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Preface

This thirteenth Report reviews papers relevant to the chemistry of amino-acids,
peptides, and proteins published in the main journals during 1980. Subject
coverage is similar to that of previous volumes, except that the section on primary
structures of proteins has, unfortunately, had to be omitted. This volume includes
the customary biennial survey of metal complexes of amino-acids, peptides, and
proteins (Chapter 6), which covers the two-year period 1979—1980.

This is the last volume which will be published under the present Senior
Reportership. I should like, therefore, to thank most sincerely not only the
contributors to the present volume but all those who in the past have made this
series such a useful work of reference.

R. C. SHEPPARD
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Abbreviations

Abbreviations for amino-acids and their use in the formulations of derivatives
follow, with some exceptions, the various Recommendations of the
1.U.P.A.C.-1.U.B. Commission on Biochemical Nomenclature, which have been
reprinted in Volumes 4, 5, and 8 in this series.

Other abbreviations that have been used are listed here or are defined in the text
and tables.

Ac acetyl

Acm acetamidomethyl

Ad adamantyl

Adoc adamantyloxycarbonyl

Adpoc 1-(1-adamantyl)-1-methylethoxycarbonyl

Aoc t-amyloxycarbonyl

Aox 4,5-dianisoyl-4-oxazolin-2-one amino-acid derivative
Asu o-aminosuberic acid

Asx aspartic acid or asparagine (not yet determined)
ATP adenosine 5'-triphosphate

Azoc 2-(4-phenylazophenyl)isopropyloxycarbonyl
Beoc 2-bromoethyloxycarbonyl

Boc t-butoxycarbonyl

Bpoc 2-(4-biphenylyl)isopropoxycarbonyl

BSA bovine serum albumin

Btm benzylthiomethyl

Bu' t-butyl

Bzh benzhydryl (diphenylmethyl)

Bzh(OMe),  4,4-dimethoxybenzhydryl

Bzl benzyl

Bzi(4-Cl) 4-chlorobenzyl
Bzi(2,6-Cl,)  2,6-dichlorobenzyl
BzI(4-CN) 4-cyanobenzyl
BzI(NO,) 4-nitrobenzyl
Bzl(2-NO,)  2-nitrobenzyl
BzI(OMe) 4-methoxybenzyl

cd. circular dichroism

Cha cyclohexylamine

Cm carboxymethyl

Cmc S-carboxymethyleysteine

XXi



XXil
Cox
CPh,Py
Dcha
Ddz
DMCBzl
DMCZ
DMF
DMSO
- Dnp
2.,4-Dnps
Dns
Dopa
DP
Dpp
DPtd
DTNB
Ec
edta
En
e.p.r.
€.8.I.
Et
Gal
g.c.—m.s.
glc.
Glc
Glp
Glx
GTP
H.p.lc.
Iboc
Lr.
Mal=
Man
Mbh
Mbs
Mds
Me
Mea
MePh,Peoc
Mhoc
Moc
Msc
Mtc
NAD

NCA

Abbreviations

4,5-di-(4-chlorophenyl-4-oxazolin-2-one) amino-acid derivative
diphenyl-4-pyridylmethyl

dicyclohexylamine
3,5-dimethoxy(xx-dimethyl)benzyloxycarbonyl
dimethylcarbamoylbenzyl
dimethylcarbamoylbenzyloxycarbonyl
NN-dimethylformamide

dimethyl sulphoxide

2,4-dinitrophenyl

2,4-dinitrosulphenyl
1-dimethylaminonaphthalene-5-sulphonyl (dansyl)
3,4-dihydroxyphenylalanine

degree of polymerization

diphenylphosphinoyl
4,6-diphenylthieno[3,4-d][1,3]dioxal-2-one 5,5-dioxide
5,5 -dithiobis-(2-nitrobenzoic acid)
ethylcarbamoyl

ethylenediaminetetra-acetate

ethylenediamine

electron paramagnetic resonance

electron spin resonance

ethyl

galactose

gas chromatograph—mass spectrometer combination
gas-liquid chromatography

glucose

2-pyrrolidone-5-carboxylic acid

glutamic acid or glutamine (not yet determined)
guanosine 5'-triphosphate

high performance liquid chromatography
isobornyloxycarbonyl

infrared

maleoyl

mannose

4,4-dimethoxybenzhydryl
4-methoxybenzenesulphonyl
4-methoxy-2,6-dimethylbenzenesulphonyl

methyl

mercaptoethylamine
2-methyldiphenylphosphinioethyloxycarbonyl
1-methylcyclohexylcarbonyl

methoxycarbonyl
2-(methylsulphonyl)ethoxycarbonyl
2-methylthioethyloxycarbonyl
nicotinamide—adenine dinucleotide (NAD* oxidized, NADH
reduced)

N-carboxyanhydride



Abbreviations XXill

Nma maleimido
Nmps 4-methyl-2-nitrosulphenyl
N.m.r. nuclear magnetic resonance
Np 4-nitrophenyl
Nps o-nitrophenylsulphenyl
Npys 3-nitropyridine-2-sulphenyl
Nsu succinimido
OHFP hexfluoroisopropy! esters
ONp p-nitrophenoxy
ONp(o) o-nitrophenoxy
ONSu succinimido-oxy
OPcp pentachlorophenoxy
OPfp pentafiuorophenoxy
OPic 4-picolyloxy
Opop phenacyl-2-hydroxyphenyl ester
or.d. optical rotatory dispersion
OTAT thiazoline-2-thione esters
OTcp 2,4,5-trichlorophenoxy
Pac phenacyl
Pcp pentachlorophenyl
Peoc 2-triphenylphosphinioethyloxycarbonyl
Ph(SMe) p-methylthiophenyl
Pic 4-picolyl
Picoc 4-picolyloxycarbonyl
Pipoc piperidino-oxycarbonyl
Pms p-tolylmethylsulphonyl
PNp 4-nitrophenyl ester
- Ppoc phenylisopropoxycarbonyl
Ppt diphenylphosphinothioyl
Pth-Gly the phenylthiohydantoin derived from glycine, etc.
Pz p-phenylazobenzyloxycarbonyl
SBu' t-butylthio
Scm carboxymethylsulphenyl
SCB t-butyloxycarbonylsulphenyl
SDS sodium dodecy! sulphate
Spri isopropylthio
Sub 5-dibenzosuberyl
Sz benzyloxycarbonylsulphenyl
Tac toluene-p-sulphonylaminocarbonyl
Tcp 2,4,5-trichlorophenyl
Tfa trifluoroacetyl
Thp tetrahydropyranyl
T.lc. thin layer chromatography
Tmeda NNN’N'-tetramethylethylenediamine
Tnps 2,4,6-trinitrosulphenyl
Tos toluene-p-sulphonyl

Troc 2,2,2-trichloroethyloxycarbonyl



XXiv
Trt
Tse
U.v.
Xan

Z(2-Br)
Z(OMe)
Ztf

triphenylmethyl

2-(toluene-p-sulphonyl)ethyl

ultraviolet

9-xanthyl

benzyloxycarbonyl
2-bromobenzyloxycarbonyl
p-methoxybenzyloxycarbonyl
1-benzyloxycarbonylamino-2,2,2-trifluoroethyl

Abbreviations



I

Amino-acids

BY G. C. BARRETT

1 Introduction

This chapter continues to offer detailed coverage of the chemical and biochemical
literature on the amino-acids, but with only superficial treatment of biological
aspects (distribution of the common amino-acids, metabolism, and biosynthesis).

Textbooks and Reviews.—Several sources of up-to-date information have become
available, dealing with biosynthesis,! stereochemical studies of metabolism,? toxic
and other amino-acids with plant-defensive roles,® and a broader review of non-
protein amino-acids.* Electrochemical synthesis of amino-acids has been
surveyed.’

-2 Naturally Occurring Amino-acids

Occurrence of Known Amino-acids.—Identification of four previously undetected
leucine isomers (2-amino-2-ethylbutyric acid, both diastereoisomers of 2-methyl-
norvaline, C-t-butylglycine, and 2-amino-2,3-dimethylbutyric acid) in the
Murchison meteorite® contributes further support to the hypothesis that a single
one-carbon precursor can account for all amino-acids so far found in this sample.

A review of amino-acids present in marine algae has appeared.” Other ¢-amino-
acids found in new locations are diaminopimelic acid from the cell wall of
Legionnaires’ disease bacterium,® L-2-amino-4,5-hexadienoic acid from Amanita
neooroidea,® cyclopentenylglycine in Flacourtiaceae,'® and 3-(2-furoyl)alanine
from roots of Rumex obtusifolius !* (this compound is now believed to be formed

! Biochemistry of Plants, Vol. 4, ed. P. K. Stumpf, Vol. 5, ed. B. J. Miflin, Academic Press, New York,
1980; L. Ninet and J. Renaut, Bull. Soc. Chim. Fr., Part 2, 1980, 80.

2 D. J. Aberhart, Recent Adv. Phytochem., 1979, 13, 29.

3 B. Unterhalt, Dsch. Apoth.-Ztg., 1980, 120, 1093; ‘Herbivores: Their Interaction with Secondary Plant

Metabolites’, ed. G. A. Rosenthal and D. H. Janzen, Academic Press, New York, 1979.

E. A. Bell, in ‘Encyclopaedia of Plant Physiology’, Vol. 8 (Secondary Plant Products), New Series, ed.

E. A. Bell and B. V. Charlwood, Springer Verlag, Berlin, 1980, p. 403; E. A. Bell, Rev. Latino-am.

Quim., 1980, 11, 16; E. A. Bell, Endeavour, 1980, 4, 102.

1. A. Avrutskaya, in ‘Elektrosint. Monomerov’, ed. L. G. Feoktistov, Izd. Nauka, Moscow, 1980, p.

124 (Chem. Abstr., 1981, 93, 122 346).

J. R. Cronin, W. E. Gandy, and S. Pizzarello, in ‘Biogeochemistry of Amino-acids’, ed. P. E. Hare, T.

C. Hoening, and K. King, Wiley, New York, 1980, p. 153.

E. Fattorusso and M. Piattelli, in ‘Marine Natural Products: Chemical and Biological Perspectives’, ed.

P. J. Scheuer, Academic Press, New York, 1980, Vol. 3, p. 95.

8 @G. O. Guerrant, M. S. Lambert, and C. W. Moss, J. Clin. Microbiol., 1979, 10, 815.

9 8. Hatanaka and K. Kawakami, Sci. Pap. Coll. Gen. Educ., Univ. Tokyo, 1980, 30, 147 (Chem. Abstr.,
1980, 93, 61 778).

1 U, Cramer, A. G. Rehfeldt, and F. Spener, Biochemistry, 1980, 19, 3074.

11 T Kasai, M. Okuda, and S. Sakamura, Agric. Biol. Chem., 1980, 44, 2723,
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from ascorbalamic acid during isolation from the plant 1!). An improved isolation
procedure (3-hydroxyproline from seeds).gives an excellent account of modern
methodology which is generally applicable.!?

y-Carboxyglutamic acid is a constituent of ovocalcin (hen eggshell),!? and
bovine teeth phosphoprotein contains a-aminoadipic acid,'* probably derived
from a lysine residue via the corresponding aldehyde (‘allysine’). Several papers
dwell on the possibility that crosslinking amino-acids previously located in
proteins may be artifacts of the isolation procedures; although pyridinoline (see
Vol. 11, p. 3), now structurally revised to (I; probably n = 1, m = 2),!5 has been
established to be an in vivo component of collagen, !¢ this has been disputed.!” The
tetrafunctional collagen crosslink, dehydrohistidinohydroxymerodesmosine, has
also been shown not to be an artifact.'®

Simple derivatives of the common protein amino-acids continue to be found,
either in an uncombined form [N-methyl-L-alanine and N-methyl-L-serine in high
concentrations in Dichapetalum cymosum;'® N-(y-L-glutamyl)ethanolamine in
mushrooms;?®  N-p-coumarylglutamic acid in black tea;?' and
H-Leu-NHNMeP(O)(OH)OMe, as antibiotic FR-900137 from Streptomyces un-
zenensis 2?] or as protein constituents (NNN-trimethyl-L-alanine and N°N°N°-
trimethyl-L-lysine in ribosomal protein L11 from E. coli,2® and NN-dimethyl-
proline at the N-terminus of a cytochrome 24).

New Natural Free Amino-acids.—Plant sources and new free amino-acids are:
Caylusea abyssinica (2 diastereoisomers of 4-carboxy-4-hydroxy-2-amino-adipic
acid, with the (S)-configuration at C-2 assumed, as well as two diastereoisomers of
4-hydroxy-4-methylglutamic acid);?® further information on mugineic acid (see
Vol. 12, p. 3) from root-washings of Gramineae;2® Avena sativa root washings as
source of avenic acid A, (2), a new amino-acid with iron-chelating ability;?7-28
seeds of Ateleia herbert smithii Pittier are the source of the remarkable new
cyclobutanes 2,4-methanoproline and 2,4-methanoglutamic acids [(3) and (4)
respectively;2° antibiotic SF-1836 (17) is a homologue of the former!¢’]; and

12 A.G. Szymanowicz, G. Poulin, N. Fontaine, J. P. Werquin, and J. P. Borel, J. Chromatogr., 1980, 190,

457.

G. Krampitz, H. Meisel, and W. Witt-Krause, Naturwissenschaften, 1980, 67, 38.

14 B.Y. Hiraoka, K. Fukasawa, K. M. Fukasawa, and M. Harada, J. Biochem. (Tokyo), 1980, 88, 373.

15 Z. Deyl, K. Macek, M. Adam, and T. Vancskova, Biochim. Biophys. Acta, 1980, 625, 248.

¢ D. Fujimoto, Biochem. Biophys. Res. Commun., 1980, 93, 948.

17 D. F. Elsden, N. D. Light, and A. J. Bailey, Biochem. J., 1980, 185, 531.

'8 P.H. Bernstein and G. L. Mechanic, J. Biol. Chem., 1980, 255, 10414.

19 J. N. Eloff, Z. Pflanzenphysiol., 1980, 98, 403.

20y, Oka, T. Ogawa, and K. Sasaoka, Agric. Biol. Chem., 1980, 44, 1959.

21 F. Imperato, Chem. Ind. (London), 1980, 388.

Y. Kuroda, H. Tanaka, M. Okamoto, T. Goto, M. Kosaka, H. Aoki, and H. Imanaka, J. Antibiot.,

1980, 33, 280.

M. J. Dognin and B. Wittmann-Liebold, Hoppe-Seyler’s Z. Physiol. Chem., 1980, 361, 1697.

24 G. M. Smith and G. W. Pettigrew, Eur. J. Biochem., 1980, 110, 123.

25 Q. Olsen and H. Soerensen, Phytochemistry, 1980, 19, 1717.

K. Nomoto, H. Yoshioka, T. Takemoto, S. Fushiya, S. Nozoe, and S. Takagi, Koen Yoshishu-Tennen

Yuki Kagobutsu Toronkai, 22nd, 1979, 619 (Chem. Abstr., 1981, 93, 47 161).

S. Fushiya, Y. Sato, S. Nozoe, K. Nomoto, T. Takemoto, and S. Takagi, Tetrahedron Lett., 1980, 21,

3071.

28 S. Fushiya, Y. Sato, and S. Nozoe, Chem. Lett., 1980, 1215.

2% E. A. Bell, M. Y. Qureshi, R. J. Pryce, D. H. Janzen, P. Lemke, and J. Clardy, J. Am. Chem. Soc.,
1980, 102, 1409; synthesis M. C. Purring, Tetrahedron Lett., 1980, 21, 4577, P. Hughes, M. Martin,
and J. Clardy, ibid., p. 4579.
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~0,CCH(NH,)(CH,),
- + / A\ X_ +
0,CCH(NH,)(CH,),~ +NCH,CHOH)(CH,),CH(NH,)CO,"

HO
(1
-0,C H O H H\_/CozH
HO(CH,),—C—NH,(CH,),—C —NH, (CH,),—C—OH
2

+
NH, OMe

€O~ CO,Me
Co,” /
+ MeO,C”>N-O
NH H

2 HO,C
©)] C)) (5)

sargassumlactam, (5), a new fy-unsaturated y-lactam from the marine alga
Sargassum kjellmanianum.>° Shinorine,! claimed as a new amino-acid (from the
red alga Chondrus yendoi), is identical with mytilin A (see Vol. 12, p. 4), a member
of the palythine family (Vol. 11, p. 3).

Fungal and bacterial sources of new amino-acids are: Streptomyces catenulae
(antibiotic FR-900130 is L-2-amino-3-butynoic acid);3? unspecified Actinomyces
[source of forphenicine, (6)];3% Streptomyces filamentosus [antibiotic SF-1961,
(7)];34 2-(3-alanyl)clavam, (8), from Streptomyces clavuligerus, > arogenic acid, (9),
a biosynthetic precursor of phenylalanine and tyrosine (from a Neurospora crassa

mutant).3¢
CHO Co,
OH ., N
“0,CCH,CHINH,)— N
N=+
+ k}
H,NCHCO," o NH;
(6)
/
+ ~ HO,C_ CH,—C—CO,”
O.__CH,CH(NH,)CO, ; X,
OJ;N—\I
® HO H
®

30 H. Nozaki, Y. Fukuoka, A. Matsuo, O. Soga, and M. Nakayama, Chem. Lett., 1980, 1453.

31 1. Tsujino, K. Yabe, and I. Sekikawa, Bot. Mar., 1980, 23, 65.

32 Y. Kuroda, M. Okuhara, T. Goto, E. Iguchi, M. Kohsaka, H. Aoki, and H. Imanaka, J. Antibiot.,
1980, 33, 125. i

33 T. Yamamoto, K. Kojiri, H. Morishima, H. Naganawa, T. Aoyagi, and H. Umezawa, J. Antibiot.,
1978, 31, 483.

34 T. Shomura, S. Omoto, K. Oba, H. Ogino, M. Kojima, and S. Inouye, J. Antibiot., 1980, 33, 1243,

33 M. Kellett, D. Pruess, and J. P. Scannell, U.S.P. 4202819 (Chem. Abstr., 1980, 93, 130 567).

3¢ L.O. Zamir, R. A. Jensen, B. H. Arison, A. W. Douglas, G. Albers-Schoenberg, and J. R. Bowen, J.
Am. Chem. Soc., 1980, 102, 4499.
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New Amino-acids from Hydrolysates.—One of the four possible stereoisomers of
3,4-dihydroxy-L-proline, the 2,3-trans-3,4-trans isomer, is a component of the
virotoxins, toxic peptides of Amanita virosa.>” Additional information on the
chlorotyrosine derivatives from vancomycin (see Vol. 12, p. 5) has been
published. 38

3 Chemical Synthesis and Resolution of Amino-acids

General Methods of Synthesis of Amino-acids.—Standard syntheses of amino-acids
have been applied to the synthesis of analogues of ibotenic acid,3® including
alkylation of diethyl acetamidomalonate (used in other laboratories;*® see also
refs. 75, 78, and 117). Alkylation of the potassium enolate of the Schiff base
(RS),C=NCH,CO,Et with alkyl halides illustrates a general synthesis of o-
amino-acids from glycine derivatives which is of increasing importance.*! As in
other examples of this approach,®* di-alkylation is feasible. The Bucherer-Bergs
hydantoin synthesis (see refs. 120 and 121) and Strecker synthesis (see ref. 94) have
been useful general procedures.

Yields of 21—84%, have been claimed for the conversion of a primary
amide into an a-acylamino-acid (R'CHO + CO + R*CONH,
— R?CONHCHR!CO,H), catalysed by Co,(CO)q.*? Effects of electron or
radical scavengers on the amination of carboxylic acids induced by y-irradiation
have been studied.*? Hydrogenolysis of 1-aryl-3-azido-azetidinones has been
explored as a route to f-amino-acid amides.**

Examples of the applications of standard synthetic approaches to - and higher
homologous amino-acids are included later in this chapter.

Asymmetric Synthesis of Amino-acids.—Further development of previously estab-
lished methods is illustrated in a synthesis of 2-t-butylglycine (‘t-leucine’) based
on the asymmetric addition of HCN to the Schiff base derived from pivalic
aldehyde and (S)-1-phenylethylamine, followed by hydrolysis and hydrogenolysis
(see also Scheme 1);*% asymmetric addition of PhCH,SH to z-phthalimidoacrylate
catalysed by acrylonitrile-cinchona alkaloid co-polymers [to give an enantiomeric
excess of the (S)-isomer of N-phthaloyl-S-benzylcysteine when quinine or cincho-
nidine are used];*® asymmetric hydroformylation and hydrocarboxylation of
enamides catalysed by hydridorhodium(m)carbonyl-chiral phosphine com-
plexes*” (use of a chiral aldehyde in the distantly related a-acylamino-acid
synthesis 2 described in the preceding section led to no enantiomeric excess); and
asymmetric hydrogenation processes of various types {alkylidene-oxazolinones

37 A. Buku, H. Faulstich, T. Wieland, and J. Dabrowski, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 2370.

38 Zh.P. Trifonova, G. S. Katrukha, A. B. Silaev, B. Diarra, B. V. Rozynov, and O. S. Reshetova, Khim.
Prir. Soedin., 1979, 875.

39 J. J. Hansen and P. Krogsgaard-Larsen, J. Chem. Soc., Perkin Trans. 1, 1980, 1826.

40 A, M. Kolodziejczyk and A. Arendt, Pol. J. Chem., 1980, 54, 1327.

41 D, Hoppe and L. Beckmann, Liebigs Ann. Chem., 1979, 2066.

42 3, J. Parnaud, G. Campari, and P. Pino, J. Mol. Catal., 1979, 6, 341.

43 K.Ema and T. Masuda, Technol. Rep. Osaka Univ., 1980, 30, 313 (Chem. Abstr., 1980, 93, 168 566).

44 1. Ojima, S. Suga, and R. Abe, Chem. Lett., 1980, 853.

45 3 L. Faucher and C. Petermann, Helv. Chim. Acta, 1980, 63, 824.

46 N. Kobayashi and K. Iwai, J. Polymer Sci., Polym. Lett. Ed., 1980, 18, 417.

47 Y. Becker, A. Eisenstadt, and J. K. Stille, J. Org. Chem., 1980, 45, 2145.
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with rhodium-chiral phosphine complexes*® or with common hydrogenation
catalysts in the presence of (S)-1-phenylethylamine *° or Al-Hg, % %! or H,~Raney
Ni*® hydrogenation of chiral 6-phenyl-2-alkylidene-oxazinones [(10) gives L-
aspartic acid in 14—17% optical yield]*® and chiral dioxazepinones®!}. The latter is
an example of hydrogenation of a chiral Schiff base, related to the asymmetric
synthesis of f-amino-acids by hydrogenation of (Z)-3-[(R)-1-phenylethylamino}-
af-unsaturated esters.>2

H_ NH_CHCOMe
S
[e Y]
(10)
Me 'H Me H
{_ _OMe Me R(or R'R?COH)
Me,o NI i B R lC
)yNH Meo)ﬁ/N RiCOR:  H,N7 ~CO;
Me H Me H
(n

Enantioselective alkylation of the mono-anion of the L-alanine dioxopiperazine
derivative (11) provides a route to a-methyl-az-amino-acids involving moderately
high (41—74%)) asymmetric induction.>®> The advantage of enclosing a chiral
signal-centre in a ring in this area of asymmetric synthesis is further illustrated in a
use of chiral 4-phenyl-5-alkylamino-1,3-dioxans (Scheme 1) leading to C-
arylglycines.3*

Ph 1 1
\. OH H__o R H o R
Hm?/ —i, Phq \ILRZ i Ph= R?
H~Cw H l; O H- (0]

/ "CH,OH 2 ArCH=N

liii
OH
Ar,

o = N O fe
0,C H, Ph-

NC \NH
Scheme 1
Reagents: i, RIR?CO; ii, ArCHO; iii, HCN; iv, conc. HCl; v, NalO; (aq)

48 J. Koettner and G. Greber, Chem. Ber., 1980, 113, 2323.

E. 1. Karpeiskaya, G. V. Chel'tsova, E. I. Klabunovskii, and A. P. Kharchevnikov, Izv. Akad. Nauk
SSSR, Ser. Khim., 1980, 1082.

S0 M. Tamura and K. Harada, Bull. Chem. Soc. Jpn., 1980, 53, 561.

51 J. Irurre Perez, J. Martin Juarez, and A. Bosch Rovira, An. Quim., 1979, 75, 958.

M. Furukawa, T. Okawara, Y. Noguchi, and Y. Terawaki, Chem. Pharm. Bull., 1979, 27, 2223.

U. Schoellkopf, W. Hartwig, and U. Groth, Angew. Chem., 1979, 91, 922; 1980, 92, 205.

K. Weinges, K. P. Klotz, and H. Droste, Chern. Ber., 1980, 113, 710; K. Weinges, G. Brune, and H.
Droste, Liebigs Ann. Chem., 1980, 212.

54



6 Amino-acids, Peptides, and Proteins

Useful asymmetric transformations are illustrated by the conversion (71.7%) of
the (R)-1-phenylethylammonium salt of (R,S)-N-benzoyl-C-phenylglycine into
the corresponding salt of the (S)-acid (overall 779 yield) by boiling in toluene
solution,*3 and a related use of optically active cobalt(im)tetrammine- N-methyl-L-
alanine complexes 3¢ (and see ref. 234). (R)-Alanine results from the hydrolysis of
the imidazoline (12) formed from either (R)- or (§)-N-benzyloxycarbonylalanine
imidate and (S)-2-(aminoethyl)pyrrolidine, as a result of auto-epimerization.®’

N—-H
—— ZNHCHMe&

(12)

{ >,CH2NH2
Y

H

Prebiotic Synthesis; Model Reactions.—A general review *® and specific survey of
results from studies of the formation of amino-acids from sugars and NH; in a
model sea medium 3° indicate the broad scope of this topic. Most of the recent
papers continue the themes established in earlier years [*°Co-y-irradiation of O,-
free aqueous NH,CN;%° photolysis of NH, in propionic acid gives a- and §-
alanines through NH(*A) insertion of C—H bonds,®! whereas atomic nitrogen
attacks acetic or succinic acids in aqueous media, leading to glycine, aspartic acid,
glutamic acid, serine, and threonine;%? 254 nm irradiation of simple hydrocarbons,
water, and NH; in the presence or absence of H,S;%3 carboxylation of primary
amines in aqueous solutions at various pH values;%* and conversions of f-amino-
acids into a-amino-acids?*® under contact glow discharge electrolysis condi-
tions 4]. The increasing emphasis on the involvement of hydrogen cyanide in
putative mechanisms for abiogenic synthesis of amino-acids is further justified by
the demonstration that this compound is the principal product of i.r.-laser
photolysis of a methane—ammonia mixture.®®> Amino-acids are formed in aqueous
KCN in the presence of montmorillonite or graphite oxide at 70°C.%¢

The common feature of these model reactions is the involvement of an energy
source to drive thermodynamically unfavourable processes. Matatov has shown
that iron(im)-catalysed decomposition of H,0, can facilitate the production of
glycine, serine, threonine, and proline from formaldehyde and hydroxylamine
hydrochloride in aqueous solutions.®’

5% K. Suzuki, S. Kiyooka, T. Miyagawa, and A. Kawai, Nippon Kagaku Kaishi, 1980, 287 (Chem. Abstr.,
1980, 93, 95 604).

%6 M. Yamagushi, S. Yano, M. Saburi, and S. Yoshikawa, Bull. Chem. Soc. Jpn., 1980, 53, 691.

57 S. Shibata, H. Matsushita, K. Kato, M. Noguchi, M. Saburi, and S. Yoshikawa, Bull. Chem. Soc. Jpn.,
1979, 52, 2938.

58 G. Sextl, R. Schwanker, and M. Eiswirth, Biol. Unserer Zeit, 1980, 10, 123.

H. Yanagawa, Tanpakushitsu Kakusan Koso, Bessatsu, 1980, 86 (Chem. Abstr., 1981, 94, 11 660).

Z. D. Draganic, V. Niketic, S. Jovanovic, and I. G. Draganic, J. Mol. Evol., 1980, 15, 239; 1. G.

Draganic, S. Jovanovic, V. Niketic, and Z. D. Draganic, ibid., p. 261.

61 §. Sato, T. Kitamura, and S. Tsunashima, Chem. Lett., 1980, 687.

52 M. A. Margulis, L. M. Grundel, and E. L. Girina, Dokl. Akad. Nauk SSSR, 1980, 251, 639.

63 E. Miyoshi, H. Ebisawa, T. Shirai, and S. Yanagisawa, Nippon Kagaku Kaishi, 1980, 1120.

64 J. Terasawa and K. Harada, Chem. Lett., 1980, 73.

65 D. Q. Davis, G. R. Smith, and W. A. Guillory, Origins Life, 1980, 10, 237.

%6 F. Aragon de la Cruz and C. Viton Barbolla, An. Quim., 1979, 75, 820.

87 Yu. I. Matatov, Zh. Evol. Biokhim. Fiziol., 1980, 16, 189 (Chem. Abstr., 1981, 94, 42 850).
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Protein Amino-acids and Other Naturally Occurring Amino-acids.—Little scope
exists for thorough coverage of biosynthetic production of amino-acids, important
though this topic has become in both commercial and mechanistic terms. The
general field can be represented by selected references (reviews of enzymic
synthesis;%® fermentative production of L-glutamine by a Flavobacterium rigense
mutant;%° microbial conversion of glycine into L-serine,’® and accumulation of O-
methyl-L-homoserine in culture media of methanol-utilizing bacteria;’* and
conversion of trans-4-hydroxy-L-proline into L-proline via the 4,5-dehydro-
analogue 72).

A synthesis of L-a-aminoadipic acid from L-lysine involves treatment of the N*-
benzyloxycarbonyl derivative with NaOCI, elimination with DABCO, and hydro-
lysis of the resulting nitrile in refluxing 4M-HCI.”® Cyclization of ornithine, lysine,
or 5-hydroxylysine with nitrosylpentacyanoiron(ir) gives proline, pipecolic acid,
and 5-hydroxypipecolic acid, respectively.” Further new syntheses of y-carboxy-
L-glutamic acid involve either alkylation of diethyl benzyloxycarbonylamino-
malonate with the Mannich reaction product of di-t-butyl malonate,”s or
carboxylation of N-trityl dibenzyl L-glutamate with benzyl chloroformate after
carbanion formation with LiNPr',, followed by de-protection with H,-Pd.”® Full
details have been published’” of the novel synthesis of kainic acid reported in Vol.
11 (p. 10). y-Oxo-pDL-homotyrosine has been prepared from p-methoxyphenacyl
bromide and diethyl acetamidomalonate.”®

Syntheses of f-amino-acids reported in 1980 include (2S,3R)-3-amino-2-
hydroxy-5-methylhexanoic acid (present in amastatin), prepared from N-
benzyloxycarbonyl-D-leucine methyl ester via LiAlHBu', reduction into the
aldehyde, thence into the cyanohydrin,”® and an alternative route to the same
series of compounds from chiral oxiranes.8° threo-y-Hydroxy-L-p-lysine has been
prepared by Arndt-Eistert extension of the corresponding lysine derivative.8! A
useful synthetic route to -amino-acids has been illustrated with a synthesis of o-
aminolaevulinic acid.®?

Aliphatic Amino-acids.—C-t-Butylglycine (‘t-leucine’) is accessible through ad-
dition of MeMgl to 2-phenyl-4-isopropylidene-oxazolinone or to
Me,C=C(CO,Et), followed by hydrolysis or Curtius rearrangement, respective-

68 N. Esaki, K. Soda, H. Kumagai, and H. Yamada, Biotechnol. Bioeng., 1980, 22 (Suppl. 1), 127, Y.
Hirose and H. Shibai, iid., p. 111.

69 K. Nabe, T. Ujimaru, N. Izuo, S. Yamada, and 1. Chibata, Appl. Environ. Microbiol., 1980, 40, 19.

7% Y. Tanaka, K. Araki, and K. Nakayama, J. Ferment. Technol., 1980, 58, 417.

7' Y. Tanaka, K. Araki, and K. Nakayama, Biotechnol. Lett., 1980, 2, 67.

72 ). Varner, Biochem. Biophys. Res. Commun., 1980, 96, 692.

73 A. L Scott and T. J. Wilkinson, Synth. Commun., 1980, 10, 127.

74 M. T. Beck, A. Katho, and L. Dozsa, Magy. Kem. Foly., 1980, 86, 337.

75 A. Juhasz and S. Bajusz, Int. J. Pept. Protein Res., 1980, 15, 154.

76 R. K.-Y. Zee-Cheng and R. E. Olsen, Biochem. Biophys. Res. Commun., 1980, 94, 1128.

77 W. Oppolzer and H. Andres, Helv. Chim. Acta, 1979, 62, 2282.

78 W. Keller-Schierlein and B. Joos, Helv. Chim. Acta, 1980, 63, 250.

79 D. H. Rich, B. J. Moon, and A. S. Boparai, J. Org. Chem., 1980, 45, 2288.

80 K. Kato, T. Saino, R. Nishizawa, T. Takita, and H. Umezawa, J. Chem. Soc., Perkin Trans. 1, 1980,
1618.

81 T, Teshima, T. Ando, and T. Shiba, Bull. Chem. Soc. Jpn., 1980, 53, 1191.

82 G. Schulz and W. Steglich, Chem. Ber., 1980, 113, 787.
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ly.8* Unsaturated analogues of D-a-amino-adipic acid 8 and of 3-halo-4-
aminobutanoic acids 85 have been prepared by alkylation of Ph,C=NCH,CO,Et
with EtO,CCH=CHCH ,Br, and from CICH,C=CCO,H, respectively, followed
by straightforward elaboration. Kolbe reactions with mixtures of differently
protected glutamic acids lead to 2,4-di-aminosuberates.?6

Proline derivatives and analogues feature as synthetic objectives for several
laboratories. A 90:10 cis: trans-mixture of 1-benzyl-2-methylazetidine-
carboxylates emerges from condensation of methyl 2,4-dibromopentanoate with
benzylamine;®” an improved preparation of (S)-3,4-dehydroproline based on
H,PO,—HI reduction of pyrrole-2-carboxylic acid involves resolution with (4)-
tartaric acid, 8% which is not necessary in the apparently easier route from L-
hydroxyproline involving protection and Chugaev elimination of the xanthate
(formed with CS, and Bu",N*HSOQ,”);®° 1,2-dehydroproline gives the 3-
phenoxy-analogue through allylic bromination followed by treatment with thal-
lium phenoxide, easily reduced to cis: trans-3-phenoxyproline.®® Conversion of
kainic acid into the strongly neuro-excitatory proline derivative (13) is achieved by
ozonolysis of the N-boc-derivative.91

CH,CO,H

MSCOZT-coz

boc

13)

a-Alkyl Analogues of Protein Amino-acids.—Asymmetric synthesis of a-methyl-a-
amino-acids has been illustrated earlier in the chapter,®3 and the same general
objective, formation of the a-carbanion of a protected amino-acid followed by
alkylation, has been used in a synthesis of a-methyltryptophan.®? Synthesis of a-
hydroxymethylserine from the reaction of formaldehyde with cobalt(im),
copper(ir), or nickel() complexed glycine Schiff bases,®3 and the synthesis of -
(hydroxymethyl)aspartic acid through the Strecker synthesis with
AcOCH,COCH,CO,Et %# illustrate previously used routes. a-Vinyl analogues
can be prepared through Michael addition of a 2-phenyloxazolin-5-one to
PhSO,C=CH followed by sulphone cleavage,®’ or by alkylation of a Schiff base
with (E)- or (Z)-RCH=CHBr after carbanion formation with LiNPr!,.%¢

83 T.Miyazawa, T. Nagai, T. Yamada, S. Kuwata, and H. Watanabe, Mem. Konan Univ., Sci. Ser., 1979,
23, 51 (Chem. Abstr., 1980, 92, 94 681).

84 R. D. Allan, J. Chem. Res. (S), 1980, 392.

85 R.D. Allan, Aust. J. Chem., 1979, 32, 2507; R. D. Allan, G. A. R. Johnston, and B. Twitchin, Aust. J.
Chem., 1980, 33, 1115.

86 R. E. Nutt, R. G. Strachan, D. F. Veber, and F. W. Holly, J. Org. Chem., 1980, 45, 3078.

87 D. S. Soriano, K. F. Podraza, and N. H. Cromwell, J. Heterocycl. Chem., 1980, 17, 623.

88 J. W, Scott, A. Focella, U. O. Hengartner, D. R. Parrish, and D. Valentine, Synth. Commun., 1980, 10,
529.

8 J. R. Dormoy, B. Castro, G. Chappuis, U. S. Fritschi, and P. Grogg, Angew. Chem., 1980, 92, 761.

90 3. Hausler and U. Schmidt, Liebigs Ann. Chem., 1979, 1881.

91 Q. Goldberg, A. Luini, and V. 1. Teichberg, Tetrahedron Lett., 1980, 21, 2355.

°2 M. F. Brana, M. Garrido, M. L. Lopez, and A. M. Sanz, J. Heterocycl. Chem., 1980, 17, 829.

93 L. Casella, A. Pasini, R. Ugo, and M. Visca, J. Chem. Soc., Dalton Trans., 1980, 1655.

94 J.J. Walsh, D. E. Metzler, D. Powell, and R. A. Jacobson, J. Am. Chem. Soc., 1980, 102, 7136.

95 W. Steglich and H. Wegmann, Synthesis, 1980, 481.

96 P. Bey-and J. P. Vevert, J. Org. Chem., 1980, 45, 3249.
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a-Heteroatom-substituted o-Amino-acids.—Good yields of a-methoxy-N-acetyl
amino-acids are obtained through the reaction of an N-acetyl-N-benzyloxy-
amino-acid ester with potassium t-butoxide and MeOH.®? a-Bromination (NBS)
and treatment with potassium thiolacetate places an acetylthio-grouping at the a-
position of an N-acylamino-acid ester.%®

Aliphatic Amino-acids Carrying Halogen Substituents in Side-chains.—Further
examples of the use of aziridinecarboxylates for the preparation of B-fluoro-o-
amino-acids, by treatment with HF—pyridine, have been reported (see Vol. 12, p.
8).9%2 The relative stereochemistry of the products has been defined®®® by chemical
correlations and X-ray analysis.

Aliphatic Amino-acids Carrying Hydroxy-groups in Side-chains.—Free-radical
chlorination of L-valine, and hydrolysis, gives a mixture of stereoisomers from
which (25,35)- and (28,3 R)-4-hydroxyvaline have been isolated by crystallization
and hydrolysis.!°® A 34:66 erythro: threo-mixture of y-hydroxy-pDL-ornithine
formed through hydrolysis of 2,5-di-amino-4-pentanolide isomers has been
separated and converted into corresponding y-hydroxyarginines.!°!

o-Amino-acids with Unsaturated Side-chains.—A new synthesis of L-vinylglycine
[(S)-2-amino-but-3-enoic acid] from L-methionine involves conversion into the
sulphoxide, followed by pyrolytic elimination of methanesulphenic acid.!®?
Another example of the dehydration of N-benzyloxycarbonylserine or threonine
into the corresponding of-dehydro-amino-acids employing DCCI has been
reported. 193

Synthesis of Aromatic and Heterocyclic Amino-acids.—Most examples included in
this section this year, as in previous years, concern simple derivatives of the protein
aromatic and heteroaromatic amino-acids, but an interesting stereospecific syn-
thesis of a saturated heterocyclic amino-acid (14) has also been described.!%*

R? R!
R I W
o>—N 3 / \@—7
R* H
(14)

R! = H, R? = CO,"~
R!'=CO, ,R2=H

Tyrosine derivatives offering some interest in terms of routes for their synthesis

are 3-fluoro- and 3,5-difluoro-L-tyrosine (from L-tyrosine methyl ester via nitrat-
ion, reduction, and diazotization with NaNO,-HBF,),!°5 and 3,4-dihydroxy-6-

7 J. D. M. Herscheid, R. J. F. Nivard, M. W. Tijhuis, H. P. H. Scholten, and H. C. J. Ottenheijm, J. Org.
Chem., 1980, 45, 1880.

8 Z. Lidert and S. Gronowitz, Synthesis, 1980, 322.

(a) A. Barama, R. Condom, and R. Guedj, J. Fluorine Chem., 1980, 16, 183; T. N. Wade and R.

Kheribet, J. Chem. Res. (S), 1980, 210; (b) T. Tsuchima, T. Sato, and T. Tsuji, Tetrahedron Lett.,

1980, 21, 3591; T. Tsuchima, J. Nishikawa, T. Sato, H. Tamida, K. Tori, and T. Tsuji, ibid., p. 3593.

100y J. Usher, J. Chem. Res. (S), 1980, 30.

K. Mizusaki, H. Yamamoto, and S. Makisumi, Bull. Chem. Soc. Jpn., 1980, 53, 2605.

102 A Afzali-Ardakani and H. Rapoport, J. Org. Chem., 1980, 45, 4817.

103 M. J. Miller, J. Org. Chem., 1980, 45, 3131.

104 B T. Golding and A. J. Smith, J. Chem. Soc., Chem. Commun., 1980, 702.

108 K. K. Kirk, J. Org. Chem., 1980, 48, 2015.
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fluorophenylalanine, formed in 25% yield from 3-methoxy-L-tyrosine ethyl ester
and XeF,.1%¢ Tyrosine or dopa can be converted into 5-hydroxydopa in the
presence of tyrosinase.!%”

A novel route to 2-alkylthio-tryptophans [(15) — (16)] 1°® has been used in a
synthesis of tryptathionine [16; R = CH,CH(NH,)CO,H], a constituent of
phalloidin. 5- and 7-bromotryptophans have been prepared by Fischer cyclization
of the appropriate bromophenylhydrazones of 4-acetamido-4,4-bis(ethoxy-
carbonyl)butanals.*%®

+
f,
oH CH,CH
tryptophan ———» RSELM, @E_/I[ \CO;
s Y e
H H H

(15) (16)

2-Trifluoromethylhistidines have been used in preparations of 2-carboxy-, 2-
cyano-, and 2-ethoxycarbonyl-histidines.!1°

N-Benzoyl-a-hydroxyglycine, PhnCONHCH(OH)CO,H, continues to be used
for the synthesis of C-arylglycines; a paper in the current literature describes
condensations  with  benzimidazol-2-one and with  benzo[c]-thiophen-
2,2-dioxide.!!!

Synthesis of N-substituted Amino-acids.—Addition of HCN to an imine yields
an o-amino-alkyl cyanide [RICH=NR? + HCN - R!CH(CH)NHR?], from
which N-mono-substituted a-amino-acids may be obtained.!'? A simple route to
an N-mono-alkylamino-acid in which an N-benzyl-N-alkyl-L-amino-acid is de-
benzylated by hydrogenolysis 11 depends on the ready availability of N-benzyl-L-
amino-acids.

Spontaneous conversion of L-lysine into AN°-mono-, -di-, and -trimethyl-
derivatives occurs with formaldehyde in aqueous solutions.!!4

Conversion of N-arylidene-amino-acid esters into oxaziridines using mono-
perphthalic acid provides a suitable intermediate for the synthesis of N-hydroxy-
amino-acids through reaction with hydroxylamine.!!3

Synthesis of a-Amino-acids Containing Sulphur or Selenium.—Nucleophilic sub-
stitution of methyl a-acetamido-p-chloroacrylate with a thiol gives the corre-
sponding p-alkylthioacrylate, whereas thiolacetic acid yields N-acetyl-pg-
bis(acetylthio)alanine.!1®

106 G, Firnan, R. Chirakal, S. Sood, and S. Garnett, Can. J. Chem., 1980, 58, 1449.

197 C. Hansson, H. Rorsman, and E. Rosengren, Acta Derm.-Venereol., 1980, 60, 281.
198 'W. E. Savige and A. Fontana, Int. J. Pept. Protein Res., 1980, 15, 102.

109 M. C. Allen, D. E. Brundish, and R. Wade, J. Chem. Soc., Perkin Trans. 1, 1980, 1928.
110 Y Kimito and L. A. Cohen, J. Org. Chem., 1980, 45, 3831.

111 M. L. Edwards, J. Heterocycl. Chem., 1980, 17, 383.

112§ S Nain, N. H. Khan, and A. A. Siddiqui, Indian J. Chem., Sect. B, 1980, 19, 622.
113 3 N. Eloff, Z. Pflanzenphysiol., 1980, 98, 411.

114 E. Tyihak, L. Trezl, and 1. Rusznak, Pharmazie, 1980, 35, 18.

t15 T, Polonski and A. Chimiak, Bull. Acad. Pol. Sci., Ser. Sci. Chim., 1979, 27, 459.
116 A, J. Kolar and R. K. Olsen, J. Org. Chem., 1980, 45, 3246.
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The acetamidomalonate route has been used for the synthesis of 2-selenienyl-
alanine, using 2-chloromethylselenophen as alkylating agent.!!”

Synthesis of Phosphorus-containing a-Amino-acids.—Improved preparations of N*-
phospholysine and N“-phospho-arginine starting from the a-amino-acids have
been described.!!®

a-Amino-acids Synthesized for the First Time.—New a-amino-acids not mentioned
elsewhere in this chapter are 2-amino-(4'-hydroxy-6'-benzothiazolyl)propanoic
acid,''® 1-amino-1-carboxy-3,4-benzocyclo[2.2.2]octane,'?® and b- and L-2-
(1,2:5,6-di-O-isopropylidene-a-D-allofuranos-3-yl)glycine. 2

Synthesis of Labelled Amino-acids.—L-[3’,5-13C,]phenylalanine has been prepared
from the correspondingly labelled tyrosine (synthesis displayed in Vol. 12, p. 16)
by conversion into the O-(1-phenyltetrazol-5-yl)-derivative followed by catalytic
transfer hydrogenolysis with cyclohexene.!?? Further examples of labelled amino-
acids prepared for biosynthetic investigations are DL-[2-!3C]leucine,!?? DL-[Me-
13C]valine (starting from !3CH,OH, thence to 2-[Me-!3C]methylthiazoline),!?*
and pL-[2-14C,2',3"-13C, Jtryptophan (prepared from [2-!*Clindole, [! 3C]formalde-
hyde, and diethyl[2-!3C]malonate).!25 A route applied for the synthesis of (25,35)-
[3-2H,}-, (25,3R)-[2,3-2H,]-, (25,3S,4RS)-[3-2H,, 4-H,]-, and (2S,3R, 4RS)-[2,3-
H,, 4-3H,]-glutamic acids '2° is displayed in Scheme 2. !“C-Labelled amino-acids
described in recent papers include pL-[I-!'*C]valine,'?” N-[Me-'*C]methyl-L-
alanine,''® N°-[Me-'*C]methylarginine,'?® B-[#Clalanine from L-['*Caspartic

H CO,H
N HZN\};I /COZH i, iii CFJCONH\E[ /COzH
S T e T T
HO,C H HO,C H Et0,C
iv
+
H;N\}a{ CH,COH CF,coNH_H CH,CO,H
/C_C\."H — \C_C...H
“0,C H EtO,C H

Scheme 2

Reagents: i, L-aspartase-NH,Cl in 2H,0 or 'H,0; ii, trifluoroacetic anhydride; iii, EtOH;
iv, SOCIl, then CH,N,~-Wolff rearrangement [hv—dioxan(aq)}; v, HCl(aq)

117 T, Frejd, M. A. Davis, S. Gronowitz, and T. Sadeh, J. Heterocycl. Chem., 1980, 17, 759.

118 ¥y M. Fujitaki, A. W. Steiner, S. E. Nichols, E. R. Helander, Y. C. Liu, and R. A. Smith, Prep.
‘Biochem., 1980, 10, 205.

119 1 A. Ismail, D. E. Sharp, and M. R. Chedekel, J. Org. Chem., 1980, 45, 2243.

120 G, L. Grunewald, S. H. Kuttab, M. A. Pleiss, J. B. Mangold, and P. Soine, J. Med. Chem., 1980, 23,
754.

121 A, Rosenthal and R. H. Dodd, J. Carbohydr., Nucleosides Nucleotides, 1979, 6, 467.

122y, Viswanatha and V. J. Hruby, J. Org. Chem., 1980, 45, 2010.

123y, Viswanatha, B. Larsen, and V. J. Hruby, Tetrahedron, 1979, 35, 1575.

124 T. W. Whaley, G. H. Daub, V. N. Kerr, T. A. Lyle, and E. S. Olsen, J. Labelled Compd.,
Radiopharm., 1979, 16, 809.

125 E, Leete, J. Nat. Prod., 1980, 43, 130,

126§ J. Field and D. W. Young, J. Chem. Soc., Chem. Commun., 1979, 1163.

127 B, Meesschaert, P. Adriaens, and H. Eyssen, J. Labelled Compd., Radiopharm., 1980, 17, 263.

128 w_ K. Paik, M. K. Paik, and S. Kim, 4nal. Biochem., 1980, 104, 343.
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acid mediated by aspartate 1-decarboxylase,!>® and 1-aminocyclobutane-
carboxylic acid labelled in the carboxy-group.!3°

Exchange of aromatic ring protons of tyrosine using *°**H,0, 2°**HCI, and
K,PtCl, at 100°C involves mainly the 3- and 5-positions,!3! and 3H-atom
bombardment is similarly specific as far as the aromatic ring is concerned but also
brings about 84% exchange at the methylene protons;'3? the latter process with
solid phenylalanine causes multiple exchange 33 but with alanine, predominantly
a-substitution.'3* Less energetic methods have been used for the preparation of
3H-labelled 1-(3,3-dimethylallyl)-L-tryptophan. 133

Eighteen examples of !80-carboxy-group labelled amino-acids have been
worked through, achieving 90 atom9, incorporation by equilibration in
H,'%0*-H,'80 at 60-70 °C during several days.!3¢

Standard reactions have been used for the preparation of m- and p-['®F]fluoro-
DL-phenylalanines,*3”  [3,5-80™Br,]dibromotyrosine,'*®  [3,5-1251,]tri-iodo-L-
thyronine,!3° and B-['3'IJiodo-p-alanine.*® Conversion of 3-iodo- or 3,5-di-
iodotyrosines into corresponding [2!!AtJastatotyrosines involves solid-state
exchange reactions. 4!

[7*Se]Selenaproline has been prepared by the reaction of L-{7*Se]selenocysteine
with formaldehyde.!42

Resolution of Amino-acids.—Major areas of study have developed from long-
established principles for the resolution of racemic amino-acids, employing
various chiral stationary phases for liquid chromatography and exploiting the
enantiospecificity of enzyme-mediated processes. At the same time, the usual
methods based on separation of diastereoisomeric salts continue to be commonly
used (e.g. resolution of DL-[1-'*C]lysine using L-glutamic acid'*®). A further
example of the use of the principle of seeding a saturated solution with crystals of
the desired enantiomer of an amino-acid has been described with a novel variation,
in which N-acetyl-L-leucine of optical purity 92.6%, is produced by asymmetric
transformation of DL-leucine through seeding a reaction mixture in acetic
anhydride-acetic acid with L-leucine.!4* Cram’s major project on reciprocal chiral

129 J, E. Cronan, Anal. Biochem., 1980, 103, 377.
130 1., C. Washburn, T. T. Sun, B. L. Byrd, R. L. Hayes, and T. A. Butler, J. Nucl. Med., 1979, 20, 1055.
131 M. Kanska and S. Drabarek, Radiochem. Radioanal. Lett., 1980, 44, 207.
132 E_ S. Filatov, M. A. Orlova, and E. F. Simonov, Radiokhimiya, 1980, 22, 614.
133 g S. Filatov, M. A. Orlova, and E. F. Simonov, Vestn. Mosk. Univ., Khim., 1980, 21, 49 (Chem.
Abstr., 1980, 93, 26 749).
134 E. S, Filatov, E. F. Simonov, A. V. Shishkov, and V. P. Mogil’nikov, Radiokhimiya, 1979, 21, 909.
135 M. F. Grundon, M. R. Hamblin, D. M. Harrison, J. N. D. Logue, M. Maguire, and J. A. McGrath,
J. Chem. Soc., Perkin Trans. 1, 1980, 1294.
136 R. C. Murphy and K. L. Clay, Biomed. Mass Spectrom., 1979, 6, 309.
R. W. Goulding and J. C. Clark, J. Labelled Compd., Radiopharm., 1979, 16, 145.
U. A. M. Hadi, D. J. Malcome-Lawes, and G. Oldham, Int. J. Appl. Radiat. Isot., 1979, 30, 709.
139 K. Sato and H. J. Cahnmann, Anal. Biochem., 1980, 102, 237.
C.-Y. Shine and A. P. Wolf, J. Labelled Compd. Radiopharm., 1980, 17, 53.
G. W. M. Visser, E. L. Diemer, and F. M. Kaspersen, Int. J. Appl. Radiat. Isot., 1979, 30, 749.
S. H. Wong, R. P. Spencer, and A. Weaver, ‘Radiopharm '2: Proceedings of 2nd International
Symposium’, ed. J. A. Sorenson, Soc. Nucl. Med. Inc., New York, 1979, p. 109.
143 W. T. Buckley and R. R. Marquardt, Prep. Biochem., 1980, 10, 85.
144 S, Yamada, C. Hongo, and 1. Chibata, Chem. Ind. (London), 1980, 539.
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recognition by chiral crown ether hosts employs amino-acid perchlorates as
guests, and further results have been described in the 1980 literature.'4*

Amino-acids have been resolved by ligand exchange chromatography, e.g. DL-
[*H]valine on polystyrene bonded to L-hydroxyproline, complexed with copper(ir)
ions;'*® pL-proline and DL-histidine, but not other amino-acids, on a similar
system;147 and related studies including uses of N-formyl-L-valylaminopropyl-
silica.*4® More rapid hydrolysis of D-isomers of amides of DL-leucine or phenyl-
alanine occurs on cross-linked polystyrene carrying L-hydroxyprolyl residues
complexed with copper(1) ions.!4?

