J. 0. THOMAS, C. C. F. BLAKE, AND A. R. PEACOCKE

Part I: Primary Structures and Chemical Modification by R. N. Perham and
J. O. Thomas

1 Introduction

One of the pleasures in compiling this Report of advances in the study of
primary structure and chemical modification of proteins during the year
1970 is the occasional rediscovery of a delightful piece of work that,
somehow, escaped one’s proper attention at the time of its publication.
The horror comes in having to attempt to condense the mass of relevant
material logically and fairly into an article of reasonable (or even unreason-
able) length. So much so that one is reduced to the state of Mrs. Craster’s
centipede! by the mere prospect. Whether the editors of the ‘Atlas of
Protein Sequence and Structure’ suffer the same sorry affliction we do not
know but they continue to publish their admirable annual compendium 2
and deserve every praise for their efforts.

For reasons of his own, none of them connected with protein chemistry,
Bernard Levin has termed the Sixties ‘The Pendulum Years.’”* Not sur-
prisingly, perhaps, protein chemistry has followed much the same pattern
divined by Levin for society at large. Thus, in a decade which started in
some excitement with proteins of 100 or so residues having their sequences
determined, there are reports this year of complete sequences in excess of
500 residues and promises of others approaching 1000. All this has been
achieved with gathering speed and has been nicely set in its historical
context.*

The Centipede was happy quite,
Until the Toad in fun
Said ‘Pray which leg goes after which?’
And worked her mind to such a pitch
She lay distracted in the ditch
Considering how to run.
Attributed to Mrs. Edmund Craster.
2 ‘Atlas of Protein Sequence and Structure,” ed. M. O. Dayhoff, National Biomedical
Research Foundation, Maryland, 1970, Vol. 5.
3 ‘The Pendulum Years’ by Bernard Levin, Jonathan Cape, London, 1970.
4 B. S. Hartley, ‘British Biochemistry Past and Present’, Biochemical Society Symposium
No. 30, ed. T. W. Goodwin, Academic Press, London, 1970, p. 29.
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2 Methods

The dansyl-Edman degradation, paper electrophoretic diagonal techniques,
and reversible reactions of protein amino-groups have served the protein
chemist so well in the analysis of primary structure that a review by Hartley
of their introduction and current application is most timely.’ A common
use of amino-acid sequence information is the search for homology between
proteins. Computer methods for accelerating the search are much in
vogue.®

A. Amino-acid Analysis (see also Chap. 1 Section 5).—It has been reported ?
that acid hydrolysis of ribonuclease gives the same results if carried out at
145 °C for 4 h or 110 °C for 26 h. Although acid hydrolysis of peptides
and proteins is not the rate-limiting step in sequence determination, there
may well be little point in using the longer, conventional procedure.
Alternatively, it has been suggested ® that hydrolysis with crystallised oxalic
acid containing some added hydrochloric acid is superior, since the
hydrolysate may be applied direct to ion-exchange columns without the need
to remove the acid required after hydrolysis with hydrochloric acid. A new
procedure for alkaline hydrolysis of proteins in plastic tubes and subsequent
analysis for tryptophan using potato-starch columns on a conventional
analyser has been described.®

It has also been reported 1° that tryptophan analysis can be carried out
on the intact protein by treatment with ninhydrin in a mixture of formic
and hydrochloric acids for 10 min at 100 °C, followed by estimation of the
absorbance at 390 nm. The use of sulphenyl halides for tryptophan and
cysteine analysis in proteins has been given in further detail.)! Direct
spectral analysis for tryptophan is easy for proteins with no cysteine.
However, since the reaction with cysteine residues can be reversed in
0.1N-NaOH, this provides a basis for the separate estimation of cysteine
and tryptophan in proteins containing both sorts of residue. The reaction
of a new water-soluble azomercurial, 4-(p-sulphophenylazo)-2-mercuri-
phenol, with the thiol groups of proteins has been described.'*> The reagent
can be used for spectrophotometric titration of the thiol groups and also
as a reporter group, once bound.

5 B. S. Hartley, Biochem. J., 1970, 119, 805.
% A. J. Gibbs and G. A. Mclntyre, European J. Biochem., 1970, 16, 1.
% S. B. Needleman and C. D. Wunsch, J. Mol. Biol., 1970, 48, 443.
S W. M. Fitch, J. Mol. Biol., 1970, 49, 15; ibid., 1970, 49, 15.
J. E. Haber and D. E. Koshland, jun., J. Mol. Biol., 1970, 50, 617.

> >

7 D. Roach and C. W. Gehrke, J. Chromatog., 1970, 52, 393.

8 N. Maravalhas, J. Chromatog., 1970, 50, 413.

® F. J. Oelshlegel, jun., J. R. Schroeder, and M. A. Stahmann, Aralyt. Biochem., 1970,
34, 331.

10 M. K. Gaitonde and T. Dovey, Biochem. J., 1970, 117, 907.

1 E. Boccl, F. M. Veronese, A. Fontana, and C. A. Benassi, European J. Biochem.,
1970, 13, 188.

12 M. Jonian, J. Bloemmen, and R. Lontie, Biochim. Biophys. Acta, 1970, 214,
468.
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An unusual approach to the estimation of amino-acids has been
described ? involving an isotope dilution effect on the enzymatic synthesis
of aminoacyl-tRNA. The method is capable of estimating some 5 nmol
of amino-acid, comparable with the amount readily estimated by current
high-sensitivity ion-exchange chromatography. Special methods for the
determination of methionine,'* proline,’ and glycine !¢ in crude protein
hydrolysates have been reported and a refinement of the Sakaguchi
reaction for the microdetermination of arginine has been described.??

Ion-exchange Chromatography. The use of lithium citrate buffers and the
inclusion of n-propanol in the eluting buffers have received systematic
study and increased resolution of asparagine, glutamine, and other rare
ninhydrin-positive substances was observed.!’®* A detailed analysis of the
optimum resin column dimensions has been published *° in which the use
of the cheaper crushed (rather than spherical) resin is advocated and full
analyses in 1.5 h reported. A warning has been sounded #° that ninhydrin-
positive peaks eluting between cysteic acid and aspartic acid may be arte-
facts derived from ‘caramelisation’ of carbohydrate during hydrolysis.

It has been suggested ** that cysteine and cystine can be accurately
estimated as S-B-(4-pyridylethyl)cysteine, which elutes just before arginine
on the analyser. The derivative is produced by acid hydrolysis of the
protein following reduction of the disulphide bridges and alkylation of the
cysteine residues with 4-vinylpyridine. An alternative method 22 involves
conversion of the cystine residues to S-sulphocysteine after the hydrolysis
of the protein, with estimation of the S-sulphocysteine on the analyser.
However, it is difficult to see either of these methods displacing the present
analytical techniques for routine use.

Improved conditions have been reported 23 for the chromatography of
the Né-carboxymethyl-lysines, increasing their separation from the com-
mon amino-acids. The use of the amino-acid analyser in the determination
of N-methylamino-acids and the estimation of their optical purity has been
described 2* with the warning that longer than normal reaction times with
ninhydrin may be required for these modified amino-acids to generate
their full colour. Further descriptions have been given of special conditions
suitable for the analysis of collagen hydrolysates 2* and for the resolution
13 M., T. F. de Ferndndez, S. M. de Sesé, and O. A. Scornik, Biochemistry, 1970, 9, 2280.
14 M. S. Vasantha, M. N. Moorjani, and K. S. Sreenivasan, Biochem. Biophys. Res. Comm.,

1970, 41, 568.

15 1, Bergman and R. Loxley, Analyt, Chem., 1970, 42, 702.

1 S Suzuki, Y. Hachimori, and U. Yaoeda, Analyt. Chem., 1970, 42, 101.

17 1., P, Alexeenko and V. N. Orekhovich, Internat. J. Protein. Res., 1970, 2, 241.
18 @G. E. Atkin and W. Ferdinand, Analyt. Biochem., 1970, 38, 309.

1 A. Mondino, J. Chkromatog., 1970, 50, 260.

20 1. E. P. Taylor, J. Chromatog., 1970, 50, 331.

. Friedman, L. H. Krull, and J. F. Cavins, J. Biol. Chem., 1970, 245, 3868.

Inglis and T.-Y. Liu, J. Biol. Chem., 1970, 245, 112.

onca, R. Chiti, and A. Lucacchini, J. Chromatog., 1970, 47, 114.

S.
R
R. Coggins and N. L. Benoiton, J. Chromatog., 1970, 52, 251.
C

M
A.
23 G.
J.
R. C. Page, D. Jones, and R. Hansen, 4nalyt. Biochem., 1970, 37, 293.
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of desmosine, isodesmosine, and lysinonorleucine in the analysis of
elastin.?®* An improved buffer system that allows separation of aspartic
acid and methionine sulphone on analysers of the Technicon type has also
been reported.?” The estimation of lysine by simple non-automatic
ion-exchange chromatography particularly suitable for nutritional studies
has been described.?®

To limit the tedium in analyser calculations, the application of a desk-
top computer to amino-acid analysis has been investigated 2°¢ and such
uses of computers have been reviewed.?*®

High-voltage Electrophoresis and Thin-layer Chromatography. The separa-
tion of nucleotides by high-voltage electrophoresis on ion-exchange paper
is now widely practised,® and a new report 3! described the rapid separation
of amino-acids by the same technique. Good resolution of the free amino-
acids in purified plant extracts by t.l.c. in a single solvent system on
cellulose-coated plates 32 is a typical example of the power of a basically
simple method.

It has been suggested 22 that substances with primary amino-groups may
be detected on thin-layer plates by reaction with 2,5-dimethoxytetra-
hydrofuran and p-dimethylaminobenzaldehyde. The reaction is akin to
the Ehrlich estimation of tryptophan and the sensitivity is comparable
with that of ninhydrin. More importantly, perhaps, the use of the
Dragendorff reagent for the detection of N-methyl-lysines and N-methyl-
histidines has been advocated.?* Since the sensitivity falls off in the order

ctrimethyl-lysine > N°®-dimethyl-lysine > N®-methyl-lysine > N<*-
methyl-lysine > lysine, i.e. the reverse order to ninhydrin, this system has
much potential value. The reaction works on paper and, with greater
sensitivity, on thin-layer plates.

Another tl.c. method for the microdetermination of amino-acids
following their conversion to Dnp-derivatives has been described 3% but,
since the sensitivity is similar to modern ion-exchange chromatography,
its major merit would seem to be cheapness. A conceptually similar
method is to separate the dansylated amino-acids and estimate them by
their fluorescence. Details of such a technique have now been given % in
26 S. Y. Yu, Analyt. Biochem., 1970, 37, 212.

27 D. G. Redman, J. Chromatog., 1970, 46, 107.

28 J, A. Bell and V. C. Mason, J. Chromatog., 1970, 46, 317.
23 A, P. Damoglou, J. Chromatog., 1970, 47, 257.

285 B, Sheldrick, Quart. Rev., 1970, 24, 454.

30 F. Sanger and G. G. Brownlee, ‘British Biochemistry Past and Present,” Biochemical
Society Symposium No. 30, ed. T. W. Goodwin, Academic Press, London, 1970, p.
183.

st E, Selegny, J. C. Fenyo, G. Brown, F. Matray, and C. de Bernardy, J. Chromatog.,
1970, 47, 552.

32 D. T. N. Pillay and R. Melidi, J. Chromatog., 1970, 47, 119.

33 P, Haefelfinger, J. Chromatog., 1970, 48, 184.

3¢ g, Tyihdk and D. Vagujfalvi, J. Chromatog., 1970, 49, 343.

35 E, Heymann, Z. physiol. Chem., 1970, 351, 927.

38 J. P, Zanetta, G. Vincendon, P. Mandel and G. Gombos, J. Chromatog., 1970, 51,
441,
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which the Dns-amino-acids are separated by t.l.c. on silica gel and then
eluted for assay. The necessity of rapid elution from the gels is stressed.
Comparable t.l.c. can also be used to separate dansylated tryptic peptides
on a micro scale,?®

Gas-Ligquid Chromatography. The separation of amino-acids by g.l.c.
continues to receive attention. A further study of analysis of the N-tri-
fluoroacetyl derivatives of their n-butyl esters, using simplified apparatus,
has been described.?” Analysis of amino-acids as their trifluoroacetylated
phenylthiohydantoins has also been suggested,®® the trifluoroacetylation
increasing the volatility of the Pth-amino-acid.

Pertrimethylsilylated amino-acids are also popular derivatives for analysis
by g.l.c. Some of the difficulties observed in analyses for glycine and lysine
have been elucidated 3®* and it has been shown that the trimethylsilyl
derivatives of deuterium-containing amino-acids have smaller retention
times on g.l.c. columns than do their *H-analogues.*® G.l.c. analysis of
BC-labelled amino-acids after pertrimethylsilylation has also been
reported.t!

Analysis of some 35 rare and common amino-acids (and two amino-
sugars) as the corresponding N-trifluoroacetyl derivatives of the n-butyl
esters has been recorded *> and the same derivative of the methyl esters
has been used to separate and estimate glutamic acid, 2-pyrrolidone-5-
carboxylic acid, and 2-pyrrolidone.*?

B. End-group Analysis and Sequential Degradation.—The enzyme pyrroli-
donyl peptidase, which specifically removes the blocked N-terminal residue
pyrrolidonecarboxylic acid from proteins, has been partially purified from
a number of animal and plant tissues.**

The N-terminal residues of soluble proteins from prokaryotic and
eukaryotic cells have been determined by the FDNB method, using
tritiated reagent for increased sensitivity.*® In some cases, Edman degrada-
tion and a second treatment with 3H-FDNB allowed N-terminal sequences
to be established. In agreement with well-known results of earlier workers,
methionine was found to be the major N-terminal residue in prokaryotic
proteins, with alanine and serine also favoured. With eukaryotes the
results were not so clear, although alanine and serine were again found to
be common at the N-terminus. Mass spectrometry has been used % to
37 N. Lachovitzki and B. Bjorklund, Analyt. Biochem., 1970, 38, 446.

38 @G, Roda and A. Zamorani, J. Chromatog., 1970, 46, 315.
3 K, Bergstrom, J. Gurtler, and R. Blomstrand, Analyt. Biochem., 1970, 34, 74.
9 W, J. A. VandenHeuvel, J. L. Smith, I. Putter, and J. S. Cohen, J. Chromatog., 1970,

50, 405.

1 W, J. A. VandenHeuvel and J. 8. Cohen, Biochim. Biophys. Acta, 1970, 208, 251.
¢ D, J. Casagrande, J. Chromatog., 1970, 49, 537.

3 A, Zamorani and G. Roda, J. Chromatog., 1970, 47, 261.

14 A, Szewczuk and J. Kwiatkowska, European J. Biochem., 1970, 15, 92,

4% I, L. Brown, Biochim. Biophys. Acta, 1970, 221, 480,

46 M. H. Studier, L. P. Moore, R. Hayatsu, and S. Matsuoka, Biochem. Biophys. Res.
Comm., 1970, 40, 894,
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identify Dnp-amino-acids separated by paper chromatography, even when
the resolution on the paper was not quite perfect. Components in a
mixture of Dnp-amino-acids were also readily identified. Paper chro-
matography and t.l.c. have been used 4’ to identify the Dnp-derivatives of
amino-acids from the peptidoglycans of bacterial cell walls. A mixture of
cellulose and silica gel was reported to be preferable to silica gel alone for
tlc. since it gave a less fluorescent background when detecting Dnp-
amino-acids under u.v. light. A new, volatile solvent system was also
recommended for paper chromatography of Dnp-amino-acids.

Amino-acid analysis by quantitation of the separated Dns-amino-acids
has already been mentioned.?® Another report of quantitative analysis of
Dns-amino-acids has also been given,*® which may enable the dansyl
technique to be used as a reliable quantitative N-terminal method. In this
connexion, it is worth noting that care is required in handling dansyl
amino-acids and peptides since they are subject to photolysis in u.v. and
‘visible’ light.4®

Sequential degradation in sequence analysis has recently been reviewed.*®
Without doubt, the N-terminal stepwise degradation due to Edman is by
far the most commonly employed, in its original form and under many
guises. Some S-alkyl derivatives of cysteine suitable for the Edman
degradation have been described:** the S-methyl, S-cthyl, and S-vinyl
derivatives are all very suitable for identification of the corresponding
Pth-amino-acids by t.l.c. Recent reports suggest that the original phenyl
isothiocyanate can be replaced with advantage. Thus, p-bromophenyl
isothiocyanate has been used in sequence analysis of pig pancreatic trypsin
inhibitor because the resulting thiohydantoins give good mass spectra.52
In particular, the spectra are more easily interpreted since the natural
bromine isotopes impart a characteristic doublet nature to the peaks. In
other investigations % 5¢ methyl isothiocyanate has been reported to be the
reagent of choice. It is more volatile than its phenyl counterpart and all
the methyl thiohydantoins, with the exception of arginine, can be resolved
by g.l.c.®® Separation of the methyl thiohydantoins by g.l.c. after trimethyl-
silylation has also been described ®* and it is noted that most methyl
thiohydantoins are sufficiently volatile for such analysis even without
trimethylsilylation.

However, it is in the automated Edman degradation, carried out in the
‘sequenator’, that most change is evident this year; not a change in quality,

4 W. D. Grant and A, J. Wicken, J. Chromatog., 1970, 47, 126.

% V. A. Spivak, V. M. Orlov, V. V. Shcherbukhin, and J. M. Varshavsky, Analyt. Bio-
chem., 1970, 35, 227.

# L. D’Souza, K. Bhatt, M. Madaiah, and R. A. Day, Arch. Biochem. Biophys., 1970,
141, 690.

8 @G. R. Stark, Adv. Protein Chem., 1970, 24, 261.

5t C, Rochat, H. Rochat, and P. Edman, Analyt. Biochem., 1970, 37, 259.

52 H. Tschesche and E. Wachter, European J. Biochem., 1970, 16, 187.

53 M. Waterfield and E. Haber, Biochemistry, 1970, 9, 832.

5 D. E. Vance and D. S. Feingold, Analyt. Biochem., 1970, 36, 30.
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though that is evident too, but rather one in quantity. Many of the
sequences described elsewhere in this Report have been established with
the help of the sequenator and such machines, in good hands, would seem
to be generally capable of granting the first 40 or so residues from the
N-terminus of most proteins. This implies an average of approximately
989, efficiency at each step of the degradation and the usual starting
requirement is for about 0.1—0.5 pmol of protein. In fact, the sequenator
may truly be said to have come of age since its use has now led to the
substantial revision of the amino-acid sequence of growth hormone
established earlier by conventional means (see Section 4). Most of this
work has been carried out on commercial machines, the cost of which puts
them beyond the means of many individual laboratories. To repeat the
suggestion in last year’s Report, laboratories would do well to consider
sharing an instrument and its associated costs, the same suggestion applying,
for the same reasons, to mass spectrometry in amino-acid sequence
determination (Section 2C). To bring down the cost there have been several
attempts to build sequenators with little more than the average laboratory
workshop facilities and one such machine has been described in detail.’ The
possible advantages in terms of volatility, efc. that might result from using
methyl isothiocyanate in the sequenator have also been indicated.’s

At the other end of the cost scale, the idea of the Edman degradation on
a paper support has been resurrected.’® The method described is capable
of very high sensitivity, 0.1 nmol of Pth-amino-acid being sufficient for
detection and identification on t.l.c. plates. However, the dansyl-Edman
degradation continues to hold pride of place as the method of choice for
determining the amino-acid sequence of peptides and proteins at high
sensitivity. It, too, is cheap. The analysis can be speeded up by carrying
out parallel degradations on a number of samples of the same peptide,
stopping the degradation after 1 step, 2 steps, 3 steps, efc. on the various
samples, N-Terminal analysis of the resultant progressively shortened
peptides then gives the amino-acid sequence of the starting peptide.’”
Extraction of excess of phenyl isothiocyanate and of the side-products
of the degradation is not carried out until the requisite number of steps
has been performed on the given sample of peptide and the method is
particularly suitable for peptides of about 5—6 residues.

Following on the astonishing identification of Dns-amino-acids in the
picomole range by t.l.c. on polyamide layer sheets,?® amino-acid sequence
determination has been pushed down to the nanomole range for peptides.5: 5°
The N-terminal sequence of proteins can also be determined by a neat trick.5®
The protein is reacted with *C-maleic anhydride, digested with a proteolytic
58 M. D. Waterfield, C. Corbett, and E. Haber, Analyt. Biochem., 1970, 38, 475.

56 J, M. Boigne, N. Boigne, and J. Rosa, J. Chromatog., 1970, 47, 238.
5 W. R. Gray and J. F. Smith, Aralyt. Biochem., 1970, 33, 36.
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enzyme, and the digest applied to a column of Zeokarb-225 in the H+ form.
The N-terminal peptide now carries no free a-amino-group and, uniquely,
is not retained by the column. The maleyl group is next removed at mildly
acidic pH and the sequence of the N-terminal peptide determined by the
dansyl-Edman procedure. Very little protein is required for this analysis.
Using this method, the N-terminal sequence of the met-tRNA synthetase of
E. coli was shown to be Ala-Gly-Gly-Thr-,%®

Other high-sensitivity variations of the Edman procedure have been
suggested, Fluorescent thiohydantoins can be generated direct (using
1-naphthyl isothiocyanate as the degrading reagent),’® and these can then
be identified and detected with a sensitivity comparable with that for the
Dns-amino-acid. Further reports of experience with this reagent will be of
considerable interest (cf. fluorescein isothiocyanate®). An ‘additive’
method of carrying out the Edman degradation on small peptides has also
been reported.®? After each round of the degradation with methyl iso-
thiocyanate, a sample of the Mth-amino-acids present is analysed by g.l.c.
After an additional step of the degradation, the process is repeated and the
additional Mth-amino-acid is detected in the g.l.c. analysis. A sequencing
technique relying entirely on a radioactive label in conjunction with the
Edman degradation has been applied to the determination of the N-terminal
sequences of bacteriophage (QB, R17, £2) proteins synthesised in a cell-free
system.®® In parallel experiments the proteins are allowed to incorporate
either methionine labelled with %S or other amino-acids labelled with *C.
Since the bacterial proteins all have methionine as their N-terminal residue
when newly synthesised, the 33S-label can be used to locate the N-terminal
peptide in proteolytic digests, which in turn locates the N-terminal peptide
in the digests of the 1*C-labelled protein. The composition of the *C-labelled
peptide is determined by adding *H-standards after hydrolysis, separating
the amino-acids on an analyser column, and counting each fraction in a dual
channel scintillation counter. The sequence of the peptide is determined by
conventional subtractive Edman degradation, except that the composition of
the peptide remaining at each step is determined by the counting technique.

Cyanomethyl dithiobenzoate has been suggested as a new reagent for
the sequential degradation of peptides,’* yielding a derivative that will
cyclise under less drastic conditions than those required for the phenyl
isothiocyanate method (¢f. the work of Barrett ®3). A subtractive analysis
of a pentapeptide was successfully achieved.

For C-terminal analysis by the tritiation method (reviewed in the 1969
Report), a warning has been given ®® that labelling of non-C-terminal
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glutamic acid can occur if the y-glutamyl peptide bond is present in the pro-
tein, presumably by the formation of the oxazolone as shown in Scheme 1.
It is suggested that the same considerations might apply to B-aspartyl

R‘CO'NH'('JH'CHZ-CHQ'CO'NHR2
COOH

l

1"\|I--———C|H-CI{2~CH2~CO-NHR2
R! —C\O _C=0
Scheme 1

linkages, should these be present naturally or generated by mistreatment
of the protein.

C. Mass Spectrometry.—This has been a period of consolidation in what
might almost be called the ‘conventional’ use of mass spectrometry for
sequence analysis of peptides and proteins. Further efforts have been made
to circumvent the problems posed by particular amino-acid residues when
peptides are derivatised by N-acetylation and esterification, and made
volatile by permethylation (for which the methyl iodide-sodium hydride-
dimethyl sulphoxide method seems to have become the accepted procedure).
Certain complications arising from permethylation have been reported:
N-methylation of side-chain N atoms can occur, as can C-methylation of
glycine, tryptophan, and histidine, with predictable complication of the
spectra.’? Permethylation cannot be used with the N-acetylacetonyl group
(and the usefulness of this group is thereby limited) since the eneamine-
ketone can undergo O- and N-alkylation and form a non-volatile quaternary
ammonium salt.®® To date, cysteine peptides have not been persuaded to
give interpretable mass spectra if permethylation is employed; and forma-
tion of involatile sulphonium salts has meant that the sequence of
methionine peptides cannot be obtained beyond the methionine residue.
Desulphurisation is one way around the problem, and Lederer and his
co-workers have recently improved on their original method with the
development of much milder conditions for treatment with the Raney
nickel catalyst.®® This is more rapid than the still milder two-day treatment
with this catalyst which has been recommended.”® Cysteine peptides were
found to desulphurise more readily than those containing methionine.%®

87 M, M. Shemyakin, Yu. A. Ovchinnikov, E. I. Vinogradova, A. A. Kiryushkin, M. Yu.
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Rosinov, and S. A. Kazaryan, F.E.B.S. Letters, 1970, 7, 8.
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An alternative catalyst (Ni,B) which is easily prepared has also been
suggested.” An attempt to take advantage of the formation of S-methyl-
cysteinylsulphonium iodide during permethylation of cysteine peptides, by
using an excess of methyl iodide in the hope of producing the corresponding
dehydroalanine peptide and an interpretable spectrum, was unsuccessful.
However, with a strictly limited amount of methyl iodide for the per-
methylation step, interpretable spectra of the S-methylcysteine peptides
were obtained.” There was evidence that methionine peptides may also
succumb to such treatment. An alternative to desulphurisation for a pep-
tide containing methionine is its temporary conversion into methionine
sulphoxide while permethylation is carried out, with subsequent reduction
of the N-methylmethionine sulphoxide to the N-methylmethionine deriva-
tive for mass spectrometry.’ This gives good spectra, with the usual
advantages of lower temperatures and simpler fragmentations that accom-
pany permethylation. A procedure for converting arginine-containing
peptides into ornithine derivatives before N-acetylation, etc. has been
described briefly: 1,1,2,2-tetramethoxypropane in methanolic hydrogen
chloride gives the N-pyrimidinylornithine methyl ester derivative.5?

Peaks at 14 mass units above the molecular ion (M + 14) in the spectra
of N-acyl peptide esters containing histidine or tryptophan, which are
sometimes stronger than the parent ion, have been attributed to inter-
molecular alkylation reactions in the mass spectrometer followed by proton
loss.” Similar satellite peaks occur throughout the spectrum. Peptides
containing two histidine residues had peaks at M + 14 and M + 28.
Such intermolecular reactions are temperature dependent and are rarely
observed below 200 °C. In methyl ester derivatives the reaction may
proceed as follows with abstraction by histidine of a methylcarbonium ion
from the methyl ester grouping (Scheme 2).7* Compounds devoid of methyl
groups per se sometimes exhibit the anomalous (M + 14) peaks, suggesting
that methyl carbonium ions can arise from several points in a molecule,
This is observed in the mass spectra of alkaloids.”® Tryptophan can
undergo similar reaction, as can N-pyrimidyl- or N-imidazolinedione-
ornithine peptides,’* but the phenomenon is easily recognised and need
not complicate interpretation. It is comforting that a peak at (M — 4) 74
can be explained away in terms of dehydration, intermolecular methylation,
and proton loss — provided, of course, that the peptide under investigation
does contain a hydroxyamino acid and tryptophan or histidine.
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Computer analysis of high resolution mass spectra in sequence analysis
has not swept the board in the way one might have expected when the
potential of the method was first investigated a few years ago. It is becom-
ing clear that with improved methods of volatilisation (such as permethyl-
ation) and of derivatisation of ‘awkward’ amino-acid residues, low resolution
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spectra may be perfectly adequate to reveal the sequence of peptides simply
by inspection. The hurdle now is the size of peptide that can be made
sufficiently volatile to give a spectrum at acceptable source temperatures,
With cleavage restricted very largely to the CO—NMe bond by permethyl-
ation, the use of a suitable acyl group gives a series of strong sequence ions
based on the N-acyl derivative of the N-terminal amino-acid. Considerable
information about the sequence of small peptides can be derived from as
little as 10—20 nmol.”® Impurities generated during the derivatisation of
very small amounts of peptide can be a nuisance and it might be wise to
do a preliminary purification on t.l.c. Alternatively, it might sometimes
be sufficient to raise the temperature very gradually in the hope of volatilis-
ing the impurities before the sample.?® If 20 nmol of material is required
to determine the sequence of a small peptide then the method falls short
of the dansyl-Edman method in terms of sensitivity, especially if the
usually desirable preliminary step of determining the amino-acid composi-
tion is included, but the time and labour saved are enormous. It has been
suggested that chemical or enzymic shortening of a peptide chain is useful in
extending the range of mass spectrometry, e.g. Edman degradation is
useful for removing 2 or 3 amino-acids from the N-terminus, particularly if
these reduce the volatility, or need protection or modification before
satisfactory spectra can be obtained:® this would, of course, presuppose
some knowledge of the sequence. Similarly, carboxypeptidase B would
be useful for removing C-terminal lysine and arginine from tryptic peptides,
thereby decreasing the number of subsequent manipulations required to
produce a satisfactory spectrum.

%6 J. Lenard and P. M. Gallop, Analyt. Biochem., 1970, 34, 286.
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A rather elegant trick for making the N-terminal sequence of a protein
directly available for mass spectrometry has been described.”” N-Acetyl-
ation of the protein with acetic anhydride and its deuteriated counterpart
is followed by digestion with a suitable protease (e.g. subtilisin) and the
whole digest then permethylated. The N-terminal peptide will now be very
hydrophobic and can be extracted into chloroform, while the others, as
their quaternary ammonium salts, will be retained in the aqueous phase.
The N-terminal sequence can thus be obtained very simply on as little
as 1 mg of protein, which is not easily accomplished by standard methods
(but see Section 2B). However, the method is unlikely to define more than
a few residues from the N-terminus and is in no way a rival to the sequena-
tor, which will handle almost equally small amounts of whole proteins and
yield many more residues from the N-terminus. The sequenator and the
mass spectrometer have not yet become part of the standard equipment of a
protein chemistry laboratory, but as methods improve and faith in them
increases there are signs that the attractions of these techniques will be
thought to justify the cost of the machines — even if there are secret fears of
redundancy in the minds of the more committed sequencers of proteins!

The possibility of being able to obtain sequence information for peptides
and proteins present in mixtures is obviously attractive, and progress is
being made in this direction. McLafferty and his co-workers 7® have been
able to derive at least partial sequence information for mixtures of oligo-
peptides, acylated and esterified (although not permethylated), by com-
puter analysis of the high-resolution spectrum. The method is not free
from ambiguities, e.g. Gly-Leu and Ala-Val are identical in terms of
elemental composition, and there are also the usual complicating non-
amide cleavages. However, metastable ions can aid interpretation and
partial vaporisation of the sample is useful in revealing those sets of peaks
for which the ratio of abundances is constant and which therefore derive
from a common peptide.”® It should be borne in mind that partial vaporisa-
tion is just as useful for low-resolution spectra and, in fact, one would hope
that this, in conjunction with a set of suitable derivatised peptides, would be
sufficient to permit extensive amino-acid sequence analysis in peptide
mixtures without recourse to computers. In any event a series of derivatives
can often also clear up ambiguities in the computer analysis; a knowledge
of the amino-acid composition is invaluable in minimising these. Full
details have now appeared *° of a method for sequence analysis of complex
protein mixtures in which mass spectrometry is used in conjunction with
isotope dilution to identify volatile thiohydantoins of N-terminal amino-
acids generated using methyl isothiocyanate., A standard mixture of
15 N-enriched amino-acids or their thiohydantoins is added to the protein
77 W. R. Gray and U. E. del Valle, Biochemistry, 1970, 9, 2134.
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mixture before the Edman degradation and the N-terminal amino-acid
identified by virtue of its effect on the 15N : 1N ratio estimated in the mass
spectrometer. In this way 10 or so residues from the N-terminus can be
identified for mixtures of peptides by quantitating the residues at each locus.
There are certain limitations with very minor components, and where two
components are present in roughly equal amounts. The method could
prove to be extremely valuable for analysis of the heterogeneity of antibody
sequences, and for investigating the homogeneity of subunits in multimeric
proteins. We already have the first example of its use in this context in
establishing that the dimeric enzyme enolase has the unique N-terminal
sequence:”®
Ala-Gly-Lys-Val-Gly-Asp-Thr-Gln-

This work was done on a single-focusing mass spectrometer and the point
was made that the cost is roughly equivalent to that of an automatic
amino-acid analyser. The chief limitation of the method seems to derive
from the inevitable impurities generated during the stepwise degradation;
there is every hope that this will cease to be a problem if the chemistry is
delegated to a sequenator.”

While chemical ionisation mass spectrometry does not seem to offer any
advantages over conventional electron impact mass spectrometry for the
identification of amino-acids,®® it does look promising for sequence analysis
of peptides.8! Acetylated, permethylated samples are used in the usual way.
Tonisation through bombardment with carbonium ions derived from the
reagent gas (e.g. methane) requires a much lower temperature than in the
electron impact method, so that fragmentation is less extensive and is
virtually limited to the peptide bonds. A major advantage lies in the more
or less uniform intensity of the sequence-determining peaks, so that the
sensitivity of the method is increased and interpretation greatly simplified.
For instance, in the electron impact method 200 nmol of penta-alanine
were apparently required to give discernible intensities of the highest
sequence ions, since there is a 900-fold fall-off in peak intensity; in the
chemical ionisation method 2 nmol were sufficient.®! Thus, low-resolution
spectra are perfectly adequate and easily interpreted. The method is very
much in its infancy and only very simple peptides have so far been investi-
gated; the lower temperatures needed to produce a spectrum, and the small
amounts of material that will suffice, are clearly advantageous, particularly
for larger, hence less volatile, peptides.

D. Cleavage of Protein Chains.—For a detailed account of procedures for
selective cleavage of protein and peptide chains, particularly those effected
chemically, the reader is directed to an excellent recent review, 52
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Enzymic Cleavage. It is apparent that thermolysin is being increasingly
used in overlapping initial points of cleavage by, usually, trypsin or
chymotrypsin. For example, it was particularly useful in the determination
of the complete primary structure of phospholipase A from pig pancreas 3
(see Section 5D). Attention is being directed to study of the cleavage
reaction using synthetic oligopeptides # and dipeptides;® in the latter case
use of acryloyl substrates enabled the cleavage to be monitored spectro-
photometrically. Various other proteolytic enzymes are being investigated:
peptidase B from brewer’s yeast ® resembled chymotrypsin in cleaving on
the carboxyl side of tyrosine, phenylalanine, and leucine when tested on
the perennial B-chain of oxidised insulin. The major protease of the venom
of Trimeresorus flavoviridis has been purified (mol. wt. 24 000). It cleaves
on the N-terminal side of leucyl residues in certain peptides.’? An interest-
ing enzyme isolated from the culture filtrates of Streptomyces albus G can
hydrolyse the C-terminal p-Ala—bD-Ala linkage of cell wall peptido-
glycans,®® and is analogous to the recently recognised enzyme of E. coli.
It is proposed that the carboxypeptidase acts as a transpeptidase when
integrated into the cell membrane. In penicillin-insensitive strains it is
unaffected by penicillin thereby, perhaps, explaining the molecular basis
of penicillin action.®® Another instance of cleavage of D-Ala residues is
rather more surprising: carboxypeptidase A has been reported to remove a
C-terminal p-Ala from a tightly bound substrate *® and it is concluded that
the enzyme shows a higher degree of specificity towards the penultimate
amino-acid residue than towards the C-terminal one. On a more mundane
note, it is worth bearing in mind that the ability of chymotrypsin to cleave
tyrosyl peptide bonds may be impaired if the ring ** or the phenolic func-
tion #* is substituted. Evidence is limited to ring iodine atoms and O-Dnp
groups, respectively. In the case of model compounds containing iodo-
tyrosine, at least, substitution enhanced the efficiency of binding ®* and lack
of hydrolysis was apparently due to impairment of catalytic function.

Restriction of Enzymic Cleavage. Chemical modification of lysine residues
in such a way as to restrict tryptic cleavage to arginyl peptide bonds has
been discussed in some detail in the previous Reports. Modifications such
as amidination ®* and succinylation ®* which are not reversible continue
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to be used occasionally for this purpose. The most recent of the revers-
ible anhydrides is exo-cis-3,6-endoxo-A4-tetrahydrophthalic anhydride
(ETPA)®** which is designed not to alkylate cysteine residues, a side
reaction which accompanies the use of maleic and citraconic anhydrides.
While this is not a problem from the point of view of restricting tryptic
cleavage in, say, S-carboxymethylated proteins, it becomes of prime
importance if the reagents are used in studies of reversible dissociation of
multimeric proteins (e.g. aldolase ?3). Further details of a method for non-
reversible blocking of arginine residues have been reported.?® The adducts
of the biacetyl trimer with the arginine side-chain are stable at neutral pH.
However, modification of lysine side-chains may also occur (e.g. 38% of
the lysine residues in bovine serum albumin), although it is possible to cut
this to 3% and still ensure 50—609; reaction at the arginine residues. It
seems doubtful that this method will fill the gap that still exists for a
suitable specific blocking group for arginine residues in proteins.

Chemical Cleavage. Spande, Witkop, Degani, and Patchornik 82 discuss
many methods of specific cleavage of model peptides, but show that in the
great majority of cases they are, sadly, not applicable to proteins because
of numerous and various side reactions with different functional groups.
Cleavage at methionyl peptide bonds with cyanogen bromide remains the
only really satisfactory chemical method of cleaving protein chains. It is
known that the lower homologue of methionine, S-methylcysteine, does
not react with cyanogen bromide in the same way that methionine does,
since the necessary S-lactone does not form (see review by Spande et al.??).
However, alternative modes of reaction can result in cleavage on the amino
side of the original cysteine. It is possible that this might become more
widely used for cleavage of protein chains with the report by Heinriksen %7
of methylation of cysteine residues in proteins using methyl p-nitro-
benzenesulphonate at pH 8.6. The interesting suggestion was also made
that a ‘thiol enzyme’ might be converted to a ‘hydroxyl enzyme’ under
suitable conditions (which are known for model compounds) by the
sequence:
E—SH ———> E—S—CH, —2, E-OH

This would, of course, require a thiol enzyme that did not contain suscept-
ible methionine residues. It is worth recalling that Nakagawa and
Bender ® used the same reagent to react with His-57 in native a-chymo-
trypsin (see p. 82); in reaction with denatured proteins, however, it is
reported to be specific for cysteine residues.®” Cyanogen bromide cleavage of
peptide chains in the ‘conventional’ manner continues to be used so widely

94 M. Riley and R. N. Perham, Biochem. J., 1970, 118, 733.
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98 Y, Nakagawa and M. L. Bender, Biochemistry, 1970, 9, 259.
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that it would be an almost impossible task to list every instance. Of
particular interest is the production of very large fragments (200—300
residues) from collagen, which can be ordered in the sequence by electron
microscopy ®° (see Section 3). Cyanogen bromide fragments, often large, are
sometimes insoluble but can usually be rendered soluble by citraconylation or
maleylation. Such treatment can also facilitate fractionation of cyanogen
bromide fragments by gel filtration, presumably by decreasing aggregation.1%®
The presence in soybean trypsin inhibitor of two conveniently placed
methionine residues (1) permits cleavage of the molecule into two fragments,

S—s S—s
Asp l—_Met j Met [— _]

(D

both devoid of anti-tryptic activity. These could be reconstituted to give a
non-covalently bonded species with 80% of the anti-tryptic activity of the
native inhibitor, despite rupture of one of the disulphide loops.1®!

