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INTRODUCTORY SPEECH 
Yu. A. Ovchinnikov 

Shemyakin institute of Bioorganic Chemistry, USSR Academy of Sciences, 
Moscow 117988, GSP-1, USSR 

Ladies and Gentlemen, 

On behalf of the USSR Academy of Sciences I have the great pleasure of 
welcoming you to the International Symposium on "Frontiers in Bioorganic 
Chemistry and Molecular Biology" under the auspices of the USSR Academy 
of Sciences and the Uzbek SSR Academy of Sciences and sponsored by the 
International Union of Pure and Applied Chemistry and the International 
Union of Biochemistry. This major scientific forum devoted to a dis
cussion of the physico-chemical basis of life processes has brought 
together leading scientists from throughout the world actively working 
in the most prospective areas of bioorganic chemistry and molecular 
biology. 

The programme of the Symposium reflects the results and the future in the 
study of peptides and proteins, nucleic acids, polysaccharides, and other 
biopolymers, and in the study of low molecular regulators, including 
steroids, alkaloids, antibiotics etc. The programme also includes dis
cussion of the latest achievements in the study of genetic structures and 
of cellular protein synthesizing systems of the molecular basis of enzymic 
catalysis and of bioenergetic processes. 

Whereas a Symposium on the frontiers of a science is necessarily theore
tical in scope, it is keenly felt that fundamental discoveries in bio
organic chemistry and molecular biology have a decisive bearing on the 
solution of practical problems in modern medicine and agriculture* 

The Symposium is taking place in the year when one of the founders of 
Soviet physico-chemical biology, Mikhail Shemyakin, would have celebrated 
his seventieth birthday anniversary, It is only fitting that in Moscow 
the responsibility for organizing the Symposium has been assumed by the 
Institute bearing his name - the Shemyakin Institute of Bioorganic Chemistry 
of the USSR Academy of Sciences and in Tashkent by the Institute of Bio
organic Chemistry of the Uzbek SSR Academy of Sciences, 

The organizers of the International Symposium on "Frontiers of Bioorga
nic Chemistry and Molecular Biology" wish to express their sincere gra
titude to all its participants for giving it their time and thought, and 
cherish the hope that this meeting, furthering international scientific 
contacts, will make its contribution to the cause of peace and understands 
ing between all peoples, 

F.B.C—A* IX 



INDICATIONS OF A COMMON 
REACTION MECHANISM OF ENZYMES 

CATALYZING THE HYDROLYSIS OF 
PYROPHOSPHATE BONDS* 

C. Carlsson and L. Ernster 
Department of Biochemistry, Arrhenius Laboratory, University of Stockholm, 

S-106 91 StocJchoim, Sweden 

Abstract - As ear l ie r reported from this laboratory! tris-bathophenanthro-
l ine-Fe2 + (BPh3Fe2+)** and other octahedral BPh-metal tr ichelates are 
powerful inhibitors of both membrane-bound and soluble mitochondrial Fi~ 
ATPase» and the inhibit ion is relieved by uncouplers of oxidative phosphor-
y la t ion. In this paper i t is shown that BPh3Fe^+ and related chelates a l 
so inhibi t the following enzymes: F-j-ATPase from bacteria and chloroplasts» 
Ca2+-ATPase of sarcoplasmic reticulum» Na+K+-ATPase of plasma membrane» 
actomyosin-ATPase» microsomal nucleoside t r i - and diphosphatasesr yeast 
PP^ase and a bacterial PPiase. In a l l cases except the yeast PPiase» the 
inhibit ion is relieved by uncouplers. No inhibit ion by BPh3Fe2+ was found 
with the following enzymes: yeast hexokinase# l iver pyruvate kinase» l iver 
AMPase» glucose-6-phosphatase» muscle aldolase» adenylate kinase» and i n 
test inal alkaline phosphatase. I t thus appears that the inhibit ion by 
BPh3Fe2+ ref lects a common mechanistic feature of enzymes catalyzing the 
hydrolysis of pyrophosphate bonds. Possible mechanisms of this inhibit ion 
and i ts re l i e f by uncouplers are discussed. 

INTRODUCTION 

The pyrophosphate bond plays an important role in biology. It is the main chemical form in 
which energy is transmitted in living cells. There is a great variety of enzymes that cata
lyze the cleavage of pyrophosphate bonds. These enzymes can be divided into two categories: 
transferaseSf which catalyze the transfer of one of the cleavage products to another ligands 
and hydrolases» which catalyze the hydrolysis of a pyrophosphate bond. Hexokinase» pyruvate 
kinase» adenylate kinase are examples of the first category* and myosin» Na+K+-ATPase» Ca2+-
ATPase# inorganic pyrophosphatase are examples of the second category. The proton-translo
cating ATPases of mitochondria» chloroplasts and bacteria also belong in the second catego-
ry# even though the physiological function of these enzymes is the synthesis» rather than 
the cleavage» of ATP. 

In earlier work (1-3) we have shown that both membrane-bound and soluble mitochondrial ATP-
ase (F^) is inhibited by the Fe2+ trichelate of bathophenanthroline (BPh3Fe2+)**» and that 
the inhibition is relieved by uncouplers of oxidative phosphorylation. Similar effects 
were briefly noted with bacterial (2) and chloroplast (4) ATPases as well as the Na+K+-ATP-
ase of plasma membrane (5»6) and the Ca2+-ATPase of sarcoplasmic reticulum (5). 

In this paper it is shown that these effects are shared by a number of additional hydrolas
es acting on pyrophosphate bonds. On the other hand» BPh3Fe2+ does not inhibit a number of 
transferases that catalyze the cleavage of pyrophosphate bonds. A number of hydrolases act
ing on phosphate esters and other non-pyrophosphate bonds are also unaffected by BPh3Fe2+. 
The results suggest a common feature in the mechanism of enzymes catalyzing the hydrolysis 
of pyrophosphate bonds. 

Paper presented at the International Symposium on Bioorganic Chemistry and Molecular 
Biology» Moscow and Tashkent» USSR» September 25 - October 2» 1978. 

Abbreviations: BPh» bathophenanthroline (4»7-diphenyl-1»10-phenanthroline)· BPh-sulf.» 
bathophenanthroline sulfonatei DPBP» 4»4-diphenyl-2»2-bipyridinei OPh» orthophenanthro-
line (1,10-phenanthroline)i FCCP» carbonylcyanide-4-trifluoromethoxyphenyl hydrazone· 
S-13» 2',5-dichloro-3-tert-butyl-4'-nitrosalicylaniLides TTFB» 4»5»6,7-tetrachloro-
trifluoromethylbenzimidazole· 1799» 2»6-dihydroxy-1»1»1»7»7»7-hexafluoro-2»6-bis (tri-
fluoromethyl)-4-heptaone« PPiase» inorganic pyrophosphatase; NDPase» nucleoside diphos-
phatase; NTPase» nucleoside triphosphatase. 

1 



2 Hydrolysis of Pyrophosphate Bonds 

MATERIALS AND METHODS 

F^-ATPases from beef heart mitochondria (7), lettuce chloroplasts (8) and RhodospiriHum 
rubrum chromatophores (9) were prepared and assayed as described in the references indicat
ed. 

Myosin and actin were obtained in a pure state from rabbit skeletal muscle according to the 
procedure of Nauss et a L (10) and Spudich and Watt (11)» respectively. Actomyosin was 
prepared by mixing myosTn and actin in a 4:1 weight ratio (12). 

Membrane vesicles of sarcoplasmic reticulum from rabbit skeletal muscle were prepared by 
the method of de Meis and Hasselbach (13). The vesicles were opened by incubation in 7 % 
diethylether at a protein concentration of 10 mg per ml (14) before being added to the 
assay system. 

Na K -ATPase from rat kidney was prepared and assayed according to Jdrgensen (15). Rat 
liver microsomes were prepared as described by Ernster et al. (16). Treatment of micro-
somes with Ultra Turrax Blender was carried out according to Ernster and Jones (17). 

Muscle adenylate kinase» muscle aldolase and yeast pyrophosphatase were purchased from 
Sigma« alkaline phosphatase from calf intestine» yeast hexokinase and muscle pyruvate 
kinase were obtained from Boehringer. 

Nucleoside di- and triphosphatase» inorganic pyrophosphatase» AMPase and glucose-6-phosphat-
ase activities were measured by determining the amount of ΡΊ· liberated using the isobuta-
nol-benzene extraction method as described by Lindberg and Ernster (18). The conditions 
employed in the individual experiments are specified in the figure and table legends. 