The variation of this procedure, in which the reversed-phase technique with a
chiral metal chelate in the mobile phase is employed, has been applied to the
resolution of pL-amino-acids *°° and dansyl-pDL-amino-acids.!*!

Examples of the use of enzymes for ‘resolution’ of derivatives of DL-amino-acids
include S-chymotrypsin for the isolation of 5-fluoro-L-tryptophan from the pL-
amino-acid methyl ester,'52 immobilized acylase for the liberation of L-methionine
from the N-acetyl-DL-amino-acid,!?3 and a related use of a D-aminoacylase from
Streptomyces olivaceus,*3* mutant Brevibacterium strains for the liberation of L-
amino-acids from DL-x-amino-alkyl cyanides,!35 and extensive work on the
synthesis of D-amino-acids (p-hydroxyphenylglycine,!*¢ 2-thienylglycine,*3”
amino-acids more generally !*®) from DL-hydantoins, via N-carbamyl derivatives,
using microbial hydantoinase (alias dihydropyrimidinase !*®). D-a-Amino-adipic
acid can be isolated after digestion of the racemate by Pseudomonas putidea.'®

4 Physical and Stereochemical Studies of Amino-acids

Crystal Structures of Amino-acids and Their Derivatives.—Reports of X-ray
analysis of protein and other natural amino-acids [o-L-glutamic acid,!%° «- and §-
forms of DL-methionine, %! pL-lysine hydrochloride,'? palythene 143 and paly-

145 8. 8. Peacock, D. M. Walba, F. C. A. Gaeta, R. C.. Helgeson, and D. J. Cram, J. Am. Chem. Soc.,
1980, 102, 2043.

t46 N. F. Myasoedov, O. B. Kuznetsova, O. V. Petrenik, V. A. Davankov, and Yu. A. Zolotarev, J.
Labelled Compd. Radiopharm., 1980, 17, 439; V. A. Davankov, in ‘Advances in Chromatography’,
Marcel Dekker, New York, 1980, Vol. 18, p. 139.

147 3, Josefonvicz, D. Muller, and M. A. Petit, J. Chem. Soc., Dalton Trans., 1980, 76.

148 A, Foucault, M. Caude, and L. Oliveros, J. Chromatogr., 1979, 185, 345; A. Dobashi, K. Oka, and S.
Hara, J. Am. Chem. Soc., 1980, 102, 7122; H. Okai and S. Oka, Proceedings of 15th Peptide
Symposium, 1977, p. 11 (Chem. Abstr., 1980, 93, 120 865).

149 1 A.Yamskov, B. B. Berezin, and V. A. Davankov, Makromol. Chem., Rapid Commun., 1980, 1, 125.

130 g Gil-Av, A. Tishbee, and P. E. Hare, J. Am. Chem. Soc., 1980, 102, 5115.

151 W, Lindner, J. N. LePage, G. Davies, D. E. Seitz, and B. L. Karger, J. Chromatogr., 1979, 185, 323.

152§ T. Gerig and J. C. Klinkenborg, J. Am. Chem. Soc., 1980, 102, 4267.

153 W, Kuhlmann, W. Halwachs, and K. Schnegerl, Chem.-Ing. Tech., 1980, 52, 607.

154 M. Sugie and H. Suzuki, Agric. Biol. Chem., 1980, 44, 1089.

155 A. Arnaud, P. Galzy, and J. C. Jallageas, Bull. Soc. Chim. Fr., Part 2, 1980, 87.

136 S, Shimizu and K. Yoneda, Hakko To Kogyo, 1980, 38, 937.

157§, Shimizu, H. Shimada, S. Takahashi, T. Ohashi, Y. Tani, and H. Yamada, Agric. Biol. Chem., 1980,
44, 2233.

158 H.Yamada, S. Shimizu, H. Shimada, Y. Tani, S. Takahashi, and T. Ohashi, Biochimie, 1980, 62, 395.

139 y .F. Chang and S. C. Massey, Prep. Biochem., 1980, 10, 215.

160 M. S. Lehmann and A. C. Nunes, Acta Crystallogr., Sect. B, 1980, 36, 1621.

161 T, Taniguchi, Y. Takai, and K. Sakurai, Bull. Chem. Soc. Jpn., 1980, 53, 803.

162 D, Bhaduri and N. N. Saha, J. Cryst. Mol. Struct., 1979, 9, 311.

163 D. Uemura, C. Katayama, A. Wada, and Y. Hirata, Chem. Lett., 1980, 755.
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thine trihydrate (see Vol. 11, p. 4),®* and hydrochiorides of L-isoleucine, L-
phenylalanine, and pL-methionine %3] include a study of L-tyrosine found in a
No. 1 Han Dynasty tomb, at Ma-Wang-Tui, China !¢ (the word ‘found’ is
tantalizingly used in the abstract source of this information). Antibiotic SF-1836
has been shown to be trans-2-azabicyclo[2.1.0]pentane-3S-carboxylic acid, (17),'°7
related structurally to ‘2,4-methanoproline’, (3), isolated recently 2° from a different
source. X-Ray crystal analysis of D-z-amino-n-butyric acid has been reported.!¢®

+
H;Nﬁ"“ 3

CO,
an

Derivatives of amino-acids studied by the X-ray technique include N-acetyl-L-
cysteine,'®® N-(phosphonoethyl)glycine (‘glyphosate’),'”® hydantoins of L-proline
and D-allo-hydroxyproline,!”! L-arginine L-ascorbate,'’? and N-boc-L-phenyl-
alanine.!”3 The last-mentioned compound adopts the E-configuration in the solid
state, although it is known to exist in the Z-form in solution in C*HCl;.'73

After a spate of papers in the 1970’s on neutron diffraction crystal analysis of
amino-acids had appeared to subside, a study has been published on the y-
modification of glycine, studied at 83 K and 293 K.174

Nuclear Magnetic Resonance Spectrometry.—'3C N.m.r. studies continue to be
developed to the point where routine laboratory studies can be carried out against
a fully explored general background. However, scope still exists for non-routine
'H n.m.r. studies, and pioneering work with other nuclei and new
instrumentation.

Deprotonation of L-dopa as a function of p?H is conveniently studied by 'H
n.m.r.!75 Conformational studies for amino-acids complexed to palladium(u) 176
or lanthanide cations ! 77 give information on rotamer equilibria concerning the C-«
—C-f bond. Rotation of the amino-group has been detected in solid L-glutamic
acid through 'H n.m.r. spectrometry.'”® Wide-line n.m.r. studies have continued
(see Vol. 12, p. 20), attention being paid to the solution behaviour of hippuric
acid.'”?
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Structural information with finer detail can often be obtained by approaching a
problem in solution conformational behaviour with more than one physical
technique, and this is well demonstrated in a 'H-'3C n.m.r. study of O-
acetylserine, O-phosphoserine and -threonine.!#® At all p2H values between 4 and
14, these derivatives adopt a planar W-type conformation through the H,-C,-C-
O-P atom sequence. Multiple conformations, with similar behaviour in solution to
that in the crystal state, are adopted by N-acetyl-p-allo-isoleucine, as shown by
13C n.m.r. NT, values and proton—proton scalar coupling values.!8! This work
establishes the potential of proton relaxation spectra for conformational analysis
of amino-acids, and acyclic compounds more generally.

Characteristic '3C chemical shift values as a function of solvent have been
identified for N-acetylamino-acid methylamides '®2 and corresponding esters.*83
Characteristic !3C data have been carefully assembled for solutions at pH values
4.5 to 8.5, and an ambitious claim has been made that these data allow both
qualitative and quantitative analysis of mixtures of the twenty common protein
amino-acids.?®* A similar study '35 assesses the microscopic protonation
behaviour of lysine and hydroxylysine. '3C N.m.r. studies of amino-acids in the
solid state have advanced significantly,'8%-187 high-resolution data revealing
splitting of the C-a resonance associated with nearby structural features, which
may therefore possibly be identified.!8’

Natural abundance !*N n.m.r. of a- and w-amino-acids in protic solvents reveals
an upfield shift for the N*-resonance as a result of protonation.!®® The scope for
natural abundance !’O n.m.r. analysis of amino-acids has been explored.!®?

Optical Rotatory Dispersion and Circular Dichroism.—C.d. spectra of L-phenyl-
alanine, and its N-acetyl and alkyl ester derivatives,’® and interpretation of c.d.
spectra of amino-acid alkyl esters in terms of conformational equilibria *°! extend
studies described in earlier volumes of this Specialist Periodical Report, and need
no further description here. In one of these studies, scope for magneto-c.d. study
was offered and pursued.’®® The chromophores in these simple derivatives
correspond to those in peptides and proteins, and their c.d. spectra are useful
models for the contributions of individual amino-acid residues to the overall
chirospectroscopic behaviour of disordered conformations of polypeptides. Long-
chain N-acyl derivatives of L-glutamic acid and L-valine yield c.d. spectra in

180 1. Pogliani, D. Zeissow, and C. Krueger, Tetrahedron, 1979, 35, 2867.

181 N, Niccolai, M. P. Miles, S. P. Hehir, and W. A. Gibbons, J. Am. Chem. Soc., 1980, 102, 1412.
182 B, Schwenzer, D. Scheller, and G. Losse, J. Prakt. Chem., 1979, 321, 1007.

183 T, Asakura and A. Nishioka, Bull. Chem. Soc. Jpn., 1980, 53, 490.

184 v 1.Svergun, S. V. Tarabakin, and V. P. Panov, Khim.-Farm. Zh., 1980, 14, 104 (Chem. Abstr., 1980,
92, 193 790).

H. C. Surprenant, J. E. Sarneski, R. R. Key, J. T. Byrd, and C. N. Reilley, J. Magn. Reson., 1980, 40,
231.

186 M. H. Frey and S. J. Opella, J. Chem. Soc., Chem. Commun., 1980, 474,

C. 1. Groombridge, R. K. Harris, K. J. Packer, B. J. Say, and S. F. Tanner, J. Chem. Soc., Chem.
Commun., 1980, 174.

188 Y R. Kricheldorf, Org. Magn. Reson., 1979, 12, 414.

B. Valentine, T. St. Amour, R. Walter, and D. Fiat, Org. Magn. Reson., 1980, 13, 232.

T. Komiyama and M. Miwa, Int. J. Quanium Chem., 1980, 18, 527; Koen Yoshishu Bunshi Kozo Sogo
Toronkai, 1979, 532 (Chem. Abstr., 1980, 93, 167 034).

191 . Korver and T. J. Liefkens, Tetrahedron, 1980, 36, 2019.
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solution that are not typical of simple acyl derivatives, however, and have been
interpreted to reveal the formation of chiral aggregates.!?

The conversion of amino-acids into ‘chromophoric derivatives’ for the purpose
of configurational or conformational assignments is also a long-established field of
study, and the application of previously studied N-dithiocarbethoxy-f#-amino-
acids 1?2 and fluorescamine derivatives !°# to new configurational assignments has
been described. Thus, (+)-(2-furyl- and -thienyl)-f-alanines have the L-con-
figuration;1°3 1-pyrrolinones from L-amino-acids show a positive Cotton effect in
the wavelength range 300—324nm, and a negative Cotton effect in the range
263—290 nm.'°* A substantial study with the same objectives has been published
for the chiral iso-indoles formed between D- or L-amino-acids and o-phthaldi-
aldehyde with 2-mercaptoethanol.!®® A positive Cotton effect centred near 340 nm
characterizes the L-configuration for all common amino-acids except alanine,
tryptophan, aspartic acid, and histidine;!®> the same long path must now be
trodden as in earlier studies of other chromophoric derivatives of amino-acids, to
try to understand the reasons for exceptions to an empirical rule linking sign of
Cotton effect with absolute configuration, but the relatively high sensitivity offered
by the o-phthaldialdehyde derivatives (2 x 10~ M) may be a sufficient encourage-
ment to pursue these studies.

The c.d. of representative N-5- or -6-benzofuroxanyl-L-amino-acids has been
reported. 96

The use of c.d. or polarimetry for quantitative analysis is rarely considered, but
a technique for the estimation of an amino-acid in the presence of its methyl ester,
and simultaneous determination of the optical purity of the constituents of the
mixture, has been worked out. Reaction with the cobalt complex of NN'-
ethylenebis(acetylacetonimine) at pH 7 gives coloured species for the two constitu-
ents whose absorption spectra are sufficiently different to allow the separate
contributions of the two species to the c.d. spectra to be measured.!®’

Mass Spectrometry.—The main content of this section in previous volumes has
been a good indication of the advance of the frontiers of mass spectrometric
analysis, year by year. This has been so because of the difficulty in obtaining
spectra for amino-acids themselves, and the eagerness with which new instru-
mental techniques have been applied in this area. However, most of the analytical
laboratories relying on commercially available spectrometers have continued to
convert amino-acid mixtures into volatile derivatives, and new examples are 2,2-
bis(difluorochloromethyl)oxazolidinones, formed from an amino-acid with bis-
(difluorochloromethyl)ketone,'®® and fluorescamine derivatives, for which field

192 K. Sakamoto and M. Hatano, Bull. Chem. Soc. Jpn., 1980, 53, 339.

193§, Kuwata, T. Yamada, T. Shinogi, N. Yamagami, F. Kitabashi, T. Miyazawa, and H. Watanabe,
Bull. Chem. Soc. Jpn., 1979, 52, 3326.

194 Y, Toome and B. Wegrzynski, Biochem. Biophys. Res. Commun., 1980, 92, 447.

195 N. A. Voskova, V. V. Romanov, N. V. Sumbatyan, G. A. Korschunova, and Yu. P. Shvachkin, Bio-
org. Khim., 1980, 6, 731; V. V. Romanov, N. A. Voskova, and Yu. P. Shvachkin, Khim. Prir. Soedin.,
1980, 132.

196 M. M. El-Abadelah, A. A. Anani, Z. H. Khan, and A. M. Hassan, J. Heterocycl. Chem., 1980, 17,
213.

197 N, Spassky, M. Reix, M. O. Sepulchre, and J. P. Guette, Analusis, 1980, 8, 130.

198 R, Liardon, U. Ott-Kuhn, and P. Husek, Biomed. Mass Spectrom., 1979, 6, 381.



Amino-acids 17

desorption techniques are well suited.!®® Mass spectrometric methods combined
with g.1.c. separation would be resorted to for identification as well as quantitation
of trace amounts, and brain tissue samples have been analysed in this way after
conversion of their constituent amino-acids, with [1,2-13C,, 1*N]glycine as internal
standard, into N-hexafluorobutyryl hexafluoroisopropyl esters.2°® Chemical ion-
ization m.s. techniques can provide the same information for biological fluids
containing ng or pg levels of amino-acids.?!

Problems of interpretation of mass spectra of amino-acid derivatives have also
featured in this section in previous volumes, and further study of the rearrange-
ment of trimethylsilyl esters of N-acylglycines has been published.2°?

Other Physical and Theoretical Studies.—A number of i.r./Raman spectroscopic
papers describe continuing studies of specifically deuteriated a-amino-acids (L-
alanine,?®® L- and pL-cysteine 2°%) aimed at assignments of vibrational modes.
Polarized Raman spectra of a-glycine, L- and DL-alanine 2%° continue recently
described applications (see Vol. 12, p. 21) of this single-crystal variation of the
standard technique. Conformational assignments to N-acetylamino-acid esters in
different solvents based on i.r. data are usefully supported by n.m.r. studies.2%°

Physical adsorption of a-amino-acids on to clay (sodium montmorillonite) has
formed the basis of a persistent theory of enantiomer discrimination leading to the
present predominance of the L-isomers in proteins, and i.r. data for these
adsorbates have been published.2®” No selective adsorption of protein amino-
acids by clay from a solution containing also some non-protein amino-acids could
be demonstrated, tending to dispose of a theory accounting for the relatively
limited range of protein building blocks.2°® Bentonite has been shown to bind L-
leucine, L-aspartic acid, and D-glucose through different contact geometry from
that adopted for their respective enantiomers.2°

Simple physical properties of amino-acid solutions continue to be determined,
often by sophisticated methods, including solubilities in water—ethanol,?!° vis-
cosities in water-MeCN,2!! dissociation constants in formic acid—butanone or
acetic acid-butanone,?!? and Kerr effect studies of a series of eighteen amino-
acids with an attempt to interpret the data in terms of conformational preferences
of side-chains.?!® Thermodynamic properties that have been studied include heat
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capacities of transfer of amino-acids and peptides from water to aqueous urea,?'*

heats of dilution of aqueous solutions of N-acetylamino-acid amides,?!* heats of
mixing of aqueous solutions of glycine with corresponding solutions of alkali
metal chlorides (Li* interacts with the amino-acid in a different manner compared
with the other cations),2!6 partial molar enthalpies of amino-acids in aqueous
solutions,?!” and a useful discourse on the thermodynamic parameters
(AG —7.67, AH —99, and AS —7.5kcalmol™!) for zwitterion formation
H,NCHRCO,H = H,NCHRCO,.2!8

Molecular orbital calculations have received a substantial boost in persistently
supporting a preferred conformation, (18), for glycine,2!? in spite of evidence from
microwave spectroscopy favouring (19). The assignments, referring to behaviour
in the gas phase, are important in terms of spectroscopic analysis of interstellar
vapours, and more sensitive microwave techniques have now 22° detected (18) and
possibly (20) for gaseous glycine. More routine m.o. calculations relating to

H H H\ H H\ A

\C,-' H"‘N’C\ -0 H«.QN/C\C -0
7 (0]

(18) (19) (20)

conformational energies have been reported for glycine, covering both zwitterionic
and neutral forms,22!% and for N-acetyldehydroalanine methylamide, revealing
very different energy profiles for various conformations when compared with the
alanine analogue.22'® Comparisons have been made 22'° between the conform-
ational behaviour of glycine and alanine with that of f-heteroatom-substituted
homologues serine, cysteine, and threonine. The solvation structure around L-
serine in aqueous solution provides an interesting challenge for energy cal-
culations,??? and mutual interactions of a different kind are explored for lattice
energy calculations for «-, 8-, and y-glycine.223

5 Chemical Studies of Amino-acids

Racemization.—Although the two main strands of study, the use of racemization
data for amino-acids in determinations of age for relatively recent fossils, and
racemization mechanisms, are both well represented in the 1980 literature, there is
increasing interest in mechanistic studies. Perhaps this exposes some shortcomings
in knowledge of factors which influence the racemization kinetics of free or
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219 1, Schaefer, H. L. Sellers, F. J. Lovas, and R. D. Suenram, J. Am. Chem. Soc., 1980, 102, 6566.
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222§ Roman and E. Clementi, /nt. J. Quantum Chem., 1980, 17, 1007.

223 J. L. Derissen and J. Voogd, J. Phys. Chem., 1980, 84, 2035.



Amino-acids 19

protein-bound amino-acids, which diminish the reliability of the age
determinations.

D: L-Ratios for amino-acids, particularly aspartic acid, from human and animal
protein sources, taken with racemization rate constants, could be most reliable for
samples which are very young (on the fossil time scale), since for dental tissues 224
and other proteins with low turnover rates 225 from living sources, at least the
racemization has taken place in constant temperatures. This area has been
reviewed.22#~ 227 The problems with much older samples are starkly revealed in a
study of the D: L-isomer ratio for aspartic acid from collagen of Dead Sea scroll
parchment;228 up to 60%, of this amino-acid had racemized but D: L-ratios varied
widely even for samples taken from the same scroll.

A substantial volume has appeared of conference proceedings concerned with
studies of amino-acids from geological and biological sources.® Most of the papers
cover deductions from racemization data, presented by all leading workers in the
field.22?

The racemization rates of amino-acids differ widely, but this variation does not
reflect electronic effects relayed to the chiral centre.23° Such a conclusion does not
exclude a role for polar or polarizable groups in facilitating proton transfer from
the chiral centre to an incoming base, and also leaves the reader in an unsatisfied
state since the presumption that steric effects account for the variations in
racemization rates does not seem to be related obviously to the facts.

Withdrawal of the proton from the chiral centre in L-histidine by the imidazole
n-nitrogen atom has been concluded to be the cause of the pronounced racemiza-
tion that accompanies DCCI-mediated coupling reactions of protected derivatives
of this amino-acid, and which occurs after conversion of the derivatives into
corresponding O-acyl iso-ureas.?3!:232 Racemization kinetics for series of simple
a-amino-acids in aqueous solutions over the pH range —1 to 12 at 142°C are
subject to three distinct influences: an acid catalysed process at pH values less than
1, a pH-independent region at pH values between 3 and 6.5, and a second pH-
independent region between 9 and 12.233

New examples of racemizations of amino-acids in aqueous alkali through
equilibration of A-$,-[Co(tetra-ammine)(amino-acid)]>* complexes,3%-234 and a
distantly related technique, the use of a polymeric salicylaldehyde capable of
reversible Schiff base formation with copper(i1) complexes of amino-acids,?3* have
been published.
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General Reactions of Amino-acids.—Following discussion of relatively drastic
treatment, such as pyrolysis, reactions in strong mineral acid solutions, and
oxidation, this section is divided, much as in previous volumes, between reactions
at amino- and carboxy-groups, and uses in heterocyclic synthesis.

Formation of relatively large amounts of HCN during the pyrolysis of proline
and glutamic acid at 850 °C, compared with other amino-acids, has been noted.?3¢
Hydrocarbons, CO, CO,, and NH, are the major products. A kinetic study has
been made 237 of the pyrolysis of a mixture of eight amino-acids at 178 °C through
periods of up to 170h, noting the accumulation of polymeric products which
cannot be hydrolysed under peptide bond cleavage conditions (6M-hydro-
chloric acid at 105 °C during 12h).237 An important study 23® has shown that the
presence of 0.01%, NaN, during acid hydrolysis of proteins is responsible for
destruction of tyrosine, phenylalanine, and histidine, and the generation of side-
products overlapping arginine on the amino-acid analyser trace; in test mixtures,
methionine sulphone was also destroyed. At the same time, the aspartic acid
content was augmented by up to 15%,.238

The sulphur-containing amino-acids, and tyrosine, tryptophan, and histidine,
were the only protein amino-acids to undergo oxidation at a graphite anode.?3°
Contact glow discharge electrolysis of 8- and y-amino-acids brings about their
stepwise oxidative degradation, ascribed to the generation of hydroxy-radicals.>*°
An interesting consequence is the formation of a-amino-acids; for example, the
formation of glycine from f-alanine via isoserine and aminopyruvic acid. This
observation is relevant to model reactions for the prebiotic synthesis of a-amino-
acids, already known to be formed from simple precursors under contact glow
discharge electrolysis,5* since it is now conceivable that higher homologues of the
protein amino-acids may have been formed first during the events leading to the
genesis of life.

Labile N-hydroxymethyl derivatives that form at pH values above 9.2 in
solutions of formaldehyde and amino-acids even at low concentrations are
increasingly favoured at higher pH values,?*! and conditions for the condensation
of 2mol formaldehyde per mol amino-acid are eventually reached.

Condensation of pyridoxal with representative amino-acids (alanine, arginine,
and methionine) is accelerated by reversed micelles.?*?

a-N-Nitroso-N-alkylamino-acids suffer decarboxylation under irradiation by
u.v. light, yielding corresponding amidoximes, but f-amino-acid analogues are not
photolabile.243

Nitrosation of alanine or a-aminobutyric acid with NaNO, and HF in pyridine
yields the corresponding 2-fluoroalkanoic acids with retention of configuration,
whereas phenylalanine, tyrosine, and threonine give the 3-fluoroalkanoic acids
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resulting from stereospecific 1,2-shift of the p-aryl or -hydroxy-group.?*
B-Branched aliphatic amino-acids (valine, isoleucine) give product mixtures
indicating reluctant 1,2-methyl shift reactivity.

Isocyanides formed from N-formylamino-acid benzyl esters using POCl; and
Et;N undergo radical-induced reductive de-amination with tri-n-butyltin hydride
in the presence of azo-bis-isobutyronitrile.?*®> High-yield procedures for the N-
acetylation of amino-acid esters have been described.246

Further examples of cycloaddition 2*” and Michael addition 24 reactions of -
amino-acid ester imines, leading to pyrrolines and pyrrolidines, respectively, have
been described. Continuing studies are also represented in cyclization of N-
methylamino-acids by trifluoroacetic anhydride?4° (Scheme 3) in which an
interesting pair of reaction pathways is revealed, which depend respectively on
whether the amino-acid side-chain is branched (path A) at the g-carbon atom, or
not (path B).

RCH O
c|sz
MeNH—CH—COH —=Bli MeN._ O
i CF,H
path B | R = unbranched
R
Lo o NHMe O NHMe
CF,CO ) { \
MeN. O —— HN NSO R
D¢ R
CF, H CF, OH CF,

Scheme 3
Reagents: i, trifluoroacetic anhydride; ii, NH,

Specific Reactions of Natural Amino-acids.—Further indication of the importance
of studying pyrolytic breakdown of protein amino-acids is provided in X-ray
identification of (21) as the potent mutagen formed from L-lysine.2%® The non-
mutagenic pyrazine (22) has also been isolated from L-lysine hydrochloride
pyrolysates.2*% Pyrolysis of histidine and of 3-methylhistidine at 770 °C yields
imidazole and 1-methylimidazole respectively.?*! Maillard reaction of L-lysine with
D-glucose (reaction at 105°C in aqueous solution during 6 h) gives the pyrrole
(23).2322 A further example of the conversion of one L-amino-acid into another is
RuO, oxidation of an N-acyl proline to the pyroglutamic acid, thence to glutamic
acid.232®
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Liberation of ethylene from amino-acids has important botanical consequences,
and its formation from 1-aminocyclopropanecarboxylic acid in tobacco leaves is
inhibited by light.2*3 Radiolytically produced oxygen radicals HO -and O, * cause
the formation of ethylene from methionine or S-adenosylmethionine.?** Other
detailed studies involving aliphatic amino-acids are decarboxylation kinetics of y-
carboxyglutamic acid in comparison with those of aminomalonic acid and f-
carboxyaspartic acid (7, 8.6, 1.2, and 1.7 min, respectively),?* and several studies
of cysteine and its derivatives. Normal protein hydrolysis conditions convert
cystine into ‘thiocystine’ [bis(2-amino-2-carboxyethyl) trisulphide], which is the
source of sulphenyl cations RS* capable of initiating the breakdown of trypto-
phan in the protein hydrolysate.23% Thiocystine has been detected in biological
systems, and mechanisms for its breakdown into cystine have been described.?3”
Enzyme systems capable of mediating the breakdown of sulphur-containing
amino-acids have been discussed.23® ‘Cystine disulphoxide’ is actually the thiol-
sulphonate HO,CCH(NH,)CH,SSO,CH,CH(NH;)CO,H,?*° and the current
position 2°° in which ‘a-disulphoxides’ RS(O)S(O)R remain detectable only as
transient intermediates in a limited number of organosulphur reactions remains
intact. The common reagents used for the reductive cleavage of cystine are
applicable for the corresponding reaction with selenocystine.?6!

Excepting a reference to the tyrosinase-catalysed oxidation of dopa and 5-S-
cysteinyldopa to initiate the formation of pigments in higher species,?%? the other
papers covering aromatic amino-acids which have been selected for citation deal
with heterocyclic side-chain chemistry. Oxidation processes with tryptophan
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(conversion into oxindolylalanine in dimethylsulphoxide-acetic acid media 263)
and its derivatives [dimer (24) and its stereoisomer are formed from N-acetyltrypto-
phan methyl ester in TFA;2%* electro-oxidation of N-acetyltryptophanamide also
brings about dimerization,2%° as does photo-oxidation of the amino-acid itself2¢°)

CH,CH(NHAc)CO,Me

AcNHCHCO,Me

24

are accompanied by descriptions of indole-substitution reactions (attack by
sulphenyl cations,2% and by t-butyl cations liberated during de-protection of N*-
boc-tryptophan derivatives in TFA—ethanedithiol 267) as topics of recent papers.
Kinetics of de-tritiation of C-2[*H]histidine derivatives 268 and 'H-2H exchange at
the same site 2°° have been studied and interpreted as a reflection of the influence
of nearby groupings.

Specific Reactions and Properties of Amino-acids Related to Biochemical
Processes.—This section is intended to be read with the preceding and following
sections if a general view is sought of recent literature on some biochemical aspects
of the chemistry of the amino-acids. Interactions of L-tryptophan with nucleic
acids induced by light 27° have been studied, an extension of one of several lines of
inquiry on this general topic. Acetone-sensitized photo-coupling between N-
acetyltryptophan methyl ester and 5-bromo-1,3-dimethyluracil leads to the corre-
sponding 2-substituted indoles.?”! Apparent dissociation constants of
AMP-amino-acid ester complexes in aqueous solutions correlate well with
features of the genetic code and with the frequencies of occurrence of amino-acids
as constituents of proteins;2’2? another aspect of the same topic underlies a study
of the relative rates of non-enzymic activation of hydrophobic amino-acids by
ATP.273

Effects of Electromagnetic Radiation on Amino-acids.—Three major topics stand
out from a broad view on the literature of this topic: a study of radicals formed
through high-energy irradiation of amino-acids; the finer details of the absorption
and re-emission of u.v. light by tryptophan, that archetypal 3-substituted indole;
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and attempts to demonstrate differential degradation of enantiomers of amino-
acids under irradiation.

y-Irradiation of aqueous solutions of L-valine 27 and other simple aliphatic a-
amino-acids glycine, alanine, leucine, and isoleucine 27 creates short-lived radi-
cals whose breakdown products have been studied by h.p.l.c.2’* Spin-trapping
using 2-methyl-2-nitropropane 275 has proved to be a useful method for locating
the site of the unpaired electron in the initial products of irradiation, though e.s.r.
and ENDOR techniques have been generally applied in related studies: y-
irradiation of L-alanine generates the radical cation structure —C(OH)O~ from
the carboxy-group;?’¢ while the amino-group and the a-carbon atom are also
implicated, for example in the pulse radiolysis of deuteriated glycine, alanine, and
a-aminoisobutyric acid;2”” hydrated electrons liberated in aqueous solutions of
phenylalanine react with the amino-acid at sites partly determined by the pH of the
reaction mixture.2”® Solid samples can also suffer degradation under y- or X-
irradiation, and current studies have involved alanine single crystals doped with
copper(ir) salts,2”® L-aspartic 28° and L-glutamic acids,?8! N-acetyl-DL-alanine,?®2
and L-proline hydrate and its thiazolidine analogue.?®? In the last-mentioned
study, e.s.r. and ENDOR monitoring indicate the possibility of de-amination
under X-irradiation, a process established previously with acyclic aliphatic amino-
acids.

Although radiation at the levels to which meteorites must be exposed is sufficient
to cause appreciable racemization of amino-acids,?®* as well as partial destruction
or interconversions of some amino-acids (see earlier volumes of this Specialist
Periodical Report), previous claims that enantiomeric amino-acids are degraded at
different rates under irradiation now seem to be discounted by counter-claims
generated by attempts to extend the topic. This leaves an open question; the fact
that a wide variety of amino-acids is present in some meteorites but all in racemic
form does not necessarily invalidate a hypothesis that these objects have travelled
from some extra-terrestrial source on which one enantiomeric form of the amino-
acids predominates. But the so-called Vester-Ulbricht theory, that the pre-
dominance of one enantiomeric form is associated with unequal rates of
degradation of p- and L-isomers by electromagnetic radiation with dissymmetric
characteristics, is not standing up well to experimental study. 32P-g-Radiolysis of
DL-tryptophan shows no evidence of asymmetric degradation,2®® in contrast to
results reported in 1976, whose authors have offered comments in support of their
original claims.?8 Radiolysis over a period in which complete destruction of
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278 R. F. Lakhary and P. Krebs, Chem. Phys. Lett., 1980, 70, 469.

279 R. Calvo, S. B. Oseroff, and H. C. Abache, J. Chem. Phys., 1980, 72, 760.

280 M. Ogawa, K. Ishigure, and K. Oshima, Radiat. Phys. Chem., 1980, 16, 289.

281 M. Qgawa, K. Ishigure, and K. Oshima, Radiat. Phys. Chem., 1980, 16, 281.

282 J, C. Haynes, S. Kuroda, K. Matsuki, and I. Miyagawa, Radiat. Res., 1980, 84, 426.

283 W, H. Nelson and D. R. Taylor, J. Chem. Phys., 1980, 72, 524.

284 R. M. Lemmon and W. A. Bonner, Stud. Phys. Theor. Chem., 1979, 7, 47.

285 W. A. Bonner, N. E. Blair, and J. J. Flores, Nature (London), 1979, 281, 150.
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tryptophan is brought about causes destruction to the extent of only 20—30%;
when applied to DL-leucine, and careful analysis has established that there is no
asymmetric bias in the case of leucine.?®” However, less energetic (u.v.) irradiation
of DL-tryptophan derivatives and determination of the equilibrium constants for
excimer formation reveal a chiral discrimination energy of 0.7 kcalmol™*,238
thus providing a new basis for speculation on mechanisms accounting for the
predominance of L-amino-acids.

The remarkable result stated in the preceding sentence is one culmination of a
vigorous field of photochemical study of aromatic and heteroaromatic amino-
acids. Recent papers cited here all concern tryptophan solutions, whose u.v.
chemiluminescence, phosphorescence, and fluorescence have been studied,?? and
whose light instability has been described in precautionary terms for the attention
of those engaged in clinical research.29° Kinetics of fluorescence decay of photo-
excited tryptophan in aqueous solutions have provided useful detailed informa-
tion,2°! ~293 potably 2°* an interpretation of data consistent with double exponen-
tial kinetics, originating in two distinct conformations of the amino-acid.

6 Analytical Methods

Gas-Liquid Chromatography.—While the g.l.c. technique in itself is rapid and
accurate after calibration for a particular purpose, the derivatization procedure
which is an essential precursor to the analysis of amino-acid mixtures may
introduce errors of precision. This is because yields in the reactions used to convert
amino-acids into volatile derivatives may vary from one amino-acid to the next, or
even from one procedure to a repetition on the same sample. This is overstating the
case somewhat, but clearly there is scope for uncertainty in the accuracy of
quantitative analysis of amino-acids by g.l.c., and attempts have been made to
introduce modifications which compensate for artifactual errors. In the
‘enantiomer labelling’ technique,2°* an aliquot of a solution of known amounts of
the enantiomers of the amino-acids present in the sample is added, in the form of
their isopropyl esters, to act as internal standards. Esterification, clean-up, and N-
acylation are then followed by g.l.c. on a chiral stationary phase, noting variations
in proportions of the internal standards from their actual concentrations. The
accuracy and precision of the novel variation is claimed to be equal to, or better
than, the performance of the ion-exchange analyser,2°* although much prelimi-
nary work is required to establish conditions leading to fully resolved g.l.c. peaks.

Routines for derivatization of amino-acids have been described,??® and many
examples of the favoured combinations of N-acyl and esterifying groups have
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201.
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again been reported. N-Trifluoroacetyl amino-acid n-butyl esters2°6~2°8% and
corresponding n-propyl,2%° isopropyl,2°® or hexafluoroisopropyl esters 3°! have
been used, as have N-heptafluorobutyryl n-propyl esters,3°Z their isopropyl
esters,3%3 and particularly their isobutyl esters.304~ 3% Users of the g.l.c. method
are tending to quote the precedent source from which they obtained practical
details for the preparation of derivatives (e.g. ref. 307 quoted in 306 for the
conversion of amino-acid mixtures into N-heptafluorobutyryl isobutyl esters), and
this tends to encourage moves towards uniformity of operations. Trimethylsilyl
derivatives are less favoured now, although trimethylsilylation has been advocated
for the quantitative analysis of 3-methylhistidine,*°® and trimethylsilyl esters of
NO-bis(trifluoroacetylated)hydroxyamino-acids have been used.3°® Amino-acids
yield 2-trifluoromethyloxazolin-5-ones on treatment with trifluoroacetic anhy-
dride, and these are useful in g.l.c.—m.s. studies.3°

Points of interest from these derivatization procedures are the problems arising
with sulphur-containing amino-acids,2°%-298-3%5 and three independent
approaches to the g.l.c. analysis of 3-methylhistidine.2%% 304308 §.Amino-n-
valeric acid has been advocated as an internal standard for g.l.c. studies.??!

Resolution of amino-acid enantiomers by g.l.c. methods can be accomplished
cither by the conversion of the D:L-mixture into a pair of diastereoisomers, for
example using an optically active N-acyl or ester grouping, or through the use of a
chiral stationary phase. An example of the former approach, esterification of N-
isobutoxycarbonyl-DL-histidine using (+)-pantoyl-lactone, yields diastereo-
isomers which can be separated completely.>!! Grafting L-valine t-butylamide on
to a cyanosilicone for use as a stationary phase, a further example of a well
investigated methodology, has been found to be satisfactory for resolution of
derivatized D : L-amino-acid pairs,’'? and other examples can be found in papers
cited earlier in this chapter,3°° including several papers published in the form of
Conference Proceedings.® 22°

The success of the derivatization approach for the g.l.c. of amino-acids has
meant that the pyrolysis—g.l.c. technique has been largely ignored. In any case, the
complex mixture of simple pyrolysis products which can arise (cf. ref. 236) renders
this approach of little value in diagnostic work, although it is the only gl.c.
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approach available for amino-acid betaines,3!3

betaine Me3I{TCH2COZ‘) occur in plants.

Ion-exchange Chromatography.—As in previous volumes, no comprehensive
coverage is attempted for this topic. While it is considered to be appropriate to
exclude routine acquisition of results of a type familiar to readers, novel work
concerning instrumentation (including microprocessor control and computer-
assisted operations) is also felt to be beyond the scope of this report.

The opportunity has been taken to comment on textbook errors on the
methodology of amino-acid analysis by ion-exchange, and to describe improve-
ments in buffer composition.®!* Less common amino-acids for which ion-
exchange separation techniques have been established are aminomalonic, f-
carboxyaspartic, and y-carboxyglutamic acids,?3° diaminopimelic acid,3!® and the
group of sulphonic acids taurine, S-sulphocysteine, cysteic acid, and S-sulphothio-
cysteine.316 Identification of hydroxylysine, and its glycoside, and 3-methyl-
histidine in urine has been studied.3!”

many of which (e.g. glycine

Thin-layer and Paper Chromatography.—The current literature on this topic
amounts to consolidation of established techniques with minor modifications.
Two multi-author books include chapters on t.l.c. of amino-acids.3'831°

Rapid t.l.c. methods have been established for the identification of hydroxy-
lysine and hydroxyproline in mixtures,?2° the separation on cellulose of tyrosine
from its mono-, di-, tri-, and tetra-iodo derivatives,32! and the estimation of
tryptophan in human plasma.3?2 Solvent systems and the effects of pH have been
investigated for the t.l.c. on silica gel 32° and on DEAE-cellulose 32* of represen-
tative amino-acids. Dansylamino-acids,??% phenylthiohydantoins 32327 and
their p-(NN-dimethylaminophenylazo)-analogues,®?® and methylthiohydan-
toins *27 are described in a small selection from a larger number of papers
dealing with t.l.c. identification of commonly used amino-acid derivatives. It is
becoming more common to perform parallel t.l.c. and h.p.l.c. analyses with these
derivatives, since resolutions of groups of close-running amino-acid phenylthio-
hydantoins, for example, which are not possible by one technique are often
achieved by the other 327328
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Microcrystalline cellulose can effect the resolution into enantiomers of the
protein aromatic and heteroaromatic amino-acids.3?° Although this is a well
known attribute of cellulose, it is as well to have this reminder that a pair of spots
on a t.l.c. plate may originate in this way.

Two-dimensional paper chromatography of amino-acids has been described 33°
and, though not in itself a new method of course, full details are presented of
development in one direction, a second development in the same direction with a
different solvent, and finally the use of a third solvent system in the second
direction. This method, together with the use of strontium nitrate—ninhydrin spray
reagent, has been claimed to give good separations of mixtures of common amino-
acids.

High-performance Liquid Chromatography.—Many more papers year by year are
devoted to analysis of amino-acids and their derivatives by h.p.l.c., and some novel
variations of standard methodology accompany a substantial body of routine
work. Scope continues to exist for improved procedures for detection of constitu-
ents emerging from h.p.l.c. columns, and this aspect is represented in the 1980
literature.

Detailed description is given of techniques for h.p.l.c. analysis of free amino-
acids,3*! including tryptophan 3327335 (detection based on its fluoresence) and
y-amino-butyric acid 33¢ (detection based on derivatization with o-phthaldi-
aldehyde-mercaptoethanol leading to a one pmole sensitivity limit). Prior conver-
sion of a sample into fluorescent derivatives has been used for the h.p.l.c. analysis
of amino-acids in synaptosomal extracts33? and for 3-methylhistidine
estimation 33%-33° (using the iso-indoles formed from amino-acids with o-
phthaldialdehyde and a thiol). The same approach has been used for the
estimation of dopa at 45pmole sensitivity, but using fluorescamine as the
reagent.34® Alternative derivatization procedures involve N-substitution reactions
of an equally familiar kind, illustrated in h.p.l.c. analysis of lysine as its 2,4-
dinitrophenyl derivative,34' dansylamino-acids,*4?~34° and a less commonly used
relative, dabsyl derivatives 3#¢ (useful for the estimation of amino-acids in urine
based on their maximal absorbance at 425 nm).

Derivative formation of a different kind has been used for the determination of
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the enantiomeric purity of tri- and tetra-iodothyronines, in which these amino-
acids are converted into diastereoisomer mixtures through coupling with L-
leucine,3*7 then separated by h.p.l.c. An alternative resolution procedure, in which
a chiral stationary phase is used (L-prolinamide 34* or L-valinamide 36 bonded to
silica gel) for the separation of D : L-dansylamino-acid pairs, is not the only other
variation of the chromatographic resolution technique, since dansylamino-acids
can be resolved using an eluent containing a copper(in)-L-proline complex.3*3 An
example of the determination of enantiomeric purity concerning one of the less
common amino-acids has been reported for penicillamine.348

Substantial studies continue to be reported on h.p.l.c. analysis of phenylthio-
hydantoins 327349352 and p-(NN-dimethylaminophenylazo)-analogues.328- 353
Although the mention here of a few points of interest does not do justice to the
useful details to be found in each of the papers, attention to the separation of
glutamic and aspartic acid derivatives,>*! and a maximum time of 30 min for the
separation of all 20 protein amino-acid derivatives,>3° can be highlighted. Use of
the dimethylaminoazobenzenethiohydantoins allows sensitivity levels of
5—10 pmole to be reached.?*?

Fluorimetry.—Ammonia released from glutamine by heating in dilute sulphuric
acid at 100°C can be assayed by absorption into an o-phthaldi-
aldehyde-mercaptoethanol reaction mixture, yielding fluorescence in proportion
to the glutamine content of the sample.3** The reagent system is extremely
sensitive, and careful cleaning of glassware is essential for accurate results.3%%

Mention has been made in preceding sections of analytical exploitation of
fluorescence-forming reactions. Further examples are reported for the fluorimetric
estimation of phenylthiohydantoins using the pyridoxamine-lead(ir) acetate rea-
gent,3*® for the formation of fluorescent spots on thin-layer chromatograms by
thiamine and sodium hypochlorite for the detection of these compounds,3*2 and
for the estimation of y-aminobutyric acid or glutamic acid based on the formation
of a fluorescent chelate with ninhydrin in the presence of a copper(1) salt.357

Other Separation Methods.—Low-voltage electrophoresis in acidic media, in
combination with concurrent chromatographic separation on cellulose layers, has
been advocated 338 for identification of mixtures containing 1—10 nmole levels of
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p. 456.

350 J. Fohlman, L. Rask, and P. A. Peterson, 4nal. Biochem., 1980, 106, 22.

331 J. U. Harris, D. Robinson, and A. J. Johnson, 4nal. Biochem., 1980, 105, 239.

332 T. Kinoshita, K. Murayama, and A. Tsuji, Chem. Pharm. Bull., 1980, 28, 1925.

333 J. Y. Chang, A. Lehmann, and B. Wittman-Liebold, Anal. Biochem., 1980, 102, 380.

354 T.Z. Liu and H. Khayam-Bashi, Clin. Chem. (Winston-Salem, N.C.), 1980, 26, 700.

335 D. J. Shute, Med. Lab. Sci., 1980, 37, 173.

356 T, Kinoshita and K. Murayama, Jpn. Kokai Tokkyo Koho 80 36 740 (Chem. Abstr., 1980, 93, 91 531).

357 C. Pfister and H. J. Wolney, Acta Histochem., 1980, 67, 195.

338 R. L. Munier and S. Mennier, Anal. Biochem., 1979, 100, 254.
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amino-acids. High-voltage electrophoresis following conventional procedures has
been used for the determination of proline and its 3- and 4-hydroxy-derivatives in
biological samples.3>° Isotachophoresis techniques are suitable for the estimation
of S-(carboxymethyl)cysteine in urine.3%° Reverse osmosis across a DDS-cellulose
acetate membrane from binary aqueous solutions containing L-alanine, and the
effects of other amino-acids on the permeation of this compound have been
described.3¢?

Determinations of Specific Amino-acids.—Nearly all the citations in this section
refer to specific enzyme-based procedures, but this is not a realistic picture of this
topic, since colorimetric assays are still fashionable, and have been largely located
in earlier sections of this chapter.

Modified ninhydrin colour-forming reactions have been established for the
assay of mixtures containing proline, hydroxyproline, and hydroxylysine.362
Further development of spectrophotometric assay of hydroxyproline in tissue (see
also Vol. 11, p. 2) has been reported,?®® and an improvement of established
nitroprusside colorimetry of cystine in urine has been developed.3%*

Enzyme-catalysed degradations of amino-acids which have been applied for
specific estimation procedures include: a bacterial w-amino-acid—pyruvate amino-
transferase together with lactate dehydrogenase for estimation of L-alanine;3%°
leucine dehydrogenase used for the quantitative determination of branched-chain
amino-acids;3%® lysine decarboxylase in immobilized form for an automated assay
of L-lysine;*¢” nmole level assay of L-ornithine employing ornithine amino-
transferase with A!-pyrroline-S-carboxylate reductase;3%® and microassay of
cysteinesulphinic acid through enzymic conversion into lactate with glutamate
oxalacetate transaminase with a-ketoglutarate and NADP(H).36°

Microbioassay of L-leucine 37° or L-phenylalanine 37! through metabolism by
Leuconostoc mesenteroides followed by use of an immobilized lactate oxidase
electrode illustrates the continuing development of potentiometric sensor
methods. The lactate sensor used in these studies is based on an oxygen electrode
which is coated with the immobilized enzyme. A related example applied to the
assay of L-histidine uses an ammonia-sensing electrode coated with immobilized
Pseudomonas, and is based on the stoicheiometry 2mol NH, == Il mol hist-
idine.37? This technique has been refined through the isolation of the enzyme
(histidine ammonia-lyase) and its immobilization on the electrode.?”3
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All these enzyme-mediated assays depend on a quantitation stage, and a
spectrometric determination of NADP(H) released through the degradation of
meso-ag-diaminopimelate by the specific p-amino-acid dehydrogenase has been
adopted in this case; alternatively, the conversion of the NADP(H) into a
formazan preceding spectrophotometry may be considered.3”#

374 H. Misono and K. Soda, Agric. Biol. Chem., 1980, 44, 2125.
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Structural Investigations of Peptides and
Proteins

BY M. D. SCAWEN, A J. GARMAN, R. A. G. SMITH,
W. D. MERCER, R. H. PAIN, AND OTHERS

PART IA: Protein Isolation and Characterization By M. D. Scawen, R. F. Sherwood,
D. A. P. Small, P. M. Hammond, P. Hughes, A. Electricwala, S. Alwan, and T.
Atkinson

1 Introduction

This year’s report follows closely on the patterns set in previous years. The ever
increasing number of publications coupled with limitations of space means that a
considerable degree of selectivity is necessary in virtually all aspects of protein
isolation and characterization methodology. As a result the tabulated data are
restricted to certain classes of protein and the emphasis, as before, is on proteins
isolated by means of affinity techniques.

2 Protein Isolation Methodology

Affinity Chromatography.—General Comments. The development and recent
extensive exploitation of biospecific adsorbents of the group specific type used in
affinity chromatography has proved a most valuable addition to the range of
techniques available in enzyme purification.!" 2

The most widely used ligands for application of this type of affinity chromat-
ography have been various analogues of adenosine mononucleotides and
dinucleotides substituted on the base, ribose, or phosphate.? Interest in immobilized
adenine nucleotides and coenzymes is derived both from their broad application in
the purification of complementary enzymes (e.g. kinases, dehydrogenases, flavo-
proteins, and coenzyme A-dependent enzymes) and because immobilized coenzym-
ically active adenine nucleotides are becoming increasingly important in enzyme
technology.* > New nucleotide matrices have recently been synthesized. For
example, the synthesis and characterization of two IMP analogues 8-(6-
aminohexyl)inosine 5-monophosphate and inosine 2',3-O-[(6-aminohexyl)-
levulinic acid amideJacetal 5-monophosphate have been recently described.® These
analogues were attached to CNBr-activated agarose through the terminal amino-

! P. Mohr, K. Pommerening, and M. Kuehn. J. Polym. Sci., Polym. Symp. 1981, 68, 109.

2 C. R. Lowe, in ‘Laboratory Techniques in Biochemistry and Molecular Biology. An Introduction to
Affinity Chromatography’, North Holland Press, Amsterdam, 1979.

3 C. R. Lowe, L. P. Trayer, and H. R. Trayer, Methods Enzymol., 1980, 66, 192.

4 C. R. Lowe, in ‘Topics in Enzyme and Fermentation Biotechnology’, ed. A. Wiseman, Ellis Horwood,
Chichester, 1980, Vol. 5, p. 13.

5 C. W. Fuller, J. R. Rubin, and H. J. Bright, Eur. J. Biochem., 1980, 103, 421.
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group of the spacer molecule. E. coli IMP dehydrogenase could be eluted
biospecifically from the immobilized 8-substituted and ribose substituted IMP
absorbents with IMP, XMP, or GMP.¢

With the range of potential absorbents for any enzyme rapidly increasing it is
worth noting that theoretical considerations? dictate that the adsorbent which
binds an enzyme with lower affinity is that which is most likely to be responsive to
biospecific desorption. This consideration has been widely used in many of the
affinity chromatography purifications listed in Table 1.8-*2 A number of proteins
other than those shown in Table 1 have been purified by affinity or pseudo-affinity
chromatography including human low-density lipoproteins,'3 !4 sex-steroid-
binding proteins,’® initiation factor elf-2 from rat-liver microsomes on rRNA
cellulose, ¢ cortisol-binding globulin,'” poly A-containing ribonucleoproteins on
oligo (dT)-cellulose,'® plant carbohydrate-binding proteins,’® serine acetyl trans-
ferase by immunoadsorption,2° arylsulphatase A sub-units,?! plasma membrane
proteins on concanavalin A-agarose,?? bovine lens aldolase reductase,?® plant
cytokinin-binding protein,?* pregnancy associated plasma protein-A25 and
plasma urate-binding protein,?® liver ribosomal tRNA-binding proteins,?’
bovine-liver NADH-cytochrome b, reductase,2® plasma fibronectin,2® and
cytochrome ¢ oxidase on cytochrome c—thiol-Sepharose.3°

Coupling Methods. The typical bioaffinity adsorbent is prepared by coupling an
affinity ligand to an insoluble hydrophilic support. Although direct coupling to
CNBr-activated Sepharose remains one of the most common methods of im-
mobilizing ligands, it has the disadvantage that cationic charges are introduced
into the matrix which can cause non-specific adsorption.