Several cases have come to light recently where cyanogen bromide does
not cleave protein chains completely at methionine residues. DeLange 1024
reported another case of limited cleavage where methionine is followed in
the chain by either serine or threonine; in such cases this is attributed to
iminolactone formation 1°2¢ involving neighbouring group participation by
the hydroxy side-chain. This mechanism cannot, however, explain incom-
plete cleavage at both Met-65 and Met-80 in cytochrome ¢,°® since in
neither case does a hydroxy-amino-acid follow in the sequence. An alterna-
tive mechanism analogous to that suggested for the hydrolysis of N-phenyl-
iminolactone 1°¢ is proposed 1°% (see Scheme 3). The cyclic imidate, of the
form (2), has been isolated and identified by Inglis and Edman ' who
followed the reaction by g.l.c. analysis of the methyl thiocyanate released.
They observed that hydrolysis of the imidate almost always, but not
inevitably, occurs, which would explain the replacement of methionone by
homoserine without chain cleavage in certain instances.

A noteworthy example of successful cleavage of a protein using N-bromo-
succinimide (NBS) has been reported by Rall and Cole for the lysine-rich
histone from rabbit thymus.1'®® This protein must have been designed
with the NBS reaction in mind — it has only one tyrosine and no tryptophan,
histidine, or sulphur-containing amino-acids — and it is heartening to find
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Scheme 3

that cleavage at tyrosine was nearly quantitative. These workers tender the
warning that applying samples to Sephadex columns in sucrose can result in
poor resolution (although in fairness one should point out that histone frag-
ments are hardly typical peptides).

Cleavage of peptide bonds where none was intended has also been
reported. The lability of Asp-Pro bonds at low pH, where other aspartyl
bonds are stable, was confirmed 17 during work on the primary structure
of glutamate dehydrogenase. A mechanism involving intramolecular
catalysis by a carboxylate ion on an N-protonated peptide bond was pro-
posed, and the increased basicity of a proline nitrogen relative to that of a
primary amine would facilitate this as well as providing a better leaving
group. The further suggestion was made that the acidic conditions caused
an « — B aspartyl shift, and that the attacking species was the a-carboxylate.
This shift presumably proceeds through the cyclic imine, which in the case
of neighbouring proline would have a quaternary nitrogen, thereby facili-
tating isomerisation; the point was made that this effect would be important
only if the rate of cleavage of the B-Asp-Pro bond was greater than that
of the «-linkage, so that isomerisation was rate-limiting, and this is not yet
clear. The cautionary tale 1% of hydrolysis of proteins during dialysis and
ultrafiltration can be placed on a rather less rational footing. The obvious

107 D, Piszkiewicz, M. Landon, and E. L. Smith, Biochem. Biophys. Res. Comm., 1970,
40, 1173.
108 G, Di Prisco and H. J. Strecker, F.E.B.S. Letters, 1970, 6, 89.
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controls seem to have been done but the explanation of the weird effects is
not immediately apparent!

Though something of a digression from chain cleavage in proteins, it is
worth reporting studies of disulphide bond cleavage in alkaline media.
Spectrophotometric detection at 335 nm of persulphide (R—SSH) groups
in alkaline insulin solutions 1%* was taken as indication that, in this protein
at least, B-elimination of cystinyl sulphur, rather than direct hydrolysis of
the S—S bond, was mainly responsible for degradation of cystinyl sulphur.
Further studies on the cleavage of dimers of bovine serum albumin
at high pH suggest *° the involvement of disulphide exchange reactions

according to Scheme 4:
S S
| —= |

OH™ + S—S S HOS S~ S

NNy

HO—S S—S / S~

+ YN

This explains the inhibition by, for example, p-mercuribenzoate which
would facilitate the simple hydrolytic reaction (Scheme 5).

Scheme 4

RSSR + OH™ «—=_ RS™ + RSOH
2RSOH ———> RSO,H + RSH
Scheme 5

Insolubilised Enzymes.'*'* The influence of the matrix on the properties
of the matrix-bound enzyme has recently been discussed.!!!® Enzymes
chemically attached to water-insoluble polymer supports are recognised
as often being superior to the free enzyme in terms of stability, re-usability,
and ease of manipulation (e.g. in a column). A wide range, particularly of
insolubilised proteolytic enzymes, is now available commercially. The
reader is referred to a commercial publication for selected references to
earlier literature on the subject.? The variety of supports, and of pro-
cedures for coupling the enzymes to them, is apparent in reports which
109 D, Cavallini, G. Federici, E. Barboni, and M. Marcucci, F.E.B.S. Letters, 1970, 10,
1o E—SO Andersson, Biochim. Biophys. Acta, 1970, 200, 363.
1l (@) I. H. Silman and E. Katchalski, Ann. Rev. Biochem., 1966, 35, 873; K. Mosbach,
Sci. Amer., 1971, 224, 26. (b) E. M. Crook, F.E.B.S. Symposia, Vol. 19, ed. A. Sols

and S. Grisolia, Academic Press, London and New York, 1970, p. 297.
12 ‘Insolubilized Enzymes,” Miles-Seravac, Miles-Yeda, December 1970, No. 3.
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have appeared in the past year; again a representative selection only is
included. Sepharose has been used for attachment of a protease from
Arthrobacter '®* and for rennin.l* An interesting case is reported of
attachment of active monomers of aldolase to Sepharose !** by reacting
with the native enzyme in its tetrameric form, washing with urea, and then
dialysing extensively. The preparation of insolubilised trypsin (G-200
Sephadex) with activity in 8M urea ¢ could prove useful in sequence
analysis,

The coupling of a-chymotrypsin to a variety of supports (cellulose, agarose,
and dextran) using 2-amino-4,6-dichloro-s-triazine has been described **?
in a continued study using this method of coupling. Diazotisation of the
support has frequently been used, e.g. for coupling of papain, trypsin, and
subtilopeptidase to starch modified by introduction of amino-groups ;'8 for
attachment of glucose oxidase to polystyrene (so providing an automated
method of analysis for glucose);'*? for coupling of deoxyribonuclease I to
porous glass;!2? and for the linkage of trypsin to nylon tubes,!?! Catalase 122
and urease 122 have been coupled to polymers with glutaraldehyde; urease
has also been immobilised on a polymer with alkylating properties.’?* The
alternative approach for insolubilising enzymes, that of immobilising
them in the interstices of a cross-linked gel,**® has not been neglected: for
example cholinesterase insolubilised in polyacrylamide has been prepared.12¢
Increasing industrial application of insolubilised enzymes is virtually
guaranteed; it is likely that the same will be true of laboratory use.

E. Fractionation Methods.—This section will be confined to fractionation

of proteins and peptides; procedures for amino-acids have been dealt with
in Section 2A.

Chromatography. A critical and comprehensive account of the principles
underlying the use of gel chromatography as an analytical technique has
recently appeared '*” and this aspect will not be dealt with further. The
behaviour of molecules in both gel electrophoresis and gel filtration has
also been the subject of theoretical analysis.!?®
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It comes as no surprise to find that basic proteins such as myelin and the
histones behave anomalously on gel filtration. The molecular weights of
certain myelin proteins have been redetermined by gel filtration at acid
pH,*?® using as markers proteins which have similar conformations under
the conditions of study. The relationship between elution volume and
molecular weight is dependent on the charge density of the molecule at
low ionic strength so that suitable standards for determination of the
molecular weight of myelin were lysine-rich histone and other proteins in
this category, e.g. myoglobin, reduced ribonuclease, and cytochrome c.
Anomalous behaviour of histones on gel filtration and gel electro-
phoresis at low pH was correlated **° with the proline content and its effect
on conformation. A system has been described 3! for determination of the
molecular weights of peptides and proteins by chromatography on poly-
acrylamide gel (BioGel P-100) in phenol-acetic acid—water (1:1:1 v/v).
The empirical relationship between log(mol. wt.) and elution volume
holds for about 30 single-chain proteins studied, with the exception of
cytochrome ¢ which eluted early (see remarks above) and insulin which was
retarded. The method has so far not been tested on dissociated proteins,
but there seems to be no reason why the scope of the method should not be
extended by inclusion of 2-mercaptoethanol. The high solvent power of
this system 13! makes it an attractive one for certain problems, e.g. the
study of membranes, etc. Reports that proteins interact with the poly-
acrylamide or dextran matrix during gel filtration occur quite fre-
quently,3% 133 and illustrate the importance of hydrophobic character and
net charge in determining elution behaviour. A further report has appeared
from Tanford’s laboratory on gel chromatography in denaturing solvents,34
In aqueous solutions of 6M guanidine hydrochloride or sodium dodecyl
sulphate (SDS), reduced proteins assume conformations such that the
hydrodynamic shape and molecular weight are related in a predictable way.
Gel chromatography can therefore be used to measure both the effective
hydrodynamic radius and the molecular weight of reduced polypeptide
chains in these solvents. The most recent innovation from Porath’s
laboratory is the development of dipolar ion adsorbents for chromatography
of proteins ;% these are formed by coupling glycine, B-alanine, or e-amino-
caproic acid to Sephadex G-75. Molecular sieving was reported to be more
prominent with glycine-Sephadex, while the weak cation effect dominated
with the other two derivatives. Satisfactory results were obtained in
separations of cobra venom toxins. Relative insensitivity to pH variations
but a definite dependency on ionic strength means that good separations
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can be achieved at constant pH with shallow buffer concentrations.
Dipolar ion adsorbents have several other advantages 1*® over conventional
ion exchangers, and it will be interesting to watch developments in this
field. A highly unusual micro-method for the estimation of proteins by
chromatography on PVC membranes (3—4 mm by 10—20 mm) has been
described.’®® The method is reported to be applicable to a very wide range
of molecular weights (12 000—400 000) and to operate at least in the pH
range 3.7—9.06. The procedure takes 1—3 min, is very reproducible
(£ 3%), and requires 1-—10 ug. Apart from the membranes (Sartorius,
Gottingen, Germany) no special apparatus is necessary. Whether the
method will find general acceptance remains to be seen.

Electrophoresis. Polyacrylamide gels are being used with success in a
number of enterprising ways. Pinder and Gratzer have described an elegant
separation of proteins by two-dimensional sedimentation and gel electro-
phoresis.’3 Sedimentation is carried out in a sucrose gradient (poured in
the dark) containing acrylamide, bis-acrylamide, initiator, and riboflavin
catalyst, After ultracentrifugation, the contents of the tube are photo-
polymerised, and longitudinal sections of the gel implanted into the sample
groove of a flat-bed polyacrylamide gel. Electrophoresis is then carried out
perpendicular to the direction of sedimentation. Serum proteins run in
this system showed a marked sharpening of bands which was attributed
to the role of the sedimentation gel as a spacer gel for electrophoresis.
With the inclusion of markers of known molecular weight, the gel ‘finger-
print’ can be used to calculate the sedimentation coefficient of a protein, and
could be especially useful for small amounts of protein present in complex
mixtures. Pinder and Gratzer suggest that the scope of the technique
could be further extended by performing the sedimentation on a micro
scale, and by including SDS in the electrophoresis gel — thereby giving
both the sedimentation coefficient of a protein and the molecular weight
of its subunits! Polyacrylamide gel electrophoresis in two dimensions has
been found to give good separation of ribosomal proteins,*® and this
method too should be of general value. Proteins rich in tyrosine or trypto-
phan, and glycoproteins, can be selectively stained in ordinary analytical
polyacrylamide gels using modifications of standard procedures.13?
Microgels 4 (1 mm diameter) are recommended when staining for tyrosine,
to avoid problems arising from gas evolution. A procedure for gel staining
and autoradiography has also been documented.'*! There is an improved
method for the separation of globin chains by starch gel electrophoresis in
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6M urea,®® but urea is avoided altogether in an alternative procedure in
which intact haemoglobin is made to move through a zone of p-chloro-
mercuribenzenesulphonate by electrophoresis on a starch gel;'*3 it is
thereby dissociated into its constituent chains which then migrate
separately. A potentially useful method has been developed for preparative
electrophoresis in isoelectric buffers using Ampholine carrier electrolytes
(LKB-Producter A.B., Stockholm, Sweden) in a sucrose density gradient.4*
The isoelectric buffer systems have much lower conductances than ‘con-
ventional’ buffer systems (without loss of buffering capacity) and hence
higher voltage gradients and shorter times of separation may be used.

The usefulness and reliability of gel electrophoresis in the presence of
SDS as a method of determining subunit molecular weight is now beyond
question. Instances in which it has been used to resolve conflicting values,
and hence to establish quaternary structure, are legion; many of these are
included in Table 2 (Section 5G). An expanded account of the technique
has now appeared.’*> Reynolds and Tanford *4¢ have recently shown how
the method works: a wide variety of proteins bind identical amounts of
SDS on a gram/gram basis at concentrations of SDS monomer (the micelle
does not bind) greater than 0.5 mmol 1-*. Binding is independent of ionic
strength and is principally hydrophobic in nature. It is not surprising,
therefore, that electrophoretic mobility in SDS gels is dependent only on
molecular size. These studies of the binding of SDS to proteins could also
have some relevance to membrane models.1#® Davies and Stark 4" have
reported the use of the technique to study the effect of the bifunctional
imidoester, dimethyl suberimidate (3), on multimeric proteins. Intra-
oligomeric cross-linking leads to a predominant set of bands corresponding

HN NH E‘O\C¢0
2\ Y |
/C—(CH2)G—C\ o

MeO OMe C/
@ Et0” S0
4)

to multiples of the subunit molecular weight, and if the subunits are
identical the number of bands is equal to the number of subunits in the
original molecule. Along the same lines, diethyl pyrocarbonate (4) reacts
with proteins to give a series of bands on SDS-gels at integral values of the
monomer molecular weight.1*® In addition to providing a useful set of
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‘polymeric’ markers for use as standards in measurements of molecular
weight, it is suggested that an unknown molecular weight can be determined
with increased accuracy by inspection of the multiple bands generated if
the protein is first treated with diethyl pyrocarbonate. A range of gel
concentrations was studied and some general deviations from linearity in
the relation between log (mol. wt.) and mobility were reported.’*® In an
interesting study, SDS-gel electrophoresis has been used to investigate the
size distribution of polypeptide chains in eukaryotic and prokaryotic
cells.**® It was found that only 5% of the proteins in HeLa cells, and only
3% of those in E. coli cells, had molecular weights greater than 80 000.
The average size for E. coli proteins was calculated as 24 000; for HeLa
cells 31 700. This is a remarkable illustration of the amount of information
that such a simple technique can yield, and it is difficult to see how else it
could easily be obtained.

Substitution of NN’-diallyltartardiamide (DATD) for bisacrylamide as
cross-linker gives polyacrylamide gels that can be solubilised in 2%/ periodic
acid.’®® This does not quench and the method is useful for scintillation
counting of gels on which radioactive proteins have been run and which
are then sliced laterally. It is also possible to recover the proteins from the
gel although one would need to be convinced that there were no deleterious
effects of periodate. Inclusion of DATD does not interfere with SDS, and
the linear relationship between log(mol. wt.) and mobility still holds, at
least on 7.5% gels.’®® It has been suggested that protein molecular weight
can be determined by investigating the mobility in gels of different
porosity,?s2 153 but it seems unlikely that this will rival the far more con-
venient method using SDS-gels.

Peptide Detection and Identification. A number of reports have been
concerned with peptide detection and identification. Peptide mapping
can be carried out on the column of an automatic amino-acid analyser ;154
this was accomplished for oxidised ribonuclease on 0.15 mg of material,
with preparative separation of pure peptides for sequence studies. It is
possible to predict the composition of nucleotides from their mobility in
two-dimensional electrophoresis.?® Similarly, a comprehensive account
has now been given of the prediction of the composition of dipeptides from
their mobility on paper and column chromatography.'®® Since dipeptidases
(see ref, 155) which work sequentially from the N-terminus of a protein
are known, it is not inconceivable that such separations could form the
basis of a new method of protein sequencing.
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Trinitrobenzensulphonic acid (TNBS) has been suggested as a reagent
for detection of peptides on paper chromatograms ¢ and the peptides can
then be eluted, hydrolysed, and analysed. 2,2’-Dithiobis-(5-nitrobenzoic
acid) (DTNB) has been used as a spray reagent for the detection of thiol
compounds on chromatograms %7 [¢f. 2,2’-dithiobis-(5-nitropyridine)] 158
and can also be used to detect disulphides (after reduction with boro-
hydride) and thioesters (after hydrolysis on the paper). It is particularly
useful for locating the disulphide-bridged peptides in enzymic digests.5?
DTNB has also been incorporated into a procedure for automatic detection
of cystine peptides in column effluents, in the presence of pyridine-acetate
buffers.'®® The method is based on the reduction of disulphides with
dithioerythritol and detection of the resulting thiol groups with DTNB in
the presence of arsenite. The most recent addition to the battery of
‘diagonal’ techniques (see Vol. 1, p. 61) provides another method for isola-
tion of the C-terminal fragment of peptides and proteins.’®* The poly-
peptide is converted to the methylamide and digested enzymically. The
C-terminal peptide, present as its methylamide, does not alter in mobility
during the two steps of two-dimensional electrophoresis, first at pH 6.5
and then at pH 1.8, and will thus lie on the diagonal. This separates it
from all the other peptides which will lie off the diagonal in the direction
of the negative electrode. The method cannot be used for histidine-
containing C-terminal peptides since these will also have different mobilities
at the different pH values. Side-chain carboxy-groups presumably are
converted into methylamides at the first stage and do not interfere.

Affinity Chromatography. Purification of a protein by affinity chromato-
graphy is based on specific and reversible interaction of the protein with a
ligand. For an enzyme the ligand can be an inhibitor (an active-site-
directed small molecule, or a protein inhibitor) or an activator; for an
antibody it would be a hapten or an antigen; and for an antigen the anti-
body would serve as ligand. The ligand is covalently attached to an
insoluble matrix, usually agarose (Sepharose, Pharmacia), and the protein
is purified by selective adsorption on to a column of the insolubilised
ligand. This powerful and elegant method is becoming so frequently used
that it is not inappropriate to include here some of the uses to which it has
been put since the brief coverage given in last year’s Report. A remarkable
array of adsorbents for affinity chromatography is already available
commercially; one catalogue contains a useful bibliography relating to
those described.*'? A list is given here of most of the uses to which affinity

156 C, Wilson, R. F. Kibler, and R. Shapira, Analyt. Biochem., 1970, 38, 371.

157 C, B. Glaser, H. Maeda, and J. Meienhofer, J. Chromatog., 1970, 50, 151.

18 D, R. Grassetti and J. F. Murray, jun., J. Chromatog., 1969, 41, 121.

1% H. Maeda, C. B. Glaser, and J. Meienhofer, Biochem. Biophys. Res. Comm., 1970,
39, 1211.

160 K. A. Walsh, R. M. McDonald, and R. A. Bradshaw, Analyt. Biochem., 1970, 35,
193.

181 A. Furka, F. Sebestyén, and T. Karacsonyi, F.E.B.S. Letters, 1970, 6, 34.
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chromatography has been put during the past twelve months. Some
special applications are dealt with later. Unless otherwise indicated the
support was Sepharose (for the particular grade the reader is referred to
the original paper), activated by the now standard cyanogen bromide
method for covalent attachment of the ligand through its amino-groups.
One or two of the listed examples merit further comment. In general,
the small molecules used as ligands in specific adsorption of enzymes are
potent inhibitors of the enzymes, and presumably bind at the active site.
Tryptophan, however, is a very strong activator of the allosteric enzyme
chorismate mutase, which has binding sites for the activator and for the
inhibitors L-Phe and L-Tyr as well as for the substrate.’®® The purification
of the lactose synthetase A protein on a column of a-lactalbumin is
interesting.16”- 1% Adsorption onto the column was in the presence of
N-acetylglucosamine 1% or glucose,'®” and when these were omitted from
the buffer the A protein was released from the column. This illustrates
nicely that the interaction between the two components of the lactose
synthetase system is enhanced in the presence of a substrate. It is
apparently stronger in the presence of NAG, since retardation of A
protein is greater in buffers containing NAG than those containing glu-
cose.1® Turkey ovomucoid-agarose retained both trypsin and chymo-
trypsin 179 but the former less efficiently. It was suggested that this was so
because linkage of ligands to Sepharose occurs through amino-groups, and
the trypsin inhibitory site on ovomucoid is thought to contain a lysine
residue. It was possible to confirm the presence of anti-tRNA antibodies
in goat and rabbit immunised with covalently bound tRNA conjugates by
coupling y-globulin to Sepharose and then observing selective adsorption
of 32P-tRNA.1% The selective adsorption of whole cells 18! is remarkable.
An elegant method for isolating active-site peptides based on affinity
chromatography has been demonstrated by Givol et al}®® A protein is
affinity-labelled and digested, and the digest applied to a Sepharose column
to which the native protein itself is bound as ligand. Selective adsorption of
the active-site peptide follows, by virtue of the interaction between the
affinity label (bound to the peptide) and the active site of the protein. The
method was successfully applied to peptides from the active site of an
antibody (goat anti-DNP) and an enzyme (bovine pancreatic ribonuclease).
This approach has also been used by Wilchek % to isolate two different
affinity-labelled peptides from staphylococcal nuclease. A third labelled
peptide resulting from a much less effective affinity label was not retained
by the Sepharose-nuclease column, demonstrating the important point that
only peptide-bound ligands having a high affinity for the column will be
adsorbed. Biotin-containing peptides from methylmalonyl-oxaloacetic

188 ), Givol, Y. Weinstein, M. Gorechi, and M. Wilchek, Biochem. Biophys. Res. Comm.,
1970, 38, 825.
184 M. Wilchek, F.E.B.S. Letters, 1970, 7, 161.
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transcarboxylase have been bound to an avidin-Sepharose column,!8®
using the biotin on the peptides as a built-in affinity label.

Cuatrecasas, one of the innovators of affinity chromatography, has
recently given a comprehensive account 1% of the preparation of a large
number of derivatives of agarose and polyacrylamide beads that will extend
the scope of the method enormously. To minimise interactions of the ligand
with the matrix an w-aminoalkyl arm is attached by treatment of the
activated support with an aw-diamine. The w-amino-group can then be
used either for direct attachment of ligands (e.g. through their carboxy-
groups) or it can be modified in a variety of ingenious ways so that ligands
can be attached through amino-, carboxy-, phenolic, or imidazole groups,
and there is no longer the restriction of mandatory coupling through
amino-groups. The versatility of this approach is exemplified by the elution
of a ligand-protein complex from a column where the ligand had been
attached through its carboxy-groups to thiol groups in the matrix. This
could provide an alternative to the drastic conditions sometimes needed
(see list) to elute very tightly bound proteins from affinity columns, The
presence of a flexible arm appears to be more important when the affinity
of the ligand for the protein is low.

A recent note of an enterprising variation on the theme of ‘biospecific
adsorption’ described the simultaneous isolation of trypsin inhibitor and
anti-A phytohaemagglutinin from a suspension of ground seeds (Vicia
cracca).*® These were specifically adsorbed on to insolubilised trypsin and
blood group A substance, respectively, contained in nylon mesh bags
sitting in the stirred suspension. It was noted that ‘bags’ of insoluble
proteolytic enzymes would be useful for controlled degradation. Not an
example of affinity chromatography, but embodying the same principle
of specific interactions, is the report of the purification of glucose-6-
phosphate dehydrogenase, pseudocholinesterase, lactate dehydrogenase,
and alanine dehydrogenase by substrate clution from ion exchange
columns. 188

3 Structural Proteins

The term ‘structural proteins’ is taken here to include the fibrous proteins,
proteins connected with motility, and certain other globular proteins that
have no identified enzymic activity. Immunoglobulins are dealt with
separately in Section 6.

A. The Proteins of Motility.—The molecular weight of G-actin, previously
put at ca. 45 000 by other workers, has been confirmed by light scattering
and SDS-gel electrophoresis.’® Studies on the primary structure of rabbit

185 A, Bodanszky and M. Bodanszky, Experientia, 1970, 26, 327.

136 P_ Cuatrecasas, J. Biol. Chem., 1970, 245, 3059.

187 1. Sundberg, J. Porath, and K. Aspberg, Biochim. Biophys. Acta, 1970, 221, 394.
188 A, Yoshida, Analyt. Biochem., 1970, 37, 357.

1o ], Sakakibara and K. Yagi, Biochim. Biophys. Acta, 1970, 207, 178.
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muscle actin are compatible with this figure.1®% 1% Thus, 17 peptides that
together account for the whole molecule have been isolated after cyanogen
bromide cleavage, and 3-methylhistidine was shown to occur in a single
peptide.’®® The N- and C-terminal peptides were also identified. Other
studies **2 have also shown that the 3-methylhistidine of actin is located in a
single tryptic peptide and suggest that modified histidine residues are not
essential to the biological activities of actin or myosin. Similarly, it has been
found 1?3 that 3-methylhistidine is absent from red fibre, cardiac, and foetal
myosins of the cat but is present (one residue per heavy chain) in white fibre
myosin. It is not clear yet whether the absence in red fibre myosin is due
to a failure to effect methylation or the absence of the susceptible histidine
residue(s). There is adduced, however, a direct correlation between histidine
methylation in white fibre myosin and the increasing maturity of the
animal.

Cyanogen bromide has been used to effect limited cleavage of the myosin
rod ca. 950 A from the C-terminus, as seen in the electron microscope.®
Chemical evidence has been produced !®® for heterogeneity in the two
chains (mol. wt. 35 000) that comprise the molecule of rabbit tropomyosin.
Either the two chains are similar, but not identical, or there is more than
one form of tropomyosin.

An elegant method has been described 1*¢ for the selective precipitation
of microtubule protein from high-speed supernatants of homogenates of
cultured mouse neuroblastoma cells by the addition of vinblastine. This is
comparable with the effect of vinblastine in causing intracellular crystallisa-
tion of cytoplasmic microtubules with bound vinblastine. Fractionation of
outer fibre doublet microtubules of cilia and flagella into A- and B-subfibre
components has also been effected.’®” The A-subfibre is a complete
cylinder to which is attached the ATPase, dyenin, in the form of arms,
whereas the smooth B-subfibre shares part of the wall of the A-subfibre. 198
The subunit proteins A- and B-tubulin of the respective subfibres are nearly
identical in terms of amino-acid analysis, peptide maps, efc. but show
characteristic differences enough to suggest that they are the products of
non-allelic genes.'®” Despite earlier suggestions to the contrary, it now
seems likely that there is little or no sequence homology between the actin
of striated muscle (subunit mol. wt. 45 000) and the A-tubulin (subunit
mol. wt. 59 000), as shown by a comparison of the two isolated from the
same organism, Pecten irradians.1??

190 R_S. Adelstein and W. M. Kuehl, Biochemistry, 1970, 9, 1355.

191 M. Elzinga, Biochemistry, 1970, 9, 1365.

192 P _Johnson and S. V. Perry, Biochem. J., 1970, 119, 293.

193 W, M. Kuehl and R. S. Adelstein, Biochem. Biophys. Res. Comm., 1970, 39, 956.

194 M. V. King and M. Young, J. Mol. Biol., 1970, 50, 491.

15 R. S. Hodges and L. B. Smillie, Biochem. Biophys. Res. Comm., 1970, 41, 987.

196 J B. Olmsted, K. Carlson, R. Klebe, F. Ruddle, and J. Rosenbaum, Proc. Nat. Acad.
Sci. U.S.A., 1970, 65, 129.

197 R, E. Stephens, J. Mol. Biol., 1970, 47, 353.

198, Behnke and A. Forer, J. Cell Sci., 1967, 2, 169.
132 R. E. Stephens, Science, 1970, 168, 845.
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Some properties of the flagellin from B. megateriumm KM have been
reported.?®® The monomeric mol. wt. is 34 000 and the protein contains no
tryptophan, cysteine, or cystine, and no N-methylated lysine. It hasalso been
found 2! that after treatment with carboxypeptidase B, flagellin does not
polymerise, suggesting that the C-terminal region of the molecule is part
of a binding site essential to the polymerisation process. This is supported
by the fact that the C-terminal residues become inaccessible to carboxy-
peptidase when the flagellin has polymerised to flageila, although the
alternative explanation, a conformational change accompanying the
polymerisation, cannot be excluded.

B. Collagen.—Primary Structure. Though most of the studies of the
primary structure of collagen have been confined to simple mammalian
sources, e.g. calf, rat, and human, the occurrence of Gly-Hyp-Ser sequences
has been reported for earthworm cuticle collagen,?? and the operculum of
the whelk, Buccinum undatum, has been shown to consist of a protein whose
amino-acid composition suggests it belongs to the collagen group.?? A
further study 20 of the specificity of bacterial collagenase A confirms that
this enzyme splits only between X and Gly in the sequence -Pro-X-Gly-Pro-
Y- where X can be any residue and Y is usually hydroxyproline or alanine.
The same study further confirms the broader specificity of collagenase B
which, in addition, cleaves the Y-Gly bond in the sequences -Gly-X-Y-
Gly-Pro-Z- or -Gly-X-Y-Gly-Z-Hyp-. O-Acetylation of the hydroxy-
groups in collagen has been claimed to render the molecule more suscept-
ible to digestion with pronase,2?® perhaps by disturbance of the hydrogen-
bonding at the susceptible sites.

However, in view of the large size of the collagen chain, most work on the
primary structure starts with the peptides produced by cyanogen bromide
cleavage. Thus, the sequence of the major hexose-containing peptide
(37 residues) of the al-chain of rat skin collagen **® and the N-terminal
sequence (55 residues) of the al-chain of chick skin collagen 2°7 have been
established (see last year’s Report, p. 40) and the isolation and charac-
terisation of five fragments that together account for the whole a2-chain of
calf skin collagen has been reported.?® Considerable homology with the
corresponding peptides from rat skin, chick bone, and chick skin collagen
is evident.

200 R, Mirsky, Arch. Biochem. Biophys., 1970, 139, 97,

201 W, Bode and H. Olossman, Z. physiol. Chem., 1970, 351, 1285,

202 A_ Goldstein and E. Adams, J. Biol. Chem., 1970, 245, 5478.

203§ Hunt, Biochim. Biophys. Acta, 1970, 207, 347.

204 B, Harper and A. H. Kang, Biochem. Biophys. Res. Comm., 1970, 41, 482.

208 D, Fujimoto, Biochim. Biophys. Acta, 1970, 200, 172.

206 'W. T. Butler, Biochemistry, 1970, 9, 44.

207 A. H. Kang and J. Gross, Biochemistry, 1970, 9, 796.

208 p_ P. Fietzek, M. Miinch, D. Breitkreutz, and K. Kithn, F.E.B.S. Letters, 1970, 9,
229.
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Marked similarity is also shown between the N-terminal sequences of the
al-chains of human skin and rat tendon collagen:2°?

Human Glp-Leu-Ser-Tyr-Gly-Tyr-Asp-Glu -Lys-Ser-Thr-Gly-

Rat Glp-Met-Ser-Tyr-Gly-Tyr-Asp-Glu -Lys-Ser-Ala-Gly-
1 10
Human Gly-Ser -Val-Ile -Pro-Gly-Pro-Met-
Rat Val-Ser -Val——Pro-Gly-Pro-Met-
15

this is good evidence of common evolutionary ancestry.

Some success has been achieved in ordering such cyanogen bromide
fragments by attempting to renature the peptides and examining the
products in the electron microscope. This has been reported for the «l1- and
a2-chain of chick skin collagen ?? and for the a2-chain of calf skin collagen.208
The order of the cyanogen bromide peptides from the «2-chain of rat
collagen has been partially established by chemical means and confirmed
and completed by examining the pulse labelling of the collagen in culture,.2*%¢
The order is determined by examining the specific radioactivity of the
peptides in the manner originally described in the classic experiments of
Dintzis on the biosynthesis of haemoglobin.?'%® Direct evidence has been
produced 21! for a correlation between the distribution of polar residues
in the amino-acid sequence and the cross-striation pattern of collagen
observed in the electron microscope, by examining the banding pattern
for a large peptide (112 residues) of known amino-acid sequence derived
from the C-terminus of al-chains of calf skin collagen.

Further work has been reported on the peculiar hydroxylamine-
sensitive bonds in collagen. Thus, with peptide CB8 (mol. wt. 24 000)
from near the middle of the «1-chain of rat collagen, treatment with 1M
hydroxylamine at pH 10.5 and 35 °C for 90 min caused substantial cleavage
of an Asx—Gly bond in the sequence;2!2

Gly-Ala-Asx-Gly-(Hyp,,Gly,,Alag,Ile)-(Hyp,Gly,,Ala,Phe)-Arg

Cleavage of the al- and o2-chains of calf skin collagen with hydroxylamine
has also been reported:?'® glycine was the predominant new N-terminus in
the products of the al-chain. An examination of the treatment of bovine
ribonuclease A with 2M hydroxylamine at pH 9.0 showed 14 that partial
cleavage had occurred at the Asn(67)—Gly(68) bond and, to a lesser
extent, at the Asn(34)—Leu(35) bond. It was suggested that cyclisation
to the of-imide, particularly in Asn—Gly sequences, might be responsible
(see Chapter 2, Part I, Section 2C of last year’s Report).

208 B M., Click and P. Bornstein, Biochemistry, 1970, 9, 4699.

210 (g) J, Vuust, J. M. Lane, P. P. Fietzek, E. J. Miller, and K. A. Piez, Biochem. Biophys.
Res. Comm., 1970, 38, 703. (b) H. M. Dintzis, Proc. Nat. Acad. Sci. U.S.A., 1961,
48, 247.

211 K. Mark, P. Wendt, F. Rexrodt, and K. Kiihn, F.E.B.S. Letters, 1970, 11, 105.

212 P, Bornstein, Biochemistry, 1970, 9, 2408.

213 E, Heidemann and W. Heinrich, European J. Biochem., 1970, 14, 61.

214 P, Bornstein and G. Balian, J. Biol. Chem., 1970, 245, 4854.
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Proline hydroxylation takes place mainly in completed collagen
chains.?® The enzyme responsible, collagen proline hydroxylase, has been
purified from chick embryo 2'8¢ and from newborn rat skin,216®

Cross-links. The complete structural basis of collagen cross-linking is not
yet clear. A detailed proof has been given 2'7 of the existence of the cross-
link (syndesine) derived by aldol condensation of the 8-semialdehydes of
lysine and hydroxylysine and of the cross-link 6,7-dehydrohydroxylysino—
norleucine, both of which were described in detail in last year’s Report.
Lysino-norleucine, a cross-link previously found only in elastin, has also
now been reported for chick skin ?!® and calf skin ?'® collagen. Another
new cross-link, 8-hydroxylysino—-8’-hydroxynorleucine, has been identified
in borohydride-reduced collagen of bovine Achilles tendon and the reduced
form of the precursor aldehyde, de-dihydroxynorleucine has been isolated.220
The same workers have also recognised hydroxylysino—norleucine as a cross-
link in borohydride-reduced collagen.??

These cross-links are all based on 8-semialdehydes derived from lysine,
and the enzyme that oxidises lysine to its §-semialdehyde (allysine) has been
partially purified.?*? 223 1t is irreversibly inhibited by the lathyrogen
B-aminopropiononitrile ir vivo and in vitro. Other studies of the enzyme 224
suggest that it is dependent on pyridoxal phosphate and copper, in accord
with the fact that copper and pyridoxine deficiency in the diet impair
cross-linking in collagen and elastin.

It has been suggested 225 that the progressive insolubility of collagen gels
in vitro is due to the development of intermolecular cross-links that are
independent of the intramolecular aldol cross-links based on lysine semi-
aldehydes near the N-terminus of the molecule. Other studies on the forma-
tion of intermolecular cross-links in vitro indicate 228 that the intramolecular
aldol cross-link does not remain intact during fibril formation and,
further,??” that the intramolecular cross-links are not separate entities but
only intermediates of an intermolecular link. Their existence in solubilised
collagen is seen as a result of the extraction procedure. An electron

215 B, N. Bachra and A. J. van der Eb, Biochemistry, 1970, 9, 3001.

2% (@) M. Piankdldinen, H. Aro, K. Simons, and K. 1. Kivirikko, Biochim. Biophys.
Acta, 1970, 221, 559. (b) R. E. Rhoads and S. Udenfriend, Arch. Biochem. Biophys.,
1970, 139, 329.

217 A, J. Bailey, C. M. Peach, and L. J. Fowler, Biochem. J., 1970, 117, 819.

218 A. H. Kang, B. Faris, and C. Franzblau, Biochem. Biophys. Res. Comm., 1970, 39,
175.

219 M. L. Tanzer and G. Mechanic, Biochem. Biophys. Res. Comm., 1970, 39, 183.

220 G. Mechanic and M. L. Tanzer, Biochem. Biophys. Res. Comm., 1970, 41, 1597.

1 M. L. Tanzer, G. Mechanic, and P. M. Gallop, Biochim. Biophys. Acta, 1970, 207,
548.

222 R. C. Siegel and G. R. Martin, J. Biol. Chem., 1970, 245, 1653.

223 R. C. Siegel, S. R. Pinnell, and G. R. Martin, Biochemistry, 1970, 9, 4486.

224 1..J. Fowler, C. M. Peach, and A. J. Bailey, Biochem. Biophys. Res. Comm., 1970, 41,
251.

23 A. Shuttleworth and M. J. Glimcher, Biochim. Biophys. Acta, 1970, 200, 332.

226 C, Franzblau, A. H. Kang, and B. Faris, Biochem. Biophys. Res. Comm., 1970, 40, 437.

222 A, H. Kang and J. Gross, Proc. Nat. Acad. Sci. U.S.A., 1970, 67, 1307.
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microscopic examination of cross-links in calf collagen ??® showed that
bonds linking molecules side to side in the quarter-staggered array were
easily cleaved by pepsin, whereas those linking molecules head to tail were
not. Earlier conclusions that there might be a-amino-aldehydes have now
been disproved 22* by the observation that the «-amino-alcohols obtained
after sodium borohydride reduction of collagen are derived from peptide
chain cleavages during the reduction. Thus, the analysis of collagen cross-
links is at a particularly interesting stage at the moment and, in view of the
fearsome size of the polypeptide chains involved, it is impressive that so
much has been learned in such a short time.