Adenylate kinase activity was assayed by coupling the reaction to the hexokinase and glu-
cose-6-phosphate dehydrogenase systems and measuring NADP+ reduction spectrophotometric-
ally at 340 nm. 

Hexokinase activity was assayed by coupling the reaction to the pyruvate kinase and lactate 
dehydrogenase systems and measuring NADH oxidation spectrophotometrically at 340 nm. 

Pyruvate kinase activity was assayed by coupling the reaction to the lactate dehydrogenase 
system and measuring NADH oxidation spectrophotometrically at 340 nm. 

Aldolase activity was measured according to a modification of the hydrazine method (19) in 
which 3-phosphoglyceraldehyde reacts with hydrazine to form a hydrazone which absorbs at 
240 nm. 

Phosphomonoesterase activity of alkaline phosphatase was determined by following the release 
of p-nitrophenol from p-nitrophenylphosphate spectrophotometrically at 405 nm. 

RESULTS AND DISCUSSION 

Table 1 summarizes some characteristics of the inhibition of mitochondrial ATPase (F^) by 
BPh3Fe2+. As will be shown below» some of these characteristics are shared by a number of 
enzymes catalyzing the hydrolysis of pyrophosphate bonds. 

Fig. 1 illustrates the inhibition of soluble F^-ATPases from beef heart mitochondria» 
lettuce chloroplasts and JR. rubrum chromatophores by BPh3Fe2+» and the relief of this inhi
bition by the uncoupler FCCP. A similar effect was observed with the membrane-bound mito
chondrial ATPase (cf. ref. 2). 

BPh3Fe inhibits the actomyosin ATPase and the Ca """-stimulated ATPase of sarcoplasmic reti
culum as shown in Fig. 2 and Fig. 3» respectively. In both cases the activity is restored 
by uncouplers of oxidative phosphorylation (Figs. 2 and 3» Table 2). Uncouplers» when added 
in the absence of BPh3Fe2+» do not influence the activity of actomyosin ATPase or sarcoplasm
ic Ca^+-ATPase. In Table 3 the inhibitory effects of various chelates on actomyosin ATPase 
and Ca2+-ATPase are compared. In accordance with earlier results (2) obtained with mito
chondrial ATPase» the Fe2+ trichelate of 4»4-diphenyl-2»2-bipyridine inhibits actomyosin 
ATPase and Ca2+-ATPase» whereas the Fe2+ trichelates of orthophenanthroline and of bathophe-
nanthroline sulfonate do not. The Fe2+ and Ni2+ trichelates» which are the most potent in
hibitors of mitochondrial ATPase (2)» also give the strongest inhibition of actomyosin ATP
ase and Ca2+-ATPase. 

As shown in Table 4» BPh3Fe inhibits the ouabain-sensitive Na K -ATPase isolated from rat 
kidney. Again» the inhibition is duplicated by the corresponding bipyridine derivative» but 
not by the Fe2+ trichelate of orthophenanthroline or bathophenanthroline sulfonate. It is 
relieved by uncouplers of oxidative phosphorylation. 
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TABLE 1. Some characteristics of the inhibition of mitochondrial 
ATPase ( F ^ by BPh3Fe 2 + 

(From refs. 1-3) 

Inhibits both soluble and membrane-bound F>j. 
Octahedral configuration and 4f7-diphenyl substitution essential. 
Inhibition noncompetitive with respect to ATP. 
BPh^Fe binds to B-subunit of F w probably to same site as 
aurovertin. 
Stabilizes soluble F- against cold-inactivation. 
All effects of BPh3Fe 2+ on both soluble and membrane-bound F 
relieved by uncouplers of oxidative phosphorylation. 
Uncouplers bind to BPhuFe both in absence and presence of F*. 

MITOCHONDRIA 
beef heart 

CHLOROPLASTS 
lettuce 

BACTERIA 
R. rubrum 

100t 

» 50 

7}jM FCCP 100-

0.1 0.2 0.3 Q4 

■10uM FCCP 100t 

50 

+20 uM FCCP 

1 2 3 U 5 6 
μΜ BPh3Fe 2+ 

Fig. 1. 
and re I 
mi n/mg 
bacteri 

Inhibition of F^j-ATPases from various sources by BPt^Fe 
ief of the inhibition by FCCP. 100 % activities (ymoles/ 
protein) were: mitochondrial F v 100« chloroplast Fi» 8s 
al Fv 13. 

FCCP 

2+ 

100 
uM BPh3Fe^ 

Fig. 2. Inhibition of actomyosin ATPase activity by 
BPh3Fe2+ and relief of the inhibition by FCCP. 
Activity was assayed at 30°C in 1 ml incubation mixture 
containing 25 mM Tris-Cl (pH 7.8), 40 mM KCl» 2 mM MgCl2» 
4 mM ATP, 0.08 mg actomyosin and varying concentrations of 
BPhßFe2"1" in the absence and presence of 100 yM FCCP. Re
action was quenched after 15 minutes with 0.5 ml 10 % 
perchloric acid. 100 % activity equals 0.22 ymoles/min/mg 
protein 

Fig. 3. Inhibition of Ca -stimulated ATPase activity of 
sarcoplasmic reticulum by BPh3Fe2+ and relief of the inhi
bition by FCCP. 
Activity was assayed at 30 C in 1 ml incubation fixture 
containing 20 mM imidazole (pH 7.0), 40 mM KCl, 0.1 mM 
CaCl2» 4 mM MgCl2» ^ mM ATP' opened membrane vesicles cor
responding to 0.1 mg protein and varying concentrations 
of BPh3Fe2+ in the absence and presence of 100 yM FCCP. 
Reaction was quenched after 15 minutes with 0.5 ml 10 % 
perchloric acid. 100 % activity equals 0.65 ymoles/min/ 
mg protein. 
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TABLE 2. Effects of various uncouplers on actomyosin ATPase activity 
and on Ca -stimulated ATPase activity of sarcoplasmic 
reticulum inhibited by BPh^Fe 
All samples contained 50 μΜ BPh^Fe » other conditions 
were the same as in Figs. 2 and 3. 

Additions Actomyosin 
ATPase 

14 
84 
61 
78 
78 

(% 

Sai 

activity) 

rcoplasmic 
ATPase 

15 
100 
63 
82 
85 

none 
100 μΜ FCCP 
100 yM S-13 
100 yM TTFB 
500 yM 1799 

TABLE 3. Effects of various chelates in the absence and presence of 
uncouplers on actomyosin ATPase activity and on Ca -sti
mulated ATPase activity of sarcoplasmic reticulum 

Assay conditions were the same as in Figs. 2 and 3. When 
indicated» 100 yM FCCP was added. 

Additions Actomyosin ATPase 
(% activity) 

- FCCP + FCCP 

Sarcopl Lasmic 
(% activi 

- FCCP 

14 
4 

100 
100 

18 
23 
63 
90 

: ATPase 
ty) 
+ FCCP 

90 
100 
100 
100 

72 
84 
75 
100 

50 yM BPh3Fe2+ 

50 yM DPBP3Fe2+ 

50 yM 0Ph3Fe2+ 

50 yM BPh-sulf.3Fe 2+ 

50 yM BPh3Ni 
50 yM BPh3Cu 
50 yM BPh3Zn 
50 yM BPh3Mn 

2+ 
2+ 
2+ 
2+ 

14 
19 
105 
90 

22 
33 
75 
105 

84 
81 
95 
80 

85 
80 
85 
80 

50 yM DPBP3Ni .2+ 47 83 20 75 

Table 5 illustrates the effect of BPh3Fe'~ in the absence and presence of the uncoupler TTFB 
on nucleoside di- and tn'phosphatase activities of rat liver microsomes. The ATPase» ITPase» 
UTPase» ADPase» IDPase and UDPase activities are all inhibited by BPh3Fe2+ to about the same 
extent» and the inhibition is relieved by TTFB. IDPase activity released from the microsom-
al membrane by treatment with Ultra Turrax Blender» as described by Ernstsr and Jones (17)» 
is likewise inhibited by BPh3Fe2+ in an uncoupler-reversible manner (not shown). 

In the experiment shown in Table 6» membrane-bound PP-jase activity of chromatophores from 
RhodospiriHum rubrum is totally inhibited by BPh3Fe2+. FCCP» which in itself activates the 
native enzyme» relieves the inhibition by BPh3Fe2+. 