- Tosylated polysaccharides have recently been applied as alternative supports for
ligand immobilization.?! It is known from the chemistry of soluble saccharides

¢ Y. D. Clonis and C. R. Lowe, Eur. J. Biochem., 1980, 110, 279.
7 R. J. Yon, Biochem. J., 1980, 185, 211.
8 F. Qadri and P. D. G. Dean, Biochem. J., 1980, 191, 53.
° Y. D. Clonis and C. R. Lowe, Biochim. Biophys. Acta, 1981, 659, 86.
J. J. Johnson, K. J. Stevenson, and V. S. Gupta, Can. J. Biochem., 1980, 58, 1252.
!1 C. R. Lowe, M. Hans, N. Spibey, and W. T. Drabble, 4nal. Biochem., 1980, 104, 23.
12 A. Atkinson, P. M. Hammond, R. D. Hartwell, P. Hughes, M. D. Scawen, R. F. Sherwood, D. A. P.
Small, C. J. Bruton, M. J. Harvey, and C. R. Lowe, Biochem. Soc. Trans., 1981, 9, 290.
3 L. Seganti, P. Mastromarino, and A. De Stasio. Acta Virol. (Prague) (Engl. Ed.), 1980, 24, 311.
14 K. H. Weisgraber and R. W. Mahley, J. Lipid Res., 1980, 103, 421.
15 P. H. Petra and J. Lewis, Anal. Biochem., 1980, 105, 165.
16 0. Nygard, P. Westermann, and T. Multin, Biochim. Biophys. Acta, 1980, 608, 196.
17 D. K. Mahajan, R. B. Billier, and A. B. Little, J. Steroid Biochem., 1980, 13, 67.
18 P, De Meyer, E. De Hardt, M. Kondo, and H. Slegers, J. Biochem. Biophys., 1980, 2, 311.
19 C, Giett and H. Ziegler, Biochem. Biophys. Pflanz., 1980, 175, 50.
20 p. A. Baecker and R. T. Wedding, Anal. Biochem., 1980, 102, 16.
21 R. L. Van Etten and A. Waheed, Arch. Biochem. Biophys., 1980, 202, 366.
22 J, K. Marquis, D. C. Hilt, and H. G. Mauter, J. Neurochem., 1980, 34, 1071.
23 M. Crabbe, C. James, and A. B. Halder, Biochem. Soc. Trans., 1980, 8, 194.
24 C. M. Chen, D. K. Melitz, B. Petschow, and R. L. Eckert, Eur. J. Biochem., 1980, 198, 379.
25 J. Folkerson, J. G. Grudzinskas, and P. Hindersson, Placenta ( Eastbourne), 1981, 2, 11.
26 M. L. Ciompi, A. Lucacchini, D. Segnini, and M. R. Mazzoni, Adv. Exp. Med. Biol., 1980, 122B, 395.
27 N. Ulbrich, I. G. Wool, E. Ackerman, and P. B. Sigler, J. Biol. Chem., 1980, 258, 7010.
28 D, A. Schafer and D. E. Multquist, Biochem. Biophys. Res. Commun., 1980, 95, 381.
29 T. M. Saba and E. Cho, Adv. Shock Res., 1980, 3, 251.
30 K. Bill, R. P. Casey, C. Broger, and A. Azzi, FEBS. Lett., 1980, 120, 248.
3t K. Nilsson and K. Mosbach, Eur. J. Biochem., 1980, 112, 397.
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that the reaction of hydroxy groups with toluene-p-sulphonyl chloride (tosyl
chloride) gives the corresponding esters (tosylates), which have excellent leaving
properties in reactions with nucleophiles, giving stable linkages between ligand
and saccharide carbon. The reactions involved in the binding of biomolecules to
polysaccharides using tosyl chloride are shown in the Figure. Soybean trypsin
inhibitor (75mgg~! dry support) has been immobilized to tosylated agarose,
tested as affinity chromatography material, and shown to bind 60 mg trypsin g~ !
dry gel 3!

Activation

Coupling
—0— SOZOMe + H,N—R

% —R + HOSOZ—@Me

Figure Immobilization of ligands to Sepharose using tosyl chloride

A further reagent which is capable of forming strong covalent bonds, 2,4,6-
trichloro-s-triazine, has been used for coupling enzymes and affinity ligands to
supports like cellulose and agarose. Thus, in the purification of purine nucleoside
phosphorylase from human red cells the substrate analogue 6-hydroxy-9-p-
aminobenzylpurine was coupled to Sepharose using 2,4,6-trichloro-s-triazine to
give an efficient biospecific affinity gel.32

Sequential Affinity Chromatography and Affinity Elution. The application of
sequential affinity columns as an aid to protein purification has been further
demonstrated by the purification of larval acetyl cholinesterase.>®> Concanavalin
A-Sepharose chromatography provided the initial purification and was followed
by chromatography on columns to which competitive inhibitors of acetyl
cholinesterase had been attached. The most efficient of those used, m-carboxy-
phenylmethylammonium iodide, has been coupled to Sepharose 4B via a hydro-
phobic Cg spacer arm. This combination of affinity steps gave a purification of
5000—7000-fold.

Affinity elution, rather than affinity chromatography, has been applied to the
purification of type II hexokinase from rat skeletal muscle. The procedure entailed
initial chromatography on DEAE cellulose, affinity elution from phosphocel-
lulose, and gel filtration on Sephadex G-200. The key to the preparation of

32 W. R. A. Osborne, J. Biol. Chem., 1980, 255, 7089.
33 T. H. Meedel, Biochim. Biophys. Acta B, 1980, 615, 360.
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homogenous enzyme is the affinity elution step in which an effector molecule,
glucose-6-phosphate, is used as the eluting ligand.3* A 400-fold purification was
obtained in the affinity elution step alone.

Triazine Dye Affinity Chromatography. The purification of proteins by affinity
chromatography is the broadest and best documented application of the use
of dyes in protein studies.3> The low capital cost, general availability, and ease of
coupling to matrix materials represent a major advantage of triazine dyes over
chemically defined nucleotide adsorbents. The capacity of dye columns for
complementary proteins are 10—100 times higher than for immobilized nucleotide
columns and the triazine linkage less prone to ‘leakage’ than the isouronium
linkage introduced during CNBr activation of polysaccharides.33

The selectivity of dye chromatography is illustrated by the binding of troponin
to a Cibacron Blue F3G-A agarose column and its selective release from the gel in
the presence of 0.5M KCIl. This has provided the basis for a new purification
method 3¢ for this protein. Adsorption of troponin to the immobilized dye appears
to occur through the troponin T sub-unit. Troponin I and troponin C do not bind
to this matrix whereas troponin T binds very tightly.

The application of a number of immobilized Procion dyes to the purification of
inosine-5-monophosphate dehydrogenase has been described.!! The enzyme was
eluted by a salt gradient with a substantial increase in specific activity. Adsorption
of the enzyme from a crude cell-free extract of E. coli to immobilized Procion
Yellow MX-8G in the presence of 15% (v/v) ethylene glycol and subsequent
elution with a linear gradient of NaCl have 90%; recovery with 14-fold increase in
specific activity.

The interactions of several triazine dyes with two enzymes from purine
metabolism, IMP dehydrogenase and adenylsuccinate synthetase, have been
investigated.® Evidence from kinetic inhibition studies, enzyme inactivation with
specific affinity labels, and specific elution techniques from agarose-immobilized
dyes indicate that triazine dyes such as Procion Blue H-B (Cibacron Blue F3G-A),
Red HE-3B, and Red H-3B are able to differentiate between the nucleotide
binding sites of these enzymes. This information has been exploited to design
specific elution techniques for the purification of these enzymes by affinity
chromatography.

6-Phosphogluconate dehydrogenase from B. stearothermophilus has been puri-
fied approximately 260-fold by tandem affinity chromatography on two dye
columns in series, Red HE-3B and Cibacron Blue F3G-A respectively, linked to
agarose.®

Interferon Purification. The purification of interferon has been a primary goal of
interferon research, yet the purification to homogeneity of any interferon has been
difficult and only very small amounts of pure interferon have been produced. An
improved purification procedure for human fibroblast interferon utilizing
chromatography on Blue Sepharose has been achieved with a 2900-fold purifi-
cation.?” This procedure is suitable for the purification of large volumes of crude
34 8, Saleheen Qadri and J. S. Easterby, 4nal. Biochem., 1980, 105, 299.

35 C.R. Lowe, D..A. P. Small, and T. Atkinson, Int. J. Biochem., 1980, 13, 33.

36 E. Rusler, J. Liu, M. Mercola, and J. Horwitz, Biochim. Biophys. Acta, 1980, 623, 243,
37 E. Knight and D. Fahey, J. Biol. Chem., 1981, 256, 3609.
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interferon and yields of homogeneous protein range from 20—40%,. Interferon,
prepared in serum-free medium, has also been purified to homogeneity by a
method involving a combination of affinity chromatography and h.p.1.c.3® Affinity
chromatography on Blue Sepharose provides a high purification factor but results
ina dilute solution of interferon in 50% ethylene glycol. The final product is obtained
in concentrated form free of ethylene glycol and buffer salts by h.p.lL.c. on
Lichrosorb RPS8, with a stepwise elution employing 32%; (v/v) propan-l-ol.

Other Applications and Techniques. A process termed transition state affinity jump
chromatography, a double selection method for isolating catalytically active
enzymes, has been described.?® This technique uses substrate analogue affinity
chromatography and elution with transition state analogues. The method may be
applied to the separation of enzymes and other catalysts according to their
molecular turnover number.

Affinity chromatography has been applied in an assay system to determine
phosphorylase kinase activity in crude homogenates using 5-AMP Sepharose.*®
This is a sensitive method for measuring enzyme activity, which involves
incorporation of 32P from [y-32P]ATP into phosphorylase in the presence of other
phosphorylating reactions. The kinase reaction is carried out in crude homo-
genates, the reaction stopped, and a portion of the reaction mixture applied to a 5'-
AMP Sepharose column. Phosphorylated protein and [y-3?P]ATP are washed out
and phosphorylase is eluted by 10mM ATP and the radioactivity incorporated is
counted.

Passing chromatin fragments of rat-liver nuclei through DNA-agarose
columns results in the removal of all histones of the H1 class and almost all (95%)
non-histone proteins from the chromatin, and thus leads to the separation of
DNA molecules containing nucleosomal histones only.*! Elution of the proteins
bound to DNA agarose by salt gradients leads to a fractionation of chromosomal
proteins indicating that they bind with differing affinities to single stranded DNA.
This simple and fast procedure is suitable for both the isolation of histone H1
depleted chromatin and the fractionation of non-histone proteins.

Some of the important controlling factors involved in the electrophoretic
desorption of material from affinity matrices, viz. the electrophoresis current,
matrix thickness, and electrophoresis buffer molarity and temperature, have been
investigated.*? Thus, optimum conditions have been developed to desorb human
serum albumin from Cibacron Blue F3G-A Sepharose. Electrophoretic desorption
has been developed as a mild, non-chaotropic technique for the removal of
charged material from affinity matrices and in particular immunoadsorbents.

A combination of affinity chromatography and high performance liquid
chromatography (h.p.l.c.) is currently being developed in several laboratories.*?
This technique (h.p.l.a.c.), which combines the speed and resolving power of
h.p.l.c. with the biological specificity of affinity chromatography, is likely to

38 3. Stein, C. Kenny, H. J. Friesen, J. Shively, U. Delvalle, and S. Pstka, Proc. Natl. Acad. Sci. U.S.A.,
1980, 77, 5716.

3% L. Anderson and R. Wolfenden, J. Biol. Chem., 1980, 255, 11 106.

40 N. Borregaard and V. Esmann, 4nal. Biochem., 1980, 105, 53.

41 P Nehils and M. Renz, Anal. Biochem., 1980, 197, 124,

42 M. R. A. Morgan, E. George, and P. D. G. Dean, Anal. Biochem., 1980, 105, 1.

43§, Ohlson, L. Hansson, P.-O. Larsson, and K. Mosbach, FEBS Lett., 1978, 93, 5.



Table 1 Proteins purified by affinity chromatography

Protein
Dihydrofolate reductase

L-Lysine 6-amino-
transferase

Asparagine synthetase

Phosphotransferase

Acetylcholinesterase
Acetylcholinesterase
Troponin
a-D-Glucosidase

Glyoxalase II
Oestrogen receptor

Adenosine kinase
3-Hydroxy-3-methyl

glutaryl coenzyme A
reductase

Source
E. coli

Flavobacterium
lutiscence

Rat liver

Wheat shoots

Electrophorus
electricus
Ciona intestinalis
Rabbit muscle
Horse kidney

Mouse liver
Chicken liver

Rat heart

Rat liver

Matrix*
S

w

nunwnm w

w

44 R. L. Then, Biochim. Biophys. Acta, 1980, 614, 25.

& &

Ligand
2,4-Diamino-5(3,5-
dimethoxy)4-substituted
pyrimidines
L-Lysylacetamido-dodecyl

Cibacron Blue F3G-A
Cibacron Blue F3G-A

9-(5-Carboxypentyl)-
aminoacridine
Concanavalin A
Cibacron Blue F3G-A
p-Aminophenyl
a-D-maltoside
Glutathione
1,7-p'-Oestradiol-
17-hemisuccinyl-ovalbumin
N®-(6-Amino-hexyl)
5’ AMP
Blue Dextran

3 T. Yage, T. Yamamato, and K. Soda, Biochim. Biophys. Acta, 1980, 614, 63.
6 H. Shigeki and S. Tsuneo, Anal. Biochem., 1981, 114, 163.

47 J, 1. Ademola and D. W. Hutchinson, Biochim. Biophys. Acta, 1980, 615, 283.

»

8 A.S. Brooks, G. E. Tiller, and W. G. Strave, Biochim. Biophys. Acta, 1980, 615, 354.

Eluant
0.029 folate, 0.5mMNaCl

1.0MNaCl

0.1 mMm ATP, 1 mm L-aspartate
0.15M sodium acetate,
pH gradient 4.0—35.5,
or 25mM uridine pH 5
10 mm decamethonium
bromide
a-Methyl-(+ )-mannoside
0.5mM KCl1
0.25—0.5M NaCl gradient

2mM S-octylglutathione
40 pm oestradiol

1mM ATP, I mm Mg?™, 0.1 mM

adenosine
0.5M KCl

49 J, Giudicelli, R. Emilliozzi, C. Vannier, G. De Burlet, and P. Sudaka, Biochim. Biophys. Acta, 1980, 612, 85.
$¢ B, Oray and J. J. Norton, Biochim. Biophys. Acta, 1980, 611, 168.
31 W, Schneider and M. Gschivendt, Biochim. Biophys. Acta, 1980, 633, 105.

52 J. W. De Jong, E. Keijzer, M. P. Uitendaal, and E. Harmsen, Anal. Biochem., 1980, 101, 407.

33 D. H. Rogers, S. R. Panini, and H. Rudney, 4nal. Biochem., 1980, 101, 107.
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Table 1 (cont.)

Protein

Ornithine
transcarbamylase
Luciferase

Glutamate synthase

Bile salt activated
lipase

Fructose 1,6-
bisphosphatase

Fructose 1,6-bisphos-
phate aldolase

Phenylalanine

hydroxylase

Phenylalanine
hydroxylase
Carboxypeptidase A

Tubulin

Purine nucleoside
phosphorylase

Purine nucleoside
phosphorylase

Histones

Diol dehydrase

Flavokinase
Ribonuclease F1 and F2

DNase I

Source
Rat liver

Firefly lanterns

E. coli

Human milk (whey)
Rabbit liver

Rabbit liver

Rat liver

Rat liver

Bovine pancreatic
tissue
Rat brain

Human red cells

Human leukaemic
granulocytes

Calf thymus

Klebsiella
pneumonia

Rat liver

Fusarium
moniliforme

Porcine pancreas

Matrix*

Affigel
10

Ligand
&-N-(Phosphonacetyl)
L-ornithine
Benzylamine

2,5-ADP
Concanavalin A
Blue Dextran
Blue Dextran

2-Amino-4-hydroxy-6,7-
dimethy)-5,6,7,8-tetra-
hydropteridine
6,7-Dimethyl-
5,6,7,8-tetrahydropterin
p-Aminobenzyl-
succinic acid
Lactoperoxidase

6-Hydroxy-9-(p-
aminobenzyl)-purine
Formycin B

Organo-mercurial
Adenosyl cobalamin

Flavinyl
5-GMP

d-DNA

Eluant

0—10 mM carbamyl phosphate
gradient

0.15M sodium phosphate
pH7.8

1 mM L-glutamine,
100 yv NADPH

2% sodium cholate

25um AMP
Fructose 1,6-bisphosphate

0.1 mm
0.1 M phenylalanine

50% ethanediol, ! M KCl

1M NaCl

4 mM inosine, 50 mm
sodium phosphate pH 7.6

10 mM inosine

10 mM dithiothreitol
Propan-1,2-diol (2%)

0.1 mM riboflavin
1 mm 2'(3)-GMP

1M KCl
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68

70
71
72

12!

Phospholipase A, Cobra venom S Cibacron Blue F3G-A 50 mmM NH,HCO, pH 8
50mm (NH,),CO; pH10.5
Cytochrome P450 Rabbit-liver microsomes S Cytochrome b 0.25m KCl, 0.2% Triton X-
100, 0.2mMm EDTA, 20%
glycerol
Haemoglobin Blood and bone marrow S Haptoglobin 5% formic acid
Pyridoxal kinase Rat brain AH-S Pyridoxyl 10 mM pyridoxine
Cholic acid- Rat liver AH-S Cholic acid 5mM cholic acid
binding protein
Pyridoxamine-5-phos- Rat brain AH-S Phosphopyridoxyl 5 mMm pyridoxal
phate oxidase phosphate
6-Phosphogluconate B. stearothermophilus S Procion Red HE-3B 0—0.8 M KCl gradient
dehydrogenase
6-Phosphogluconate B. stearothermophilus S Cibacron Blue F3G-A 0.5mM NADP
dehydrogenase ‘
Cyclic nucleotide Rat heart AH-S Phenylbutenolide 0.4—1.8 M KCl gradient
phosphodiesterase

54 N. J. Hoogenraad, T. M. Sutherland, and G. J. Howlett, Anal. Biochem., 1980, 101, 97.

55 B. R. Branchini, T. M. Marschner, and A. M. Montimurro, Anal. Biochem., 1980, 104, 386.

5%¢ C, N. G. Schmidt and L. Jervis, Anal. Biochem., 1980, 104, 127.

%6 C. S. Wang, Anal. Biochem., 1980, 105, 398.

57 M. Kido, A. Vila, and B. L. Morecker, Anal. Biochem., 1980, 106, 450.

58 . Webber, G. Marzio, and J. M. Whiteley, Anal. Biochem., 1980, 106, 63.

39 J. M. Al-Janabi, Arch. Biochem. Biophys., 1980, 200, 603.

60 T B. Cueni, T. J. Bazzone, J. F. Riodan, and B. L. Vallee, Anal. Biochem., 1980, 107, 341.

61 B. Rousset and J. Wolff, J. Biol. Chem., 1980, 255, 11677.

52 D. A. Wiginton, M. S. Coleman, and J. J. Hutton, J. Biol. Chem., 1980, 255, 6663.

63 1. Yi Chi Sun, E. M. Johnson, and V. G. Allfrey, J. Biol. Chem., 1980, 255, 742.

64 T. Toraya and S. Fukui, J. Biol. Chem., 1980, 255, 3520.

63 H. Merrill and D. B. McCormick, J. Biol. Chem., 1980, 255, 1335.

66 Yoshida, 1. Fukuda, and M. Hushiguchi, J. Biochem. ( Tokyo), 1980, 88, 1813.

67 Tanaka, 1. Sasaki, K. Yamashita, K. Miyazaki, Y. Matuo, J. Yamashita, and T. Hario, J. Biochem. (Tokyo), 1980, 88, 797.
68 E. Borden, P. L. Darke, R. A. Deems, and E. A. Dennis, Biochemistry (Washington), 1980, 19, 1621.
69 Miki, T. Sugiyama, and T. Yumano, J. Biochem. ( Tokyo), 1980, 88, 307.

70 Tsapis, N. Hinard, and U. Testa, Eur. J. Biochem., 1980, 112, 513.

7 D. Cash, M. Maitre, J. F. Rumigny, and P. Mandel, Biochem. Biophys. Res. Commun., 1980, 96, 1755.
72 N. R. Pattinson, Biochim. Biophys. Acta, 1981, 667, 70.

73 A.F. Prigent, G. Nemoz, and H. Pacheco, Biochem. Biophys. Res. Commun., 1980, 95, 1080.
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Table 1 (cont.)

Protein
Heparin

Propionyl CoA
carboxylase

Thymidine kinase

Pgro E

Glutamine synthetase

Cytochrome ¢ oxidase

Valy tRNA synthetase
Thymidylate synthetase
IMP dehydrogenase
IMP dehydrogenase
Dopamine f-mono-
oxygenase
Dopamine f-mono-
oxygenase
Dihydrofolate reductase

Phosphoglycerate kinase
IMP dehydrogenase
Interferon

Succinyl CoA synthetase

Source

Porcine gastric
mucosa
Human liver

Rat liver

E. coli

E. coli

Beef-heart
mitochondria

Euglena

E. coli

E. coli

E. coli

Bovine adrenal
medulla

Bovine adrenal
medulla

Walker 256 carcinoma

Lactobacillus
E. coli
Human fibroblasts

Rat liver

Matrix*
S

nwurnurnunn nwnnn w2

v wn

wnwnwn

Ligand
Antithrombin

Monomeric avidin

Rat kidney glycoprotein
Blue Dextran
Blue Dextran
Cytochrome ¢

Blue Dextran
Tetrahydromethotrexate
Procion Red HE-3B
Cibacron Blue F3G-A
Cibacron Blue F3G-A

Procion Red HE-3B

Cibacron Blue F3G-A
+ other Procion dyes

Blue Dextran

Procion Yellow MX-8G

Cibacron Blue F3G-A

GDP

Eluant
0.5M KCl1

0—12 mM biotin gradient

1M NaCl, 300 uM thymidine
1M KCl

5mm ADP

50 mm NaCl

Yeast tRNA,V*!
0.2M sodium phosphate pH 7.2
AMP, NAD 0—20mM gradient
IMP, 0—50 mM gradient
0.2M NaCl, 20 mm

phosphate pH 7
0.8M NaCl

0—1 M KCl gradient

Im KCl

0—1M KCl gradient

20 mMm sodium phosphate
pH 7.2 509, ethanediol

2mMm GDP-Mg?*

Ref.
74

75
76
77
77
78
79
80
81
81
10
82
11
37

83
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IMP dehydrogenase

Glycerokinase

Malate dehydrogenase

Malate dehydrogenase

B-Hydroxybutyrate
dehydrogenase

B-Hydroxybutyrate
dehydrogenase

D-Glyceraldehyde
3-phosphate dehydro-
genase

D-Glyceraldehyde
3-phosphate dehydro-
genase

Serum albumin

E. coli

B. stearothermophilus
R. spheroides

R. spheroides

R. spheroides

R. spheroides

T. aquaticus

B. stearothermophilus

Several

w w2 nwunnwmn

S

8-(6-Aminohexyl) AMP
Procion Blue MX-3G
Procion Red H-3B
Procion Blue MX-4GD
Procion Red H-3B
Procion Blue MX-4GD

NAD

NAD

Cibacron Blue F3G-A

¢S = Sepharose; CH-S = w-carboxyhexyl Sepharose; AH-S = w-aminohexyl Sepharose.

74 M. O. Longus, W. S. Ferguson, and T. H. Finlay, Arch. Biochem. Biophys., 1980, 200, 595.
7% R. A. Cravel, K. F. Lam, D. Mahuran, and A. Kronis, Arch. Biochem. Biophys., 1980, 201, 669.

76 R. Madhao, M. L. Coctzee, and P. Ove, Arch. Biochem. Biophys., 1980, 200, 99.
77 Z. F. Burton and D. Eisenberg, Arch. Biochem. Biophys., 1980, 205, 478.
78 K. Bill, R. P. Casey, C. Broyer, and A. Azzi, FEBS Lett., 1980, 120, 248.

79 V. Sarantoglou, P. Imbault, and J. H. Weil, Biochem. Biophys. Res. Commun., 1980, 93, 134,

80 K. Slavik and V. Slavikova, Methods Enzymol., 1980, 66, 709.

=4

T. Skotland, Biochim. Biophys. Acta, 1981, 659, 312.

82 K. Kawai and Y. Eguchi, J. Ferment. Technol., 1980, 58, 383.

83 D. J. Ball and J. J. Nishimura, J. Biol. Chem., 1980, 255, 10 805.
84 Y. D. Clonis and C. R. Lowe, Eur. J. Biochem., 1980, 110, 279.
85 J. I. Harris, J. D. Hocking, M. J. Runswick, K. Suzuki, and J. E. Walker, Eur. J. Biochem., 1980, 108, 535.
86 R. J. Leatherbarrow and P. D. G. Dean, Biochem. J., 1980, 189, 27.

XMP 0—40 mMm gradient
5mm ATP

2mMm NADH in 1 M KCI
0—1M KCI gradient

1M KCl

2mM NADH in 2M KCl

2mM NAD™

2mM NAD*

0.5M NaSCN

84

82,35
12, 35
12, 35
12, 35
12, 35

85

85

86
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42 Amino-acids, Peptides, and Proteins

provide a powerful new tool in protein purification and characterization studies in
the future. The technique has already been applied to the rapid separation of
serum albumin, liver alcohol dehydrogenase, and lactate dehydrogenase on silica-
immobilized 5-AMP.43

Hydrophobic Chromatography.—Hydrophobic interaction chromatography is used
to separate protein molecules on the basis of the differing strength of their
hydrophobic bonding to a stationary matrix. The interaction between protein and
matrix results from an increase in the hydrogen bonding of water molecules when
hydrophobic molecules bind with each other. The procedure is now considered a
standard technique in protein purification and has found widespread application
in many disciplines besides the traditional field of pure enzymology. In particular,
recent uses have been reported in the field of clinical chemistry. These have
included the purification of the human complement components C3 and C5 27 and
the sub-component C3d,%® human serum inter-a-trypsin inhibitor,®® and human
erythropoietin.®® Hydrophobic chromatography has been successfully used to
separate fragments of diphtheria toxin®! and to separate heparin into fractions
with differing anticoagulant activity.®? Its application to the purification of
albumin has also been considered.’® The technique has been applied to the
separation of isoenzymes ®* %5 and several closely related aminoacyl tRNA
synthetases,®® to study the purification of membrane proteins,®” %% and to
separate carrier ampholytes from various peptides.®®

The types of ligand used in hydrophobic interactions are also becoming more
diverse. Recently investigated matrices include trityl Sepharose and trityl cel-
lulose, ' palmitoyl cellulose,!®! tannin Sepharose,'®? and Lipidex 1000, a
substituted hydroxyalkoxypropyl derivative of Sephadex G25.1°3

To date, however, little work has been devoted to the study of the nature of the
hydrophobic interaction. One recent investigation is that of Chang et al.1%* who
examined the interaction of E. coli galactosidase and 3,3’-diaminodipropylamine-
substituted Sepharose 4B. These workers found, amongst other factors, that the

S. L. Kunkel, D. L. Kruetzer, S. Goralnick, and P. A. Ward, J. Immunol. Methods, 1980, 35, 337.

88 M. Fontaine, F. Joisel, and J. P. Lebreton, FEBS Lett., 1980, 111, 148,

J. P. Salier, J. P. Martin, P. Lambin, H. McPhee, and K. Hochstrasser, Anal. Biochem., 1980, 109, 273.

90 . Lee-Huang, Blood, 1980, 56, 620.

°! Y. Nitzan and T. Michalsky, Anal. Biochem., 1980, 109, 71.

A. Ogama, H. Uchiyama, and K. Nagasawa, Biochim. Biophys. Acta, 1980, 610, 477.

M. J. Harvey, in ‘Methods of Protein Fractionation’, ed. M. J. Curling, Academic Press, London,

1980, p. 189.

G. L. Kunz, J. L. Hoffman, C.-S. Chia, and B. Stremel, Arch. Biochem. Biophys., 1980, 202, 565.

D. Bara, F. Bossa, S. Doonan, H. M. A. Fahmy, G. J. Hughes, F. Martini, R. Petruzelli, and

B. Wittmann-Leibold, Eur. J. Biochem., 1980, 108, 405.

% D. L. Johnson, C. Van Dang, and D. C. H. Yang, J. Biol. Chem., 1980, 255, 4362.

Y. Imai, H. Nakayasu, and C. Yutsudo-Hashimoto, Tanpakushitusu Kakusan Koso, Bessatusu, 1980,

22, 57.

E. Haber and C. J. Homcy, Cent. Control Mech. Relat. Top. (Conference Proc.), Futura, New York,

1980, p. 261.

9% W. J. Gelsema, C. L. de Lingy, W. M. Blanken, R. J. Hamer, A. M. P. Roozen, and J. A. Bakker,
J. Chromatogr., 1980, 196, 51.

100 p, Cashion, G. Sathe, A. Javed, and J. Kruster, Nucleic Acids Res., 1980, 8, 1167.

101 S Fmamura and Y. Horiuti, J. Lipid Res., 1980, 21, 180.

102 H 1. Oh, J. E. Hoff, G. S. Armstrong, and L. F. Haff, J. Agric. Food Chem., 1980, 28, 394.

103 E Dahlberg and M. Snochowski, Anal. Biochem., 1980, 106, 380.

104 C_.T. Chang, B. J. McCoy, and R. G. Carbonell, Biotechnol. Bioeng., 1980, 22, 377.
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equilibrium constants exhibited a hysteresis effect during adsorption of the enzyme
to, and desorption from, the hydrophobic matrix. A less detailed study of the
interaction of Micrococcus lysodeikticus ATP-ase with various hydrophobic
matrices has also been reported.!?*

Table 2 lists examples, from the literature of 1980, of proteins isolated using
hydrophobic interaction chromatography.

Immunoaffinity Chromatography.—Immunoaffinity chromatography has been
used successfully over the past few years for protein purification. The use of an
immunoaffinity ligand allows the separation of specific proteins from a complex
mixture by a one-step procedure resulting in increased yield and purity compared
to the conventional 4—5-step purification procedure. In recent years, this
technique has been refined in many ways to reduce non-specific binding of proteins
without affecting specific recoveries. The conditions for the binding and specific
elution of protein from an immunoaffinity column, as in the case of rabbit anti-
albumin antibodies from Ultrogel AcA34 immunosorbent,'2° were examined in
detail in relation to yield and biological activity. It was found that buffers of low
pH or even low ionic strength, for example water in the case of phosphoenol-
pyruvate carboxylase purification,'?! were most effective in disrupting the
complex and eluting specific proteins from immunosorbents, relative to the harsh
conditions used previously.

The question of homogeneity of the eluted protein has also been largely solved
by the use of monoclonal antibodies. This has been well illustrated during the
purification of mouse F, receptors from a macrophage cell line.'?2 The resultant
purified preparation was then used directly for further biochemical and biophysi-
cal characterization and sub-class specificity. In another analytical technique, the
cluate from an immunosorbent column prepared from monoclonal antibodies was
analysed directly on two-dimensional gel electrophoresis, as a means for screening
large numbers of myeloma hybrids in a complex mixture.!?3

One of the main advantages of using an immunoaflinity ligand is that only one
protein need be purified to raise the antiserum and this can then be used to prepare
cither the same protein from a variety of species, for example the isolation of
neurofilament protein from bovine brain using anti-neurofilament antisera raised
against chicken-brain antigen,!24 or to isolate several related proteins, as in the
purification of serine acetyl transferase, a component of a multienzyme complex,
using antibodies to the other component of the complex, namely acetylserine
sulphhydrylase.!?5

Recently a technique designated as high performance immunoaffinity chromat-
ography has been developed using silica-immobilized antibodies.!2¢ Although this
method is still in its infancy it is likely that it will prove useful both for studying the
kinetics of antigen—antibody reactions and for the rapid fractionation of hetero-
geneous antibody populations.

Table 3 lists proteins purified by immunoaffinity chromatography.

Covalent Chromatography.—Covalent chromatography using ampicillin, cepha-
lexin, or 6-aminopenicillanic acid immobilized on agarose has been used to purify
penicillin-binding proteins from E. coli and Bacillus megaterium.'38-14° Thiol

105 J. P. Pivel, E. Munoz, and A. Marquet, Biochem. Int., 1980, 1, 377.



Table 2 Proteins purified by hydrophobic interaction chromatography

Protein
Complement C3
and C5 (C2, C4,
C8, and C9)

Complement C3d
Inter-o-
trypsin inhibitor

Erythropoietin

Diphtheria toxin
Fragment A
Fragment B
Methionine

adenosyl-
transferase

Aspartate amino-
transferase

Source
Human

Human

Human serum

Human

Corynebacterium
diphtheriae
Corynebacterium
diphtheriae
Corynebacterium
diphtheriae
Rat liver

Porcine heart

Ligand and
support
w~Aminohexyl
Sepharose

Phenyl
Sepharose

Phenyl
Sepharose

Phenyl
Sepharose

Aminohexyl
Sepharose
Aminobutyl
Sepharose
Aminobutyl
Sepharose
Phenyl
Sepharose

Alkyl agarose

Loading buffer*
50mMm KP, pH7.5

10mm Tris-HC],
pH7.5+1.25Mm
(NH,),S0,

10mm NaP, pH7.2,
0.15M NaCl, 0.8m
(NH,),S0,

10 mM (Na,HPO, +
KH,0,), pH6.85+
0.8M (NH,),S0,

10mMm NaP, pH 6.8 +
4M NaCl

50 mm Tris—HCI,
pH8.0

50 mm Tris—HCI,
pH8.0

50 mM Tris—HCI,
pH8.0

10mm Tris, pH7.5+
10mmM S-MSH +25%,
(NH,),50,

20 mM phosphate, pH 6.8

Elution buffer*

50 mm KP, pH 7.5+ 200 mm NaCl
(C2, C4, C8, and C9 complement
eluted with 700 mM NaCl)

Decreasing gradient of (NH,),SO,
with 50% ethanediol

Decreasing gradient of (NH,),SO,,
increasing gradient of ethanediol
to 509

Decreasing gradient of
(NH,),S0,

10mM NaP, pH6.8+0.5M
Nadl followed by 10 mMm NaP,
pH 6.8 + 209, ethanediol +4M
guanidine

1. 50mM NaCl

2. 200mM NaCl

Not retarded

100 mm NaCl

Isoenzyme I:

10mM Tris, pH 7.5+ 10mMm g-MSH

Isoenzyme 2:

10mM Tris, pH 7.5+ 10mm f-MSH
+40% DMSO

Cytosolic: not retarded

Mitochondrial: detail not given

Ref.

87

88

89

91
91
91
94

95
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Lysyl tRNA
synthetase

Phospholipase B
ATP-ase

Proteinase A

Eukaryotic eEF-Ts
elongation factor

Cytochrome oxidase

Peroxidase

Rat liver

Penicillium
notatum
Micrococcus
lysodeikticus
Yeast

Artemia
salina

Nitrobacter
agilis

Tomato

Diamino-octyl
Sepharose

Palmitoyl
cellulose

Ethyl and butyl
agarose

Phenyl
Sepharose

Phenyl
Sepharose

Octyl Sepharose

Phenyl
Sepharose

50 mM Tris, pH 7.5+
25mM KCl+5mm Mg-
acetate +2mM DTE

1 mm phosphate +
0.2M EDTA

30mM Tris-HCI,
pH7.5

Batch-bind in
demineralized water

20 mM Tris-HCI,
pH7.5, 0.1mm EDTA,
1 mM Mg-acetate,
10mm MSH, 10%
propanol

100 mm Tris—SO,, pH
7.8+ 1mm EDTA +
1.5%, DCHO +20%
(NH,),80,+
0.1M KCl1

Phosphate, pH 6.0,
2M (NH,),SO,

106 F. Meussdoerffer, P. Tortora, and H. Holzer, J. Biol. Chem., 1980, 255, 12087.
107 K. Roobol, I. Vianden, and W. Moller, FEBS Lett., 1980, 111, 136.

108 G. R. Chaudhry, I. Suzuki, and H. Lees, Can. J. Microbiol., 1980, 26, 1270.
109 3. J. Jen, A. Seo, and W. H. Flurkey, J. Food Sci., 1980, 45, 60.

0.3 M KCl+40%, ethanediol

0.2, Adekatol SO-120

Step gradient of LiCl at 20, 30, 50, 70,
100, and 150 mM

1. 100mm KP, pH 6.0+2Mm NaCl

2. 100mm KP, pH6.0+2M NaCl
+ 50% ethanediol

3. 100mm KP, pH 6.0+ 85%
ethanediol

Not retarded

. 100mm Tris-SO,, pH 7.8,
1 mM EDTA, 5% DCHO,
5% (NH,),S0,

2. 100 mm Tris-SO,,
ImMm EDTA, 0.1M KCI,
0.25% Tween 80

3. 50 mm Tris-SO,, 1 mM EDTA,
19 Triton

1. Reducing gradient of
(NH,),SO, (step) 2M, 1.5M,
IM, 0.5m

2. Phosphate, pH 6.0+ 509
ethanediol

96

101
105

106

107

108

109

su1d104d puv sapnidad fo suonp3usaaul [panionas

194



Amino-acids, Peptides, and Proteins

46

vil

ell

[41!

I

oLt

o

001-X uoly %71 °¢
7e0r—0
.:—o_ﬂuuw [oipaueyld w:ﬁmu.-uﬂm T
%60—0C
YOSH("HN) wuaipeId Suonpay |
116 usBmuwy
£q pamoj[o] ‘arejoyd-eN
Yob'0+ 13Qnq peO] Wul (0]
Iem
PaZI[RISUTWS(] ‘[OIpauBY)d
7606 "qi8uans
Suisea1dop Jo uonnjs yoreg
[O1PAUBYIR 7505 T
Jorpaueyia %0 1
19pnq
peo] jo juaipeid Suisearsoq
001X UOILL, 7560 €
I91eM PIZI[RISUTW( ‘T
Iagnq peoq ‘|

w13fJnq uoynyg

YOS ("HN)
uonernies %67+ 41d
W [ +VIgd W |+

TLHA ‘[DH-SUL Ww Q]

10129418 %07+ V.1ad

W [0+ LLQ WW [0
+ajeydsoyd wui 9oz

*OS*(*HN)
WI+DINI+S9
Hd TOd*HY Ww (g
0LHd
syeydsoyd W0
s'LHd
‘HOX-"Od*HY W60

'y HA ‘deN WT'0
‘NeNIO-BN W10

wlaffng Sutpvoy

asoreydag (K100
asoreydag
[Auayd

pue [£150

asoreydag
1Auayq

asoteydag
1Auoyd

asoreydsg
sulfeA

asoaeydoeg
JAuaydq

raoddns
puv puvdry

nqqey

sadein

aunsaur 38y

I9AT] UBWINH

204n08'

9sBI91Sa
-poydsoyd
apnoaponu o)

0SPd dWoIYd01L)

asepIxojouayd£jod

asedijoydsoydosAT

g ISEpIUTIEesOXoH

u21044

(‘mo3) T AqeL



Serum proteins Human Phenyl 35mM KP buffer, pH 1. Decreasing gradient 115
Sepharose 6.5+0.8 M (NH,),SO, (NH,),SO, 0.8—0M
2. Increasing gradient
ethanediol 0—8M

Venom Elapids Phenyl 2M (NH,),S0, Reducing gradient (NH,),SO, 116
cardiotoxins Sepharose 2M—20mM
Polyphenyl Peaches Phenyl 0.05M KP, pH6.2 5mm KP, pH 6.2, followed 117
oxidase Sepharose +1MKCl+1M by 509, ethanediol
(NH,),80,
Colony stimulating  Human Propylamine 0.03 M phosphate, I M NaCl 118
factor (CSF) urine Sepharose pH7.0
Peroxidase Tomato Phenyl 0.05M phosphate, Reducing gradient (NH,),SO, 119
Sepharose pH6.0+2M (step) 2M, 1.5M, 1 M, 0.5M,
(NH,),SO, followed by 0.05M phosphate,
pH 6.0, followed by
ethanediol

*KP = Potassium phosphate; NaP = sodium phosphate; MSH = 2-mercaptoethanol; DMSO = dimethy! sulphoxide; DCHO = Deoxycholate; DTT = Dithiothreito;
DTE = Dithioerythreitol.

110 J Hardwick and P. Hechtman, J. Chromatogr., 1980, 190, 385.

111§, Allenmark, E. Sjodahl, R. Sjodahl, and C. Tagesson, Prep. Biochem., 1980, 10, 463.

112 K W. Wissenmann and C. Y. Lee, J. Chromatogr., 1980, 192, 232.

113 C. R. Wolf, C. J. Serabjit-Sing, and R. M. Philpot, in ‘Microsomes, Drug Oxid., Chem. Carcinogen’, (4th Int. Symp. Microsomes Drug
Oxid.), Academic Press, New York, 1980, 195.

114 H. Wombacher, Mol. Cell. Biochem., 1980, 30, 157.

115 Q. J. Bjerrum, S. Blirup-Jensen, and P. Larsen, Protides Biol. Fluids, Proc. Collog., 1980, 27, 775.

116 F, H. H. Carlsson, Biochem. Biophys. Acta, 1980, 624, 460.

117 W. H. Flurkey and J. J. Jen, Biochem. Physiol. Pflanz., 1980, 175, 637.

118 R Barresi, G. L. B. Skarra, R. Ravazzolo, and M. Sessarego, Biomedicine, 1980, 33, 178.

119 R. L. Thomas and J. J. Jen, Prep. Biochem., 1980, 10, 581.
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Table 3 Proteins purified by immunoaffinity chromatography

Protein
Phosphoenol-
pyruvate
carboxylase

Angiotensin-I
converting
enzyme

Anti- Pseudo-
monas IgG

Anti-albumin
antibodies

Complement C5

Complememt Clq
Neurofilament
protein

Mouse F_
receptors

NADP-specific
glutamate
dehydrogenase
(GDH)

Alpha-foeto-
protein (AFP)

Terminal deoxy-
nucleotidyl
tranferase

Phospholipase

2
2,3-Cyclic
nucleotide
3'-phospho-
hydrolase
Kallikreins

Thyrotropin and o-
subunits of chor-

ionic gonadotropin

Source
Sorghum leaves

Baboon lung

Serum and lung leakage
fluid
Rabbit serum

Human serum

Human plasma
Bovine brain

Mouse macrophage
cell line J774

Chlorella sorokiniana
cell homogenate

Mouse amniotic fluid

Calf thymus and human
leukaemic cells

Venom of Vipera
ammodytes
Bovine brain

Rat sub-mandibular
gland and human
plasma

Human serum

Eluant/Comment
10 mM sodium phosphate
buffer, pH 7.0
followed by water
2m MgCl,, pHS5.8

0.5Mm glycine-HC1
buffer, pH2.4

Various elution
buffers

2M potassium bromide
using goat anti-
human C5

1M NaCl

5M urea, pH 6.0 and
2.5, using rabbit
anti-chicken IgG

Phosphate-buffered
saline containing
0.5%, deoxycholate and
0.1 M triethylamine,
pHI11.S

Isolation of 3%S-
labelled protein
using rabbit anti-
GDH IgG

Use of anti-AFP
IgG entrapped in
polyacrylamide gel
matrix

Smm HCI plus
1M NaCl

Guanidine hydrochloride
containing 0.5%,
bovine serum
albumin

Linear gradient
0.1—4.0 M guanidine
HCl, pH3.2

120 M, 1. Halliday and G. B. Wisdom, Biochem. Soc. Trans., 1980, 8, 430.
121 7. Vidal, G. Godbillon, and P. Gadal, FEBS Leit., 1980, 118, 31.

122 1, S, Mellman and J. C. Unkeless, J. Expt. Med., 1980, 152, 1048.

123 T, Pearson and L. Anderson, Anal. Biochem., 1980, 101, 377.

124 . Dahl, Biochim. Biophys. Acta., 1980, 622, 9.
125 P, A. Baecker and R. T. Wedding, Anal. Biochem., 1980, 102, 16.
126 J R. Sportsman and G. S. Wilson, Anal. Chem., 1980, 52, 2013.

127 3, J. Lanzillo, R. Polsky-Cynkin, and B. L. Fanburg, 4Anal. Biochem., 1980, 103, 400.
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128 R B. Fick, jun., G. P. Naegel, and H. Y. Reynolds, J. Immunol. Methods, 1980, 38, 103.
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propyl Sepharose 6B has been used for the rapid purification of thiol-protein
disulphide oxidoreductases from bovine liver. Two enzymes, a protein disulphide
isomerase and glutathione-insulin transhydrogenase, were separated by eluting the
column with L-cysteine followed by dithiothreitol.!4! A novel method has been
described for the specific isolation of thiol-containing peptides or proteins. The
peptide or protein is allowed to react with a maleimido-group attached to agarose
by a cleavable phenyl ester linkage. The peptide and protein can be recovered as
the S-succinyl cysteine derivative following treatment with 1M hydroxylamine at
pH 7.0 for 10min. This matrix has been shown to react with thiol groups in
glutathione, bovine serum mercaptalbumin, and haemoglobin and rabbit muscle
and yeast glyceraldehyde-3-phosphate dehydrogenase.!#? Derivatives of MPE
agarose should prove useful in affinity chromatography and immunoadsorption
where it is difficult to elute material bound to covalent affinity supports.

Metal Chelate Chromatography.—The presence of some amino-acid side chains,
particularly cysteine and histidine, in proteins can result in an affinity for metal
chelates.!43 This affinity may be exploited for purification and may also serve as a
probe into the surface topography of protein molecules such as interferon.!4* To
form metal chelate matrices, epoxy-activated agarose can be treated with
iminodiacetic acid, with the formation of a bis-carboxymethylamino-agarose,
which has a high affinity for divalent metal ions. Due to the pH dependent
formation of transition-metal ion—protein complexes, particularly those of zinc
and copper, pre-saturation of derivatized agarose with zinc ions to form a zinc
chelate complex has been successfully used to purify inter-a-trypsin inhibitor from
human serum.!4® Both copper and zinc chelate gels have been used in combination
for the purification of rat liver nucleosidediphosphatase.'*® Copper chelate
chromatography has been used in purification procedures for human leucocyte
interferon 147 and embryo hamster cell interferon.!4®

129 R. A. Wetsel, M. A. Jones, and W. B. Kolb, J. Immunol. Methods, 1980, 35, 319.
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Phase Partition and Partition Chromatography.—Phase partition, although not a
widely used technique, has been used for the rapid separation of rat a-foetoprotein
from serum albumin, two proteins of very similar physicochemical properties.!*°
Partition chromatography is a technique that is more suited to the purification of
small peptides rather than proteins, although preliminary experiments have shown
that the technique is applicable to some hydrophobic proteins, such as §-
liprotropin (91 residues) and human growth hormone (191 residues).*s°

3 Isolation of Specific Classes of Protein

Membrane Proteins.—Triton X-100 and sodium cholate continue to be the most
frequently used detergents for the solubilization of membrane proteins. The
majority of membrane protein purifications involved an affinity chromatography
step. Notable exceptions were the description of a new method for the purification
of pyruvate and 2-oxoglutarate dehydrogenases from ox heart that did not require
the initial preparation of isolated mitochondria. The enzymes were solubilized
using Triton X-100 and purified by fractionation with poly(ethylene glycol)
followed by gel chromatography on Sepharose CL-2B.!%! A protein kinase from
human erythrocytes was purified to homogeneity by a two-step procedure
involving two successive chromatographies on Sephadex G-200 under conditions
of low and high salt concentration, which caused aggregation and disaggregation
respectively of the enzyme.!52 Table 4 lists preparations of membrane proteins
described during 1980.

Table 4 Purification of membrane proteins

Protein Source Ligand Eluant Ref.
Bacterial Pseudomonas Phenyl Triton X-100 153
D-glucose sp. gradient
dehydrogenase
Penicillin- E. coli Ampicillin or 1M NH,O0H, 138
binding cephalexin pH8.7
proteins la, 1b,
and 3
Penicillin- E. coli 6-Aminopeni- 0.8M NH,0H, 140
binding proteins cillanic acid pH7.0
5and 6
Penicillin- Bacillus Ampicillin 1M NH,0H, 139
binding proteins megaterium pH8.8
1,3,4,and 5
Cytochrome Rabbit liver Octyl Emulgen 911 154
P450 and lung

149 p Urios and N. Cittanova, Biochim. Biophys. Acta, 1980, 621, 63.

150 . Yamashiro, Partition and partition chromatography of peptides and proteins in ‘Hormonal
Protein and Peptides’, ed. C. H. Li, Academic Press, New York, 1980, Vol. 9, p. 25.

151 . J, Stanley and R. N. Perham, Biochem. J., 1980, 191, 147.

152 M, Tao, R. Conway, and S. Cheta, J. Biol. Chem., 1980, 255, 2563.

153 K Matsushita, Y. Ohno, E. Shinagawa, O. Adachi, and M. Ameyama, Agric. Biol. Chem., 1980,

44, 1505.

C. R. Wolf, S. R. Slaughter, J. P. Marciniszym, and R. M. Philpot, Biochim. Biophys. Acta, 1980,

624, 409.
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Table 4 (cont.)

Protein Source Ligand Eluant Ref.

Cytochrome Rabbit liver w-Amino-n- Emulgen 913 155
P450 octyl

Cytochrome Rabbit liver Cytochrome by 0.5M KCl 156
P450

Retinol Bovine rods Retinal 0.7M KCl 157
dehydrogenase

Nucleotide Rat liver 2-(6-Aminohexyl)- 0.25% Tris— 158
pyrophospha- amino-5-AMP Sarkosyl
tase

Dipeptidyl Rat liver Wheat germ 0.5M N-acetyl 158
peptidase IV agglutinin glucosamine

Translation Dog pancreas Amino-pentyl 0.05% Nikkol 159
protein detergent

Na*+K* Brine shrimp Membranes isolated by sucrose 160
activated density gradient centrifugation
ATPase and enzyme purified by treatment

with Lubrol WX and SDS
in the presence of ATP

2',3'-Cyclic Bovine brain 8-(6-Aminohexyl)- 1mm 2-AMP 161
nucleotide amino-2'-AMP
3'-phosphodi-
esterase

Androgen Rat prostate Prostatic cell 0.6m NaCl 162
acceptor DNA

Insulin receptor  ~ Rat adipocytes  Protein A used 3Mm KSCN 163

to bind insulin
anti-insulin—

receptor
complex
Insulin Human placenta Wheat germ 0.3 M N-acetyl 164
lectin and glucosamine,
receptor 2.5M MgCl,
antibody
Acetylcholine Torpedo Naja naja 2mM benzo- 165
receptor californica siamensis toxin quinonium
III followed chloride
by concanavalin
A
Acetylcholin- Rat brain Concanavalin a-Methyl-D- 166
esterase A mannoside

155 ;[8 I;g;i, C. Hashimoto-Yutsudo, H. Satake, A. Girardin, and R. Sato, J. Biochem. (Tokyo), 1980,

136 N. Miki, T. Sugiyvama, and T. Yamano, J. Biochem. ( Tokyo), 1980, 88, 307.
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139 P Walter and G. Blobel, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 7112.
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Table 4 (cont.)

F.-Receptors Human B Heat aggregated 6M urea. Pre- 167
lymphocytes human IgG column of
Protein A
Sepharose used
to remove
intrinsic IgG
Protein kinase Human Enzyme purified 190 x by two 152
erythrocytes successive gel chromatographies

on G100 Sephadex in low salt
and high salt buffers

2-Oxoacid Bovine heart Solubilize with Triton X-100. 151
dehydrogenases Enzyme purified by fractionation
(pyruvate and with polyethyleneglycol and gel
2-oxoglutarate chromatography
dehydrogenases)

Plasma Proteins.—Plasma has continued to be a rich source of proteins for study,
and examples of the application of nearly all the isolation methods reviewed in this
chapter can be found within the literature. The challenge of an increasing number
of affinity chromatography procedures for the separation of specific plasma
proteins has given an added impetus to the more traditional protein isolation
methods and this in turn has led to the further characterization of plasma proteins,
often available in homogeneous form for the first time. Characterization still
mainly relies on SDS-PAGE and suitable biological assays, e.g. haemolytic or
coagulation activity.

This section highlights some of the more active areas of plasma protein research
and summarizes, with particular reference to affinity techniques, isolation pro-
cedures for a wide range of plasma proteins (Table 5).