C. Fibrinogen,—Human fibrinogen has been studied by SDS-gel electro-
phoresis.??® Heterogeneity was observed in the a-chain, the major com-
ponent having mol. wt. 73 000 and the minor component mol. wt. 70 000.
The mol. wts. of the 8- and y-chains were 58 000 and 47 000, respectively.
It is likely that plasmin digestion is responsible for the heterogeneity in the
a-chain.?®® The action of plasmin on fibrinogen and fibrin appears to
result in the formation of almost identical high molecular weight end-
products.2®! The enzyme arvin from snake venom digests fibrinogen in a
somewhat similar fashion to thrombin, except that only fibrinopeptide A
is produced.?®? Since thrombin usually promotes the fibrin clot by activating
the fibrin-stabilising factor, whereas arvin does not, arvin may find some
use as an anti-coagulant,

In human fibrinogen, the N-terminal sequence of the a-chain is known
and the N-terminal residue of the B-chain is pyrrolidone carboxylic acid.
Edman degradation of the intact molecule (using *S-labelled phenyl
isothiocyanate) therefore allows the N-terminal sequence of the y-chain
to be deduced. Using this technique, the sequence has been shown 22* to be
Tyr-Val-Ala-Thr-Arg-Asp-Asn-, in confirmation of earlier results. Other
work 234, 235 has revealed that the C-terminal residue of the 8- and y-chains
is valine and that of the a-chain is proline.

Comparative studies 23 of A-chain fragments from ox, sheep, rabbit,
horse, and human fibrinogens suggest that there are two highly conserved
regions of primary structure, Phe(8)-Arg(19) and Cys(45)-Met(51). Since
the first region includes the site of thrombin attack and the second contains
elements of disulphide bridges, this may be of functional significance in

228 B, K. Zimmermann, J. Pikkarainen, P. P. Fietzek, and K. Kiihn, European J. Biochem.,
1970, 16, 217.

29 M, A, Paz, E. Henson, R. Rombauer, L. Abrash, O. A. Blumenfeld, and P. M. Gallop,
Biochemistry, 1970, 9, 2123,

z30 D Mills and S. Karpatkin, Biockem. Biophys. Res. Comm., 1970, 40, 206.

231 G, A. Dudek, M. Klockewiak, A. Z. Budzykski, Z. S. Latallo, and M. Kopec, Bio-
chim. Biophys. Acta, 1970, 214, 44.

232 W._ H, Holleman and L. J. Coen, Biochim. Biophys. Acta, 1970, 200, 587.

233 E, Irion and B. Blombick, F.E.B.S. Letters, 1970, 7, 143.

23¢ M, Okude and S. Iwanaga, Biochem. Biophys. Res. Comm., 1970, 41, 450.

238 K, Kasai, S. Yokoyama, and 8. Ishii, F.E.B.S. Letters, 1970, 11, 298.

286 T, Spderquist and B. Blombick, F.E.B.S. Letters, 1970, 7, 321.
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terms of biological activity and chain conformation. The fibrinopeptides
of the gibbon (an Asian ape) have been compared with those of man and
chimpanzee :2%”

Gibbon A

Ala-Asp-Thr-Gly -Glu -(Gly, Glu)-Phe-(Leu, Ala, Glu, Gly,Gly, Gly,Val)-Arg
Human A

Ala-Asp-Ser -Gly -Glu- Gly-Asp -Phe -Leu-Ala-Glu-Gly-Gly- Gly-Val -Arg
Chimpanzee A

Ala-Asp-Ser -Gly -Glu-(Gly, Asp)-Phe-(Leu,Ala,Glu,Gly,Gly, Gly, Val) -Arg

Gibbon B

Glp-(Gly, Val, Asx,Asx, Asx, Glx)——(Gly, Leu)-Phe-

Human B

Glp- Gly-Val -Asn-Asp- Asn-Glu
Chimpanzee B

Glp-(Gly,Val, Asn,Asp, Asn,Glu, Glu, Gly,Phe)-Phe-(Ser, Ala)-Arg

(Ser,

(Gly Ala)-Arg

Gly -Phe -Phe- Ser -Ala -Arg

These results are in line with the view that man is more closely related to
the African apes (chimpanzee) than to the Asian apes. It is also interesting
to note that there is an allelic variation (Ser, Gly) near the C-terminus of
the gibbon B peptide, particularly so in view of the fact that the human/
chimpanzee class has serine and the Old World monkeys have glycine in
that position.

The cross-linking induced by fibrin-stabilizing-factor has been studied
by SDS-gel electrophoresis.?®® Rapid formation of y-y links was observed
together with a slower formation of higher polymers of the a-chain. The
B-chains appear not to be involved. The amino-acid sequence around the
v~y links of bovine fibrin has now been worked out.?®® The isopeptide
links are found in overlapping C-terminal segments of neighbouring
y~chains:

Gln <~ Gly < Glu < Gly <« Ile <« Ala <~ Leu——
> Gln - His - Glu - Leu - Gly - Gly - Ala - Lys - Asp - Val-OH

I |
HO—Val < Asp <« Lys < Ala < Gly < Gly < Leu < Glu < His < Glnj
——Leu -+ Ala - Ile - Gly - Glu - Gly - Gln-

The relationship of such covalent links to the folding of the polypeptide
chains in molecular models needs careful consideration.

D. Chromosomal Proteins.—Among the remarkable properties of the
histones are their limited heterogeneity and the high conservation of the
amino-acid sequences of corresponding histones from various organisms

237 G. A. Mross, R. F. Doolittle, and B. F. Roberts, Science, 1970, 170, 468.
38 P, A. McKee, P. Mattock, and R. L. Hill, Proc. Nat. Acad. Sci. U.S.4., 1970, 66,

738.
2% R. Chen and R. F. Doolittle, Proc. Nat. Acad. Sci. U.S.A., 1970, 66, 472.
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during evolution (see last year’s Report). Thus, the histones F2al from
normal and neoplastic tissues (foetal calf thymus, calf thymus; bovine
lymphosarcoma, Novikoff hepatoma, and human leukaemic lymphoblasts)
have very similar structures.?*® Similarly, the single cysteine-containing
histone (histone III) of the five major histone fractions has a constant
electrophoretic mobility when isolated from numerous sources.?** On the
other hand, characteristic differences are observed in the very lysine-rich
histones F1 isolated from calf thymus, echinoderms, and molluscs.24?
The same major histone components are present in calf thymus, pea
seedling, and undifferentiated HeLa cells,?** but differences in the ratios of
Ne-dimethyl-lysine to Né-monomethyl-lysine in histones might be significant
in gene regulation.?4®

Further studies 2*¢ on the N- and C-terminal sequences of the glycine-
rich, arginine-rich histone (histone IV) of calf thymus are in agreement
with the whole sequence reported last year. The complete sequence of the
slightly lysine-rich histone (F2b) of calf thymus has been determined *** and
is shown in Figure 1. The asymmetric clustering of the basic residues in this

Pro-Gin-Pro-Ala-Lys-Ser-Ala-Pro-Ala-Pro-Lys-Lys-Gly-Ser-Lys-Ala-Val-Thr-
iys—Lys-Ala-Gln-Lys-Lys-Asp-Gly-Lys{gys-Arg-Lys-Arg-Ser-Arg-Lys-Glu-Ser-
Tyr-ggr-Val-Tyr-Val-Tyr-Lys-Val-Leu-Lys-Gln-Vi(l’-His-Pro-Asp-Thr-Gly-Ile-
Ser-Ser-Lys-:?a-Met-Gly-Ile-Met-Asn-Ser-Phe-Val-Asn-?sp—Ile-Phe-Glu-Arg—
Ile-Ala-Gly-GIu-Ala-S6e(:)r-Arg-Leu-Ala—His—Tyr-Asn-Lys—Arg-Ser-7'l(“)hr-IIe-Thr-
Ser-Arg-Glu-Ile-Gln-Thr-Ala?\?al-Arg—Leu-Leu-Leu-Pro-GIy-Glu-Leu—AIS:}Lys-
His-i\la-Val-Ser—Glu-Gly-Thr-Lys-Ala-l\?z?I-Thr-igg-Tyr-Thr-Ser-Ser-Lys
Figur:(ll Amino-acid sequence of slightly lysine-rich histone (F2b) from calf

thymus

molecule, particularly in the N-terminal region, has been pointed out,?5 248
A comparable asymmetry has been observed for the very lysine-rich
histone of rabbit thymus,?®’ although the biological significance remains
obscure. At its most obvious, it might relate to the interaction with DNA.

240 T, S, Desai and G. E. Foley, Biochem. J., 1970, 119, 165.

241§, Panyim, R. Chalkley, S. Spiker, and D. Oliver, Biochim. Biophys. Acta, 1970, 214,
216.

22 J, A, Subirana, J. Palau, C. Cozcolluela, and A. Ruiz-Carrillo, Nature, 1970, 228, 992.

243 A Sadgopal and J. Bonner, Biochim. Biophys. Acta, 1970, 207, 206.

244 P, Sautierre, Y. Moschetto, M. Dautrevaux, and G. Bisterte, European J. Biochem.,
1970, 12, 222.

245 K, Iwai, K. Ishikawa, and H. Hayashi, Nature, 1970, 226, 1056.

246 |, S, Hnilica, H. A. Kappler, and J. J. Jordan, Experientia, 1970, 26, 353.

247 M, Bustin and R. D. Cole, J. Biol. Chem., 1970, 245, 1458.
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Partial sequences of calf thymus histone III have been published.?*®* The
N-terminal sequence is Arg-Ala- and that at the C-terminus is:

-Arg-Val -Thr-Ile-Met-Pro-Lys-Asp-Ile-Gln-Leu-Ala-Arg-Arg-Ile-Arg-Gly
-Glu-Arg-Ala

Little similarity is yet apparent with the C-terminal sequences of the histones
IV and F2b.

Modified amino-acids continue to be discovered in the histones.
N-Acetylated and N-methylated lysine residues were found in calf thymus
histone III, although the modification of the susceptible residues was
observed to be incomplete.?4® Hydroxyproline has been detected in the
lysine-rich histone (F1) of tobacco callus tissue **° and w-N-methylarginine
was found in histones from rat liver nuclei.?s® The lysine-rich histones of
mouse ascites tumour cells are heterogeneous because of phosphoryl-
ation #1 and, at a late stage of spermatogenesis in rainbow trout testis, the
histones are extensively phosphorylated and acetylated and replaced by
newly synthesised protamine.?®? It is possible 5% 252 that these modifications
affect the interaction between histone and DNA and a detailed molecular
model has been suggested.?>? Two enzymes that catalyse specific acetylation
of histones have been partially purified from rat liver nuclei 2°* and a
protease tightly associated with thymus nucleohistone has been observed.2%*
Tissues having a high rate of cell turnover show an increased rate of
proteolysis of nucleohistone and the enzyme possibly is connected with
autolysis and cell destruction.?*

Limited heterogeneity of the major non-histone chromosomal proteins
has also been demonstrated by gel electrophoresis of material from many
different sources, suggesting that some at least of these proteins may have
common roles, enzymic or structural, in the chromosome,?5®

E. Miscellaneous.—Serum and Egg Proteins. The C-terminal sequence of
bovine serum albumin has been shown, ?*¢ by investigating a number of model
peptides, to be -Thr-Ala-Leu-Ala. The amino-acid sequence around the
single tryptophan residue of human serum albumin has been found to be
-Lys-Ala-Trp-Ala-Val-Ala-Arg.?®” The tryptophan residue is probably
part of the strong binding site of this protein for steroids and long-chain
aliphatic anions.

248 R. J. DeLange, E. L. Smith, and J. Bonner, Biochem. Biophys. Res. Comm., 1970, 40,
989.
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281 D). Sherod, G. Johnson, and R. Chalkley, Biochemistry, 1970, 9, 4611,
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Different amino-acid compositions have been recorded for the oval-
bumins of chicken, duck, and turkey.?®® Of particular interest are the
differences in the molar contents of sulphur-containing amino-acids:

Cysteine Cystine Methionine
Chicken 4 1 15
Duck 2 1 23
Turkey 3 3 14

Ovalbumin is one of those rare proteins in which cysteine and cystine
residues co-exist. A similar analysis for the hen ovalbumin has also been
reported by other workers %%® and the C-terminal sequence demonstrated to
be -Cys-Val-Ser-Pro, containing one end of the disulphide bridge.

Two recent reports 260 agree that transferrin can exist with 0, 1, or 2 iron
atoms bound, contrary to earlier belief. Modification of the carboxy-
groups of transferrin with glycine methyl ester and a water-soluble carbodi-
imide suggests 2! that carboxy-groups do not participate directly in the
iron binding and that the two iron-binding sites are not identical. On the
other hand, in a demonstration 2 that human transferrin comprises a
single polypeptide chain of mol. wt. 77 000, there is evidence that some
portions of the chain may be duplicated to provide the two binding sites.

SDS-Gel electrophoresis of the other iron-binding protein, apoferritin
(from horse spleen), yields a subunit mol. wt. of ca. 18 000,263 which
suggests in turn that there may be 24 rather than 20 subunits in the intact
molecule. Some preliminary studies on the peptides derived by cyanogen
bromide cleavage have also been reported.?®4

Milk Proteins. The almost complete sequence of bovine agj-casein has been
published (Figure 2).265 The residue at position 191 is glutamic acid in the
B variant and glycine in the C variant. The A variant lacks the residues
from positions 14—26 of the B and C variants.?*® Preliminary work on
bovine B-casein (mol. wt. 24 000) has also been reported.?®”

A new and better method for the isolation of k-casein has been reported.268
The rennin-sensitive bond of bovine x-casein has now been shown not to be

258 M. B. Smith and J. F. Back, Austral. J. Biol. Sci., 1970, 23, 1221.

289 1., A. Fothergill and J. E. Fothergill, Biochem. J., 1970, 116, 555.

260 (g) J. Williams, C. Phelps and J. M. Lowe, Nature, 1970, 226, 858. (b) P. Aisen, S. H.
Koenig, W. E. Schillinger, I. H. Scheinberg, K. G. Mann, and W. Fish, Nature,
1970, 226, 859.

261 A, Bezkorovainy and D. Grohlich, Biochim. Biophys. Acta, 1970, 214, 37.

262 K G, Mann, W. W, Fish, A. C. Cox, and C. Tanford, Biochemistry, 1970, 9, 1348.
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an ester but the Phe-Met bond linking the C-terminus of para-«-casein to the
N-terminus of the macropeptide.?®® The action of rennin on x-casein
produces at least seven genetically defined macropeptides and recent work 27°
demonstrates that in the B variant an alanine and isoleucine residue
replace an aspartic acid and threonine residue, respectively, of the A variant.
The changes are not yet located in the primary structure but are definitely
on the C-terminal side of the Lys(11)-Thr(12) bond.

Arg-Pro-Lys-His-Pro-Ile-Lys-His-Gln-Gly-Leu-Pro-GIn-Glu-Val-Leu-Asn-Glu-
1 10

Asn-Leu-Leu-Arg-Phe-Phe-Val-Ala-Pro-Phe-Pro-Gln-Val-Phe-Gly-Lys-Glu-Lys-
20 30
Val-Asn-Glu-Leu-Ser-Lys-Asp-Ile-Gly-(Asx, Thr, Ser,, Glx,, P;)-Ala-Met-Glu-
40 50

Asp-lle-Lys-Glu-Met-Glu-Ala-(Asx, Ser,, Glx;, Pro, Val,, Ile,, P;)-Lys-His-Ile-Gln-
60 70 80
Lys-Glu-Asp-Val-Pro-Ser-Glu-Arg-Tyr-Leu-Gly-Tyr-Leu-Glu-Gln-Leu-Leu-Arg-
90
Leu-Lys-Lys-Tyr-Lys-Val-Pro-Gln-Leu-Glu-Ile-Val-Pro-Asp-Ser-Ala-Glu-Glu-
100 110 |
P
Arg-Leu-His-Ser-Met-Lys-Glu-Gly-Ile-His-Ala-Gln-GIn-Lys-Glu-Pro-Met-Ile-
120 130
Gly-Val-Asn-GIn-Glu-Leu-Ala-Tyr-Phe-Tyr-Pro-Glu-Leu-Phe-Arg-Gln-Phe-Tyr-
140 150
Gln-Leu-Asp-Ala-Tyr-Pro-Ser-Gly-Ala-Trp-Tyr-Tyr-Val-Pro-Leu-Gly-Thr-Gln-
160 170
Tyr-Thr-Asp-Ala-Pro-Ser-Phe-Ser-Asp-Ile-Pro-Asn-Pro-lle-Gly-Ser-Glu-Asn-
180
Ser-Glu-Lys-Thr-Thr-Met-Pro-Leu-Trp
Gly (variant C)
190 198

Figure 2 Partial amino-acid sequence of bovine ogy-casein

The isolation and characterisation of a B-lactoglobulin from pig milk
has been described.?”* The mol. wt. is 18 500 and the N- and C-terminal
residues are both valine. The column chromatography of bovine whey
proteins has been reported 2?2 and B-lactoglobulin Droughtmaster, a
unique carbohydrate-containing variant from Droughtmaster cattle, has
been characterised.?’® A partial amino-acid sequence for bovine B-lacto-
globulin has been reported.?™*

Virus Proteins. The molecular weights of #4C-labelled capsid proteins of
SV40 have been estimated on SDS-gels to be ca. 48 000, 33 000, and

260 C, A, Macdonald and M. A. W. Thomas, Biochim. Biophys. Acta, 1970, 207, 139.

270 R, J. Hill, M. A, Naughton, and R. G. Wake, Biochim. Biophys. Acta, 1970, 200, 267.

211 B, Kessler and K. Brew, Biochim. Biophys. Acta, 1970, 200, 449.

212§ M. Armstrong, K. E. Hopper, H. A. McKenzie, and W. H. Murphy, Biochim.
Biophys. Acta, 1970, 214, 419.

213 K, Bell, H. A. McKenzie, W. H. Murphy, and D. C. Shaw, Biochim. Biophys. Acta,
1970, 214, 427.

274 @G, von Frank and G. Braunitzer, Biochim. Biophys. Acta, 1970, 198, 222.
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24 000.2%5 Other minor bands were also observed. Similarly, three major
proteins of Kilham rat virus have molecular weights of 72 000, 62 000, and
55 000, respectively, that of mol. wt. 62 000 probably being the capsid
protein.??®

SDS-Gels have also been used to estimate the mol. wt. of protein sub-
units in viruses of the potato virus X group.?”” The values for white clover
mosaic virus, clover yellow mosaic virus, papaya mosaic virus, and two
strains of cactus virus X were all approximately 20 000. A value of 29 800
was obtained for potato virus X when it was rapidly isolated from leaf
homogenates, but this was observed to fall to 24 000 if the virus was allowed
to remain in the homogenate overnight at room temperature. Treatment
of the pure virus with trypsin produced the same fall in subunit molecular
weight and it therefore seems likely that proteolysis in the unfractionated
homogenate is responsible. Some preliminary work on the primary
structure of the coat protein of turnip yellow mosaic virus has also been
reported.2?®

The amino-acid sequence of the coat protein of QB bacteriophage has
been established and compared with the corresponding proteins from the
bacteriophages f2 and R17.2”® As shown in Figure 3, enough homology
exists to indicate that the proteins are related and to suggest that they
probably fold similarly.?’® Peptide-mapping of the R17 coat protein
synthesised in vitro by cell-free extracts of E. coli demonstrates the high
fidelity of translation in this system.2*® In another bacteriophage, T4, there
is evidence from SDS-gel electrophoresis that precursor proteins are
converted into proteins of lower mol. wt. during capsid formation. Muta-
tions that prevent normal capsid formation appear to inhibit this conver-
sion.?®! The effects of treatment with carboxypeptidase B suggest that the
T4D tail plate contains one or more proteins with a C-terminal arginine
residue which is necessary for specific and essential interaction with another
phage component during tail assembly.?82

Other Proteins. A low-sulphur protein has been purified from a limited
tryptic digest of reduced wool 22 and N°-(y-L-glutamyl)-L-lysine cross-links
have been observed in native wool keratins.?®¢ It has been suggested 285
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that the native fibroin molecule is composed of two subunits of approxi-
mately equal molecular weight linked by a disulphide bond. In other
experiments, the gland fibroin was extracted from the silkworm, Bombyx
mori, and the amino-acid sequences around the cystine residues studied

QB Ala -Lys -Leu -Glu-Thr -Val -Thr -Leu -Gly-Asn-Ile -Gly -Lys-Asp-Gly -
Ala -Ser -Asn-Phe-Thr -Gln-Phe-Val -Leu-Val -Asn-Asp -Gly -

1 10
QB Lys -Gin-Thr-Leu-Val -Leu-Asp-Pro -Arg-Gly -Val -Asn-Pro -Thr -
f2 Gly -Thr-Gly-Asn-Val -Thr-Val -Ala -Pro Ser -Asn-Phe-Ala -
20
QB Asn-Gly -Val -Ala -Ser -Leu-Ser -GIn-Ala -Gly-Ala -Val -Pro -Ala -
f2 Asn-Gly -Val -Ala -Glu-Trp-Ile -Ser -Ser -Asn-Ser: Arg-Ser -
30 40
QB Leu-Glu-Lys -Arg-Val -Thr -Val -Ser -Val -Ser -GlIn -Pro -Arg
f2 Gin-Ala -Tyr -Lys -Val -Thr -Cys -Ser -Val -Arg-Gln -Ser -Ser -Ala -
50
QB Asn-Arg-Lys Asn-Tyr -Lys -Val -Gln-Val Lys -lle -
f2 Glin-Asn-Arg-Lys -Tyr -Thr-Ile -Lys -Val -Glu-Val-Pro- Lys -Val-
60
QB Gln-Asn-Pro -Thr -Ala -Cys -Thr -Ala -Asn-Gly -Ser -Cys -Asp-Pro -
Ala -Thr-GIn-Thr -Val -Gly- Gly-Val -Glu-Leuy————Pro -
70 75 80
QB Ser -Val -Thr -Arg-Gin-Ala -Tyr -Ala -Asp-Val -Thr -Phe -Ser -Phe -
Val -Ala -Ala -Trp-Arg-Ser -Tyr -Leu-Asn-Leu-Glu-Leu-Thr-Ile -
90
QB Thr -GIn-Tyr -Ser -Thr -Asp-Glu-Glu-Arg-Ala -Phe———Val -Arg-
Pro -Ile -Phe-Ala -Thr -Asn-Ser -Asp-Cys-Glu-Leu-Ile -Val -Lys -
100
Qp Thr-Glu-Leu-Ala -Ala -Leu-Leu-Ala -Ser -Pro -Leu-Leu-Ile -Asp-
f2 Ala -Met-GlIn-Gly -Leu-Leu-Lys -Asp-Gly -Asn-Pro -Ile -Pro -Ser -
110 120
QB Ala -Ile -Asp-GIn-Leu-Asn-Pro -Ala-Tyr
f2 Ala -Ile -Ala-Ala-Asn-Ser -Gly-Tle -Tyr
130

Figure 3 Amino-acid sequences of the coat proteins of bacteriophages QB and 2

after their oxidation to cysteic acid.?®® This was made easier by labelling
in vivo with 35S, 1t is proposed that the only half-cystine containing sequence
in gland fibroin is:

~-Gly-Ala-Gly-Ala-Gly-Cys-Asx-Ser-Ala-Val-Cys-(Pro, Leu)-

and that the two half-cystine residues form an intra-chain disulphide
bridge. This sequence may be at or near the C-terminus and new calcula-
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tions based on the cysteic acid content of performic-oxidised fibroin give a
revised mol. wt. of 103 000 for the peptide chain.2s®

There has been a substantial revision of the mol. wt. of the peptide
chains of «-crystallin, from 20 000 to 11 500.28” Some interesting studies
have been reported 2*® of the freezing-point-depressing glycoproteins of the
antarctic fish, Trematomus borchgrevinki. These remarkable proteins
consist largely of a backbone of alanine and threonine with carbohydrate in
O-glycosidic linkage with the B-hydroxy-group of the threonine residues.

4 Peptides and Hormones

A. Pancreatic Hormones.—The fascinating proinsulin story has now been
reviewed.?®® Proinsulin (like insulin) interacts with zinc to form a hexameric
complex (mol. wt. 55 000) with a minimum of two zinc ions per hexamer.2%0¢
There is speculation that the zinc may stabilise the proinsulin so that the
proteolysis leading to insulin is confined to the appropriate bonds.
It now appears 2°° that residue 35 of pig proinsulin (in the C-peptide) is
glutamic acid and not glutamine as originally assigned. Des-GlyA1-des-
PheBl-insulin has been prepared by limited Edman degradation of the
molecule without effect on the e-amino-group.?®® The derivative retains
some hormonal activity.

Details of the amino-acid sequence analysis of pig secretin have now
been published.?®? This hormone, produced by the duodenal mucosa,
shows considerable homology with the pancreatic hormone glucagon,
despite the fact that their biological activities are totally different. This
evidence of a common genetic ancestry is pointed up by the similar
embryonic origin of pancreas and duodenum,

B. Pituitary Hormones.—The amino-acid sequence of melanocyte-stimu-
lating hormone (MSH) from dogfish Squalus acanthias has been shown to
be ;%%

Dogfish Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Met
Human o-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,

Half the molecules of dogfish MSH have a free a-carboxy-group and half
are amidated. None has an N-acetyl group, though 209, carry an extra
tyrosine at the N-terminus. The homology with human «-MSH is very
strong, stronger in fact than with S-MSH, suggesting that «-MSH may be

28 A Robson, I. M. Woodhouse, and Z. H. Zaidi, Internat. J. Protein Res., 1970, 2, 181.

287 K. De Groot, H. J. Hoenders, J. J. T. Gerding, and H. Bloemendal, Biochim. Biophys.
Acta, 1970, 207, 202.

288§, K. Komatsu, A. L. De Vries, and R. E. Feeney, J. Biol. Chem., 1970, 245, 2909.

28 P, T. Grant and T. L. Coombs, Essays in Biochemistry, 1970, 6, 69.

2002 B, H. Frank and A. J. Veros, Biochem. Biophys. Res. Comm., 1970, 38, 284.

209 R, E. Chance, cited by G. Jiger and R. Geiger, Chem. Ber., 1970, 103, 1727.

201 B, Africa and F. H. Carpenter, Biochemistry, 1970, 9, 1962.

202 Y, Mutt, J. E. Jorpes, and S. Magnusson, European J. Biochem., 1970, 15, 513.

203 P, J, Lowry and A. Chadwick, Nature, 1970, 226, 219.
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more primitive than B-MSH.?®* Chemical modification of the single
tryptophan residue in the structurally related corticotropin (ACTH) with
sulphenyl halides results in loss of the lipolytic activity of the hormone 2%
without, however, affecting the melanocyte-stimulating activity.?%®

Three neurophysins (proteins that bind the hormones oxytocin and
vasopressin) have been purified from pig pituitaries.2*” All have N-terminal
alanine, although they range in mol. wt. from 9400 to 14 000. Lipolytic
peptides that resemble the neurophysins have also been isolated from pig
pituitary glands.?*®

The preparation of luteinising hormone (LH) from human pituitary
glands has been reported,?*® yielding a protein of mol. wt. 27 000, and
separation of the two subunits of sheep 2 and ox3°! LH by chromato-
graphy and counter-current distribution, respectively, has been described.
The ox and sheep hormones resemble one another closely 3% and, after the
subunits of the ox hormone have been separated, they can be recombined
with regeneration of ca. 509 of the hormonal activity.?** The two subunits
of LH, though similar in mol. wt., are dissimilar in sequence. The same is
true of thyroid-stimulating hormone (TSH).%0% 303 In fact, there is some
evidence 3% that TSH and LH may each have one subunit derived from a
common ancestor, associated appropriately with one or other of two quite
different chains. In support of this idea, perhaps, it is possible 3°2 to form
biologically active molecules by hybridisation of subunits from LH and
TSH. The thyrotropin-releasing hormone of pig has been shown to have
the amino-acid sequence Glp-His-Pro-NH,.3*¢ If the synthetic peptide
containing N-terminal glutamine is prepared, it is found 3% that the
N-terminal residue converts to pyrrolidonecarboxylic acid under very mild
conditions, but there is no evidence that N-terminal glutamine occurs in
the natural peptide. The same structure is found for the hormone of
several other species; many synthetic analogues have markedly reduced
biological activity.2°®

There has been considerable activity in the study of growth hormones
and prolactins. Partial sequences have been reported for the cyanogen

204 P_J. Lowry and A. Chadwick, Biochem. J., 1970, 118, 713.
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296 J Ramachandran, Biochem. Biophys. Res. Comm., 1970, 41, 353.

207 T,, O. Uttenthal and D. B. Hope, Biochem. J., 1970, 116, 899.

228 D, Rudman, A. E. Del Rio, L. A. Garcia, J. Barnett, C. H. Howard, W. Walker, and
G. Moore, Biochemistry, 1970, 9, 99.
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300 W, M. Lamkin, M. Fujino, J. D. Mayfield, G. N. Holcomb, and D. N. Ward, Bio-
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301 H. Papkoff and J. Gan, Arch. Biochem. Biophys., 1970, 136, 522.

302 G. Hennen, G. Maghuin-Rogrster, and G. Mamoir, F.E.B.S. Letters, 1970, 9, 20.

303 T.-H, Liao and J. G. Pierce, J. Biol. Chem., 1970, 245, 3275.

304 R. M. G. Nair, J. F. Barrett, C. Y. Bowers, and A. V. Schally, Biochemistry, 1970, 9,
1103.
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bromide fragments of pig growth hormone,*? and the sheep and ox
hormones have been shown to be highly homologous.?*® The C-terminal
sequence of the sheep protein 3°® -(Phe, Gly, Glu)-Ala-Ser-Cys-Ala-Phe is
identical with that of ox. Limited tryptic digestion of ox growth hormone
(Scheme 6) releases a peptide of mol. wt. 5000 which contains no disulphide

S—S§ S—S
Phe | ArgTVal —_— ArgT I r _] Ph

Ala Ser (5]
T l T
S—S S—S
I + Val
Phe ——I—Arg Ser l Phe

Ala

Arg

Scheme 6

bridges but retains some biological activity.?*® Similarly, a large peptide
starting near the N-terminus of the molecule, produced by cyanogen bro-
mide cleavage of the ox hormone after reduction and aminoethylation,
also has slight biological activity.®® Since these two active fragments
produced by different methods have a relatively short stretch of amino-acid
sequence in common, a comparison of further work with these systems will
be of much interest.

The complete sequence of sheep pituitary prolactin (SP) has now been
reported (Figure 4).3"* Considerable homology has been demonstrated
with the sequence of human growth hormone (HGH),3'? suggesting that
these molecules have elements of tertiary structure in common. A study
of the conformations of ox growth hormone and sheep prolactin by o.r.d.
and c.d. would support this.??®* Since HGH is active both as a growth
hormone and as a lactogenic hormone, it seems likely that the areas of
homology between human growth hormone and sheep prolactin will be
connected with lactogenic activity.®!® In fact, doubts have been voiced in
the past as to the existence of a human pituitary prolactin but recent

307§, B. Mills, S. C. Howard, S. Scapa, and A. E. Wilhelmi, J. Biol. Chem., 1970, 245,
3407.
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experiments do favour such a possibility.>** In other experiments 3! it
has been shown that all seven tyrosine residues in sheep prolactin can be
modified with tetranitromethane without loss of biological activity, despite
detectable changes in hormone conformation. However, a major distur-
bance has been caused in this apparently orderly corner of the hormone
field by the determination of the amino-acid sequence of the related
hormone, human placental lactogen (HPL).31®* A comparison of the amino-
acid sequences of HPL, HGH, and SP reveals 318 that the expected homology
between HPL and HGH exists but that the published primary structure of
HGH %7 js wrong, certainly at the N-terminus and probably elsewhere. A
re-examination of the N-terminal sequence of HGH suggests 3¢ that the
mistake almost certainly lies in a transposition of two major segments of
the original sequence. The corrected N-terminal sequence for HGH is
shown in Figure 5, together with that for HPL and SP. The close homology

HGH Phe! -Pro-Thr-Ile -Pro-Leu-Ser -Arg-Leu -Phe!?-Asp-Asn-Ala -Met-
HPL Val! -GIn-Thr -Val -Pro -Leu-Ser -Arg-Leu -Phe!?-Asp -His -Ala -Met-
SpP Asp!®-Cys-GIn-Val -Ser -Leu-Arg-Asp-Leu -Phel® -Asp-Arg-Ala -Val -

HGH Leu-Arg-Ala -His -Arg -Leu?°-His -Gln -Leu-Ala -Phe-Asp -Thr -Tyr -
HPL  Leu-Gin-Ala-His -Arg-Ala? -His -GIn -Leu-Ala -Ile -Asp-Thr -Tyr -
SP Met-Val-Ser -His -Tyr -Ile?® -His -Asn-Leu-Ser -Ser -Glu-Met-Phe -

HGH Glu-Glu3? -Phe-Glu -Glu-Ala -Tyr35-

HPL  GIn-Glu®*® -Phe-Glu -Glu -Thr -Tyr35-

SP Asn-Glu®? -Phe -Asp -Lys -Arg-Tyr#-

Figure 5 Comparative N-terminal amino-acid sequences of human growth hormone
(HGH), human placental lactogen (HPL), and sheep prolactin (SP)

is obvious. But — hills peep o’er hills, and Alps on Alps arise 318 — the most
significant consequence is, perhaps, yet to come, for Li and Yamashiro 319
have now completed the synthesis of human growth hormone utilising the
erroneous sequence and demonstrated that it has some biological activity.
What the future holds in store can best be described as uncertain.

C. Other Hormones.—Gastrin and its activities have been reviewed,?2® and
the decapeptide Leu-Ala-Ala-Gly-Lys-Val-Glu-Asp-Ser-Asp has been
isolated from normal human gastric juice.?** The physiological significance
of this peptide is obscure, though it is possible that it is involved in binding
vitamin B,;.
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318 Alexander Pope, Essay on Criticism.
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The complete amino-acid sequence of ox parathyroid hormone has been
established in two independent investigations 322328 and happily these
agree (Figure 6). Much use was made of the sequenator in both cases, a

Ala-Val-Ser-Glu-lle-Gln-Phe-Met-His-Asn-Leu-Gly-Lys-His-Leu -Ser-Ser-Met-
1 10
Glu-Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-Asp-Val-His-Asn-Phe-Val-Ala~
20 30
Leu-Gly-Ala-Ser-lle-Ala-Tyr-Arg-Asp-Gly-Ser-Ser-Gln-Arg-Pro-Arg-Lys-Lys-
50

40
Glu-Asp-Asn-Val-Leu-Val-Glu-Ser-His-GIn-Lys-Ser-Leu-Gly-Glu-Ala-Asp-Lys-
60 70
Ala-Asp-Val-Asp-Val-Leu-Ile-Lys-Ala-Lys-Pro-Gln
80

Figure 6 Amino-acid sequence of ox parathyroid hormone

stepwise degradation for 66 residues actually being achieved by Brewer and
Ronan. There is a suggestion ®?? (based partly on a study of synthetic
peptides) that the N-terminal 30 residues contain the structural requirements
for biological activity. There is no obvious sequence similarity with the
physiological antagonist, thyrocalcitonin,3?* detailed evidence for the
already-published structure of which has been given.?** Thyroglobulin,
which provides a matrix for the synthesis of thyroid hormones, is a glyco-
protein of mol. wt. 660 000. It has been reported 32 that thyroxine is to be
found in the sequence -Ala-Ser-Thyroxine-Glx-Asx-.

The evolution of the neurohypophysial hormones has been discussed 32¢
in terms of the active peptides of a primitive bony fish, Polypterus bichir,
Isotocin (Ser?-Ile®-oxytocin) and vasotocin (Args-oxytocin) were identified
and, since these molecules are replaced in mammals by oxytocin and
vasopressin, are thought to be ancestor molecules. Similarly, another group
of bony fishes has mesotocin (Ile!-oxytocin), bridging the gap to the amphi-
bians (mesotocin) and thence to the oxytocin of mammals. Various
chemical modifications of oxytocin suggest *3? that the phenolic hydroxy
group of Tyr-2 is important in binding the hormone to its receptor, and
that the a-amino group of the hormone plays a role in the biological
activity that follows binding. Vasotocin has been identified 3%® as a
gonadotropin-inhibitor from the pineal gland of the ox.

322 H, B. Brewer, jun., and R. Ronan, Proc. Nat. Acad. Sci. U.S.A., 1970, 67, 1862.

323 I, D. Niall, H. Keutmann, R. Sauer, M. Hogan, B. Dawson, G, Aurbach, and J.
Potts, jun., Z. physiol. Chem., 1970, 351, 1506.
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D. F. Colucci, E. H. Snedeker, C. Dziobkowski, and P. H. Bell, Biockemistry, 1970,
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D. Kinins, Encephalitogenic Protein, and Toxins.—Cyanogen bromide
treatment of ox kininogen-I gives two kinin-containing peptides.??® Since
treatment of the kininogen with carboxypeptidase B destroys half the
potential kinin activity, it is concluded 3?* that ox kininogen-I contains two
-Met-Lys-bradykinin- sequences, one at the C-terminus and the other in
the interior of the molecule. On the basis of amino-acid composition, it is
probable 3% that the sequence of a new plasma kinin from the turtle
(Pseudemys scripta elegans) is Thré-bradykinin, i.e. Arg-Pro-Pro-Gly-Phe-
Thr-Pro-Phe-Arg, this being the first example of a modified bradykinin
occurring naturally. Various bradykinin-potentiating peptides have been
described. One from the venom of Bothrops jararaca has the sequence
Glp-Lys-Trp-Ala-Pro.3® Others from the venom of Agkistrodon halys
blanhoffii have the sequences Glp-Gly-Leu-Pro-Pro-Arg-Pro-Lys-Ile-Pro-
Pro %2 and Glp-Lys-Trp-Asp-Pro-Pro-Pro-Val-Ser-Pro-Pro.%** Dipeptidyl
carboxypeptidase can inactivate bradykinin and also convert angiotensin I
into the active angiotensin I1.33¢

A simplified purification of the basic encephalitogenic protein of myelin
has been given.?®® Some studies of the cyanogen bromide cleavage pro-
ducts have been reported 3¢ and it has been demonstrated 337 that the Al
proteins from human and ox brain are very similar but distinct. This is
confirmed by a comparison of the complete sequences of the two proteins,33®
Ox encephalitogenic protein contains 170 residues, that of human containing
172 [because of an insertion of the dipeptide -His-Gly- between Arg(10)-
Ser(11) of the ox protein]. Apart from this, the differences are confined to
some 10 residues. It is perhaps worth remarking that this protein comprises
some 30%; of the myelin membrane.