Soluble PPiase from yeast is also inhibited by BPh3Fe (Fig. 4 ) . In this case» however» 
the inhibition is not reversed by uncouplers (Fig. 4» Table 7 ) . The soluble PP^ase shows a 
sensitivity to various chelates (Table 8) similar to that of mitochondrial ATPase» actomyo
sin ATPase» Ca2+-ATPase of sarcoplasmic reticulum» and kidney Na+K+-ATPase. 
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TABLE 4. Effect of various chelates and uncouplers on Na K -ATPase 
activity from rat kidney 

100 % activity equals 3.2 ymoles/min/mg protein. When 
indicated» 1 mM ouabain was added. 

Additions % activity 
ouabain + ouabain 

none 
5 μΜ BPh3Fe2+ 

10 μΜ BPh3Fe2+ 

10 yM DPBP3Fe2+ 

10 yM 0Ph3Fe2+ 

10 yM BPh-sulf.3Fe2+ 

20 yM FCCP 
20 yM S-13 
20 yM TTFB 
100 yM 1799 

5 yM BPh3Fe2+ + 20 yM FCCP 
10 yM BPh3Fe2+ + 20 yM FCCP 
10 yM BPh,Fe2+ + 20 yM S-13 

2+ 10 yM BPh3Fe + 20 UM TTFB 

10 yM BPh3Fe2+ + 100 UM 1799 

10 yM DPBP3Fe2+ + 20 yM FCCP 

100 
42 
4 
8 
75 
92 

100 
63 
96 
92 

104 
96 
58 
96 
96 

8 
12 
4 
-
-
-

8 
8 
8 
8 

-
8 
-
-
-

96 

TABLE 5. Inhibition of nucleoside di- and triphosphatases of liver microsomes by BPh3Fe 
and relief of the inhibition by TTFB 

Activity was assayed at 30 C in 1 ml incubation mixture containing 50 mM Tris-Cl 
(pH 7.5)» 4 mM MgCU» 5 mM nucteoside di- or triphosphate» 0.6 mg microsomal 
protein and BPh3Fe2+ and/or TTFB as indicated. Reaction was quenched after 20 
min with 0.5 ml 10 % perchloric acid. When indicated! 50 yM BPh3Fe and/or 
100 yM TTFB was added. 

Substrate 

ATP 
ITP 
UTP 

ADP 
IDP 
UDP 

(ymol 
Activity 

Les/min/g I 

2.87 
2.02 
2.10 

0.74 
2.73 
1.10 

iver) BPh3Fe 

75 
62 
73 

82 
72 
72 

2+ 
% inhibition 

TTFB 

0 
0 
10 

3 
0 
11 

by 
BPh3Fe2+ + TTFB 

15 
0 
18 

16 
13 
28 
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TABLE 6. Inhibit ion of PP.ase ac t iv i ty of chromatophores from 
1 2+ 

Rhodospiri Hum rubrum by BPh-,Fe and re l i e f of the 
inhibition by TTFB 

Activity was assayed at 30 C in 2 ml incubation mixture 
containing 50 mM Tris-Cl (pH 7.5), 5 mM MgCl2» 5 mM PP^, 
0.85 mg protein and BPh^Fe and/or TTFB as indicated. 
Reaction was quenched with 1 ml 10 % trichloroacetic acid. 

Additions Activity 
(nmoles/min/mg protein) 

none 
50 yM BPh3Fe 
100 yM TTFB 
50 yM BPh3Fe"" + 100 yM TTFB 

2+ 

2+ 

3.4 
0.0 
5.7 
3.7 

100« 

μΜ BPh3Fei 

Fig. 4. Inhibition of soluble ΡΡη-ase from yeast by BPh3Fe in the 
absence and presence of FCCP. 
Activity was assayed at 30°C in 1 ffll incubation mixture containing 
50 mM Tris-Cl (pH 7.5), 5 mM MgCl2» 5 mM ΡΡΊ·, 0.13 yg yeast PP^ase 
and varying concentrations of BPI^Fe^"1" in the absence and presence 
of 10 yM FCCP. Reaction was quenched after 15 minutes with 0.5 ml 
10 % perchloric acid. 100 % activity equals 600 ymoles/min/mg protein. 

TABLE 7. Effect of various uncouplers in the presence and absence 
of BPh^Fe on soluble PP.ase from yeast 

Assay conditions were the same as in Fig. 4. When indicated, 
5 yM BPh^Fe was added. 

Addition % activity 
+ BPh3Fe2+ - BPh3Fe2+ 

none 
10 yM FCCP 
10 yM S-B 
10 yM TTFB 
50 yM 1799 

17 
3 
6 
14 
4 

100 
92 
60 
100 
89 
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TABLE 8. Effect of various chelates in the absence and presence 
of FCCP on soluble PP.ase from yeast 
Assay conditions were the same as in Fig. 4. 
cated» 10 μΜ FCCP was added. 

When indi-

Addition 

5 μΜ BPh3Fe2+ 

5 μΜ DPBP3Fe2+ 

5 μΜ 0Ph3Fe2+ 

5 μΜ BPh-sulf.3Fe2 

5 μΜ BPh3Ni2+ 

5 μΜ BPh3Cu 
5 μΜ BPh3Zn? 

5 μΜ BPh3Mn 2+ 

% 
FCCP 

18 
11 
93 
91 

7 
45 
14 
59 

activity 
+ FCCP 

3 
3 
92 
91 

2 
12 
9 
11 

5 μΜ DPBP3Ni .2+ 10 

Table 9 summarizes the enzymes tested so far that are inhibited by BPh3Fe . Common to all 
of these enzymes is that they catalyze the hydrolysis of pyrophosphate bonds. Listed in 
Table 9 are also a number of enzymes that have been tested and found not to be inhibited by 
BPh3Fe2+ at concentrations which were manifold above those causing inhibition of the first 
category of enzymes. These BPh3Fe2+-insensitive enzymes include partly catalysts which split 
pyrophosphate bonds but in a non-hydrolytic manner - i.e.# transferases such as adenylate 
kinase» pyruvate kinase» or hexokinase - and partly hydrolytic enzymes which split non-pyro-
phosphate bonds such as phosphate esters - e.g. AMPase# glucose-6-phosphatase» alkaline phos-
phatase - or other types of bondsi e.g. aldolise. Interestinglyf alkaline phosphatase was 
insensitive to BPh3Fe2+ not only with~"p-nitrophenyl phosphate but also with inorganic pyro
phosphate or ΑΊΡ as substrate# indicating that only enzymes which hydrolyze pyrophosphate 
bonds in a specific manner are inhibited by BPh3Fe2+. 
It should be noted» on the other hand» that the actual cleavage of a pyrophosphate bond may 
not be the step inhibited by BPh3Fe2+. This is indicated by the fact that the reactions 
catalyzed by two of the BPh3Fe2+-sensitive enzymes listed in Table 9» namely» the Na+K+-
ATPase (20) and the Ca2+-ATPase (21)» are known to involve phosphoenzyme intermediates» 
where the phosphate is bound to a carboxyl group of the protein. It is unlikely - although 
experimentally not proven - that BPh3Fe2+ inhibits the formation of these intermediates» in 
view of its lack of effect on various kinases. More probably it is the hydrolysis of the 
phosphoenzyme which is inhibited by BPh3Fe2+. It would thus appear that the criterion for a 
reaction to be sensitive to BPt^Fe^"1" is that it involves the hydrolytic cleavage of a phos
phate bond of anhydride character» such as an acyl phosphate of or a pyrophosphate,in the 
active center of the enzyme. Another common feature of these enzymes seems to be that they 
catalyze a reversible hydrolytic cleavage of a P-0 bond as revealed by a rapid oxygen ex
change between P\ and water (22-30). This reaction may involve the transport of a proton» 
resulting from the hydrolytic cleavage of the P-0 bond in the hydrophobic center of the en
zyme» to the surrounding aqueous medium. This mechanism would be similar to that involved 
in the hydrolytic cleavage of a C-C bond in the reaction catalyzed by muscle aldolase (31). 
In that case the proton is transported through a number of special histidine residues locat
ed near the active center of the enzyme. In the present case, the proton transport may like
wise involve some aromatic residues» which would serve as proton conductors between the hyd
rophobic pocket of the enzyme and the hydrophilic external environment. BPh3Fe2+ may exert 
its inhibitory effect by blocking these aromatic residues through its phenyl groups» which 
are essential for inhibition (2). 