Proteins Involved with Coagulation and Fibrinolysis. Proteins involved with the
formation and dispersal of clots have continued to be of major interest. The
purification procedures shown in Table 5 may soon extend beyond isolation from
plasma, as a number of these proteins are major candidates for gene cloning
strategies aimed at production in E. coli and other suitable microbial hosts.
Factor V has been purified from human plasma as a stable, single chain
molecule with an apparent molecular weight of 330000.1%® Activation with
thrombin led to a 10- to 15-fold increase in activity with formation of two closely
spaced doublets, one at 72000 and one at 110000 by SDS-PAGE. However, the
inclusion of 2 mm di-isopropylfiuorophosphate (DFP) resulted in a high molecular
weight factor V (800000—1000000) from both human and bovine blood.'®®
Failure to include DFP led to recovery of a lower molecular weight factor V
(500 000). Factor VII has been purified 100 000-fold with a yield of 30% from fresh
or frozen human plasma, as a single chain polypeptide with a molecular weight of
48000 by SDS-PAGE.!7° It is converted into a two chain form (factor Vila) by
the action of factor XII alone and factor Xa in the presence of phospholipids and
167 T. Suzuki, R. Sadasivan, G. Wood, and W. Bayer, Mol. Immunol., 1980, 17, 491.
168 . Dahlback, J. Clin. Invest., 1980, 66, 583.

169 g Rartlett, P. Latson, and D. J. Hanahan, Biochemistry (Washington), 1980, 19, 273.
170 G. J. Broze, jun. and P. W. Majerus, J. Biol. Chem., 1980, 258, 1242.
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Ca?*. This conversion led to a 20- to 25-fold increase in coagulation assay activity.
In the absence of heparin neither factor VII nor VIla was inhibited by
antithrombin IIL. Factor VII was shown to have an NH,-terminal sequence Ala-
Asn-Ala-Phe-Leu-(Gla)-(Gla)-Leu-(Arg)-Pro.

Affinity chromatography of factor VIII with insolubilized haemophilic anti-
body !7* showed that of 45—81% factor VIII:C the low molecular weight
component of factor VIII and 0—339%; of factor VIII were attached to the column.
Cruikshank and Rock 172 visualized factor VIIL:C as a 140000 mol. wt. band on
polyacrylamide gels when purified in the presence of a protease inhibitor (1 mm
benzamidine). Following reduction of VIII:C with 2-mercaptoethanol a single
band of mol. wt. 48 000 was detected. Peptide map analysis of plasma and platelet
factor VIII 173 showed a high degree of correlation, but seven peptide fragments in
plasma factor VIII were not detected in platelet factor VIII. Martin et al.l7*
isolated a unique tryptic fragment of factor VIII-von Willebrand protein of mol.
wt. 116000 with ristocetin cofactor activity. Vehar and Davie !7* have purified
bovine plasma factor VIII approximately 300 000-fold and detected a triplet on
SDS-PAGE with apparent mol. wts. 93 000, 88 000, and 85 000. The purified factor
VIII contained no platelet-aggregating activity. It was required for activation of
factor X in the presence of factor IX, calcium, and phospholipid and was activated
30-fold by thrombin or factor Xa plus calcium and phospholipid, accompanied by
a change in SDS-PAGE protein pattern.

The synthesis and use of Sephadex, sulphated by anhydrous reaction with
chlorosulphonic acid, have been described for separation of factors I, IX, and X.17¢
Recoveries of 70, 40, and 509, respectively, of these proteins were obtained,
homogeneous by SDS-PAGE, and 999 free of contaminating coagulation
activities. Sulphated dextran compared favourably with heparin-Sepharose. Butyl-
Sepharose has also been used to separate human blood clotting factors from
fibrinogen and other plasma proteins.!””

An improved method for the isolation of human fibrinogen by differential
polyethylene glycol precipitation ! 78 yielded protein which was 95% clottable and
contained no detectable prothrombin, thrombin, plasminogen, or plasmin. Two
types of fibrinogen with differences in the y-chain have been separated by DEAE-
cellulose gradient elution chromatography,’’® and the mechanism of
fibrinogen—fibrin conversion in solution was discussed.!®® A rapid and simple
method has also been developed for isolating soluble fibrin complexes from
fibrinogen by treatment with thrombin.!®!

Antithrombin IIT has been purified from rat plasma in 70% yield by a procedure
including heparin-Sepharose 4B.'82 The preparation was homogeneous by SDS-

171 3 L. Lane, H. Ekert, and A. Vafiadis, Thromb. Haemostastis, 1979, 42, 1306.

172 W, H. Cruikshank and G. Rock, Thromb. Res., 1980, 17, 337.

173 R. L. Nachman, E. A. Jaffe, and B. Ferris, Biochem. Biophys. Res. Commun., 1980, 92, 1208.
174§ E. Martin, V. J. Marder, C. W. Francis, L. S. Loftus, and G. H. Barlow, Blood, 1980, S5, 848.
175 G. A. Vehar and E. W. Davie, Biochemistry ( Washington), 1980, 19, 401.
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182 H. Takahara and H. Sinohara, Biochim. Biophys. Acta, 1980, 612, 185.
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PAGE and analytical ultracentrifugation, and was composed of a single poly-
peptide chain of 64000 mol. wt. Antithrombin III is a glycoprotein containing
3.6% glucosamine, 0.2% fucose, 2.5%; mannose, 1.6%, galactose, and 3.9% sialic
acid. Isoelectric focusing revealed four bands in the range pH 4.7—4.9. Human
plasminogen activator has been partially purified using fibrin-Sepharose and
hydrophobic chromatography on phenyl-Sepharose.'®® The plasminogen ac-
tivator described had an apparent mol. wt. of about 60000, which on reduction
yielded two bands of 30000 and 31000 mol. wt. Isoelectric focusing of the
activator yielded four major bands at pH 6.9, 7.4, 8.0, and 8.6. Human a,-
antiplasmin has been 80—90%; purified in 509 yield by absorbtion on a high-
affinity lysine binding site matrix (LBS1-Sepharose) followed by elution with 6-
aminohexanoic acid.!®* The major impurity is fibrinogen, which can be readily
removed by gel filtration. Lijnen et al.'®5 also describe the isolation of a,-
antiplasmin and another protein using LBS1-Sepharose. The second protein was
further purified by ion-exchange chromatography on CM-cellulose followed by
chromatography on LBS1-Sepharose to yield 40mgl~! of plasma. The protein
interacted with the high-affinity lysine binding site of plasmin with an apparent
dissociation constant of 0.9 uM, resulting in a marked reduction in the reaction rate
between plasmin and a,-antiplasmin. The purified protein was a single-chain
glycoprotein of 60000 mol. wt. with an NH,-terminal sequence Val-Ser-Pro-. It is
apparently identical to a previously described plasma protein of unknown
biological activity called histidine-rich glycoprotein.!®® An apparently new, fast-
acting plasmin inhibitor has been isolated from human platelets.'8”

Plasma Fibronectin. The activities of various types of a glycoprotein, fibronectin,
have been of increasing interest, particularly the comparison of fibronectin
isolated from plasma (cold insoluble globulin, Cig) and from fibroblasts. Although
they share the ability to mediate cell adhesion, there are some fundamental
differences in the preparations. Pena et al.'®® isolated fibronectin from hamster
plasma by affinity chromatography on gelatin coupled to Sepharose beads.
Fibronectin was eluted with 8 M urea and SDS-PAGE showed two prominent
polypeptide sub-units of mol. wt. 215000 and 200 000. Variable amounts of lower
molecular weight material in preparations of hamster and bovine fibronectin
appear to be artefacts generated during isolation and storage. Antibodies raised
against the major sub-units of hamster plasma fibronectin were coupled to
Sepharose and used to isolate fibronectin extracted with urea from baby-hamster
kidney cells. Cell fibronectin from this source was similar to plasma fibronectin in
amino-acid and carbohydrate composition and produced very close peptide maps.
A similar conclusion was reached after comparison of human fibronectin from
amniotic fluid and plasma '#% '%° and fibronectin from bovine aortic endothelial
183 B. Aasted, Biochim. Biophys. Acta, 1980, 621, 241.

184 B Wiman, Biochem. J., 1980, 191, 229.
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505.
190 E. Ruoslahti, E. Engvall, E. G. Hayman, and R. G. Spiro, Biochem. J., 1981, 193, 295.
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cells and bovine plasma.!®! In both cases, however, some differences have been
observed in polypeptide sizes after reduction. Bovine cell fibronectin (mol. wt.
440000) yields a single band at 220000 mol. wt., whereas bovine plasma
fibronectin yields two bands, at 220000 and 215000.°! A similar result was
obtained for human plasma fibronectin.!®2

Klebe et al.1®? have also used gelatin-Sepharose for bovine plasma factionation
and describe the use of lithium di-iodosalicyclic acid as a more effective chaotropic
agent for eluting fibronectin from collagen. Hayashi et al.!°* have identified a
heparin-binding site on chick cellular fibronectin following pronase digestion of
material purified on heparin-Sepharose.

Complement and Associated Proteins. The Cl q sub-fraction of complement protein
Cl from several animal sources has been isolated and studied and considerable
homology found.!?3~198 All the proteins have molecular weights in the region of
4009000 and under non-reducing conditions SDS-PAGE yields sub-units around
50 000 and 45 000. Upon reduction, bands between 20 000 and 26 000 appear giving
strong evidence of a covalently and non-covalently bound sub-unit structure.

An improved three-step method for the purification of C31!%° uses iso-
electrofocusing in dextran gel with a 209 yield of protein homogeneous by SDS-
PAGE and immunochemical criteria. Kunkel et al.® isolated C3 and CS5 from
serum absorbed on a hydrophobic resin, w-aminohexyl-agarose. The C3 and C5
can be eluted with 0.2 M NaCl at pH 7.5 and if required C2, C4, C8, and C9 eluted
with 0.7 M NaCl at pH 7.5. The C3 and C5 components were further purified using
hydroxyapatite and salt-mediated hydrophobic chromatography to 349, and 46%,
yield respectively. Both gave bands at 115000 and 75 000 mol. wt. on SDS-PAGE
after reduction. This result was very similar to porcine C3 2°° (116 000 and 74 000),
again showing the high degree of homology among these proteins. The prep-
aration of crystalline human C3a anaphylatoxin has also been described.2°!

C4 has been purified 157-fold with respect to haemolytic activity with 3%
yield.?°2 The protein was homogeneous, mol. wt. 200 000 on SDS-PAGE, and on
reduction and alkylation yielded bands at 93000, 75000, and 33 000 plus a small
amount of residual 200000, which might represent a single-chain precursor
polypeptide. C5 was also purified 570- to 710-fold by chromatography on
monospecific goat anti-human C5 linked to Sepharose.2° Conditions were critical
to obtain yields of 20—50%; C5 protein, which could be eluted from the affinity
matrix with 2M KBr following a 1M NaCl wash.
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C8 has been isolated from Cohn fraction III in high yield.2°4 The protein of
mol. wt. 151000 was shown to consist of « (64000), g (64000), and y (22000)
chains. The « and y chains were linked covalently with non-covalent attachment of
the f chain. Neither the « and y chains nor the § chain showed haemolytic activity
on their own. C9 was shown to be a glycoprotein with a single polypeptide chain of
mol. wt. 71000.2%° A high titre rabbit antiserum to C9 could be used to deplete C9
from the serum, which was measured at 58 + 8 uygml~! in human serum.

Activation of the classical complement pathway leads to the formation of the
bimolecular complex C4b2a, which cleaves C3. This complex is intrinsically
unstable owing to the decay of the catalytic site bearing protein C2a to yield C2i,
which has no capacity to recombine. Burge et al.2°¢ report the isolation from
guinea-pig plasma of a protein which acts as a C4b2a decay accelerating factor.
The protein shows a single band on SDS-PAGE of mol. wt. 550000 and after
reduction and alkylation yields a single band of mol. wt. 72 000. The protein seems
to represent an equivalent to the human C4 binding protein.

Regulation of C3b and C4b following proteolytic cleavage of C3 and C4 is
achieved by C3b inactivator (C3b INA). Kai et a/.2°7 have isolated mouse C3b
INA, which in solution cleaves the o' chain of mouse C4b, in the presence of mouse
or human C4 binding protein, into three fragments. It also cleaves the o' chain of
human C3b into two fragments in the presence of human § 1H. It would seem that
mouse C3b/C4b inactivators are the same and that inactivators from different
animals are very similar. C3b INA has also been isolated in high yield from human
plasma 2°8 and further information on its properties and the mechanism of C3b
cleavage obtained. A cofactor of C3b INA has been isolated from human
plasma.2% The protein has a mol. wt. of 450 000 and on reduction yields a single
band of 75 000 on SDS-PAGE (hexamer). It is a glycoprotein and appears to have
a similar function to C4 binding protein.

Harrison and Lachman 2'° describe two previously uncharacterized proteolytic
cleavages of human C3. In the first the intact a-chain is split in a C3b/C4b- and
B 1H-dependent fashion to yield products of mol. wt. 78000 and 43 000. In the
second an unidentified proteinase yields a new a-chain of mol. wt. 107 000. Spitzer
et al.'! isolated a C3/C3b regulatory protein in human serum, which at normal
concentrations fixes to cell bound C3b and prevents inactivation by C3b INA and
B 1H. At high concentrations it is also capable of blocking the inactivation of C3
by both classical and alternative pathways. One of the major DNA binding
proteins in plasma (DBP-1) was shown to be identical in amino-acid composition
and molecular weight to § 1H of the alternative complement pathway.?!2

Other Plasma Proteins. Plasma lipoproteins have received considerable attention
and a review of their structure and function, with particular regard to hyper-
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209§, Nagasawa and R. M. Stroud, Mol. Immunol., 1980, 17, 1365.

210 R, A. Harrison and P. J. Lachman, Mol. Immunol., 1980, 17, 219.

211 R, E. Spitzer, A. E. Spitzel, and G. L. Hoffman, J. Pediatr., 1980, 96, 564.

212 W. D. Gardner, P. J. White, and S. O. Hoch, Biochem. Biophys. Res. Commun., 1980, 94, 61.
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lipoproteinaemias and atherosclerosis, has appeared.2!® Two volumes of the CRC
series ‘Handbook of Electrophoresis’ deal with the principles and concepts of
lipoproteins and their role in disease.?'* Solution properties of plasma apolipo-
protein have been described 2!® and a comparison of high density lipoprotein and
its major apoprotein from human, canine, bovine, and chicken plasma made.2'¢ It
is not possible in the limits of this volume to discuss in detail other plasma proteins
described in Table 5. The emphasis has been placed on purifications based on
affinity chromatography or related techniques. On this basis Table 5 also includes
some erythrocyte, leucocyte, and platelet proteins.

Heparin-Sepharose is a frequently used matrix and its application has been the
subject of a review.?!” There is an increasing number of purifications based on
dye-affinity chromatography 3 for proteins as diverse as human leucocyte inter-
feron,2!8 g-foetoprotein,2!® and human serum albumin.?2® However, affinity
chromatography should not be looked at in isolation from other purification
techniques. Hydrophobic chromatography can be used for a wide range of serum
proteins '€ and the application of chromatographic methods in general to plasma
fractionation has been reviewed.2?!

4 Protein Characterization

Protein Determination.—The dye-binding assay for protein based on Coomassie
Brilliant Blue G-250 has found increasing use, and comparisons with the biuret and
Lowry methods have been made.24° The effects of pH and inorganic ions 2%° and
metrizamide %! on the assay have been studied. Only extremely basic pH affected
the assay significantly. Slight interference by ferrous and ammonium ions and
metrizamide can be corrected. There has been a re-examination of the fluoresc-
amine reaction for primary amines for use in a micromethod for protein
determination.252

A dye-binding assay for protein solubilized in the presence or absence of SDS
has been described 25° using Serva Blue G and Xylene Brilliant Cyanin G as
alternatives to Coomassie Blue. Some of the problems associated with these dyes
have been overcome.

The Lowry and modified biuret method have been compared for use in an
automated and quantitative assay system for serum proteins along with a third
method based on hydrolysis of the protein and measurement of the proline
content.2%* Whitaker and Granum 255 have proposed the use of a method based
on difference in u.v. absorbance at 235 and 280 nm. The method is less sensitive
than measurement at 235 nm alone, but has certain advantages for use in the food
industry. The proposed method has a sensitivity of 45% compared with the Lowry
method.

213 p_ Alamporic, Ann. Biol. Clin., 1980, 38, 83.

214 CRC Handbook of Electrophoresis, ed. L. A. Lewis and J. J. Opplt, CRC Press Inc., Cleveland,
Ohio, 1980, Vol. I and 2.

215 J C. Osborne, jun. and H. B, Brewer, jun., Ann. N. Y. Acad. Sci., 1980, 348, 104,

216y B. Swaney, Biochim. Biophys. Acta, 1980, 617, 489.

217 A. A. Farooqui, J. Chromatogr., 1980, 184, 335.

218 K. Berg and L. Heron, J. Gen. Virol., 1980, 56, 441.

219 M, M. Baig, Anal. Biochem., 1980, 101, 200.

220 D, D, Schroeder, Protides Biol. Fluids, Proc. Collog., 1980, 27, 809.

221 J. M. Curling, Protides Biol. Fluids, Proc. Collog., 1980, 27, 833.



Table § Purification of plasma proteins

Protein

Source

Affinity chromatography

Proteins involved with coagulation and fibrinolysis

Factor V
Factor VII
Factor VIII

Factor VIII
Factor IX
Factor X

Factor 11
(prothrombin)
Fibrinogen

Antithrombin III
Plasminogen activator

Plasminogen
activator

a,-Antiplasmin

‘New’ plasmin
inhibitor

Fibronectin
Fibronectin
Fibronectin
Fibronectin

Human
Human
Human
Bovine

Human
Human
Human

Human

Rat
Human

Human

Human
Human

Hamster
Human
Bovine

Immobilized factor
VIII antibody
Factor X-Sepharose

Heparin-Sepharose
Fibrin-Sepharose

Glass absorbed
Kallikrein

LBSI1-Sepharose

Plasminogen-
Sepharose

Gelatin-Sepharose
Gelatin-Sepharose
Gelatin-Sepharose

Major procedures

Ion exchange Gel filtration

Ultrogel AcA22

DEAE-Sepharose
Sephadex G-100

QAE-Sepharose

DEAE-Sephadex Sephadex G-200
DEAE-Sephadex
DEAE-Sephadex

DEAE-Sephadex

DEAE-cellulose

QAE-Sephadex Sephadex G-25

DEAE-cellulose

Other

Sulphated-
Sepharose
Sulphated-

Sepharose .

Sulphated-
Sepharose

Sulphated-
Sepharose

Polyethylene

glycol pptn.

Phenyl-
Sepharose

Ref.

168
170
171
175
176
176
176
178

182
183

222

184
187

188
190
193

8¢
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Complement and associated proteins

Clq

Clq
Clg
Clq
C3

C3

c4
cs

Cs
Cé
C8

9
C4 binding protein

Human

Mouse
Rabbit
Bovine

Human

Human

Guinea-pig

Human

Human
Human
Human

Human
Guinea-pig

Rabbit IgG-
Sepharose

Rabbit antihuman
IgG-Sepharose

Human IgG-Latex
beads

IgG-Sepharose

Lysine-Sepharose

Goat anti-C5-
Sepharose
Immobilized rabbit

anti-C6 antibodies

Lysine-Sepharose

Heparin-Sepharose,

C4¢r-Sepharose

CM-cellulose
DEAE-Sephadex,
CM-cellulose

DEAE-cellulose

DEAE-Sephacel,
SP-Sephadex

QAE-Sephadex

CM-Sephadex,
QAE-Sephadex

DEAE-Sephadex

DEAE-cellulose

Sepharase 6B

Biogel P300

Sepharose CL6B

Sephacryl S200

Sepharose 6B

222 A, D. Batista, G. H. Solana, and J. F. C. Almonte, Thromb. Haemostasis, 1980, 42, 1607.

223 E. W. Ranterberg, G. Hansch, and U. Rother, Immunobiology, 1979, 156, 142.

Euglobulin pptn.

Exponential-
gradient SDS
gels

EGTA pptn.

PEG pptn.
isofocusing in
dextran gel

Aminohexyl-
agarose,
hydroxyapatite

PEG pptn.

Aminohexyl-
agarose,
hydroxyapatite

Hydroxyapatite
Polyethylene
glycol pptn.

195

196
197
198

199

88

202

88

203
223
204

205
206
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Table 5 (cont.)

Protein

C3b/C4b
inactivator
C3b inactivator

C3b inactivator-
cofactor

Other plasma proteins

Lipoproteins
Lipoproteins
Lipoproteins
Lipoprotein
‘transfer’
proteins
Lipoprotein
‘transfer’
proteins
Lipoprotein
lipase
Pre-Kallikrein

Pre-Kallikrein
Kallikrein

Kallikrein

Source

Mouse

Human

Human

Rat

Human
Human
Human

Rabbit

Human
Guinea-pig
Rabbit
Human

Human

Affinity chromatography

Wheat-germ
agglutinin-
Sepharose

Gelatin-Sepharose,

heparin-Sepharose,
anti-IgM-Sepharose

Heparin-Sepharose
Heparin-Sepharose
Heparin-Sepharose
Concanavalin
A-Sepharose

Concanavalin
A-Sepharose

Heparin-Sepharose

Lectin
chromatography
Soya bean trypsin

inhibitor-Sepharose

Immunoaffinity
chromatography

Major procedures

Ion exchange Gel filtration Other

DEAE-Sephacel Sephadex G-200,
BioRex 70
Sephacryl $200

QAE-Sephadex Hydroxyapatite

Biogel Al15m

CM-cellulose Phenyl-Sepharose

Phenyl-Sepharose

DEAE-Sephadex Sephadex G-200

Biogel ASm

DEAE-Sephadex,
CM-Sephadex

Sephadex G-150

Ultrogel ACA44

Ref.
207

208

209

224
225
226
227

228

229
230
231
232

137
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Table 5 (cont.)

Protein

Sex steroid-
binding protein

IgM

Serum albumin

Serum albumin

Inter-a-trypsin
inhibitor

Endoglycosidase

Platelet basic
protein

Source

Human

Human
Human

Human

Human

Human
platelet

Human
platelet

Affinity chromatography

5-Dihydrotestosterone-
agarose

Immobilized Protein A

Cholic acid-amino-
hexylamino-Sepharose

Haematin and
haematoporphyrin-
agarose

Zinc chelate-
Sepharose

Heparin-Sepharose

Heparin-Sepharose

Major procedures

Ion exchange

DEAE-cellulose

DEAE-Sephacel

Gel filtration

Sephacryl S300

Other

Phenyl-
Sepharose

Ref.
239

240
241

242

89
243

244

a9
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Molecular Weight Determination.—A new range of matrices for ‘high-speed’ gel
filtration of proteins has been described by Kato et al.236~25% Designated TSK-
GEL types SW and PW, they may be used in the presence of sodium dodecyl
sulphate (SDS) and denaturing agents such as 6M guanidine hydrochloride.
Separation ranges are in general 5000 to 7000000 daltons for globular proteins,
1000 to 500000daltons for dextrans, and from 500 to 250000daltons for
polyethyleneglycols. For proteins, the highest separation efficiency for three SW
type gels described was for mol. wts. <30000, 30000—500000, and
> 500000 daltons. In the presence of SDS the separation ranges were 15000—
25000, 10000—100000, and 15000—300000daltons. A combination of
TSK-GEL columns has been used for the separation of serum lipoproteins from
normal and pathological subjects.2®® Rumeloitis and Unger 2! also describe
a ‘high-performance size-exclusion’ chromatography on Lichrosorb Diol for
proteins in the mol. wt. range 10 000—100 000 daltons.

Two electrophoretic methods for molecular weight determination have been
described; one is an SDS-pore gradient system suitable for multicomponent
protein systems, and permits estimation in the range 1000—1 000 000 daltons.262
The other uses linear polyacrylamide gradient gels and is suitable for molecular
weight determination of native proteins.2¢3

Some caution on the use of gel chromatography using Sepharose and Sephacryl
matrices for molecular weight determination is advised.2®* Non-linearity in plots
of Stokes radius versus erf” !(1—Kp) was observed, probably reflecting the
presence of two classes of pore sizes of the gel.

Electrophoretic Techniques.—Electrophoretic techniques are amongst the most
important methods available for the characterization of proteins. Perhaps as a
reflection of this, 1980 saw the emergence of a new international journal,
Electrophoresis, which is devoted to the publication of reviews and research
reports covering advances in electrophoretic techniques.

A significant polyacrylate contaminant to otherwise pure proteins introduced
during preparative polyacrylamide gel electrophoresis was removed by ion-
exchange chromatography.?®® A simple preparative apparatus has been designed
that combines the beneficial features of high-resolution electrophoresis and gel
filtration methods in sequential steps.2%® The procedure has been used to isolate

249§, Serra and L. Morgante, Boll. Soc. ital. Biol. Sper., 1980, 56, 160.

230§, Serra and L. Morgante, Boll. Soc. Ital. Biol. Sper., 1980, 56, 166.

251 G. O. Grogstad, Anal. Biochem., 1980, 106, 524.

252§, V. Castell, M. Cervera, and R. Marco, Anal. Biochem., 1979, 99, 379.

283 Z. Zaman and R. L. Verwilghen, Anal. Biochem., 1980, 109, 454,

234 N. Blumenkranz, Clin. Biochem., 1980, 13, 62.

255 J R. Whitaker and P. E. Granum, Anal. Biochem., 198 109, 156.

256 Y, Kato, K. Komiya, H. Sasaki, and T. Hashimoto, J. Chromatogr., 1980, 190, 297.
257y, Kato, K. Komiya, H. Sasaki, and T. Hashimoto, J. Chromatogr., 1980, 193, 29.
258y Kato, K. Komiya, H. Sasaki, and T. Hashimoto, J. Chromatogr., 1980, 193, 311.
259 Y. Kato, K. Komiya, H. Sasaki, and T. Hashimoto, J. Chromatogr., 1980, 193, 458.
260 M, Okazaki, Y. Ohno, and 1. Mara, J. Chromatogr., 1980, 221, 259.

261 p_Rumeliotis and K. K. Unger, J. Chromatogr., 1979, 185, 445.

262 J F. Podusla and D. Rodbard, Anal. Biochem., 1980, 101, 394.

263 p_Lambin, Protides Biol. Fluids, Proc. Collog., 1980, 27, 669.

264 M. Le Maire, E. Rivas, and T. V. Moller, Anal. Biochem., 1980, 106, 12.

265 K. P. Brooks and E. G. Sander, Anal. Biochem., 1980, 107, 182.

266§, Otsuka and I. Listowsky, Anal. Biochem., 1980, 102, 419,
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two structurally similar subunit types of ferritin. High-voltage paper electro-
phoresis in borate has been used for the resolution of seven glycopeptides from
ovalbumin and seven glycopeptides from human IgG.2¢” The kinetics of unfolding
and refolding of several proteins have been examined by rapid electrophoresis in
polyacrylamide gels containing a linear gradient of urea perpendicular to the
direction of migration.2%® The preparation of natural pH gradients on polyacryl-
amide gels using either two (glutamic acid and lysine) or three (glutamic acid,
histidine, and lysine) amino-acids as the sole carrier ampholyte species has been
described.2%°

A slab gel system containing phenol-acetic acid—urea (PAU) was successfully
used for the solubilization and separation of the hydrophobic protein composing
the cell vacuoles of a variety of prokaryotic micro-organisms.2’® Gels produced
using the PAU system can be successfully fluorographed.

Lithium dodecyl sulphate-polyacrylamide gel electrophoresis at 4 °C provided a
convenient and rapid procedure for detection and isolation of pigment—protein
complexes present in the chromatophase membrane of Rhodopseudomonas
sphaeroides.?”* Enzymes such as amylases, dehydrogenases, and proteases were
renatured after SDS-polyacrylamide electrophoresis by incubation of the gels in a
solution containing substrate.2’2 This technique allowed the identification of these
enzymes following SDS-PAGE.

The dependence of electrophoretic mobility on agarose concentration was
measured by embedding several agarose gels (running gels), each of a different
agarose concentration, within a single 1.5% agarose slab.2’3 Multiple forms of
glutathione S-transferase in rat and human liver were separated by electrophoresis
in starch gel and localized on the gel surface by a specific stain, 1-chloro-2,4-
dinitrobenzene, in the presence of reduced glutathione as substrate.?7+

Polyacrylamide gels cross-linked by disulphide bonds have been prepared over a
concentration range of 3.5—12.5%, polyacrylamide.2”3 These can be solubilized by
thiols, yielding high molecular weight polymers. The most attractive feature of
these gels is that they permit a very convenient method of recovering samples from
gels.

A flat-bed electrophoretic elution in Sephadex by isoelectric focusing for the
removal of proteins from polyacrylamide gels following electrophoresis has been
developed.??® A narrow slice of the polyacrylamide gel, containing the protein to
be eluted, is finely ground and applied to a horizontal bed of Sephadex G-200
superfine containing carrier ampholytes. The method ensures the recovery of
proteins in concentrated form with a high yield. Efficient transfer of proteins and
nucleic acids from either polyacrylamide or agarose slab gels to nitro-cellulose

267§, Narasimhan, N. Harpaz, G. Longmore, J. P. Carver, A. A. Grey, and H. Schachter, J. Biol. Chem.,

1980, 255, 4876.

268 T. E. Creighton, J. Mol. Biol., 1980, 137, 61.

269 B. A. Jackiw and A. Chrambach, Electrophoresis, 1980, 1, 150.

270 R. D. Simon, Electrophoresis, 1980, 1, 172.

271 R. M. Broglie, C. N. Hunter, P. Delepelaire, R. A. Niederman, N.-H. Chua, and R. K. Clayton, Proc.
Natl. Acad. Sci. U.S.A., 1980, 77, 87.

272§ A. Lacks and S. S. Springhorn, J. Biol. Chem., 1980, 258, 7467.

273 p. Serwer, Anal. Biochem., 1980, 101, 154.

274 p_G. Board, Anal. Biochem., 1980, 105, 147,

275 J. B. Hansen, B. H. Pheiffer, and J. A. Bochnert, Anal. Biochem., 1980, 105, 192.

276 M. Lasky and A. Manrique, Electrophoresis, 1, 119.
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membrane and diazobenzyloxymethyl cellulose has been developed,?’” as an
alternative method to blotting.

Isoelectrofocusing. Preparative IEF is now widely used for the purification of
proteins. The method is convenient and affords high resolution, but is somewhat
limited by the amount of protein, and in particular by the small volume of sample,
that can be applied. Larger volume samples containing more protein have been
electrofocused by a continuous-flow system.2’8 A haemoglobin mixture, contain-
ing HbA2 and HbA, was separated at a sample loading of 4 g of haemoglobin per
day by this method. A large column containing Ampholines in a density gradient
was used to resolve sperm whale myoglobins in a time of 4h.27° This was achieved
by a rapid preliminary focusing over the width of the column (20 cm) followed by
fine-focusing over the length (112cm). IEF in 60cm long gels was claimed to
improve resolution in multiple-component systems by providing a very shallow
(0.1 pHem ™), linear pH gradient with consistently reproducible results.28° An
apparatus for the large scale fractionation of proteins in IEF was developed using
a column of 46 closed compartments (total volume 7.61).28! Internal stirring and
cooling were effected by slow rotation of the whole apparatus in a tank of cold
water.

A rapid IEF technique with very high resolution has been developed using a
voltage gradient of up to 460 Vem ™!, employing the Peltier cooling method on
thin (0.25mm) gels backed with polyester film.282 As many as 150—200 protein
bands were resolved over a distance of 5.4cm. Although Pharmalyte carrier
Ampholines from Pharmacia had better continuity and conductance than
Ampholines from LKB, over the pH range 3—10, they required much higher field
strengths to achieve the same degree of separation resulting in higher gel
temperatures. The effect of temperature on the measured pl in Pharmalyte-
containing gels has now been documented, so accurate pl determinations are now
possible.283 Improved resolution on horizontal slab gel IEF has been obtained by
overlaying ampholyte-containing gel strips at specific locations on the base gel,
creating areas of increased pH gradients.?84

Ultrathin gels (0.05-—0.1 mm) were prepared by the ‘flap technique’ in which
polyacrylamide was covalently bound to glass plates or to polyester films
pretreated with methacryloxypropyltrimethoxy silane.?8 IEF of proteins of high
molecular weight cannot be successfully performed in polyacrylamide gels owing
to sieving effects and the subsequent trailing of protein bands. This was over-
come using Sephadex G-15 as the anticonvectant.286 The main advantage of
this new technique is its rapidity over the classical focusing method based
on sucrose gradients.

277 M. Bittner, P. Kupfeper, and C. Morris, Anal. Biochem., 1980, 102, 459.

278 p, Basset, C. Froissart, G. Vincendon, and R. Massarelli, Electrophoresis, 1980, 1, 168.

279 M. Jonsson, J. Stahlberg, and S. Fredriksson, Electrophoresis, 1, 113.

280 R. N. Rapaport, J. Andrew, and R. K. Brown, Electrophoresis, 1, 122.

281 M. Jonsson and H. Rilbe, Electrophoresis, 1980, 1,3.

282 R. C. Allen, Electrophoresis, 1980, 1, 32.

283 T, Laas, I. Olsson, and L. Soderberg, Anal. Biochem., 1980, 101, 449.

284 K. Altland and M. Kaempfer, Electrophoresis, 1980, 1, 57.

285 B_J. Radola, Electrophoresis, 1980, 1, 43.

286 J P. Wahrmann, F. Gros, J. P. Plau, and G. Schapira, Biochim. Biophys. Acta, 1980, 612, 421.
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A convenient method for IEF of intact polymeric IgA and IgM was described
employing composite gels of 19/ acrylamide and 0.75%, agarose.?3” Separation of
proteins by IEF in gels of acrylamide—ethyl acrylate co-polymers in dimethy!
sulphoxide-water mixtures at subzero temperatures was reported.2®® Details of
the rate of formation and stability of the pH gradient under these conditions were
given.

Segmental voltages along IEF gels made of polyacrylamide were measured
without disturbing the ongoing electrofocusing by embedding platinum wires in
the walls of the glass tubes at regular intervals.28°

Isotachophoresis. ITF offers distinct advantages in resolving substances of very
similar structure. The technique is sufficiently sensitive to detect picomole
quantities in sample volumes of 1—10pul. Preparative ITF has been used with
Ampbholine carrier ampholytes as spacers of the purification of pepsinogen 1 from
human urine.?°® Many substances such as nucleotides,2!: 292 gxalates,2%3 co-
enzyme M (2-mercaptoethanesulphonic acid) derivatives,2°* and sulphur-con-
taining amino-acids?®* were successfully measured by ITF.

Selective trapping of isotachophoretic zones by using a bifurcation has been
developed.?®% An electronic device was introduced for automatic isotachophoretic
analysis using the coupled column system, which allows high sample loads, large
concentration differences between sample constituents, and the use of different
electrolyte systems.

Two-dimensional Polyacrylamide Gel Electrophoresis. A detailed analysis of
mammalian cell surface proteins was described using a new two-dimensional
PAGE technique.?%” The first-dimension gel contained 2% acrylamide, 0.1%/ SDS,
0.3% Triton CF10, and 9M urea, while the second dimension was a conventional
SDS-PAGE system. Complex protein mixtures were separated by an improved
high-resolution two-dimensional gel system, which allowed a three-fold increase in
the number of proteins detected.?°®
A modification of the two-dimensional electrophoresis system for protein
separation was introduced to include the use of flat-bed agarose IEF in the first
dimension followed by horizontal SDS-electrophoresis in an exponential acry-
lamide gradient in the second dimension, with molecular weight standards and
radiolabelled proteins as internal standards.?°°
Two-dimensional gel electrophoresis of eukaryotic ribosomal proteins under
conditions in which thiol groups are not maintained in a reduced state has been
287 D. E. Jackson, C. A. Skandera, J. Owen, E. T. Lally, and P. C. Montgomery, J. Immunol. Methods,
1980, 36, 315.
288 1. Benazzi and L. Rossi-Bernardi, Anal. Biochem., 1980, 105, 126.
289 B, A. Jackiw, B. E. Chidakel, A. Chrambach, and R. K. Brown, Electrophoresis, 1980, 1, 102.
290 C, K. Axelsson, N. H. Axelsen, and P. J. Svendsen, Electrophoresis, 1980, 1, 164.
2% G, Eriksson, Anal. Biochem., 1980, 109, 239.
292 F. Qerlemans and C. de Bruyn, in ‘Biochemical and Biological Applications of Isotachophoresis’,
ed. A. Adam and C. Schots, Elsevier, Amsterdam, 1980, p. 63.
293 K. Schmidt, V. Hagmaier, G. Bruchelt, and G. Rutishauser, Urol. Res., 1980, 8, 177.
294 J M. H. Hermans, T. J. Hutten, C. Van der Drift, and G. D. Vogels, Anal. Biochem., 1980, 106, 363.
295 H. Kodama, M. Yamamoto, and K. Sasaki, J. Chromatogr., 1980, 183, 226.
P. E. M. Verheggen, F. E. P. Mikkers, D. M. J. Krosnenberg, and F. M. Everaerts, in ref. 292, p. 41.
297 M. Imada and N. Sueoka, Biochim. Biophys. Acta, 1980, 625, 179.
B.
D.

P. Voris and D. A. Young, Anal. Biochem., 1980, 104, 478.
L. Emerson, C. Chapuis-Cellier, and P. Arnaud, Electrophoresis, 1980, 1, 159.
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found to cause marked changes in the migration of certain proteins, owing to
the formation of intra-molecular disulphide bridges.3°°

Micro-slab gels were utilized to separate proteins in homogeneous or gradient
gels, as well as by IEF or combination of these techniques. Different samples of
biological material were separated by micro-slab (3 x 3.5 x0.03cm) gel electro-
phoresis to demonstrate the high resolving power of this method.3°!

Detection of Proteins in Gels. Several methods have been described for the
detection of proteins in polyacrylamide gels. Formaldehyde has been used to
retain certain basic and low molecular weight proteins, which are not retained in
gels by standard acid fixation.3°? For visualization of polypeptides in gels a rapid
and sensitive silver stain has been described.?°® The staining procedure utilizes
only three solutions and allows protein patterns to be visualized in less than one
hour, with a sensitivity 100-times that of the Coomassie Blue stain. A highly
sensitive radioactive method makes use of ['2°I]-N-succinimidyl-3-(4-
hydroxyphenyl) propionate (Bolton—Hunter reagent) and requires 1000-times less
protein for detection compared with Coomassie Blue.3%4

Two staining methods have been described for use with isoelectric focusing gels.
The first uses Fast Green in 109 acetic acid.>°® Fast Green has the advantage of not
binding to ampholytes and maximum staining is achieved in Smin with bands
visible after 3—6 h of destaining. In the second method, described for the detection
of peptides, gels are exposed to iodine vapour for a short period to yield white
peptide zones against a brown background. The reaction is fully reversible and can
be used for small-scale preparative procedures.3%3

Nitroblue tetrazolium and phenazine methosulphate were shown to give purple
formazan bands with proteins following electrophoresis on polyacrylamide.3”
Sulphydryl blockers in the incubation medium inhibited this colour development.

Trypan Blue (0.01%) in methanol (25%,) and acetic acid (7%;) was shown to stain
proteins following separation by electrophoresis.??® Proteins prefixed in the gel
with TCA (12.5%) showed sharper resolutions and required less time for
destaining. It was found that the subunits of the RNA polymerase were stained
differently when they were separated by PAGE and exposed to a carbocyanine dye
(4,5,4',5'-dibenzo-3,3'-diethyl-9-methylthiacarbocyanine bromide) in 509/ form-
amide in the dark.3°® Second staining was carried out by the same dye or by
Coomassie Blue to give more brilliant coloration. The channels were cut out and
scanned at 600 nm and 535nm to register the blue and red bands, respectively.
Protein sulphydryl groups were stained in SDS-PAGE slab gels by 2,2"-dihydroxy-
6,6'-dinaphthyl disulphide (DDD).3%® The method was reported to be sensitive
enough to detect 0.25 ug of lysozyme and 1 pg of most other proteins.

309 D P. Leader and G. J. Mosson, Biochim. Biophys. Acta, 1980, 622, 360.

D
301 Y .-M. Poehling and V. Nenhoff, Electrophoresis, 1980, 1, 90.
G. Steck, P. Leuthard, and R. R. Burk, Anal. Biochem., 1980, 107, 21.
C. R. Merril, M. L. Duran, and D. Goldman, Anal. Biochem., 1981, 110, 201.
Y. W. Shing and A. Ruoho, Anal. Biochem., 1981, 110, 171.
R. E. Allen, K. C. Masak, and P. K. McAllister, Anal. Biochem., 1980, 104, 494.
E. Gianazza, F. Chilleni, and P. G. Righetti, J. Biochem. Biophys. Methods, 1980, 3, 135.
307 K. S. Venugopal and P. R. Adiga, Anal. Biochem., 1980, 101, 215.
A. M. Ruger and W. Ruger, FEBS Lert., 1980, 120, 233.
A. Telser and B. Rovin, Biochim. Biophys. Acta, 1980, 624, 363.
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A diazo-print method was presented for reproducing most of the isoenzyme
patterns obtained with electrophoresis or isoelectrofocusing on polyacrylamide
slab gels.3!% Positive transparencies were produced in only a few minutes.
Detection of proteolytic enzyme zones on electrophoretograms by making contact
print zymograms was described.3!! The technique was claimed to be applicable to
electrophoretograms prepared on a variety of support media, immunoelectro-
phoretograms or IEF patterns on various media. The contact print zymograms
were prepared by placing unfixed, unstained electrophoretograms in contact with
a thin film of casein which had diffused into a layer of agarose supported by a
hydrophilic polyester film. After staining the casein film with Coomassie Blue, the
proteolytic zones were detected as clear zones against a blue background.

Complete recovery of *H-labelled material within polyacrylamide gel slices was
efficiently obtained by the use of Soluene-350 with Permablend III (0.55%) in
toluene.3!? This particular solubilizer cocktail system eliminates almost all
chemiluminescence, making it a suitable alternative to combustion.

A method for the quantitative measurement of proteins in samples separated by
PAGE was described, based on the solubility in periodic acid of polyacrylamide
gels crosslinked with NN-diallyltartardiamide (DATD).3!3 Proteins were first
stained with Coomassie Brilliant Blue R-250, and the quantity of the dye in the
solubilized gel sections was measured spectrophotometrically at 560 nm. Colour
stability was maximal at pH 3.0 and 25°C.

Ca?*-binding proteins were identified after electrophoresis on polyacrylamide
gels by equilibrating the gel with “°Ca either during or after electrophoresis,
followed by visualization of the **Ca-binding proteins by autoradiography.3!#
Videodensitometry based on a television technique has also been shown to be
suitable for recording gel electrophoretic patterns.3!?

Peptide Mapping.—A number of analytical and preparative methods are used to
map proteins following limited proteolytic or chemical digestion. The separation
of peptides obtained by a combination of paper electrophoresis, t.l.c., ion
exchange chromatography, and reversed-phase h.p.l.c. still remains as the most
widely used technique.3!®~31° However, recently the trend has been towards
improving the resolving power and sensitivity of some of these techniques such
that separation can be achieved at the nanomole 32 32! or even picomole level 322
for subsequent sequencing and quantitative analysis.

310 A C. Terranova, Anal. Biochem., 1980, 197, 443,
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A. Moore, Anal. Biochem., 1980, 108, 151.
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Schibeci and A. Martonosi, Anal. Biochem., 1980, 104, 335.
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PART IB: Chemical Modification of Proteins By A. J. Garman and R. A. G. Smith

1 Introduction

A comprehensive list of protein modifications is given in the Table. Modifications
for sequencing purposes, naturally occurring and enzymic modifications, simple
radio-labelling, modifications of prosthetic groups, and non-covalent modifi-
cations have, in general, been excluded.



Table Chemical modification of proteins

Protein Source
Acetate kinase E. coli
Acetylcholine receptor Electrophorus
electricus
Acetylcholine receptor rat brain
Acetylcholine receptor rat muscle

Acetyleholine receptor bovine brain

Acetylcholine receptor Torpedo californica
Acetylcholine receptor Torpedo californica
Acetylcholine receptor Torpedo marmorata

Acetylcholine receptor Torpedo marmorata

Reagent* Residue
N-ethylmaleimide Cys
5- and 7-azidodimethisoquin,
S-azido[*H]trimethisoquin
various disulphide and thiol (Cys),,

reagents Cys
ethyl N-5-azido-2-nitrobenzoylamino-
acetimidate derivative of a-bungaro-

toxin
N-ethylmaleimide Cys
N-carboxy-D,L-alanine anhydride Lys

bromoacetylcholine, maleimidobenzyl-
trimethylammonium
5-azido[*H]trimethisoquin

dithiothreitol, 4-(N¥-maleimido)phenyl Cys
trimethylammonium
bromoacetylcholine

. Waksman, R. Oswald, J.-P. Changeux, and B. P. Roques, FEBS Lezt., 1980, 111, 23.
. Oswald, A. Sobel, G. Waksman, B. Roques, and J.-P. Changeux, FEBS Lett., 1980, 111, 29.

. Saitoh, R. Oswald, L. P. Wennogle, and J.-P. Changeux, FEBS Lei., 1980, 116, 30.

Acetylcholine receptor Torpedo marmorata,
cat muscle
! S.S. Wong and L.-J. C. Wong, Biochim, Biophys. Acta, 1980, 615, 121.
2 G
3 R
4 R.J. Lukas and E. L. Bennett, J. Biol. Chem., 1980, 255, 5573.
5 N. M. Nathanson and Z. W. Hall, J. Biol. Chem., 1980, 255, 1698.
¢ S. Carson, FEBS Lett., 1980, 109, 81.
7
R
8 A. M. Delegeane and M. G. McNamee, Biochemistry, 1980, 19, 890.
9
T
10 F_J. Barrantes, Biochemistry, 1980, 19, 2957.
11 J

. M. Wolosin, A. Lyddiatt, J. O. Dolly, and E. A. Barnard, Eur. J. Biochem., 1980, 109, 495.

Comments Ref.

inactivation; ATP, ADP, 1
AMP protect

photo-affinity labelling 2,3

involved in affinity 4
state transitions

affinity labelling of S
in situ receptor

differential effect on 6
agonist binding

binding and myasthenic 7
properties dissociated

affinity alkylation 8

66K chain selectively 9
labelled

essential and non-essential 10
thiols -

affinity alkylation, 11

stoicheiometry determined

. Tarrab-Hazdai, Y. Schmidt-Sole, D. Mochly-Rosen, and S. Fuchs, FEBS Lett., 1980, 118, 35.
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Table (cont)

Protein

Acetylcholinesterase
Acetylcholinesterase
Acetylcholinesterase

Acetylcholinesterase
ACTH receptor

ACTH receptor

Actin
Actin

Actin

Actin

Acyl-CoA
dehydrogenase

Adenosine transport
protein

Adenylate cyclase

Adenylate cyclase
Adenylate cyclase

Adenylate cyclase

Adenylate cyclase
Adenylate cyclase

ADP, ATP carrier

Source

human erythrocyte
membrane
Electrophorus
electricus
Electrophorus
electricus
Torpedo californica
porcine

rat

rabbit muscle
rabbit muscle

rabbit muscle
rabbit muscle
porcine liver

rat adipocyte
bovine brain,
rat liver
bovine corpus luteum
rat brain

rat brain

rat brain
various

bovine heart
mitochondria

Reagent*
glutaraldehyde
p-dimethylaminobenzene diazonium

fluoroborate
u.v. irradiation

butane-2,3-dione, phenylglyoxal
2-nitro-4-azidophenylsulpheny!

and 2-nitro-S-azidophenyl sulphenyl

derivatives of ACTH
[(2-nitro-5-azidophenylsulphenyl)-

Trp’JACTH
N-(1-pyrene)maleimide

N-iodoacetyl-N'-(sulpho-1-naphthyl)-

ethylenediamine
o-iodosobenzoic acid
p-phenylene NN'-bis(maleimide)
EDC, ['*C]taurine, [**C]Gly(OMe)

8-azido-2-[*H]adenosine

2',3'-dialdehyde ATP, sodium
cyanoborohydride
3,3'-dithiobispropionimidate
methyl acetimidate, dimethyl
suberimidate
phenylglyoxal, butane-2,3-dione,
cyclohexane-1,2-dione
formaldehyde, glutaraldehyde
3-chloromercuri-2-methoxypropyl
urea, sodium tetrathionate
phenylglyoxal

Residue

Trp

Arg

Cys
Cys

Tyr, Trp

Cys
carboxyl

Lys

Lys
Lys

Arg

Lys
Cys

Arg

Comments

cross-linking in vesicles

photo-affinity labelling
by Trp energy transfer
inactivation, Trp
fluorescence lost
essential Arg
photo-affinity labelling

photo-affinity labelling

pulse-fluorometry study
fluorescent probe

cleavage at Tyr and Trp
cross-linking to myosin
inactivation

labelling of intrinsic
protein
inhibition

activation, stabilization

effects on activity and
regulation

essential Arg

effect on regulation

inactivation via GTP
regulatory proteins

inhibitor binding studies

14
15
16
17

18
19

20
22
23
24

25
26

27

28
29

30

(43
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B-Adrenergic receptor
Adrenodoxin

Agglutinin
Agglutinin

Agglutinin

Alanine
aminotransferase

I
-logwmmgg;p-U}'-'w-v-n'u"un-l'—ﬂmggo

rat reticulocyte
bovine

wheat germ

wheat germ

soybean

porcine heart

acebutolol azide
methylmercury acetate, Cys
methylmercury thioglycollate
dithiothreitol, [**Cliodoacetic acid (Cys),
2-(1-thio-B-glucopyranosyl)- Lys
ethanoyl-L-leucyl daunorubicin,
sodium periodate
4'-azidoazobenzene-4-oxysuccinimide
ester, N-[4-(p-azidophenylazo)-
benzoyl]-3-amino-alicyl-N'-
oxysuccinimide ester
B-cyano-L-alanine

Roémer-Liithi, P. Ott, and U. Brodbeck, Biochim. Biophys. Acta, 1980, 601, 123.
Goeldner and C. G. Hirth, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 6439.
Bishop, L. Henke, J. P. Christopher, and D. B. Millar, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 1980.

uramoto and J. Ramachandran, Biochemistry, 1980, 19, 3280.
achandran, K. Muramoto, M. Kenez-Keri, G., Keri, and D. 1. Buckley, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 3967.

. R.
.P.
. H.
. Miillner and H. Sund, FEBS Lett., 1980, 119, 283.
.M
. Ram
. Ko

onyama and K. Mihashi, Eur. J. Biochem., 1980, 105, 279.
. Frieden, D. Lieberman, and H. R. Gilbert, J. Biol. Chem., 1980, 255, 8991.
. Johnson and V. B. Stockman, Biochem. Biophys. Res. Commun., 1980, 84, 697.
Knight and G. Offer, Biochemistry, 1980, 19, 4682.
E Frerman, D. Mielke, and K. Huhta, J. Biol. Chem., 1980, 258, 2199.
. D. Rosenblit and D. Levy, Arch. Biochem. Biophys., 1980, 204, 331.
. R. Westcott, B. B. Olwin, and D. R. Storm, J. Biol. Chem., 1980, 255, 8767.
L Young, N. B. Lydon, and D. A. Stansfield, Biochem. Soc. Trans., 1980, 8, 306.
. Monneron and J. d’Alayer, FEBS Leu., 1980, 122, 241.
. J. Franks, G. Tunnicliff, and T. T. Ngo, Biochim. Biophys. Acta, 1980, 611, 358.
. Monneron and J. d’Alayer, FEBS Lett., 1980, 109, 75.
. C. Lin, D. M. F. Cooper, and M. Rodbell, J. Biol. Chem., 1980, 258, 7250.
Klmgenberg and M. Appel, FEBS Lett., 1980, 119, 195.
M Wrenn, jun. and C. J. Hamcy, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 4449.
. Arakawa, R. D. Bach, and T. Kimura, J. Am. Chem. Soc., 1980, 102, 6847.
. Emni, M. De Boeck, F. G. Loontiens, and N. Sharon, FEBS Lert., 1980, 120, 149.
. Monsigny, C. Kieda, A.-C. Roche, and F. Delmotte, FEBS Lett., 1980, 119, 181.
. L. Jaffe, H. Lis, and N. Sharon, Biochemistry, 1980, 19, 4423,
. A. Alston, D. J. T. Porter, L. Mela, and H. J. Bright, Biochem. Biophys. Res. Commun., 1980, 92, 299.

photo-affinity labelling
sulphur extrusion

all-or-none reduction

properties of anti-tumour
conjugate

heterobifunctional photo-
cross-linker

suicide inhibitor

31
32

33
34

35

36
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Table (cont.)