The complete amino-acid sequence of cobrotoxin has been reported
(Figure 7).2%* The disulphide bridges were established by the diagonal
procedure and for this purpose the protein had to be cleaved with acid
protease A since pepsin was ineffective. Itis of interest that the loop between
residues 55 and 60 is the same size as that of oxytocin and vasopressin,
although whether this of any significance is not yet clear.?®® N-Terminal
sequence analysis of the scorpion neurotoxins shows them to be a family of
homologous proteins 3° and modification with 2-hydroxy-5-nitrobenzyl
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bromide of the tryptophan residue of sea snake erabutoxin a causes loss
of activity.3*

The purification of the type A toxin (mol. wt. 150 000) from Clostridium
botulinum has been described ®** and the complete amino-acid sequence
(239 residues) of staphylococcal enterotoxin B has been established.?4?
The single disulphide bridge in this molecule can be reduced and methylated
without loss of biological activity or of conformation.

Figure 7 Amino-acid sequence of cobrotoxin
(Reproduced by permission from Biochim. Biophys. Acta, 1970, 214, 355)

Mellitin (a toxic peptide from bee venom) has been subjected to a
variety of separate chemical modifications.?** The tryptophan has been
reacted with 2-hydroxy-5-nitrobenzyl bromide, the amino-groups have been
acetylated or succinylated, and guanidination of the e-amino-groups has
been achieved with S-methylisothiourea. When tested for haemolytic
activity, the derivatives decreased in activity in the order guanidino >
hydroxynitrobenzyl > native > acetyl > succinyl.

E. Peptide Antibiotics.—The N-terminal sequence of the anti-tumour
antibiotic neocarzinostatin has been shown to be Ala-Ala-Pro-Thr-,
while the C-terminal sequence is -Ser-Val-Ala-Ile-Phe-Asn.?*® The poly-
peptide has been reported to contain two tryptophan residues per molecule
and to possess disulphide bridges that are resistant to reduction even in
8M urea.38
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The amino-acid sequence of the antibiotic alamethicin from Trichoderma
viride has been reported [see Chapter 4, Section 2D, Structure (12),].3¢’
It is interesting in that the ring is closed by a peptide link between the
y-carboxy group in Glu-17 and the imino-group of Pro-1. One possible
structure derived from model-building stacks to form a tunnel with
lipophilic exterior and hydrophilic interior and flexible internal arms.
Since the antibiotic transports cations and induces action potentials in
synthetic membranes, this structure, though only one of several possible,
might help to explain its biological activity.34

5 Enzymes

This section is largely concerned with the results of studies of the primary
structure of enzymes and certain other proteins. Some discussion of chemi-
cal modification is included here: more is to be found in Section 8. Two
Symposium volumes relating to enzymes have appeared: one, relating to
structure and function, after some delay;*®® the other,**® which would
perhaps more appropriately preface Section 8, rather more promptly.

A. Proteolytic Enzymes.—Last year the complete primary structure of
bovine carboxypeptidase A emerged from Neurath’s laboratory.?® The
same workers have now produced chemical evidence for a single disulphide
bridge between Cys-138 and Cys-161 in the enzyme,?! in accord with the
X-ray crystallographic evidence.?? Stoicheiometric reaction of the water-
soluble carbodi-imide, 1-cyclohexyl-3-(2-morpholinoethyl)carbodi-imide
methotoluene-p-sulphonate, with carboxypeptidase A at pH 6.0 abolished
both the esterase and the peptidase activities.?*® The results were consistent
with specific reaction of a single carboxy group, thought to be probably
Glu-270, a component of the active site. Similar results were obtained 3**
with N-ethyl-5-phenylisoxazolium-3’-sulphonate.

Mention was made last year of the elucidation of the sequence of porcine
elastase,®® and of the extensive homology with the primary structures of
chymotrypsin and trypsin that confirmed its membership of the serine
protease club. The sequence of another proteolytic enzyme, a-lytic pro-
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tease from Myxobacter 495 (Sporangium sp.),**® is now complete but the
homology is not nearly as high. However, it is clearly apparent in certain
localised regions, particularly those containing the catalytically important
residues. In order to maximise the homology between the sequence of
a-lytic protease and the mammalian proteases it is necessary to recognise
deletions or insertions of blocks of amino-acid residues.?*® A comparison 3%’
of a-lytic protease and elastase (which has similar specificity) is shown in
Figure 8. Thus, if a-lytic protease does belong to the family it is by far the
most distant relation.

The connexion between three-dimensional structure and amino-acid
sequence for the members of a family of enzymes is by now well established,
and the natural next step has already been taken for «-lytic protease. A
tentative space-filling model of a-lytic protease has been built,?s? following
the main-chain conformation of elastase and chymotrypsin. The case in
favour of a-lytic protease being related to the others is very much
strengthened by the finding that an almost identical structural ‘core’ can be
built without any difficulty; insertions or deletions of whole loops occur at
the surface. Only 3 of the 23 ionisable groups are found to be buried in the
proposed model, and these are none other than Asp-102, Asp-194, and
the N-terminal residue, which are of functional importance. 309 of
the internal positions but only 10% of the surface residues are identical
with the corresponding residues in the mammalian enzymes. We now
await the results of X-ray work on a-lytic protease,®*® to see whether the
usefulness of extrapolative model-building exercises 3*7 will again be proven.

The suggestion that a-lytic protease and the mammalian proteases
derive from a common ancestral gene is not the only explanation, even
if the three-dimensional structure of the bacterial enzyme is as predicted,
but this idea is borne out by the discovery that another trypsin-like protease
from Streptomyces griseus has sequences about its disulphide bridges that
are homologous with those of trypsin.?®% 35 This suggests a class of
bacterial serine proteases which share with the mammalian proteases a
common ancestor that underwent gene-duplication and separate evolution
very early on.

A trypsin-like protease of the crayfish Astacus leptodactylus *®® also has
an -Asp-Ser-Gly- sequence, containing the serine easily labelled by di-iso-
propyl fluorophosphate (DFP). A protease that resembles trypsin in
specificity has also been isolated from the starfish Evastericas trochelii *%*
(although this differs from trypsin in not needing calcium ions for stability,
and in having no zymogen) and from another species of starfish, Der-
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o«  ALA-(Asn,Ile, WVal, Gly, Gly

E VAL-Val -Gly -Gly -Thr -Glu-Ala -GIn-Arg-Asn-Ser -Trp-Pro -
14
o  Ile) -Glu-Tyr -Ser -lle -Asn-(Asn: Ala)-Ser -
E  Ser -GIn-lIle -Ser -Leu-Gln- Tyr-Arg-Ser -Gly -Ser -Ser -Trp -Ala -His -
a Leu-Cys-Ser -Val -Gly -Phe -Ser -Val -Thr-Arg-Gly-Ala -Thr-Lys -Gly -
E  Thr-Cys-Gly-Gly-Thr-Leu-Ile -Arg Gly -Asn-Trp -
o  Phe-Val -Thr -Ala -Gly -HIS-Cys -Gly -Thr-Val -Asn-Ala -Thr -(Ala.
E  Val -Met-Thr -Ala -Ala -HIS-Cys -Val -Asp-Arg-Glu-Leu-Thr -Phe -Arg-
57
o
E  Val-Val -Val -Gly -Glu-His -Asn-Leu-Asn-Gln-Asn-Asn-Gly -Thr -Glu-
o ———————Arg)-lle -Gly-Gly-Ala-Val -Val -Gly Thr -Phe -Ala -
E GIn-Tyr-Val -Gly -Val -Gln-Lys -Ile -Val -Val -His -Pro -Tyr -Trp -Asn-
a  Ala-Arg-Val -Phe -Pro——Gly -Asn-ASP-Arg-Ala -Trp-Val -Ser -Leu-
E  Thr-Asp-Asp-Val -Ala -Ala -Gly -Tyr -ASP-Ile -Ala -Leu-Leu-Arg-Leu-
102
o (Thr,Ser, Ala, Gln Thr)-Leu-Leu-
E Ala -Gln-Ser -Val -Thr-Leu-Asn-Ser -Tyr- Val -Gln-Leu-Gly -Val -Leu-
o  Pro-Arg-Val -Ala -Asn-Gly -(Ser Ser Phe)-Val -Thr-Val -
E Pro-Arg-Ala-Gly-Thr-Ile - Leu-Ala-Asn-Asn-Ser -Pro -Cys-Tyr-lle -
o  Arg-(Gly
E  Thr- Gly-Trp-Gly-Leu-Thr-Arg Thr -Asn-Gly -Gln-Leu-Ala -GIn-
[+ ———Ser) -Thr-Glu-Ala -Ala -Val - Gly-Ala- (Ala———Val)-Cys-
E Thr-Leu -Gln-GIn-Ala -Tyr -Leu-Pro -Thr- Val-Asp-Tyr -Ala-Ile -Cys-
a (Arg Ser)-Gly-Arg-Thr -Thr-Gly -Tyr -GlIn-
E Ser -Ser -Ser -Ser -Tyr -Trp-Giy-Ser -Thr-Val -Lys -Asn-Ser -Met-Val -
o  Cys-Gly-Thr-Ile -Thr-Ala-(Lys,Asn, Val, Thr, Ala, Asn, Tyr, Ala,Glu,
E Cys-Ala-Gly-Gly-Asn
«  Gly, Ala, Val, Arg, Gly, Leu, Thr, Gln, Gly) Asn-Ala -Cys-Met-Gly -
E Gly-Val -Arg-Ser -Gly -Cys-Gln-Gly -
a  (Arg-Gly)-ASP-SER-Ser -Gly -Ser -Trp-Ile -Thr-Ser -Ala-Gly-GlIn-Ala -
E ————ASP-SER-Gly-Gly -Pro -Leu-His -Cys -Leu-Val -Asn-Gly -Gin-
o  GIn-Gly-Val -Met-Ser -Gly-Gly -Asn-Val -GIn-Ser -Asn-Gly -Asn-Asn-
E  Tyr-Ala-Val -His -Gly -Val -Thr -Ser -Phe-Val -Ser -Arg Leu-Gly-
o  Cys-Gly-Ile -Pro-Ala-Ser -Gln-Arg-Ser -Ser -Leu-Phe-Glu-Arg-Leu-
E  Cys-Asn-Val—————Thr-Arg-Lys -Pro -Thr-Val -Phe-Thr -Arg-Val -
o  GIn-Pro-lle -Leu -Ser-GIn-Tyr -Gly-Leu-Ser -Leu-Val -Thr-Gly
E  Ser -Ala-Tyr -Ile————Ser -Trp-lle -Asn-Asn-Val-Ile -Ala-Ser -Asn

245

Figure 8 Comparison (ref. 357) of the amino-acid sequences of o-lytic protease (o)
and elastase (E). The numbering scheme is that for chymotrypsinogen A.
Catalytically important residues are in capitals
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masterias imbricata.®®* In the latter case two such proteases (mol. wt.
25 000—26 000) have been purified; they are inhibited by DFP but,
strangely, not by soybean trypsin inhibitor, are activated spontaneously at
20 °C, and again are not dependent on calcium for stability. A study of the
effect of calcium ions on trypsin revealed a temperature-dependent activa-
tion of the enzyme by calcium.?*® The calcium-trypsin complex is more
active and has greater thermal stability than the enzyme alone. Inactive
material present is degraded to small components.?®® It is of evolutionary
interest that the enzymes of mammalian pancreas (proteinases or their
zymogens, amylases, and nucleases) have their counterparts in the African
lungfish Protopterus aethiopicus.*%*

The two chains of plasmin have mol. wts. 35000 and 24 000; the
N-terminal sequence of the light chain has been established 6% as Ile-Val-
Gly-Gly-, and is homologous with the N-terminal sequence of trypsin,
chymotrypsin, efc. Carefully purified plasminogen, which still contains
components of different electrophoretic mobility, gave as its N-terminal
sequence 3¢ Glu-Pro-Leu-Asp-Asp-Tyr-. The N-terminus of bovine pro-
thrombin has been reported as threonine ?*? in contradiction to earlier
reports of N-terminal alanine. A report has appeared of the isolation of
pig proelastase.®® A comparison of the partial amino-acid sequences of
dogfish and bovine trypsinogen reveals considerable homology,?®® as one
might, by now, expect. A recent revision of an amide assignment in the
sequence of bovine trypsinogen has been confirmed:*” residue 177 now
becomes Asp.

As chemical studies of the active site of trypsin and chymotrypsin
continue, evidence in accord with the picture presented by X-ray crystallo-
graphy accumulates. Confirmation that Asp-177 was at the ionic binding
site that determines trypsin specificity was possible 37! by protecting it with
the competitive inhibitor benzamidine while other accessible carboxy-
groups were modified and then coupling with radioactive glycineamide,
uwiing a water-soluble carbodi-imide. Carboxy-groups at the binding site of
trypsin were also modified 272 with triethyloxonium fluoroborate
(Et,O*BF,"). Bender and his colleagues have reported some interesting
chemical modifications of trypsin and chymotrypsin. The active-site
reagent methyl p-nitrobenzenesulphonate, an analogue of non-specific

362 7 Camacho, J. R. Brown, and G. B. Kitto, J. Biol.Chem., 1970, 245, 3964.

383 T, Sipos and J. R. Merkel, Biochemistry, 1970, 9, 2766.

384 G. R. Reeck, W. P. Winter, and H. Neurath, Biochemistry, 1970, 9, 1398.

385§, Nagasawa and T. Suzuki, Biochem. Biophys. Res. Comm., 1970, 3, 562.

366 P, Wallén and B. Wiman, Biochim. Biophys. Acta, 1970, 221, 20.

367 K. E. B. Platzer and H. A. Scheraga, Biochim. Biophys. Acta, 1970, 207, 262.

368 A, Gertler and Y. Birk, European J. Biochem., 1970, 12, 170.

369 R. A. Bradshaw, H. Neurath, R. W. Tye, K. A. Walsh, and W. P. Winter, Nature,
1970, 226, 237.

310V, Tomasek, J. Strmeii, and F. Sorm, F.E.B.S. Letters, 1970, 8, 176.

371 A. Eyl and T. Inagami, Biochem. Biophys. Res. Camm., 1970, 38, 149,

372 M. Nakayama, K. Tanizawa, and Y. Kanaoka, Biochem. Biophys. Res. Comm.,
1970, 40, 537.
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substrates (c¢f. tosylphenylalanylchloromethyl ketone: analogous to
specific substrates), resulted in specific methylation of His-57 of a-chymo-
trypsin; isolation of 3-methylhistidine confirmed that the nitrogen in
position 3 of the imidazole ring is involved in catalysis.?® Inhibition of
trypsin with the irreversible inhibitor methyl m-guanidiniumbenzene-
sulphonate fluoroborate 3’ was dependent on the basic form of an ionisable
group with pK, ~ 7: it is likely, though not yet confirmed, that this is
histidine at the active site. The reaction is entirely analogous with the
inhibition of chymotrypsin mentioned above. Reagents of this type have
the advantage [in contrast with tosyl-L-phenylalanyl chloromethyl ketone
(TPCK) for chymotrypsin, and tosyl-L-lysine chloromethyl ketone (TLCK)
for trypsin] that the bulky group is released after the inhibition reaction,
thereby permitting loss of activity to be correlated with modification of an
essential functional group rather than with steric hindrance of the active
site. It is interesting that methyl p-guanidiniumbenzenesulphonate fluoro-
borate is a good competitive inhibitor of trypsin, thus emphasising that
specificity of orientation is obviously necessary in order that irreversible
inhibition may occur.®”® It has been reported®’* that the essentially
irreversible inhibition of trypsin, and to successively lesser extents plasmin
and thrombin, by benzyl 4-guanidinobenzoate and 4’-nitrobenzyl 4-guani-
dinobenzoate is due to acylation of the enzyme, followed by very slow
deacylation. Urokinase is also irreversibly inhibited by the latter reagent,
and by DFP, but not by TLCK.3"® It has been suggested that TLCK and
nitrophenyl p-guanidinobenzoate may find some use as antifertility
agents.’"®

Modification of Ile-16 in d-chymotrypsin confirms the importance of the
salt-bridge between Ile-16 and Asp-194 in maintaining the conforma-
tion of the active site: acetylation abolishes activity towards specific
ester and amide substrates but still permits binding and hydrolysis of
p-nitrophenyl acetate.?” Spectral analysis of indoleacryloylchymotrypsin
suggests that the catalytic mechanisms in solution and in the wet crystal are
identical.?”® However, the accessibility of surface groups can apparently
differ in the two states: iodination of a-chymotrypsin occurred preferentially
at Tyr-171 in the crystal 37° whereas Tyr-146, known to be iodinated most
readily in solution, became inaccessible. Its phenolic group was actually
embedded in the dyad-related neighbour.?”® Evidence has been presented
in support of an oxazoline intermediate in chymotrypsin hydrolysis of

378 M. B. Jackson and M. L. Bender, Biochem. Biophys. Res. Comm., 1970, 39, 1157.
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345,

37 C, Ghélis, J.-R. Garel, and J. Labouesse, Biochemistry, 1970, 9, 3902.

378 G, L. Rossi and S. A. Bernhard, J. Mol. Biol., 1970, 49, 85.

37 P, B. Sigler, Biochemistry, 1970, 9, 3609.
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specific substrates.?® It lies on the path between the Michaelis complex and
the acylenzyme and derives from intramolecular reaction of the substrate.
The lesson is that functional groups responsible for enzyme catalysis may
already be present in the substrate, in its specific orientation within the
enzyme-substrate complex.

Immunochemical cross-reaction is widely used to investigate similarities
between homologous proteins (see also Section 5B). The structural and
chemical homology between chymotrypsin and trypsin was confirmed by
cross-reaction of a fragment of chymotrypsin containing two disulphide
bridges with anti-trypsin antiserum.?®! A difference in the accessibility of
the disulphide bridges of chymotrypsin and chymotrypsinogen to reduction
with 2-mercaptoethanol has been reported.3®2

Further progress has been made in Sorm’s laboratory with the sequence
of pig pepsin; they now report the C-terminal sequence.?®® Sequences have
also appeared for the C-terminal regions of human pepsin and gas-
tricsin,?®4 thereby permitting comparison of these enzymes with pig pepsin:

Pig pepsin
-Tyr-Gly-Thr-Gly-Ser-Met-Asp-Val-Pro-Thr-Ser-Ser-Gly-Glu-

Pig pepsin
-Leu-Trp-lle -Leu-Gly-Asp-Val-Phe-Ile -Arg-GIn-Tyr-Tyr-Thr-
Human pepsin
-Ile -Leu-Gly-Asp-Val-Phe-Ile -Arg-GIn-Phe-Tyr-Thr-
Human gastricsin
~GIn-Phe-Tyr-Thr-
Pig pepsin
-Val -Phe-Asp-Arg-Ala-Asn-Asn-Lys-Val -Gly-Leu-Ala-Pro-Val-Ala
Human pepsin
-Val -Phe-Asp-Arg-Ala-Asn-Asn-GIn-Val-Gly-Leu-Ala-Pro-Val-Ala
Human gastricsin
-Val -Phe-Asp-Arg-Ala-Asn-Asn-Lys-Glu-Gly-Leu-Ala-Pro-Val-Ala

With the exception of three positions these sequences are identical in the 19
residues that can be compared, thereby providing further support for the
existence of another ‘family’ of enzymes. Tang and Hartley 3** have used
their diagonal techniques to advantage in establishing the sequences
around the three disulphide bridges of pig pepsin, and around the four
methionine residues; the latter are invaluable in ordering the fragments
obtained from cleavage with cyanogen bromide. The homology with
rennin was confirmed and extended. Homology between these two enzymes
at the N-terminus was not immediately apparent when only the first five

330 M.-A. Coletti-Previero, C. Axelrud-Cavadore, and A. Previero, F.E.B.S. Letters,
1970, 11, 213, 218.
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285 J, Tang and B. S. Hartley, Biochem. J., 1970, 118, 611.
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residues of pepsin were known, but the sequence in this region has been
extended ¢ and the homology with rennin in this region too is now
unambiguous:

Rennin | Gly-Glu-Val-Ala-Ser -Val -Pro-Leu-Thr-Asn-Tyr-
1 10

Pepsin -Ala-Gll}-Ile -Gly-Asp-Glu-Pro-Leu-Glu-Asn-Tyr-
1 9

The arrows indicate the points at which the zymogens are cleaved. Pre-
liminary results on the sequence of the N-terminal region of pig pepsin
have also come from another laboratory.387

Further details have been reported 3*® of the reaction of pepsin with the
diazo inactivator 1-diazo-4-phenyl-2-butanone. The inhibitor was found
to be attached in ester linkage to the aspartyl side-chain in the sequence:

-Ile-Val-Asp-Thr-(Gly, Thr)-Ser-Leu-

This is in accord with the results obtained by other workers 3® after
labelling with N-diazoacetyl-L-phenylalanine methyl ester. The isolation
of an enzymically active fragment from the autolysis of pepsin has been
reported.3®°

Considerable heterogeneity of the peptic zymogens of human gastric
mucosa has been reported,®** and the warning sounded that previous work
in this field, carried out on material assumed to be homogeneous, may need
re-evaluation. Three pepsinogens (mol. wt. ca. 42 000) and the correspond-
ing pepsins, isolated from chicken gastric mucosa, have been compared.?®2
The A and D forms are very similar both as the zymogens and as the free
enzymes., The enzymes have mol. wts. in the region of 42 000 and lose
about 15 residues on activation. They contain over two-thirds of the basic
amino-acids in the zymogens, a feature to which their stability at neutral
pH has been attributed. Pepsin C, on the other hand, has a mol. wt. of
38 500 and the loss of peptide material in the activation step seems to
resemble the generation of the pig enzyme from its zymogen.

Corrections to the sequence of papain have now been published,?®
bringing it into line with X-ray crystallographic results.?®* A reporter
group may be attached to the active thiol group using the alkylating
agent (5).2%® Like other thiol proteases, papain suffers from lack of a
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satisfactory assay procedure. Those concerned with estimating the nor-
mality of the active site of this enzyme for accurate kinetic studies now
have a choice of two new methods: Williams and Lucas 3% recommend the
p-nitrophenyl ester of N-benzyloxycarbonyl-p-norleucine, which they say can

OH
NO,

o
CH,Br
()

be used to estimate active site normalities accurately to less then 0.2 umol1-2.
It fulfils the requirements for a good titrant in that deacylation of the
inactivated enzyme occurs only very slowly, and permits titration of papain
over a pH range including its pH optimum. Brocklehurst and Little 3%
use an irreversible inhibitor of papain which they consider preferable. The
reagent is 2,2’-dipyridyl disulphide which inhibits papain by disulphide
exchange with the active site thiol group. Reaction of the disulphide
reagent with papain is optimal at pH 3.75, and in acidic media is very much
faster than with the denatured enzyme, L-cysteine, or 2-mercaptoethanol.
This means that the titration can be carried out in the presence of other
thiols (including denatured enzyme). A mechanism is suggested for the
unusually low pH optimum of the reaction of the disulphide with papain:
a conformational change resulting from hydrogen-bonding of one of the
pyridine rings of the reagent with Asp-158 permits the formation of a
strong hydrogen bond between the active site thiol and His-159, thereby
generating nucleophilic character in this thiol group even at low pH. The
2-mercaptopyridine anion is then displaced. A speculative article **® on the
evolution of papain has looked for internal regions of homology in the
amino-acid sequence of the two ‘halves’ of the molecule shown in
the X-ray model.

Husain and Lowe have now extended their studies with dibromoacetone
and have isolated the cross-linked peptides containing the active site
cysteine and histidine residues of both ficin ?*® and stem bromelain.®® There
is extensive homology 1°° with the sequence of the similarly isolated regions
of papain, and these three enzymes very clearly constitute yet another
family:
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Papain
-Pro-Val-Lys-Asn-GIn-Gly -Ser -Cys-Gly-Ser -CYS-Trp-Val-Gly -Pro -Cys-
Ficin
-Pro-Ile -Arg-Gln-GIn-Gly-GIn-Cys-Gly-Ser -CYS-Trp-Thr-Gly-Pro -Cys-
Stem bromelain
-Asn-GIn-Asp-Pro -Cys-Gly -Ala-CYS-Trp-

Papain
Gly-Asn-Lys-Val -Asp-HIS -Ala-Val-Ala-Ala-Val-Gly-Tyr-
Ficin
Gly -Thr-Ser -Leu-Asp-HIS -Ala -Val-Ala-Leu-
Stem bromelain
-HIS -Ala -Val-Thr-Ala-1le-Gly-Tyr-

Both ficin and papain have three disulphide bridges. However, the only
free cysteine residue of papain is at its active site, while ficin has a second
(buried) thiol. The amino-acid sequence adjoining this residue has been
shown 3% to be homologous with the region around Ser-206 in papain:

Ficin -Cys-Leu-Tyr-Pro-Val-Lys-
Papain -Ser -Phe-Tyr-Pro-Val-Lys-
206

Inspection of the X-ray model confirms that Ser-206 is not a ‘surface’
residue. Five ficins from Ficius glabrata latex have been purified.®®* They
all have molecular weights of about 25 000—26 000 and N-terminal leucine.
Preliminary peptide mapping indicates that they are homologous but
different. The structure of the carbohydrate moiety of stem bromelain is
known. 402

An interesting method of zymogen activation is shown by the strepto-
coccal proteinase under study at the Rockefeller Institute:4%® an active
enzyme is generated by reduction of a mixed disulphide bond with a small
molecule in the zymogen, without the need for proteolytic cleavage. One
tryptophan residue in the enzyme (mol. wt. 44 000) reacts with 2-hydroxy-5-
nitrobenzyl bromide, with loss of enzymic activity.®®® The amino-acid
sequence around this tryptophan residue 4°¢ shows some slight but interest-
ing homology with a tryptophan-containing sequence in papain (mol. wt.
23 000):

Streptococcal proteinase
-His-Val -Asn-Trp-Gly-Phe-Gly-TRP-Gly-(Val, Ser) -Asn-Gly-Phe-Arg-

Papain
-Lys-Asn-Ser -Trp-Gly-Thr-Gly-TRP-Gly- Glu-Asn -Gly-Tyr-Ile -Arg-
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There seem to have been as many publications this year relating to
inhibitors of proteolytic enzymes as to the proteases themselves. A method
of estimating the dissociation of the trypsin-inhibitor complex using an
active site titrant for trypsin, p-nitrophenyl p’-guanidinobenzoate, has been
described.**® Almost 20 varieties of trypsin inhibitor have been studied by
chemical modification with lysine- and arginine-blocking reagents (maleic
anhydride and 2,3-butanedione respectively).2°® They fell clearly into two
classes: those with anti-tryptic activity abolished by maleylation (and
which, therefore, presumably had a lysine residue at the active site) and
those that were inactivated by the diketone reagent (hence arginine at the
active site). This was in accord with the observation 47 that all trypsin
inhibitors have either an Arg-X bond or a Lys-X bond at the active site,
inhibition occurring with cleavage of these bonds. Modification of the
lysine residues of lima bean inhibitor abolished its anti-tryptic activity but
not its anti-chymotryptic activity;2°¢ it has now been shown 4 that inhibi-
tion of chymotrypsin is associated with cleavage of a Leu-Ser bond in the
sequence -Thr-Leu-Ser-Ile-Pro-, 29 residues from the C-terminus of the
inhibitor. Chemical modification in the presence and absence of trypsin
permitted identification of Lys-18 as the active-site lysine in the 67-residue
inhibitor from cow colostrum.°®¢ In this inhibitor too, the active sites for
anti-tryptic and anti-chymotryptic activity were shown to be different.40%®
However, cocoonase (an exotic trypsin-like protease from the mouth parts
of the silk moth) combines with soybean trypsin inhibitor at the anti-
tryptic site, with cleavage of the same Arg(64)-Ile(65) bond.**® It is of
interest that at neutral pH both trypsin and cocoonase catalyse substantial
formation of the Arg-Ile bond in an already cleaved inhibitor: evidently
the equilibrium for this particular reaction is not enormously in favour of
cleavage.®'® This is an unusual situation for the hydrolysis of a peptide bond.
Some attention is being directed towards the identification of other groups
in the combining sites of trypsin inhibitors.4'% 412 N-Acetylimidazole has been
useful in showing that several amino-groups and tyrosyl phenolic groups
from both the enzyme and the inhibitor are shielded in the trypsin—soybean
inhibitor complex.411

Cleavage of soybean trypsin inhibitor with cyanogen bromide to yield
two inactive fragments has already been mentioned 1°* (Section 2D). More
than 80%; of the native anti-tryptic activity could be regenerated without
formation of covalent bonds. A study of the regeneration of native
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structure and activity by air oxidation of reduced pancreatic trypsin inhibi-
tor and des-Thr-Ser-Pro-Gln-Arg-inhibitor (i.e. inhibitor from which the
first five residues had been removed) showed that the inhibitor fragment
was, in fact, regenerated more rapidly than the intact inhibitor.*'® Trypsin
inhibitors are known to be remarkably resistant to general proteolytic
digestion; however, it has been possible 414 to achieve this using thermolysin
at 60—80 °C. It is interesting that a trypsin inhibitor from bovine liver is
identical with the inhibitor from pancreas.*!> Its presence in bovine lungs
and parotid glands as well as liver led to the speculation that these organs
might also produce trypsin, or trypsin-like enzymes.*®* Two trypsin inhibi-
tors have been isolated from the body walls of Ascaris lumbricoides var.
suis ' and two kallikrein inhibitors from potatoes.*” Chymotrypsin
inhibitor from potatoes (known to have a mol. wt. of 39 000 and to bind
four molecules of chymotrypsin per molecule of inhibitor) has been shown
to have subunit structure despite its low mol. wt.#'® It is a tetramer but the
identity, or otherwise, of its subunits has not yet been established. Dis-
sociation of this inhibitor into monomers is accomplished by treatment
with guanidine hydrochloride, and does not require the presence of
chymotrypsin since covalent bond cleavage is not involved.

Primary structure has not been neglected. The sequences of trypsin
inhibitors I and II from pig pancreas (56 and 52 residues, respectively) have
been elucidated.’® #®* Sequences have also been established for trypsin
inhibitors from maize seeds*2® (65 residues) and from seeds of Arachis
hypogaea *** (48 residues).

B. Lysozyme and «-Lactalbumin.—Several points of interest relating to
lysozyme have been reviewed.*?? The primary structure of duck egg-white
lysozyme II, now complete,*?* shows 19 differences when compared with
hen egg-white lysozyme. The duck enzyme contains no histidine, but all
the tryptophan and cystine residues are conserved in identical positions in
the sequence, as are the catalytically important residues Glu-35 and Asp-52.
All the changes that do occur can be accommodated on the surface of the
crystallographic model of hen egg lysozyme. The pK of Asp-52 has now
been determined 42¢ and is reported as 4.5. Peptide mapping of lysozyme
from turkey egg-white ¢%* suggests that it differs from the chicken enzyme
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in at least seven positions. The most interesting is the apparent replacement
at position 101 of glycine for aspartic acid, the carboxy-group of which was
implicated (by X-ray analysis) in substrate binding. The possibility of
multiple genes for lysozyme in birds has been reported,*?® together with a
plea for care in drawing inferences about the rate of protein evolution
from changes in amino-acid sequence of the protein from various sources:
multiple gene loci might mean that different loci were being expressed in
different species. What prompted this warning was the finding of two
lysozymes with different antigenic properties in the egg white of the black
swan (Cygnus atratus), but availability of starting material was expected
to hinder chemical characterisation of the two enzymes! In contrast, the
multiple forms of duck lysozyme are almost certainly due to muitiple alleles
of a single locus.**”

Further details have now appeared of the determination of the primary
structure of T4 bacteriophage lysozyme,*?® which shows no apparent homo-
logy with the enzyme from egg-white. Amber mutation of each of the three
tryptophan codons in the lysozyme gene of phage T4, followed by reversion
to replace the amber mutation with a codon for tyrosine (i.e. UGG —
UAG - UAU or UAQ), results in an interesting lysozyme molecule in
which the three tryptophans have been replaced by tyrosine.*?® The
enzyme is still 50%; active and is immunologically cross-reactive with native
phage lysozyme. Other mutant lysozymes show that serine or glutamine
(the other amino-acids that result from suppression of the amber mutation)
can replace tryptophan at positions 126 and 158, but not at position 138:
aromaticity is apparently essential at this position.*® Replacement of
tryptophan by tyrosine at position 138 is by itself sufficient to cause 50%; loss
in enzymic activity.

The complete amino-acid sequence of «-lactalbumin is now available.*3?
This confirms the homology with hen egg-white lysozyme that was already
suspected, and which had led to the fitting of the available a-lactalbumin
sequence to the model of lysozyme obtained by X-ray crystallography.43!
Of the 123 residues in a-lactalbumin, 49 are identical with the corresponding
positions in lysozyme and there are 23 conservative replacements. The four
disulphide bridges are arranged identically.*** Until the actual X-ray
structure becomes available, comparisons of chemical reactivity are useful
in probing the similarities and differences in the native structures of lysozyme
and o-lactalbumin. Carboxymethylation of ox a-lactalbumin 43 shows
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that the order of reactivity of the residues alkylated is Met-90 > His-68 >
His 32 > His 107, which is in general accord with the predicted confor-
mation.®3! The six tryptophan residues of lysozyme react with 2-hydroxy-5-
nitrobenzyl bromide in the manner expected from the known three-
dimensional structure.*** However, although three out of the four trypto-
phan residues of a-lactalbumin (residues 63, 108, and 123) behave in the
manner dictated by the proposed structure, Trp-28 reacts with the reagent
when it would appear that it should be buried.*** Certain differences were
found in the reactivities of the carboxy-groups in lysozyme and o-lactal-
bumin when they were coupled with glycineamide using a soluble car-
bodi-imide.4®® None of the carboxy-groups in o-lactalbumin had the
reactivity of the catalytically important Glu-35 of lysozyme; in general,
all carboxy-groups in a-lactalbumin appear to be more accessible than those
of lysozyme. The proposal #® that lysozyme and avidin may be genetically
related in the same way as are lysozyme and «-lactalbumin is by no means
ruled out yet but it is not apparent from the regions of the primary structure
so far defined;!%%¢ j.e. the N-terminal 26 and the C-terminal 33 residues.
The completion of the avidin sequence is awaited with interest. The
carbohydrate moiety is attached to Asn-17 in the sequence Asn-Met-Thr,
-Asn-X-Thr/Ser- being a common point of carbohydrate attachment (see
Section 6); this is the same Met-Thr bond that is not wholly cleaved by
cyanogen bromide (see Section 2D).

Immunological cross-reaction as a test for common features in protein
structure can sometimes be misleading. It has been suggested 437 that the
lack of cross-reaction between lysozyme and «-lactalbumin in precipitin
analysis is due to marked conformational changes which are reflected in
differences in susceptibility of the disulphide bonds to reduction. However,
these results would seem to be equally explicable in terms of small local
changes of conformation. For example, the same group of workers 438
demonstrate antigenic differences for a series of myoglobins, where it
seems most unlikely that there will be major differences in main-chain
conformation. In another study,’®® no cross-reaction was found between
ox a-lactalbumin and any of the six lysozymes tested, suggesting either that
the three-dimensional structures are different or that the amino-acid
sequence changes form part of and, therefore, alter the antigenic deter-
minants. Strosberg and his colleagues, however, were able to demon-
strate 44% a low but reproducible inhibition by a-lactalbumin of the precipi-
tation of lysozyme with anti-lysozyme antibodies. But they, too, point out
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that immunological results can disguise many homologies between proteins.
In particular, the evolutionarily constant part of the molecule will, by
virtue of its constancy, not evoke the production of antibodies in a foreign
species. Conversely, antigenic determinants, since they are generally
composed of surface residues, occur in regions of a protein that can usually
tolerate extensive change in amino-acid sequence without major change in
protein conformation. Perhaps studies of antibodies directed against
particular peptides would circumvent this,*3°

An elegant immunological comparison of bird and human lysozymes
and their ‘loop’ peptides takes up this point.**! Lysozyme (or loop peptide)
was chemically linked to bacteriophage T4 442 and inactivation of the modi-
fied phage by antiprotein antibodies was tested, substantially increasing
the sensitivity of the system. It was thus possible to decide whether the
loop peptide was expressed immunologically.

The persistent heterogeneity of highly purified a-lactalbumin from bovine
milk has now been explained as being partly due to the presence of glyco-
a-lactalbumin,**® which differs from the normal protein in having 11—12
sugar residues per molecule. Two «-lactalbumins have been isolated from
Droughtmaster cattle:4* they differ in the replacement of a glutamine in
the A form by an arginine in the B form.