The effect of uncouplers in relieving the BPh3Fe inhibition may be due to a mediation of 
protons between the hydrophobic center of the BPh3Fe2+-blocked enzyme and its aqueous en
vironment (32). This proton conduction by uncouplers may be direct» similar to that assum
ed to occur through phospholipid bilayers (33). It may also be indirect» due to a removal 
of the phenyl groups of BPh3Fe2+ from the aromatic residues of the enzyme. The latter al
ternative appears preferable in view of the earlier demonstrated nonenzymic interaction 
between BPh3Fe2+ and various uncouplers (2) which requires the phenyl groups of BPh3Fe2+ 
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TABLE 9. Selective inhibition by BPfuFe of enzymes catalyzing 
the hydrolysis of pyrophosphate bonds 

Enzymes inhibited 

Mitochondria I F>.-ATPase 
Chloroplast F*-ATPase 
Bacterial F--ATPase 
Actomyosin ATPase 

2+ * Ca -ATPase 
Na+-K+-ATPase* 
Microsomal NTPase 
Microsomal NDPase 
Bacterial PP.ase 
Yeast PP.ase 

1 

Enzymes not inhibited 

Adenylate kinase 
Hexokinase 
Pyruvate kinase 
AMPase 
Glucose-6-phosphatase 
Alkaline phosphatase 
Aldolase 

inhibition relieved by uncouplers 

and which results in a spectral shift indicative of a conformational change of the inter
acting molecules. The somewhat puzzling finding that uncouplers do not relieve the BPh3Fe2+ 

inhibition in the case yeast pyrophosphatase may be explained in terms of the proposed 
mechanism by assuming that the interaction between this enzyme and BPh3Fe2+ is too strong 
to be overcome by uncouplers. 

In conclusion» the results described in this paper suggest that various enzymes catalyzing 
the hydrolysis of pyrophosphate bonds may possess a basic similarity in their reaction 
mechanisms» in spite of their widely different gross chemical structures and biological 
functions. This common feature may concern the way in which these enzymes interact with 
protons during catalysis» and it may make BPh3Fe2+ a particularly useful tool for elucidat
ing the mechanism of pyrophosphate bond biosynthesis in oxidative and photosynthesic phos-
phorylation. 
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HIGHLIGHTS IN THE STUDY OF 
ENZYMIC AMINO GROUP TRANSFER: 
METABOLIC ROLE, STRUCTURE AND 

CATALYTIC MECHANISM OF 
TRANSAMINASES 

A. E. Braunstein 
Institute of Molecular Biology, USSR Academy of Sciences, Moscow, USSR 

Abstract - A survey is presented of key steps in the inves
tigation of reactions and enzymes of amino group transfer. 
These include: discovery of biological transamination reac
tions; early studies of their occurrence, substrate range and 
presumable enzymic mechanism; studies revealing the principal 
biological functions of transaminations as essential steps 
in nitrogen assimilation, in transformations and catabolism 
of amino-acids, and in the chemical integration of intermedi
ary nitrogen and energy metabolism; further, the detection 
and investigation of the cofactor role of pyridoxal phosphate 
in enzymic transamination and other transformations of amino
-acids; essentials of the theory of biological vitamin B6--dependent reactions; molecular-physical and bioorganic 
characterization of cytosolic aspartate transaminase (see 
Note a); elucidation of its peptide sequence, identification 
of some functionally important groups (and their presumable 
roles); hypothetic dynamic schemes of the molecular mechanism 
of enzymic transamination, and an outline of the first results 
obtained in X-ray structural investigations of cytosolic 
aspartate transaminase from chicken heart· 
HISTORIC INTRODUCTION 

In studies aiming primarily at identification of the metabolic precursor 
of amino groups for resynthesis of adenylate (AMP) from inosinate (IMP) in 
muscle tissue, Braunstein and coworkers discovered in 1957 a novel type of 
enzymic reactions, consisting in reversible transfer of the amino group, 
together with an electron pair and a proton,between an oc -amino-acid (or 
other NH2 donor) and an oxo-acid (or other acceptor molecule)(Refs. 1,2), or transamination. As indicated in the reaction scheme (Eqn.1), it was 
later demonstrated in experiments with isotopic labelling that the original 
amino-N is retained in the new amino-acid, whereas thecC-hydrogen is 
exchanged for H atoms from the aqueous medium. In the following two decen-
nia intensive research in the author's laboratories and elsewhere (see 
Refs. 2-6) demonstrated the ubiquitous occurrence of trans amina ting enzymes 
in the cells of all living beings, their broad substrate range with prefe
rence for dicarboxylic NHp-donor/acceptor pairs, and rough outlines of the 
catalytic mechanism. 
In our first experiments, in collaboration with Maria Kritzman (1) we 
explored the transformations, in minced muscle, of glutamic acid. It failed 
to act as a source of NHp-N for the regeneration of AMP from IMP. The real 
precursor, identified 20 years later, is aspartic acid (see Fig.5 on p.7)· 
Had we used aspartate rather than glutamate in our early attempts to reami-
nate IMP, this could possibly have been found from the outset. 
Discovery and initial characterization of enzymic transamination. 
Actually the very first experiments (Refs.1,2) provided evidence that in 

Note a. Abbreviations - Asp-transaminase, aspartate:oxoglutarate amino-
transferase; PLP, pyridoxal phosphate; PMP, pyridoxamine phosphate; 
Pyr, pyruvate; Kgl, oc-oxoglutarate, Lact, lactate. 
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12 Enzymic Amino Group Transfer 

muscle t i s s u e t h e r e occurs under a e r o b i c cond i t i ons e q u i v a l e n t d i sappearan
ce of added glu tamate and endogenous l a c t a t e , whereas i n a n a e r o b i o s i s a 

T R A N S A M I N A T I O N 
1 n 2 Ώ1 R2 

Γ f C=0 + NH0-C-H <r=- ^ H-C-NKL + 0=0 (<\) 
COOH COOH nuS» COOH COOH 
(N, nitrogen labelled with ^N; g, hydrogen labelled with 
2H or \ ) 

supply of extraneous pyruvate is required (Table 1)· The obvious inference 
that the product formed should be alanine was confirmed by analytic data 
and by the isolation, from scaled-up incubation samples, of optically acti
ve /3-naphtalenesulfo-alanine (1939;(Ref.1). 

TABLE 1# Balance of transformations of L-Glu in muscle pulp 
[(1957), from Ref .1J 

Samples Δ^ΎΤ 4 L a c t <3Ala 4NH2-Bi-
carbox 

A. In On atmosphere 
I . a . Muscle pulp (Con t ro l ) 0 -39 0 0 
" b . same, + 70 /imol/g Glu 0 - 3 4 . 5 +28.7 - 3 2 . 6 
II. a. Muscle pulp + 

+~160 /amol/g Pyr -93 +48 0 0 
b. same as a, + 
+ 70 /imol/g Glu -187 +120 +30.5 -29.0 

B. In vacuo 
III, a. Muscle pulp + 

+""175 /imol/g Pyr -71 +4-0 0 0 
b. same as a + 
""■+ 70 /jmol/g Glu -133 +70.5 +33.1 -32.6 

In experiments with the primary end-products of NEL shift — L-alanine and 
o^-ketoglutarate — added to muscle pulp, the back-reaction was observed to 
proceed rapidly to a certain equilibrium, close in rate and endpoint (ap
proximately half-way) to that found in the forward reaction (Fig.1). These 
data, and the preparative isolation of L-glutamate (as the hydrochloride) 
produced in the back-reaction,completed^the demonstration of occurrence in 
muscle (extended later to enzyme extracts from any type of cells) of rever
sible reactions of NHL transfer between donor amino-acids and acceptor oxo-
-acids. Close analogy with well-known examples of non-enzymic (chemical) 
NHP transfer from amino-acids (or amines) to active carbonyl compounds (e.g. qufnones, glyoxals, ninhydrin, oxo-acids) and the fate of isotopically 
tagged NHp-N and ot-H atoms (indicated in Eqn.i; suggested that the mecha
nism of enzymic trans aminati on was based on formation and tautomeric rear
rangement of Schiff-base intermediates. My conjecture that intermediary N 
and/or H acceptors might be involved in the enzymic reaction (Ref.2) was 
confirmed a few years later (see below). 
From the outset it was apparent that many amino- and oxo-acids could parti
cipate in enzymic NH? transfer, and that the Glu/Kgl substrate couple was preferentially involved· With the very imperfect analytical methods and en
zyme fractionation techniques then available, the substrate range and bio
logical scope of the reaction could not be correctly assigned;but its rapid 
rates and ubiquity indicated the important physiological significance of 
transamination. Unfortunately, our main assay procedure, based on the sepa
ration of mono- and dicarboxylic amino-acids, precluded observation of the 
fastest and most cardinal transamination reaction — the NHL transfer be
tween glutamate and aspartate. 
Only in the late fourties the advent of partition chromatography and other 
refined fractionation methods allowed to demonstrate the occurrence in all 
living cells of a variety of transaminases which catalyse amino transfer 
between practically all amino- and oxo-acids, including transamination 
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reactions between monocarboxylic substrate pairs without dicarboxylic participants (Refs. 3,4,6,8). 
PRINCIPAL METABOLIC FUNCTIONS OF N H 2 GROUP TRANSFER 