Protein

Albumin
Albumin
Albumin
Albumin
Albumin
Albumin
Albumin
Albumin
Albumin
Albumin
Albumin

Albumin
Albumin

Albumin
Alcohol dehydrogenase

Aldolase

Source

bovine serum
bovine serum
bovine serum
bovine serum
bovine serum
bovine serum
bovine serum
bovine serum
bovine, human serum
bovine serum
human serum

human serum
rabbit serum

various
horse liver

rabbit muscle

Reagenr*

ozone-oxidized alkenyl glycosides,
sodium cyanoborohydride

O-alkoxypolyethyleneglycoxy
S-carboxamidomethyldithio-
carbonates

(i) [*2°1]Nal, chloramine T

(ii) formaldehyde, [PHIKBH,

methylglyoxal
3-imino-2-methoxyethyl 1-thioglyco-
sides
isothiocyanatophenyl
6-phospho-a-D-mannofuranoside
[**C]formaldehyde, sodium
cyanoborohydride, Ni?*
various disulphides
2,2'-dithiopyridine
isothiocyanate activated f-(p-amino-
phenyl)ethylamine derivatives
of sialyloligosaccharides
citraconic anhydride

tetranitromethane
glutaraldehyde

N-bromosuccinimide
iodoacetic acid, bromo-imidazoyl-

propionic acid
various a-dicarbonyl compounds

Residue
Lys
Lys
@) Tyr
(ii) Lys

Lys, Arg
Lys

Lys
Lys

Cys
Cys

Lys

Tyr-41
Lys

Trp
Cys

Arg

Comments

synthesis of model glyco-
proteins
reduction of antigenicity

iodinated proteins degraded
more rapidly after
endocytosis

u.v. spectroscopic study

synthesis of neo-glyco-
proteins

lysosomal enzyme
recognition model

labelling efficiency
optimized

thiol reactivity assay

reactivity at various pH’s

antibodies raised

changes in physical
properties

one very reactive Tyr

neo-antigens from pronase
digest

fluorescent quenching
studied

phosphate binding
demonstrated

essential Arg reactive due
to reduced pK,

Ref.
37

38

39

40

42

43

46

47

48
49

50
51

52

1
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Aliphatic Pseudomonas chloroacetone active-site directed
aeruginosa inhibition
Alkaline phosphatase calf intestine (i) phenylglyoxal (i) Arg inactivation
(ii) iodoacetamide

Alkaline protease Streptomyces iodoacetic acid, pH 3.0 Met essential Met-Ile bond
inhibitor griseoincarnatus

Amino-acid transport sheep erythrocytes various thiol reagents Cys 3 classes of essential
system thiols

Amino-acyl tRNA E. coli y-(p-azidoanilide)-ATP photo-affinity labelling of
synthetases ATP site

Aminobutyrate porcine brain DTNB Cys reactivity of 1 essential
aminotransferase Cys

Aminobutyrate porcine brain 4-amino-5-halopentanoic acids suicide inhibitors
aminotransferase

. A. Bernstein and L. D. Hall, Carbohydr. Res., 1980, 78, C1.

. P. King and C. Werner, Int. J. Pept. Protein Res., 1980, 16, 147.

. Opresko, H. S. Wiley, and R. A. Wallace, Proc. Natl. Acad. Sci. U.S.4., 1980, 77, 1556.
. A. McLaughlin, R. Pethig, and A. Szent-Gyorgyi, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 949.
. P. Stowell and Y. C. Lee, Biochemistry, 1980, 69, 4899.

. N. Sando and E. M. Karson, Biochemistry, 1980, 19, 3850.

. Jentoft and D. G. Dearborn, Anal. Biochem., 1980, 106, 186.
. M. Wilson, D. Wu, R. Motiu-Degrood, D. J. Hupe, J. Am. Chem. Soc., 1980, 102, 359.
. O. Pedersen and J. Jacobsen, Eur. J. Biochem., 1980, 106, 291.

. F. Smith and V. Ginsburg, J. Biol. Chem., 1980, 258, 55.

. J. Gray and A. W. Lomath, Inz. J. Biol. Macromol., 1980, 2, 2.

. J. Fehske, W. E. Miiller, and U. Wollert, Arch. Biochem. Biophys., 1980, 205, 217.

. Onica, 1. Margineanu, and M.-A. Dobre, Mol. Immunology, 1980, 17, 783.

. F. Peterman and K. J. Laidler, Arch. Biochem. Biophys., 1980, 199, 158.

. H. Dahl and J. S. McKinley-McKee, Eur. J. Biochem., 1980, 103, 47.

. Patthy and J. Thész, Eur. J. Biochem., 1980, 105, 387.

. R. Holloway, P. H. Clarke, and T. Ticho, Biochem. J., 1980, 191, 811.
Abadolrazaghi and P. J. Butterworth, Biochem. Soc. Trans., 1980, 8, 645.

Suzukl, M. Uyeda, K. Ookubo, and M. Shibata, Agric. Biol. Chem., 1980, 44, 2555.
. D. Young, Biochim. Biophys. Acta, 1980, 602, 661.

. Abulichev, O. I. Lavrik, and G. A. Nevinsky, Mol. Biol., 1980, 14, 558.

. Moses and J. E. Churchich, Biochim. Biophys. Acta, 1980, 613, 392.

. B. Silverman and M. A. Levy, Biochem. Biophys. Res. Commun., 1980, 95, 250.
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Table (cont.)

Protein
Aminopeptidase
Aminopeptidase
cAMP receptor
a-Amylase
a-Amylase
B-Amylase
Amyloglucosidase
Amylo-1,6-glucosidase-

4a-glucanotransferase
Androgen binding
protein
Androgen binding
protein
Antigen E
Antithrombin ITI
Antithrombin II1
Antithrombin III
Antithrombin III

Antithrombin ITI-
thrombin complex

Source

Aspergillus oryzae

porcine microvillus

E. coli

Bacillus
amyloliquefaciens

various

soybean

Aspergillus niger

rabbit muscle

rat epididymis

rat epididymis

ragweed

bovine plasma
human plasma
human plasma
human plasma

human plasma

Reagent*

various thiol reagents
[12*1Jiodonaphthazide
8-azido-[>*?PjcAMP
citraconic anhydride

(i) N-acetylimidazole

(ii) ethoxyformic anhydride

DTNB, iodoacetamide,
iodoacetic acid

acryloyl chloride

1-S-dimethylarsino-1-thio-j-p-

glucopyranoside

17B-hydroxy-[1,2-*H}4,6-andro-

stadien-3-one, irradiation,
dimethyl suberimidate

[3H]17p-hydroxy-4,6-androstadien-

3-one
0O-alkoxypolyethyleneglycoxy

S-carboxamidomethyldithio-

carbonates

dimethyl(2-hydroxy-5-nitrobenzyl)

sulphonium bromide

dimethyl(2-hydroxy-5-nitrobenzyl)

sulphonium bromide

dithiothreitol, [**Cliodoacetamide

dithiothreitol, iodoacetamide

[t*C]methoxamine

Residue

Cys

Lys
(@) Tyr
(ii) His
Cys

Lys

Lys

Trp
(Cys),
(Cys),

Arg

Comments

role in binding metal

membrane insertion study

photo-affinity labelling

tryptic digestion limited
to Arg

(i) essential Tyr

essential Cys

immobilized by
polymerization

active-site irreversible
inhibitor

characterization using gel
electrophoresis

photo-affinity labelling

reduction in antigenicity

1 Trp essential for heparin
binding

heparin binding site
labelled

essential for heparin
acceleration

inactivation, conformation
little changed

covalent bonding in complex
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77

Structural Investigations of Peptides and Proteins
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Table (cont.)
Protein
Aspartate
transcarbamylase

ATPase
ATPase
ATPase
ATPase
ATPase
ATPase
ATPase

ATPase F,

ATPase F,
ATPase F,

ATPase F,
ATPase [Ca’*]

ATPase [Ca?™]
ATPase [Ca?*, Mg?*]
ATPase [Ca%*, Mg?*]

ATPase [Ca%*, Mg?*]

Source
E. coli

bovine heart

bovine heart
mitochondria

rabbit muscle

rabbit muscle
rat ascites cells
rabbit muscle

yeast

bovine heart
mitochondria

ATCC 398
Micrococcus luteus

Micrococcus luteus

rabbit sarcoplasmic
reticulum

rabbit sarcoplasmic
reticulum

E. coli

E. coli

Reagent*
tetranitromethane

[3*S}diazobenzenesulphonic acid
4-azido-2-nitrophenyl phosphate

. 1,5-difluoro-2,4-dinitrobenzene

“succinic anhydride

4-diazobenenesulphonic acid
FDNB

[*4C]NN'-dicyclohexylcarbodi-imide

(i) FDNB

(i) 7-chloro-4-nitrobenzo-2-
oxa-1,3-diazole

(iii) 1-(ethoxycarbonyl)-2-
ethoxy-1,2-dihydroquinoline

pyridoxal 5'-phosphate, NaBH,

3'-0-{3-[N-(4-azido-2-nitrophenyl)-
amino]propionyl}8-azido ATP

8-azido-1,N®-etheno-ATP

disulphides of thioinosine
triphosphates

2-(2-nitro-4-azidophenyl)amino-
ethyl 16-doxyl stearate

N-ethylmaleimide

various cleavable cross-linking
agents
2',3-ATP dialdehyde

Residue
Tyr

Tyr

Lys
Cys, Tyr
Glu

(i) Lys
(i1) Tyr

(iii) car-
boxyl
Lys

Cys

Cys

Lys

Lys

Comments

inactivation; Tyr-160
essential

sub-unit distribution

photoreactive P; analogue

inhibition, intramolecular
cross-links

tryptic cleavage at Arg

cell-surface localization

Ca?*-dependent conformations

dissociated

single Glu in proteolipid
sub-unit

identification of active-
site functional groups

6 residues modified
photo-cross-linking

fluorescent photo-label
2 different reactive thiols

spin label, photo-affinity
label

functionally distinct
thiols modified

sub-unit structure

different strains labelled

Ref.
85

86
87

88
89
90
91
92

93

94
95

96
98

99

101
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ATPase [K *]

ATPase [K*, Na*]

ATPase [K*, Na*]
ATPase [K*, Na*]
ATPase [K*, Na*]

ATPase [K*, Na*]

8s
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

porcine gastric mucosa (i) 2-methoxy-2,4-diphenyl-3- (i) Lys inhibition, ATP protects
dihydrofuranone
(ii) butane-2,3-dione, cyclohexane- (ii) Arg
dione
electric eel thiol-specific cross-linking Cys spatial organization of
reagents thiols
dog kidney medulla Cu?*, o-phenanthroline Cys conformational probe
porcine gastric mucosa butane-2,3-dione Arg essential Arg
dog kidney [*H]adamantane diazirine membrane-embedded
regions identified
Electrophorus 3”- and 4”-diazomalonyldigitoxin photo-affinity labelling
electricus

A. M. Lauritzen, S. M. Landfear, and W. N. Lipscomb, J. Biol. Chem., 1980, 255, 602.
B. Ludwig, L. Prochaska, and R. A. Capaldi, Biochemistry, 1980, 19, 1516.
G. Lauquin, R. Pougeois, and P. V. Vignais, Biochemistry, 1980, 19, 4620.
G. Bailin, Biochim. Biophys. Acta, 1980, 624, 511.
G. Allen, Biochem. J., 1980, 187, 545.
C. A. C. Carraway, F..J. Corrado IV, D. D. Fogle, and K. L. Carraway, Biochem. J., 1980, 193, 45.
G. Bailin, Biochim. Biophys. Acta, 1980, 623, 213.
W. Sebald, W. Machleidt, and E. Wachter, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 785.
L. P. Ting and J. H. Wang, Biochemistry, 1980, 19, 5665.
H. Peters, S. Risi, and K. Dose, Biochem. Biophys. Res. Commun., 1980, 97, 1215.
H.-J. Schafer, P. Scheurich, G. Rathgeber, K. Dose, A. Mayer, and M. Klingenberg, Biochem. Biophys. Res. Commun., 1980, 95, 562
H.-J. Schafer, P. Scheurich, G. Rathgeber, and K. Dose, Anal. Biochem., 1980, 104, 106.
R. Patzelt-Wenczler, H. Kreickmann, and W. Schoner, Eur. J. Biochem., 1980, 109, 167.
P. Fellmann, J. Andersen, P. F. Devaux, M. Le Maire, and A. Bienvenue, Biochem. Biophys. Res. Commun., 1980, 95, 289.
M. Kawakita, K. Yasuoka, and Y. Kaziro, J. Biochem. (Tokyo), 1980, 87, 68.
P. D. Bragg and C. Hou, Eur. J. Biochem., 1980, 106, 495.
P. D. Bragg and C. Hou, Biochem. Biophys. Res. Commun., 1980, 95, 952.
H. C. Lee and J. G. Forte, Biochim. Biophys. Acta, 1980, 598, 595.
W. E. Harris and W. L. Stahl, Biochem. J., 1980, 185, 787.
A. Askari, W.-H. Huang, and J. M. Antieau, Biochemistry, 1980, 19, 1132.
J.J. Schrijen, W. A. H. M. Luyben, J. J. H. H. M. De Pont, and S. L. Bonting, Biochim. Biophys. Acta, 1980, 597, 331.
R. A. Farley, D. W. Goldman, and H. Bayley, J. Biol. Chem., 1980, 255, 860.
C. Hall and A. Rucho, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 4529.
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Amino-acids, Peptides, and Proteins
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Cell proteins E. coli a-dehydrobiotin reaction with biotin-utilizing
proteins

B-Chorionic human 6-maleimidocaproic acid N-oxy- Lys conjugation to flagellin

gonadotropin succinimide ester and N-acteyl Cys and tetanus toxoid carriers
homocysteine thiolactone

Chromatin sea urchin formaldehyde, [°H]NaBH, Lys aid to 2-D electrophoresis

Chymopapains A and B Carica papaya 2,2'-dipyridyl disulphide, DTNB Cys study of active-centre pK,’s

Chymotrypsin bovine numerous a-bromo-amides Met, Ser stereospecificity of
alkylation

a-Chymotrypsin bovine 13CH,I Met-192 n.m.r. probe

a-Chymotrypsin palmitic chloro-anhydride Lys incorporation into liposome

108

110
111
112
113

K. Taniguchi, K. Suzuki, and J. Shimizu, J. Biochem. (Tokyo), 1980, 88, 609.
B. M. Schoot, S. E. Van Emst-de Vries, P. M. M. Van Haard, J. J. H. H. M. De Pont, and S. L. Bonting, Biochim. Biophys. Acta, 1980,

603, 144,

G. Klein, M. Satre, A.-C. Dianoux, and P. V. Vignais, Biochemistry, 1980, 19, 2919.

R. Kiehl and Y. Hatefi, Biochemistry, 1980, 19, 541.

P. D. Sullivan, A. T. Quintanilha, S. Tristan, and L. Parker, FEBS Lett., 1980, 117, 359.

H. Sigrist and P. Zahler, FEBS Lert., 1980, 113, 307.

E. F. Williams, K. C. Rice, S. M. Paul, and P. Skolnick, J. Neurochem., 1980, 35, 591.

H. Méhler, M. K. Battersby, and J. G. Richards, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 1666.

G.-K. Wang and J. Schmidt, J. Biol. Chem., 1980, 255, 11 156.

R. P. Pillai, M. Marshall, and J. J. Villafranca, Arch. Biochem. Biophys., 1980, 199, 16.

membranes

B. R. Boettcher and A. Meister, J. Biol. Chem., 1980, 255, 7129.

G. A. Homandberg, S. T. Miner, and R. J. Peanasky, Biochim. Biophys. Acta, 1980, 612, 384.

W. L. Mock and J.-T. Chen, Arch. Biochem. Biophys., 1980, 203, 542.

J. J. Gorman and J. E. Folk, J. Biol. Chem., 1980, 255, 1175.

K. Takahashi, M. Isemura, T. Ono, and T. Ikenaka, J. Biochem. (Tokyo), 1980, 87, 347.

C. G. Knight, W. Hornebeck, I. T. W. Matthews, R. M. Henbry, and J. T. Dingle, Biochem. J., 1980, 191, 835.
A. Piffeteau, M.-N. Dufour, M. Zamboni, M. Gaudry, and A. Marquet, Biochemistry, 1980, 19, 3069.

A. C. J. Lee, J. E. Powell, G. W. Tregear, H. D. Niall, and V. C. Stevens, Mol. Immunol., 1980, 17, 749.

O. Kuhn and F. H. Wilt, Anal. Biochem., 1980, 105, 274.

K. Brocklehurst, B. S. Baines, and M. S. Mushiri, Biochem. J., 1980, 189, 189.

W. B. Lawson and G. J. S. Rao, Biochemistry, 1980, 19, 2133.

W. B. Lawson and G. J. S. Rao, Biochemistry, 1980, 19, 2140.

M. S. Matta, M. E. Landis, T. B. Patrick, P. A. Henderson, M. W. Russo, and R. L. Thomas, J. Am. Chem. Soc., 1980, 102, 7152.

<

S
P
980, 602, S11.

Terchilin, V. G. Omel'yanenko, A. L. Klibanov, A. I. Mikhailov, V. I. Gol’danskii, and V. N. Smirnov, Biochim. Biophys. Acta,

124
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Table (cont)
Protein
Chymotrypsin
a-Chymotrypsin
a-Chymotrypsin
a-Chymotrypsin
Collagen peptides

Colipase

Collagenase

Collagenase
Complement C2

Complement C3
Complement C3

Complement C3

Calcium-activated
neutral protease
Complement C3

Complement C4

Complement system
Factor D

Coproporphyrinogen
oxidase

Source

bovine

bovine

bovine achilles tendon

Achromobacter
iophagus

human leucocyte
human

human
human

human, guinea-pig

chicken muscle

human
human

bovine liver

Reagent*

cis-cinnamoyl imidazole

o0, m, and p~(trifluoromethyl)bromo-
acetanilides

p-trifluoromethylbenzenesulphonyl
fluoride

CF;CO-Ala-PheCHO

KB3H, galactose oxidase

N-acetylimidazole

various reagents
N-ethylmaleimide p-aminophenyl-

mercuric acetate
I,-KI

[*“Clmethylamine, [**Cliodoacetamide

[**C]methylamine
hydroxylamine, [*“C]methylamine
d, I-trans-epoxysuccinate derivatives

formaldehyde, sodium [*H]boro-
hydride

[**C]methylamine

di-[1,3-1*Clisopropylphospho-
fluoridate

tetranitromethane

Residue
Ser
Met-192
Ser
Ser
Tyr
carboxyl,

Tyr, Trp,
Arg, Lys
Cys
Tyr

Glu, Cys
Glu

Lys

Ser

Tyr

Comments

photodeacylation gives enzyme
photographic process
19F n.m.r. study

1F n.m.r. study

'H n.m.r. study

location of carbohydrate

important in phospholipid
triglyceride system

essential carboxyl, Trp,
and Tyr

activation

increased affinity of C2a
for C4b

internal thioester bond

single Glu in 135000 mol. wt.
sub-unit

internal thioester bond
reacts

inhibition

labelling method

inhibition
location of active centre

essential Tyr

Ref.
132
133
134
135
136
137

138

139
140

141
142

143
144
145

146
147

148
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Coupling factor

Coupling Factor 1

Coupling Factor 1
Coupling Factor 1
Coupling Factor CF, spinach chloroplast

Creatine kinase

133
134
135
136
137

139

152

154

spinach chloroplast
thylakoid

E. coli, bovine heart

spinach chloroplast
spinach chloroplast

rabbit muscle

(i) o-iodosobenzoic acid Cys
(ii) 2,2’-dithiobis (5-nitropyridine)

[**C]dicyclohexylcarbodi-imide carboxyl
Woodward’s reagent K carboxyl
dicyclohexylcarbodi-imide

1-(ethoxycarbonyl)-2-ethoxy-1,2,- carboxyl

dihydroquinoline, 1-(isobutoxy-

carbonyl)-2-isobutoxy-1,2-dihydro-

quinoline
[8-1*C]ATP-y-p-azidoanilide

LV

B.

M.

P.

N. D. Light and A. J. Bailey, Biochem. J., 1980, 185, 373.
C. Erlanson-Albertsson, FEBS Lett., 1980, 117, 295.

I. Tr

ocheris, P. Herry, V. Keil-Dlouha, and B. Keil, Biochim. Biophys. Acta, 1980, 615, 436.

(i) uncoupling

(i) uncoupling or energy-
transfer inhibition

F, labelled at
acidic pH

essential carboxyl

inactivation of ATPase

inhibition of photo-
phosphorylation

photo-affinity labelling

Berezin, N. F. Kazanskaya, R. B. Aisina, and E. V. Lukasheva, Enzyme Microb. Technol., 1980, 2, 150.
H. Landis and L. J. Berliner, J. Am. Chem. Soc., 1980, 102, 5350.

E. Ando, J. T. Gerig, K. F. S. Luk, and D. C. Roe, Can. J. Biochem., 1980, 58, 427.
Wyeth, R. P. Sharma, and M. Akhtar, Eur. J. Biochem., 1980, 105, 581.
D.
Er
-J.

Uitto, M. Turto, A. Huttunen, S. Lindy, and J. Uitto, Biochim. Biophys. Acta, 1980, 613, 168.

M. A. Kerr, Biochem. J., 1980, 189, 173.

F.

B. Ha

K. Law, N. A. Lichtenberg, and R. P. Levine, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 7194.
Sugita, S. Ishiura, K. Suzuki, and K. Imahori, J. Biochem. (Tokyo), 1980, 87 339.

F. T

P.

B.

J. vard, J. Biol. Chem., 1980, 255, 7082.

S.

B.

J. P. Gorski and J. B. Havard, J. Biol. Chem., 1980, 255, 1002S.
Yoshinaga and S. Sane, J. Biol. Chem., 1980, 255, 4727.

J.

H.
D. M. A. Johnstone, J. Gagnon, and K. B. M. Reid, Biochem. J., 1980, 187, 863.
R.

ougeois, M. Satre, and P. V. Vigrais, FEBS Lett., 1980, 117, 344.
J. L. Arana and R. H. Vallejos, FEBS Let:., 1980, 113, 319.

-K. Ho and J. H. Wang, Biochemistry, 1980, 19, 2650.
Vandest, J.-P. Labbe, and R. Kassab, Eur. J. Biochem., 1980, 104, 433.

V.
T.
V. Shoshan and B. R. Selman, J. Biol. Chem., 1980, 255, 384.
Y.
P.

Tack, R. A. Harrison, J. Janatova, M. L. Thomas, and J. W. Prahl, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 5764.
ack, J. Dean, D. Eilat, P. E. Lorenz, and A. N. Schechter, J. Biol. Chem., 1980, 255, 8842.

V. Moroney, C. S. Andreo, R. H. Valle_]os and R. E. McCarty, J. Biol. Chem., 1980, 2558, 6670.
P

149

150
151

152
153

154

SU12104g puv sapydaq fo suonupSusaauy [panionigs

€8



Table (cont.)
Protein

Creatine kinase
Creatine kinase
a~Crystallin
Cyclitol permease
Cytochrome ¢
Cytochrome ¢
Cytochrome ¢

Cytochrome ¢

Cytochrome ¢
Cytochrome ¢

Cytochrome ¢

Cytochrome ¢
Cytochrome ¢

Cytochrome ¢

Cytochrome ¢ oxidase

Source
rabbit muscle
rabbit muscle
bovine lens
Klebsiella aerogenes
bovine heart
bovine heart

mitochondria

horse heart

horse heart

horse heart
horse heart

horse heart

horse heart
tuna heart
yeast

bovine heart

Reagent*

4-(N-2-chloroethyl-N-methylamino)-
benzyl-y-amide of ATP
2,4-dinitrophenylthiocyanate

various bis-imide esters

(i) N-ethyl [2-3H]maleimide

(ii) diazotized [**S]sulphanilic
acid

[>H}- and ['*CJ-acetic anhydride

methyl-3-imidate-2,2,5,5-tetramethyl-
pyrroline-1-oxyl-HC]
maleic anhydride

4-chloro-3,5-dinitrobenzoic acid

butane-2,3-dione

dithiobis(succinimidylpropionate)
and yeast peroxidase
semi-synthetic analogues prepared:
Met-80 replaced by
(i) ethionine or
(ii) S-methyl cysteine
4-chloro-3,5-dinitrobenzoic acid,
TNBS
EDC

[*H]-p-azidophenacylbromide(methyl-
4-mercaptobutyrimidate)
N-(1-anilino-4-naphthyl)-maleimide

Residue

Cys
Lys
(i) Cys
(ii) Tyr
Lys
Lys
Lys

Lys

Arg

Lys

Lys

Cys

Comments

affinity labelling

sub-unit selective
modification

sub-unit structure

identification of protein
components

differential chemical
modification

spin-label study of membrane
interactions

chemical reactivity of fully
maleylated protein

activity of five singly
substituted derivatives; C,
binding domain mapped

Arg-38 in ascorbate binding
site

complex catalyses oxidation
at cytochrome ¢, by H,0,

(i) 96% active

(ii) inactive

carbonate binding site
located

Spin state and reduction
potential changes ]

photo-labelling of cytochrome
¢ oxidase

conformation vesicle system

Ref.
155

156
157
158
159
160
161

162,
163

165

166

167
168
169

170

12]
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Cytochrome ¢ oxidase
Cytochrome ¢ oxidase
Cytochrome ¢ oxidase
Cytochrome c¢ oxidase

Cytochrome P450
Cytochrome P450

Cytochrome P450

bovine heart
bovine heart
bovine heart
bovine heart

rabbit liver
rabbit liver

rat liver

[**Cldicyclohexylcarbodi-imide
various bis-imidates
4-azido-2-nitrophenyl (Lys-13 and
Lys-22) cytochrome ¢
1,5-difluoro-2,4-dinitrobenzene

Cu?*-1,10-phenanthroline
Cu?*-1,10-phenanthroline

4-(3-iodo-2-oxopropylidene)-2,2,3,5,5- Cys
pentamethylimidosolydene-1-oxyl

H™ translocating activity
reduced

cross-linking to mitochondria
and cytochrome ¢

photo cross-linking

sub-units III and IV cross-
linked

cross-linking reaction

evidence for molecular
aggregates

affinity labelling; e.p.r.
spectroscopy

155 Z.S. Mkrtchyan, L. S. Nersesova, Zh. 1. Akopyan, G. T. Babkina, V. N. Buneva, and D. G. Knorre, Biokhimiya, 1980, 45, 616.
. Degan and Y. Degani, J. Biol. Chem., 1980, 255, 8221.

. J. Siezen, J. G. Bindels, and H. J. Hoenders, Eur. J. Biochem., 1980, 107, 243.
158 . Reber, M. Ropars, and J. Deshusses, Biochem. J., 1980, 185, 253.

. Rieder and H. R. Bosshard, J. Biol. Chem., 1980, 255, 4732.

C
157 R

159 R
160 p

. Mehlhorn, M. Swansow, L. Packer, and P. Smith, Arch. Biochem. Biophys., 1980, 204, 471.

161 1. Aviram, and A. Schejter, J. Biol. Chem., 1980, 255, 3020.
162 N. Osheroff, D. L. Brautigan, and E. Margoliash, J. Biol. Chem., 1980, 255, 8245.
163 B, W. Kénig, N. Osheroff, J. Wilms, A. O. Muijers, H. J. Dekker, and E. Margoliash, FEBS Lert., 1980, 111, 395.

164 J. Pande and Y. P. Myer, J. Biol. Chem., 1980, 255, 11 094.

B. Waldmeyer, R. Bechtold, M. Ziirrer, and H. R. Bosshard, FEBS Let:., 1980, 119, 349.

G. F. Wasserman, P. T. Nix, A. K. Koul, and P. K. Warne, Biochim. Biophys. Acta, 1980, 623, 457.
N. Osheroff, D. L. Brautigan, and E. Margoliash, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 4439.
R. Timkovich, Biochem. J., 1980, 188, 47.

M. Erecinska, R. Oshino, and D. F. Wilson, Biochem. Biophys. Res. Commun., 1980, 92, 743,
S. Kawato, A. Ikegami, S. Yosjoda, and Y. Orii, Biochemistry, 1980, 19, 1598.

R. P. Casey, M. Thelan, and A. Azzi, J. Biol. Chem., 1980, 255, 3994.

M. Swanson and L. Packer, Arch. Biochem. Biophys., 1980, 204, 30.

R. Bisson, B. Jacobs, and R. A. Capaldi, Biochemistry, 1980, 19, 4173.

J. A. Kornblatt and D. F. Lake, Can. J. Biochem., 1980, 58, 219.

P. R. MclIntosh and R. B. Freedman, Biochem. J., 1980, 183, 227.

P. R. MclIntosh, S. Kawato, R. B. Freedman, and R. J. Cherry, FEBS Lert., 1980, 122, 54.

V. V. Lyakhovich, N. E. Polyakova, V. I. Popova, S. I. Eremenko, S. E. Olkin, and L. M. Weiner, FEBS Lett., 1980, 115, 31.

171
172
173
174

175
176

177
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Table (cont.)
Protein

Cytochrome P450

NADPH-cytochrome
P450 reductase
Cytokinin binding
protein
D-Amino-acid oxidase
p-Amino-acid oxidase
p-Amino-acid oxidase

Deoxyribonuclease

Digitalis receptor

Dihydrofolate reductase

Dihydrofolate reductase
Dihydrofolate reductase
Dihydrofolate reductase
Dioldehydrase (B, ,
dependent)
Diphtheria toxin
Diphtheria toxin

Diphtheria toxin,
A chain

Diphtheria toxin,
A chain

Source

rat liver microsomes

wheat germ

porcine kidney
porcine kidney
porcine kidney

bovine pancrease

Electrophorus
electricus, crab
axon chick heart

bovine liver, chicken
liver

chicken liver

Lactobacillus casei

Lactobacillus casei

Klebsiella pneumoniae

Reagent*

dimethylsuberimidate, dimethyl-3,3'-
dithiobis-(propionimidate)
various cross-linking agents

methylene-[*4C]2-azido-6-
benzylamino-purine

[36Cl)N-chloro-p-leucine

N-chloro-p-leucine

(i) dansyl chloride, ethoxyformic
anhydride

(ii) butane-2,3-dione

(iii) dinitrofluorobenzene

N-bromosuccinimide

p-nitrophenyltriazene-ouabain

methylmercuric hydroxide, p-hydroxy-

mercuribenzoate
sodium [**S]tetrathionate
N-bromosuccinimide
EDC
butane-2,3-dione, phenylglyoxal

ATP, NAD, u.v. irradiation

mixed anhydride derivative of chlor-
ambucil, anti-(human lymphocyte)
globulin

dithiothreitol, SPDP-derivatized
epidermal growth factor

2-mercaptoethanol and SPDP
derivatized monoclonal antibody

Residue
Lys

Lys

Tyr
Tyr
His

Arg
Tyr
Trp

Cys

Cys
Trp-21
carboxyl
Arg

Cys

Comments

cross-linking studies

purified proteins cross-
linked
photo-affinity labelling

active-site Tyr located
chlorination of active-site Tyr
essential His

essential Arg
essential Tyr
reactivities of Trp
residues compared
affinity labelling

activation

activity increased
binding studies
essential carboxy-group
essential Arg

ATP and NAD cross-linked
conjugate is specifically
cytotoxic

conjugate is non-toxic
(¢f- Ricin A)

selectively toxic to
carcinoma cells

Ref.
178
179
180
181

182
183

184

185

186
187
188
189
190
191
192
193

194

98
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Diphtheria toxin, A

chain, cholera toxin

A chain
Diphtheria toxin,
B chain

Disulphide isomerase

DNA polymerase
DNA polymerase I

Dopa decarboxylase

200

EDC Lys hybrid toxin prepared
periodate-oxidized [y-3?P]ATP, affinity labelling
sodium cyanoborohydride
bovine liver thiopropyl-Sepharose 6B Cys covalent chromatography
various sources phenylglyoxal Arg inhibition; template binding
affected
E. coli o-ATP y-4-(N-2-chloroethyl-N- affinity labelling
methylamino)benzylamidate
pig kidney 2-(fluoromethyl)-3-(3,4-dihydroxyl- suicide substrate
phenyl)alanine

. S. Baskin and C. S. Yang, Biochemistry, 1980, 19, 2260.

. S. Baskin and C. S. Yang, Biochemistry, 1980, 19, 2260.

. Keim and J. E. Fox, Biochem. Biophys. Res. Commun., 1980, 96, 1325.

. Ronchi, M. Galliano, L. Minchiotti, B. Curti, N. G. Rudie, D. J. T. Porter, and H. J. Bright, J. Biol. Chem., 1980, 255, 6044.
. G. Rudie, D. J. T. Porter, and H. J. Bnght J. Biol. Chem., 1980, 2585, 498.

. Nishino, V. Massey,.and C. H. Williams, jun., J. Biol. Chem., 1980, 255, 3610.
. L. Satin, T. E. Hugli, and T. H. Hao, J. Biol. Chem., 1980, 255, 8633.

. Rossi, P. Vuilleumier, C. Grache, M. Balerna, and M. Lazdunski, J. Biol. Chem., 1980, 255, 9936.

. T. Kaufman, A. A. Kumar, D. T. Blankenship, and J. H. Freisheim, J. Biol. Chem., 1980, 255, 6542.
. Barbehenn and B. T. Kaufman, J. Biol. Chem., 1980, 255, 1978.

. Thomson, G. C. K. Roberts, and A. S. V. Burgen, Biochem. J., 1980, 187, 501.

. Reinsch and R. B. Dunlap, Biochem. Biophys. Res. Commun., 1980, 95, 785.
no, T. Toraya, and S. Kukui, Arch. Biochem. Biophys., 1980, 205, 240.
. Carroll, S. Lory, and R. J. Collier, J. Biol. Chem., 1980, 255, 12020.

R
. Crawley, H. R. Herschman, D. G. Gilliland, and R. J. Collier, Cell, 1980, 22, 563.

. Gil
. Mannhalter, D. G. Gilliland, and R. J. Collier, Biochim. Biophys. Acta, 1980, 626, 443.
. Proia, S. K. Wray, D. A. Hart, and L. Eidels, J. Biol. Chem., 1980, 255, 10205.

. Hillson and R. B. Freedman, Biochem. J., 1980, 191, 373.

Srlvastava and M. J. Modak, J. Biol. Chem., 1980, 255, 917.

Ross, P. E. Thorpe, A. J. Cumber, D. C. Edwards, C. A. Hinson, and A. J. S. Davies, Eur. J. Biochem., 1980, 104, 381.

195

196

197
198

199
200

lliland, Z. Steplewski, R. J. Collier, K. F. Mitchell, T. H. Chang, and H. Koprowski, Proc. Natl. Acad. Sci. U.S.4.,1980,77, 4539.

D. N. Buneva, T. V. Demidova, D. G. Knorre, N. V. Kubryashova, A. G. Romaschenko, and M. G. Starobrazova, Mol. Biol., 1980, 14,

1080.
A. L. Maycock, S. D. Aster, and A. A. Patchett, Biochemistry, 1980, 29, 709.
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Table (cont.)

Protein
Dopamine f-hydroxylase
Dopamine receptor
Dopamine receptor
DNA polymerase
Elastase
Elongation factor G
Elongation factor G
Elongation factors

T and Tu
Elongation factor Tu

Elongation factor Tu
Elongation factor 2

Enoyl-CoA reductase
Erythrocytes

Factor Xa

Factor Xa

Fatty acid synthetase

Fatty acid synthetase
Ferricytochrome ¢

Source
bovine adrenal
bovine
rat muscle
dogfish
human pancreas
E. coli
E. coli
rabbit reticulocyte
E. coli

E. coli
rat liver

goose
sheep

human

bovine

rat mammary glands

yeast
horse

Reagent*

p-hydroxybenzylcyanide
various thiol reagents
(—)N-(chloroethyl)norapomorphine

N-ethylmaleimide

peptide chloromethyl ketones

N-ethylmaleimide, iodoacetamide,
iodoacetyl p-azidobenzylamine

tetranitromethane, [*25TJKI-H,0,—
lactoperoxidase

N*-bromoacetyl-Lys-tRNA

ethoxyformic anhydride, photo-
oxidation

butane-2,3-dione

periodate-oxidized guanine
nucleotides

pyridoxal-5'-phosphate, NaBH

2,4-dinitrophenylalanylglycylglycine,
EDC, and N-hydroxysuccinimide

[*H]DFP, [*H]-di-isopropyl phospho-
fluoridate

[*H}m-[o-(2-chloro-S-fluorosulphonyl-
phenyl ureido)phenoxybutoxy]-
benzamidine

(i) phenylglyoxal

(ii) pyridoxal 5’-phosphate

1,3-dibromopropan-2-one
succinic anhydride

Residue

Cys

Cys
Cys

Tyr

His

Arg

Lys

(i) Arg
(i) Lys

Cys
Lys, a-NH,

Comments

suicide inactivation

essential thiols

alkylation and receptor
blockade

o and B form inhibited

kinetics of inhibition

study of interactions with
ribosome

essential Tyr

affinity labelling
essential His residues

S reactive arginines
Schiff-base formation?

essential Lys

preparation of dinitro-
phenylated cells

localization of active centre

affinity labelling

(i) inhibition of ketoacyl and

energy reductase

(ii) inhibition of enoyl
reductase

sub-units cross-linked

method for integral NH,
determination

Ref.
201
202
203
204
205
206
207
208
209

210
211

212
213

214

215

216

217
218

88
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Structural Investigations of Peptides and Proteins
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Table (cont.)

Protein Source Reagent* Residue Comments Ref.
Follicle-stimulating human azidobenzoyl derivative of a fetuin activity increased by 226
hormone glycopeptide conjugation
Formate dehydrogenase  methylotrophic DTNB Cys inactivation 227
bacteria
Formate dehydrogenase  methylotrophic butane-2,3-dione Arg essential Arg 228
bacteria
Formyl peptide human neutrophil (i) formyl-Nle-Leu-Phe-Nle-[!2°[}- affinity labelling, receptor 229
chemotactic receptor Tyr-Lys, dimethyl suberimidate identified
(ii) formyl-Nle-Leu-Phe-Nle-[!2°I}-
Tyr-Lys- N*-4-azido-2-nitrophenyl,
irradiation
(iii) formyl-Nle-Leu-Phe-Me-['?I)-
Tyr-Lys- N*-bromoacetyl
Formyltetrafolate Clostridium dimethyl suberimidate Lys activity and 4° structure 230
synthetase cyclindrosporum stabilized
Fructose diphosphatase  spinach chloroplast H,0,, pH 8.0 Cys inactivation released by 231
dithiothreitol
Fructose-1, 6- rabbit liver (i) DTNB, (@) Cys essential groups identified 232
diphosphatase (ii) ethoxyformic anhydride (i1) His
Fumarate reductase Vibrio succinogenes various sulphydryl reagents Cys essential Cys 233
GABA-benzodiazepine- rat avermectin B, irreversible stimulation of 234
Cl~ ionophore complex receptor
Galactose oxidase Dactylium dendroides (i) iodoacetamide (i) His co-ordination chemistry 235
(ii) N-bromosuccinimide (i) Trp study
Galactose-transporting E. coli ['“C]N-ethylmaleimide inactivation; glucose protects 236
membrane vesicle
protein
Galactosyltransferase bovine milk [t251)IC1 inactivation 237
Galactosyltransferase bovine S-mercuric N-dansyl cysteine Cys fluorescence mapping 238
Galactosyltransferase KI-H,0,-lactoperoxidase, Tyr inactivation 239

N-acetylimidazole
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Gelatin

Gelonin

Glucagon
Glucocorticoid receptor
Glucocorticoid receptor
Glucocorticoid receptor
Glucosephosphate

isomerase
Glucose-6-phosphatase

Gelonium multiflorum
porcine

rat liver
rat

human placenta

rat liver

4-chloro-7-nitrobenzofurazan Lys

SPDP, concanavalin A derivatized Lys
with SPDP

various alkyl imidates Lys, «-NH,
N-ethylmaleimide, iodoacetamide Cys
pyridoxal-5'-phosphate, NaBH,, Lys
various Arg, His,
and Lys
N-bromoacetylethanolamine His

p-chloromercuribenzenesulphonic acid Cys

226 p. Rathnam and B. B. Saxena, Biochim. Biophys. Acta, 1980, 624, 436.

227 M. M. Dikov, A. P. Osipov, and A. M. Egorov, Biokhimiya, 1980, 45, 1175.

228 V. 1. Tishkov, V. O. Popov, and A. M. Egorov, Biokhimiya, 1980, 45, 237.

229 | Niedel, J. Davis, and P. Cuatrecasas, J. Biol. Chem., 1981, 255, 7063.

230 M., de Renobales and W. Welch, jun., J. Biol. Chem., 1980, 255, 10460.

231§ A. Charles and B. Halliwell, Biockem. J., 1980, 189, 373.

232 M. M. Demaine and S. J. Benkovic, Arch. Biochem. Biophys., 1980, 205, 303.

233 G, Unden and A. Kréger, FEBS Lett., 1980, 117, 323.

234§ M. Paul, P. Skolnick, and M. Zatz, Biochem. Biophys. Res. Commun., 1980, 96, 632.
235 M. E. Winkler and R. D. Bereman, J. 4m. Chem. Soc., 1980, 102, 6244.

236 T. M. Kaethner and P. Horne, FEBS Let:., 1980, 113, 258.

237 J.S. Silvia and K. E. Ebner, J. Biol. Chem., 1980, 255, 11262.

238 E T. O’Keeffe, R. L. Hill, and J. E. Bell, Biochemistry, 1980, 19, 4954.

239 D. K. Chandler, J. C. Silvia, and K. E. Ebner, Biochim. Biophys. Acta, 1980, 616, 179.
240 3. Bello and H. Patrzyc, Int. J. Pept. Protein Res., 1980, 15, 464.

241 F, Stirpe, S. Olsnes, and A. Pihl, J. Biol. Chem., 1980, 255, 6947.

242 D, E. Wright and M. Rodbell, Eur. J. Biochem., 1980, 111, 11.

243 M. Kalimi and K. Love, J. Biol. Chem., 1980, 255, 4687.

244 1 A. Cidlowski, Biochemistry, 1980, 19, 6162.

245 D. M. Di Sorbo, D. S. Phelps, and G. Litwack, Endocrinology, 1980, 106, 922.
246 D, R. Gibson, R. W. Gracy, and F. C. Hartman, J. Biol. Chem., 1980, 255, 9369.
247 B. Vakili and M. Banner, Biochem. Soc. Trans., 1980, 8, 541.

cross-linking observed;
two-step reaction
conjugate is cytotoxic

binding and activity studied

effect on activation

metabolizable receptor forms
identified

identification of DNA binding-
site residues

active-site His located

inhibition

240
241
242
243
244
245
246

247
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Table (cont.)
Protein

Glucose-6-phosphate
dehydrogenase

Glucose-6-phosphate
dehydrogenase

Glucose transporter

Glutamate dehydrogenase

y-Glutamylcysteine
synthetase

y-Glutamyl transferase

y-Glutamyl trans-
peptidase
y-Glutamyl trans-
peptidase
Glutathione reductase
Glutathione reductase
a-Glutathione-S-
transferase
Glyceraldehyde-3-phos-
phate dehydrogenase
Glyceraldehyde-3-phos-
phate dehydrogenase
Glyceraldehyde 3-phos-
phate dehydrogenase
Glyceraldehyde 3-phos-
phate dehydrogenase
Glycogen phosphorylase
Glycogen phosphorylase
Glycolytic enzymes
Glyoxalase I
Glyoxalase II
Gonadotrophin receptor

Source

yeast

human erythrocyte
yeast

rat kidney

rat kidney

rat kidney

rat

human erythrocyte

human, rat, calf
bovine liver

B. stearothermophilus

human erythrocyte
membrane
rabbit muscle

rabbit muscle

rabbit muscle
rabbit muscle
various sources
yeast

bovine liver
rat ovary

Reagent* Residue
dichlorotriazine dyes
derivatized gentamycin Cys
maltosyl isothiocyanate
ethoxyformic anhydride His
3-amino-1-chloropentan-2-one Cys
PMSF, N-acetylimidazole, Ser
iodoacetamide
AT-125[L~(S,5S)-a-amino-3-chloro-4,5-
dihydro-5-isoxazoleacetic acid}
L-(aS, 55)-a-amino-3-chloro-4,5- Cys(?)
dihydro-5-isoxazoleacetic acid
1,5-difluoro-2,4-dinitrobenzene Cys, His
TNBS
S-(p-azidophenacyl)glutathione
iodoacetic acid, NAD, u.v.
irradiation
glutaraldehyde Lys
p-nitrophenoxy carbonylmethyl Cys
disulphide
iodoacetic acid, NAD, u.v. irradiation
8-azido AMP
various bis-imidoesters Lys
methylglyoxal, phenylglyoxal Arg

S-(p-azidophenacyl)-glutathione
S-(p-azidophenacyl)-glutathione
u.v. irradiation

Comments

reaction at NAD*, NADP™,
and ATP sites

homogeneous enzyme
immunoassay

affinity labelling

important for conformation

irreversible inactivation

study of active-centre
functionalities
potent inhibition

enzyme inactivation

cross-linking of sub-units
oxidase activity induced
photo-affinity label

energy transfer with Trp
residues

cross-linking and
inhibition

new methanethiolating
reagent

fluorescent derivative
crystallized

photo-affinity labelling

probe of structural change

inactivation rates compared

photo-affinity labelling

photo-affinity labelling

inactivation, uncoupling

Ref.
248
249
250
251
252
253
254,

255
256
257
259
260
261
262
263
264
265
266
267

268
269
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Growth hormone
Haemoglobin

Haemoglobin
Haemoglobin
Haemoglobin

bovine chloramine T Met reactivity order established

human dextran treated with cyanogen enhanced stability, reduced
bromide, diaminoethane, and haptoglobin affinity
bromoacety! bromide

human FDNB oa-NH, chloride binding study

human [*4Clglyceraldehyde Val («-NH,) ketoamine adduct

human various bimanes Cys B-93 fluorescence-labelled

. D. Clonis and C. R. Lowe, Biochem. J., 1980, 191, 247.

. Singh, D. K. Leving, G. L. Rowley, C. Gagne, and E. F. Ullman, 4nal. Biochem., 1980, 104, 51.
. E. Mullins and R. G. Langdon, Biochemistry, 1980, 19, 1199.

. G. Gore, I. Rasched, and H. Sund. FEBS Let:., 1980, 122, 41.

. L. Beamer, O. W. Griffith, J. D. Gass, M. E. Anderson, and A. Meister, J. Biol. Chem., 1980, 255, 11732.
. Elle, Biochem. J., 1980, 185, 473.

. Gardell and S. S. Tate, FEBS Let:., 1980, 122, 171.

M Kozak and S. S. Tate, FEBS Lett., 1980, 122, 175.

. J. Reed, W. W. Ellis, and R. A. Meek, Biochem. Biophys. Res. Commun., 1980, 94, 1273.

. Boggaram and B. Mannervik, Acta Chem. Scand., Ser. B, 1980, 34, 1475.

Carlberg and B. Mannervik, FEBS Lett., 1980, 115, 265.

. P. Seddon, M. Bunns, and K. T. Douglas, Biochem. Biophys. Res. Commun., 1980, 95, 446.

.-S. Ho, S.-J. Liang, and C.-L. Tsou, Biochim. Biophys. Acta, 1980, 613, 249.

. Keokitichai and J. M. Wrigglesworth, Biochem. J., 1980, 187, 837.

. V. Nair and D. J. Smith, Anal. Biochem., 1980, 101, 316.

.-S. Ho, S.-J. Liang, and C.-L. Tsou, Biochim. Blophys Acta, 1980, 613, 239.

. L. Seery, Biochim. Biophys. Acta, 1980, 612, 195.

. Dombradi, J. Hajdu, G. Bot, and P. Friedrich, Biochemistry, 1980, 19, 2295.

.P.

.P.

— W

. Leoncini, M. Maresca, and A. Bonsignore, FEBS Lett., 1980, 117, 17.
Seddon and K. T. Douglas, FEBS Lett., 1980, 110, 262.
Seddon, M. Bunns, and K. T. Douglas, Biochem. Biophys. Res. Commun., 1980, 95, 446.
. Azulai and Y. Solomon, Biochim. Biophys. Acta, 1980, 628, 76.
Casoone, M. J. Biscoglio de Jimewez Bonino, and J. A. Santomé, Int. J. Pept. Protein Res., 1980, 16, 299.
. Tam and J. T.-F. Wang, Can. J. Biochem., 1980, 58, 732,
. M. Van Beek and S. H. De Bruin, Eur. J. Biochem., 1980, 105, 353.
. Achararya and J. M. Manning, J. Biol. Chem., 1980, 255, 7218.
. Kosower, G. L. Newton, E. M. Kosower, and H. M. Ranney, Biochim. Biophys. Acta, 1980, 622, 201.
. Kosower, E. M. Kosower, G. L. Newton, and H. M. Ranney, Proc. Natl. Acad. Sci. U.S.4., 1979, 76, 3382.
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Table (cont.)
Protein

Haemoglobin
Haemoglobin
Haemoglobin

Haemoglobin «

Haemoglobin f
Haemoglobin S

Haemoglobin S (CO)

Haemocyamin

Hexokinase

Hexon protein

Histidine decarboxylase

Histones
Histones

Histone H3
Histones H3

Histones H3, H4
Histones H3, H4

L-a-Hydroxy-acid
oxidase

Source

human
human

human
human
human

human

keyhole limpet

yeast

adenovirus
rat hypothalamus

calf thymus
calf thymus

calf thymus

rat liver, mouse
thymocyte

calf thymus

chicken erythrocyte
rat kidney

Reagent*

various aspirin analogues
polyethylene glycol derivatives
various cross-linking agents

3-bromo-3-methyl-2-(2-nitrophenyl-
thio)-(3H)indole, N-bromo-

succinimide

DTNB, 2,2'-dithiopyridine
bis(3,5-dibromosalicyl)fumarate

[*4C]glyceraldehyde

isothiocyanate-activated f-(p-amino-
phenyl)-ethylamine derivatives of
sialyloligo-saccharides

dichlorotriazine dyes

{*4Cliodoacetic acid

a-fluoromethylhistidine

1-fluoro-2,4-dinitro[3,5-*H]benzene

EDC

various sulphydryl reagents
N-3-pyrene maleimide

acetyl adenylate

bisulphite

ethoxyformic anhydride

Residue

Lys

Trp, Tyr,
His

Cys ($-93)
Lys

o-NH,,
Lys

Cys

Cys, o-NH,

carboxyl,
NH,

Cys

Cys (Lys)

Lys

Cys
His

Comments

acylation properties compared

blood substitute

random collisional cross-
links insignificant

cleavage reaction

pH dependence of modification

cross-linking of DPG binding
site

labelled residues located

antibodies raised

reaction at NAD*, NADP*,
and ATP site

reactive Cys located

irreversible histidine
neurotransmitter analogue

competitive labelling

H1-histone octamer contacts

Cys-110 structurally important

fluorescent labelling of H3 in
chromatin

role in SV40 transformation

reversal of SH-mediated ageing
essential His

Ref.
276

2717
278

279
280
281
282

283

284

285
286

287
288

289
290

291,
292

293

294

76

suajouq puv ‘sapudag ‘spiop-oututy



p-Hydroxybenzoate Pseudomonas phenylglyoxal Arg essential Arg
hydroxylase desmolytica

D-3-Hydroxybutyrate bovine heart N-ethyl maleimide, methylmercury Cys essential Cys
dehydrogenase mitochondria

p-3-Hydroxybutyrate rat mitochondria phenyliglyoxal, butane-2,3-dione, Arg essential Arg
dehydrogenase cyclohexane-1,2-dione

D-3-Hydroxybutyrate methyl methane thiosulphonate Lys inactivation, Cys specificity
dehydrogenase questioned

3a,208-Hydroxysteroid Streptomyces 178-(1-oxo0-2-propynyl)androst-4-en- enzyme-generated affinity
dehydrogenase hydrogenans 3-one alkylator

3a,208-Hydroxysteroid Streptomyces 17-(bromoacetoxy)steroids affinity alkylation
dehydrogenase hydrogenans

H. Zaugg, J. A. Walder, R. J. Walder, J. M. Steele, and 1. M. Klotz, J. Biol. Chem., 1980, 255, 2816.
Ajisaka and Y. Iwashita, Biochem. Biophys. Res. Commun., 1980, 97, 1076.