C. Ribonucleases.—A simple but highly efficient purification of ribonuclease
T, has been published.*® The amino-acid sequence of pig pancreatic
ribonuclease has been shown #4¢ to be sufficiently similar to that of the ox
to expect that the folding is very similar too. This enzyme, unlike that of
ox, is a glycoprotein and two glycopeptides have been obtained 44’ from
proteolytic digests of the enzyme. These contain carbohydrate bound to
the amide group of asparagine in the sequences -Arg-Asn-(Met, Thr, Glu,
Gly)-Arg and -Ser-Asn-Ser-Thr-, Whale pancreatic ribonuclease W, also
contains carbohydrate, this time attached to an asparagine residue in the
sequence -Asn-(Thr, Ser)-.4¢® Some preliminary results on the inactivation
of whale pancreatic ribonuclease W; with iodoacetate have been given,4?
and a detailed analysis of the reaction with histidine, methionine, and lysine
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residues in ox ribonuclease A has been reported.?® Much evidence already
exists that Lys-41 is at the active site of the latter enzyme. A study of the
reactivity of the lysine residues towards 1-guanidino-3,5-dimethylpyrazole
nitrate (GDMP) confirms this 4* and shows that the protein in which only
Lys-41 is left unmodified is enzymically active. Moreover, the modified
enzyme reacted with bromoacetate in exactly the same way as the native
enzyme. So, too, did the fully guanidinated but inactive enzyme, thereby
separating the special reactivity of the histidine residues from the catalytic
activity. The ribonuclease from Bacillus amyloliquefaciens has the C-ter-
minal sequence -Thr-Thr-Asp-His-Tyr-GIn-Thr-Phe-Thr-Lys-Ile-Arg ;2
removal of up to three residues by carboxypeptidase treatment leaves
substantial enzymic activity, but after removal of five residues the enzyme
is inactive,

The ribonucleases are proving admirable proteins for studies on
protein folding and enzyme activity. The interactions of various seg-
ments of the protein molecule in ribonuclease A %% and staphylococcal
nuclease %4 455 can be studied by complementing one fragment (synthetic or
natural) with another, to produce enzymically active aggregates. The
kinetics of folding of staphylococcal nuclease have been investigated by
following the fluorescence of the single tryptophan residue per molecule.4%¢
This can be approximated by two sequential first-order rate processes, with
half-times of about 55 ms and 350 ms, respectively. These are several
orders of magnitude slower than the conformational isomerisation of
enzymes during -catalysis and the helix-coil transition. Anfinsen showed
some years ago that limited peptic digestion of ox pancreatic ribonuclease
A removes the C-terminal four residues (-Asp-Ala-Ser-Val). A recent
study shows 97 that the modified enzyme is, in fact, 0.5% active towards
2’,3’-cytidylic acid and that the inhibitor, 2’-cytidylic acid, is still strongly
bound. Moreover, the special reactivity of the active-site histidine residues
towards iodoacetate is preserved. However, removal of the new C-terminal
amino-acid Phe-120 with carboxypeptidase destroys all these properties
and it seems reasonable to conclude that this residue, which normally fits
into a hydrophobic pocket in the molecule, plays an important part in the
maintenance of the native enzyme conformation. Other experiments 458
suggest that the same C-terminal four residues contain information critical
to the correct folding of the protein. Thus, if the disulphide bridges of the
pepsin-modified enzyme are reduced and then re-oxidised, they re-form in
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a random manner, which is not true for the same treatment of the intact
enzyme. A similar effect is observed for staphylococcal nuclease (149
residues and no disulphide bridges), where residues 1—126 cannot fold
correctly from denaturing solvents.®>*® Similarly, the N-terminal region of ox
ribonuclease A also carries important folding information:4%° the S-protein
will not re-fold properly except in the presence of the S-peptide (residues
1--20) to which, of course, it is not covalently linked. Moreover, the
microsomal sulphydryl-disulphide interchange enzyme (‘re-arrangease’)
will scramble the disulphide bridges of native S-protein in the absence of
S-peptide and re-form them correctly in its presence. Studies of the syn-
thetic S-protein and its derivatives #®® show that the N-terminal four
residues of S-protein are not essential for these interactions. Comparable
experiments with other proteins are in accord with these sorts of obser-
vations. The zymogen of streptococcal proteinase, a single chain with no
cross-links, can be reversibly unfolded in guanidine hydrochloride, but
proteolytic removal of 100 residues from the N-terminus leads, not sur-
prisingly perhaps, to irreversible denaturation under these conditions.%!
It is now well known that while insulin itself cannot be reversibly reduced
and re-oxidised in high yield, its biosynthetic precursor proinsulin under-
goes this perfectly easily.?®® Recent experiments 462 show that ‘re-arrangease’
correctly re-forms the disulphide bridges of scrambled insulin only in the
presence of the connecting peptide (position 5 is Glu not Gln; see p. 71)
that originally linked the A and B chains in proinsulin, These experiments
on a variety of proteins would lend support, therefore, to the idea that, for
these proteins at least, a majority of the primary structure is required to
determine folding. Proteins (not to mention protein chemists) being what
they are, exceptions are bound to follow. Promises and pie-crust are made
to be broken.%®

D. Dehydrogenases.—The proceedings of the Konstanz symposium on
dehydrogenases have now been published.*®* The amino-acid sequence of
the ethanol-active (E) form of horse-liver alcohol dehydrogenases has been
completed %5 and has confirmed a dimer of identical chains, each contain-
ing 374 residues. Slight homology with glyceraldehyde 3-phosphate
dehydrogenase is detected in the N-terminal region. The sequence changes
in the steroid-active (S) isoenzyme have also been established %% and found
to occur mostly in the N-terminal half of the molecule:
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Position E S
17 Glu GIn
94 Thr Ile
101 Arg Ser
110 Phe Leu
115 Asp Ser (tentative)
366 Glu Lys

this should be of considerable interest when the crystal structure of alcohol
dehydrogenase is available.

The longest dehydrogenase sequence to be published to date (506
residues) is that of ox-liver glutamate dehydrogenase (GDH) (Figure 9).4¢7
Homology with alcohol dehydrogenase is not obvious and that with
glyceraldehyde 3-phosphate dehydrogenase (GPDH) appears to be limited
to a 12-residue sequence:

GDH -Gly-Gly-Ala-Lys-Ala-Gly-Val-Lys-Ile -Asn-Pro-Lys-
94 105

GPDH -Gly-Ala-Ala-Lys-Ala-Val-Gly -Lys-Val-lle -Pro-Glu-
209 220

This region includes Lys-97 of GDH which is the specific site of attachment
of the inhibitor pyridoxal phosphate 4% and is probably the same residue
that reacts with another inhibitor, N-(N’-acetyl-4-sulphamoylphenyl)-
maleimide,*? although the sequences reported differ slightly. Nitration of
Tyr-412 leads to loss of allosteric inhibition by GTP.%*? The identity of the
subunits of ox liver GDH has also been suggested by N- and C-terminal
group analysis.””® Whether or not the different dehydrogenases have
elements of structure in common must, for the moment, remain an open
question, particularly in the absence of three-dimensional structures from
X-ray crystallography. Only the crystal structure of dogfish lactate dehydro-
genase is available at high resolution 4** and, regrettably, little amino-acid
sequence analysis of that protein has been published. The N-terminal
sequence of the enzyme, however, has been shown to be N-acetyl-Thr-Ala-
Leu- 42 and that, in more ways than one, is a start. The N-terminal
sequence of the corresponding enzyme from rat liver is N-acetyl-Ala-Ala-.*"3

It has been proposed #’¢ that the malate dehydrogenase of rat liver
mitochondria comprises two non-identical subunits of mol. wt, 32 000 and
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Ala-Asp-Arg-Glu-Asp-Asp-Pro-Asn-Phe-Phe-Lys-Met-Val-Glu-Gly-Phe-Phe-
1 10

Asp-Arg-Gly-Ala-Ser-Ile-Val-Glu-Asp-Lys-Leu-Val-Glu-Asp-Leu-Lys-Thr-Arg-
20 30
GIn-Thr-Gln-Glu-Gln-Lys-Arg-Asn-Arg-Val-Arg-Gly-Ile-Leu-Arg-Ala-Gln-(His,
40 50
Ser)-His-GlIn-Arg-Thr-Pro-Cys-Lys-Gly-Gly-Ile-Arg-Tyr-Ser-Thr-Asp-Val-Ser-
60 70

Val-Asp-Glu-Val-Lys-Ala-Leu-Ala-Ser-Leu-Met-Thr-Tyr-Lys-Cys-Ala-Val-Val-
80

Asp-Val-Pro-Phe-Gly-Gly-Ala-Lys-Ala-Gly-Val-Lys-Ile-Asn-Pro-Lys-Asn-Tyr-
90 * 100

Thr-Asp-Glu-Asp-Leu-Glu-Lys-Ile-Thr-Arg-Thr-Arg-Phe-Met-Glu-(Leu, Thr,
110 120
Thr, Ala)-Met-Glu-Leu-Ala-Lys-Lys-Gly-Phe-Ile-Gly-Pro-Gly-Val-Asp-Val-Pro-
130 140

Ala-Pro-Asn-Met-Ser-Thr-Gly-Glu-Arg-Glu-Met-Ser-Trp-Ile-Ala-Asp-Thr-Tyr-
150 160

Ala-Ser-Thr-Tle-Gly-His-Tyr-Asp-Ile-Asn-Ala-His-Ala-Cys-Val-Thr-Lys-Pro-
170

Gly-Ile-Ser-GIn-Gly-Gly-Ile-His-Gly-Arg-Ile-Ser-Ala-Thr-Gly-Arg-Gly-Val-Phe-
180 190

Gly-His-1le-(Glu, Asn)-Phe-lle-Glu-Asn-Ala-Ser-Tyr-Met-Ser-lle-Leu-Gly-Met-
200 210

Thr-Pro-Gly-Phe-Gly-Asp-Lys-Thr-Phe-Ala-Val-Gin-Gly-Phe-Gly-Asn-Val-Gly-
220 230

Leu-His-Ser-Met-Arg-Tyr-Leu-His-Arg-Phe-Gly-Ala-Lys-Cys-Val-Ala-Val-Gly-
240 250

Glu-Ser-Asp-Gly-Ser-Ile-Trp-Asn-Pro-Asp-Gly-Ile-Asp-Pro-Lys-Glu-Leu-Glu-
260

Asp-Phe-Lys-Leu-Gln-(His, Gly)-Thr-Ile-Leu-Gly-Phe-Pro-Lys-Ala-Lys-Ile-Tyr-
270 280

Glu-Gly-Ser-Ile-Leu-Glu-Val-Asp-Cys-Asp-Ile-Leu-Ile-Pro-Ala-Ala-Ser-Glu-
290 300

Lys-Gln-Leu-Thr-Lys-Ser-Asn-Ala-Pro-Arg-Val-Lys-Ala-Lys-Ile-Ile-Ala-Glu-
310 320
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Gly-Ala-Asn-Gly-Pro-Thr-Thr-Pro-Glx-Ala-Asp-Lys-Ile-Phe-Leu-Glu-Arg-Ile-
330 340

Ile-Lys-Pro-Cys-Asn-His-Val-Leu-Ser-Leu-Ser-Phe-Pro-Ile-Arg-Arg-Asp-Asp-
350

Gly-Ser-Trp-Glu-Val-Ile-Glu-Gly-Tyr-Arg-(Ile, Glx)-Met-Val-Ile-Pro-Asp-Leu-
360 370

Tyr-Leu-Asn-Ala-Gly-Gly-Val-Thr-Val-Ser-Tyr-Phe-Glx-Leu-Lys-Asn-Leu-Asn-
380 390

His-Val-Ser-Tyr-Gly-Arg-Leu-Thr-Phe-Lys-Tyr-Glu-Arg-Asp-Ser-Asn-Tyr-His-
400 410 *

Leu-Leu-Met-Ser-Val-Gln-Glu-Ser-Leu-Glu-Arg-Lys-Phe-Gly-Lys-His-Gly-Gly-
420 430

Thr-Ile-Pro-1le-Val-Pro-Thr-Ala-Glu-Phe-GIn-Asp-Arg-Ile-Ser-Gly-Ala-Ser-Glu-
440 450

Lys-Asp-Ile-Val-His-Ser-Gly-Leu-Ala-Tyr-Thr-Met-Glu-Arg-Ser-Ala-Arg-Gln-
460

Ile-Met-Arg-Thr-Ala-Met-Lys-Tyr-Asn-Leu-Gly-Leu-Asp-Leu-Arg-Thr-Ala-Ala-
470 480

Tyr-Val-Asn-Ala-Ile-Glu-Lys-Val-Phe-Arg-Val-Tyr-Asn-Glu-Ala-Gly-Val-Thr-
490 500

Phe-Thr
506

Figure 9 Amino-acid sequences of ox liver glutamate dehydrogenase

that hybrids of these (XX, XY, YY), not conformational isomers,*’* are
the explanation of isoenzymes. The malate dehydrogenase from pig heart
mitochondria is inhibited by iodoacetamide,*’® through alkylation of a
single histidine residue per subunit at the N-3 position of the imidazole
ring. The enzyme is not inactivated by iodoacetic acid " while NADH
as well as abortive ternary complex formation with oxaloacetate and NAD
protect against inhibition by iodoacetamide. Modification of histidine
residues by photo-oxidation or with diazo-1-H-tetrazole has suggested their
presence also in the active site of a-glycerophosphate dehydrogenase.4’®
The N-terminal residues of glucose 6-phosphate dehydrogenase from
Candida utilis have been shown to be glycine and alanine:*"® the C-terminal
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residue is alanine. SDS-Gel electrophoresis also suggests ?° the presence
of different subunits of mol. wt. 10 000 and 14 000. It has been reported 48°
that the FAD at the active site of succinate dehydrogenase is attached to
histidine in the sequence -Ser-His-Thr-Val-Ala-, and the amino-acid
sequence around the active centre disulphide bridge of thioredoxin reduct-

ase from E. coli has been shown 8! to be -Ala-Cys-Ala-Thr-Cys-Asp-Gly-
Phe-. The thioredoxin induced in E. coli B by bacteriophage T4 differs
from that of the uninfected cell, e.g. around the active site disulphide
bridge :482

1

E. coli -Trp-Cys-Gly-Pro-Cys-Lys-Met-Ile-
1

E. coli|T4 -Cys-Tyr-Val-Cys-Asx-Asx-Ala-Lys-

It is interesting that the two thioredoxins and the reductase all contain a
disulphide loop of identical size in their active sites, although there is no
obvious detailed homology.

It has been known for some years that oxidation of rabbit muscle
glyceraldehyde 3-phosphate dehydrogenase with iodine or iodosobenzoate
inactivates the dehydrogenase activity and stimulates the acyl phos-
phatase activity. The oxidation was shown last year 4 to take place via
the conversion of the catalytic cysteine residue, Cys-149, to the correspond-
ing sulphenic acid (¢f. creatine kinase %), It is now proposed #%% that the
stabilised sulphenic acid residue participates directly in the hydrolysis of
acyl phosphates (Scheme 7):

O
I Il
E—SOH +R-—C|3—O—I|’—OH —_—> E—S—O—CHI—R + HO—]l’——O_
O o~ O OH

lHZO

E—SOH + RCOO~ + HY
Scheme 7

E. Other Enzymes.—In view of the efforts to elucidate both the primary
and three-dimensional structure of triosephosphate isomerase,® it is of
some interest that the three electrophoretic forms of the enzyme from

480 W, C. Kenney, W. H. Walker, E. B. Kearney, E. Zeszotek, and T. P. Singer, Biochem.
Biophys. Res. Comm., 1970, 41, 488.

481 1 Thelander, J. Biol. Chem., 1970, 245, 6026.

42 O, Berglund and A. Holmgren, J. Biol. Chem., 1970, 245, 6036.

483 D, J. Parker and W. S. Allison, J. Biol. Chem., 1969, 244, 180.

43¢ D, Trundle and L. W. Cunningham, Biochemistry, 1969, 8, 1919.

45 W. S. Allison and M. J. Connors, Arch. Biochem. Biophys., 1970, 136, 383.

46 D, C. Phillips, Abs. Eighth Internat. Congress of Biochemistry, Switzerland, 1970,
p. 116; R, E. Offord, A. J. Furth, and J. D. Priddle, ibid., p. 116; J. C. MacGregor
and S. G. Waley, ibid., p. 116.
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rabbit muscle (and perhaps from other sources) may be due to isoenzymes,*8?
hence laying the conformer ghost. The enzyme from both rabbit muscle
and rabbit liver has N-terminal alanine, while that from yeast shows two
N-terminal groups, valine and alanine.*®” Hybridisation experiments and
peptide mapping of the enzyme from rabbit muscle suggest 487 that two
non-identical subunits (the products of two different structural genes) give
rise to three isoenzymes of the form AA, BB, and AB.

The active centre of triose phosphate isomerase contains a glutamic acid
residue which several workers have made a point of attack with suitably
conceived reagents 488,489,490 (see also Section 8). The two sequences
advanced for this region of the rabbit muscle enzyme are at slight variance:

-Ala-Tyr-Glu-Pro-Val-Trp- 488
-Trp-Val-Leu-Ala-Tyr-Glu-Pro-Val-Ala-Trp-(Thr, Ile)-Gly-Gly-Lys- 489
This minor discrepancy should soon be resolved: isolation of a peptide
from the chicken muscle enzyme %*° with sequence identical with that in
reference 488 would seem to favour that alternative.

The relative intensity of the two bands obtained for S-carboxymethylated
rabbit muscle aldolase on gel electrophoresis in urea varies with the age
of the rabbit;*** a single band is observed for very young animals and two
for mature rabbits. The change in mobility is consistent with deamidation
of some asparaginyl or glutaminyl side-chains, and it is possible that this is
the answer to the behaviour on gels. A difference in amide content of the
two chains has, in fact, been reported %2 in the C-terminal hexapeptide:

«- -Ile-Ser-Asn-His-Ala-Tyr

B- -Ile-Ser-Asp-His-Ala-Tyr
No evidence is offered for the preferential deamidation in one chain, and
the alternative explanation, the existence of two structural genes for muscle
aldolase, cannot be ruled out. However, a study of the number, location,
and reactivity of the thiol groups in the enzyme 3% 493, 884 shows that the
two types of polypeptide chain must at least be very similar,

A recent redetermination 4°4 of the sequence in the region of the substrate-
binding lysine residue resulted in the inversion of the previous %% -Asn-Pro-

487 W, K. G. Krietsch, P. G. Pentcher, H. Klingenbiirg, T. Hofstatter, and T. Biicher,
European J. Biochem., 1970, 14, 289; W. K. G. Krietsch, P. G. Pentchev, W. Machleidt,
and H. Klingenbiirg, F.E.B.S. Letters, 1970, 11, 137.

488§ G. Waley, J. C. Miller, 1. A. Rose, and E. L. O’Connell, Nature, 1970, 227, 181.

489 F, C. Hartman, Biochem. Biophys. Res. Comm., 1970, 39, 384.

490 A F, W. Coulson, J. R. Knowles, J. D. Priddle, and R. E. Offord, Nature, 1970, 227,
180.

#1 M. Koida, C. Y. Lai, and B. L. Horecker, Arch. Biochem. Biophys., 1969, 134, 623.

42 C. Y. Lai, C. Chen, and B. L. Horecker, Biochem. Biophys. Res. Comm., 1970, 40,
461.

43 B, Szajani, M. Sajgé, E. Biszku, P. Friedrich, and G. Szabolcsi, European J.
Biochem., 1970, 15, 171; H. M. Steinman, and F. M. Richards, Biochemistry, 1970,
9, 4360.

494 [ Gibbons, P. J. Anderson, and R. N. Perham, F.E.B.S. Letters, 1970, 10, 49.

%5 C.Y. Lai, P. Hoffee, and B. L. Horecker, Arch. Biochem. Biophys., 1965, 112, 567;
C. Y. Lai and C. Chen, ibid., 1968, 128, 212.
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sequence on the C-terminal side of the lysine (Figure 10, centre line) and
alteration of the amide assignments at four positions (4, 10, 32, and 33).
Determination of the amino-acid sequence of the corresponding region in
aldolase from sturgeon muscle *** revealed a surprisingly high degree of
homology, reminiscent of the homologies observed for another glycolytic

Rabbit liver Ala -Leu-Asn -Asn-His -His -Val -Tyr -Leu -Ser -GIn-Gly -Thr-

Rabbit muscle Ala -Leu-Ser -Asp-His -His -Ile -Tyr -Leu Glu-Gly -Thr-

Sturgeon muscle Ala -Leu-Ser -Asp-His -His -Val -Tyr -Leu Glu-Gly -Thr-
1 2 3 4 5 6 7 8 9 9a 10 11 12

Rabbit liver Leu-Leu-LYS-Asn-Pro -Met-Val -Thr -Ala -Gly -His -Ala -Cmec-

Rabbit muscle Leu-Leu-LYS-Pro -Asn-Met-Val -Thr -Pro -Gly -His -Ala -Cmec-

Sturgeon muscle Leu-Leu-LYS-Pro -Asn-Met-Val -Thr -Ala -Gly -GIn-Ala -Cmc-
13 14 15 16 17 18 19 20 21 22 23 24 25

Rabbit liver Thr -Lys

Rabbit muscle Thr -GIn-Lys -Tyr -Ser -His -Glu-Glu -Ile-Ala-Met-

Sturgeon muscle Thr -Lys -Lys -Tyr -Thr-Ser -Gln-Glu -Ile-Ala-Met-
26 27 28 29 30 31 32 33 34 35 36

Figure 10 The amino-acid sequence around the substrate-binding lysine residue of
aldolase from rabbit muscle, rabbit liver, and sturgeon muscle. The rabbit liver
sequence is that proposed by Morse and Horecker (ref. 496). The substrate-binding
residue is at position 15 and Cmc = S-carboxymethylcysteine

enzyme (glyceraldehyde 3-phosphate dehydrogenase) in a wide variety of
species.®*® Homologies between the two muscle enzymes and that of rabbit
liver 4% are shown in Figure 10. Care should be taken during preparation
of the liver enzyme to avoid loss of the C-terminal tyrosine residue by
proteolysis,**?

Despite the homology in sequence in the region of the active site lysine
residue, the rabbit liver and muscle enzymes show differences in substrate
specificity. This is also true for the rat enzymes, and it is interesting that
the properties of aldolase from Novikoff hepatoma are virtually identical
with those of the muscle enzyme and significantly different from those of the
liver enzyme;*®® this supports the conclusion that liver aldolase is replaced
by the muscle enzyme during development of the hepatoma. Two iso-
enzymes of transaldolase from Candida utilis have been characterised.?®?
They are a, or B, dimers, have C-terminal phenylalanine and dimer
mol. wts. of about 76 000 and 65 000, respectively. Despite the differences
in size it is reported that they hybridise («f), and that a mono-S-glyceryl
monomer will also hybridise with an unmodified monomer.

98 D, E. Morse and B. L. Horecker, Arch. Biochem. Biophys., 1968, 125, 942.

497 A. G. Lacko, L. W. Brox, R. W, Gracy, and B. L. Horecker, J. Biol. Chem., 1970,
245, 2140.

498 R. W. Gracy, A. G. Lacko, L.. W. Brox, R. C. Adelman, and B. L. Horecker, Arch.
Biochem. Biophys., 1970, 136, 480.

49 O, Tsolas and B. L. Horecker, Arch. Biochem. Biophys., 1970, 136, 303.
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Interest has focussed on several regions of the muscle glycogen phos-
phorylase molecule. Earlier work had defined the sequences around the
nine cysteine residues. In both phosphorylase b(dimer) and a(tetramer) the
reactive thiol groups (as measured by reaction with chlorodinitrobenzene) 50
reside in the sequences:

-Ile-Cys-Gly-Gly-Trp-Gln-Met-Glu-Glu-Ala-Asp-Asp-Trp-Leu-Arg-
and
-Phe-Gly-Cys-Arg-Asp-Pro-Val-Arg-

In both forms of the enzyme, the activator AMP protects against reaction.
A study of the reaction of the enzyme with iodoacetamide %! showed that
alkylation of two thiol groups in the sequences

-Ala-Cys-Ala-Phe- and -Asn-Ala-Cys-Asp-

resulted in inactivation and dissociation into monomers. These thiol
groups were very sensitive to alterations in other parts of the molecule,
such as the pyridoxal phosphate binding site, nicely demonstrating con-
formational changes in the protein. Alkylation of the cysteine in the second
of these sequences was prevented by AMP. Two other thiol groups
labelled rapidly without effect on activity or structure; these occur in the
sequences:

-Asn-Glu-Lys-Ile-Cys-Gly-Gly- and -Gly-Cys-Arg-Asp-

and appear to be the same thiols that react with chlorodinitrobenzene.
It is reported 5°2 that, when pyridoxal phosphate is removed from rabbit
muscle phosphorylase, thiol groups that are otherwise buried become
exposed. Treatment with [MC]JFDNB resulted in isolation of three
labelled peptides assumed to derive from two cysteine-containing sequences:

-Asx-GlIx-Lys-Cys-Gly-Gly- and -Asx-Ala-Cys-Asp-

The second of these is thought to be part of the pyridoxal phosphate
binding site.’°> However, the allosteric properties of this enzyme neces-
sitate great care in the interpretation of results such as these. The phos-
phorylase from rabbit liver has also been studied.?*® Both the active and
the inactive forms of this enzyme are dimers (mol. wt. 185 000) and activa-
tion occurs through phosphorylation. The amino-acid sequence at the
site of phosphorylation was determined and compared with that of the
muscle enzyme:

Liver -Arg-Gln-Ile-Ser(P)-Ile-Arg-

Muscle -Lys-Gln-Ile-Ser(P)-Ile-Arg-

800 A, M. Gold and D. Blackman, Biochemistry, 1970, 9, 4408.

801 O, Avramovic-Zikic, L. B. Smillie, and N. B. Madsen, J. Biol. Chem., 1970, 245, 1558.
82§, Shaltiel and Y. Zaidenzaig, Biochem. Biophys. Res. Comm., 1970, 39, 1003.

503 D, P. Wolf, E. H. Fisher, and E. G. Krebs, Biochemistry, 1970, 9, 1923.
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A comparison of the amino-acid compositions of the liver and muscle
enzymes from several species (human, rabbit, and rat) indicated greater
similarity between liver enzymes or muscle enzymes from different species
than between the liver enzyme and muscle enzyme in a single species.5*® It
is likely that further light will be shed on the structure and action of
phosphorylase from studies with the fluorogenic probe introduced at thiol
groups by reaction with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD
chloride).5%¢

Determination of the amino-acid sequence (123 residues) of phos-
pholipase A from pig pancreas is now complete,®¢ and the six disulphide
bridges have been placed.®®®® The structure of the zymogen also now
becomes available since the seven-residue activation peptide derived from
tryptic attack at the N-terminus has already been defined;3°¢ the sequence
of the zymogen is shown in Figure 11, Disulphide bridges connect the

Glu-Glu-Gly-Ile-Ser-Ser-Arg-Ala-Leu-Trp-Gln-Phe-Arg-Ser-Met-Ile-Lys-Cys-
1 10

Ala-Ile-Pro-Gly-Ser-His-Pro-Leu-Met-Asp-Phe-Asn-Asn-Tyr-Gly-Cys-Tyr-Cys-
20 30

Gly-Leu-Gly-Gly-Ser-Gly-Thr-Pro-Val-Asn-Glu-Leu-Asn-Arg-Cys-Glu-His-Thr-
40 50
Asp-Asn-Cys-Tyr-Arg-Asp-Ala-Lys-Asn-Leu-Asn-Asp-Ser-Cys-Lys-Phe-Leu-Val-
60 70

Asp-Asn-Pro-Tyr-Thr-Glu-Ser-Tyr-Ser-Tyr-Cys-Ser-Ser-Asn-Thr-Glu-Ile-Thr-
80 90

Cys-Asn-Ser-Lys-Asn-Asn-Ala-Cys-Glu-Ala-Phe-Ile-Cys-Asn-Asp-Arg-Asn-Ala-
100

Ala-lle-Cys-Phe-Ser-Lys-Ala-Pro-Tyr-Asn-Lys-Glu-His-Lys-Asn-Leu-Asn-Thr-
110 120

Lys-Lys-Tyr-Cys
130

Figure 11 The complete amino-acid sequence of reduced zymogen of phospholipase A

following residues: 18-83, 34-130, 36-51, 57-111, 68-98, and 91-103.
X-Ray studies are said to be in progress and it will be particularly interesting
to see how the three-dimensional structure fits the enzyme for its lipolytic

504 D, J. Birkett, N. C. Price, G. C. Radda, and A. G. Salmon, F.E.B.S. Letters, 1970, 6,
346.

695 (g) G. H. De Haas, A. J. Slotboom, P. P. M. Bonsen, L. L. M. Van Deenen, S. Maroux,
A. Puigserver, and P. Desnuelle, Biochim. Biophys. Acta, 1970, 221, 31; (b) G. H. De
Haas, A. J. Slotboom, P. P. M. Bonsen, W. Nieuwenhuizen, L. L. M. Van Deenen,
S. Maroux, V. Dlouha, and P. Desnuelle, ibid., p. 54.

506 G, H. De Haas, F. Fran¢k, B. Keil, D. W, Thomas, and E. Lederer, F.E.B.S. Letters,
1969, 4, 25.
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function. Amino-acid sequences from the N- and C-terminal regions of
snake venom phospholipase A have also been reported:®%’

Glp-Phe-Glu-Thr-Leu-Ile-Met-Ser-Leu-Met-Lys-Ile-Ala-Gly-Arg-Tyr-Tyr—
——Asn-Cys-GlIn-Cys-Glu-(Pro, Ser, Glx)-Glu, Cys

Surprisingly, apart from the C-terminal cystine, there appears to be no homo-
logy with the pig pancreatic enzyme,5%

Amino-acid decarboxylases commonly have as prosthetic group pyri-
doxal phosphate, in Schiff base combination with a lysine residue on the
enzyme. The Schiff base can be stabilised by reduction and the binding
site thereby located. For E. coli glutamate decarboxylase % it was shown
to be:

-Ser-Ile-Ser-Ala-Ser-Gly—His-iys-Phe-

The labelled peptide was purified by an enterprising column ‘diagonal’
method on anion exchange resin, using alkaline phosphatase treatment as
the intermediate step to generate the charge change. The decarboxylase has
six subunits of mol. wt. 50 000, has N-terminal methionine, and the
C-terminal sequence -Lys-His-Thr.5?® An unusual situation obtains in
histidine decarboxylase of Lactobacillus 30a; the enzyme (mol. wt. 190 000)
contains five pyruvoylphenylalanyl residues at the N-terminus of five of
the ten chains. It is now shown that the pyruvoyl residues derive from
serine.’® The two types of chain are characterised as follows:

Chain I: mol. wt. 9000; N-terminal Ser; C-terminal Ser; no pyruvate, cystine,
His, or Phe
Chain II: mol. wt. 29 000; N-terminal pyruvate; C-terminal Tyr

It is proposed 31! that the role of the pyruvate residue in the enzymic reac-
tion is analogous to that of pyridoxal phosphate in other amino-acid
decarboxylases. It is worth nothing here that a study has been made
of the transamination of N-terminal residues irn vitro,*'? and a new micro
method has recently been described for the determination of reactive
carbonyl groups in proteins and peptides, using 2,4-dinitrophenylhydra-
zine,51®

The pyridoxal binding site (one per chain of mol. wt. 55 000) of trypto-
phanase from E. coli °*¢ occurs in the sequence:

-Ser-Ala-Lys-Lys-Asp-Ala-Met-Val-Pro-Met-

807 Y. Samejima, S. Iwanaga, T. Suzuki, and S. Kawauchi, Biochim. Biophys. Acta,
1970, 221, 417.

508 P. H. Strausbauch and E. H. Fischer, Biochemistry, 1970, 9, 233.

803 P, H. Strausbauch and E. H. Fischer, Biochemistry, 1970, 9, 226.

516 W. D. Riley and E. E. Snell, Biochemistry, 1970, 9, 1485.

511 P, A. Recsei and E. E. Snell, Biochemistry, 1970, 9, 1492.

512 H, B. F. Dixon, Biochem. J., 1964, 92, 661; ibid., 1967, 103, 38P.

513 R. Fields and H. B. F. Dixon, Biochem. J., 1971, 121, 587.

514 H. Kagamiyama, Y. Morino, and E. E. Snell, J. Biol. Chem., 1970, 245, 2819.
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The authors examined the known sequences of the pyridoxal phosphate
binding sites in several other enzymes 54 but (not too surprisingly, perhaps)
found no recognisable pattern of amino-acid residues, as shown:

Aspartate aminotransferase

(extra mitochondrial) -Ser -Lys-Asn-Phe-
(mitochondrial) ~-Ala -Lys-Asn-Met-
Glutamate
decarboxylase -Ser-Ile-Ser-Ala-Gly-His -Lys-Phe-
Phosphorylase ~-Met-Lys-Phe-Met-
Pyridoxamine pyruvate
transaminase -Val-Thr-Gly-Pro-Asp-Lys-Cys-Leu-
Tryptophanase -Ser-Ala-Lys -Lys-Asp-Ala-Met-Val-Pro-Met-

It has been suggested that protection against the generation of multiple
forms of cytoplasmic aspartate aminotransferase is afforded if dithiothreitol
is included at the beginning of a preparation.’®® The multiple forms are
thought to be ‘conformers’ which have arisen through oxidation of
sulphydryl groups: reduction at a later stage appears to regenerate activity
but not the native conformation.’®® This might be a useful point to bear in
mind when dealing with other enzymes; some may regenerate neither
conformation nor activity once oxidised.

The sequence of 89 residues at the N-terminus of human carbonic anhy-
drase B has been determined (Figure 12).51¢ It is stated 52¢ that this agrees

Acetyl-Ala-Ser-Pro-Asp-Trp-Gly-Tyr-Asp-Asp-Lys-Asn-Gly-Gln-Pro-Glu-Trp-
1 10

Ser-Lys-Leu-Tyr-Pro-Ile-Ala-Asp-Gly-Asn-Asn-Gln-Ser-Pro-Val-Asp-Ile-Lys-
20 30

Thr-Ser-Glu-Thr-Lys-His-Asn-Thr-Ser-Leu-Lys-Pro-Ile-Ser-Val-Ser-Tyr-Asn-Pro-
40 50

Ala-Thr-Ala-Lys-Glu-Ile-lle-Asn-Val-Gly-His-Ser-Phe-His-Val-Phe- (Asx, Asx,
60 70

GIx, Asx)-Asx-Asx-Arg-Ser-Val-Leu-Lys-Gly-Gly-Pro-Phe-Ser-Asp-Ser-Tyr-Arg
80 89

Figure 12 N-Terminal amino-acid sequence of human carbonic anhydrase B

with that determined by another group of workers 517 with the exception
of an inversion of residues 69 and 70. A comparison has been made of the
primary structures of carbonic anhydrase B from man, great apes, and
Old World monkeys.5!®

518 M. Arrio-Dupont, 1. Cournil, and P. Duie, F.E.B.S. Letters, 1970, 11, 144,

816 M. Sciaky, N. Limozin, N. Giraud, C. Marrig, M. Charrel, and G. Laurent, Biochim.
Biophys. Acta, 1970, 221, 665.

517 B, Andersson, P. O. Nyman, and L. Strid, ‘Atlas of Protein Sequence and Structure,
ed. M. O. Dayhoff, 1970, vol. 5 (in preparation). (Cited in ref. 516.)

518 R, E. Tashian and S. R. Stroup, Biochem. Biophys. Res. Comm., 1970, 41, 1457.
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Work is in progress on the primary structure of thiolase from pig heart.
The tetrameric enzyme has one active thiol group per monomer to which
substrate becomes bound in thiol ester linkage. The sequence around this
cysteine residue was shown to be:%%?

-Gln-Ala-Val-Leu-Gly-Ala-Gly-Leu-Pro-(Cmc, Asn, Thrs, Ser, Pro, Ile,)-Lys-

Val-(Eys-Ala-Ser-Gly-Met-Lys-
Structural work is also under way on methionine tRNA synthetase from
E. coli. The unique N-terminal sequence is Ala-Gly-Gly-Thr- and was
elucidated ® using the micro-method already described (Section 2B). A
pleasing application of cross-linking (using p-nitrophenyl chloroformate)
enabled the amino-group of methionine, attached to its tRNA, to be
covalently linked with an amino-group on the activating enzyme as shown
in Scheme 8. Any mono-substituted product hydrolyses to a carbamic acid

ozN—Qro—coa + Met - tRNA o
Y

OZNO—O-CO-Met-tRNAMet

Protein-NH,

Protein*NH-CO-Met« tRNA p.¢ + OzN‘Q‘OH

ribonuclease

Protein*NH-CO-Met+ Adenosine

pH 2.0

¥
Protein°eNH+CO+*Met-OH
Scheme 8

derivative which immediately decarboxylates to regenerate the original
amino-group. Using this procedure, a uniquely-reacting lysine residue in
methionine tRNA synthetase was shown % to occur in the sequence:

-Phe-Thr-Tyr-GIn-Lys-Leu-His-Asn-

This lysine residue is presumably near the amino-acid recognition site on
the enzyme,

81 U, Gehring and J. 1. Harris, European J. Biochem., 1970, 16, 492.
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There is some heterogeneity in sequence around the serine residue that
can be labelled with [*?P]DFP in microsomal carboxyl esterase:52°

-Gly-Glu-Ser(P)-Ala-Gly- 1 Gly-Ser-

sp

The same mixture of peptides is obtained from the pig liver and pig kidney
enzymes. Heterogeneity is also reported for E. coli alkaline phosphatase 52!
but in this case it is attributed to aminopeptidase activity resulting in re-
moval of the N-terminal histidine and possibly the next residue (valine).
AMP is an inhibitor of the allosteric enzyme glutamine synthetase. The
AMP becomes bound to a tyrosyl side-chain on each of the 12 subunits
of the enzyme by phosphodiester linkages. The sequence around these
tyrosine residues has now been defined:5**

-Asp-Leu-Tyr-Asp-Leu-Pro-Pro-Glu-(Ala, Glu, Gly)-Lys-

The N-terminal sequence of asparaginases A and B from E. coli has been
shown to be:52s

Leu-Pro-Asn-Ile-Thr-Ile-Leu-Ala-Thr-Gly-

The enzyme has a mol. wt. of 120 000 and may be a hexamer of subunit
mol. wt. 20 000.

Work is in progress on S-galactosidase (E. coli) which is a tetramer with
subunit mol. wt. 135 000; the isolation and composition of tryptic peptides
accounting for over half of the 1170 residues per chain has been reported.52¢
The two non-identical subunits of ribulose 1,5-diphosphate carboxylase
from spinach leaf have been characterised:®?®* A, mol. wt. 60 000 with
C-terminal valine; and B, mol. wt. 20000 with C-terminal tyrosine.
Enolase from salmon 52¢ is likewise a dimer, of mol. wt. 100 000; as judged
by an unique C-terminal sequence, -Ile-Asn, it is possible that the subunits
may be identical (mol. wt. about 50 000). There is evidence for a phos-
phohistidine intermediate in the phosphoglyceromutase reaction.5??
SDS-Gels showed that there is 1 g atom of 32P bound per 27 000 g of
protein; this is half the reported mol. wt. so it appears that the molecule is
a dimer.5?” The purification, characterisation, and crystallisation of porcine
myokinase have been described.’?® This is a single-chain enzyme of mol.
wt. 21 000, The enzyme from pig is reported to give better crystals for
X-ray purposes than the rabbit enzyme, and crystallographic studies are

520 E, Heymann, K. Krisch, and E. Pahlich, Z. physiol. Chem., 1970, 351, 931.

521§, Natori and A. Garen, J. Mol. Biol., 1970, 49, 577.

522 R, L. Heinrikson and H. S. Kingdon, J. Biol. Chem., 1970, 245, 138.

523 A, Areus, E. Raienbusch, E. Irion, O. Wagner, K. Bauer, and W. Kaufmann, Z.

physiol. Chem., 1970, 351, 197.

524 A V. Fowler and 1. Zabin, J. Biol. Chem., 1970, 245, 5032.

525 T, Sugiyama and T. Akazawa, Biochemistry, 1970, 9, 4499.

526 R, C. Ruth, D. M. Soja, and F. Wold, Arch. Biochem. Biophys., 1970, 140, 1.

527 7. B. Rose, Arch. Biochem. Biophys., 1970, 140, 508.