Most active among NHp group transfer reactions in animals and higher plants 
are those involving H h r e e keto-acids arising in the glycolytic and respira
tory cycles — viz.., pyruvate, oxaloacetate and «t-oxoglutarate or the 
corresponding ot-amino-acids — as one or both substrate pairs. 

jumol/g, 
Glu Ala 

100 

.-8rr: 
^8 II 
—o I 

0 10 25 45 70 
L-Glu -° i-Aia 

100 
min 

Fig.1. Reversibility and equilibrium of the transamination 
reaction (Braunstein and Kritzman,1937; see Ref.1). 

Integration of intermediary nitrogen and energy metabolism. My suggestion 
(,2,3; that one of the main physiological functions of transamination con
sists in the chemical integration of nitrogen metabolism and cellular oxi-
doreductions — especially in the regulation of glycolytic and respiratory 
cycles by the trapping or supply of intermediary oxo-acids — has found 
ample experimental support (see surveys cited in Refs.3-6). 
Transamination-dependent pathways of N assimilation and dissimilation. In 
those years it was generally believed, mainly on the basis of indirect evi
dence, that amino acids were catabolized - at least in higher animals -
chiefly by oxidative deamination, and the reverse process - synthesis of 
alanine from pyruvate and ammonia - had been demonstrated in vitro in liver 
and kidney slices (cf.Refs.3,5-8). Yet only one protein constituent - £-glu-
tamic acid - is readily subject in all types of cells to oxidative deamin
ation (and to synthesis by its reversal) by a specific glutamate dehydroge-
nase, requiring NAD(P).Ubiquitous occurrence,partial purification and pro
perties of this enzyme were reported by H.v.Euler and associates in 1937-38, 
nearly coincident with our first publications on the role of glutamate in 
N H 2 transfer by transaminases. The inference was obvious that coupled 
action of glutamate dehydrogenase and transaminases could constitute a key 
stage in major indirect pathways of ammonia assimilation and amino acid de
gradation in animals (Fig.2). We designated these coupled processes as 
transreamination and transdeamination, respectively, and in a series of 
Studies amply demonstrated their importance in the synthesis and degrada
tion of most amino acids in mammals and in cell-free preparations from 
their tissues in vitro. 
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From semipurified alanine-glutamate transaminase and glutamate dehydrogena-
se we composed a model of "L-amino-acid oxidase" which act ively deaminated 

Ir-Aminoacids ^, ~ Glu ^ ^r NAD* 

SEE- I I Sör 
cx -Ketoacids ^ ^ α - K g ^ ^ NHj,NAD(P)H 

Fig.2. Transdeamination and transreamination via glutamate 
dehydrogenäse; Braunstein (194-7)* see Ref.3· 

L-alanine in presence of the required cofactors (Table 2), see Ref·7· The 
system should obviously function reversibly, though this was not actually 
tested· Our views implied that any agent interfering either with transamina-

TABLE 2· Transdeamination of L-alanine in enzymic model 
system (Braunstein and Bychkov,1939; Ref#7) 

Incubation samples ΔΝΗ^, /umols 
Complete model system 23·9 
Without Glu-dehydrogenäse 1·8 
" " amino trans f erase 5·6 tf " codehydrogenase 0·1 
" ,f ketogl utarate 0 
" " pyocyanine 0.2 
" " L-alanine 0.4 

tion or with generation of <*-ketoglutarate in the citric acid cycle (like 
the inhibitory factors indicated in Fig.3) should interfere with oxidative 
deamination and with synthesis (from o<-keto- or D-amino-acids) of L-ami-
no-acids other than glutamic in liver or kidney; this was found to be the 
case (Ref .3). Figure 4 shows the impressive results obtained by me and 
R.Azarkh (see Refs.3,8) in experiments with rat liver homogenates where 
transamination was blocked in vivo by administration of isoniazid, and 
Of-ketoglutarate formation was inhibited in vitro with fluorocitrate; the 
depressed amination of pyruvate (synthesis of alanine and aspartate) was 
restituted by addition to the incubation samples (a.) of ketogl utarate, (b) 
of semi-purified alanine transaminase, and most efficiently - (c;) of both· 
Evidence was obtained that the requirements for urea synthesis ϊη liver 
tissue are similar, necessitating intermediary synthesis of glutamate and 
aspartate by transamination (in the case of uricotelic catabolism - also 
of glycineXKef.8). Glutamate dehydrogenase is not unique as the gateway 
for assimilation and release of NH*; for example, in some microorganisms 
deficient in glutamate dehydrogenase activity (and in certain plants) this 
function may be taken over by other enzymes, such as alanine dehydrogenase, 
aspartase or (in the anabolic direction; by glutamine synthethase in, conjunc 
tion with glutamate synthase (EC 1.4.1.13; 1.4.7.1)· 
A subsidiary transamination-mediated reaction sequence for oxidative NEU 
liberation (see Fig.5) is the process involving de- and reamination of ̂  
AMP (3,8), designated by W.Lowenstein as "purine nucleotide cycle". 
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Vit.Pfr deficiency 
Isonicotinyl hydrazide 

NHo0H 

|CH3«CH-NH2-COOH| 
Alanine* 

KOOC·CH2·CH.NH2·COOffl 
Acpartic acid 

CHz»C0-C00H 
Pyruvic acid 

-►AcS-CoA 

H00C.CH2.C0-C00H 
bxaloacetic aciq Γ"* Citric acid 

/ 
Cocaine 

Malic acid 

Pumaric 
acid 

,' cie-Aconitic 
acid 

Fluorocitrate 
Fluoroacetate- I-

Isocitric 
acid k Maleate^ Succinic 

acid Λ 

/ 
|HOOC-CH2.CH2«CO*COOH| 
Ä-Ketoglutaric acid 

Vit,P6 deficiency 
Isonicotinyl hydrazide 

NH2QH 

*-Amino acids|v > * Γ ^ ^ ] 

|HG0C.CH2»CH2.CHNH2«C0CH| 
Glutamic acid 

Fig· 3· Scheme of agents interfering with the respiratory 
cycle, and with nitrogen assimilation and dissi
milation (Braunstein, 1957; Ref.5)· 

THE COEETZYMS FUNCTION OF PYRIDOXAL PHOSPHATE 

In 194-4—46> studies from several laboratories demonstrated that a vitamin 
B^ derivative, recognized later as pyridoxal-5-pbosphate (PIP), was an 
essential cofactor of amino-acid decarboxylases and of the aminotransfera
ses (or transaminases)· In the latter case, studies by E.Snell and associat
es indicated that the cofactor performed a function I had originally sug
gested, viz« that of an intermediary NHp and hydrogen acceptor· Within the next few years many cofactor functions of PIP in a broad variety of meta
bolic reactions of amino-acids were discovered in different laboratories, 
including mine (Refs.9-13)· Common features of the essence of pyridoxal-
-requiring enzymic reactions were briefly outlined, on the basis of analog
ies with well-known chemical reactions, in my paper (194-9) on functions 
of vitamin B6 in tryptophan metabolism (Ref.9)· Closely similar interpretations of the general mechanisms of PLP-involving reactions of amino-acids 
were published in 1952-54· independently by me and M.Shemyakin (10) and 
D.Metzler, M.Ikawa and E.Snell (11); cf.Refs. (12-14)· The common cause of 
such reactions was found in marked lowering of electron density of the 
aminated carbon atom in aldimines or Schiff bases, produced by condensation 
of the NHp group of amino-acids with the CO group of pyridoxal or similar 
active oxo compounds· The result is polarization and eventual disruption of 
single bonds between the cC_c atom and any one of its substituents, followed 
by various secondary rearrangements (Fig,6). With certain amendments and 
supplements this general theory is still valid (Refs· 4a,14-16)· 
An aspect of special importance for the reaction specificity of PLP-enzymes, 
pointed out in 1966 by H.Dunathan (15)f is the quantum-chemical postulation that in the E*S aldimines formed by PLP-enzymes the substituent group pri
marily released should be fixed in a plane perpendicular to that of the 
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jamol/g 
c o n t r o l 
r a t r , 

Glu : Ala 
transami-
nasef% 

200 100% 

100 50% 

^ 

YA 

I s o n i a z i d - d r u g g e d r a t s 

2·10~"^ M f l u o r o c i t r a t e added i n v i t r o 

no s u p 
p l e m e n t 

PZI rora 

+ 20 /uno l 
* - K g l 

.EL 

|* A l a - t r a n s -
a m i n a s e 

za 

♦ « - K g l 
and t r a n i i 
a m i n a s e 

trans-
aminase Ala Glu Asp+ under-

term-NHp 

Fig· 4. Amination of pyruvate in liver homogenate of rats 
dragged with isoniazid.(and fluorocitrate added in 
vitro). From Ref.8 (1960). 