H. Ji and C. R. Middaugh, Biochim. Biophys. Acta, 1980, 603, 371.

E. Hunziker, G. J. Hughes, and K. J. Wilson, Biochem. J., 1980, 187, 515.

E. Hallaway, B. E. Hedlund, and E. S. Benson, Arch. Biochem. Biophys., 1980, 203, 332.
A. Walder, R. Y. Walder, and A. Arnone, J. Mol. Biol., 1980, 141, 195.

S. Acharya and J. M. Manning, J. Biol. Chem., 1980, 255, 1406,

F. Smith and V. Ginsburg, J. Biol. Chem., 1980, 255, 55.

D. Clonis and C. R. Lowe, Biochem. J., 1980, 191, 247.

H. Jornvall and L. Philipsom, Eur. J. Biochem., 1980, 104, 237.

M. Garbag, G. Barbin, E. Rodergras, and J. C. Schwartz, J. Neurochem., 1980, 35, 1045.

G. Oda and H. Kaplan, Biochim. Biophys. Acta, 1980, 625, 72.

T. Boulikas, J. M. Wiseman, and W. T. Garrard, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 127.
P. N. Lewis and S. S. Chiu, Eur. J. Biochem., 1980, 109, 369.

D. Mooney, L. M. Thompson, and H. Simpkins, Biochim. Biophys. Acta, 1980, 625, 51.

B. N. Cohen, W. T. Blue, and T. E. Wagner, Eur. J. Biochem., 1980, 107, 511.

C. K. Shewmaker and T. E. Wagner, Eur. J. Biochem., 1980, 107, 505.

R. O. Lewis, D. J. Cox, and G. R. Reeck, Int. J. Pept. Protein Res., 1980, 16, 219.

S. E. Meyer and T. H. Cromartie, Biochemistry, 1980, 19, 1874.

H. Shoun, T. Beppu, and K. Arima, J. Biol. Chem., 1980, 258, 9319.

N. Latruffe, S. C. Brenner, and S. Fleischer, Biochemistry, 1980, 19, 5285.

M. S. El Kebbay, N. Latruffe, and Y. Gaudemer, Biochem. Biophys. Res. Commun., 1980, 96, 1569.
R. Kluger and W.-C. Tsui, Can. J. Biochem., 1980, 58, 629.

R. C. Strickler, D. F. Covery, and B. Tobias, Biochemistry, 1980, 19, 4950.

F. Sweet and B. R. Samant, Biochemistry, 1980, 19, 978.

R.
K.
T.
P.
B.
J.

A.
D.
Y.
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Table (cont.)
Protein

a-L-Iduronidase
Immune complexes
Immunoglobulins

Immunoglobulins

Immunoglobulin

Immunoglobins (anti-
Thy-1)

Immunoglobulin G

Immunoglobulin G

Immunoglobulin G

Immunoglobulin G
Immunoglobulin G

Immunoglobulin G

Initiation factor
elF-2

Initiation factor
elF-2

Source

human fibroblasts
rabbit
mouse

sheep

mouse (monoclonal)
mouse
rabbit

rabbit

rabbit

rabbit
rabbit

rat
rabbit reticulocyte

rat liver

Reagent*

butane-2,3-dione
toluene-2,4-di-isocyanate
[3H] and ['*C]JFDNB

S-acetylmercapto succinic anhydride
NN’-o-phenylenedimaleimide,
NN'-p-phenylenedimaleimide, NN'-
(oxydimethylene) dimaleimide

NN-bis(2,4-dinitro-6-fluorophenyl)-
pimelic acid amide

fluorescein isothiocyanate

dithiothreitol, iodoacetamide

dithiothreitol, iodoacetamide,
l-anilinonaphthalene-8-
sulphonic acid
D-2-N-acetythomocysteinethiolactone,
2-pyridinealdoxime triaziquinone
activated peroxidase
dithiobis(succinimidylpropionate)

methyl-3,5-di[*>*IJiodohydroxybenz-
imidate
sodium selenite

methyl-p-azidobenzoylaminoacet-
imidate, methyl-5-(p-azidophenyl)-
4,5-dithiapentanimidate, diepoxy-
butane

Residue
Arg
His, Lys,

Cys, NH,
Lys

(Cys),

(Cys),

Met

Lys
Lys

Lys
Cys

Comments

cellular uptake inhibited
cross-linking of complex
comparative reactivity study

conjugates for enzyme
immunoassay

immune complex models
fluorochrome labeiling

effect on dimensions with
and without hapten
fluorescence probe for
Ig flexibility

drug-antibody conjugate

conjugation method

antigen—antibody cross-
linking

high specific activity
iodination

indirect inactivation

o and y sub-units cross-
linked to 18S rRNA

Ref.

301
302
303

304

305
306
307
308

309

310
311

312
313

314
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Initiation factor
elF-2

Initiation factor
IF-3

Inorganic pyrophos-
phatase

Inorganic pyrophos-
phatase

Inosine S' monophos-
phate dehydrogenase

Insulin

Insulin

Insulin

307

3

~

rat liver

E. coli
yeast
yeast
E. coli
bovine

bovine
porcine

methyl p-azidobenzoylaminoacet-
imidate, 5-(p-azidophenyl)-4,5-

dithiapentanimidate
1251~ _lactoperoxidase, —chloramine T
methyl phosphate carboxyl
[*“C]phenylglyoxal Arg
6-chloro-9-8-p-ribofuranosyl S! Cys
phosphate
tetranitromethane Tyr
dithiothreitol (Cys),
I~ —lactoperoxidase Tyr

. Rome and J. Miller, Biochem. Biophys. Res. Commun.,

. L. Chan and N. D. Boyd, J. Immunol. Meth., 1980, 33, 55.

aplan, B. G. Long, and N. M. Young, Biochemistry, 1980, 19, 2831.

. Weston, J. A. Devries, and R. Wrigglesworth, Biochim. Biophys. Acta, 1980, 612, 40.
. Winkelhake. Biochem. Biophys. Res. Commun., 1980, 94, 785.

1980, 92, 986.

. M. Gani, T. Hunt, and J. M. Summerell, J. Immunol. Methods, 1980, 34, 133.
Plz E. Schwarz, W. Durchshein, A. Licht, and M. Sela, Proc. Natl. Acad. Sci. U.S.A.,

J
. H.
. P.
. S

. Easterbrook-Smith and R. A. Dwek, FEBS Leti.,
S. Warzynski, K. W. Cochran, and W. W. Ackermann, J. fmmunol. Methods, 1980, 35, 157.
Adams and G. B. Wisdom, Biochem. Soc. Trans., 1980, 8, 431.

. K. Wright, J. Tschorp, and J.-C. Antron, Biochem. J., 1980, 187, 767.
Der-Balian, Anal. Biochem., 1980, 106, 411.
afer, R. Jagus, and D. Crouch, J. Biol. Chem.,

1980, 121, 253.

1980, 255, 6913.

. Westermann, O. Nygard, and H. Bielka, Nucleic Acid Res., 1980, 8, 3065.
. Nygard, P. Westermann, and T. Hultin, FEBS Le1z., 1980, 113, 125.

. Bruhns and C. Guazerzi, Biochemistry, 1980, 19, 1670.
317 1, O. Lagutina, V. A. Sklyankina, and S. M. Anaeva, Biokhimiya, 1980, 45, 1187.
318 M. W. Bond, N. Y. Chiu, and B. S. Cooperman, Biochemistry, 1980, 19, 94.

31 H. J. Gilbert and W. T. Drabble, Biochem. J., 1980, 191, 533.

320 F H. Carpenter, R. W. Boesel, and D. D. Sakai, Biochemistry, 1980, 19, 5926.
32t M. Fukada and K. Takahashi, J. Biochem. (Tokyo), 1980, 87, 1111.

2 S. Linde and B. Hansen, Int. J. Pept. Protein Res., 1980, 15, 495.

B-sub-unit close to Met-
tRNAM®

ribosomal binding studies

affinity labelling

identification of PP; binding

site
active-site modification

4 Tyrs not essential
calorimetric study

315

316
317
318
319

320
321

properties of monoiodoinsulins 322

1980, 77, 117.
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Amino-acids, Peptides, and Proteins
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Table (cont.)

Protein

Lactate dehydrogenase
Lactate dehydrogenase
Lactate dehydrogenase
Lactate dehydrogenase
Lactate dehydrogenase
Lactate transporter
Lactose synthase
Laticauda semifasciata

III
Lipophilin
Low-density

lipoprotein
Low-density

lipoprotein
Luciferase

Lutrophin receptor

Lysozyme
Lysozyme
Lysozyme
Lysozyme

Source

Megasphaera elspenii

mouse

porcine heart

potato

rabbit muscle

human erythrocyte

bovine

Laticauda
semifasciata

human myelin

human

human

Beneckea harveyi

porcine ovary

ovine
ovine
ovine
various

Reagent*

bromopyruvic acid, DTNB

pyridoxal 5’-phosphate, NaBH,,
or cysteine
dichlorothiazine dyes

dimethyl suberimidate

3-(3H-diazirino)pyridine adenine
dinucleotide (DAD*), irradiation
isobutylcarbonyl lactylanhydride

[*#Clacetic anhydride, [*H]acetic
anhydride
acetic anhydride

DTNB, [I-!*ClJiodoacetamide
glutaraldehyde, malondialdehyde

dimethyl suberimidate

3-(maleimidomethyl)-2,2,5,5-tetra-
methyl 1-pyrolidinyloxyl, 3-(3-
maleimidopropylcarbamoyl)-2,2,
5,5-tetramethyl-1-pyrollinyoxyl

1251 labelled 4-azidobenzoyl-
glycylglycyl choriogonadotrophin

biotin, EDC

N-bromosuccinimide

1-{**Cliodoacetic acid, dithiothreitol

N-bromosuccinimide

Residue
Cys

Lys

Lys

Lys

a-NH,,
Lys
Cys

Lys

Cys

carboxyl
Trp-62
(Cys),
Trp

Comments

comparison of Cys
reactivities
inactivation

reaction at NAD*, NADP*,
and ATP sites

sub-unit arrangement
determined

labelling of NAD*
binding site

inhibition of transport by
acylation

differential kinetic labelling

Lys-23 and Lys-35 essential

reactivity studied

effect on cholesteryl ester
accumulation in monocyte-
macrophages

low yield of apo B dimer

spin-label attachment

photo-affinity labelling

avidin determination

oxidation to oxindolealanine

gives active derivative

fluorescence quenching
studied

Ref.
346

347
348
349
350
351
352
353
354
355
356
357

358

359
360
361
362

001
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o,-Macroglobulin
a-Macroglobulin

Malic enzyme

Malic enzyme
Membrane proteins

Membrane proteins

349

354

358

human alkylamines

human dimethyl suberimidate

pigeon liver S§'-dithiobis(2-nitrobenzoic acid)
bromopyruvate and other thiol
reagents

pigeon liver N-acetylimidazole,
tetranitromethane

Change liver cells [**C]N-ethylmaleimide

Ehrlich ascites cells l-isothiocyanate-4-benzene

sulphonic acid

Olson and V. Massey, Biochemistry, 1980, 19, 3137.
Goul and P. C. Engel, Biochem. J., 1980, 191, 365.
Clonis and C. R. Lowe, Biochem. J., 1980, 191, 247.
lerio and D. D. Davies, Biochem. J., 1980, 191, 341.
Standring and J. R. Knowles, Biochemistry, 1980, 19, 2811.

Richardson and K. Brew, J. Biol. Chem., 1980, 255, 3377.
Kim, T. Abe, and N. Tamiya, J. Biochem. (Tokyo), 1980, 88, 889.

pGlu
Lys

Cys

Tyr
Cys

internal pyroglutamyl bond 363,

proposed 364

comparison with pregnancy- 365
associated protein

location of non-functional 366
SH groups

essential for substrate 367
binding

effect of amino-acids on 368
reactivity

inhibition of anion transport 369

Cockle, R. M. Epand, J. G. Stollery, and M. A. Moscarello, J. Biol. Chem., 1980, 255, 9182.

. T.
. G.
D.
Po
N.
H. Johnson, J. A. Belt, H. P. Dubinsky, A. Zimniak, and E. Racker, Biochemistry, 1980, 19, 3856.
H.
S.
A.
M.

Fogelman, 1. Schechter, J. Seager, M. Hokom, J. S. Child, and P. A. Edwards, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 2214.

Ikai and Y. Yanagita, J. Biochem. (Tokyo), 1980, 88, 1359.

Merritt and T. O. Baldwin, Arch. Biochem, Biophys., 1980, 202, 499.

and T. H. Ji, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 7167.

hrake and J. A. Rupley, Biochemistry, 1980, 19, 4044.
Acharya and H. Taniuchi, Int. J. Pept. Protein Res., 1980, 15, 503.

Peterman and K. J. Laidler, Arch. Biochem. Biophys., 1980, 199, 158.

Swenson and J. B. Havard, J. Biol. Chem., 1980, 255, 8087.

S.
F.
B. Havard, M. Vermeulen, and R. P. Swenson, J. Biol. Chem., 1980, 255, 3820.
P.
G.

Sutcliffe, B. M. Kukuiska-Langlands, J. R. Coggins, J. B. Hunter, and C. H. Gore, Biochem. J., 1980, 191, 799.

-G. Chang and S.-H. Chueh, Int. J. Pept. Protein Res., 1980, 16, 321.
-G. Chang and T.-M. Huang, Biochim. Biophys. Acta, 1980, 611, 217.

Mohri, F. Miyanga, N. Sakurai, T. Takadera, and T. Ohyashiki, J. Biochem. (Tokyo), 1980, 88, 1201.

L

E.
D.
J.

R.
H.
S.
A.
A.
M V
C R Gebauer and G. A. Rechnitz, Anal. Biochem., 1980, 103, 280.
A. S
A.
B.

J.
R.
R.
G.
G.
T.
F.

Aull, Biochim. Biophys. Acta, 1980, 599, 580.
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Table (cont.)

Protein

Membrane proteins
Membrane proteins

Membrane proteins
Membrane proteins

Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Membrane proteins
Methionyl-tRNA
transformylase
Methotrexate transport
system
Mitochondrial genome
proteins

Modeccin toxin
Monoamine oxidase

Source

human erythrocyte
human erythrocyte

human erythrocyte
human erythrocyte

human erythrocyte
human erythrocyte
human erythrocyte

human, mouse, and
rat lymphocytes
mouse leukaemia cells

porcine kidney

sarcoplasmic
reticulum

rabbit sarcoplasmic
reticulum

rat mitochondria

E. coli

L1210 cells

Drosophila
melanogaster

Adenia digitata

bovine liver

Reagent*

1-azido-4-[*?*I}jiodobenzene
phenylisothiocyanate

eosin 5-maleimide

(i) ethyl acetimidate

(ii) light, Methylene Blue
eosin isothiocyanate

1-[*H]spiro{adamantane 4,4'-
diazirine], irradiation
4-methylazidobenzoimidate

hexanoyl di-iodo-N-(4-azido-2-
nitrophenyl)tyramine, irradiation

bis{2-[succinimido-oxy-
carbony(oxy)ethyl]} sulphone

3,8-di-['**I}iodo-4-azido-benzene
sulphonate

FDNB, TNBS, methyl
acetimidate

TNBS, fluorodinitrobenzene

dimethyl suberimidate

periodate-oxidized['“CJtRNA M,
sodium cyanoborohydride

EDC-activated methotrexate and
other folate compounds

4,5 ,8-trimethylpsoralan, u.v.
irradiation

N-ethyl[**Clmaleimide

trans-phenylcyclopropylamine

Residue

Lys

Lys

Lys

Lys

Lys

Lys

Cys
Cys

Comments

photo-affinity labelling of
hydrophobic domain

band 3 modified; phosphate
transport inhibited

band 3 rotational diffusion

(i) did not inhibit cross-
linking by (ii)

lateral mobility of band 3
studied

labelling of lipid contact
areas

globoside cross-linked to
protein

photo-labelling of membrane
associated proteins

topographical study

photo-affinity labelling
differential labelling
interaction of probes studied

dynamic changes studied
affinity labelling

irreversible
DNA-protein cross-linking

toxicity inhibition
suicide inactivation

Ref.
370

37

372
373

374
375
376
377
378
379
380
381

382
383

384
385

386
387

201
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Monoclonal antibody liposomes, SPDP Lys cell targetting
a-MSH receptor Xenopus laevis [p-azidophenylanine!3}-a-MSH irreversible stimulation
melanophores
Muscarinic antagonist rat brain p-azidophenylacetate esters of photoattachment study
binding sites tropine
Myelin bovine brain TNBS Lys Lys accessibility study
Myelin basic protein human CNS 3-(2-iodoacetamido)-2,2,5,5,-tetra- Cys effect of lipid environment

Myosin

393
394

methyl-1-pyrrolininyloxy! and
other spin labels
porcine heart DTNB Cys actin-induced conformational
changes

. Wells and J. B. C. Findlay, Biochem. J., 1980, 187, 719.

. Sigrist, C. Kempf, and P. Zahler, Biochim. Biophys. Acta, 1980, 597, 137.

. A. Buggm, C. G. Gahmberg, and R. J. Cherry, Biochim. Biophys. Acta, 1980, 600, 636.

. W. Girotti, Biochim. Biophys. Acta, 1980, 602, 45.

. E. Golan and W. Veatch, Proc. Natl. Acad. Sci. U.S.A., 1980, 66, 2537.

. Bayley and J. R. Knowles, Biochemistry, 1980, 19, 3883.

. A. Lingwood, S. Hakomiri, and J. H. Ji, FEBS Lezt., 1980, 112, 265.

. J. Owen, J. C. A. Knott, and M. J. Crumpton, Biochemistry, 1980, 19, 3092.

. A. Zarling, A. Watson, and F. H. Bach, J. Immunol., 1980, 124, 913.

. G. Booth and A. J. Kenny, Biochem. J., 1980, 187, 31.

. A. Thorley-Lawson and N. M. Green, Biochem. J., 1980, 185, 223.

. G. P. Vale and A. P. Carvalho, Biochim. Biophys. Acta, 1980, 601, 620.

. Rendon and A. Waksman, Arch. Biochem. Biophys., 1980, 204, 425.

. Hountandji, G. Fayat, and S. Blanquet, Eur. J. Biochem., 1980, 107, 403.

. B. Henderson, E. M. Zevely, and F. M. Huennekens, J. Biol. Chem., 1980, 255, 4829.

. A. Potter, J. M. Fostel, M. Berninger, M. L. Pardue, and T. R. Cech, Proc. Natl. Acad. Sci. U.S.4., 1980, 77, 4118.
. Barbieri, M. Zamboni, L. Montanord, S. Sperti, and F. Stirpe, Biochem. J., 1980, 185, 203.
. Paech, J. . Salach, and T. P. Singer, J. Biol. Chem., 1980, 255, 2700.

. Leserman, J. Barbet, F. Kourilsky, and J. N. Weinstein, Nature (London), 1980, 288, 602.
. E. DeGraan and A. N. Erberle, FEBS Leit., 1980, 116, 111.

. Moreno-Yanes and H. R. Mahler, Biochem. Bzophys Res. Commun., 1980, 92, 610.

. Walker and M. G. Rumsby, Biochem. Soc. Trans., 1980, 8, 603.

. Boggs, J. G. Stoller, and M. A. Moscarello, Biochemistry, 1980, 19, 1226.

T Kameyama, M. Kamatsu, and T. Sekine, J. Biochem. (Tokyo), 1980, 87, 587.

K. Yamamoto and T. Sekine, J. Biochem. (Tokyo), 1980, 87, 593.

H-PSNCONUONPZUPULOZUIMEM
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388
389

390
391
392

393,
394
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Table (cont.)
Protein

Myosin
Myosin
Myosin

Myosin
Myosin ATPase
Myosin
subfragment 1
Myosin
subfragments 1
NADH-CoQ reductase
NADH-cytochrome P450
reductase
NADH dehydrogenase

NADH dehydrogenase
Neocarzinostatin
Nerve growth factor
a-Neurotoxin
Neurotoxins A and E
Neurotoxic esterase

Neutral proteinase
Nitrate reductase

Source

porcine heart
rabbit muscle

rabbit muscle

rabbit muscle
rabbit muscle

ox heart
liver

bovine heart
mitochondria

-bovine heart

mitochondria

Streptomyces carzino-
staticus

mouse submandibular
gland

Naja naja siamensis

Clostridium botulinum
hen brain

human uterine cervix
E. coli

Reagent*

N-methyl-2-anilino-6-naphthalene-
sulphonyl! chloride
N-(2,2,6,6-tetramethyl-4-
piperidinyl-1-oxyl)iodoacetamide
N-(7-dimethylamino-4-
methylcoumarinyl)maleimide
TNBS
[**C]p-NN'-phenylenedimaleimide
various cross-linking agents

DTNB

arylazido-g-[3-3HJalanyl NADP*

N-ethyl 2,3-[**C]maleimide cyclo-
hexane-1,2-dione

diazotized [**Sjsulphanilic acid,
125]_Jactoperoxidase

S-[1?*TJliodonaphth-1-yl azide,
irradiation

(i) cyclohexane-1,2-dione

(ii) trypsin

[*H]DFP

2,2,5,5-tetramethyl-3-pyrrolin-1-
oxyl-3-carboxylic acid N-
hydroxysuccinimide ester

cyclohexane-1,2-dione

various organophosphates

DFP, TLCK
diazotized [*2*I]di-iodosulphanilic
acid, diazobenzene [*>S]sulphonate

Residue
Lys
Cys
Cys
Lys
Cys
Cys,
Lys
Cys
Cys

Tyr

(i) Arg
(ii) Lys
Ser

Arg
Ser

Ser

Comments

accessibility study; effect
of divalent cations
oxidation of spin label

fluorometric studies on light
chain

reactive Lys in ATPase located

—SH, and — SH, cross-linked

thiol cross-linkers trap
nucleotides

inactivation and (Cys),
formation

affinity labelling

difference labelling

membrane impermeable probes
phospholipid bilayer contacts

active 89-residue
fragment isolated
active-site labelling

interaction of spin-labelled
toxin with acetylcholine
receptor

nicking site identified

study of reactivation and
ageing

trypsin-like specificity

B sub-unit located on cyto-
plasmic surface of membrane

Ref.

395
396
397
398
399
401

402
403

405
406
407
408
409
410

411
412

401
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Nuclear envelope
nucleoside
triphosphatase

Nucleoprotein complex

Oestradiol dehydro-
genase

Oestrogen receptor
Oestrogen receptor
Opiate receptor

sheep liver

yeast

human placenta

rat mammary tumour

rat uterus

bovine caudate
nucleus

N-bromosuccinimide, chloramine T

citraconic anhydride

3-(arylazido-$-alanine)oestrone,
17B-(arylazido-f-alanine)-
oestradiol, 3-methyl ether
photo-oxidation (Rose Bengal)
pyridoxal 5'-phosphate, NaBH,
azido enkephalin analogues

395 T. Hiratsuka and K. Uchida, J. Biochem. (Tokyo), 1980, 88, 1437.
396 P, Graleffa and J. C. Seidel, Biochemistry, 1980, 19, 33.

397 K. Yamamoto, R. Honjo, and T. Sekine, J. Biochem. (Tokyo), 1980, 87, 213.
398 ) Mornet, P. Pantel, R. Bertrand, E. Audemard, and R. Kassab, FEBS Lett., 1980, 117, 183.

399 M. Burke and P. J. Knight, J. Biol. Chem., 1980, 255, 8385.
400 3 A, Wells, C. Knoeber, M. C. Sheldon, M. W. Werber, and R. G. Yount, J. Biol. Chem., 1980, 255, 11135.
401 j A, Wells and R. G. Yount, Biochemistry, 1980, 19, 1711.
402§ Chen and R. J. Guillory, J. Biol. Chem., 1980, 255, 2445.
403 I Lumper, F. Busch, S. Dzelic, J. Henning, and T. Lazar, Int. J. Pept. Protein Res., 1980, 16, 83.
404 g Smith and C. I. Raglan, Biochem. J., 1980, 185, 315.

405 E_G. P. Earley and C. 1. Raglan, Biockem. J., 1980, 91, 429.

406 T S. Anantha Samy, L. S. Kappen, and 1. H. Goldberg, J. Biol. Chem., 1980, 255, 3420.

407 M. Young and M. J. Koroly, Biochemistry, 1980, 19, 5316.
408§ F. Ellena and M. G. McNamee, FEBS Lett., 1980, 110, 301.
409 B R. Das Gupta and H. Sugiyama, Biochem. Biophys. Res. Commun., 1980, 93, 369.
410 B, Clothier and M. K. Johnson, Biochem. J., 1980, 185, 739.

411 A Tto, H. Thari, and Y. Mori, Biochem. J., 1980, 188, 443,

412 A Graham and D. H. Boxer, FEBS Lett., 1980, 113, 15.

413 p S, Agutter and R. E. MacKenzie, Biochem. Soc. Trans., 1980, 8, 321.
414 j K. Shetty and J. E. Kinsella, Biochem. J., 1980, 191, 269.

415 H. Inano and L. L. Engel, J. Biol. Chem., 1980, 255, 7694.

416 M. Feldman, J. Kallos, and V. P. Hollander, J. Biol. Chem., 1980, 255, 8776.

417 T.G. Muldoon and J. A. Cidlowski, J. Biol. Chem., 1980, 255, 3100.
418 M. Smolarsky and D. E. Koshland, jun., J. Biol. Chem., 1980, 255, 7244.

His

Lys

Lys

essential His

reversible modification to
dissociate complex
affinity labelling

DNA binding lost
8S — 48 species
affinity labelling

413

414
415
416

417
418
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Table (cont.)
Protein

Opiate receptor

Ornithine trans-
carbamylase

Ornithine trans-
carbamylase

Ornithine trans-
carbamylase

Pantoate dehydro-
genase

Papain
Papain

Penicillinase

Pepsin

Peptidyl transferase

Peroxidase

Peroxidase

Phenylalanyl-tRNA
synthetase

Phenylalanyl-tRNA
synthetase

Source

rat brain

bovine liver

bovine liver, Strepto-
coccus faecalis

bovine liver,
Streptococcus
faecalis

Pseudomonas
fluorescens

Carica papaya
Carica papaya

Staphylococcus
porcine

E. coli
horseradish
horseradish

E. coli

E. coli

Reagent*

N-ethylmaleimide
butane-2,3-dione, phenylglyoxal
various aromatic disulphides

2-chloromercuri-4-nitrophenol

(i) DTNB, iodoacetic acid, p-chloro-
mercuribenzoic acid

(ii) phenylglyoxal

chloromercurinitrophenols

2,2'-dipyridyldisulphide, N-propyl-
2-pyridy! disulphide, 4-(N-amino-
ethyl)-2"-pyridyl disulphide,
7-nitrobenzo-2-oxa-1,3-
diazole

dimethyl suberimidate

a-bromo-4-amino-3-
nitroacetophenone

pyridoxal 5'-phosphate, photo-
irradiation

fluorodinitrobenzene, NalO,,
NaBH,

monosulphuric anhydride of
mesohaem

pentane-2,4-dione

azidonitropheny! derivatives of
tRNAFhe

Residue
Cys

Arg
Cys

Cys

() Cys
(ii) Arg
Cys
Cys

Lys
Met, His,

carboxyl
Lys

Lys-174

Arg

Comments

evidence for two receptor
classes

Arg at carbamyl phosphate
binding site

essential Cys

pH dependence of spectrum

inactivation; NAD, D-pantoate
protect

reporter groups
comparison of active-site
reactivity with ficin

enhancement of substrate,
induced deactivation

chromphores generated;
inactivation

adjacent His in L16
modified

attachment to liposomes

isolation of haem crevice

peptide
essential Arg residues

photo-affinity labelling
of the B sub-units

Ref.
419

420
421

422

423

424
425

426
427
428
429
430
431

432

901
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Phenylalanyl-tRNA
synthetase
Phosphoenolpyruvate
carboxykinase
Phosphofructokinase
Phosphofructokinase

Phosphofructokinase

Phosphofructokinase

Phosphofructokinase

E. coli

hog liver
rabbit muscle
rabbit muscle

rabbit muscle

sheep heart

yeast

B-(p-azidoanilide)-GDP, N-methyl,
N-(p-azidobenzyl)-y-amide-ATP
3-[**C]bromopyruvate

[*HJcAMP

2-nitro-5-thio-[!*C]cyanobenzoic
acid

5'(p-fluorosulphonylbenzoyl)-2-
aza-1, N%-ethenoadenosin, 7-chloro-4-
nitrobenzo-2-oxa-1,3-diazole,
N-[4-(dimethylamino)-3,5-
dinitrophenyl]maleimide

p-fluorosulphonyl{!“C]benzoyl-5'-
adenosine

DTNB

419 J R. Smith and E. J. Simon, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 281.

420 M. Marshall and P. P. Cohen, J. Biol. Chem., 1980, 255, 7301.

421 M. Marshall and P. P. Cohen, J. Biol. Chem., 1980, 255, 7291.

422 M. Marshall and P. P. Cohen, J. Biol. Chem., 1980, 255, 7296.

423 T, Mydhdnen and P. Mintséla, Biochim. Biophys. Acta, 1980, 614, 266.

424 E_ M. Nicholson and J. A. Shafer, Arch. Biochem. Biophys., 1980, 200, 560.

425 K. Brocklehurst and D. P. G. Malthouse, Biochem. J., 1980, 191, 707.

426 M. Farrer and R. Virden, Biochem. Soc. Trans., 1980, 8, 714.

427 N 1. Tarasova, G. I. Lavrenova, and V. M. Stepanov, Biochem. J., 1980, 187, 345.
428 R M. Baxter, V. T. White, and N. D. Zahid, Eur. J. Biochem., 1980, 110, 161.

429 T D. Heath, D. Robertson, M. S. C. Birbeck, and A. J. S. Davies, Biochim. Biophys. Acta, 1980, 599, 42.
430 I C. Yeoman and L. P. Hager, Biochem. Biophys. Res. Commun., 1980, 97, 1233.
431 1. I. Gorshkova, 1. I. Dacy, and O. 1. Lavrik, Mol. Biol., 1980, 14, 118.

432 y V. Vlasov, O. 1. Lavrik, S. N. Khodyreva, V. E. Chiszikov, A. F. Shvalie, and S. V. Mamaev, Mol. Biol., 1980, 14, 531.
433 Q. 1. Lavrik and G. A. Nevinsky, FEBS Lett., 1980, 109, 13.
434 R Silverstein, C.-C. Lin, K. W. Fanning, and B.-S. T. Hung, Biochim. Biophys. Acta, 1980, 614, 534.
435 ¥, J. Ferguson, Photochem. Photobiol., 1980, 32, 137.

436 J, W. Ogilvie, Biochim. Biophys. Acta, 1980, 622, 277.

437 D. W. Craig and G. G. Hammes, Biochemistry, 1980, 19, 330.

438 | Weng, R. L. Heinrikson, and T. E. Mansour, J. Biol. Chem., 1980, 255, 1492.
439 M. N. Tijane, A. F. Chaffotte, F. J. Seydoux, C. Roucous, and M. Laurent, J. Biol. Chem., 1980, 255, 10 188.

Cys

Cys
Cys

Cys

affinity modification blocks
nucleotide enhancement
difference labelling
inactivation
photo-affinity labelling in
the frozen state
cleavage; fragments give
Cys positions
mapping of cCAMP binding site

affinity labelling

differential chemical labelling

433
434
435
436

437

438

439
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Table (cont.)

Protein

D-3-Phosphoglycerate
3-Phosphoglycerate
kinase

Phospholipase A,
Phospholipase A,
Phospholipase A,

Phosphomevalonate
kinase
Phosphorylase b

Photosystem II
herbicide binding
protein

Phytohaemagglutinin

Pinguinain

Plasminogen

Plasminogen
Platelet factor 4

Poliovirus

Prekallikrein
Progesterone receptor

Source

chicken
yeast

cobra venom
cobra venom
porcine pancreas

porcine

spinach

kidney beans
Bromelia pinguin
human

human

human

human plasma
chick oviduct

Reagent*

N-alkylmaleimides

1-cyclohexyl-3-(2-morpholinoethyl)
carbodi-imide, nitrotyrosine ethyl
ester

p-bromophenacyl bromide

various

phenylglyoxal, butane-2,3-dione,
cyclohexane-1,2-dione

(i) DTNB

(ii) pyridoxal 5'-phosphate, NaBH,

(i) 4-(2,4-dinitro-5-fluorophenoxy)-
2,2,6,6-tetramethyl-1-piperidinyl-
oxyl

(ii) DTNB

4-nitro-2-azido-6-{2’,3'-*Hlisobutyl-
phenol

various reagents

B-mercaptoethanol, iodoacetamide

(i) photo-oxidation, ethoxyformic
anhydride

(ii) MeOH-HCI

(i) EDC, GlyOMe

(i1) cyclohexane-1,2-dione

dansyl chloride

4-vinyl pyridine
DFP

17a,21-dimethyl-19-norpregna-4-diene-

3,20-dione (R S020), irradiation

Residue

Cys
Glu

His
various
Arg

Cys

Lys
(i) Lys

(i) Cys

(Cys),

(i) His

(ii) carboxyl
(i) carboxyl
(ii) Arg

Lys

Cys, Met

Ser

Comments

Ref.

labelling of NAD™ binding site 440

essential Glu identified

activity and toxicity lost
essential N-terminal Asn
essential Arg

essential functional groups

spin-labelling study

changes e.s.r. spectrum
photo-affinity labelling

essential carboxyls, Tyrs
essential for conformation
(1) essential His

(ii) essential carboxyl
essential Arg and carboxyl

fluorescence anisotropy
reporter group

side reaction during acid
hydrolysis

inactivation of zymogen

photo-affinity labelling

with unsaturated keto-steroid

441

442
443
444
445

446

447

443

450

451
452
453

454
455

801
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Proline reductase Clostridium LiBH,, NH,OH evidence for Ser-Glu ester
sticklandii linkage

Prorenin human amniotic sac  ethyl diazoacety! glycinate-Cu?™* Asp labellin of zymogen

Protein A Staphylococcus aureus  liposomes, SPDP Lys cell targetting

Protein A Staphylococcus aureus  fluorescein isothiocyanate labels porcine lymphocytes

Proteinase potato dithiothreitol, ['*Cliodoacetamide (Cys), single disulphide not
inhibitor I important

Protein inhibitor potato tetranitromethane Tyr decreased activity

Protein kinase rabbit muscle EDC, [**C]GlyOMe Glu arginine recognition site

Protein kinase ((AMP bovine brain Cibacron Blue F36A affinity labelling of Mg?*

dependent)

440
441
442
443

444
445
446
447
448
449
450
as1
452
4s3
454
455
456
457
458
459
460
461
462
463

binding site

B. M. Anderson and R. E. Dubler, Arch. Biochem. Biophys., 1980, 200, 583.
G. Desvages, C. Rouston, A. Fatteum, and L.-A. Pradel, Eur. J. Biochem., 1980, 105, 259.
C. C. Yang and K. King, Biochim. Biophys. Acta, 1980, 614, 373.

456

457
458
459
460

461
462
463

U. R. Apsalon, A. E. Aianyan, E. A. Meshcheryakova, E. A. Surina, A. I. Miroshnikov, I. M. Gotgil’f, and L. G. Magaznik, Bioorg.

Khim., 1980, 6, 566.

L. A. Vensel and E. R. Kantrowitz, J. Biol. Chem., 1980, 255, 7306.

S. Baraes, E. Beytia, A. M. Jabazquinto, F. Solis de Ovando, I. Gomez, and J. Eyzaguirre, Biochemistry, 1980, 19, 2305.
C. T. Cazianis, T. G. Sotiroudis, and A. E. Evangelopaulos, Biochim. Biophys. Acta, 1980, 621, 117.
W. Qettmeier, K. Masson, and U. Johanningmeier, FEBS Lert., 1980, 118, 267.
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Table (cont.)
Protein

Protein kinase II
(cAMP dependent)
Prothrombin

Prothrombin
Protochlorophyllide
oxidoreductase

Putrescine oxidase

Pyruvate dehydro-
genase

Pyruvate kinase

Pyruvate phosphate
dikinase

Quinolinate

Source

porcine heart
bovine

bovine
oat

Micrococcus rubens
E. coli

yeast
Bacteroides symbions

porcine kidney

phosphoribosytransferase

Reverse transcriptase
Rhodanese
Rhodopsin
Rhodopsin
Riboflavin binding
protein
Ribonuclease

Ribonuclease

Ribonuclease

avian myeloblastosis
virus
bovine liver

bovine rods

chicken egg
Aspergillus satoi
bovine pancreas

bovine pancreas

Reagent*

8-azido-AMP
methyl acetimidate

*H,0
[*H]-N-phenylmaleimide

EDC

N-ethylmaleimide, N-(p-benzimidazol-

2-yl)phenyl maleimide

5'-p-fluorosulphonylbenzoyl adenosine

2’,3’-dialdehyde of adenosine
5’-phosphate
various reagents

tRNATP, deoxythymidine 5'-tri-
phosphate
2-nitro-5-thiocyanobenzoic acid

N-(4-azido-2-nitrophenyl)-2-amino-
ethanesulphonate
2-(methylsulphonyi)-ethyl acet-
imidate isothionyl acetimidate
various

[**Cliodoacetic acid, [*Cliodo-
acetamide

6-chloropurine 9-f-p-ribofuranosyl
S’-monophosphate

L-3a-hydoxy-1,2,3,3a,8,8a-hexa-
hydropyrrolof2,3-bjindole-2-
carboxylic acid

Residue
Tyr
Lys

Gla
Cys

carboxyl
Cys

Cys, Lys,
His

Cys

Lys
various
carboxyl,
His
a-NH,

Cys

Comments
single Tyr identified
activation kinetics and

fluorescence study
identification of Gla

identification of labelled

peptides
inactivation
kinetic studies of

inactivation
affinity labelling

ATP binding site labelled

essential His, Cys

photochemical cross-linking

essential SH and SSH
cyanylated

membrane impermeable photo-

labelling

rhodopsin is a transmembrane

protein
essential Trp

essential His

affinity labelling

gives 2-thioester derivatives

of Trp

Ref.
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Ribonuclease
Ribonuclease

Ribonuclease
Ribonuclease
Ribonuclease
Ribonuclease A

Ribonuclease A

bovine pancreas D-glucony! glycine azide Lys glycoprotein analogue
bovine pancreas 6-chloropurine riboside 5-mono- Lys, NH, n.m.r. study
phosphate
bovine semen N-ethylmaleimide, N-(3-dimethylamino- Cys reduced/denatured forms
propyl)maleimide labelled
o-benzoquinone Met conformationally determined

fast reaction
Rhizopus sp. N-bromosuccinimide, H,0,—dioxan, Trp 1—2 essential Trps
o-nitrophenylsulphenyl chloride

bovine succinic anhydride Lys aNH, method for integral NH,
determination
tetranitromethane Tyr kinetics of unfolding
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Table (cont.)
Protein

Ribonuclease A

Ribonuclease A

Ribonuclease A
Ribosomal proteins

Ribosomal proteins

Ribosomal proteins

Ribosomal proteins
Ribosomal proteins
Ribosomal proteins
Ribosomal proteins

Ribosomal proteins

Ribosomal proteins
Ribosomal proteins
Ribosomal proteins

Ribosomal proteins
Ribosomal proteins
Ribosomal proteins

Source

Bacillus subtilis

E. coli

Q
S

hamster fibroblasts

Reagent*

iodoacetic acid
(i) iodoacetic acid

(ii) iodoacetic acid
(iii) sodium cyanate, methyl

acetimidate

a-methylene-y-butyrolactones

sodium [*H]borohydride, [**C}-

formaldehyde

N-acetyl-N'-(p-glyoxylbenzoyl)
cystamine, M-maleimidomethyl-w-

(2-methoxy-4-nitrophenoxy)-
carboxamidopropane

[*H]puromycin

[*H]chloroamphenicol, u.v. irradiation
phenylglyoxal, butane-2,3-dione
[*H]tetracycline

B-azidophenylacetyl imidoesters

and others

methyl p-nitrobenzene sulphonic acid

EDC
4-azidophenylglyoxal
active esters of 3-(4-bromo-3-oxo-
butane-1-sulphonyl)propionic acid
photoirradiation
ethyl 4-azidobenzoylaminoacetimidate
O, exposure

Residue
Cys
(i) His-12,
His-119
(ii) Lys-41
(iii) Lys
Cys

Lys

Arg

His
carboxyl
Lys

Lys
Cys

Comments

3-disulphide intermediate
isolated in refolding study

(i) increased binding to
placental inhibitor

(ii) decreased binding

(iii) decreased binding

models for allergic contact
dermatitis
conformation study

new RNA-protein
cross-linking procedure

affinity labelling, immuno-
electron microscopy

affinity labelling

essential for mRNA binding

labelled proteins identified

RNA-protein photocross-
linking

essential for peptidyl
transferase activity

protein-RNA cross-linking

RNA protein cross-linking

nucleic acid—protein
cross-linking

S$7—16S tRNA

RNA-protein cross-linking

anomalous migration on 2-D
gel electrophoresis

Ref.
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492

493

494

495
496
497
498

499
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Ribosomal proteins
Ribosomal proteins
Ribosomal proteins

Ribosomal proteins

Ribosomal proteins
Ribosomal proteins
Ribosomal

protein Sl

510
511
512

L-cells u.v. irradiation cross-linking to mRNA

rat liver u.v. irradiation L5-5S RNA cross-link
rat liver [**Cliodoacetic acid Cys L6-L2a interaction demon-
strated

rat liver dimethyl suberimidate, dimethyl 3,3- Lys 60S sub-unit protein pairs
dithiobispropionimidate identified

rat liver u.v. irradiation 80S RNA-protein cross-linking 510

rat liver dimethyl suberimidate Lys protein pairs in 40S identified

E. coli 2-nitro-5-thiocyanobenzoic acid, Cys thiols located
[*“C]N-ethylmaleimide
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Table (cont.)
Protein

Ribulose-1,5-
diphosphate
carboxylase

Ricin toxin

Ricin toxin A
chain t

Ricin toxin A
chain

RNA polymerase

RNA polymerase
RNA polymerase

RNA polymerase
RNA polymerase

RNA polymerase

RNA polymerase

Saccharopine dehydro-
genase

Saccharopine dehydro-
genase

Secretagogue receptor

Serine proteases

Source

spinach

Ricinus communis

Ricinus communis
Ricinus communis
E. coli

E. coli
E. coli

E. coli
E. coli
E. coli

E. coli
yeast

yeast

guinea-pig pancreatic
acini

Reagent*

ethoxyformic anhydride

m-maleimidobenzoyl- N-hydroxy-
succinimide ester and partially
reduced anti-Thy 1.2 monoclonal
antibody

dithiothreitol, SPDP-derivatized
epidermal growth factor

dithiothreitol, Wistaria floribunda
lectin sub-unit

9-f-p-arabinofuranosyl-6-
thiopurine

periodate-oxidized UTP

y-(azidobenzyl)amide of GTP,
y-azido GTP

S-bromo-UTP, 5-iodo-UTP

polynucleotides containing 8-azido-
adenosine or 8-azidoinosine
residues

phenylglyoxal

[*#*C)methyl acetimidate
pyridoxal, pyridoxal 5'-phosphate

ethoxyformic anhydride

2-nitro-5-azidobenzoyl-Gly-Asp-
Tyr-(SO;H)-Met-Gly-Trp-Met-Asp-
Phe-NH,

[*H]DFP

Residue
His

Cys
Cys

Cys

Arg

Lys
Lys

His

Ser

Comments

active-site residue

conjugate selectivity toxic

conjugate is a potent toxin

hybrid toxin of high
toxicity
affinity labelling

2 types of binding site
photo-affinity labelling

affinity labelling
photo-affinity labelling

inhibition template binding
affected

DNA protects ca. 17 lysines

inactivation

inactivation

irreversible photo-
inactivation

interactions with o,-
macroglobulin

Ref.
513

514

515
516
517

518
519

520
521
522

523
524

525

526

527
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Serine proteases
Serine proteases

Serine proteases

Sodium channels
Sodium channels

Sodium channels

513

N-acylsaccharins and N-acylbenzo- Ser active-site acylation
isothiozolinones
(p-amidinophenyl)methane Ser affinity version of DMSF
sulphonyl fluoride
N-dansyl peptide chloromethyl affinity alkylation with
ketones fluorescent labels for
enzyme localization
frog nerve trimethyloxonium fluoroborate carboxyl role in ion conductance
frog muscle N-bromosuccinimide, TNBS, 4- various prevention inactivation phase

acetamido-4-isothiocyanato
stilbene 2,2"-disulphonic acid,
isethionylacetamidate HCI, glyoxal
N18 neuroblastoma 5-azido-2-nitrobenzoyl mono- photo-affinity labelling
cells, rat brain ['?*IJiodoscorpion toxin
synaptosomes
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. Youle and D. M. Neville, jun., Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 5483.
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. Ogawa and M. Fujioka, J. Biol. Chem., 1980, 255, 7420.

. Fujioka, Y. Takata, H. Ogawa, and M. Okamoto, J. Biol. Chem., 1980, 255, 937.
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. S. Salvesen and A. J. Barrett, Biochem. J., 1980, 187, 695.

. Zimmerman, H. Morman, D. Mulvery, H. Jones, R. Frankshun, and B. M. Ashe, J. Biol. Chem., 1980, 255, 9848.
. Laura, D. J. Robison, and D. H. Bing, Biochemistry, 1980, 19, 4859.

G S. Penny and D. F. Dyckes, Biochemistry, 1980, 19, 2888.

F. J. Sigworth and B. C. Spalding, Nature (London), 1980, 283, 293.
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Table (cont.)
Protein

Sodium channels

Spectrin
Spectrin

Subtilisin-like
serine protease

Succinyl-CoA
synthetase
Superoxide
dismutase
Superoxide
dismutase
Testosterone S-
reductase
Thioredoxin

Thymidylate synthetase
Thymidylate synthetase

Thymidylate synthetase

Thymidylate synthetase

Thyroid hormone
receptor

Toxin B-1V

Transcortin

Source

human erythrocyte
human erythrocyte

Thermactinomyces
vulgaris

rat liver

human erythrocyte
yeast

rat

E. coli

Lactobacillus casei
Lactobacillus casei

Lactobacillus casei
Lactobacillus casei
rat liver

Cerebratulus lacteus

human

Reagent*

3-azido-2,4-dinitrophenyl scorpion

neurotoxin M,

various spin-labelled maleimides

methyl 3-(4-azidophenyldithio)-
propionimidate, methyl 4-
azidobenzimidate,

(i) TPCK

(ii) mercuric nitrate

(iii) H,0,

[*H]GDP 3',5-dialdehyde

6,6"-dithionicotinic acid organo-
mercurial agarose

4-hydroxy-3-nitropheny! glyoxal

(5020- R)-4-diazo-21-hydroxy-20-

methypregnan-3-one
dithiothreitol and various thiol
reagents
various disulphides

5(E)-(3-azidostyryl)-2’-deoxyuridine

5'-phosphate
S-fluorodeoxyuridylate
2-[**C]phenylglyoxal
N-bromoacetyl derivatives of

L-thyroxine and 3,3’,5-tri-iodo-L-

thyronine
(i) tetranitromethane

(ii) 2-hydroxy-5-nitrobenzylbromide
various N-spin-labelled maleimides

4-azidobenzene
acid N-hydroxysuccinimide ester

Residue

Lys

(i) Ser
(i) Cys
(iii) Met

Cys

Arg

(Cys),

Cys

Cys
Arg

(i) Tyr-9

Comments
photo-affinity labelling

12 A cavities indicated
sub-unit structure study

functional group identi-
fication and classification

affinity labelling
SH-containing peptides
Arg-143 essential

enzyme-activated alkylating
agent

differential reactivity of
thiols

kinetics of inhibition

also light-dependent inhibitor
of tumour growth

19F n.m.r. of covalent adduct

essential Arg

affinity labelling

essential residues

(ii) Trp (5, 30)

Cys

cortisol binding site
topography

Ref.
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535
536

537

538
539
540
541
542

543
544

545

547

548,
550
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Transcriptase reovirus pyridoxal-5"-phosphate-[*H]boro- Lys active-site identification
hydride

Transferrin, human, chicken sodium periodate Tyr inactivation

ovotransferrin

Transglutaminase rat kidney N-carbobenzoxy-diazonorvaline irreversible inhibition of
p-nitrophenylester a,-macroglobulin binding

Transhydroxymethylase  rabbit liver [*4Cliodoacetic acid Cys active-site thiol

Transketolase phenylglyoxal, butane-2,3-dione Arg essential Arg

a-Tropomyosin rabbit muscle dimethyl adipimidate Lys a-sub-unit dimer major

product

534

E. V. Grishin, N. M. Soldatov, Yu. A. Ovchinnikov, G. N. Mozhaeva, A. P. Naumou, A. N. Zubov, and B. Kh. Nisman, Bioorg. Khim.,
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O

J.
C.
T.
G.
J.
E.
C.
M.
V.
K.
K.
G.
E.
K.
P.
L
A.
O. Ohara, S. Takahashi, and T. Ooi, J. Biochem. (Tokyo), 1980 87, 1795.
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Table (cont.)
Protein

Troponin,
troponin C
Troponin
Troponin
Troponin C
Troponin C
Troponin C
Troponin I

Trypsin

Trypsin

Trypsin
Trypsin

Trypsin
Trypsin

Trypsin

Trypsin

Source

bovine

rabbit muscle

rabbit muscle
rabbit muscle

rabbit muscle

bovine pancreas

bovine pancreas

bovine pancreas

Reagent*

2-(4-iodoacetamidoanilino)-
naphthalene 6-sulphonic acid
various cross-linking reagents

methyl 4-azidobenzimidate
1,3-difluoro-4,6-dinitrobenzene
dansylaziridine

N-(7-dimethylamino-4-methyl-3-

coumarinyl)maleimide
methyl 4-azidobenzimidate,
irradiation
p-amidinophenyl trans-N-

(1-dimethyl-aminonaphthalene
S-sulphonyl)aminomethylcyclo-

hexanecarboxylate
3-carboxy-2,2,5,5-tetramethyl-1-

pyrrolidinyloxyl and 3-carboxy-
2,2,5,5-tetramethyl-1-pyrrolinyloxy-

p-amidinopheny! esters
PMSF-0.05SM-KOH
various inverse substrates

D- and L-N-(2,4-dinitrophenyl)

alanine p-amidinophenyl esters

(i) dithiothreitol

(ii) mersalyl

(i) dithiothreitol, thiol inhibitor

(ii) mersalyl, 4-amino-
phenylmercuric acetate

PMSF

Residue

Cys
Lys

Lys
Lys, Cys

Lys

Ser

Ser
Ser

Ser
(i) (Cys),

(ii) Cys
Cys

Ser

Comments

fluorescence study of Ca?*
binding

Ca?*-induced conformation
changes studied

photo-cross-linking

intramolecular cross-link

Ca?*-induced conformational
change studied

fluorescence stopped-flow
study

photo-cross-linking

fluorescent acyl-enzyme
formed

spin-labelled inverse
substrate

formation of anhydrotrypsin

induced activation of
deacylation

c.d. probe of active site

(i) inactivates

(i1) reactivates

(i) inactivation

(ii) reactivation studied

calorimetry of soybean
inhibitor binding

Ref.
557

558
559
561
562
563

564

565

566
567

568
569

570

571
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Table (cont.)

Protein

Tumour cell
proteins
Ubiquinol-cytochrome
¢ reductase
UDP-glucose-4-
epimerase
Uricase

Uridine diphospho-
glycose dehydrogenase
Urocanase

Uroporphyrinogen I
synthetase
Various

Various

Source

Ehrlich ascites
cells

Saccharomyces

fragilis
Aspergillus flavus
bovine

Pseudomonas putida

wheat germ

Reagent*

u.v. irradiation

N-(4-azido-2-nitrophenyl)-p-alanyl
ubiquinone

diazene dicarboxylic acid bis-NN-
dimethylamide (or diamide)

cyanide ion

various fluorescent thiol-specific
reagents

4'(5')-imidazozone 5'(4’)-propionic
acid, O,

various sulphydryl reagents

O-methylisourea

p-iodoethyltrifluoracetamide

Residue

Cys

Cys
Cys
Cys
Lys
Cys

Comments

protein-mRNA cross-linking
in intact cells
photo-affinity label

two vicinal thiols in
active site

enzyme, urate, O,, and CN~
complex

fluorescence probes

product-induced
inactivation
1 or more Cys at active site

guanidinated proteins are
more stable
gives 2-aminoethyl cysteine

Ref.
578
579
580
581
582
583
584
585
586

1741
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Various
Various
Viral proteins
Viral proteins
Viral proteins

Vitamin D binding
protein

* Some reagents have been abbreviated as follows: EDC, 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-imide; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); FDNB, 1-fluoro-
2,4-dinitrobenzene; TNBS, 2,4,6-trinitrobenzene sulphonic acid; TLCK, tosyl-lysine chloromethylketone; DFP, di-isopropyl fluorophospbate; TPCK, tosylphenylalanine

p-hydroxyphenyl glyoxal
p-aminophenyl-p-

isothiocyanatophenyl
derivatives of muramyl dipeptide
cowpea chlorotic pyridoxal 5’-phosphate
mottle virus
mouse mammary dithiobis-(succinimidyl propionate),
tumour methyl 4-mercaptobutyrimidate
turnip yellow mosaic  RNA, u.v. irradiation
human plasma TNBS

Arg chromophoric Arg modified
protein—peptide
conjugates
Lys fluorescence study

cleavable cross-linking of
glycoproteins
in situ cross-linking
Lys vitamin inhibits modification

chloromethylketone; PMSF, phenylmethylsulphonylfluoride; SPDP, N-succinimidyl 3-(2-pyridyldithio)-propionate.