828 T Schirmer, R. H. Schirmer, G. E. Schulz, and E. Thuma, F.E.B.S. Letters, 1970, 10,
333,
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already under way.??® Finally, the purification and properties of the initia-
tion factor F; have been described;®?? this factor is required for formation
of the initiation complex in protein biosynthesis when natural messenger
RNA is used. All three initiation factors have thus now been obtained
virtually pure. F, has a mol. wt. on SDS-gels of 21 000 and appears to
have a single reactive thiol group.5%*

F. Haem Proteins.—Haemoglobin and Myoglobin. The primary structure
(153 residues) of ox heart myoglobin has been deduced,®*® partly by homo-
logy with the closely related horse protein, and the differences between
dolphin and sperm whale myoglobin have been discussed.’®* Of the 13
differences, only one (Gly/Ser) involves °‘internal’ residues. A com-
parison of the methoxycarbonylation of sperm whale myoglobin in the
crystal 532 and in solution 33 indicates a close similarity for the two struc-
tures, most of the differences being ascribable to the presence of neigh-
bouring protein molecules in the crystal lattice (c¢f. chymotrypsin, p. 83).
The only significant difference unexplainable in these terms is that His-36
becomes unreactive when the protein passes from crystal to solution,
implying a structural change affecting the accessibility of this residue.

Many aspects of the structure and function of haemoglobin have recently
been reviewed.?®* The two haemoglobins from lamprey have been shown
to differ simply by the formylation of the N-terminal proline residue of one
of them,® and the N-terminal sequences of three of the multiple haemo-
globins from the insect larvae Chironomus thummi *% and of the o-chain of
grey kangaroo,*®” have been reported:

Kangaroo Val-Leu-Ser -Ala-Ala-Asp-Lys-Gly-His -Val-Lys-Ala-lIle -Trp-Gly-
CT-1 Gly-Pro-Ser -Gly-Asp-Gln-Ile -Ala-Ala-Ala-Lys-Ala-Ser -Trp-Asn-

CT-3 Leu-Ser -Ala-Asp-Gln-Tle -Ser -X -Val-Glx-Ala-Ser -Phe-Asp-

CT-4 Leu-Thr-Ala -Asp-Gln-Ile -Ser -Thr-Val-GIn-Ser -X -Phe-X-

Human « Val-Leu-Ser -Pro -Ala -Asp-Lys-Thr-Asn-Val-Lys-Ala-Ala-Trp-Gly-

1 10

Kangaroo Lys-

CT-1 Thr-Val-Lys-Asn: Asn-GIn-Val -Ser -lle -Leu-Tyr-

CT-3 Lys-Val-Lys-Gly Asx-Pro-Val-Gly-lle -Leu-Tyr-

CT-4 X -Val-Lys-Gly- Asp-Ala-Val -Gly-Ile -Leu-Tyr-

Human o Lys-Val-Gly-Ala-His -Ala-Gly-Glu-Tyr -Gly-Ala-Glu-Ala-Leu-Glu
20 30

520 S, Sabol, M. A. G. Sillero, K. Iwasaki, and S. Ochoa, Nature, 1970, 228, 1269.

836 K.-K. Han, M. Dautrevaux, X. Chaila, and G. Biserte, European J. Biochem., 1970,
16, 465.

&1 M, Karadjova, P. Nedkov, A. Bakardjieva, and N. Genov, Biochim. Biophys. Acta,
1970, 221, 136.

532 T, E. Hugli and F. R. N. Gurd, J. Biol. Chem., 1970, 245, 1930.

533 T, E. Hugli and F. R. N. Gurd, J. Biol. Chem., 1970, 245, 1939.

534 B Antonini and M. Brunori, Arch. Biochem. Biophys., 1970, 39, 977.

535 H, Fujiki, G. Braunitzer, and V. Rudloff, Z. physiol. Chem., 1970 351, 901.

536 G. Braunitzer, H. Neuwirth, H. Mussnig, and B. Schrank, Z. physiol. Chem., 1970,
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537§, M. Beard and E. O. P. Thompson, Austral. J. Biol. Sci., 1970, 23, 185.
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Details have now been given 338 of the determination of the sequences of
the a- and B-chains of rhesus monkey haemoglobin and the sequence of the
B-chain of frog (Rana esculenta) haemoglobin has been reported.>*®
Corrections have been made to the amino-acid sequences around the his-
tidine residues of leghaemoglobin 3¢ and it has been shown in a number of
laboratories that methionine is the first amino-acid incorporated in the
biosynthesis of haemoglobin and (probably) all other eukaryotic proteins.?4!
This N-terminal residue is then cleaved off enzymically before the poly-
peptide chain is released from the ribosome.

The probable sequences for the a- and B-chains of the major form of the
haemoglobin from the monkey Macaca irus have been deduced by analogy
with other haemoglobins,’? and there is evidence for the existence in the
minor form of a different type of a-chain arising by gene duplication.?4?
Duplication of the a-chain gene has also been observed in barbary sheep 544
(see last year’s Report), and two and three non-allelic genes, respectively,
have been postulated for the a-chain and B-chain of the haemoglobin of
the golden hamster.’®> Multiple forms of haemoglobin occur in the
Atlantic salmon but in this instance tetraploidy seems a more likely
explanation than isolated gene duplication,®®® since multiple forms were
also observed for various enzymes. The three forms of haemoglobin
detected in mouse embryos can be explained *47 in terms of the different
a-like and B-like chains that comprise them and a third embryonic form of
human haemoglobin has been reported,®*® with the composition wosl,.
The other two embryonic forms are &, and o,é,.

Further abnormal human haemoglobins have been described: among
them are G Tuaichung (a74 Asp — His),’*® G Georgia (a95 Pro - Leu),?s°
J Tongariki («115 Ala — Asp),’** G Makassar (B6 Glu - Ala),*s? Nagasaki

538 (3, Matsuda, T. Maita, H. Ota, and H. Takei, Internat. J. Protein Res., 1970, 2, 99.

839 J.P, Chauvet and R. Acher, F.E.B.S. Letters, 1970, 10, 136.

540§ J. Aggarwal and A. Riggs, Acta Chem. Scand., 1970, 24, 2234.

541 A E. Smith and K. A. Marcker, Nature, 1970, 226, 607; J. C. Brown and A. E. Smith,
ibid., p. 610; D. B. Wilson and H. M. Dintzis, Proc. Nat. Acad. Sci. U.S.A., 1970, 66,
1282; J. P. Leis and E. B. Keller, Biochim. Biophys. Res. Comm., 1970, 40, 416;
R. Jackson and T. Hunter, Nature, 1970, 227, 672; D. T. Wigle and G. H. Dixon,
ibid., p. 676.

52 P T, Wade, N. A. Barnicot, and E. R. Huehns, Biockim. Biophys. Acta, 1970, 221,
450.

58 N. A. Barnicot, P. T. Wade, and P. Cohen, Nature, 1970, 228, 379.

544 J_ B. Wilson, R. N. Wrightstone, and T. H. J. Huisman, Nature, 1970, 226, 354.

5485 Y, Yasukochi, Biochim. Biophys. Acta, 1970, 221, 1.

546 N. P. Wilkins, Biochim. Biophys. Acta, 1970, 214, 52.

547 G. Vulpis and A. Bank, Biochim. Biophys. Acta, 1970, 207, 390.

548 G. L. Capp, D. A. Rigas, and R. T. Jones, Nature, 1970, 228, 278.

. Q. Blackwell and C.-S. Liu, Biochim. Biophys. Acta, 1970, 200, 70.
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(B17 Lys - Glu),**® and Shepherd’s Bush (874 Gly — Asp).*** Haemoglo-
bin Shepherd’s Bush is an unstable haemoglobin associated with mild
haemolytic anaemia: the other mutations give rise to no adverse clinical
symptoms. This is of particular interest with haemoglobin Makassar since
the change, 86 Glu — Val, results in the well-known sickle-cell haemo-
globin. A preliminary report®?® of an inheritable abnormal B-chain in
rabbit haemoglobin has also appeared.

When human B-chains in which the cysteine residue at position 112 has
been methoxycarbonylated are combined with normal a-chains and when
normal B-chains are combined with o-chains in which the cysteine residue
at position 104 has been modified, dimers and tetramers result, all of which
show increased oxygen affinity and decreased Bohr effect and a loss of
co-operative interactions.’® 57 Thus, modification at the «,8; interface
can seriously affect the function of the haemoglobin molecule, presumably
by distorting the interactions between subunits.’®* Removal of the
C-terminal histidine residues from the S-chains of human haemoglobin by
careful digestion with carboxypeptidase confirms that the modified haemo-
globin exhibits haem-haem interaction but lacks half the alkaline Bohr
effect.®® The results of X-ray crystallographic and chemical analysis of
haemoglobin have been brought together in a substantial review of the
structure and activity of this molecule, leading to an hypothesis for its
mechanism of action.5%?

Cytochromes. The primary structures of cytochrome ¢ from tobacco horn
worm moths ¢ and carp (Cyprinus carpio) 5®* have been established; that
from carp shows heterogeneity (Asp or Glu) at position 4, presumably as a
result of genetic polymorphism. The amino-acid sequences (111 residues)
of cytochrome ¢ from mung-bean (Phaseolus aureus 1L.)%%? and sunflower
(Helianthus annuus 1.)5% have been described and compared with that
from wheat germ. All three proteins contain e-N-trimethyl-lysine at
positions 72 and 86 and their sequences are generally very similar, suggest-
ing a common ancestor for the cytochromes c¢ of higher plants. e-N-
Trimethyl-lysine has also been reported to occupy position 72 of yeast
iso-I-cytochrome c¢.5%

553 M. Maekawa, T. Maekawa, N. Fujiwara, K. Tabara, and G. Matsuda, Internat. J.
Protein Res., 1970, 2, 147.

554 J, M. White, M. C. Brain, P. A. Lorkin, H. Lehmann, and M. Smith, Nature, 1970,
225, 939.

555 B, Luppis and F. Conconi, Experientia, 1970, 26, 488.
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The tyrosine residues at positions 46, 48, 67, and 74 in tuna heart cyto-
chrome ¢ can be iodinated whereas Tyr-97 is inaccessible.’®® However, of
the four tyrosine residues in horse heart cytochrome ¢ (positions 48, 67,
74, and 97), only Tyr-67 and Tyr-74 are significantly iodinated at pH 7.0
and pH 9.5.5%¢ Moreover, only Tyr-48 and Tyr-67 are nitrated by tetra-
nitromethane at pH 8.5%7

A partial purification has been reported %% for a soluble cytochrome
from pig kidney with spectral properties similar to those of microsomal
cytochrome b;. The amino-acid sequence of calf liver microsomal cyto-
chrome b; has been corrected *¢® and that of the rabbit liver protein has
been reported.’? It is four residues longer at the N-terminus than the calf
cytochrome but is otherwise very similar.’”® The primary structures of
human, ox, chicken, and rabbit cytochrome b; have also been determined
by other workers.’”* A few differences remain between the ox and calf
sequences, even after the correction *%° to the calf sequence is allowed
for 57

Bacterial cytochromes have been the subject of a recent review.’?2
Cytochrome c;;, has been purified from Spirillum itersonii®"® and two
c-type cytochromes have been isolated from Rhodospirillum molis-
chianum.®* One is of the c,-type present in most photosynthetic bacteria
and contains 122 residues, whereas the other is only 93 residues long.
Both have the N-terminal sequence Ala-Asp-Ala-Pro-Pro- and peptide
maps suggest they are structurally related.>”* Cytochrome c¢; from Desul-
phovibrio desulphuricans has been characterised in terms of amino-acid
composition and shown to contain three haem groups in each protein
molecule.’?®

G. Non-haem Electron Transport Proteins.—Details have now been pub-
lished of the determination of the amino-acid sequence of Chromatium
ferredoxin.?’® The protein shows homology with the ferredoxins of non-
photosynthetic bacteria. Similarly, the determination of the amino-acid
sequence of taro ferredoxin (from Colocasia esculenta) allows a comparison

565 . Stellwagen and E. B. McGowan, Biochemistry, 1970, 9, 3765.

586 FE. B. McGowan and E. Stellwagen, Biochemistry, 1970, 9, 3047.
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572 M. D. Kamen and T. Horio, Ann. Rev. Biochem., 1970, 39, 673.

53 G, D. Clark-Walker and J. Lascelles, Arch. Biochem. Biophys., 1970, 136, 153.
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1984.
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to be made with other plant-type ferredoxins.?”” The sequences are closely
related: in particular, the sequence

- Leu-Pro-Tyr-Ser-Cys—Arg—A]a—Gly-iel;-Cys-Ser- Ser-Cys-Ala-Gly-Lys-

is a highly conserved region near the middle of the molecule (residues
35—50).57

The amino-acid sequence of ox adrenodoxin, another iron-binding
protein in an electron transport chain concerned with steroid hydroxyl-
ation, has almost been completed.’”® The single chain of 118 residues
contains five cysteines, most of which are involved in binding iron. No
homology is observed with the bacterial and plant ferredoxins, nor with
mammalian haem proteins. The five cysteine residues occur in the
sequences:

-Cys-Glu-Gly-Thr-Leu-Ala-Cys-Ser-Thr-Cys- and -Cys-Glu-Ile-Cys-

46 55 95 98
The sequence -Cys-X-Y-Cys- is present in many of the non-haem iron
proteins for which sequences are available, suggesting that it may commonly
be involved in binding the iron.>"

Two blue copper proteins, each containing one copper atom per mole-
cule, have been described. One, a plastocyanin from Phaseolus vulgaris,
has a mol. wt. of 10 700 and the N-terminal sequence Leu-Glx-Val-Leu.57%
The other, umecyanin, from the horseradish root, has a mol. wt. of
14 600.57%

H. Studies on Quaternary Structure.—The quaternary structures of many
proteins have recently been reviewed.’®® Some newer ones have been
mentioned elsewhere in this Report: others are listed in Table 2.

Table 2 Quaternary structure of some individual enzymes

Enzyme Source Molecular No. of
weight subunits
Adenosine

triphosphatase® ? Ox heart mitochondria 280 000 6
Strep. faecalis 385 000 12
Alcohol dehydrogenase® Drosophila 60 000 8
Aldehyde dehydrogenase?  Yeast 200 000 4
a-Amylase? B. subtilis 48 000 2
Asparaginase’ E. coli 133 000 4
Aspartate Pseud. dacunhae 800 000 16
B-decarboxylase?: or 675 000 12
Alicaligenes faecalis 675 000 12

577 K. K. Rao and H. Matsubura, Biochem. Biophys. Res. Comm., 1970, 38,500.

578 M. Tanaka, M. Haniu, and K. T. Yasunobu, Biochem. Biophys. Res. Comm., 1970,
39, 1182.

57 (a) P. R. Milne and J. R. E. Wells, J. Biol. Chem., 1970, 245, 1566. (b) K.-G. Paul
and T. Stigbrand, Biochim. Biophys. Acta, 1970, 221, 255.

580 I M. Klotz, N. R. Langerman, and D. W. Darnell, Ann. Rev. Biochem., 1970, 39, 25.
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Table 2 (cont.)
Enzyme Source Molecular No. of
weight subnits
Pyruvate decarboxylase?? E. coli 180 000 2
Pyruvate kinase™ Yeast 168 000 4
Rhodanese® Ox liver 37 000 2
D-Serine dehydratase?t E, coli 45 500 1
Succinyl-CoA synthetase** E. coli 146 000 4
Tamm-Horsfall Human urine 23 x 108 230
glycoprotein®®
Thiolase®¥® Pig heart 170 000 4
Tyrosine Rat liver 120 000 4
aminotransferase®®
tRNA synthetase
GlycylvY E. coli 226 000 4(0,B5)
Isoleucyl® ¢3¢ E. coli 114 000 1
Leucyl®?? E. coli 105 000 1
Phenyl°ec® E. coli 180 000 4
Seryl4dd E. coli 100 000 2
Valyl* E, coli 110 000 1
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Biol. Chem., 1970, 245, 5484. ** E. J. Massaro, Science, 1970, 167, 994; R. K. Selander
and S. Y. Yang, ibid., 1970, 169, 179. # C. Jacq and F. Lederer, European J. Biochem.,
1970, 12, 154. % F. J. Castellino, W. W. Fish, and K. G. Mann, J. Biol. Chem., 1970,
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Biophys. Acta, 1970, 207, 144. # W. Dowhan, jun., and E. E. Snell, J. Biol. Chem., 1970,
245, 4618. “* C. Leitzmann, J.-Y. Wu, and P. D. Boyer, Biochemistry, 1970, 9, 2338,
v F, K. Stevenson and P. W. Kent, Biochem. J., 1970, 116, 791. ** U, Gehring and J. I.
Harris, EuropeanJ. Biochem., 1970, 16, 487. “* F. Auricchio, F. Valeriote, G. Tomkins, and
W. D. Riley, Biochim. Biophys. Acta, 1970, 221, 307. ¥¥ D. L. Ostrem and P. Berg, Proc.
Nat. Acad. Sci. U.S.A., 1970, 67, 1967. # F. Berthelot and M. Yaniv, European J. Bio-
chem., 1970, 16, 123. * D. J. Arndt and P. Berg, J. Biol. Chem., 1970, 245, 665. % P,
Rouget and F. Chapeville, EuropeanJ. Biochem., 1970, 14, 498; H. Hayashi, J. R. Knowles.
J. R. Katze, J. Lapointe, and D. Soll, J. Biol. Chem., 1970, 245, 1401. ¢c M. H. J. E.
Kosakowski and A. Bock, European J. Biockem., 1970, 12, 67. %% ], R. Katze and W.
Konigsberg, J. Biol. Chem., 1970, 245, 923.

6 Immunoglobulins

Rational proposals for ending the confusion in immunoglobulin nomen-
clature have been made.*® The whole subject is moving so rapidly that
there is always room for good reviews %82 since different authors emphasise
different aspects. Details have now been given 5% of the determination of
the complete amino-acid sequence of the myeloma IgG protein, Eu,
mentioned in last year’s Report. A warning has been given that a single
molecular species of IgG synthesised by a mouse plasma cell tumour
rapidly becomes heterogeneous after synthesis 3¢ and a human pathological
IgG (Po) was found %®® to fragment during purification into components
that resembled the Fab and Fc pieces derived from IgG by papain digestion.

A. Light Chains.—The N-terminal sequences of the heavy and light chains
of immunoglobulins from three lower vertebrates, viz. marine toad (Bufo
marinus), the paddlefish (Polyodon spathula), and the gar (Lepisosteus
osseus), have been examined and shown % to be homologous with those
of other species. Similarly, the C-terminal sequence of ox light chains,
-Thr-Val-Lys-Pro-Ser-Glu-Cys-Ser,*® is closely comparable with that of
A-chains from other animals. The N-terminal sequences of pig A-chains,

581 (g) D. S. Rowe, Nature, 1970, 228, 509. (b) Bulletin W.H.0., 1969, 41, 975.

532 (q) C. Milstein and J. R. L. Pink, Prog. Biophys. Mol. Biol., 1970, 21, 211. (b) T. T.
Wu and E. A, Kabat, J. Exp. Med., 1970, 132, 211; H. Metzger Ann. Rev. Biochem.,
1970, 39, 889.

583 P, D. Gottlieb, B. A. Cunningham, U. Rutishauser, and G. M. Edelman, Biochemistry,
1970, 9, 3155; W. E. Gall and G. M. Edelman, ibid., p. 3188.

s8¢ 7, L. Awdeh, A. R. Williamson, and B. A. Askonas, Biochem. J., 1970, 116, 241.

885 . J. Brackenridge, Internat. J. Protein. Res., 1970, 2, 265,

586 R. T. Acton, P. F. Wienheimer, M. Wolcott, E. E. Evans, and J. C. Bennett, Nature,
1970, 228, 991.
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although they carry species-specific residues, are clearly homologous with
the corresponding region of human A-chains:%88 the same is true of pig and
human «-chains.’®® The constant region of pig x-chains, as one would
expect, also shows homology with the constant region of human «-chains.®%°
There is evidence 5°! that the amino-acid sequence differences between the
b4 and bS5 allotypes of rabbit light chains are more extensive than those
near the C-terminus reported last year. It will, of course, be interesting to
discover whether such differences can occur in the variable regions.

Several human Bence Jones proteins have been examined and assigned
to variable region sub-groups.®®2¢* The sequence of a x-type Bence Jones
protein (Hau) belonging to sub-group 1 has been described 5%?* and
sequences have been reported for the human myeloma A-chains Ha,3®3
Bo,5% and Sh.5*® Another example of genetic polymorphism, comparable
with Oz, has been reported 5 for the constant region of human A-chains,
involving a Ser/Gly interchange at position 154, The N-terminal sequences
of 20 x-chains from BALB/c mouse myelomas have been examined in the
sequenator and arranged in nine sub-groups (Figure 13).5®” These sub-
groups are felt to be sufficiently distinct to merit the postulation of a
separate germ line gene for each sub-group.®®”

The N-terminal sequence of the amyloid protein from the liver of a
patient suffering from amyloidosis has been shown to be Asp-lle-Gln-Met-
Thr-Gln-Ser-, which is sufficient to identify it as being related to the
N-terminal region of x-chains.’®® Since the mol. wt. of the protein is only
7500 it must be restricted entirely to the variable region of the light chain,
but whether all amyloid proteins derive from light chains remains to be
proved.

It is also interesting that in an examination of the attachment of carbo-
hydrate to the variable region of human myeloma light chains, it became
clear ®® that the carbohydrate was always attached to an asparagine
residue in the sequence -Asn-X-Ser- or -Asn-X-Thr-, suggesting that this
particular tripeptide sequence is recognised by the transglycosylase cata-
lysing the attachment. The same conclusion has been reached by the

58 (g) F. Fransk and F. Sorm, Biochim. Biophys. Acta, 1970, 221, 593; (b) F. Frandk,
F.E.B.S. Letters, 1970, 8, 269.
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Watanabe and N. Hilschmann, Z. physiol. Chem., 1970, 351, 1291.

53 T, Shinoda, K. Titani, and F. W. Putnam, J. Biol. Chem., 1970, 245, 4475.

594 M. Wikler and F. W. Putnam, J. Biol. Chem., 1970, 245, 4488.

5% K, Titani, M. Wikler, T. Shinoda, and F. W. Putnam, J. Biol. Chem., 1970, 245, 2171.

5% M. Hess and N. Hilschmann, Z. physiol. Chem., 1970, 351, 67.

57 1. E.Hood, M, Potter, and D. J. McKean, Science, 1970, 170, 1207.

58 G, G. Glenner, J. Harbaugh, J. I. Ohms, M. Harada, and P. Cuatrecasas, Biochem.
Biophys. Res. Comm., 1970, 41, 1287,

s H, C. Sox, jun., and L. Hood, Proc. Nat. Acad. Sci. U.S.A., 1970, 66, 975.

5



=SAD)-
|m~non
-w%U:
|w~mU..
|m%U|
|m%o|
-mhou

Amino-acids, Peptides, and Proteins

-8£D-(198)- oII-(

-w%mv-
|w>ol
lw8l
|w~AU|
-w@-
|w%Ul
|w\m0|

lel
|w6|

© x4

18- 9[I-
198~ oI~
1a§- oI~
RS- I~
Ie8- °lI-
J108-NaY-
Jo8- 9fI(

10S-19N -
I0G-1PIN -
9S-I

G- 9[I-
18- 9[I-
188- o[-
4L- el

oI~
qL- o

|0ﬁHl
qy-nag-
(44

(L6S fod) sdnoi8-qns uO1824 ]qQULIDA OJUl SUIDYI-H asHOW [0 JdwWaSup.Liy ¢ S

-[eA-( )-nD-A[D- 398~
I -RA-SAT-0[D-A1D- 9[I-
Iy -TeA-SAT-nID-A1D- 9[-
I L-TeA-SAT-N[D-A1D- 9[I-
IY-[eA-SAT-SAT- I0S-B[ V-
JYL-[BA-SAT-SAT- I9S-BV-
I9G-B[Y-014-N[D-A[D~ 9[]-

)-e[v-01d-n[D-A[D- 9[I-

IYL-TBA-SLT-N[D-A[D-BIV-
IYL-[BA-SAT-N[D-A[D-B[V-
NITeA-( )-XID-A[D-elV-
Iy L-e[Y-81y-U[D-A[D-No -
Iy 1 -B[V-81V-U[D-A[D-NT-
1Y L-BY-3IV-UlD-A[D-N9T-
YT -TBA-TYL-ND-A[D- [eA-
g1-reA-( )-X1D-A1D-[eA-
Y] -1BA-BIV-N]D-A[D-[eA-
Iy1-reA~( )-dsy-£1D-n97]-
Hom-_w\/-wu{?s:u-bwnﬂvﬂu

oud
g
noT 1L, no7 U
nog nog 198 U[D 14,
198 01g P [BA
IS
ey

YL~ [BA-03d-dSY-19§-NIT-N[D-XSY-U[D-TYL- I|I- [EA-
19§- B[V-U[D-1ON - 19§- 19§-01d- J9S-U[D-TY [-JOIN - [EA-

nH
9L
dsy

o[I-dsy
o[[-dsy

BIV-10]A - 19§-19- 19§-B[V-01d- 19§-U[D-IY L [EA-TYL-YYL-D[D
eIV~ 10§-NOT- 10§-¥[Y-01d- IS-U[O-14 L~ [EA-TYL-TYL- 0[O

IqL- [EA-B[V-NT-3YJ-1Y L-0Id- I3S-U[D-IY L-IoN - [BA-
T4 1- TeA-B[V-No-94d-T4]-01d- I8S-U[D-IGL-13]N - [BA-

afp-dsy
a[I-dsy

IYY- [BA- 19§~ N T-IY L-No-0Ig-TY ] -U[D-FL L1 - [EA-TEA-dSY
IYL- [BA- 19S- MO T-IY LN -01d-IY L-U[D-IYL-10IN - [BA-[EA-dSY
(188)-B1V-0[D-dsV-£1D-09T-(108)- [BA-01d-n0T-( )-NIT-0I1J-I 1 -U[D-TYL-1ON-NIT- [eA-dSY
(198)-BIY-X[D-(  )-A[D-NT-(198)- [EA- B[V~ N3]~ 19G-N[-OI -1 L-U[D-TYL-IPN- [EA-TEA-TD
)-RIV-n[D-dSY-A[D-No~(198)~ [EA- 01J- N9~ 10§-NOT-0Ig-IY L-U[D-TYL-ION-NST-[BA-dsY

I9G- [BA- 10§-N9T- 0§~ 10§-01d - 39S-U[O-I1Y ] -19N - [BA-
190G~ [BA- 19§-No]- 190G~ 19§-01d~ I9G-U[D~IY L-19A - [EA-
J0G- [eA- 19S-NOT- I9G- 10G-01d~ J9S-X[D-IY -1 - [EA-
198- [BA-BIY-NYT- J0G-B[Y-01d- I0G-U[D-IJ [ -NoT- [BA~
19S- [BA-B[V-NYT- JOS-BIV-01d - I3S-U[D-IY ] -NT-[BA-
109G~ [EA-BIV-N97]- 195-B[VY-01d- I0S-UD-IY ] -NoT- [BA-
19G- B]Y- 19S- N T-IA 1 ~dSY-01d- I9S-U[D-IY -1 N-U[D-
3G~ [BA- 19§-NOT-~ J19G-B[Y-01d- 19§-U[D-IY L -\ -UD-
IoG- B[V - 19§-N3T~ 109G~ B[V -01d~- J9S-U[DH-IY ] -} -U[D)-
19S- B[V~ 198- 09T~ 39S~ J3S-IY L-IY L -U[D-IYL-IPN-X[D-
I9G- B[V~ J9S- 09T~ J0G- 19§-01J- I3S-U[D-IY L-IoN-U|D-

IT 0T 6I 8I LI 91 ST ¥I €I 2¢ 11 O 6 8 L 9 & ¥+ ¢

9[-dsy
ofI-dsy
o[f-dsy
o[f-dsy
o[1-dsy
o[j-dsy
o[I-dsy
o[I-dsy
o[I-dsy
Jf-dsy
o[I-dsy
T 1

431
A81
D3]

rq

L91
1-0d1
§9T
€LL
St
8
L9
£v8
LE
Ly
L9V
1413
0L8
£09
€9
12¢
oL
6v1
€C
o1¢
€LT
{44

ssppy oA g

[ood

NH” A
IIIA A

IIAY A
IAY A
A A
ALY A

I A

I~ A

TN
dno.3qng



Structural Investigation of Peptides and Proteins 117

Editors of the ‘Atlas’ #° from general analysis of published glycoprotein
structures. They also point out that this sequence would have to be absent
in other proteins if carbohydrate attachment is to be avoided in the presence
of the enzyme.

B. Heavy Chains.—A study of a mouse myeloma protein (IgG2a, MOPC
173) is in progress ®! and a partial sequence of the variable region of the
heavy chain has been reported.®®? The amino-acid sequences of the Fd
fragments of two human y1 heavy chains (Daw and Cor) have been estab-
lished and compared (Figure 14).%°® These results show clearly that the

Daw  Glp-Val -Thr -Leu -Arg -Glu -Ser -Gly -Pro -Ala -Leu-Val -Arg-Pro -
Cor Glp -Val -Thr -Leu -Arg -Glu -Ser -Gly -Pro -Ala -Leu-Val -Lys -Pro -
1 10

Daw  Thr -Gln -Thr -Leu -Thr -Leu -Thr -Cys -Thr -Phe -Ser -Gly -Phe -Ser -
Cor Thr -Gln -Thr -Leu -Thr -Leu -Thr -Cys -Thr -Phe -Ser -Gly -Phe -Ser -
20

Daw  Leu-Ser -Gly -Glu-Thr -Met-Cys-Val -Ala -Trp -Ile -Arg-Gin -Pro -
Cor Leu-Ser -Ser -Thr -Gly -Met-Cys-Val -Gly -Trp -Ile -Arg-Gin -Pro -
30 40

Daw  Pro-Gly -Glu-Ala -Leu-Glu -Trp -Leu-Ala -Trp-Asp-Ile -Leu-Asn-
Cor Pro -Gly -Lys -Gly -Leu -Glu -Trp -Leu -Ala -Arg-Ile -Asp-Trp-Asp-
50

Daw  Asp-Asp-Lys -Tyr -Tyr -Gly -Ala -Ser -Leu-Glu -Thr -Arg-Leu-Ala -
Cor Asp -Asp -Lys -Tyr -Tyr -Asx-Thr -Ser -Leu-Glu -Thr -Arg-Leu-Thr -
I
carbohydrate
60 70

Daw  Val -Ser -Lys -Asp-Thr -Ser -Lys -Asn -GlIn -Val -Val -Leu-Ser -Met-
Cor Ile -Ser -Lys -Asp-Thr -Ser -Arg-Asn-Gln -Val -Val -Leu-Thr -Met-

80
Daw  Asn-Thr-Val -Gly -Pro -Gly -Asp -Thr -Ala -Thr -Tyr -Tyr -Cys -Ala -
Cor Asp-Pro -Val——————————Asp-Thr -Ala -Thr -Tyr -Tyr -Cys -Ala -
90
Daw  Arg-Ser -Cys-Gly-Ser -Gln: Tyr -Phe -Asp-Tyr -
Cor Arg-lle -Thr-Val-Ile -Pro-Ala-Pro-Ala-Gly -Tyr -Met-Asp-Val -
100

Daw  Trp-Gly -GIn-Gly -Ile -Leu g i . ; ) i} R )
Cor Trp -Gly -Arg-Gly -Thr-Pro -Val -Thr-Val -Ser -Ser -Ala -Ser -Thr

110 115 120

600 | T, Hunt and M. O. Dayhoff, Biochem. Biophys. Res. Comm., 1970, 39, 757.
601 A Bourgois and M. Fougereau, European J. Biochem., 1970, 12, 558.

sz A Bourgois and M. Fougereau, F.E.B.S. Letters, 1970, 8, 265.

603 E, M. Press and N. M. Hogg, Biochem. J., 1970, 117, 641.
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g?):v Lys -Gly -Pro -Ser -Val -Phe-Pro -Leu-Ala -Pro -Ser -Ser -Lys -Ser -
130
g::v Thr -Ser -Gly-Gly-Thr-Ala -Ala -Leu-Gly -Cys-Leu-Val -Lys-Asp -
140 150
Daw vV 1 1
Cor Tyr -Phe -Pro -Glu-Pro -Val -Thr-Val -Ser -Trp-Asn-Ser -Gly-Ala -
160
gg:v Leu-Thr -Ser -Gly-Val -His -Thr -Phe -Pro -Ala -Val -Leu-Gln-Ser -
170
Daw et _Gly-Leu-T: Ser -Ser -Val -Val -Thr-Val -P
Cor er -Gly -Leu-Tyr -Ser -Leu-Ser -Ser -Val -Val -Thr-Val -Pro -Ser -
180 190
g::v Ser -Leu-Gly -Thr-GIn-Thr-Tyr -Ile -Cys-Asn-Val -Asn-His -(Lys-
200
Daw .
Cor Pro -Ser)-Asn-Thr-Lys -Val -Asp-Lys -Lys -Val -Glu-Pro -Lys -Ser -
210 220
Daw Cys-Asp-Lys -Thr -His
Cor

225

Figure 14 Amino-acid sequences of the Fd regions of two human 7yl heavy chains
(Daw and Cor) (ref. 603). The numbering used is that of the protein Daw

variable region is similar in length to that of a light chain (ca. 115 residues)
and the existence of heavy chain variable region sub-groups is deduced 8%
by comparison of these sequences with partial sequences published for
other y-chains. Moreover, these sub-groups are found associated with the
constant regions of - and u-chains, as well as those of y-chains, of various
sub-classes.®2-804 This is in striking contrast with the variable region
sub-groups of light chains, where x-chain variable regions are never found
associated with A-chain constant regions, nor vice-versa. In this connexion
it may be relevant that the genes that code for x- and A-chains are not
closely linked (at least in the rabbit) whereas those that code for the heavy
chain sub-classes are. However, there appears so far to be no restriction
on the combination of light and heavy chain variable region sub-groups in
antibody molecules, 8044, 8042, 605
804 (g) H. Kohler, A. Shimizu, C. Paul, V. Moore, and F. W, Putnam, Nature, 1970, 227,
1318. (b) A. C. Wang, J. R. L. Pink, H. H. Fudenberg, and J. Ohms, Proc. Nat.
Acad. Sci. U.S.A., 1970, 66, 657. (c) H. Ponstingl, J. Schwarz, W. Reichel, and N.
Hilschmann, Z. physiol. Chem., 1970, 351, 1591; S. E. Pitcher and W. Konigsberg,

J. Biol. Chem., 1970, 245, 1267.
605 H. Kohler, A. Shimazu, C. Paul, and F. W. Putnam, Science, 1970, 169, 56.
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The partial sequence of the constant region of a human y4-chain has
been reported and shown to be very similar to the yl-chain and rabbit Fc
region, indicating the recent evolutionary origin of the y-chain sub-
classes.®® The al- and «2-chains of IgAl and IgA2 appear to differ in
size %07 and the mol. wts. of the heavy and light chains of Waldenstrom
macroglobulins are consistent ®°® with the view that IgM contains five
sub-units, each of which contains two heavy and two light chains. A
similar pentameric structure is entertained for sting ray immunoglo-
bulins #® which supports the idea that only antibodies of the IgM class
occur in primitive vertebrates. A study of the cleavage of human p-chains
with cyanogen bromide has been described ¢1° and the N-terminal sequences
of some horse and human y-chains have been reported.®*

The site of carbohydrate attachment in the light and heavy chains of
several human I1gG1 myeloma proteins has been investigated.®!?

C. Disulphide Bridges.—A study has been made %2 of the selective reduc-
tion of disulphide bonds in human IgGM with 2-mercaptopyridine; the
heavy and light chains of IgGA2 can be separated as stable disulphide-
bridged dimers (H—H and L—L) without reduction since the molecules
lack disulphide bridges between heavy and light chains.®® An unusual
component, J, which appears to function by linking the monomeric units
that comprise the IgA dimer, has been described.®* It is synthesised in
the same plasma cell as the heavy and light chains, has a mol. wt. of
approximately 23 000 and is linked by disulphide bridges to the a-chain.

It has now been proved ¢ that the disulphide bridge at the C-terminus of
the p-chains of IgM is an intra sub-unit bridge and does not link sub-units
together. That linkage is a disulphide bridge between cysteine residues
in the heavy chain but in the sequence:%16

-Ser-Ala-Val-Gly-Glu-Ala-Ser-1le-Cys-Glu-Asp-Asn-Asn-Trp-

The inter-chain disulphide bridges of mouse IgG1 have been examined, 7
and the inter-chain bonds of human and mouse IgG have been discussed in
detail.®® Mouse and human IgG1 are so far unique in having the linkage

60 J R. L. Pink, S. H. Buttery, G. M. de Vries, and C. Milstein, Biochem. J., 1970, 117,
33.

607 K J. Dorrington and J. H. Rockey, Biochim. Biophys. Acta, 1970, 200, 584.

608 P, Johnson and J. N. Miller, Biochim. Biophys. Acta, 1970, 207, 297.

899§ J, Marchalonis and S. A. Schonfield, Biochim. Biophys. Acta, 1970, 221, 604.

610 E_Razafimahaleo and R. Bourrillon, Biochim. Biophys. Acta, 1970, 200, 89.

s11 P C. Montgomery, A. C. Bello, and J. H. Rockey, Biochim. Biophys. Acta, 1970, 200,
258.

612 H, L. Spiegelberg, C. A. Abel, B. G. Fishkin, and H. M. Grey, Biochemistry, 1970,
9, 4217.

813 F, Dolder, Biochim. Biophys. Acta, 1970, 207, 286.

514 M. S. Halpern and M. E. Koshland, Nature, 1970, 228, 1276.

615 D, Beale and A. Feinstein, F.E.B.S. Letters, 1970, 7, 175.

616§ 1. Miekka and H. F. Deutsch, J. Biol. Chem., 1970, 245, 5534,

817 J_ Svasti and C. Milstein, Nature, 1970, 228, 932.

818 C, de Préval, J. R. L. Pink, and C. Milstein, Nature, 1970, 228, 930.
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between light and heavy chains only a few residues away from the hinge
region: in all other sub-classes of human and mouse IgG the linkage is more
than 90 residues nearer the N-terminus of the heavy chain. The rare human
IgD has only one disulphide bridge between the two heavy (8-) chains, which
is unique for human immunoglobulins.5!® ¢2¢ The light chain is linked to the
d-chain through a disulphide bridge which shows marked homology with
other immunoglobulin molecules,®?° as shown in the following sequences
for this region of heavy chains:

Human y2, 3, and y4 -Pro-Leu-Ala-Pro-Cys-Ser- Arg-

Human IgD -Pro-Ile- Ile- Ser-Gly-Cys-Arg-
Mouse y2b -Pro-Leu-Ala-Pro-Gly-Cys-Gly-
Rabbit -Pro-Leu-Ala-Pro-Cys-Cys-Gly-

The single inter-heavy chain bridge is in the sequence:%%°
-Thr-Pro-Glu-Cys-Pro-Ser-His-Thr-Gln-Pro-Leu-Gly-Val-

|
-Thr-Pro-Glu-Cys-Pro-Ser-His-Thr-Gln-Pro-Leu-Gly-Val-

The complete disulphide bridge arrangement in the rabbit IgG molecule
has now been worked out (Figure 15).%2! As with human IgD, a single disul-
phide bridge links the heavy chains. The sequences around the inter-chain
bridges are as follows:%2!