Λ - 0 X 0 -
a c i d s 

/ * Malate Λ 

O x a l a c e t a t e Fumarate ■H20 

<* -Amino-
a c i d s Glu tama te 

2 - O x o g l u t a r a t e 

Aspartate AMP 

IMP 

►NH, 

F i g . 5 . Ind i rec t oxidative deamination of L-amino acids via 
glutamate, aspartate and AMP; Braunstein (1959), 
see Refs, ( 3 ,8 ) . 



Enzymic Amino Group Transfer 17 

planar conjugated 0^-system of the protein-bound coenzyme (Fig.7). In the 
case of transaminases and some other types of PLP-enzymes, the primary 
leaving group is the Ou-H atom, as in the upper scheme on this figure. 

H Y 
4 
I 

H 

*l Ί ß\ \ «A i 
- C — i C — I (-Cj h- COOH 

!5 f-2 

Protein 

Fig.6. Scheme and list of main types of PIP-dependent trans
formations of amino acids; Braunstein (194-7*1957)* 
see Ref.12· 

Type 

1 
1 + 2 

1 
6 

z 

Bonds disrupted Reactions 
of C-— H 
<*C—H, d C ~ N 
ocC—COOH 
<XC— H, |3G— Y 

/3 C— H, / C - X 

d C - f c (and oCH) 

Racemization 
Trans amina t i on 
oi-Decarboxylation 
Elimination or replacement 

of oCH and ß-subs t i tuent 
Elimination or replacement 

of ßE and ^-subst i tuent 
<*,p-Cleavage (and condensation) 

of carbon chains 
J3,/^Cleavage of carbon chain 

(«> \*J 

FiK. 7. Conformations of PLP-aminoacid aldimines in the active 
site/favouring disruption of: (a) C « ^ bond (trans animation 
et ai.);(b) O^-CP bond (threonine aldolase et al.J; (Γ—COOH-üöna-(amiSo-acidrt-decarboxylases). Scheme drami by E.S.Severin 
after H.Dunathan (1966), cf.Eefs.15,16). 
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PREPARATION AND CHARACTERIZATION OF PURE ASP-TRANSAMINASES 
In 1958-60; high-purity preparations of aspartate transaminase from the myocard of several vertebrates became readily available; its isoenzymes 
from the cytosol and mitochondria were later separated and crystallized· 
In the following few years a vast body of evidence was accumulated, in our 
laboratory and elsewhere, about the physical parameters, chemical reacti
vity and catalytic properties of the enzyme; the topography of some func
tionally importent groups; the sequence and stereochemistry of intermediary 
steps of the catalytic cycle. This information was obtained by means of a 
broad complex of elaborate (chiefly - indirect) chemical and physical 
approaches, including spectral, electro?magneto- and hydrodynamic methods, 
chemical and isotopic labelling, kinetic and inhibitor analysis, etc, 
(Refs.4,4a). The sum of information provided the basis for alternative 
dynamic models of the molecular reaction mechanism of enzymic transamina-

10 20 
AU - Pro- Pro-Ser - Val -Ph·- Ala -Clu - Val - Pro-Gin - Ala -Gin -Pro- Val - Leu- Val - Phe- Lys- Leu - lie - Ala - Asp- Phe- Αιγ-

30 40 SO 
Glu - Aep-Pro-Aep-Pro-Αιγ-Ly·-Val - A M - l ^ - G l y - Val-Gly - Ala-Ί> r - A r g - ^ 

60 70 
Pro- Val - Val - Arg- Ly e- Val - Glu - Gin - Arg - lie - Ala - Aen- Aep- Ser - Ser - Leu- Aen- His - Glu - Ty r- Leu- Pro - lie - Leu- Gly -

80 90 100 
Leu- Ala -Glu - Phe- Arg-Thr-Cye- Ala -Ser - Arg- Leu- Ala - Leu-Gly - Aep- Aep-Ser - Pro- Ala - Leu-Gin -Glu - Lye- Arg- Val -

110 120 
Gly -Gly -Val -Gin -Ser -Leu-Gly -Gly -Thr-Gly -Ala -Leu-Arg - lie -Gly -Ala -Glu -Phe-Leu-Ala - Arg-Trp-Tyr-Αβη-Gly -

130 140 150 
Thr- Aen-Aen-Lye-Aep-Thr-Pro-Val -Tyr-Val -Ser -Ser-Pro-Thr-Trp-Glu -Aen-His -Aep-Gly -Val -Phe-Thr-Thr- Ala -

160 170 
Gly - Phe- Lye-Aep - lie - Arg-Ser -Tyr-Arg-Tyr-Trp-Aep-Thr-Glu -Lye-Arg-Gly - Leu-Aep- Leu-Gin -Gly -Phe- Leu-Ser -

180 190 200 
Aep-Leu-Glu -Aen-Ala -Pro-Gl u-Phe-Ser - lie -Phe-Val - lie - Hie -Ala -Cye-Ala -Hie -Aen-Pro-Thr-Gly -Thr- Aep-Pro-

210 220 
Thr-Pro-Gl u-GU-Trp-Lye-Gin - lie - Ala-Ser-Val-Met-Lye-Arg-Arg-Phe-Leu-Phe-Pro-Phe-Phe-Aep-Ser-Ala-Tyr-

230 240 250 
Gin -Gly -Phe-Ala -Ser -Gly -Aen-Leu-Glu -Lye-Aep-Ala-Trp-Ala- l ie- Arg-Tyr-Phe-Val -Ser -Glu -Gly -Phe-Glu -Leu-

260 270 
Phe-Cye-Ala -Cln -Ser -Phe-Ser-Lys-Asn-Phe-Gly -Leu-Tyr-Aen-Glu-Arg-Val -Gly -Aen-Leu-Thr-Val -Val -Ala -Lye-

280 290 300 
Glu -Pro-Aep-Ser - lie - Leu-Arg-Val -Leu-Ser -Gin -Met-Glu -Lye - lie -Val -Arg-Val - Thr-Trp-Ser -Aen-Pro-Pro-Ala -

310 320 
Gin -Gly -Ala -Arg- lie - Val - Ala -Arg-Thr-Leu-Ser -Aep-Pro-Glu -Leu-Phe-Hie-Glu -Trp-Thr-Gly -Aen-Val -Lye-Thr-

330 340 350 
Met-Ala -Aep-Arg - lie - Leu-Ser -Met-Arg-Ser -Glu -Leu r Arg -Ala -Arg-Leu-Glu -Ala -Leu-Lye-Thr-Pro-Gly -Thr-Trp-

360 370 
Aen-Hie - lie - Thr-Aep-Glu - lie - Gly -Met-Phe-Ser -Phe-Thr-Gly -Leu-Aen-Pro-Lye-Gln -Val -Glu -Tyr-Leu - lie - Aen-

380 390 400 
Glu -Lye-Hie - lie - Tyr-Leu-Leu-Pro-Ser-Gly -Arg - lie -Aen-Met-Cye-Gly -Leu-Thr-Thr-Lye-Aen-Leu-Aep-Tyr-Val -

410 
Ala -Thr-8er - lie - Hie -Glu -Ala -Val -Thr-Ly· - lie -Gin 

Fig# 8. Primary structure of Asp-transaminase^. from pig 
heart (Ref.19)· c y t 

* 
Lys, the lysine-258 residue forming the "internal" 
PLP-aldimine in the active centre of the holoenzyme· 

tion, proposed in our Institute by colleagues of the author (Refs.17,18). 
Both hypothetical models implied the occurrence (and importance) of confor-
mational changes (qualitatively different) in the enzyme molecule in the 
course of the catalytic cycle; these will be discussed later· 
The transaminating enzyme that ranks foremost in catalytic potency and 
biological significance is aspartate:oxoglutarate aminotransferase. Its 
cytosolic and mitochondrial isoenzymes from heart muscle are dimeric 
proteins of M.wt. about 93·000, containing two g/mols of PLP (the disso
ciated monomeric form is fully active). Each protomer consists of one long 
polypeptide chain; in the enzyme from pig heart cytosol it contains 412 
residues. Its sequencing was completed in 1972 under Yu.A.Ovchinnikov's 
direction by a joint team of his coworkers and mine (Ref.19), see Fig.8. 