578

581

A.J. M. Wagenmakers, R. J. Reinders, and W. J. Van Venrooij, Eur. J. Biochem., 1980, 112, 323,
579 C. A. Yu and L. Yu, Biochem. Biophys. Res. Commun., 1980, 96, 286.
580 M. Ray and A. Bhaduri, J. Biol. Chem., 1980, 255, 10777.

T.

G. Conley and D. G. Priest, Biochem. J., 1980, 187, 733.

J. S. Franzen, P. S. Marichetti, and D. S. Feingold. Biochemistry, 1980, 19, 6080.

L.
C.
P.
Ww.
R.
C.
J.
)
B.
R.

S. Matherly and A. T. Phillips, Biochemistry, 1980, 19, 5814.

S. Russel and P. Rockwell, FEBS Lett., 1980, 116, 199.

Cupo, W. El-Diery, P. L. Whitney, and W. M. Awad, jun., J. Biol. Chem.,
Schwarz, P. K. Smith, and G. R. Power, Anal. Biochem., 1980, 106, 43
Yamasaki, A. Vega, and R. E. Feeney, Anal. Biochem., 1980, 109, 32.

1980, 255, 10828.

E.
B.
M. Reishert, C. Carelli, M. Jolivet, F. Audibert, P. Lefranchier, and L. Chedid, Mol. Immunol., 1980, 17, 357.
Kriise, B. J. M. Verduin, and A. J. W. G. Visser, Eur. J. Biochem., 1980, 105, 395.

Racevskis and N. H. Starker, J. Virol., 1980, 35, 937.

Ehresmann, J.-P. Briand, J. Reinbolt, and J. Witz, Eur. J. Biochem., 1980, 108, 123.

Surarit and J. Svasti, Biochem. J., 1980, 191, 401.
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589
590

591
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122 Amino-acids, Peptides, and Proteins
2 Reinvestigation of Known Reagents and Reactions

Methyl Methanethiosulphonate.—The specificity of this reagent for thiol groups has
been questioned.’?® In the case of D-3-hydroxybutyrate dehydrogenase the
inactivation obtained with the reagent is due to amino-group modification.

4-Vinylpyridine.—Conversion of methionine residues into S-g-(4-pyridylethyl)-L-
homocysteine has been reported as a side reaction when proteins are thiol-
protected with this reagent and then hydrolysed in 6M-HCL>%* This may be
prevented by trapping any remaining 4-vinylpyridine with mercaptoethanol and
repeatedly freeze-drying.

o-lodosobenzoic Acid.—This reagent is believed specifically to cleave peptide
bonds at tryptophan residues. Under normal conditions extensive cleavage at
four or five tyrosine residues was observed with carboxymethylated actin.’®* In
the absence of any simple explanation for tyrosine susceptibility from con-
sideration of neighbouring sequences, a broader specificity for the reagent is
suggested. *

o-Dicarbonyl Compounds.—An explanation for the observed selectivity of these
compounds for active-site arginine residues of enzymes acting on anionic sub-
strates or co-enzymes has been given.>%¢ It is suggested that the positively charged
nature of the anionic binding sites causes a reduction in the pX, of the active-site
arginine, resulting in hyper-reactivity.

Iodination.—Protein iodination by the chloramine T or similar methods is a
common labelling procedure. Studies on the degradation of labelled proteins by
Xenopus laevis oocytes following endocytosis have shown that proteins iodinated
using chloramine T are apparently degraded abnormally quickly; proteins tritiated
by reductive methylation were degraded more slowly.*®” Caution is clearly in
order in similar situations.

Reductive Methylation.—Specific activities approaching those obtained by radio-
iodination have been obtained with the recently available high specific activity
sodium borohydride.*®® Compared with iodination, the advantages are increased
safety, minimal change in protein properties, and longer shelf-life.

Sodium Cyanoborohydride.—The efficiency of the labelling procedure using
sodium cyanoborohydride and ['*C]formaldehyde can be improved by the

* Lack of specificity is believed to be due to contaminating o-iodoxybenzoic acid (from W. C. Mahoney,
P. K. Smith, and M. A. Hermodson, Biochemistry, 1981, 20, 443).

393 R. Kluger and W.-C. Tsui, Can. J. Biochem., 1980, 58, 629.

594 J. Heukeshoven, Anal. Biochem., 1980, 109, 421.

395 P, Johnson and V. B. Stockmal, Biochem. Biophys. Res. Commun., 1980, 94, 697.

596 L. Patthy and J. Thész, Eur. J. Biochem., 1980, 105, 387.

597 L. Opresto, H. S. Wiley, and R. A. Wallace, Proc. Nail. Acad. Sci. U.S.A., 1980, 77, 1556.
598 N. Jentoft and D. G. Dearborn, Anal. Biochem., 1980, 106, 186.
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addition of Ni?* ions.>°° These form a complex with the cyanide produced by the
reaction and therefore prevent cyanohydrin formation with formaldehyde.

3 New Reagents and Techniques

Aminoethylation of cysteine residues has usually necessitated the use of ethylen-
imine, a carcinogen with a strong tendency towards polymerization; it is therefore
pleasing to be able to report an alternative reagent, N-(f-iodoethyl)trifluoro-
acetamide.®°° Specific aminoethylation of cysteines and deacylation is achieved in
a single step; separate removal of the trifluoroacetyl group with piperidine is not
required. An interesting reagent for the methanethiolation of cysteines has been
prepared;®®! p-nitrophenyloxycarbonyl methyl disulphide reacts according to
the Scheme and the p-nitrophenol released readily enables the extent of modifi-
cation to be determined.

O
Il
OZN—Q—O—C—S—S—Me + protein— SH

protein— S—S—Me + COS + OZN—Q—OH

Scheme

S-Mercuric N-dansyl cysteine has been used to map the metal binding sites of
bovine galactosyl transferase.®°? Reaction is specific for the thiol in or near the
UDP-galactose binding site. Resonance energy transfer measurements between
dansyl and Co?* in binding site I gave an inter-site spacing of 19 A, consistent
with earlier findings.

A method for staining thiol-containing proteins after polyacrylamide gel
electrophoresis has been described.®°3 The gel is treated with 2,2'-dihydroxy-6,6'-
dinapthyl disulphide, which is then coupled with Fast Black K. Approximately
1 pg of most proteins can be detected, sensitivity depending on thiol content.

Two new reversible arginine-modifying reagents, camphorquinone-10-
sulphonic acid and camphorquinone sulphonyl norleucine, have been reported;
the extent of modification by the latter can be achieved by acid hydrolysis and
norleucine estimation.®* Reversal of modification by both reagents is achieved by
0-2M o-phenylenediamine at pH 8—9. Another chromophoric analogue of phenyl-
glyoxal, p-hydroxyphenylgiyoxal, has been described for mild specific arginine
modification; quantitation, however, requires removal of excess reagent.®%5 It is
suggested that, because of the titratable phenolic proton, the modified arginine
may be of use as a reporter group.

B. F. Tack, J. Dean, D. Eilat, P. E. Lorenz, and A. N. Schechter, J. Biol. Chem., 1980, 255, 8842.
W. E. Schwarz, P. K. Smith, and G. R. Royer, Anal. Biochem., 1980, 106, 43.
R. V. Nair and D. J. Smith, Anal. Biochem., 1980, 101, 316.
502 E T. O’Keefe, R. L. Hill, and J. E. Dell, Biochemistry, 1980, 19, 4954,
A. Telser and B. Rovin, Biochim. Biophys. Acta, 1980, 624, 363.
C. S. Pande, M. Pelzig, and J. D. Glass, Proc. Natl. Acad. Sci. U.S.A., 1980, 77, 895.
R. B. Yamasaki, A. Vega, and R. E. Feeney, Anal. Biochem., 1980, 109, 32.
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A method for obtaining integral values of the amino-group content of proteins
has been developed.®° The protein is treated with increasing amounts of succinic
anhydride and a sample of the reaction mixture analysed after each addition by
polyacrylamide gel electrophoresis at pH 3.6. By counting the bands obtained, the
number of modified lysines in the maximally modified species can be easily
determined. Two new reversible lysine acylating agents have been prepared,
pyromellitic dianhydride and o-sulphobenzoic anhydride.%°” Deacylation is
achieved at acid pH.

High specific activity labelling of immunoglobins has been reported using
methyl 3,5-di[1?*IJiodohydroxybenzimidate.5°® The reagent, similar to the Bolton
and Hunter reagent, has the added advantage of preserving the charge of the lysine
upon modification.

2-Imino-2-methoxyethyl 1-thioglycosides provide a means of studying the role
of carbohydrate groups in glycoproteins.®® Many such compounds have been
synthesized and allowed to react with the amino-groups of bovine serum albumin.
The stereospecificity of the rabbit hepatic carbohydrate-binding system was
thereby investigated.

The oxidation of tryptophan residues with dimethyl sulphoxide and HCI has
been described.®!® The strongly acidic conditions required, however, restrict
application to stable peptides. An activated tryptophan derivative, L-3a-hydroxy-
1,2,3,3a, 8, 8a-hexahydropyrrolo[2,3-b]-indole-2-carboxylic acid, may be obtained
by mild peracetic acid oxidation of tryptophan.®!! This is able to react with
protein thiols under acidic conditions to give 2-thioether derivatives of trypto-
phan. The reagent provides a route to 2-[L-3-alanyl(thiol)]-L-tryptophan, the
double amino-acid found in the toxic cyclopeptides of Amanita phalloides.

Conversion of y-carboxyglutamic acid residues to (yy-*H,) glutamic acid has
been described.®12 This is achieved by isotopic exchange in 2H,0O followed by
decarboxylation in the same medium. The doubly deuteriated glutamic acid thus
formed can then be analysed by mass spectrometry of the derivatized peptide
fragment. The use of azidofluoroescein diacetate has been suggested for the
labelling of intracellular proteins.®!® The reagent is able to enter the cell where
rapid hydrolysis of the ester groups ensues, trapping the reagent inside the cell;
upon irradiation proteins are labelled. The technique enabled the microviscosity
changes of platelets before and after thrombin activation to be studied. A new
class of fluorescent labels based on syn-9,10-dioxabimanes, e.g. monobromo-
bimane (1), have been used to label haemoglobin in intact and lysed
erythrocytes.5'% 613

606 M. Hollecker and T. E. Creighton, FEBS Lert., 1980, 119, 187.

607 A, Bagree, I. K. Sharma, K. C. Gupta, C. K. Narang, A. K. Saund, and N. K. Mathur, FEBS Lett.,
1980, 120, 275.

608 . P. Der-Balian, Anal. Biochem., 1980, 106, 411.

609 . P. Stowell and Y. C. Lee, Biochemistry, 1980, 19, 4899.

610 W, E. Savige and A. Fontana, Int. J. Pept. Protein Res., 1980, 15, 285.

611 W. E. Savige and A. Fontana, Ini. J. Pept. Protein Res., 1980, 15, 102.

612 K Rose, J. D. Priddle, R. E. Offord, and M. P. Esnouf, Biochem. J., 1980, 187, 239.

613 A Rotman and J. Heldman, FEBS Lett., 1980, 122, 215.

614 N S. Kosower, G. L. Newton, E. M. Kosower, and H. M. Ranney, Biochim. Biophys. Acta, 1980,
622, 201.

615 N, S. Kosower, E. M. Kosower, G. L. Newton, and H. M. Ranney, Proc. Natl. Acad. Sci. U.S.A.,
1979, 76, 3382.
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Finally, an interesting technique for the localization of contact areas in protein
complexes has been described.®!® ©!7 Briefly, differential chemical modification
involves modifying the complex with trace amounts of radio-labelled reagent, e.g.
[*H]acetic anhydride, followed by treatment with excess unlabelled reagent under
denaturing conditions. Protein without ligand is treated likewise. After protein
digestion, the activity of each peptide is determined and the protective effect of the
ligand assessed. To obviate difficulties of assessing peptide yields, completely
[**Clacetylated protein is added after the tracer labelling step and 3H :!*C
ratios are measured. For cytochrome ¢ complexed with cytochrome ¢ oxidase,
cytochrome ¢ peroxidase, or cytochrome bc, the results are in excellent agreement
with those obtained by kinetic analysis of singly substituted lysine derivatives.

4 Cross-linking

Conjugates of two proteins, one cytotoxic, the other providing specificity, are
being explored as an approach to cancer therapy; a review of current research
effort has recently appeared.®!® Monoclonal antibody and protein A have been
coupled to liposomes for cell targeting purposes.®'® N-Hydroxysuccinimyl 3-(2-
pyridyldithio)propionate (SPDP) was first treated with phosphatidylethanolamine
and the liposomes were prepared; the thiolated protein was then coupled.

The base-reversible 13 A homo-bifunctional cross-linker bis[2-(succinimido-oxy-
carbonyloxy)ethyl]sulphone has been used to map the membrane surface of
transformed mouse leukaemia cells.52° Cross-linked, radio-iodinated proteins
were analysed by two-dimensional SDS polyacrylamide gel electrophoresis,
treating the gel with base (pH11.6) between dimensions. A new hetero-
bifunctional reagent, 6-maleimidocaproic acid N-hydroxysuccinimide ester, has
been described and used to couple chorionic gonadotrophin peptides to carrier
proteins for the raising of antibodies.%?!

The possibility of using transglutaminase and specially designed substrates for
cross-linking has been investigated.52? The substrates contain an amino-group
that is enzymatically condensed with protein glutamine residues; the second
reactive group is either arylazido or a further amine. Cross-linking with guani-
dated casein was demonstrated but it is uncertain to what extent other proteins will
be good substrates.

616 M. R. Bosshard, Methods Biochem. Anal., 1979, 25, 273.

617 R. Reider and M. R. Bosshard, J. Biol. Chem., 1980, 255, 4732.

618 S, Olsnes, Nature (London), 1981, 290, 84.

619 1. D. Leserman, J. Barbet, F. Kourilsky, and J. N. Weinstein, Nature (London), 1980, 288, 602.

620 1y A. Zarling, A. Watson, and F. M. Bach, J. Immunol., 1980, 124, 913.

621 A.C.J. Lee, J. E. Powell, G. W. Tregear, H. D. Niall, and V. C. Stevens, Mol. Immunol., 1980, 17,
749.

622 3 J. Gorman and J. E. Folk, J. Biol. Chem., 1980, 255, 1175.
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Several new photo-activatable cross-linking agents have been used to study
ribosome structure. These include methyl- and ethyl-4-azidobenzoylamino-
acetimidate,®23 ©24 methyl-5-(4-azidophenyl)-4,5-dithiopentanimidate,523 and p-
azidophenylacetyl imidoesters.®?® Similar reagents including 3-(4-azidophenyl-
dithio)propionimidate have been employed to study membrane-associated spectrin
sub-unit structure.®?® Also for intramembrane studies, the hydrophobic azido-
phenylisothiocyanate has been used to cross-link bacteriorhodopsin.®?”

5 Photoaffinity Labelling

Affinity labelling using photoactivatable low molecular weight ligands or photo-
labile protein derivatives has continued to be a very popular approach to the
characterization of receptor sites in complex biological systems. A review of the
applications of this method to the study of antigen-antibody combining sites has
appeared.®?® Aromatic or heteroaromatic azides which act as chemically stable
precursors of non-rearranging nitrenes are still the most widely used reagents,
although stabilized diazoketones and diazirines have also found some appli-
cations. There have been increasing numbers of reports on ‘direct’ photoaffinity
labelling experiments using unmodified ligands that do not undergo fragmentation
to high-energy intermediates, and on photoactivated substitution reactions.

Nucleotide Analogues.—A y-azidoanilide derivative of ATP has been used to label
the site of amino-acid activation in an aminoacyl tRNA synthetase.52® Poly-
nucleotide phosphorylase was utilized to prepare azidopolynucleotides based on 8-
azidoadenosine and 8-azidoinosine for use in a study of the sub-unit topology of
RNA polymerase.®3° A photoreactive derivative of tRNAP has also been shown
to label the § subunit of phenylalanyl tRNA synthetase.®3! A bifunctional ATP
analogue with azide functions in the purine ring and in a side chain attached to the
ribose moiety has been used for cross-linking studies on F; ATPase.®32 A carbene
precursor analogue of NAD*, 3-(3-H-diazirino)pyridine adenine dinucleotide, has
been shown to photolabel the nucleotide binding site of rabbit muscle lactate
dehydrogenase.®33

Peptide Analogues.—An interesting series of arylazide derivatives of insulin in
which the photoreactive centres are located at specific points in the polypeptide

623 p Westermann, O. Nygird, and H. Bielka, Nucleic Acid Res., 1980, 8, 3065.

624 R, Millon, M. Olomucki, J.-J. Le Gall, B. Golinska, J.-P. Ebel, and B. Ehresmann, Eur. J. Biochem.,
1980, 110, 485.

625 J. Rinke, M. Meinke, R. Brimacombe, G. Fink, W. Rommel, and H. Fasold, J. Mol. Biol., 1980, 137,
301.

626 C. R. Middaugh and T. H. Ji, Eur. J. Biochem., 1980, 110, 587.

627 H. Sigrist and P. Zahler, FEBS Lett., 1980, 113, 307.

628 | F. Richards and J. Lifter, Ann. N.Y. Acad. Sci., 1980, 346, 78.

629 N. Abulichev, O. I. Lavrik, and G. A. Nevinsky, Mol. Biol., 1980, 14, 558.

630 1. L. Cartwright and D. W. Hutchinson, Nucleic Acid Res., 1980, 8, 1675.

631 V. V. Vlasov, O. I. Lavrik, S. N. Khodyreva, V. E. Chiszikov, A. F. Shvalie, and S. V. Mamaev, Mol.
Biol., 1980, 14, 531.

632 H..J, Schafer, P. Scheurich, G. Rathgeber, K. Dose, A. Mayer, and M. Klingenberg, Biochem.
Biophys. Res. Commun., 1980, 95, 582.

633 D, N. Standring and J. A. Knowles, Biochemistry, 1980, 19, 2811.
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have been reported.®34 638 These derivatives have been used to locate insulin
receptors in various tissues; in one case adipocyte lipogenesis was reported to have
been irreversibly ‘switched on’ by irradiation in the presence of the analogue.%3?
Azido-enkephalin analogues have been used in a study of opiate receptors 64° and
azidophenyl sulphenyl derivatives of ACTH in which the modification has been
restricted to tryptophan have been used as probes of the ACTH receptor.541- %42 A
p-azidophenylalanine derivative of a-MSH has been shown to produce irreversible
stimulation of melanopores in Xenopus laevis and two studies have reported
photoaffinity labelling of neuroblastoma sodium channels using azidopheny! and
azidobenzoyl derivatives of scorption neurotoxin, 543 644

Lipophilic Probes.—There has been increasing interest in both the photoaffinity
labelling of intrinsic membrane proteins and in the development of reagents which
can react with lipid components of membranes. The high reactivity required of the
latter substances has restricted their photoprecursors to diazirines and certain
azides. For example, 1-[*H]spiro-[adamantane 4,4'-diazirine], (2), shows promise
as a lipophilic precursor of non-rearranging adamantylidene.®4% 646 3-Trifluoro-
methyl 3-phenyldiazirine has also been proposed as a (moderately) lipophilic
carbene precursor.®4” A combination of spin and photoaffinity labels has been
reported in the lipophilic [2-(2-nitro-4-azidophenyl)aminoethyi}-16-doxyl
stearate, a reagent which has been used for modifying sarcoplasmic APTase.®*> A
lipophilic azide derivative of tyramine has also been reported to photolabel plasma
membrane proteins in lymphocytes.®*°

*H

N=N
2

634 1. Kuehn, H. Meyer, M. Rutschmann, and P. Thamm, FEBS Lert., 1980, 113, 189.

635 D, Brandenburg, C. Diaconescu, D. Saunders, and P. Thamm, Narure (London), 1930, 286, 821.

636 M. H. Wisher, M. D. Barrow, R. H. Jones, P. H. Sunksen, D. J. Saunders, P. Thamm, and D.
Brandenburg, Biochem. Biophys. Res. Commun., 1980, 92, 492,
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645 H. Bayley and J. R. Knowles, Biochemistry, 1980, 19, 3883.
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Direct Photoaffinity Labelling.—The nature of the excited states of reactive
intermediates involved in photoaffinity labelling processes in which the protein is
irradiated in the presence of a ‘natural’ ligand is often obscure. However, there is
evidence that in photoaffinity labelling with «,f unsaturated ketones or benzo-
phenones, a triplet state is involved in abstraction of hydrogen from the labelled
substrate. Recent examples of this type of photoaffinity labelling have utilized an
androstatrienone derivative to label A3 3-keto-steroid isomerase ¢3° and a nor-
pregnadiene dione to label progesterone receptor.®>? [*H]Flunitrazepam has been
shown to label benzodiazepine receptors irreversibly upon irradiation.®*3 The
mechanism of this labelling process is not clear at present although it is known to
be dependent on tight non-covalent binding to the receptor. Photoattachment of
ribosomal subunits to [*H]puromycin also belongs to this category of labelling and
has been studied by immunofluorescent methods using antibodies directed against
a puromycin analogue.53*

Other Reagents.—4-Nitrophenyl a-D-galactopyranoside has been used to photo-
label the /ac carrier protein.®®® Photolabelling with nitrophenyl ethers is known to
be mediated via nucleophilic aromatic photosubstitution reactions and the process
has also been utilized in a maleimido nitrophenoxypropane derivative which can
act as a photoactivated heterobifunctional reagent.%3¢ Diazomalonyldiogoxin
derivatives have been used to label Electrophorus ATPase ®°7 and diazosteroids
have been employed to label rat a-fetoprotein.®>® A photoarylation reaction,
which can be sensitized by energy transfer from excited tryptophan as well as by
direct irradiation, is involved in the labelling of Electrophorus acetylcholinesterase
by p-(NN-dimethyl)aminobenzene diazonium fluoroborate.®%°

6 Affinity Labelling

Classical affinity labelling is distinguished from most types of photoaffinity
labelling by the relatively limited number of functional groups in proteins that can
react with the equally limited number of ligand functionalities that are stable to
physiological conditions. Affinity ligands have therefore been reviewed by reaction
mechanism rather than by structural type. In the case of mechanism-based or
‘suicide’ inhibitors, where a reactive centre is usually generated by enzyme-
mediated elimination or isomerization reactions, the precise reaction mechanism is
often unclear.
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Alkylation and Arylation.—Several affinity labels for nucleotide binding sites have
been described, based on a chloroalkylaminobenzyl y-amide of ATP,%6%- 661 the 3-
chloroacetylpyridine analogue of ADP,%62-663 and on the dichlorotriazine dyes
which are known to bind to the ‘dinucleotide fold > of phosphokinases. The latter
reagents have been used to label binding sites in hexokinase, lactate dehydrogen-
ase,®%* and protein kinase.®6 Other affinity labels based on nucleophilic displace-
ments from heterocyclic systems have included 6-chloro-9-f-ribofuranoside
(inosine monophosphase dehydrogenase 66¢) and a 3-chlorodihydroisoxazole-
acetic derivative which has been used to label y-glutamyl transpeptidases.®67 ~66°
Alkylating derivatives of drugs have not been widely used for probing receptor
sites in unpurified systems because of the problem of non-specific labelling of
protein sulphydryl groups. However, a bromoacetaminobenzodiazepine (kena-
zepine) has been used to label benzodiazepine receptors in the rate CNS.67% N-¢-
(bromoacetyl)lysine tRNAY* has been used to label tRNA binding sites in
elongation factors T and Tu of rabbit reticulocytes,®’* and bromacetyl thyroxine
analogues have been utilized in studies of the thyroid hormone receptor.6’> An
unusual methylation reaction involving transesterification from methyl phosphate
to an essential carboxyl-group in yeast inorganic pyrophosphatase has been
reported.®”3 Epoxide ring opening has been utilized in the labelling of A3-3-keto-
steroid isomerase by spiro-oxiranyl steroids.®’* Recently available information
about the sub-site specificity of endopeptidases has allowed the design of more
specific chloromethyl ketone derivatives of peptides for the inhibition of pancre-
atic elastase 7% and urinary kallikrein.57¢

Acylation.—Extensive use continues to be made of the relatively stable sulphonyl
fluoride functionality in affinity labels that function by acylation of, for example,
active site serine residues. p-Amidinophenylmethyl sulphonyl fluoride has been
described as an irreversible inhibitor of trypsin-like enzymes.®”” These enzymes
also undergo reversible active site acylation by p-amidinophenyl esters and this
‘inverse’ acylation has been used for the synthesis of fluorogenic®7® and spin-
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labelled 79 acyl-enzymes. 5'-(p-Fluorosulphonyl benzoyl)adenosine has been used
to label carbamyl phosphate synthetase ®8° and pyruvate kinase;%®! the corre-
sponding 2-aza-N°®-ethenoadenosine derivative has been used as a fluorescent label
for phosphofructokinase.®®? (An ‘exo’ affinity label, in which the fluorosulphonyl-
phenyl moiety is separated from an active-site specific benzamidine function, has
been used to map the active centre of bovine coagulation Factor Xa.)®33 Acylation
of p-lactamase by the antibiotic cefoxitin has been reported.®®* An unusual
example of the use of a mixed anhydride has been reported in the labelling of the
erythrocyte lactate transporter by isobutylcarbonyl lactyl anhydride.®®> A similar
study of the glucose transporter in human erythrocytes was reported using
maltosyl isothiocyanate, %8¢

Schiff-base Formation.—Periodate-oxidized (dialdehyde) nucleoside di- and tri-
phosphates have found many applications in labelling of nucleotide binding sites,
either alone or in combination with borohydride or cyanoborohydride as
reductant. Dialdehyde-ATP has been used to label ATPase,’®” adenylate
cyclase,%®® diphtheria toxin,®®® and pyruvate phosphate dikinase.®®® Dialdehyde
derivatives of UTP and GPD have also been used in labelling studies on RNA-
polymerase and succinyl-CoA reductase, respectively,®®!-%°2 and periodate-
oxidized tRNA™ in combination with sodium borohydride was an effective
affinity label for metRNA transformylase.5°? The dialdehyde derivatives appear to
be fairly specific for lysine residues.

‘Suicide’ Substrates.—Several suicide substrates of f-lactamase have been studied.
In the case of 6-B-bromopenicillanic acid, acylation of a serine residue in the
enzyme during opening of the f-lactam ring is followed by rearrangement to give a
dihydrothiazine.®94~%%7 The mechanisms of f-lactamase inactivation by penicil-
lanic acid sulphone®®® and compound PS-5 and N-acetyl thienamycin®®® are not
clear at present.

trans-Cyclopropylamine has been shown to inactivate monoamine oxidase by
formation of an intermediate cyclopropanone or cyclopropanone imine followed
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by the formation of a stable adduct with a protein sulphydryl group.’® Suicide
reagents based on alkyne analogues have included 17f8-(1-0xo0-2-
propynyl)androst-4-en-3-one for 3¢,20B-hydroxysteroid dehydrogenase 7°! and
phenylpropynal for -lactamase.”®? Also in the steroid field, a diazo-pregnan-3-
one has been shown to act as an affinity alkylating agent, possibly by enzyme-
catalysed protonation to give a diazonium cation.”’®3® Dopa-decarboxylase was
inactivated by 2-(fluoromethyl)-3-(3,4-dihydroxy)phenylalanine,’%* in a process
involving alkylation with loss of fluorine. A similar mechanism probably operates
during the inactivation of histidine decarboxylase with a-fluoromethyl
histidine.”®>

Dopamine fS-hydroxylase is inactivated by p-hydroxybenzyl cyanide by a
process that does not involve p-hydroxybenzaldehyde but may be mediated by an
arginine-reactive agent such as p-hydroxyphenylglyoximine.’® An interesting
example of ‘suicide’ product formation occurs in the inactivation of urocanase by
a combination of oxygen and the product: 4-imidazolone 5-propionic acid.”®”

Other Reagents.—Despite the widespread use of chromogenic disulphides for
estimation of protein thiols, the use of disulphide interchange reactions in the
design of affinity labels has not been widely exploited. However, a dimer of
thioinosine triphosphate has now been used to label ATPases in rabbit sar-
coplasmic reticulum.”®® An interesting specific halogenation reaction has been
used to label D-amino-acid oxidase with radioactive chlorine derived from N-
chloro-p-leucine. A specific tyrosine was labelled.”0: 710

PART II: X-Ray Studies By W. D. Mercer

1 Introduction

The results of X-ray crystallographic studies on amino-acids, peptides, and
proteins published in 1980 suggest a year of ‘tidying up’ of structures with a
concomitant decrease in the numbers of new structures reported.

Amino-acid structures both in the absence and presence of metal ions are
presented in Tables 1 and 2, respectively. Table 3 details preliminary crystal data
for proteins and Table 4 presents some of the results obtained by low-angle
scattering methods on proteins and other biological structures.

The reports of crystallographic equipment and methods in 1980 show an
increased ability to refine structures to obtain thermal parameters that give an
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Table 1 Amino-acids and peptides

Compound

a~Glycine®
Glycine y form*
Glycine y form®
N-Phthaloylglycine hydroxamic
acid’
Benzoyloxycarbonyl-bis-
(a-amino-isobutyryl)-L-alanyl
methyl ester”
L-Serine-L-ascorbic acid
L-Glutamic acid*
L-Glutamic acid™
2,4-Methanoglutamic acid
monohydrate
L-Arginine-L-ascorbate
2-Methyl-4-nitroimidazole
1-(D-3-Mercapto-2-methylpro-
pionyl)-L-proline”
t-Butoxycarbonyl-L-phenylalanine
D,L-Tryptophan
D,L-Tryptophan hydrogen
oxalate
cyclo(-p-Ala-L-Ala-)
Pivaloyl-p-ala-N-isopropyl-
p-prolinamide monohydrate
Isobutyryl-L-Ala-N'-isopropyl-
L-prolinamide*
N-(t-Butoxycarbonyl)-L-Met-
Gly-benzyl ester
cyclo(D-N-Methylvalyl-p-a-hydroxy-
isovaleryl)

Space
group
P2,

2
P3,
P21/C

P2,

Cell dimensions

a/nm
0.5084
0.7046

0.6975
0.8353

0.8839
0.5335
0.7068
1.0282
0.5863
0.5060
0.3770
0.8811
1.1462
1.8986
0.5877

0.8498
1.1976

0.9668
1.5884

1.0968

b/nm

1.1820
0.7046
0.6975
0.7774

1.0818
0.8769
1.0277
0.8779
0.8141
0.9977
1.5159
1.7984
2.4453
0.5768
0.7722

0.6148
1.6978

0.9668
0.5083
1.7007

¢/nm
0.5458
0.5491
0.5473
1.5097

1.1414
2.5782
0.8755
0.7068
0.9310
1.5330
0.9769
0.6837
1.0752
0.9379
2.8302

0.7209
1.8457

1.8589
1.3296

0.6494

af°
%0
%0
90
90

90
90
90
90
72.32
90
90
90
90
90
90

90
90

90
90

90

Br°
111.95

90
90
90
74.87

97.50

95.58

90

90
101.84

90

111.08
90

90
94.54
90

¥/°
90
120
120
90

90
90
920
90
75.22
90
90
90
90
90
90

90
90

90
90
90

S AN

S oo

0.046
0.025
0.024
0.039

0.053
0.036
0.034
0.026
0.089
0.067
0.043
0.071
0.066
0.085
0.049

0.034
0.058

0.46
0.055

0.044
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Pivaloyl-L-Pro- N'-isopropyl
glycinamide®®
N-Acetyl-L-Pro-L-4-hydroxyprolyl-
(L-Pro-L-4-hydroxyprolyl)mono-
hydrate®
cyclo(-Pro-L-4-hydroxyprolyl)mono-
hydrate®
Gly-L-4-hydroxyproline#
cyclo(-Di-L-Pro-p-Pro-)
cyclo[-Di(benzylglycyl)-L-prolyl-]-
monohydrate
t-Butoxycarbonyl-L-prolylsarco-
sinebenzyl ester
L-Prolylsarcosine monohydrate
(Glutamyl-a-lactam)histidinylpro-
line tartrate monohydrate*®
L-Leu-L-Pro-Gly monohydrate
t-Butoxycarbony!-L-Pro-L-
Ile-Gly hydrate"
N-(t-Butoxycarbonyl)-L-Pro-
L-Val-Gly hemihydrate™
cyclofBis-(L-methylvalyl-D-
hydroxyisovaleryl)-]??
cyclo[-(D-le-lactyl-Ile-D-
hydroxyisovaleryl),-]"
cyclo-Bis(D-lactyl-Ile-D-
hydroxyisovaleryl) dihydrate
cyclo(L-Val-L-Pro-Gly-L-
Val-Gly),*
Prolinomycin rubidium picrate
toluene—chloroform solvate®*
Valinomycin barium thiocyanate
Valinomycin barium perchlorate
hydrate**

dd

P2,
P2,2,2,

P2,2,2,
lezlzl
P212121
P2,2,2,
P2,2,2,
P2,2,2,
P2

1

1
P2,2,2,

P2,2,2,
P2,2,2,
P2,2,2,
R3
PI

P2,2,2,

0.9392

0.7204
0.6264

1.0377
0.5894
0.8742
1.0348
1.1271

1.1003
1.0522

0.9422
1.2909

1.5783
1.2625
1.3390
1.1900
2.8474
1.6139

2.948
2.8304

0.8458

0.8322
0.8940

1.1777
0.7894
1.5423
0.8856
1.8751

1.1916
1.6209

0.6724
1.7567

1.3428
1.5635
1.6678
1.7090
2.8474
1.6312

1.649
1.6938

1.1543

2.1240
1.0336

1.7123
1.7713
2.1987
2.3235
0.9372

0.07795
0.7472

1.2105
1.0055

0.9815
1.2421
2.1349
2.2941
1.0044
1.8270

1.992
1.9543

90
90

90
90

90
90
106.70

90
90

100.59

90
101.50

90
90
90

90
98.88

100.18

90.94
90
90
90
90
86.95

111.4
%0

90

90
90

90
90
90
90
90

90
90

90
90

90

90

90

90
120
106.70

90
90

0.055

0.067
0.059

0.048
0.086
0.107
0.104
0.070

0.097
0.048

0.055%
0.109

0.084
0.086
0.105
0.052
0.109

0.130

0.130
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Table 1 (cont.)

(a) X-Ray and neutron study at 120K. () J. P. Legros and A. Kvick, Acta Crystallogr., 1980, B36, 3052. (¢) Neutron study at 298 K. (d) A. Kvick, M. W. Canning, T. F.
Koetzle, and G. J. B. Williams, Acta Crystallogr., 1980, B36, 115. (¢) Neutron study at 83 K. (f) Form i. (g) M. Sikirica and 1. Vickovi¢, Cryst. Struct. Commun., 1980, 9, 795. (h)
Conformation is a type I1I' -turn. ({) B. V. V. Prasad, N. Shamala, R. Nagaraj, and P. Balaram, Acta Crystallogr., 1980, B36, 107. (j) V. Sudhakar, T. N. Bhat, and M.
Vijayan, Acta Crystallogr., 1980, B36, 125. (k) «-Form. (/) N. Hirayama, K. Shirahata, Y. Ohashi, and Y. Sasada, Bull. Chem. Soc. Jpn., 1980, 53, 30. (m) Neutron study of the a-
form. (n) M. S. Lehmann and A. C. Nunnes, Acta Crystallogr., 1980, B36, 1621. (o) E. A. Bell, M. Y. Qureshi, R. J. Pryce, D. H. Janzen, P. Lemke, and J. Clardy, J. Am. Chem.
Soc., 1980, 102, 1409. (p) V. Sudhakar and M. Vijayan, Acta Crystallogr., 1980, B36, 120. (9) A. Kalman, F. Van Meurs, and J. Toth, Cryst. Struct. Commun., 1980, 9, 709. (r) A
potent inhibitor of lung angiotensin converting enzyme. (s) M. Fujinaga and M. N. G. James, Acta Crystallogr., 1980, B36, 3196. (1) J. W. Bats, H. Fuess, H. Kessler, and R.
Schuck, Chem. Ber., 1980, 113, 520. (¢) O. Bakke and A. Mostad, Acta Chem. Scand., 1980, B34, 559. (v) J. Sletten, Acta Chem. Scand., 1980, A34, 593. (w) A. Aubry, J. Protas,
G. Boussard, and M. Marraud, Acta Crystallogr., 1980, B36, 321. (x) Adopts an extended conformation. (y) A. Aubry, J. Protas, G. Boussard, and M. Marraud, Acta
Crystallogr., 1980, B36, 2825. (z) T. Yamane, T. Umemura, T. Kojima, Y. Yamada, and T. Ashida, Bull. Chem. Soc. Jpn., 1980, 53, 908. (aa) N. E. Zhukhlistova and G. N.
Tischenko, Kristallografiya, 1980, 28, 274. (bb) Conformation is a type II f-bend. (cc) A. Aubry, J. Protas, G. Boussard, and M. Marraud, Acta Crystallogr., 1980, B36, 2822.
(dd) Oligopeptides related to collagen. (ee) C. Garbay-Jaureguiberry, B. Arnoux, T. Prange, S. Wehri-Altenburger, C. Pascard, and B. P. Roques, J. Am. Chem. Soc., 1980, 102,
1827. (/) J. W. Bats and H. Fuess, J. Am. Chem. Soc., 1980, 102, 2065. (gg) T. Kojima, T. Kido, H. Itoh, T. Yamane, and T. Ashida, Acta Crystallogr., 1980, B36, 326. (hh)
Thyrotropin releasing hormone tartrate monohydrate. Unexpectedly adopts an extended conformation. (i) K. Kamiya, M. Takamoto, Y. Wada, M. Fujino, and M.
Nishikawa. J. Chem. Soc., Chem. Commun., 1980, 438. (i) Further refinement and correction of errors. (kk) R. E. Marsh, Acta Crysiallogr., 1980, B36, 1265. (/) Adopts an
extended conformation and shows f-sheet type interactions. (mm) Y. Yamada, I. Tanaka, and T. Ashida, Acta Crystallogr., 1980, B36, 331. (nn) Shows B-sheet type
interactions. (0o) 1. Tanaka and T. Ashida, Acta Crystallogr., 1980, B36, 2164. (pp) Tetraenniatin. (gq) A. . Karaulov, G. N. Tischenko, and B. K. Vainshtein, Cryst. Struct.
Commun., 1980, 9, 593. (rr) First example seen of an unusual hydrogen bond in the type IV f-bend. (ss) W. L. Duax, G. D. Smith, C. M. Weeks, V. Z. Pletnev, and N. M.
Galitsky. Acta Crystallogr., 1980, B36, 2651. (t1) V. Z. Pletnev, N. M. Galitskii, D. A. Langs, and W. L. Duax, Bioorg. Khim., 1980, 6, 5. (uu) Cyclic trimer of a repeat
pentapeptide from elastin. (v) W. J. Cook, H. Einspahr, T. L. Trapane, D. W. Urry, and C. E. Bugg, J. Am. Chem. Soc., 1980, 102, 5502. (ww) Similar conformation to that of
valinomycin. (xx) J. A. Hamilton, M. N. Sabesan, and L. K. Steinrauf, Acta Crystallogr., 1980, B36, 1052. (yy) S. Devarajan, C. M. K. Nair, R. D. Easawaran, and M. Vijayan,
Nature ( London), 1980, 286, 640. (zz) Conformation totally different from both uncomplexed and potassium bound valinomycin.
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Table 2 Metal complexes of amino-acids and peptides

Compound

Chloroglycylglycinatoimidazole-
cadmium
Tris(glycine)calcium(ir)
dibromide
[N-(2-Pyridylmethyl)-L-aspartato}-
(L-phenylalaninato)cobalt(1m)
trihydrate
(—)5,8,9-Ammineglycinato(1,4,7-
triazacyclononane)cobalt(1ir)
di-iodide—0.84-water
(+)5.,8,9-8,-[(R)>-Alaninato){1,7-
bis[2(S)-pyrrolidyl]-2,6-
diazaheptane}cobalt(in)
perchlorate hydrate
Histamine : copper(11) chloride 1: 1
[Dicupric tetraglycinatoJcuprous
chloride complex
Aqua-[(R,S)-NN'-ethylene-bis-
(serinato)lcopper(11)
Aqua-(pyridoxylidene-O-phospho-
D,L-threoninato)copper(i1)
dimer monohydrate
Diaqua-bis(/N-acetyl-D,L-
tryptophanato)-bis(pyridine)-
copper(11)
catena-Diaqua-dichloro(u-glycine)-
manganese(11)
catena-Octakis-u-(f-alanine)-
trimanganese(11) hexaperchlorate
dihydrate

Space
group

P2 1/c
Pbc2,

P2,2:2,

P2,2,2,

P4,2,2,

P2y,

P21/c

Pbca

Cell dimensions

a/nm
0.7338
0915

0.9821

1.5075

0.9951

0.8592
0.8267

1.0516

0.9756

0.9377

0.8413

2.3455

b/nm
1.6136
1.484

2.3069

1.7674

0.9951

0.9045
0.8408

1.2204

0.9866

1.9341

0.5613

2.1159

¢/nm
1.1554
2.031

0.9564

1.2625

5.2537

0.5893
0.8535

1.5631

1.0115

1.1615

1.6816

1.1187

a/°
90
90
90

90

90

91.2
84.89

90

112.44

90

90

90

B
124.0
90
90

90

90

98.7
100.54

143.88
111.36

123.2

90.20
90

°
90
90
90

90

90

79.9
114.97

90

89.08

90

90

—_~

0.042
0.095

0.059

0.0253

0.056

0.061
0.052

0.05

0.044

0.071

0.051

0.082

Ref.
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Table 2 (cont.)

Compound

Bis(p,L-a-alanine)diaqua-
manganese(11) dibromide
dihydrate

Tetrakis(glycylglycine)dimolyb-
denum(n) tetrachioride
hexahydrate

Tetrakis(L-leucine)dimolyb-
denum(i) dichloride bis(p-
toluene sulphonate) dihydrate

Bis[p-p-(2-pyridyl)-a-alaninato]-
nickel(11) dihydrate

Triaqua(pyridoxylidene-O-
phospho-D,L-threoninato)-
nickel(i) dihydrate

trans-Chloroglycinoglycinato-
palladium(in)

Dichloro(S-methyl-L-cysteine
methyl ester)palladium(ir)
monohydrate”

Space
group

P2,

PI

P2,

P2,

P

Pbca
P4,2,2

Cell dimensions

a/nm

0.4790

0.9775

1.2557

1.4942

0.9245

0.8443

0.8309

b/nm

1.9596

1.0886

2.9938

1.2091
1.4243

1.0522

0.8309

c/nm

0.9289

0.9595

1.4532

1.0090

0.9754

1.9356

3.386

af°

90

107.06

90

90
126.89

90

B
102.26

113.15

92.09

90.3
79.63

90
90

¥
90

91.07

90

90

109.97

90
90

0.065

0.037

0.059

0.084

0.052

0.060
0.062

Ref.
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Structural Investigations of Peptides and Proteins
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Table 3  Preliminary protein crystallization reports

Protein
Mellitin

Gene 5 protein

Protein S

Troponin C

rec A Protein

Calmodulin

S100

Sarcoplasmic calcium
binding protein

Calmodulin

Protocatechuate-
3,4-dioxygenase
Prothrombin
fragment 1
Deglycosylated
fragment |
Cytochrome oxidase
(nitrite reductase)
Ribonuclease T,

Aspartyl tRNA
synthetase
Aspartyl tRNA
synthetase + tRNA
Glutamate
dehydrogenase
Cyclic AMP receptor
protein
B-Glucuronidase

Erysimum latent
virus
Desulphoredoxin

Ribulose biphosphate
carboxylase

Source

bee venom

fd
bacteriophage

Myxococcus
xanthus
rabbit

chicken

bovine brain
bovine brain
crayfish

rat testis

Pseudomonas
aeruginosa
bovine blood

bovine blood

Pseudomonas
aeruginosa
Aspergillus
oryzae
yeast

yeast
tuna liver
E. coli

rat preputial
gland

Desulfovibrio
gigas

Alcaligenes
eutrophus

Amino-acids, Peptides, and Proteins

Space
group
P6,22 or
P6,22
C222,

P6,
222,
R32
P3,
P2,2,2,

P4,

P3,21 or
P3,21
P6, or P6;
P4,2,2 or
P4;2,2
1

P4,
P2,2,2,

Pl

P4,2,2, or
P4,2,2

P4,2,2 or
P42,2

P2,2,2

P2,2,2,
P42,2

P42,2

Cell dimensions

a/nm
3.65
6.09
10.7
11.0
20.0
14.3
5.299
8.94
6.67

10.31
8.10

6.18
5.60
5.89

2.979

20.4
7.76
7.76
9.2
9.18
9.2
8.91

22.84
4.56

10.35

414
4228

11.27

b/nm
3.65
3.85
10.7
18.0
20.0
14.3
6.010
8.94
6.67

10.31
8.10

5.67
5.60
6.85

5.374

12.9
7.76
7.76

11.5
3.74
9.2
8.91

22.84
9.71

10.35

41.4

42.2
4.228

11.27

¢/nm f/deg
12.7 —
423 —
20.6 —
11.7 —
20.5 —
8.3 —
10.216 -
7.99 —
6.08 —

8.20 .
12.74 —

4.00 927
11.28 —
11.61 —

2478« =93.46

B =96.98
7 = 89.05
13.7 97.5

8.48 —

8.53 —

76 —

7.79 —
18.5 —
48.0 —
22.84 —
10.54 —
27.98
414 —
38.7 y =095

7.246 —

20.14 —



Structural Investigations of Peptides and Proteins

Molecular
Mol. wt. weight of Vo
and no. of asymmetric nm3/dalton
subunits units x 103 Precipitant
11360 (4) 5680 2.1 ammonium
sulphate
11360 (4) 5680 2.3 ammonium
sulphate
20000 (2) 120000 2.84 PEG®
20000 (2) 120000 2.42 PEG
20000 (2) 120000 33 PEG
20000 (2) 120 000 2.2 PEG
23000 (1) 46 000 1.77 2-methylpentane-
2,4-diol
18000 (1) 72000 2.20 ammonium
sulphate
18000 (1) 18 000 2.17 ammonium
sulphate
42000 (1) 42000 3.0 PEG
42000 (1) 42000 2.5 PEG + ADP
16680 (1) 33360 2.09 PEG
21000(2) 42000 2.11 PEG
44000 (2) 44000 2.70 2-methylpentane-
2 4-diol
16700 (1) 16 700 2.35 2-methylpentane-
2,4-diol
783100 (8) 390000 2.27 ammonium
sulphate
20000 (1) 20000 3.15 PEG
20000 (1) 20000 3.19 PEG
125000 (2) 63000 3.27 ammonium
sulphate
11000 (1) 22000? 3.03? ammonium
33000? 2.02? sulphate
114000 (2) 57000 3.44 ammonium
sulphate
114000 (2) 114 000 — PEG
333000 (6) 166 500 2.98 PEG
45000 (2) 45000 2.6 potassium
phosphate
275000 (4) 1375000 2.72 2-methylpentane-
2,4-diol
— 1/3 virus — PEG
— 1 virus — PEG
7740 (2) 7740 2.42 ammonium
sulphate
534000 (8 +8) 133500 2.39 sodium

sulphate

4.9
5—6
5.1—5.3
4.7—4.9
6.5—7.0

6.0

8.0
7.0
7.0
6.0
7.2
6.7
6.2
5.5
8.0
7.5
7.0
5.2

7.8
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140 Amino-acids, Peptides, and Proteins
Table 3 (cont.)

Cell dimensions

Space
Protein Source group a/nm  b/nm  c¢/nm p/deg
Ribulose bisphosphate  Nicotiana 1422 14.87 1487 13.75 —
carboxylase sylvestris
Neurophysin + pig P2,2,2 15278 6.908 3.630 —
dipeptide
Aldolase rabbit P2, 16.3 6.1 8.2 103.00
Cucurbitin cucumber F23 13.6 13.6 13.6 —
Glycerol-3-phosphate chicken Pl 5.89 5.45 5.85 a=9l1°
dehydrogenase p =95
y = 89°
Mitochondrial beef heart C222, 15.0 13.2 18.0 —
coupling factor BF,
Phytoagglutinin Abrus P2,2,2, 13.8 14.2 17.3 —
precatorius
P4,2,2 13.6 13.6 17.6 —
Somatomammotropin human C222 or 5.8 8.4 7.5 —
chorion €222,
9-Crystallin turkey lens P2,2,2 999 13.34 6.91 —
Anaphylatoxin C3a human P4,2,2 or 4.40 440 10.71 —

P4;2,2

(a) D. Anderson, T. C. Terwilliger, W. Wickner, and D. Eisenberg, J. Biol. Chem., 1980, 255, 2578. (b)
Polyethylene glycol. (¢) A. McPherson, A. H. J. Wang, F. A. Jurnak, I. Molineux, F. Kolpak, and A.
Rich, J. Biol. Chem., 1980, 255, 3174. (d) S. Inouye, M. Inouye, B. McKeever, and R. Sarma, J. Biol.
Chem., 1980, 258, 3713. (¢) G. M. Strasburg, M. L. Greaser, and M. Sundaralingam, J. Biol. Chem., 1980,
255, 3806. (f) D. B. McKay, T. A. Steitz, I. T. Weber, S. C. West, and P. Howard-Flanders, J. Biol. Chem.,
1980, 255, 6662. (g) R. H. Kretsinger, S. E. Rudnick, D. A. Sneden, and V. B. Schatz, J. Biol. Chem., 1980,
255, 8154. (h) W.J. Cook, J. R. Dedman, A. R. Means, and C. E. Bugg, J. Biol. Chem., 1980, 255, 8152. (i)
K. A. Satyshur, S. T. Rao, J. D. Lipscomb, and J. M. Wood, J. Biol. Chem., 1980, 255, 10015. () W.-j. Hu
Kung, A. Tulinsky, and G. L. Nelsestuen, J. Biol. Chem., 1980, 255, 10 523. (k) C. W. Akey, K. Moffat, D.
C. Wharton, and S. J. Edelstein, J. Mol. Biol., 1980, 136, 19. (/) P. D. Martin, A. Tulinsky, and F. G. Walz,
jun., J. Mol. Biol., 1980, 136, 95. (m) A. Dietrich, R. Giegé, M. B. Comarmond, J. C. Thierry, and D.
Moras, J. Mol. Biol., 1980, 138, 129. (n) J. J. Birktoft, F. Miake, C. Frieden, and L. J. Banaszak, J. Mol.
Biol., 1980, 138, 145. (0) D. B. McKay and M. G. Fried, J. Mol. Biol., 1980, 139, 95. (p) T. J. Mercolino,



Structural Investigations of Peptides and Proteins

Molecular
Mol. wt. weight of Vo
and no. of asymmetric nm3/dalton
subunits units x 103 Precipitant
534000 (8+8) 133 500 2.84 PEG
10000 (1) 40000 2.39 Manganese
chloride
150000 (4) 150 000 2.64 ammonium
sulphate
325000 (6) 325000 1.93 sodium
chloride
75000 (2) 75000 2.57 PEG
350000 (8) 175000 2.54 ammonium
sulphate
260000 (4) 260 000 3.26 ammonium
sulphate
260000 (4) 130000 3.13 ammonium
sulphate
22300 (1) 22300 2.05 citrate/pH
200000 (4) 100 000 2.30 PEG
9100 (1) 9100 2.84 phosphate

pH
7.0

54

6.3

7.6

7.8

5.0

4.5
4.5

141

Ref.

aa

bb
cc

H. D. Bellamy, and F. S. Mathews, J. Mol. Biol., 1980, 139, 557. (¢) P. M. Colman, P. A. Tulloch, D. D.
Shukla, and K. H. Gough, J. Mol. Biol., 1980, 142, 263. (r) L. C. Sieker, L. H. Jensen, M. Bruschi, J.
LeGall, I. Moura, and A. V. Xavier, J. Mol. Biol., 1980, 144, 593. (s) B. Bowien, F. Mayer, E. Spiess, A.
Pihler, U. English, and W. Saenger, Eur. J. Biochem., 1980, 106, 405. (f) S. Johal, D. P. Bourque, W. W.
Smith, S. Won Suh, and D. Eisenberg, J. Biol. Chem., 1980, 255, 8873. () J. E. Pitts, S. P. Wood, L.
Hearn, L. J. Tickle, C. W. Wu, T. L. Blundell, and I. C. A. F. Robinson, FEBS Lett., 1980, 121, 41. (v) P.
Joliés, J. Berthou, A. Lifchitz, A. Clochard, and J. Saint-Blancard, FEBS Lett., 1980, 116, 48. (w) P. M.
Colman, E. Suzuki, and A. van Donkelaar, Eur. J. Biochem., 1980, 103, 585. (x) A. McPherson and H.
White, Biochem. Biophys. Res. Commun., 1980, 93, 607. (y) H. H. Paradies, Biochem. Biophys. Res.
Commun., 1980, 92, 1076. (z) K. Shelley and A. McPherson, Arch. Biochem. Biophys., 1980, 202, 431. (aa)
K. Moftat, Int. J. Pept. Protein Res., 1980, 15, 149. (bb) E. Narebor, C. Slingsby, P. F. Lindley, and T. L.
Blundell, J. Mol. Biol., 1980, 143, 223. (cc) E. P. Paques, H. Scholze, and R. Huber, Hoppe-Seyler’s Z.