(Light chain)
-Asn-Arg-Gly-Asp-Cys
(Heavy chain) |
-Pro-Leu-Ala-Pro -Cys-Cys-Gly-Asp-Thr-Pro-Ser-Ser-Thr——
130 1 140

——Thr-Val-Ala-Pro-Ser-Thr-Cys-Ser-Lys-Pro-

Met-Cys-Pro-Pro-Pro-Glu-Leu—
215 |

Thr
Heavy chain

The pattern of four intrachain disulphide loops of approximately 60
residues each appears to be common to most y-chains. However, variations
on this basic theme are permitted. For example, an additional intrachain
disulphide bridge is found in the N-terminal half of rabbit y-chains ¢2* (Figure
15) and in the variable region of the human y1-chain Daw.%® 1t is interest-
ing that in the human y1-chain Cor one-half of this disulphide bridge
remains (Cys-35), whereas the other half (Cys-101) is replaced by threonine
(Figure 14).803

D. Antibody Binding Sites.—Further evidence that antibody specificity
resides in the variable regions of the light and heavy chains has been pro-
vided by showing %22 that there are differences in amino-acid composition

619 H, L. Spiegelberg, J. W. Prahl, and H. M. Grey, Biochemistry, 1970, 9, 2115.
620 M. B. Perry and C. Milstein, Nature, 1970, 228, 934.

621 ], J. O’Donnell, B. Frangione, and R. R. Porter, Biochem. J., 1970, 116, 261.
622 M. E. Koshland, P. Ochoa, and N. J. Fujita, Biochemistry, 1970, 9, 1880.
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between antibodies raised against the very similar haptens p-azophenyl
arsonate and p-azophenyl phosphonate. Some preliminary sequence
studies of horse antihapten antibodies have been reported #2 and several
hopeful steps have been taken in the direction of chemically homogeneous
antibodies. Thus, the N-terminal sequence of light chains from a rabbit
antibody against p-azobenzenearsonate shows much less heterogeneity
than is found with pooled normal light chains %** and electrophoretically
homogeneous anti-Dnp antibodies have been elicited in mice by using as

¥
S
S—S é S—S S—S S—S
I A I P I I
22 97 133] 146 201 262 322 368 426
134
S—S T
—S—S S
1]
Ls—s—[ 7 ‘—s—s—‘ 7—s—s-J (—s—s—J

L = Light chain

Figure 15 The inter- and intra-chain disulphide bridges in the heavy chain of
rabbit IgG (ref. 621). The numbering used is that of the human protein Daw
(ref. 603) and ignores deletions postulated in the rabbit chain in order to maximise
the homology (ref. 621)

immunogen papain which has been reacted at Cys-25 with N*-iodoacetyl-

¢.2,4-dinitrophenyl-L-lysine.’?®* A structurally homogeneous antibody
from rabbit anti-pneumococcal antisera has also been reported.®?® The
N-terminal sequence of the light chain was found to be Asp-Val-Val-Met-
Thr-Glx-Thr-Pro-Ala-Thr-Val-.

Affinity labelling of a mouse IgA myeloma protein (MOPC 315) with
anti-Dnp activity is yielding interesting results, again with the advantage
that one is dealing with a chemically homogeneous protein. If the bromo-
acetyl derivative of the hapten Dnp-ethylene diamine is used to label the
‘antibody’, exclusive reaction with tyrosine residues in the light chains is
observed.®?” If, however, the bromoacetyl derivative of N*-Dnp-lysine is
used, the labelling of lysine residues exclusively in the heavy chain is noted,
suggesting that the heavy and light chains both contribute to the antibody

623 J H. Rockey, P. C. Montgomery, and K. J. Dorrington, Biochemistry, 1970, 9, 4310.

824 K J. Fraser and P. Edman, F.E.B.S. Letters, 1970, 7, 99.

625 G, N. Trump and S. J. Singer, Proc. Nat. Acad. Sci. U.S.A., 1970, 66, 411.

826 ¥ .C, Jaton, M. D. Waterfiecld, M. N. Margolies, and E. Haber, Proc. Nat. Acad. Sci.
U.S.A., 1970, 66, 959.

627 J Haimovich, D. Givol, and H. N. Eisen, Proc. Nat. Acad. Sci. U.S.A., 1970, 67, 1656.
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binding site.%?” Moreover, affinity labelling of the same mouse myeloma
protein with m-nitrobenzenediazonium fluoroborate gives unique reaction
with a tyrosine in the light chain in the sequence:%%®

-Ser-Asn-Thr-Gly-Ala-Val-Thr-Thr-Ser-Asp-TYR-(Ala, Ser)-Trp-Ile-Glu-Glu-

Pro-Asp-Lys-His-Leu-Phe-Thr-Gly-Leu-Ile-Gly-Gly-Thr-Ser-Asn-Arg-
Comparison with other mouse light chain sequences suggests 2% that this
is a A-chain (albeit a slightly unusual one) and that the reactive tyrosine
residue is at position 34, There is also reason to hope that X-ray crystal-
lographic analysis of Bence Jones proteins will be possible,®2?

E. Some Implications for Biosynthesis.—A detailed account of current
theories of antibody biosynthesis is beyond the scope of this Report and
the reader is referred to recent reviews.*®® However, a few separate points
do, perhaps, merit abbreviated consideration here. For example, there seems
to be general accord that the variable and constant regions of immuno-
globulin polypeptide chains require separate genes to code for them
(‘two genes — one polypeptide chain’) and that these genes are integrated
by some form of somatic translocation. Studies of the heavy chain disease
proteins Zu % and Hi %% show that they contain internal deletions of
different size that overlap the junction of constant and variable regions,
making it almost certain, therefore, that fusion of the genetic information
for V- and C-regions occurs at the level of DNA. Further, in the heavy
chains of rabbit 1gG, the a allotypic specificity (correlating with sequence
changes in the N-terminal region) is inherited from the same parent as the
A1l or A12 allotypic specificity (correlating with sequence changes in the
constant region), suggesting that the genes for the variable and constant
regions must be on the same chromosome of one parent.%3!

However, while there is also general agreement that there must be at
least one gene for each variable region sub-group, there are differences of
opinion as to exactly how many there are. Some °*2 favour a germ-line
theory, with a separate gene for each variable region, involving gene
duplication on a massive scale.®3® Others %% feel that a limited number of
genes is more likely, with further variability introduced by some mechanism
of somatic mutation. In support of this latter view, it seems likely that
allotypic (allelic) variations occur in the variable region of rabbit heavy

628 E_J. Goetzel and H. Metzger, Biochemistry, 1970, 9, 3862.

52 (q) W. H. Palm, F.E.B.S. Letters, 1970, 10, 46. (b) A. Solomon, C. L. McLaughlin,
C. H. Wei, and J. R. Einstein, J. Biol. Chem., 1970, 245, 5289.

630 (g) B. Frangione and C. Milstein, Nature, 1969, 224, 597. (b) W. D. Terry and J.
Ohms, Proc. Nat. Acad. Sci. U.S.A4., 1970, 66, 558.

631 T, J. Kindt, W. J. Mandy, and C. W. Todd, Biochemistry, 1970, 9, 2028.

832 1, Hood and D. W. Talmage, Science, 1970, 168, 325.

%3 1. Hood, K. Eichmann, H. Lackland, R. M. Krause, and J. J. Ohms, Nature, 1970,
228, 1040.

%34 (@) J. A. Gally and G. M. Edelman, Nature, 1970, 227, 341. (b) M. G. Weigert, I. M.
Cesari, S. J. Yonkovich, and M. Cohn, Nature, 1970, 228, 1045. (¢) G. M. Edelman,
Biochemistry, 1970, 9, 3197.
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chains % and mouse light chains.®?® Since allotypic markers segregate in
classical Mendelian fashion, this is difficult to reconcile with a germ-line
theory that requires a large number of variable region genes. ‘Who shall
decide, when doctors disagree?”” asked Pope. More experiments and lapse
of time would seem to be the answer.

7 Membrane Proteins

¢, . . brevity can never. . . do justice to all the facts of a complex situation.
On such a theme one can be brief only by omission and simplification,’®3?
Some recent advances in protein chemical technique, e.g. SDS-gel electro-
phoresis and gel-filtration in denaturing solvents, are now enabling mem-
brane proteins to be more easily separated and characterised. It is this
aspect only, the character of proteins in membranes, rather than any dis-
cussion of their various roles, that falls within the scope of this chapter.

Membranes of various sorts are under study: erythrocyte membranes
(presumably because of ease of isolation and purification), membranes of
mitochondria and chloroplasts, endoplasmic and sarcoplasmic reticulum,
and bacterial membranes. In summary of previous work on the charac-
terisation of membrane proteins, suffice it to say that in 1961 Green and his
co-workers %38 postulated that mitochondrial membranes contained a simple
homogeneous structural protein which accounted for 309, of the total
mitochondrial protein, and that much of the literature in this field since
then has been concerned with the search for, and denial of, ‘structural
proteins’. The case for structural proteins has been reviewed.®® ¢4° The
case against is expressed in most of the papers cited in the remainder of
this section: evidence is accumulating that there is no membrane com-
ponent with the simple character ascribed to ‘structural protein’. The
properties and function of proteins in excitable membranes have been
reviewed.®4! Myelin Al protein has been mentioned earlier (Section 4).

Broadly speaking, there are two approaches to the study of membrane
proteins and there is value in both. In the first, the whole mixture of
solubilised proteins is fractionated for further study of the various com-
ponents: in the second, a specific component of the membrane is labelled
with a specific ‘active-site-directed’ reagent which then provides a ‘handle’
for further purification of this particular protein. A comparable method
allows proteins on the ‘outside’ of membranes to be selectively labelled and
identified.

835 J, M. Wilkinson, Biochem. J., 1969, 112, 173.

836 G, M. Edelman and P. D. Gottlieb, Proc. Nat. Acad. Sci. U.S.A., 1970, 67,
1192.

637 A, Huxley, foreword to ‘Brave New World Revisited,” Harpers, New York,
1958.

638 D, E, Green, H. D. Tisdale, R. S. Criddle, P. Y. Chen, and R. M. Bock, Biochem.
Biophys. Res. Comm., 1961, 5, 109.

639 R, S, Criddle, Ann. Rev. Plant Physiol., 1969, 20, 239.

640 1, Rothfried and A. Finkelstein, Ann. Rev. Biochem., 1968, 37, 463.

6s1 D, Nachmansohn, Science, 1970, 168, 1059.
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A. Red Blood Cell Membranes.—The heterogeneity of proteins in these
membranes is now well established.®4? 64 Differential extraction under
various conditions gave at least 12 different membrane proteins with
mol. wts. in the range 10 000—150 000.%4?*> A recent report %42 describes the
analysis by SDS-gel electrophoresis of an unfractionated membrane
preparation; this procedure, which does not involve prior removal of lipids,
ensures that no membrane protein is lost before analysis, thereby escaping
detection. Fourteen classes of protein, judged by mol. wt., were observed.
Four major protein components, together accounting for 60—65%; of the
total membrane protein, had mol. wts. of 255 000, 240 000, 108 000, and
86 000; only that of 108 000 contained substantial amounts of carbohydrate.

There have been several other reports that erythrocyte membranes contain
large proteins. Gel-filtration under strongly reducing and denaturing con-
ditions #* (see Section 2E) gave the mol. wt. of one component of human
erythrocytes as 200 000; for this size of protein it was necessary to use 4%,
agarose rather than the usual 6%. A protein (spectrin) with mol. wt.
140 000 in denaturing conditions, comprising 20% of the membrane
protein, has been isolated %% from the erythrocytes of several species; it is
interesting that this was assigned the réle of an ‘inner structural protein’.

At the other end of the size scale come the controversial ‘mini-proteins’
{mol. wt. 5000) of Dreyer and his co-workers.®*® They report that as much
as 509 of the protein is in this form in the membranes of red blood cells
and mitochondria, and in the rhodopsin-containing membranes of the
outer segments of retinal rods. No N-terminal amino-acids could be
detected (implying that the peptides are blocked or cyclic) and the
proteins were claimed to aggregate to give complexes that could not be
dissociated by any known means. [Note added in proof: Dreyer has with-
drawn his suggestion that ‘mini-proteins’ are the basic structural units of
membranes; the mini-proteins turned out to contain much phosphorus and
little amino-acid (Nature New Biol., 1971, 231, 227).]

While the fractionation of membrane proteins continues, affinity-
labelling of proteins in the intact membrane brings its rewards; the usual
fractionation procedures are applied once the label has been specifically
attached. Acetylcholinesterase in red blood cell membranes was labelled 47
with tritiated DFP, having been protected with the substrate analogue
butyryl choline while other accessible sites were reacted with non-radio-

842 (5) S. A. Rosenberg and G. Guidotti, J. Biol. Chem., 1968, 243, 1985. (b) S. A.
Rosenberg and G. Guidotti, J. Biol. Chem., 1969, 244, 5118,

843 J Lenard, Biochemistry, 1970, 9, 1129.

84 J T, Gwynne and C. Tanford, J. Biol. Chem., 1970, 245, 3269.

845 T W, Tillack, S. L. Marchesi, V. T. Marchesi, and E. Steers, jun., Biochim. Biophys.
Acta, 1970, 200, 125; S. L. Marchesi, E. Steers, V. T. Marchesi, and T. W. Tillack,
Biochemistry, 1970, 9, 50.

646 M. T. Laico, E. I. Rvoslahti, D. S. Papermaster, and W. J. Dreyer, Proc. Nat. Acad.
Sci. U.S.A4., 1970, 67, 120.

647 M. B. Bellhorn, O. O. Blumenfeld, and P. M. Gallop, Biochem. Biophys. Res. Comm.,
1970, 39, 267.
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active reagent. SDS-Gels run under normal reducing conditions showed a
radioactive peak corresponding to a mol. wt. ca. 90 000; in the absence of
2-mercaptoethanol, however, the mol. wt. was 180000, implying the
possible presence of disulphide-bridged dimers. The point is made 7 (and
this is a general one where denatured proteins are the species examined)
that there may be other components of acetylcholinesterase that do not
become labelled. Acetylcholinesterase in excitable membranes has been
reviewed.®*t The elegant technique of photo-affinity labelling with aryl
azides, successfully used in affinity labelling of antibodies %4 (see Vol. 2 of
these Reports, p. 65), has now been used to label membrane components.$4?
Using the quaternary ammonium aryl azides (6) and (7), which are analogues

+ +

1~|:Et3 ITIMC:;

CHz CHZ
NO,

Na N3

(O] Q)]

of acetylcholine, it was possible to label the acetylcholinesterase of intact
red blood cell membranes and the acetylcholine receptor at the neuro-
muscular junction of frog sartorius muscle.®® Specific labelling of the
sodium-potassium ATPase of human red blood membranes has been
accomplished ¢° with tritiated ouabain (an inhibitor of active transport),
When the membrane was solubilised the ouabain-membrane component
and the sodium-potassium ATPase appeared to be identical; the radio-
active label can thus be used to follow the purification of the ATPase.
Another popular approach is to study the distribution of proteins
between the inside and outside of the erythrocyte membrane. The
p-diazonium salt of [**S]sulphanilic acid labelled predominantly a mem-
brane protein of mol. wt. 140 000 as measured in SDS-gels;%! this was
therefore assigned to the outside of the membrane. Among the proteins
that were not labelled were two with mol. wt. around 300 000 and 270 000.
A danger in using small molecules to investigate selectively the outside of
membranes is that the membrane may not be wholly impermeable to them,
and that partial labelling of the inside will result. A very elegant method for
iodinating outer proteins has been described :%5* the enzyme lactoperoxidase

818 @G, Fleet, J. R. Knowles, and R. R. Porter, Nature, 1969, 224, 511.

842 Y Kiefer, J. Lindstrom, E. S. Lennox, and S. J. Singer, Proc. Nat. Acad. Sci. U.S.A.,
1970, 67, 1688.

850 P, B. Dunham and J. F. Hoffman, Proc. Nat. Acad. Sci. U.S.A., 1970, 66, 936.

851 H, C. Berg, Biochim. Biophys. Acta, 1969, 183, 65.

652 D, R, Phillips and M. Morrison, Biochem. Biophys. Res. Comm., 1970, 40, 284.
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(mol. wt, 78 000) is used to effect iodination with radioactive iodine,
generated in situ by the enzyme from radioactive potassium iodide, under the
influence of hydrogen peroxide. Iodination occurs within the enzyme-
substrate (membrane) complex, so that there is no danger of penetration of
the membrane. When human erythrocytes were labelled in this way, analysis
of the membrane proteins on SDS-gels showed only one labelled band
(mol. wt. 90 000).

Cross-linking of erythrocyte membranes with the bifunctional imido-
ester dimethyl adipimidate appeared to have been successful,®® although
the products were not fractionated. While this approach is clearly capable
of yielding considerable information about the arrangement of molecules
within the membrane, it is probably unreasonable to expect any startling
results until the protein components are more fully characterised.

B. Mitochondrial and Other Membranes.—The reader is reminded of
putative structural proteins (mol. wt. in the region of 22 000) in mito-
chondrial membranes.®*® A study %* of the proteins of the inner and outer
mitochondrial membranes of rat liver, and of the rough and smooth
microsomal membranes, showed them all to be highly heterogeneous. The
major protein in each case had a mol. wt. in the range 50 000—68 000 and
did not represent more than 15% of the total protein. The outer mito-
chondrial and smooth microsomal membranes appeared to have at least
three proteins in common on SDS-gels, and it was speculated that they
might perhaps have a common origin.®* In another study %% the major
protein component of mitrochondrial membranes is reported to have a
mol, wt. of 57 000. A protein of mol. wt. ca. 56 000 (25%, of the total
protein) has been extensively purified from the inner membrane of rat
liver mitochondria and has already been subjected to peptide mapping. %6
Further structural work is awaited with interest.

A protein fraction comprising about 18% of the total microsomal fraction
has been isolated from rat liver endoplasmic reticulum.®? It appeared to
have no N-terminal amino-acids. C-Terminal analysis and sedimentation
studies suggested that it consisted of a group of closely related proteins.
The ATPase of sarcoplasmic reticulum has been identified %58 as a single
band in SDS-gels by selective labelling of the active thiol group of the
protein with *C-labelled N-ethylmaleimide, after reacting other accessible
thiol groups with unlabelled reagent in the presence of substrate (ATP) to
protect the enzyme. It is reported %° that more than 959 of the protein of
sarcotubular membranes from rabbit skeletal muscle has mol. wt. 6500—
10 000 and consists of identical or very similar molecules; N-terminal Gly
853 W. G. Niehaus, jun., and F, Wold, Biochim. Biophys. Acta, 1970, 196, 170.

854 C. A. Schnaitman, Proc. Nat. Acad. Sci. U.S.A., 1969, 63, 412,

855 P, J. Curtis, Biochim. Biophys. Acta, 1970, 211, 575.

86 J. H. J. Tsai, H. Tsai, and G. von Ehrenstein, F.E.B.S. Letters, 1970, 10, 277.
87 D, Kaplan, Biochim. Biophys. Acta, 1970, 211, 396.

858 R. Panet and Z. Seliger, European J. Biochem., 1970, 14, 440.
6% B. P. Yuand E. J. Masoro, Biochemistry, 1970, 9, 2909.
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and C-terminal Ala were determined. It was suggested that it had a réle in
calcium transport.®® These proteins are not quite as small as the ‘mini-
proteins’ mentioned earlier but their existence again appears to be
disputed.®s?

An interesting observation has been made on the composition of a
bacterial membrane.®®? Ghosts from Bacillus PP, isolated from a culture
of B. megatherium KM (and assumed to be a mutant of it), were found to
contain a protein with mol. wt. of 30 000 (SDS-gels) representing 90%; of
the total membrane protein. The ghosts of the presumed parent B. mega-
therium KM, however, contained an electrophoretically identical protein
as a minor component only. In this instance at least, there appears to be
a case for ‘structural’ proteins.

8 Chemical Modification

Many examples of chemical modification have already arisen in other
sections. In this section the aim will be to summarise some of the recent
uses to which group-specific reagents have been put and to pay some
attention to active-site-directed inhibitors and the preparation of modified
proteins for X-ray crystallography. In a very useful review Stark %62
tabulates reagents used for modifications of particular types of functional
groups in proteins, with comments on stability, reversibility, and side-
reactions where these are known. No attempt will be made here to dupli-
cate this material. Another review ®2 in the same volume has already been
mentioned. The burden is also lessened by the appearance of an excellent
Symposium volume 4° dealing with the reactivity of functional groups in
proteins. Modification of single residues in proteins, using active-site-
directed inhibitors, has been ably reviewed ®® by Shaw. An interesting
article %% discusses the chemical probing of enzyme-substrate complexes
as a means of detecting intermediates with particular chemical reactivities.

A. Amino-groups.—Anhydrides. The reversible blocking of amino-groups
to restrict tryptic attack during enzymic digestion has already been dis-
cussed (Section 2D). A careful evaluation %% of some reversible amino-
blocking reagents (tetrafluorosuccinic, maleic, and citraconic anhydrides,
and diketen) has now been reported with lysozyme (no complicating thiol
groups) as the test system. Only citraconic anhydride was wholly satis-
factory; tetrafluorosuccinic anhydride and diketen were particularly
unsatisfactory in most respects. None of the reagents was absolutely
specific for amino-groups, but the reversibility of the side-reactions
(apparently with hydroxy side-chains) ensured a homogeneous deblocked

660 A Martonosi, Biochem. Biophys. Res. Comm., 1969, 36, 1039.

s61 P H, Patterson and W. J. Lennarz, Biochem. Biophys. Res. Comm., 1970, 40, 408.
662 (3, R. Stark, Advances in Protein Chemistry, 1970, 24, 261.

883 E. Shaw, Physiol. Rev., 1970, 50, 244.

884 Ph, Christen, Experientia, 1970, 26, 1.

85 A F.S. A. Habeeb and M. Z. Atassi, Biochemistry, 1970, 9, 4939.
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product from citraconylated and, to a lesser extent, maleylated material.
The enzyme regenerated after citraconylation showed complete regain of
activity and immunological properties. Another study %% demonstrated
the expansion in protein structure that accompanies the introduction of
negative charge through maleylation, citraconylation, or succinylation;
it was again noted that reaction with citraconic anhydride was easily
reversed. A study % of the limited digestion of citraconylated bovine
serum albumin with a-chymotrypsin has been reported, and the effects of
succinylation and maleylation on ATP creatine phosphotransferase have
been described.®®” Schachman and his co-workers report % some interest-
ing studies of the effects of succinylation on multimeric proteins and des-
cribe the hybridisation of modified and native subunits. When glyceralde-
hyde 3-phosphate dehydrogenase %**¢ was examined in the ultracentrifuge
after succinylation, dimers (but not monomers) were detected, further
support perhaps for a pairing of dimers in the native enzyme. Succinylation
of aspartate transcarbamylase %% produced inactive catalytic subunits
after about 50%; modification of amino-groups. These combined normally
with the regulatory subunits and there appeared to be little unfolding of the
protein chain. Hybridisation of the native and succinylated catalytic
subunits suggested that the catalytic subunit exists as an unprecedented
trimer.

Other Reagents. In contrast with the large net gain of negative charge
from reaction with the anhydrides, reaction of amino-groups with imido-
esters preserves the status quo. These reagents continue to find occasional
use for lysine-blocking in primary structural work.*%® Modification of
about 50 of the 60 amino-groups in horse liver alcohol dehydrogenase
with methyl picolinimidate gives a 19-fold increase in enzyme activity,%6®
whereas the activation is only two-fold if modification is carried out in the
presence of substrate. It was suggested that activation might be due to
increased affinity for the nicotinamide portion of the coenzyme NAD
(presumably through interaction with the heterocyclic ring of the reagent).
Some examples of the use of bifunctional reagents for cross-linking amino-
groups have already been mentioned (pp. 52, 105; see also p. 126). The N-
terminal valine residues of human carbonmonoxyhaemoglobin have been
cross-linked with pp’-difluoro-mm’-dinitrophenylsulphone.®” The modified
haemoglobin has high oxygen affinity and no haem-haem interaction.

An interesting study "' of the guanidination of lactic dehydrogenase
suggests that the guanidinium groups interact with the carboxylate groups
866 (q) A. Jonas and G. Weber, Biochemistry, 1970, 9, 4729. (b) A. Jonas and G. Weber,

Biochemistry, 1970, 9, 5092.
867 M. C. Grant-Greene and F. Friedberg, Internat. J. Protein Res., 1970, 2, 235,

668 (g) E. A. Meighen and H. K. Schachman, Biochemistry, 1970, 9, 1177. (b) E. A.
Meighen, V. Pigiet, and H. K. Schachman, Proc. Nat. Acad. Sci. U.S.A., 1970, 65,
234.
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of substrates and inhibitors and stabilise the enzyme—coenzyme-inhibitor
(or substrate) ternary complex. Inactivation of the enzyme after guanidina-
tion is attributed to the reduced rate of dissociation of substrates. A
slightly altered charge distribution on the surface of the protein when
homoarginine replaces lysine could account for the stronger interactions.”!
The effect of pH, temperature, and urea on the kinetics of the reaction of
amino groups with trinitrobenzenesulphonic acid (TNBS) (see last year’s
Report, p. 71) has now been studied for human serum albumin.®’? Lysine
residues in lysozyme were modified with pyridoxal phosphate followed by
reduction, to investigate the role of lysine residues in the enzyme.%”® The
modification of single lysine residues in heavy meromyosin®* and in
lysozyme % with dansyl chloride has been described. The dansyl group is
potentially useful as a reporter group.

Introduction of Thiol Groups by Substitution at Amino-groups. The desire
to introduce (extra) thiol groups into proteins stems largely from a wish to
assist the crystallographer in preparing isomorphous heavy atom deriva-
tives of proteins for X-ray analysis, by providing points of attachment for
mercurials. While chemical tampering may not be ideal for the task in
hand, it is possible that it will prove useful in some cases, in particular
where diffusion of heavy atoms into crystals by soaking fails.

Stark has reviewed %2 two methods that can be used for the introduction
of thiol-groups: reaction with thiolactones and cyclic anhydrides. In the
former case the thiol group is generated directly by nucleophilic attack of
the amino-group on the thiolactone ring; in the latter a thiolester sub-
stituent can be cleaved after acylation of the amino-group has occurred.
The reaction of N-acetylhomocysteine thiolactone with ribonuclease was
described in last year’s Report (p. 72). It is of interest that active N-acetyl
homocysteinyl ribonuclease was inhibited by silver ions %% and there is
evidence that inhibition of this ‘thiol enzyme’ is due to interaction of silver
ions with a histidine residue in the protein.

A site for the attachment of heavy metals has been introduced into
insulin 877 by acylation with the N-hydroxysuccinimide ester of 2,2'-
dimethyl-3-formyl-L-thiazolidine-4-carboxylic acid. Ring-opening on
treatment with mercuric ions generates the thiomercurial directly (Scheme
9). The three possible mono-substituted thiazolidine derivatives of insulin
could be separated. Unfortunately, however, they were not the answer
to the crystallographer’s prayer: only one of the three crystallised and this
disintegrated on exposure to mercury ions. Acylation with the hydroxy-
succinimide ester of chloromercuriacetic acid 87® (8) might prove useful in
02 A, R. Goldfarb, Biochim. Biophys. Acta, 1970, 200, 1.

813 J E. Churchich and R. Irwin, Biochim. Biophys. Acta, 1970, 214, 157.
674 H, Rakashina, Biochim. Biophys. Acta, 1970, 200, 319.

875 R, F. Chen, Biochem. Biophys. Res. Comm., 1970, 40, 1117.

876 D, W. Hough and S. Shall, F.E.B.S. Letters, 1970, 8, 243.

877 P, G. Lindsay and S. Shall, European J. Biochem., 1970, 15, 547.
¢18 G, Folsch, Acta Chem. Scand., 1970, 24, 1115.
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Table 2 (cont.)

Enzyme

Aspartokinase?
ATP:arginine
phosphotransferase’
ATP:creatine
phosphotransferase®
ATP:lombricine
phosphotransferase’
ATP:taurocyamine
phosphotransferase’
Avidin?
Chorismate mutase—

Amino-acids, Peptides, and Proteins

Source

B. polymyxa
Lobster, crab

Rabbit muscle
Earthworm
Arenicola

Hen egg-white
Aer, aerogenes

prephenate dehydrogenase™

Chymotrypsin inhibitor®
Citrate synthase®
Cysteamine oxygenase?
Cytochrome oxidase?
Dipeptidyl transferase”
Erythrocruorin®
Enolase® ®

Formyl tetrahydrofolate
synthetase”

Glutamate—-aspartate
transaminase®

Glutamate decarboxylase®

Glutamine synthetase?

Glyceraldehyde 3-phosphate
dehydrogenase®

Glycogen phosphorylase a%¢

Glyoxylic acid reductase??

Haemerythrin®®

Haemocyanin?¢

Hexokinase?

Isocitrate dehydrogenase’”
(NAD-linked)
(NADP-linked)
(NADP-linked)
(NADP-linked)

ﬁ-Ketoacyl carrier protein
synthetase??

Lactate dehydrogenase™?

Lactate dehydrogenase
(cytochrome b,)*
Lactoferrin®
Leucine aminopeptidase**
Lipoxygenase¥
Lysine-2,3-aminomutase™™
Malate dehydrogenase™®
Malic enzyme?®?
Phosphoglycerate mutase??

Potatoes

Pig heart

Horse kidney

Pseud. aerugenosa

Ox spleen
Earthworm

Yeast

Salmon

Clost. thermoaceticum

Pig heart

E.coli

B. subtilis

B. stearothermophilus
Ox liver

Rabbit muscle

Spinach leaf
Dendrostomum pyroides
Cancer magister

Yeast

Ox heart

Pig heart

Pig liver

B. stearothermophilus
E. coli

Horseshoe crab
Yeast

Ox

Pig kidney
Soybean
Clostridium SB4
Rat liver

E. coli

Rabbit muscle

Molecular
weight

116 000
40 000

84 000
80 000
80 000

66 000
80 000

39000

100 000
100 000

67 500

197 000
ca.3 x 108
88 000

100 000
244 000

92 000

310 000
600 000
144 000
142 000
370 000

97 500
100 000
940 000

51 000

330 000
58 000
75 000
92 500
66 000

140 000
or 65000
210 000

77 000
255 000
108 000
285 000

66 000
550 000

54 000

No. of
subunits
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the direct introduction of heavy atoms. A thiol-containing imidoester (9)
has recently been synthesised ¢7° and found to react as expected with the
B chain of oxidised insulin and with tobacco mosaic virus, and to provide
points of attachment for mercurials. A simple procedure has been des-
cribed ¢ for identifying with certainty the half-cystine residues involved
in bonds of the type R—S—Hg—S—R (see last year’s Report, p. 70) that

(o]
//NH
ClHgCH,CO-O'N HS-CHZ-CHQ-C\
OMe
O
® )

have been artificially generated in proteins; mercury is removed by treat-
ment with EDTA and the liberated thiols are methoxycarbonylated in
situ with [**Cliodoacetic acid.

B. Carboxy-groups.—In several instances (e.g. trypsin,®’! transferrin,?®!
a-lactalbumin,®*® and insulin ®¥') water-soluble carbodi-imides have been
used to couple nucleophiles (such as glycineamide or glycine esters) with
the carboxy-groups of proteins., Modification of carboxy-groups by carbodi-
imides in the absence of added nucleophiles has been summarised;%? a
single carboxy-group in carboxypeptidase was modified in this way,3?
Even with carbodi-imides, however, which are generally regarded as
specific for carboxy-groups (although phenolic hydroxy-groups do react
reversibly; see reference 662) complications can arise. It has been reported
that reaction can occur with protein thiol groups and this is not reversed in

879 R, N. Perham and J. O. Thomas, unpublished work.
680 Y. Burstein and R. Sperling, Biochim. Biophys. Acta, 1970, 221, 412.
881 H. Ozawa, Biochemistry, 1970, 9, 2158.
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alkaline conditions.®®* Thus, care is called for in interpreting the effects of
modification of proteins when carbodi-imides are used. Some compensation
for the poor nucleophilicity of the carboxylate ion is afforded by the use of
reagents with good leaving groups, e.g. triethyloxonium fluoroborate,?%®
which has been used for trypsin,”? or diazo-compounds. The latter are
particularly effective when used as affinity labels, e.g. in pepsin (see
Section 5A).

C. Thiol Groups.—Several articles in a single volume 3*? illustrate the ways
in which studies of the reactivity of thiol groups can provide information
about the structure of proteins in which they occur. Different thiol groups
in the same protein often react at different rates; it is important to remember
that the reactivity of a particular group may well vary with the reagent
used as probe and that the order of reactivity of groups may often be
reversed.

Alkylation with halo-acetate or -acetamide continues to be a popular
method, e.g. for aldolase,%8 4932 Jactic ®5 and malic %®¢ dehydrogenases, and
adenosine deaminase.®? The cysteine residues of aldolase have also been
investigated by reaction with disulphide monosulphoxides to give protein
mixed disulphides:4*%® in this case it was found that two of the four reactive
thiol groups could be protected by the competitive inhibitor hexitol
diphosphate, DTNB [5,5'-dithiobis-(2-nitrobenzoate)] is also widely em-
ployed, e.g. for the thiol groups of aldolase,®®* jack bean urease,8
met-tRNA synthetase,® pancreatic lipase,’®® and the NADP-linked
isocitrate dehydrogenase from Azotobacter vinelandii.®®® A report %! that
the alkylation with N-ethylmaleimide of glutathione in red blood cells
appears to be reversible should be borne in mind.

It has now been confirmed 2 by isolation of the labelled peptide that
fluorodinitrobenzene reacts specifically with the catalytically active thiol
group in glyceraldehyde 3-phosphate dehydrogenase (see also last year’s
Report, p. 69). A study % of pig heart lactate dehydrogenase in which the
‘essential’ thiol group has been converted into an S-sulpho group suggests
that loss of activity is due to the inability of the binary enzyme—coenzyme
complex to bind substrate.

882 K. L. Carraway and R. B. Triplett, Biochim. Biophys. Acta, 1970, 200, 564.

883§ M. Parsons, L. Jao, F. W. Dahlquist, C. L. Borders, jun., T. Groff, J. Racs, and
M. A. Raftery, Biochemistry, 1969, 8, 700.
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887 J, Phelan, F. McEvoy, S. Rooney, and T. G. Brady, Biochim. Biophys. Acta, 1970,
200, 370.
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Two fluorogenic reagents for thiol groups have been described. The
thiol groups of several enzymes are under investigation with NBD
chloride 4% 54 (7-chloro-4-nitrobenzo-2-oxa-1,3-diazole) (see p. 102);
work with BIPM [N-(p-2-benzimidazolylphenyl)-maleimide, (10)] is still
at a preliminary stage.5%*

Seiate

(10)

D. Tyrosine.—Nitration. Last year several instances of the successful use
of tetranitromethane (TNM) to modify tyrosine residues were reported,
but it was also necessary to warn against certain side-reactions., Much the
same can be said this year, except that the side-reactions have now been
more clearly defined. Riordan, Sokolowsky, and their co-workers continue
their efforts to analyse the scope and limitations of their reagent. They
conclude %% that the acid-quenching procedure commonly used to terminate
the reaction is largely responsible for the net loss of tyrosine sometimes
noted. This is attributed to destruction of tyrosine by nitrous acid
generated from nitrite by-product, and the original procedure of gel-
filtration at pH 8 for terminating the reaction is recommended. Reports
of cross-linking of tyrosine residues as a further side-reaction continue to
appear, for example when TNM was used to nitrate insulin,®® and several
other proteins.®®” Nitration of a model peptide suggested ®*® that this
might be avoided under conditions where most of the reaction proceeded in
acid solution. Sokolowsky, Riordan, and their co-workers also con-
firmed %8 reaction of tryptophan residues with TNM. It is worth bearing
in mind that this reaction is very slow below pH 7; at pH 7 nitration of
tyrosine residues might still be possible.

The novel idea of modification of intermediates in enzymic catalysis has
already been mentioned.®* Chemical probing of the enzyme-substrate
complex with TNM was explored, and proved fruitful, for yeast and muscle
aldolase %¢¢ and for aspartate aminotransferase.®®4 % For the aldolases
very similar carbanion intermediates were detected, which is interesting
in view of the differences between Class I and Class II aldolases. In aspartate
aminotransferase, modification of an essential tyrosine residue occurred
only in the presence of the substrate-pair glutamate/a-ketoglutarate and,
since the coenzyme of the inactivated enzyme was found in the pyridoxamine

604 Y Kanaoka, M. Machida, K. Ando, and T. Sekine, Biochim. Biophys. Acta, 1970,
207, 269.

65 M. Sokolovsky and J. F. Riordan, F.E.B.S. Letters, 1970, 9, 239.

68 R. W. Boesel and F. H. Carpenter, Biochem. Biophys. Res. Comm., 1970, 38, 678.

67 J, P. Vincent, M. Lazdunski, and M. Delaage, European J. Biochem., 1970, 12, 250,

698 M. Sokolovsky, M. Fuchs, and J. F. Riordan, F.E.B.S. Letters, 1970, 7, 167.

8% P, Christen and J. F. Riordan, Biochemistry, 1970, 9, 3025.
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form, it was concluded that inactivation occurred during or after the
transition of the aldimine to the ketimine intermediate. These reactions
contrast nicely with those in which substrates protect, and offer clear
indication that dynamic processes take place within the enzyme-substrate
complex.