Enzymic Amino Group Transfer 19 

Some residues, supposed to be functionally important, have been located in 
this sequence, including the PIP-binding Lys-258 in the active site, one of 
the five cysteines (Cys-390), one tyrosine (Tyr-40) (Refs.4a,20). The 
primary structure of the mitochondrial isozyme, reported in 1977 by Japanese 
authors (21; cf.4a), is strikingly similar: although the two isozymes are 
practically devoid of immunochemical cross-reactivity, their primary 
structures include more than 40% residues identically located in the pep-
tide chain, and about 70% of the residues are closely related in chemical 
structure or genetic coding· This circumstance points to very ancient and 
evolutionarily conservative origin of the isozymic forms. 
The molecular mechanism of enzymic transamination. It is well-established 
that transamination reactions proceed by a sequence of intermediary steps, 
constituting two half-reactions, as shown in the following equations (2ai,2b) 
for the case of aspartate transaminase: 

L-Aspartate + PLP-Enzyme « > Oxaloacetate + PMP-Enzyme (2a.) 
PMP-Enzyme + 2-0xo gl utarate <-* PIP-Enzyme + L-Glutamate (2 b) 

In the first step (a.) the NHp group of amino-substräte is transferred to 
the enzyme-bound PIP to yield the oxo-acid product and the amino- or PMP-
-form of the enzyme; in step (b) the PLP-form is regenerated by transfer of 
the NHp group to another oxo-a£id molecule, generating the new amino-acid 
(here, glutamate). 
Using fast-reaction kinetics, G.Hammes and J.Haslam (22) demonstrated that 
each half-reaction includes no less than seven different intermediates. 
The scheme on figure 9 shows the sequence of major intermediates (cf.Refs. 
4,4a,17). The first drawing (top left) represents the active non-protonated 
PLP-enzyme species, or "internal" aldimine, with the GO group of PIP linked 
to £-NHp of the essential lysine residue in the active site by an imine 
double bond. This aldimine has a spectral absorption band at 362 nm. Inter
action with the amino-substräte produces a non-covalent adsorption complex 
(Michaelis complex) with the same absorption band at 362 nm. Next, one 
proton of the substrate's NHj group is transferred either to the phenolic 
oxygen or the aldimino-N atom. The deprotonated, nucleophilic amino group 
now attacks the enzyme's C—4' atom and - via a tetrahedral transition 
complex (not shown) - displaces the £-NHp group of Lys-258 from its PIP--aldimine. This "transaldimination" step results in formation of the PIP-
-substrate, or "external·*, aldimine displaying a characteristic absorption 
peak with f\ 430 nm. Dissociation of its oc -hydrogen atom leads to a 
carbanionic intermediate, and delocalization of the negative charge in 
the latter results in a set of resonance states, including a well-defined 
quinonoid species (featured on our scheme) with absorption peak at 492 nm. 
Its (chiral) protonation at the C-—4' atom gives the PMP-ketimine interme
diate whose absorption peak has | ^340 nm. Hydrolysis of the latter 
imine finally releases the oxo-acid product and the PMP-form of the enzyme 
( /?max 333 nm). Reversal of these steps with another oxo-acid molecule constitutes the second half-reaction, completing the transamination cycle. 
Within the scope of this article it is not possible to give a survey, ever 
so concise, of all the vast chemical and physical information relating to 
the catalytic function of aspartate transaminase, accumulated in our labo
ratory and elsewhere; see Refs.(4,4a,17). This paper deals in detail with 
one aspect only of the molecular mechanism of enzymic transamination, na
mely - the conformational changes in the enzyme molecule connected with the 
intermediary reaction steps just mentioned (Note a). 
Gonformational shifts in the acting transaminase molecule. 
Evidence indicating that enzymic transamination is probably associated 
with conformational changes in the enzyme's active site was first obtained 
by Yu.Torchinsky et al. (21,22) in studies of the induced optical activity 
(i.o.a.) they had detected in absorption bands of the aspartate transamina-
se-linked coenzyme chromophore. This i.o.a., recorded either as anomalous 

Note a. Part of the available information was recently discussed by Dr.YuJI. 
Torchinsky and me in a lecture given at the 12th FEBS Meeting in Dresden 
(July 1978). 
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rotatory dispersion (ORD) or as circular dichrois (CD), was found to dis
play marked changes at sequential stages of the reaction: it is substan
tially reduced on formation of the Michaelis complex, disappears at the 
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Fig. 9· Key intermediates of the enzymic transamination 
reaction. Yu.Torchinsky and A.Braunstein, 1978; 
condensed from Ref.17· 

FLP-substrate aldimine stage, and acquires inverted sign (i.e. becomes 
negative) in the quinonoid intermediate. These phenomena, illustrated in 
Figs.10-11, were first observed in experiments with substrate analogues 
(allosubstrates); such analogues, e.g.c*-methyl-aspartate (MeAsp) or 
erythro-jMiydroxyaspartate (H0-Asp)j allow to stop artificially, or "freeze1,' 
intermediate steps of the enzymic reaction, corresponding to a PLP-substra-
te aldimine and the quinonoid intermediate, respectively. It appears 
justified to consider complexes of the enzyme with these allosubstrates as 
adequate models of intermediates formed in the course of the normal enzymic 
reaction. This is indicated, for instance, by the fact that quite similar 
(though less clearly pronounced) changes in absorption and CD spectra are 
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observed upon addition of the adequate substrate, L-aspartate (Ref·17). 
Figure 10 a shows the effect of maleate (an inhibitory substrate analogue) 
on the CD spectrum of the PMP-form of the enzyme. The complex with maleate 
is a model of the non-covalent Michaelis complex: although the absorption 
spectrum is unchanged, CD of the chromophore's peak at 333 nm is markedly 
lowered. Figure 10 b illustrates the changes in CD and absorption curves 
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Fig. 10 a,· CD (above) and absorption spectra (below) of the 

PMP-form of cytosolic pig heart Asp-transaminase, before 
(curve .1), and after (curve _2) addition of 0.05 M maleate; 
pH 8.1; protein concentration 1.15 mg/ml (Yu. Tor chins ky 
and A.Braunstein, 1977)· 

Fig. 10 b. CD (above) and absorption spectra (below) of the 
form of the enzyme before (curve Λ) and after (curve 2) 
addition of 0.2 M DL-MeAsp; pH 8.3"; protein concentra
tion 1.74 mg/ml (Yu. Tor chins ky and A.Braunstein, 1977)· 

of the PLP-form in the presence of MeAsp. This allosubstrate produces at 
least two intermediates: - a Michaelis complex with unchanged position of 
the absorption peak C/?max 362 nm) but greatly reduced CD maximum at this wavelength, and an allosubstrate aldimine with an absorption maximum at 
430 nm, devoid of induced optical activity. Reaction with MeAsp does not go 
beyond the aldimine stage, because of the absence of an °<-H atom (replaced 
in this analogue by a methyl group). 
Figure 11 represents the CD curve of the enzyme complex with another allo
substrate, HO-Asp. This complex imitates the next step of the catalytic 
reaction, viz.·, formation of the quinonoid intermediate with a characterist
ic absorption band near 495 nm, which exhibits negative CD. The marked 
alterations in i.o.a. described above have been interpreted as manifesta
tions of changes in the mutual positions of the coenzyme chromophore and 
its dissymmetric protein surroundings at sequential steps of enzyme-catalys
ed transamination (Ivanov and KarpeisJfcy; Ref.17). These findings and general 
stereochemical considerations provided the basis for an hypothetic dynamic 
model of enzymic transamination (Ref .17). According to the model, transi
tion from the noncovalent Michaelis complex to the substrate aldimine, i.e· 
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the transaldimination step, is associated with rotation of the coenzyme 
ring around an axis presumably passing through the 2-methyl and 5'-phos-
phate groups of the coenzyme (as represented schematically in Fig.12). 