Physiol. Chem., 1980, 361, 977.



Table 4 Low-angle scattering results

Protein

DNA-dependent RNA polymerase—
subunit ¢

DNA-dependent RNA polymerase—
subunit o,

DNA-dependent RNA polymerase—
core enzyme f'fa,

DNA-dependent RNA polymerase—
subunit fa,

DNA-dependent RNA polymerase—
core enzyme S'Ba,

lac Repressor

lac Repressor

Ribosomal protein S4

13S Fragment of 16S
RNA + protein S4

IgG3 Immunoglobulin
Fch fragment
Fc fragment

IgG Antibodies

Myosin subfragment 1

Ribonuclease
Lactate dehydrogenase

Source

coli
coli
coli
c'q[i
coli

coli

coli

E. coli

E. coli

human
human
human
rabbit

rabbit

beef pancreas
pig heart

Mol. wt.
92000

36500 x 2
395000
228000
395000
154000
154000

22000

200000

180000

61000
50000

120000

42
44
6.5

6.86

5.30

4.25

Rg/nm  ¥V/nm3

136
146
675

410

329

196

Comments
A Y-shaped model fits the data best

A disc-like model with a deep crevice
fits the data best

A model which fits other observations
is presented

A neutron scattering study which
proposes a model for the holo-enzyme

Also presents data from the proteo-
lytically derived core protein

A model is proposed which explains
the difference between core protein
and entire repressor (neutron
scattering)

Data suggest that S4 is a compact
structure, which is unaltered
during 30S subunit assembly

Neutron scattering study

Models are presented for the three
forms of the protein

The effects of hapten binding and
chemical modifications are
described

Models are compared with recent
electron microscope work

The aggregation of the four proteins
during X-irradiation has been

Ref.
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Glyceraldehyde-3-phosphate yeast — — — compared to a previously studied

dehydrogenase protein
Serum albumin beef serum —
Malate dehydrogenase yeast — — —  Measurements on the X-ray induced m

aggregation of the enzyme.
Conditions which slow this
process have been examined
Malate synthase yeast — — —  The effects of substrates on X-ray n
induced aggregation and inactivation
have been examined

Haemocyanin 245 component crayfish 854000 6.90 1440 Models have beeén compared with 0
electron micrographs
Cytochrome oxidase—oxidized Pseudomonas — 4.05 177 — P
Cytochrome oxidase—reduced aeruginosa — 3.70 150
Transcortin human 52000 3.55 — Neutron scattering study q
Colipase-taurodeoxycholate pig 10000 1.39 — Neutron scattering study r
micelles
Prothrombin—without Ca** human 78000 3.55 —  The effect of calcium on the proposed s
with Ca?* 78 000 3.95 — structure is discussed
Aspartate transcarbamylase — — — — A stopped-flow X-ray scattering t

technique is described which
allows protein dissocation to be
followed
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insight into the dynamic structure of protein molecules. Other notable publications
are a comparison of film scanning equipment and processing programs and a
program for determining molecular co-ordinates from published stereo pictures.
The use of graphics systems to display macromolecular structures and to model
their interactions with other structures, large or small, seems to be increasing.

Sections 3 to 10 cover structure determinations of proteins and viruses. Of
interest are: intact immunoglobulin Kol, cytochrome ¢*, cytochrome ¢ peroxidase
(the first haem-containing enzyme to have its structure determined), aspartate
transaminase, uteroglobin, ribosomal proteins L7/L12, levansucrase, southern
bean mosaic virus, and satellite tobacco necrosis virus.

Sections 11 to 15 cover results from X-ray studies on other biologically
interesting structures and Section 16 selectively reviews the analysis and prediction
of protein conformations.

Hawkins has shown that about ten thousand crystallographic papers are
published each year. Faced with such huge amounts of material the choice of
material for inclusion in this review has been fairly arbitrary although it is hoped
that the coverage of high-resolution protein structures is as complete as possible.

2 Methods and Equipment

Crystallographic Literature.—Hawkins ! has performed a bibliometric analysis of
the crystallographic literature and found that in the period from 1972 to 1976 the
number of journal articles on crystallography remained fairly constant at just
under 10000 per annum. He has shown that there are 22 core journals, which
account for over half the papers published and these journals are ranked on the
basis of crystallographic content.

Equipment and Data Collection.—A computer-controlled slit unit suitable for thc
Phillips PW1100 single-crystal diffractometer has been described,” and Hovmél-
ler 3 has reported a fast and accurate way of aligning X-ray cameras. Methods for
increasing the lifetime of the filament in rotating-anode machines* and for
lengthening the focal spot in Elliott rotating-anode X-ray sets® have been
published.

A double-stage cryorefrigerator capable of cooling to 10 K without the use of
liquid nitrogen or helium has been described.® The unit can be mounted on the
cradle of a neutron four-circle diffractometer and causes only minor interference
with the operation of the diffractometer.

An absorption correction for Weissenberg diffractometers has been described 7
and de Meester ® has shown how triclinic cell parameters can be obtained from one
crystal setting on a Weissenberg camera. Lenhert® has reported a method for

! D. T. Hawkins, Acta Crystallogr., 1980, A36, 475.

2 S. Harkema and G. J. van Hummel, J. Appl. Crystallogr., 1980, 13, 105.

3 S. Hovmdller, J. Appl. Crystallogr., 1980, 13, 633.

4 W. C. Phillips, J. Appl. Crystallogr., 1980, 13, 338.

5 W. C. Phillips, J. Appl. Crystallogr., 1980, 13, 338.

6 A. Filhol, J. M. Reynal, J. M. Savariault, P. Simms, and M. Thomas, J. Appl. Crystallogr., 1980, 13,
343.

7 A. Santoro and A. Wlodawer, Acta Crystallogr., 1980, A36, 442.

8 P. de Meester, Acta Crystallogr., 1980, A36, 732.

° P. G. Lenhert, J. Appl. Crystallogr., 1980, 13, 199.
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testing the uniformity of an X-ray beam while Harkema and co-workers 1° have
described a correction procedure which allows for such inhomogeneity in the
primary X-ray beam.

Wilson ! has examined the relationship between the observed and true intensity
of an X-ray reflection for four different counting modes.

Direct Methods.—Several significant papers on the methods and computer
programs of direct-method structure solution have been published.!?~ ' Silva and
Viterbo !7 have considered systematically the effects of phase errors of different
types on E maps. Both random and systematic errors have been considered and
the work shows that small systematic errors can have much greater effects than
large random errors. The application of direct methods to structures containing
heavy atoms at special or pseudo-special positions has been reported.'®

Computer Programs.—Programs designed to control a four-circle neutron diffrac-
tometer for single-crystal work % and for crystal setting and data reduction on a
Phillips PW1100 diffractometer 2° have been described.

The design concepts and aims of the XTAL crystallographic computing system
have been reported.?!

Crystal Growth.—Gilmer 22 has described a computer-modelled description of the
dynamics of crystal surfaces, which has provided new information on the crystal
growth process.

General Protein Crystallography.—James?® has reviewed the structure deter-
minations of enzymes by X-ray crystallography and shown how an understanding
of structure can allow full understanding of function.

The irregularities that can occur in biological structures have been classified and
analysed for their possible effects on observed X-ray, neutron, and electron
diffraction patterns.*

Protein Crystallography.—The determination of phase angles by anomalous X-
ray scattering with a four-circle solid-state detector diffractometer has been
described 25 and Phillips and Hodgson 2° have presented a methodology for using
information of the magnitude of anomalous scattering effects to plan multiple

10§ Harkema, J. Dam, G. J. van Hummel, and A. J. Reuvers, Acta Crystallogr., 1980, A36, 433.

't A.J. C. Wilson, Acta Crystallogr., 1980, A36, 929.

B. Busetta, C. Giacovazzo, M. C. Burla, A. Nunzi, G. Polidori, and D. Viterbo, 4cta Crystallogr.,

1980, A36, 68.

13 C. Giacovazzo, Acta Crystallogr., 1980, A36, 74.

14 A. A. Freer and C. J. Gilmore, Acta Crystallogr., 1980, A36, 470.

15 H. Hauptman, Acta Crystallogr., 1980, A36, 624.

16 J, Karle, Proc. Natl. Acad. Sci. USA, 1980, 77, 5.

17 A. M. Silva and D. Viterbo, Acta Crystallogr., 1980, A36, 1065.

18 P.T. Beurskens, P. A. J. Prick, Th. E. M. van den Hark, and R. O. Gould, Acta Crystallogr., 1980,
A36, 653.

19 A. Barthélemy and A. Filhol, J. 4ppl. Crystallogr., 1980, 13, 101.

20 M. Biagini-Cingi, G. Bandoli, D. A. Clementi, and A. Tiripicchio, J. Appl. Crystallogr., 1980, 13, 197.

21§, R. Hall, J. M. Stewart, and R. J. Munn, Acta Crystallogr., 1980, A36, 979.

22 @G. H. Gilmer, Science, 1980, 208, 355.

23 M. N. G. James, Can. J. Biochem., 1980, 58, 251.

24 J. Woodhead-Galloway, W. H. Young, and D. W. L. Hukins, Acta Crystallogr., 1980, A36, 198.

25 T. Sakamaki, S. Hosoya, and T. Fukamachi, Acta Crystallogr., 1980, A36, 183.

26 J. C. Phillips and K. O. Hodgson, 4cta Crystallogr., 1980, A36, 856.
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wavelength phasing experiments for crystals containing macromolecules. Several
different strategies are compared.

Small-angle X-ray scattering of ferritin near the iron K absorption edge has
been studied using synchrotron radiation.?”

Fisher and Sweet 28 have described a method of correction for the diffraction
data from B-phycoerythrin, which allows the effects of twinning by merohedry to
be overcome. They describe methods for determining the volume fractions of the
two twins and the effects of the correction on the electron density map are
analysed.

Low-angle scattering methods for determining the distance between heavy
atoms in protein molecules in solution have been reported.?®

The effects of low temperatures on the flexibility, temperature factors, mosaic
spread, extinction, and diffuse scattering of bovine trypsinogen and Fc fragment
have been examined.3® These parameters are seen to change rapidly in a narrow
temperature range indicative of a phase transition, the transition temperature
being dependent on the solvent composition.

An automated peak fitting procedure for processmg weak neutron diffraction
data from protein crystals has been described.! The improvements in the data are
examined quantitatively.

The results of the International Union of Crystallography microdensitometer
project have been published.?? Fifteen different laboratories processed several
precession films and the data have been extensively analysed. The general
conclusion is that the average microdensitometer system gives X-ray diffraction
data at a high level of accuracy.

Structure Refinement.—Vijayan 33 has presented a general theoretical approach to
elucidate the effects of errors in atomic positions of known atoms on the positions
determined for the unknown atoms. The theory allows an optimal choice of
parameters for use in the difference Fourier syntheses.

Konnert and Hendrickson 3# have described a restrained-parameter thermal-
factor refinement procedure which allows meaningful anisotropic refinement of
macromolecules to be carried out with low-resolution data. The anisotropic
thermal parameters obtained using this method should prove of use in the
understanding of the dynamics of the functioning of biological macromolecules.

The refinement of sickling deer haemoglobin by restrained least-squares
procedures and interactive computer graphics has been reported.®*> The R-factor
has been reduced from 0.42 to 0.25 and the best strategy to adopt when using these
two procedures is discussed.

Crystallographic refinement of actinidin at 0.17 nm by fast Fourier least-squares
27 H. B. Stuhrmann, Acta Crystallogr., 1980, A36, 996.

28 R. G. Fisher and R. M. Sweet, Acta Crystallogr., 1980, A36, 755.

29 B, K. Vainshtein, L. A. Feigin, Yu. M. Lvov, R. I. Gvozdev, S. A. Marakushev, and G. L.
Likhtenshtein, FEBS Letr., 1980, 116, 107.

30 T. P. Singh, W. Bode, and R. Huber, 4cta Crystallogr., 1980, B36, 621.

31 S, A. Spencer and A. A. Kossiakoff, J. 4ppl. Crystallogr., 1980, 13, 563.

S. Abrahamsson, P. Kierkegaard, E. Andersson, O. Lindquist, G. Lundgren, and L. Sjélin, J. Appl.

Crystallogr., 1980, 13, 318.

33 M. Vijayan, 4cta Crystallogr., 1980, A36, 295.

34 J. H. Konnert and W. A. Hendrickson, Acta Crystallogr., 1980, A36, 344.
35 R.L.Girling, T. E. Houston, W. C. Schmidt, jun., and E. L. Amma, Acta Crystallogr., 1980, A36, 43.
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methods has been described.?® The R-factor has been reduced from 0.429 at
0.2nm resolution to 0.171 at 0.17nm resolution with a final estimate of the
accuracy of atomic positions as better than 0.01 nm.

A method of detecting and idealizing non-crystallographic symmetry has been
reported.?” The method has been applied to the phase refinement of satellite
tobacco necrosis virus and showed both good convergence and the capability of
phase extension from 1.0nm to 0.4 nm resolution.

Graphics Systems and Programs.—A method has been described which allows the
derivation of three-dimensional co-ordinates from stereodiagrams of molecular
structures.® The method has been tested for two proteins, cytochrome b5 and
tomato bushy stunt virus, with r.m.s. deviations of the extracted co-ordinates from
the original co-ordinates of 0.19 nm and 0.26 nm respectively. The authors go to
some lengths to discuss the ethics of the procedure.

A program system written in Basic and capable of producing high-quality
drawings of crystal and molecular structures using only modest hardware has been
reported.3 The operation of the program is fully interactive through user issued
console prompts and allows easy preview plotting and correction/editing.

Fitzwater and Scheraga *° have described a system for fitting a molecular model
with fixed bond lengths and angles to a set of Cartesian co-ordinates. The method
is particularly applicable to proteins and has been used to fit a model of bovine
pancreatic trypsin inhibitor to the co-ordinates derived from the 0.25nm re-
solution electron density map. Complete mathematical details of the method are
given.

Gund and co-workers *! have discussed the use of three-dimensional molecular
modelling with respect to the design of drugs. The graphics system at Merck
Laboratories is described and applications of the system to the study of anti-
inflammatory drugs, somatostatin-like compounds, and dihydrofolate reductase
inhibitors are summarized.

Electron Microscopy and Diffraction.—Methods for determining the parity in the
optical diffraction patterns from structures with helical symmetry have been
reported *> and the fidelity of structure in electron micrographs of negatively
stained protein molecules has been examined by comparing micrographs with the
known X-ray structure of an immunoglobulin.43

3 Immunoglobulins and Haptoglobin

Immunoglobulin Kol.—The structures of the intact immunoglobulin molecule Kol
and its antigen-binding fragment, Fab, have been refined * at 0.3nm and 0.19 nm
resolution respectively to final R-factors of 0.24 and 0.26. A range of crystallo-
graphic refinement techniques were used and have allowed the structures of the

3¢ E. N. Baker and E. J. Dodson, Acta Crystallogr., 1980, A36, 559.

37 C. E. Nordman, Acta Crystallogr., 1980, A36, 747.
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43 A. C. Steven and M. A. Navia, Proc. Natl. Acad. Sci. USA, 1980, 77, 4721.

44 M. Marquart, J. Deisenhofer, R. Huber, and W. Palm, J. Mol. Biol., 1980, 141, 369.



148 Amino-acids, Peptides, and Proteins

hinge segment and the hypervariable regions to be clearly visualized. The hinge
region is seen to contain a short poly-L-proline double helix and the antigen
binding site is compared with the combining site of Fab New. Even after
refinement the Fc part of the molecule cannot be located in the electron density
map, suggesting a high degree of disorder.

Bence-Jones Protein Mcg.—The crystallization of Bence-Jones protein Mcg in
water has been reported *® and an initial low-resolution, 0.65 nm, electron density
map has been calculated. Using a computer graphics system the structures of the
protein in the water-grown and ammonium sulphate-grown crystals have been
compared. Changes in the spatial relations among the domains are seen including
a change in the bend angle between the V and C domains. The light-chain dimer in
water-grown crystals adopts a conformation closely related to that of the antigen-
binding fragments.

Immunoglobulin G.—Using a combination of accessibility studies, sequence
analysis, inhibitor and chemical modification studies a receptor site for comple-
ment component Clq on immunologlobulin G has been proposed.*® The proposed
site is two strands of B-sheet which show an area of highly conserved charged
amino-acid side chains.

Haptoglobin.—By sequence comparison with the serine proteases a model has
been constructed*’ for the structure of the haptoglobin heavy chain, and the
implications for haptoglobin-haemoglobin interactions are discussed.

4 Oxygen Carriers and Electron Transfer Proteins

Myoglobin.—The structure of oxymyoglobin has been refined at 0.16 nm resolution
using diffractometer data collected at — 12 °C.*® The structure has refined to an R-
factor of 0.159 with internal atom positions being known to an accuracy of
0.01 nm. The haem iron atom lies 0.022 nm out of the plane of the porphyrin,
0.025nm closer than in the deoxy-form. The F-helix has moved by a similar
distance. The oxygen molecule binds to the iron in a bent end-on fashion with an
iron—oxygen bond length of 0.183nm and an iron—oxygen—oxygen angle of
115°. The mean iron to prophyrin nitrogen distance is 0.195 nm, 0.008 nm shorter
than in deoxymyoglobin but the difference is not significant compared to the
experimental error. The distance from the F-helix histidine imidazole nitrogen, N*-
His 8F, to the iron atom is 0.207 nm, the same distance seen in model compounds.
In general, the observed movements of the haem, the iron atom, F-helix, and FG
corner upon oxygenation are similar to those found in the T-R state transition in
haemoglobin but of a smaller magnitude. Over 300 water molecules and three
sulphate ions have been located in the structure.
A model for the kinetics of the refolding of the myoglobin molecule has been
presented.*°
45 E. E. Abola, K. R. Ely, and A. B. Edmundsen, Biochemistry, 1980, 19, 432.
46 D.R. Burton, J. Boyd, A. D. Brampton, S. B. Easterbrook-Smith, E. J. Emanuel, J. Novotny, T. W.
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Human Haemoglobin.—The structure of human carbonmonoxy haemoglobin has
been determined at 0.27 nm resolution.>® The structure was solved by molecular
replacement using horse methaemoglobin as the starting structure with an r.m.s.
shift for all atoms between the initial model and refined structure of 0.135nm. The
structure shows that the carbon monoxide ligand lies off the normal to the haem in
both the « and B subunits, the Fe—C—O group making an angle of 13° to the
haem normal and pointing towards the inside of the haem pocket. In the «
subunits the iron atoms lie in the haem plane whereas in the § subunits their
positions refine to lie 0.022 nm out of the plane. Several specific movements of side
chains are described.

Perutz and co-workers 3! have tried to identify the residues responsible for the
acid Bohr effect and that part of the alkaline Bohr effect not previously accounted
for. The role of the C-terminal histidine residue in the alkaline Bohr effect has also
been discussed.>?

Perutz and Imai *3 have considered the regulation of oxygen affinity of human
and bovine haemoglobins, chosen as examples of the two classes of mammalian
haemoglobins.

The chemical and structural properties of an elongated # chain haemoglobin
variant, haemoglobin Cranston, have been reported.>* The eleven extra amino-
acid residues at the C-terminus are seen to bind between the two f chains in the
central cavity and are relatively protected from the water environment.

Sickling Haemoglobin.—Studies on the identification of the § chain contact sites in
haemoglobin S polymers have been described 3° and the phase transformation of
deoxygenated haemoglobin S fibres into a new monoclinic crystal form has been
reported.3® Helical crystals of haemoglobin S have been described by Wellems and
Josephs.3?

The production of compounds designed to prevent the sickling of haemoglobin
S and their binding to the 2,3-bisphosphoglycerate site have been reported.3® The
bifunctional reagent, bis(3,5-dibromosalicyl)fumarate, crosslinks Lys-82f; to Lys-
82f, and in so doing bridges the 2,3-bisphosphoglycerate binding site. This seems
to perturb the Val6f acceptor site sufficiently that sickling is prevented.

Cytochrome b,.—The orientation of the haem group in cytochrome b4 has been
redetermined by difference Fourier techniques at 0.2nm resolution.>® It is now
seen that the original less favourable alternative for the orientation was correct
and the new orientation is now in agreement with that obtained in a high-
resolution n.m.r. study.
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Cytochrome ¢.—Tuna ferrocytochrome ¢ and ferricytochrome ¢ have been refined
independently at 0.15nm and 0.18nm respectively to R-factors of 0.173 and
0.208.%° Small but significant conformational changes are seen surrounding a
buried water molecule. In the oxidized state the water is 0.1 nm closer to the haem
and the haem has moved 0.015nm out of the crevice, both changes leading to a
more polar haem environment.

Dickerson ! has considered the evolution of purple photosynthetic bacteria by
examining the cytochrome ¢ molecules from the organisms while Osheroff and co-
workers 62 have examined the electrostatic interactions in cytochrome ¢ that may
stabilize the structure of the haem crevice.

A computer simulation of the molecular dynamics of cytochrome ¢ and the
possible role of these movements in the electron transfer mechanism have been
described.®3 This simulation has been compared with information on the internal
mobility of cytochrome ¢ obtained from thermal factor refinement of the X-ray
structure.®* The comparison shows that the two methods give very closely similar
results.

Cytochrome c¢!'.—Cytochrome ¢!, a dimeric, high-spin haem protein, from
Rhodospirillum molischianum has had its structure determined at 0.25nm re-
solution.®® The protein shows little structural resemblance to members of either
the cytochrome ¢ or the globin structural families, the monomer structure
consisting of a left-twisted four a-helix bundle. The subunit interface also consists
of a four a-helix bundle and the haem group is covalently attached by two cysteine
side-chains to the haem vinyl groups and a histidine to the haem iron atom. The
sixth ligand ferric ion co-ordination site is unfilled and this is consistent with the
high-spin state.

Ferredoxin.—An X-ray study of the structure of a ferredoxin-like protein from
Azotobacter vinelandii at 0.25nm resolution has been_reported.®® The molecule
contains two Fe—S clusters separated by 1.2 nm and of different sizes. The larger
cluster consists of a tetranuclear core, 4Fe—48, ligated to the protein at each iron
atom. The smaller cluster appears almost planar and cannot be modelled by
2Fe—2S or 4Fe—4S centres. The best model for this site is a 3Fe—3S core which
forms six contacts with the protein.

The structure of a 2Fe—2S ferredoxin from the blue-green alga Spirulina
platensis has been described.5” The 0.25 nm resolution electron density map has
allowed the conformation of the molecule and the iron-sulphur cluster to be
determined and the authors discuss the structure and compare it with other
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ferredoxins. The distribution of variant and invariant amino-acid positions shows
the cluster site is quite highly conserved.

Rubredoxin.—An energy minimization study of rubredoxin has been reported.®®
Starting from the refined and unrefined 0.15nm structures, two similar but not
quite identical models of equal energy were obtained. Both these models have a
crystallographic R-factor midway between the refined and unrefined structures.
After alterations to the structure and to the constraints applied, a model with an
R-factor very close to that of the refined structure was obtained. Details of the
active site are well seen in this model except that there is no evidence for one short
Fe—S bond.

The crystallographic refinement of rubredoxin at 0.12nm resolution has also

been reported.®® The final crystallographic R-factor is 0.128 and the mean
standard deviation in C*—C? bond length is about 0.01 nm. The mean Fe—S
bond length in the FeS, cluster is 0.228 nm with a range from 0.224nm to
0.233 nm. Thermal factors for the refined structure are shown to vary over a wide
range, the larger values correlating with the structural elements which would be
expected to be less rigidly fixed. In the most clearly defined regions of the
rubredoxin molecule it is possible to see hydrogen atoms in difference electron
density maps.
Cytochrome ¢ Peroxidase.—The structure of yeast cytochrome ¢ peroxidase has
been determined at 0.25 nm resolution 7° using the method of multiple isomor-
phous replacement. The protein, the first haem-containing enzyme to be studied in
detail, consists of a single chain of 293 residues folded into ten a-helical segments
and three antiparallel f-pairs. The molecule has two obvious domains with the
haem group located in the interdomain crevice. The haem group is sandwiched
between two helices with only one edge of the pyrrole ring exposed and the crevice
is lined by both aliphatic and aromatic side-chains, several of which make
interactions with the haem. There is a proximal histidine haem ligand and a water
molecule acts as the sixth iron ligand. From one of the haem crevice helices an
arginine, a histidine, and a tryptophan side-chain extend towards the sixth ligand
position. The structure of the haem environment has been compared with
myoglobin and shows both similarities and differences.

Poulos and Kraut 7! have proposed a model for the cytochrome ¢ peroxidase:
cytochrome ¢ electron transfer complex. Cytochrome ¢ peroxidase contains a ring
of aspartate side-chains on its surface, which is complementary to the distribution
of highly conserved lysines which surround the exposed edge of the cytochrome ¢
haem crevice. Model building studies have been used to optimize the interactions
and propose a structure in which the haems are parallel with an edge separation of
1.65nm. The proposed structure is examined in the light of known solution
properties and a mechanism of electron transfer is discussed.

This possible mechanism and the stereochemistry of peroxidase catalysis have
been described by Poulos and Kraut in a second paper.’?
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5 Lysozyme and Ribonuclease

Lysozyme.—The crystal structure of tortoise lysozyme, the first reptilian species of
the enzyme to be studied, has been reported.”® The 0.6nm resolution electron
density map shows that the structure is closely homologous to that of the hen egg-
white enzyme. The structure also reveals that the crystals of the tortoise enzyme
contain a large proportion of liquid, which forms large channels through the
crystals. Since the lysozyme active sites face into these channels it is hoped that the
tortoise enzyme may be suitable for low-temperature studies of true
enzyme—-substrate complexes.

The crystal structure of hen egg-white lysozyme has been used to calculate ring-
current shifts for the protein, which have been compared with the observed proton
nuclear magnetic resonance spectrum.’*

Ribonuclease.—Crystals of ribonuclease T, from Aspergillus oryzae have been
grown in the presence of 2!-guanylic acid.” Several different crystal forms have
been grown and two of these forms show an enzyme : nucleotide ratio of 1:1.
Isomorphous heavy atom derivatives of each of these forms have been produced
and a full structure determination is in progress.

The structure of bovine ribonuclease-A has been studied by a combination of X-
ray and neutron diffraction techniques and has been refined to an R-factor of 0.252
at 0.25nm resolution.”’® Refinement began based on the partially refined
ribonuclease-S co-ordinates and included manual intervention to interpret dif-
ference Fourier syntheses using a computer graphics system. Only six side-chains
out of 124 are not seen in the electron density map and are most probably
disordered. Preliminary information of the neutron study is also discussed.

Creighton 77 has found a three-disulphide intermediate in the refolding of
reduced ribonuclease A and has discussed this observation in light of the known
structure of the enzyme.

6 Proteolytic Enzymes

Streptomyces griseus Proteases.—The crystal structure at 0.28 nm resolution of the

complex between Streptomyces griseus protease A (SPGA) and the tetrapeptide

inhibitor, chymostatin, has been reported.”® Reaction of the inhibitor with the

enzyme in the crystalline state gives no significant movement of the active-site

residues and the difference electron density map confirms the formation of a

covalent tetrahedral hemiacetal adduct with the active-site serine residue, Ser-195.

The novel structural features of the inhibitor, previously suggested spectroscopi-

cally, are confirmed. The authors compare the binding of chymostatin to that seen

for another tetrapeptide aldehyde and have shown that the conformation of the

His-57 residue is strongly dependent on the nature of the P, residue of the bound

polypeptide.
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The conformation of the native SPGA and its complexes with three synthetic
tetrapeptides have been determined and refined at 0.18 nm resolution.”® R-factors
for the four structures are in the range 0.122 to 0.142. The results show that the
tetrapeptide aldehyde, acetyl-Pro-Ala-Pro-Phe-H, forms a covalent hemicacetal
bond with Ser-195, the aldehyde carbonyl carbon-serine Q% distance being
0.173 nm. With the tetrapeptides acetyl-Pro-Ala-Pro-Phe and acetyl-Pro-Ala-Pro-
Tyr this distance is 0.258 nm and 0.266 nm respectively and no electron density is
seen from the serine O? to the inhibitor. The three protein regions comprising
binding sites S,, S5, and S, show some conformational changes and the aldehyde
inhibitor is seen to move in a concerted manner toward His-57 and Ser-195 as a
result of the formation of the hemiacetal bond. With the aldehyde complex large
movements of the imidazole ring of His-57 are seen. Two hundred water molecules
within the first contact shell of the enzyme have been located, of which only four
are internal. Sixteen of these water molecules, which are located in the active site of
the native enzyme, are displaced by the tetrapeptides. Possible alterations to the
mechanistic pathway based on these results are discussed.

The binding of two tripeptide chloromethylketone inhibitors to Streptomyces
griseus protease B (SPGB) has been examined.®® The two inhibitors, N-t-
butoxycarbonlyl-L-alanylglycyl-L-phenylalanine chloromethyl ketone and N-t-
butoxycarbonyl-glycyl-L-leucyl-L-phenylalanine chloromethyl ketone, are each
bound to the enzyme by three hydrogen bonds from the enzyme main-chain
residues 214 to 216 inclusive to the peptide backbones of the inhibitors. Both
inhibitors make two covalent bonds with the enzyme, the imidazole ring of His-57
being alkylated and the O° atom of Ser-195 making a hemiketal bond with the
carbonyl carbon atom of the inhibitor. The importance of an electrophilic
component in the serine protease mechanism is discussed in the light of the
comparison of the binding modes of the two inhibitors.

Actinidin.—The methods used in the refinement of actinidin at 0.17 nm resolution
have been described, 3¢ and the refined structure has been described in detail.®! The
positions of most of the 1666 atoms have been determined with an accuracy better
than 0.01 nm, only two residues at the C-terminus and one glutamate side-chain
not being seen in the structure. A total of 272 solvent molecules have been
positioned and the calculated temperature factors have given a good indication of
the mobility of various parts of the structure. The geometry of the hydrogen-bonds
in the enzyme’s secondary structure has been analysed and all are seen to be non-
linear. Each of the two domains is built round a hydrophobic core while the
interdomain contacts are mostly polar through a network of water molecules. The
sulphydryl group seems to be oxidized and the active-site geometry is compatible
with the proposed mechanism for papain.

Carboxypeptidase A.—The structure of the complex between carboxypéptidase A
and the 39 amino-acid carboxypeptidase A inhibitor from potatoes has been
determined at 0.25 nm resolution.®? The binding of the inhibitor is clearly seen and
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the C-terminal peptide bond is, surprisingly, seen to have been hydrolysed with the
C-terminal glycine residue remaining trapped in the enzyme’s binding pocket. The
structure of the complex resembles a stage in the catalytic cycle and the side-chain
of tyrosine-248 is seen to be oriented in the folded down position and forms
interactions with the inhibitor.

Lipscomb ®3 has examined possible mechanisms for the functioning of carboxy-
peptidase in solution and in the solid state.

A 0.28nm resolution study of the binding of a substrate analogue to car-
boxypeptidase A has been described.3* An examination of the structure supports a
previously proposed reaction pathway including the role of the enzyme-bound
zinc atom.

Pancreatic Trypsin Inhibitor.—A conformational isomer of pancreatic trypsin
inhibitor produced by refolding has been described® and Creighton®® has
considered the role of the environment on the refolding of this protein.

Trypsin.—A neutron diffraction study which has identified His-57 as the catalytic
base in trypsin has been reported,®” the neutron map at 0.22nm resolution
showing clearly that the mechanistically important proton is co-ordinated to the
imidazole side-chain of His-57.

Angiotensin Converting Enzyme Inhibitor.—The crystal structure of 1-(D-3-
mercapto-2-methyl propionyl)-L-proline, a specifically designed potent inhibitor
of angiotensin converting enzyme, has been determined 8% and compared to the
structure of the same compound bound to active-site of penicillopepsin.

DD-Carboxypeptidase.—The structure of the exocellular pp-carboxypeptidase
from Streptomyces albus G has been determined at 0.45nm resolution.?? The
molecule is seen to consist of two domains the largest of which seems to bind the
zinc ion and also shows a deep cleft near the zinc. Two compounds, a dipeptide
inhibitor, and a f-lactam, A3-cephalosporin, have been shown to bind inside the
cavity and close to the zinc atom.

Chymosin.—The three-dimensional structure of chymosin at 0.55nm resolution
has been described.®® The molecule shows a two-domain structure and an obvious
depression at the active site, a characteristic of the acid proteases. Studies are
continuing to higher resolution.

7 Glycolytic Enzymes

Phosphorylase.—Fletterick and Madsen ®! have reviewed the current knowledge
of the structure and function of phosphorylase. Johnson and co-workers ° have
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solved the crystal structure of glycogen phosphorylase 4 in the presence of the
weak activator inosine-5'-phosphate and with bound glucose-l-phosphate at the
catalytic site. Using an improved phosphorylase model it has been possible at
0.3nm resolution to determine the binding interactions of the glucose-1-
phosphate. The essential pyridoxal phosphate co-factor lies 0.6 nm away from the
substrate site, consistent with previous biochemical data. However, examination of
how the pyridoxal phosphate might act in catalysis leads to results that are
inconsistent with solution studies. Additionally, it is difficult to accommodate a
glycogen substrate with its terminal glucose in the site occupied by glucose-1-
phosphate. Model-building has allowed an alternative binding mode for glucose-
1-phosphate to be characterized and this alternative easily accommodates glyco-
gen. This binding site has allowed mechanistic proposals to be made, namely that
the phosphate group of pyridoxal phosphate acts as a nucleophile while the
imidazole side-chain of His-376 functions as a general acid. It is suggested that
these are essential features of the mechanism, and the original binding mode of
glucose-1-phosphate was in a non-productive manner as a result of the absence of
glycogen and AMP. AMP binding is proposed to direct binding to the productive
mode.

Hexokinase.—The structure of the complex between hexokinase (form f III) and
8-bromoadenosine monophosphate has been determined at 0.3 nm resolution by
difference Fourier methods.®3 The map shows the ribose anti to the adenine
moiety and the sugar pucker is C-2'-endo. From model building the adenine is seen
to bind at a shallow depression on the surface of the large lobe of the enzyme at the
entrance to the deep cleft. The adenine N-7 atom and the ribose 2! and 3!
hydroxyls are hydrogen bonded to the enzyme. There is no difference electron
density corresponding to the phosphate group. The three phosphates of ATP have
been model-built into the active site together with the essential metal ion, and the -
and y-phosphates are seen to make hydrogen bonds to one serine residue and the
backbone nitrogen of another serine. The cobalt ion also forms interactions with
this second serine residue. In the closed conformation of the enzyme, which is
induced by glucose binding, there would be additional contacts between the small
enzyme lobe and the metal ion. This could explain the observation of synergism
for ATP and glucose binding to hexokinase in solution. In this model-built
structure the y-phosphate of the ATP is nearly 0.6 nm away from the 6-hydroxyl of
glucose and therefore an additional conformational change must occur in the
enzyme upon ternary complex formation.

Two papers dealing with the structure of the complex between yeast hexokinase
A and glucose have been published.®*®> The structure of the hexokinase
A—glucose complex has been solved at 0.45nm resolution by multiple isomor-
phous replacement and the co-ordinates refined at 0.35nm resolution.®* Initially
- the 0.6 nm resolution electron density map based on one isomorphous derivative
was used to orient the native hexokinase B structure in the hexokinase A—glucose
unit cell. From this, molecular replacement phases were calculated. The results
show a large conformational difference between the complex and the hexokinase B
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structure and stopped an attempt to extend the phases from 0.6 nm to 0.35nm by
molecular replacement. The improved 0.45nm resolution multiple isomorphous
replacement map confirmed the bilobal folding of the hexokinase A molecule, the
folding within the individual lobes being very similar to that of native hexokinase
B. The relative orientations of the two lobes is, however, quite different and a
structure refinement to 0.35nm resolution with an R-factor of 0.26 has allowed
detailed comparison.

Analysis of the hexokinase A-glucose complex and native hexokinase B
structures has revealed several obvious differences.®> One lobe is rotated 12° with
respect to the other and there are several systematic differences in the backbone
conformation adjacent to the glucose binding site and the crystal packing contacts.
In the glucose-bound complex the active site is narrowed and substantially reduces
the accessibility of the active site to solvent. The binary complex structure can be
formed by either subunit in the heterologous dimer of hexokinase B. New or
altered interactions between subunits, or with ligands bound in the intersubunit
ATP site, may be formed when the upper subunit of the dimer is in the closed
conformation and may contribute to the co-operative interactions observed in the
crystalline dimer and in solution.

D-Glyceraldehyde-3-phosphate Dehydrogenase.—The co-enzyme-free form of lob-
ster D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been prepared
and crystallized.®® The protein crystallizes in a triclinic space-group and some of
the zones of the reciprocal lattice show very close similarity to zones observed for
human apo- and holo-GAPDH crystals and southern rock lobster holo-GAPDH
crystals. The apo-structure was initially solved by comparison with the known
lobster holo-enzyme structure. This initial approximate solution was then refined
using the 222 molecular symmetry and the molecular replacement technique. Only
minor conformational changes are seen after removal of the co-enzyme. The
differences that occur are localized in the S-shaped loop and possibly the adenine
pocket. Displacements on the S-loop were up to 0.45 nm but only the movement of
the Trp-193 residue can be classed as a definite conformational change, other
differences being inaccurate fitting of poor side-chain density.

8 Hormones

Hormone Families.—Blundeli and Humbel®” have discussed the existence of
hormone families, the members of which show structural and functional relation-
ships. They present four hormone families, which in the pancreas are represented
by insulin, glucagon, somatostatin, and pancreatic polypeptide. Relaxin, a
polypeptide hormone from the corpus luteum, seems to be a member of the insulin
family together with the somatomedins or insulin-like growth factors. Sequence
and model-building comparisons are presented. Glucagon is a member of a large
family of homologous polypeptides including secretin, vasoactive intestinal
peptide, and gastric inhibitory peptide, and their relationships are discussed. The
possible evolutionary pathways of the pancreatic hormones and their relation to
the gastrointestinal and neuroendocrine systems are considered.
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9 Other Globular Proteins

Amylase.—The crystal structure of amylase-A from Aspergillus oryzae has been
determined at 0.3 nm resolution.”® A total of 452 amino-acid residues have been
positioned, about 20%, of which are present in the eight a-helices. There is a small
amount of f-structure and the four disulphide bonds were clearly visible. The
molecule is composed of two domains and the C-terminal domain containing only
B-type secondary structure is much smaller than the main domain. The large
domain shows a pronounced cleft in which inhibitors and poor substrates have
been demonstrated to bind and at one end of which lie several possible
catalytically important residues.

The structure of porcine pancreas a-amylase has been determined at 0.5nm
resolution.’® The molecule appears as a bilobal structure 7.5nm x 5.5nm x
5.0 nm with a 3 nm long cleft on one side. A modified maltotriose molecule has been
shown to bind in this cleft and on the surface of the molecule, the cleft being
identified as the active site. The site of the loosely bound calcium ion has been
identified but as yet the location of the essential calcium ion has not been
determined.

Bacteriorhodopsin.—The use of neutron diffraction to locate the positions of
valine and phenylalanine residues in the purple membrane structure has allowed
the distribution of amino-acids within the bacteriorhodopsin molecule to be
determined.!%° The results suggest that the charged and polar groups tend to lie at
the molecular interior while the non-polar surfaces are directed outwards.
Compared to soluble proteins the structure can be thought of as being ‘inside-out’.

The sequence of bacteriorhodopsin has been used to interpret the electron
density map of the molecule.'®! Having first selected seven segments of sequence
as probable transmembrane helices, all of the 5040 possible ways of fitting the
density were considered. Using criteria of connectivity of the non-helical link
regions, charge neutralization, and total scattering density per helix, a single most
probable model emerged.

A new two-dimensional crystal form of purple membrane has been produced
and the projected structure to 0.65nm resolution determined by electron micro-
scopy and diffraction.!®? It shows an indentical structure to that of the native form
of the molecule.

Henderson and Shotton 1°* have reported the crystallization of purple mem-
brane in three dimensions. Though not large enough for X-ray analysis the crystals
appear microscopically crystalline in thee-dimensions with space-group P321 or
P312.

The location of the retinylidene chromophore in bacteriorhodopsin has been
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determined by neutron diffraction.!®* The retinal is seen to be located between a-
helical segments with nearest neighbour separations of 2.6 nm intratrimer and
3.8 nm intertrimer.

Catalase.—The three-dimensional structure of catalase from Penicillium vitale has
been described at 0.35 nm resolution %% and at 0.6 nm resolution.!%® At the higher
resolution 1% the electron density map for each subunit can be interpreted as a
single polypeptide chain of 650 residues with 160 in a-helices and 120 in §-
structures. The molecule consists of three domains: a large «/f domain arranged as a
B-cylinder, a smaller all-a-domain of about 150 residues, and a C-terminal 150-
residue domain of a/f structure similar in structure to flavodoxin. Subunit
boundaries between the four subunits are not very clear but the two haem groups
lie on the non-crystallographic axis of symmetry.

An investigation of the structure of tubular crystals of catalase has been
reported.!%?

Aspartate Transaminase.—The structure of chicken heart cytosol aspartate trans-
aminase at 0.35 nm resolution has been described.!°® The subunits of the dimeric
enzyme show extensive secondary structure, a total of nine a-helices having been
located. One of these helices is 4.8 nm long. The core of the subunits consists of
parallel g-structure. The binding site for the pyridoxal phosphate co-enzyme has
been identified and seems to involve a helix dipole interaction in the binding. The
interactions of substrates with the enzyme have been examined with a view to
determining if any conformational changes occur, and these results are discussed.

The 0.28 nm resolution structure of chicken mitochrondrial aspartate amino-
transferase has been reported.!%® The subunits are rich in secondary structure with
a seven-stranded a/f fold forming the pyridoxal phosphate binding domain. The
active sites are located near the deep crevices that form the subunit-subunit
interface and it is hoped that examination of the amino-acid side-chains present
will lead to an understanding of the mechanism:

Wheat Germ Agglutinin.—The structure of the non-covalent complex between
wheat germ agglutinin and N-acetyl-D-neuraminic acid has been determined at
0.28 nm resolution.!!® The difference electron density map shows two strong
binding sites on the agglutinin dimer located in crevices at the subunit-subunit
interface. The saccharide binds with its acetyl group buried whereas the charged
carboxylate and the glycerol groups point away from the surface, although they
can still interact with surface residues.
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These binding studies have been extended!!! to include N-acetyl-D-
glucosamine derivatives, 6-iodo-1,4-dimethyl-N-acetylglucosamine and N-acetyl-
neuraminic acid lactose. The interactions involved in the various binding modes
and their implications for the functioning of the agglutinin have been discussed.

The structures of snake venom postsynaptic neurotoxins and the domains of
wheat germ agglutinin have been shown to have a remarkably similar folding
pattern.'*2 This consists of equivalently placed but variably sized loops held
together by four similarly positioned disulphide bonds. A similar structure is
predicted for two small plant proteins, hevein and ragweed pollen allergen Ra$, on
the basis of sequence matching.

Ferritin.—The structure and function of ferritin have been reviewed in detail !!3
and an improved interpretation of the 0.28 nm resolution electron density map of
horse spleen apoferritin has been reported.!'* The improved map has allowed a
more detailed determination of the disposition of secondary structure and a short
section of electron density previously unaccounted for has been found. Two
alternative helix connectivities are described and compared with the conforma-
tions of other known proteins.

Neurotoxins.—A comparison of the neurotoxin and wheat germ agglutinin folds
has been published.12

The crystal structure of variant-3 toxin from the scorpion has been reported at
0.3 nm resolution.!!? The secondary structure consists of 11 turns of a-helix and a
three-strand stretch of f-sheet, the central sheet strand being connected to the
helix by two disulphide bridges. Several loops of chain extend out from this core
and there is an identifiable area where several of the conserved residues are
clustered.

The 0.28 nm resolution structure of the ‘long’ neurotoxin from cobra venom has
been described.!!® The chain folds into three loops and one tail extending from a
globular head. The longer central loop is flanked by two shorter ones and the tail
lies behind the central loop. The conformation is determined by four disulphides in
the head and one at the tip of the long loop, by a triple-stranded B-sheet involving
this loop and by hydrophobic interactions stablizing the other loops. The structure
is compared with that of the short erabutoxin b which shows a similar arrange-
ment of structurally and functionally invariant groups.

Uteroglobin.—The crystal structure of oxidized uteroglobin at 0.22 nm resolution
has been reported.''” The molecule, a dimer, is composed of two identical
polypeptide chains of 70 residues each. In the crystal form studied these two
subunits are related by a two-fold axis and the subunits are held together by two
disulphide bridges. The structure consists of a single domain containing about
70% o-helix and no S-sheet. The structure shows a central oblong hydrophobic
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cavity, which in size is capable of accommodating progesterone. However, in the
oxidized protein studied there is no access available for progesterone to enter the
cavity and bind.

Ribosomal Proteins L7/L12.—The structure of the C-terminal fragment of the
protein L7/L12 from E. coli has been determined at 0.26.nm resolution.**® The
protein shows a compact plum-shaped structure and consists of 339 of the
residues in three a-helices and 149 of the residues in three f-strands. An anion
binding site, occupied by a sulphate ion, has been identified and is analogous to
that found in a large family of enzymes that bind nucleotides. The site is located
between the C-terminal side of a §-strand and the N-terminus of a helix. This could
be the binding site for the phosphates of GTP.

Canavalin.—The three-dimensional structure of canavalin from jack bean has
been reported at 0.3 nm resolution.!!® The two major fragments that make up the
canavalin monomer are derived from the N- and C-terminal halves of a precursor
protein of molecular weight 42000. The structures of these two fragments are
virtually identical and are related by a near-exact molecular two-fold axis. The two
halves of the monomer are themselves composed of two discrete domains, in one
case corresponding to the secondary cleavage products of a major fragment. One
domain contains the zinc ion binding site and the other domain forms a distinct
cleft that may be a substrate-binding region. The molecule is composed almost
entirely of B-structure, organized into a series of inter-related sheets, and the
positions of the proteolytic cleavage points have been identified.

Levansucrase.—The tertiary structure of levansucrase from Bacillus subtilis has
been determined at 0.38 nm resolution.'2® The levansucrase molecule is a very
elongated ellipsoid with overall dimensions 2.6nm x 3.2nm x 11.7nm and the
top of the molecule appears to be formed by four strands of f-sheet surrounded by
eight short helices. Below this domain the molecule narrows to a waist, which in
solution may be flexible. The bottom of the molecule, which contains the N- and
C-termini, is made up by four strands of §-sheet interconnected by two short helices.

p-Hydroxybenzoate Hydroxylase.—The five peptides produced by cyanogen
bromide cleavage of p-hydroxybenzoate hydroxylase have been aligned using the
0.25nm electron density map of the protein.'?! This combination of results has
allowed an analysis of the binding of FAD to the enzyme. The AMP moiety is
bound to a Buf unit resembling that found in the dehydrogenases. The ribityl
residue and the isoalloxazine ring form several hydrogen bonds to the protein. The
structure has been compared with other known flavo-protein structures.

Glutathione Reductase.—The two nucleotide binding domains of glutathione
reductase have been examined to see if the similarity of the folds is significant or
not.!?2 The results indicate that there is an evolutionary relationship as the result
of a gene duplication.
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Elongation Factor Tu.—The structure of the tetragonal crystal form of trypsin-
treated elongation factor Tu has been determined at 0.5nm resolution.'?3 The
location of the trypsin-removed polypeptide of 14 residues has been located. The
protein consists of two domains, the larger one exhibiting considerable a-helical
structure but the smaller domain showing no recognizable secondary structure
features. The authors present a correlation of the low-resolution structure with the
known biochemical properties.

D-Galactose Binding Protein.—The structure of D-galactose binding protein, a
receptor for both a high-activity transport system and chemotaxis in E. coli, has
been solved at 0.41 nm resolution.'?* The molecule is ellipsoidal with dimensions
6.5nm x 3.5nm x 3.5nm and consists of two domains separated by a cleft.
Initial chain tracing at this low resolution suggests a structure similar to that of L-
arabinose binding protein.

C-Phycocyanin and B-Phycoerythrin.—The structures of C-phycocyanin from
Anabaena variabilis at 0-5 nm resolution and B-phycoerythrin from Porphyridium
cruentum at 0.525 nm resolution have been reported.'?* C-Phycocyanin is a light
harvesting protein composed of 6a and 68 subunits. The molecule is seen to be
11 nm in diameter, 4nm thick, and has a 2nm diameter central channel. B-
Phycoerythrin is composed of 6a, 68, and 1y subunits and the molecule is found to
be 10.7nm in diameter and 5.5nm thick. There is a region of low, unstructured
density at the centre of the molecule, which appears to be the disordered y subunit.

Histone Nucleosome Core.—Image reconstruction at 2.2 nm resolution has shown
that the histone octamer (H3),-(H4),-(H2A),-(H2B), is a left-handed helical
spool with a two-fold axis of symmetry.!2® About two turns of a flat superhelix of
DNA could be wound onto the spool in the nucleosome. From the observed
structure and biochemical studies, the disposition of individual histones has been
proposed.

Glyoxalate Oxidase.—The crystal structure of the octameric enzyme glyoxalate
oxidase from spinach has been solved at 0.55 nm resolution.!2” The molecules are
roughly spherical in shape and are approximately 10 nm in diameter. Large solvent
channels run through the crystal. The secondary structure of the subunit appears
to consist of an 8-unit f-strand a-helix barrel similar to triose phosphate isomerase.
The binding site of a substrate analogue has been located in a deep cleft at one end
of the barrel and near its axis.

y-Crystallin.—The crystal structure of calf lens y-crystallin III b at 0.5nm
resolution has been described.!>® The molecule is an ellipsoid
5.0nm x 2.9nm x 2.5nm and appears to consist of two domains. Its structure is
compared with that of other crystallins.
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10 Viruses

Southern Bean Mosaic Virus.—The crystal structure of southern bean mosaic virus
(SBMV) has been determined at 0.28 nm resolution !2° using the method of
multiple isomorphous replacement. The final electron density was averaged over
the ten different icosahedral units within the crystallographic asymmetric unit. The
dominant structural feature is a f-barrel structure and five a-helices can be
recognized. Great similarity to the tomato bushy stunt virus (TBSV) shell domain is
seen but there is little electron density for the position of nucleotides. In
addition to the eight-stranded antiparallel f-barrel, 66 residues at the N-terminus
of the C subunits form a partly ordered arm extending into the centre of the virus.
This is also seen in the TBSV structure. The surprising similarity of SBMV and
TBSV, despite their differences in physical characteristics, is considered in some
detail.

Satellite Tobacco Necrosis Virus.—An electron density map of satellite tobacco
necrosis virus (STNV) has been obtained at 0.4 nm resolution using one isomor-
phous derivative and phase refinement by icosahedral averaging.!3® The particle
has 60 protein subunits in the shell and is seen to have a roughly regular
icosahedral shape. At the innner boundary of t