Nitration of the functional tyrosine residue in arginine kinase was
studied by first blocking thiol groups reversibly with tetrathionate.?®?
Nitration of haemerythrin suggested that tyrosine played some rdle in
liganding the iron, and that the environments of the two iron-binding sites
per subunit were not identical.”? TMN has also been used for reaction
with tyrosine residues in the following: glucose-6-phosphate dehydrogen-
ase;’® human serum albumin, and bovine and human goitre thyro-
globulins;?®® and insulin.”®* In x-amylase one tyrosine residue per subunit
reacted with loss of activity.”®®

Iodination. Iodine monochloride or iodine-potassium iodide continue to
find some use in studies of the degree of exposure of tyrosine residues in
proteins, although histidine may also react, It has now been shown that the
relative rates of iodination of tyrosine to mono-iodotyrosine and of mono-
to di-iodotyrosine in proteins depend, not unexpectedly, on the particular
tyrosine residue being iodinated;?® the differences are attributed to micro-
environment, The same workers studied the relative rates of iodination of
the four tyrosine residues in the constant region of a Bence Jones protein,
using their very useful paired-label technique.””” They were also able to
conclude that the microenvironment may affect differently the introduction
of the first and second iodine atoms into tyrosine. It has been reported
that hydrolysis of iodinated proteins with methanolic sodium hydroxide
for 16 h at 110 °C does not result in the destruction of iodo-tyrosines,
unlike the conditions normally used for acid hydrolysis of proteins, so that
the mono- and the di-iodinated forms can be quantitatively estimated on the
automatic amino-acid analyser.”®®

The reaction of tyrosine residues in glyceraldehyde 3-phosphate dehydro-
genase with iodine in potassium iodide has been reported from two
laboratories. In one case " the holoenzyme (from lobster) was studied
and oxidative side-reactions at the active thiol group were precluded by
monomethoxycarbonylation, and in the other "*° the apoenzyme (from pig)

700 R, Kassab, A. Fattoum, and L. A. Pradel, European J. Biochem., 1970, 12, 264.

01 R, L. Hill and I. M. Klotz, Arch. Biochem. Biophys., 1970, 136, 507.

202 W, Domschke, C. Von Hinueber, and G. F. Domagk, Biochim. Biophys. Acta, 1970,
207, 485.

703 PG, Malan and H. Edelhoch, Biochemistry, 1970, 9, 3205.

704 J W. S. Morris, D. A. Mercola, and E. R. Arquilla, Biochemistry, 1970, 9, 3930.

705 J, M. Connellan and D. C. Shaw, J. Biol. Chem., 1970, 245, 2845.

708 B.-K. Seon, O. A. Roholt, and D. Pressman, Biochim. Biophys. Acta, 1970, 221, 114.

707 B.-K. Seon, O. A. Roholt, and D. Pressman, Biochim. Biophys. Acta, 1970, 200, 81.
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was studied. It is not too surprising, therefore, that the observed reactivities
of the tyrosine residues differed. Oxidation of thiol groups complicated the
reaction of lactic dehydrogenases with iodine”*! at pH 9. It has been
known for some time that increased iodination of thyroglobulin confers on
the molecule increased resistance to dissociation by sodium dodecyl
sulphate: the cross-links now appear to be no more than disulphide bridges,
and dissociation can be brought about under reducing and denaturing
conditions.”2

Acetylation and Other Methods. Acetylation with N-acetylimidazole
(NAI) seems to be fairly free from side-reactions, and the modification of
tyrosine residues can be reversed by treatment with hydroxylamine. Some
irreversible side-reactions with amino-groups have, however, been reported
for a-amylase from B. subtilis.”® Octameric glutamine synthetase (from
sheep brain) dissociated into two tetramers when acetylated with NAI; the
native structure was regenerated when blocking groups were partially
removed, and tyrosine residues were thereby implicated in stabilisation of
the oligomeric structure.”® NAI acetylates the active serine residue of
trypsin with concomitant inactivation. The derivative can be isolated at
low pH but at neutral pH it deacylates and reactivates.”* At a later stage, a
further acetyl group is introduced, perhaps at histidine, and this greatly
retards the deacetylation of the serine. These acetyl groups can be dis-
tinguished from those on lysine and other serine residues by virtue of their
removal with dilute imidazole.

Neither nitration nor acetylation of the single tyrosine residue of bovine
neurophysin-II affected its hormone-binding power;** and both TNM and
NAI were used with iodine and cyanuric fluoride in a study of a bacterial
protease.”® Cyanuric fluoride has been recommended for selective modi-
fication of tyrosine residues, and a comparison has been drawn with
N-acetylimidazole.?’

E. Tryptophan, Histidine, and Arginine.—Incorporation of 4-, 5-, and
6-fluorotryptophan into bacterial proteins in vivo will be useful in studies
of the environment of tryptophan residues in proteins by means of *F
n.m.r. spectroscopy.’®

Further details of the reaction of tryptophan residues with 2-hydroxy-5-
nitrobenzyl bromide have now been given’® (see last year’s Report,
p. 67). Uses of this reagent to investigate the disposition of the tryptophan

11 M. C. Shen and P. M. Wassarman, Biochem. Biophys. Acta, 1970, 221, 407.

7112 M. Rolland and S. Lissitzky, Biochim. Biophys. Acta, 1970, 214, 282; P. A. Charlwood,
R. Pitt-Rivers, and H. L. Schwartz, Biochem. J., 1970, 116, 769.

13§ Wilk, A. Meister, and R. H. Haschemeyer, Biochemistry, 1970, 9, 2039.

74 1., L. Houston and K. A. Walsh, Biochemistry, 1970, 9, 156.

15 A, J. Furth and D. B. Hope, Biochem. J., 1970, 116, 545.

716 D, Tsuru, T. Yoshida, T. Hirose, T. Yoshimoto, and J. Fukumoto, Internat. J.
Protein Res., 1970, 2, 257.

17 M. J. Gorbunoff, Arch. Biochem. Biophys., 1970, 138, 684.

718 D, T. Browne, G. L. Kenyon, and G. D. Hegeman, Biochem. Biophys. Res. Comm.,
1970, 39, 13.
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residues of «-lactalbumin 43¢ and to label a single tryptophan in strepto-
coccal proteinase °* have already been mentioned. In addition to the
known side-reactions with sulphydryl groups, it has now been reported 72°
that modification of the «-amino-group of carboxypeptidase A by this
reagent is rapid and apparently specific. However, this side-reaction should
not interfere with the determination of total tryptophan carried out in acid
solution.”®

An interesting new reagent for tryptophan residues has been used to
modify Trp-140 of staphylococcal nuclease;??! the final step in its prepara-
tion is bromination with N-bromosuccinimide (Scheme 10). It is better than

CI{I} e . CH3
N-Bromosuccinimide
N~ 'S—R N
H

ZNs-R
(Probable structure)
O,N
Scheme 10

N-bromosuccinimide itself for tryptophan modification in that it can be
used without reaction of histidine and tyrosine, although at high molar
excesses of reagent tyrosine and cysteine are modified. Tryptophan is
converted to an oxindole derivative; prolonged exposure to the reagent
results in cleavage of tryptophyl peptide bonds in low but acceptable
vields (in the region of 15%), thus making it potentially useful for prepara-
tive chain cleavage. A bifunctional sulphenyl halide, 2,4-dinitro-1,5-
phenyldisulphenyl chloride (DNPDS-CI), is under scrutiny as a cross-
linking reagent for tryptophan residues in proteins’?? (Scheme 11). It
appears to work well on model compounds and to be sufficiently similar to
o-nitrophenylsulphenyl chloride (NPS-C1) to make it likely that it, too,
can be used to modify proteins in aqueous solution. The reagent will also
react with cysteine side-chains but this reaction is reversed by thiols.
Photo-oxidation of histidine residues in proteins is mentioned below.
Histidine continues to show evidence of being difficult to modify specifically
in proteins other than by affinity-labelling. Diazo-1H-tetrazole reacted
preferentially with the thiol groups of myokinase, but even when these
were protected tyrosine and lysine reacted before histidine.’?® It is known
718 G, M. London and D. E. Koshland, jun., J. Biol. Chem., 1970, 245, 2247.
720 T M. Radhakrishnan, R. A. Bradshaw, D. A. Deranleau, and H. Neurath, F.E.B.S.
Letters, 1970, 7, 72.
721 G, S. Omenn, A. Fontana, and C. B. Anfinsen, J. Biol. Chem., 1970, 245, 1895.

22 F, M, Veronese, E. Boccll, and A. Fontana, Internat. J. Protein Res., 1970, 2, 67.
728 R, H, Schirmer, I. Schirmer, and L. Noda, Biochim. Biophys. Acta, 1970, 207, 165.
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that ethoxyformic anhydride (diethyl pyrocarbonate) (see last year’s
Report, p. 69) reacts with histidine in several proteins but preferentially
with lysine in others (see reference 662). A recent report ’?* shows that
accessible imidazole and amino side-chains in proteins are rapidly acylated
by this reagent, even at pH 4. However, the reagent can be used success-
fully in some cases, e.g. histidine residues in sheep heart phosphofructo-
kinase were modified with loss of the allosteric properties of the enzyme;
the reaction was reversed, and the allosteric properties regained, by treat-
ment with hydroxylamine.’” For ribonuclease, however, irreversible

—CO—CH—NH—
cis scl CH,
]@: + 2 ] [ ll
N NO, N
H
—co l co—

\CH CH Z

S 0

Scheme 11

inactivation and polymer formation ensued,’?® and an explanation involving
the formation of amide cross-links was proposed (Scheme 12). This is
obviously a general point, particularly since treatment of proteins with
diethyl pyrocarbonate has already been suggested (see Section 2E) as
a method of preparing polymeric proteins for gel electrophoresis.’*® It
has also been shown that the reagent can react with tryptophan side-
chains in proteins and that reaction of buried residues may be favoured.’®”

OEt OEt
/ /
oC 0oC
\ \ RICOOH
RNH, + /O _— /O —————> RNH-CO'R!
OC\ R-NH-CO +
OEt + 2CO,
EtOH +
EtOH
Scheme 12
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The reaction of arginine residues with oligomers of 2,3-butanedione
(biacetyl) is mentioned in Section 2D and the chemical modification of
arginine in the active site of trypsin inhibitors in Section 5A. Treatment of
glucose 6-phosphate dehydrogenase from Candida utilis with 1,2-cyclo-
hexanedione resulted in complete inactivation when 15 out of the 42
arginine residues were modified;"®® substrate and coenzyme together
protected against the inactivation. Unfortunately, it remains true that, in
general, good selective modification of arginine residues in proteins is still
beyond the protein chemist.

F. Photo-oxidation.—Photosensitised oxidation of amino-acids can be
made specific with appropriate choice of conditions. This has recently been
reviewed by Scoffone et al.’®® Photo-oxidation of glyceraldehyde 3-phos-
phate dehydrogenase from rabbit muscle in the presence of Rose Bengal
resulted in reaction of a single histidine residue (His-38) with 50—60% loss
of enzymic activity.”® Photo-oxidisable histidine residues in collagenase A
were protected from reaction mediated by Methylene Blue when calcium
ions were present, leading to speculation on histidine-metal interaction in
the enzyme.”® When haematoporphyrin was used as sensitiser, photo-
oxidation was confined to methionine residues in ribonuclease A ;732
measurement of photo-oxidation as a function of increasing strength of
denaturing solvent enabled the accessibility of these residues to be estimated.
Photo-oxidation in the presence of low concentrations of acetone is re-
ported to be highly specific for methionine residues,?®® and in ribonuclease
gave selective reaction at Met-29,

Photo-oxidation can be made extremely specific for particular residues
in a protein if the photo-sensitiser is protein-bound: the life-time of the
excited intermediate is such that only photo-oxidisable residues in the
immediate vicinity will react.”® If the photo-sensitiser is a substrate ana-
logue, a coenzyme, or an inhibitor, photo-oxidation should be confined to
residues at or near the active site. When Scoffone and his co-workers used
a dinitrophenyl group attached to Lys-41 of ribonuclease A as photo-
sensitiser, they found 7** specific modification of Met-30, His-12, and
Tyr-97, in accord with the topography of the active site as revealed by
X-ray crystallography. ‘Active-site-directed’ photo-oxidation was also
achieved for o-chymotrypsin when the inhibitor N-acetyl-3-nitrotyrosine
served as photo-sensitiser for the oxidation of Met-192 and His-57.7%®
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Similarly, spinach leaf aldolase was photo-oxidised in the presence of the
cofactor pyridoxal phosphate;?®® specific reaction of one histidine residue
per subunit was reported although the particular residue is not yet iden-~
tified. The modified enzyme was inactive but could still bind substrate.
Two histidines were oxidised in glucose 6-phosphate dehydrogenase from
Candida utilis when Rose Bengal, a potent competitive inhibitor of this
enzyme with respect to NADP, mediated the reaction;”®? and photo-
oxidation of horse heart cytochrome ¢, taking advantage of the porphyrin
group as sensitiser,”®® resulted in reaction with His-18 and Met-80. The
former residue is known to be one of the two ligands bonded to iron in
ferricytochrome ¢, and it is suggested that Met-80 may be the other.?38

Table 3 Some recently reported active-site-directed inhibitors

Enzyme Active-site-directed inhibitor Residue  Ref.
modified

Adenosine deaminase 9-(p-Bromoacetamidobenzyl) Lys 739
adenine

Aldolase Iodoacetol phosphate (1-hydroxy- Cys 740
3-iodo-2-propanone)

Alkaline phosphatase Chloroacetyl phosphate and His 741
monochloro-f-glycerophosphate

Carnitine acetyltransferase = Bromoacetyl-L-carnitine His 742

Glutamate dehydrogenase  4-Iodoacetamidosalicylic acid Cys 743

Pepsin 1-Diazo-4-phenyl-2-butanone Asp 388

Staphylococcal nuclease Deoxythymidine 3’-p-aminophenyl Tyr-115 744
phosphate 5’-phosphate
Staphylococcal nuclease Deoxythymidine 5-p-aminophenyl Tyr-85 744

phosphate
Staphylococcal nuclease Deoxythymidine 3’-p-aminophenyl Trp-140 744
phosphate and
His-46
Triosephosphate isomerase  Glycidol phosphate® Glu 488
(2,3-epoxypropanol phosphate)
Triosephosphate isomerase Jodoacetol phosphate Glu 745
Triosephosphate isomerase Chloroacetol phosphate Glu 489
Triosephosphate isomerase Bromohydroxyacetone phosphate  Glu 490

% Glycidol phosphate was designed to resemble the transition state for the reaction (see
reference 488).
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A useful ‘destruction-reduction’ procedure is reported for the estimation
of methionine sulphoxide in photo-oxidised myokinase:?** the photo-
oxidised protein is treated with cyanogen bromide to destroy unoxidised
methionine, without effect on methionine sulphoxide, and the methionine
sulphoxide is then estimated as methionine after carrying out acid hydrolysis
of the protein in 6N hydrochloric acid in the presence of mercaptans.

G. Active-site-directed Inhibitors.—Many aspects of the specific modifica-
tion of proteins by affinity labelling have recently been discussed in an
excellent review %2 and will not be considered further here. Photo-oxid-
ation of residues near the active site of enzymes has been described in the
preceding section, and the specific labelling of certain residues in membrane
proteins has been considered in Section 7.

Modification of residues at the active sites of trypsin and chymotrypsin
has been outlined in Section 5A and some other instances of active-site
labelling that have been reported in the past year are collected in Table 3.

PART II: X-Ray Studies by C. C. F. Blake

1 Introduction

1970 has seen three important events in protein crystallography that
with uncommon neatness sum up the main achievements of the past
and indicate the direction the subject will take in the future. The publica-
tion of the Royal Society Discussion on the structures and functions of
proteolytic enzymes has given us the most detailed overall view of a group
of enzymes so far available. It provides numerous fascinating details of the
mechanisms of these enzymes, their specificities, and, possibly most
interesting of all, their evolutionary relationships. This has been achieved
by equal contributions from the crystallographic and the chemical-
biochemical approaches and demonstrates the interdependence of the two
methods and their power when they are used jointly on a single problem.
The second summing-up paper is one in which Perutz appears to have
found the structural explanation of the co-operative effects in haemo-
globin. This has been one of the most outstanding problems of the past
decade and its solution appears to vindicate the Monod—Wyman—Changeux
view of allostery. The outstanding feature of Perutz’s hypothesis is the
beautiful simplicity of the change of state of the haemoglobin molecule: a
small change in the radius of the haem-iron atom on oxygenation is ampli-
fied and transmitted to the other haem-iron atoms by the globin parts of
the molecule. Finally, the announcement of the high-resolution structure
of lactate dehydrogenase represents the first step along the new path of
metabolic enzymes which more crystallographers will take in future. In
another few years, perhaps, the Royal Society, or some other body, will
be able to mount detailed discussion meetings on the dehydrogenases, the
kinases, or the transaminases.
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2 Amino-acids and Oligopeptides (See also Chapter 1,
Section 3B)

A. Arginine.—Crystals of v-arginine hydrochloride * have been found to
contain two molecules of the amino-acid in the asymmetric unit. The two
molecules have very similar bond lengths for equivalent bonds, for example
both the guanidino groups are planar with an average C-N bond length of
1.325 A, but their conformations are different. In the notation of Edsall
et al.,? the conformational angles are:

P Py X1 X2 X3 X4 Xs1 Xs2
Molecule T 154.9° 332.0° 306.1° 173.9° 185.2° 96.7° 346.0° 166.3°
Molecule 11 174.1° 353.6° 301.1° 195.6° 179.3° 276.0° 10.6° 189.7°

B. Histidine.—The imidazole ring of the histidine molecule in crystals of
pL-histidine hydrochloride dihydrate ? is in its charged state. The molecule
was found to be fully extended with the imidazole group trans to the
carboxy-group across the C*~CF bond. The dihedral angles, ¥; = 162.6°,
Yo = — 16.7°% x1 = — 61.9° xg = — 70.6°, x = 107.7°, are rather
different from those found in the study of rL-histidine hydrochloride, but
the bond lengths and bond angles are very similar,

C. O-Phosphoryl-serine.—The molecular structure of O-phosphoryl-serine
is of considerable interest because of its existence in membrane proteins,
metabolic enzymes such as phosphoglucomutase, and phospholipids such as
phosphotidylserine. The structures of both phosphoryl-pL-serine mono-
hydrate ¢ and O-phosphoryl-L-serine ® have been accurately determined. In
both cases, the molecules are in the zwitterion form with the a-amino-group
protonated while the phosphate group carries a negative charge. Anunusual
feature is that there are very short hydrogen bonds in both structures; in the
pL-serine derivative intermolecular hydrogen bonds of about 2.50 A link
phosphate groups together, while the analogous L-serine structure contains
an intermolecular carboxy-phosphate hydrogen bond of 2.49 A. Similar
very short hydrogen bonds involving phosphates have been observed else-
where, while another feature characteristic of phosphate esters, that the phos-
phate ester oxygen is not involved in hydrogen bonding, is also maintained
in these two structures.

D. Valine.—Like the crystals of L-arginine hydrochloride described above,
crystals of r-valine® contain two molecules in different conformations
in the asymmetric unit. One of the two molecules is in the so-called

1 J. Dow, L. H. Jensen, S. K. Mazumdar, R. Srinivasan, and G. N. Ramachandran,
Acta Cryst., 1970, B26, 1662.

2 J. T. Edsall, P. J. Flory, J. C. Kendrew, A. Liquori, G. Nemethy, G. N. Ramachandran,
and H. A. Scherga, J. Mol. Biol., 1930, 15, 339.

3 1. Bennett, A. G. H. Davidson, M. M. Harding, and I. Morelle, Acta Cryst., 1970,
B26, 1722.

4 E. Putkey and M. Sundaralingam, Acta Cryst., 1970, B26, 782.

5 M. Sundaralingam and E. Putkey, Acta Cryst., 1970, B26, 790.
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Gauche I conformation with dihedral angles ¢, = — 19.5°, x,; = 206.4°,
and y;, = 81.8° while the other is in the Trans conformation with i, =
— 43.7°, 1 = 300.7°, and x,, = 179.2°.

E. Perdeuterio-a-glycylglycine.—This work ? is the first three-dimensional
structure determination of a peptide by neutron diffraction that accurately
locates the hydrogen, or rather deuterium, atoms. The dimensions and
conformation of the molecule are the same as those reported for the X-ray
study of a-glycylglycine. The C(methylene)-D, N(amino)-D, and
N(peptide)}-D bond lengths are 1.085, 1.03, and 1.02 A respectively. All
four crystallographically independent hydrogen bonds are non-linear; the
N-D ---O angles range between 148° and 163°. The peptide proton and the
C, atom lie 0.145 A and 0.07 A respectively out of the plane of the peptide
C.~CO-N.

3 Proteins

A. Methods.—One of the more serious problems in protein crystallography
is radiation damage of the crystals. All crystals of proteins appear to be
susceptible to radiation damage, but the sensitivity varies widely, apparently
being dependent on the crystal packing rather than the nature of the
protein. In a number of cases, protein crystals have been found to be so
sensitive to radiation that structure determination becomes exceedingly
difficult or impossible. A promising method of reducing the sensitivity of
crystals is to freeze the liquid component of the crystal and thus prevent
the migration of free radicals formed in solution to the surface of the pro-
tein molecules. Freezing should therefore markedly reduce that part of the
radiation damage that arises from free-radical attack. Haas and Rossman 8
have been able to freeze lactate dehydrogenase crystals by equilibrating them
with sucrose—ammonium sulphate solutions and then dipping in liquid
nitrogen. X-Ray examination of the frozen crystals at — 75 °C has shown
that a ten-fold reduction in the rate of radiation damage has been achieved.
In addition, experiments with heavy-atom derivatives show that satisfactory
electron-density maps can probably be obtained from the frozen crystals
by using isomorphous replacement in the usual way. As might have been
expected, the overall temperature factor of the crystals remains substantially
unaltered. Somewhat surprisingly, a report of a study on insulin?® at
— 13 °C (several degrees above the freezing point of the mother liquor)
suggests that a large decrease in the temperature factor accompanies
cooling, However, in view of the fact that no conclusive evidence for an
increase in the average intensity in the high-angle region has been obtained,
this observation must be viewed with caution. It is pointed out that the
collection of intensity data at low temperatures should be made in the

C. Freeman, G. L. Paul, and T. M. Sabine, Acta Cryst., 1970, B26, 925.
J. Haas and M. G. Rossmann, Acta Cryst., 1970, B26, 998.
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range where large temperature-dependent intensity changes are not
observed and that the temperature needs to be carefully controlled. It is
not clear at this stage whether crystals that are cooled but with the mother
liquor still above its freezing point are more sensitive to temperature
variation than crystals in which the mother liquor is completely frozen.

B. Results.—a-Chymotrypsin. A new map of a-chymotrypsin has been
calculated ** which now shows the orientations of the carbonyl groups of
the polypeptide chains and defines the orientations of the planar peptide
group. The chain itself is represented by a more continuous electron-
density distribution and apart from residues 11—13 and 74—77 the mole-
cule is well defined. An additional short section of «-helix has been found,
which involves residues 164—170. The hydrogen-bonding system of the
polypeptide chain that has been found in the new map is shown schemati-
cally in Figure 1 (see also Figure 4). Adjacent chains in Figure 1 are always
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Figure 1 A4 schematlc diagram of the hydrogen bond system in o-chymotrypsin.
The heavy line represents the polypeptide chain, the light arrows represent the
hydrogen bonds and point from the amido to the carbonyl groups, and the open-
headed arrows represent disulphide bridges. The dotted lines represent residues
present in chymotrypsinogen that are removed from the enzyme by autolysis

(Reproduced by permission from Phil. Trans. Roy. Soc., 1970, B257, 67)

10 3, J. Birktoft, D, M. Blow, R. Henderson, and T. A. Steitz, Phil. Trans. Roy. Soc.,
1970, B257, 67.



Structural Investigation of Peptides and Proteins 143

antiparallel and the predominating hydrogen bond structure is the anti-
parallel pleated sheet. The overall structure of the molecule has the form
of two cylinders of antiparallel pleated sheet, which have an interesting
relationship. In Figure 1 the top line represents the A-chain, the next six
lines are drawn according to a particular pattern and the same pattern is
repeated again further down the diagram, or, rather, further along the
sequence. Within each of these patterns there is a further series of anti-
parallel interactions between the last and first lines. In spite of the tendency
towards antiparallel interactions only very short sections of classical
pleated-sheet structure are found.

Another very interesting feature of the hydrogen-bonding scheme is that
hydrogen bonds to the third-nearest neighbour back along the chain are
very common. Using the analysis of Venkatachalam,!* who has defined
two types of conformation with this type of hydrogen bond as Type I, in an
approximately helical conformation, and Type II, in which the direction of
the second of the three peptides is reversed and is permitted only when
glycine is in position 3, Blow has found fourteen Type I situations and three
Type II. Two of the latter cases are associated with the active site residues
191—197,

- ys-Met-G]y-AJsp—Ser-Gly-Glly-
1 t

in which the hydrogen bonds provide the rigid structure that maintains
Ser-195 and Asp-194 in their appropriate positions. It appears that the
known invariance of Gly-193 and Gly-196 in vertebrate serine proteases is
for the reasons given above.

The overall structure of the molecule is made up of a number of loops in
which the polypeptide chain folds back on itself. A number of antiparallel
hydrogen bonds stabilize each loop while others are further stabilized by
disulphide bridges. These latter include the ‘histidine’ loop (residues
42—58), the ‘methionine’ loop (165—182), and the ‘serine’ loop (190—220).
Other loops not stabilized by disulphide bridges are the ‘aspartate’ loop
(84—110) which contains the buried Asp-102, the ‘autolysis’ loop (133—
164), and an unnamed loop composed of residues 66—83.

Further evidence on the mechanism of chymotrypsin has been obtained
from a three-dimensional difference map calculated at 2.5 A resolution of
the acyl-enzyme, indoleacryloyl-a-chymotrypsin.'? This acyl-enzyme is
stable at the non-physiological pH value of 4 for a sufficient period for
X-ray data to be collected. The difference map revealed the position of
the acyl moiety clearly. The indolyl part of the substituent was found to
bind in the hydrophobic pocket that accommodates the aromatic side-
chains of N-formyl-L-tryptophan and N-formyl-L-phenylalanine. The
carbonyl part of the indoleacryloyl group is close to the sulphonyl group of

11 C, M. Venkatachalam, Biopolymers, 1968, 6, 1425.
12 R. Henderson, J. Mol. Biol., 1970, 54, 341.
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tosyl-chymotrypsin and the ester link to Ser-195 can be seen. There is
some evidence of movement of the protein on acylation and in particular
the O” of Ser-195 has moved about 2.5 A from its position in the native
enzyme, apparently by a rotation of 120° about its C*-C® bond, and His-57
moves by about 0.3 A towards the solvent region. In addition, there are
small movements in the backbone chain in the vicinity of residues 191—
192. There are also clear indications of two water molecules hydrogen
bonded to the carbonyl oxygen of the acyl substituent, one of which
forms an additional strong hydrogen bond with the N% of His-57 while
the other is hydrogen bonded to the carbonyl of Phe-41. A re-examination
of tosyl-chymotrypsin indicates that the tosyl group is bound in the same
site as the indoleacryloyl group and that the side-chain movements and
binding of water molecules are also essentially the same.

The accepted mechanism of chymotrypsin involves two identifiable
steps. The leaving group that is eliminated in the acylation of the enzyme
is replaced by a water molecule in the deacylation step that attacks the
acyl linkage. The deacylation of these fairly stable acyl- and sulphonyl-
chymotrypsins can be deduced from their structures. The movement of the
O” of Ser-195 on acylation breaks the hydrogen bond that links this
atom to its partners, His-57 and Asp-102, in the charge relay system. The
Ne¢: of His-57 appears to make a hydrogen bond with the water molecule
bound to the carbonyl of the acyl substituent in the acyl-enzyme. This
water molecule has a proton partially removed by the combined effects of
residues 102 and 57. Thus, this water molecule is identified as the one
responsible for attacking the acyl linkage and is activated by the charge
relay system so that it is able to deacylate the enzyme.

In order to extrapolate these results to the deacylation of real substrates,
two assumptions are required. The first is that the acylamido function on
the a-carbon of the L-amino-acid substrate hydrogen bonds to Ser-214,
and the second is that the substrate carbonyl is rotated by 45°, from its
position in the indoleacryloyl moiety, to allow the activated water molecule
reasonable access to the carbonyl carbon. The resultant model of the reac-
tive acyl-enzyme is shown in Figure 2. When the carbonyl carbon is
positioned relative to the water molecule as shown in Figure 2, deacylation
can proceed by general-base-catalysed removal of the water proton,
formation of a tetrahedral intermediate, and breakdown of products.

By applying the principle of microscopic reversibility, the acylation step
may be supposed to occur by an exact reversal of the movements of the
atoms and electrons that occurred in the deacylation step. During acylation
the O” of Ser-195 would move 2 A by means of a rotation of 120° of its
CA-C¥ bond, which would move the oxygen directly towards the carbonyl-
carbon of the substrate and allow a covalent bond to form. At the same
time, the leaving group must occupy a position near His-57 which would
allow the imidazole to protonate it. Thus the structure of the native and
acylated enzymes indicate a stereochemically plausible mechanism of the
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hydrolytic function of the enzyme. It is interesting to note that the
mechanism involves only slight movements in the protein itself and
suggests that induced fit plays little part in the functioning of the serine
proteases.

Chymotrypsinogen. The determination of the structure of chymotrypsino-
gen A at 2.5 A resolution ! has provided a fascinating view of the structural
relationships between an enzyme and its zymogen precursor., Chymo-
trypsinogen is activated by the tryptic cleavage of the Arg-15 to Ile-16

Asp102

Ser 214

Figure 2 The proposed model for the active site region of the reactive acylchymo-
trypsin. The acyl group is shown in the dark line, and hydrogen bonds by dotted
lines. The activated water molecule has reasonable access to the carbonyl carbon
as shown by the arrow

(Reproduced by permission from J. Mol. Biol., 1970, 54, 341)

peptide bond to give w-chymotrypsin in the essential activation step;
autolytic hydrolysis of bonds between residues 13—14, 146—147, and
148—149 gives rise to the 8, y, and « forms of the enzyme, or to various
neochymotrypsinogens, depending on the order in which the four bonds
are split. «a-Chymotrypsin differs covalently from chymotrypsinogen by
the deletion of the two dipeptides Ser-14-Arg-15 and Thr-147-Asn-148.
The comparison of their crystal structures shows the extent to which they
differ structurally.

Chymotrypsinogen type F crystals are orthorhombic, space group
P2,2,2, with a = 52.0, b = 63.9, and ¢ = 77.1 A, and contain one mole-
cule in the asymmetric unit. Four heavy-atom derivatives were found to be
suitable for phasing the high-resolution data. They were prepared from
mercuric bromide, uranyl fluoride, uranyl pyrophosphate, and mersalyl.

13§ T. Freer, J. Kraut, J. D. Robertus, H. T. Wright, and Ng. T. Xuong, Biochemistry,
1970, 9, 1997.
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The X-ray intensity data were collected by parallel operation of an auto-
matic diffractometer and screenless precession photography. The resulting
map was calculated using the phases which decreased from 0.87 for
oo—>5 A shell to 0.55 for the 2.6—2.5 A shell.

The folding of the polypeptide chain of chymotrypsinogen is shown in
Figure 3 and may be compared with the equivalent view of a-chymotrypsin
shown in Figure 4. The two molecules were compared analytically by
transforming the atomic co-ordinates of Blow’s a-chymotrypsin model into
the crystallographic co-ordinate system of chymotrypsinogen and mini-
mizing the distances between the a-carbon atoms of equivalent residues by a
least-squares procedure. That the overall structures of the two molecules
are essentially the same can be seen by noting that the mean displacement
of all equivalent a-carbons is only 1.8 A. However, there are six chain
segments which exhibit relatively large conformational differences between
the zymogen and the enzyme. Four of these segments involve only a
repositioning on the surface of the molecule and of these, three, involving
residues 7—38, 37—38, and 72—77, appear not to be essential to the activa-
tion process and may simply occur because of the differences in crystal
packing forces. However, the remaining surface section of chain, residues
144—152, and the two parts of the chain in which residues move from the
surface of the molecule to the interior or vice versa, which involve residues
16—17 and 192—193, do seem to be involved in the activation process.

The changes involved in the repositioning of Ile-16-Val-17 result in the
formation of the internal ion-pair between the «-amino-group of Ile-16
and the buried carboxy-group of Asp-194. Apparently, upon tryptic
scission of the Arg-15-Ile-16 peptide bond, the N-terminal residues of the
newly-formed B-chain swing out through the solvent as the main chain
rotates through 180° and the formerly exposed side-chains of Ile-16 and
Val-17 become buried. The side-chain carboxy-group of Asp-194 is buried
in the chymotrypsinogen as well as in a-chymotrypsin, but in the zymogen
it is hydrogen bonded to His-40. During activation this group undergoes a
4 A displacement that takes it towards the new position of Ile-16.

The segment containing residues 144—152 changes its conformation
with dramatic results to the side-chain of Arg-145. In the zymogen its
guanidinium group may be close enough to the buried carboxy-group of
Asp-194 to permit appreciable electrostatic interaction between the two
charged groups. In the enzyme, however, the backbone carrying Arg-145
has moved by 9 A and the side-chain has swung out of its previous site to
become fully extended into the solvent.

The chain carrying residues 192 and 193 moves about 7—8 A carrying
the side-chain of Met-192 from the interior of the molecule to the surface.
The movement of the backbone causing this change is also responsible for
the movement of Asp-194 that permits it to form the ion-pair bond, this
in turn causes His-40 to move and to replace its previous hydrogen bond
with a bond to the carbonyl oxygen of Gly-193. These changes all occur



Figure 3 A4 line drawing of the tertiary structure of chymotrypsinogen. Only the
more important side-chains are shown
(Reproduced by permission from Biochemistry, 1970, 9, 1997)

[Facing p. 146



Figure 4 A line drawing of a-chymotrypsin, shown in the same orientation as
chymotrypsinogen
(Reproduced by permission from Biochemistry, 1970, 9, 1997)
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to side-chains in the general vicinity of the active site and have all the signs
of occurring in concert, but it is not possible at this stage to assign cause
and effect relationships among these molecular reorganizations.

Somewhat surprisingly, these changes in conformation between the
zymogen and the enzyme have very little effect in the active site region. In
the zymogen the three residues that constitute the charge relay system
observed in the enzyme, Ser-195, His-57, and Asp-102, have virtually the
same spatial arrangement as they do in the catalytically active enzyme.
Two other residues are rearranged in the active site region on activation,
11e-99 moves away from His-57 allowing the solvent greater access to the
charge relay system, and Ser-214 moves closer to Asp-102 allowing a
hydrogen bond to be formed between the hydroxy- and carboxy-groups.
It is not clear what effects these changes have on the catalytic activity of the
active site.

At this stage it appears at least possible that the event responsible for
the genesis of enzymatic activity upon the transition from inactive zymogen
to catalytically active enzyme is the formation of the specificity site. The
changes in this region of the molecule on activation are much more pro-
nounced than those occurring to the active site itself. The relatively large
movement of residues 187—194 results in an appreciable conformational
change which forms the specific side-chain cavity that only partially exists
in the zymogen. The particularly large movement that occurs to Met-192
takes it from the interior of the zymogen to the surface of the enzyme to
form the lid of the specificity cavity and is of great importance in the
formation of the cavity. In addition, the large displacement of Asp-194
away from His-40 and towards Ile-16 completes the formation of the
specificity site. It is a reflection of our ignorance of the fundamental basis
of enzymatic activity that this study, which allows us to know the detailed
changes in the spatial arrangement of nearly all the atoms that take place
when chymotrypsinogen is converted to «-chymotrypsin, has not directly
lead to an explanation of the genesis of enzymatic activity.

Elastase. The report of the structure determination of another serine
protease,'4 1% elastase, has provided us with yet another insight into the
interactions in this group of enzymes. Elastase, which has the ability to
digest proteins by breaking peptide bonds at the positions of uncharged
non-aromatic side-chains, has a molecular weight of 25 900 and consists
of a single polypeptide chain of 240 residues. The complete sequence of the
chain has been determined and has been found to be homologous with
trypsin and the B and C chains of chymotrypsin.

Elastase crystallises in the orthorhombic space group P2;2,2, with
a = 51.5, b = 58.0, and ¢ = 75.5 A which corresponds to one molecule
in the asymmetric unit. Heavy-atom derivatives were prepared using the
tosylated enzyme as the parent form. Crystals of p-chloromercuribenzene-
14 D, M. Shotton and H. C. Watson, Phil. Trans. Roy. Soc., 1970, B257, 111.
15 D, M. Shotton and H. C. Watson, Nature, 1970, 225, 811.
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sulphonyl-elastase (PCMBS-elastase) were found to be very highly iso-
morphous with tosyl-elastase, with the single mercury site almost com-
pletely occupied. Two further, but related, derivatives were prepared by
soaking both tosyl- and PCMBS-elastase in uranyl nitrate solutions, and
again the heavy metal was found to occupy a single site at high occupancy.
With the aid of these two highly isomorphous heavy-atom derivatives a
Fourier map at 3.5 A resolution was calculated.

In spite of its limited resolution, the electron-density map of elastase
appears to be very clear and easily interpretable. The reasons for this are
undoubtedly a combination of factors; very good derivatives which com-
bine the ideals of a high degree of isomorphism with high occupancy;
very accurate intensity data collection and a low salt concentration in the
crystals that reveals the enzyme in high contrast in the map. However, one
disadvantage of the medium resolution is that the orientation of the peptide
groups cannot in general be ascertained because of the lack of resolution
of the carbonyl groups, and thus the hydrogen-bonding patterns in the
molecule can only be determined in general terms.

The polypeptide chain of elastase is folded in an extremely similar
manner to the B and C chains of a-chymotrypsin (see Figure 4), and the
orientations of corresponding side-chains are also much the same. The
clastase polypeptide chain contains twelve more residuces than the B and
C chains of a-chymotrypsin and these additions all occur on the molecular
surface, usually at the ends of loops of chain which expand to accommodate
them without altering the overall structure. The remarkable structural
similarity between these two enzymes is explained to some extent by the
distribution of homologous residues; the degree of homology in the molecule
interior is 81% (see Figure 5) while the overall homology is only 39%.

The most striking feature of the general conformation of elastase is the
manner in which the chain is organized into two distinct halves (Figure 5).
Within each half the chain is folded into a series of large loops in which
the chains run antiparallel. This type of structure has also been noted in
the x-chymotrypsin molecule. The two halves of the molecule are similar
and each contains six sets of antiparallel interactions. It is interesting to
note that the organization within the N-terminal half of the chain, traced
from the N-terminus, resembles that in the C-terminal half, but traced in
the opposite direction, i.e. from the C-terminus. Loops possessing similar
properties and positions within the molecule occupy corres