D«10 

320 360 520 nm 

Fig. 11. CD curve of the complex of cytosolic pig-heart Asp-
-transaminase with 0.01 M erythro-ft-hydroxy DL-aspar-
tate; pH 8.6; 0.5 mg protein per ml (ϊιι.Torchinsky 
and A. Braunst ein, 19'/ö)· 

Fig.12. Reorientation of the plane of the coenzyme's pyridine 
ring in the course of the transaldimination step, 
according to the model of Ivanov and Karpeis:ky(Rer.17)f 
as represented schem tically by D.Arigoni (1972); 
cf.Reir.4a. 

http://cf.Reir.4a
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Reversal, in the first half-reaction, to original orientation of the plane 
of the pyridine ring should occur at the stage of transition from PMP-keti-
mine to free PMP-enzyme and oxo-acid product (see Fig»9, bottom)· 
Important experimental findings demonstrating the occurrence of spatial 
translocations of the coenz^me in the functional catalytic site, were made 
by Besmer and Arigoni (1971;; cf.Refs.(4a,16). They studied the stereo
chemistry of 3E addition to carbon atom C-4· of the coenzyme, on reduction 
with sodium borotritide of PLP-aldimines in the active site of Asp-trans-
aminase· According to their data, tritium addition occurs from the re-side 
in the case of reduction of internal aldimine (free enzyme),whereas"~the 
substrate aldimine accepts tritium from the si-side» It thus appears that 
the faces of the imine double bond accessible for reduction are opposite 
in the internal and in the external (PLP-substrate) aldimine. This observa-
tion could be explained on the basis of Ivanov and Karpeiskyfs hypothesis 
of reversible rotatory dislocation of the cofactor, as shown in the dia
grammatic representation of such reorientation on figure 12· As already 
mentioned, there is also a possible alternative explanation of the observed 
steric inversion of the coenzyme-substrate aldimine bond. As mentioned 
earlier, this has been done in our Institute by E.S.Severin, R.M.Khomutov 
and their associates (Ref.18). Prom extensive studies of the interactions 
of Asp-transaminase with sterically rigid substrate analogues (stereoiso-
meric aminoisoxazolidones) and other active-site-directed inhibitors, they 
have drawn the conclusion that in the internal PLP-lysine aldimine the 
imino-N of the pro-R-oriented azomethine group faces the 5,-phosphate group 
rather than the phenolic 3-O-atom as generally assumed (Ref.4,4a,17)· 
Hence they inferred that steric inversion of the azomethine link to pro-S» 
orientation may occur by way of isolated formal rotation of the imino group 
through an angle of approx. 120° around the C 4 —C 4 ff-bond (via the tetra-
hedral transitional complex); this interpretation is shown schematically 
in M.g.13. 

Fig· 13· Conformation of "internal" ίλ - according to the 
usual point of view (Refs.4,4a,17)» B - after 
E.S.Severin et al. (Ref .18)] and 0 - ̂ external" 
PLP-substräte aldimines. 

Evidence strongly supporting the view that the transamination reaction is 
associated with substantial conformational alterations in the enzyme pro
tein is provided by observations, first reported by P.Christen et al. 
(Ref.23), which revealed that chemical reactivities of some functional 
groups in the transaminase molecule are strikingly and specifically enhanc
ed upon addition to the enzyme solution of the substrate couple, glutamate 
+ oxoglutarate; this phenomenon was designated as "syncatalytic reactivity" 
(23). In Asp-transaminase from pig-heart cytosol the semiburied systeine-
-390 residue displays such reactivity, in the chicken-heart enzyme the 
phenomenon is displayed by a tyrosine residue not yet identified (Ref .24). 
Elucidation of the underlying conformational changes must await precise 
description of the three-dimensional structure of the transaminase molecule 
and its complexes with specific ligands. 
New evidence indicating changes in orientation of the coenzyme in the 
active site in the course of the catalytic reaction was recently obtained 
in studies of the absorption spectra of plane-polarized light transmitted 
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through a single crystal of transaminase. Such studies were initiated by 
Metzler et al. (25) who used crystals of Asp-transaminase from pig-heart 
cytosol, and similar results were obtained by Torchinsky and Yu.Morosov 
(1978) with a crystallographically dissimilar form (see Ref.27) of the 
chicken heart enzyme. In solution the MeAsp-enzyme complexes exhibit two 
absorption bands - at 362 and 430 nm, and the same bands are seen in spect
ra of the crystalline complex (see Fig.10 b). In the crystals, the two 
bands proved to be polarized in opposite directions, i.e. rotation of the 
polarization plane of the incident light beam induced opposite alterations 
in the intensities of the absorption peaks: one peak is increased while the 
other one is drastically lowered. These observations are readily explained 
if we assume a difference in orientation of the coenzyme ring in the 
internal aldimine (362 nm band) and in the PLP-rubstrate aldimine (430 nm 
band). At first sight, these data are concordant with the dynamic model of 
Ivanov and Karpeisky (Ref.17)· But in reality the situation is not so 
straightforward. Quantum-chemical calculations carried out by P.S.Song 
(1978, personal communication from D.E.Metzler) and by F.Savin (cf.26) 
revealed that for most derivatives of vitamin B^ the transition dipole 
moment (TDM) is very close to the C-2—C-5 axis across the coenzyme ring 
(Fig.14). Arrow 1. in this figure shows, approximately, the direction of 
transition dipole moment for the structure as drawn, and arrow 2 - for the 

® 0H2C 
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Fig. 14. Direction of the transition dipole moment, TDM, in 
PLP-aldimines. Computed by Savin (1978) by the all-
-valence-electrons CNDO/S method. 

Arrow 1̂  shows approximate direction of TDM for aldimine with 
imine double bond facing the phenolic 0-atom, and 

arrow 2 — with the double bond facing 5f-phosphate. 
corresponding structure with imine double bond facing the 51-phosphate 
group (cf.Ref.18). 
Two conclusions can be drawn from these data. First, it is improbable that 
reorientation of the imine double bond alone (Ref .18), involving an approx. 
10° change in direction of TDM, might account for the fact that the absorp
tion bands of internal and external (substrate) aldimines of PIP in the 
active site are polarized in opposite directions. Second, rotation of the 
coenzyme ring around the C-2—C-5 axis (Ref.17) would likewise hardly 
account for that fact, since polarized light is maximally absorbed roughly 
along this axis. 
The sum of spectroscopic and chemical data discussed above constitutes a 
large body of evidence supporting the occurrence of coenzyme translocations 
in the enzyme's catalytic site in the course of the transamination reaction. 
However, the question as to the actual nature of these translocations — 
whether rotational, pendulum-like, or other— cannot as yet be answered. 
Solution of this and other questions regarding the catalytic mechanism of 
transaminase will become possible on the basis of determination of the 
three-dimensional structure of the enzyme and its complexes with specific 
ligands (substrates and inhibitors) in crystalline state by means of X-ray 
studies. 

http://cf.Ref.18
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During several years workers in a number of laboratories failed in assi
duous attempts to prepare transaminase crystals satisfactory for this 
purpose, and only in 1975 Yu.Torchinsky et al. in our laboratory succeeded 
in growing sufficiently large and perfectly ordered crystals of Asp-trans-
aminase from chicken-heart cytosol, as well as crystals of its complexes 
with specific ligands (see, for example, Fig.15) and several heavy-atom 
substituted isomorphous forms which proved adequate for X-ray diffracto-
metric studies· As reported in Prof.B.K#Vainsteinfs paper, he and his associates at the Institute of Crystallography of the USSR Academy of 
Sciences started such studies of these crystal forms^in close cooperation 
with our laboratory. To-date, the results of three-dimensional synthesis 
of the structure at 5A resolution have been reported (Ref .27), and the 
study at 3·5A resolution is nearing completion. 

Fig.15· Micrograph of an orthorombic crystal of Asp-trans-
aminase from chicken-heart cytosol (complex with MeAsp). 
The crystal belongs to space group P2/,2̂ 2̂ l (Torchinsky and Volkova, 1975; from Ref .27). 

Figure 16, representing a three-dimensional model of the transaminase mole
cule based on the electron density maps at 5A resolution (Ref.27)> clearly 
revealed two similar subunits related by non-crystallographic diad. As 
stated already by Prof.B.Vainstein (see Fig.5 in Ref.28), it was possible 
to discern in the 5 A Fourier synthesis the position and sizes of nine 
ot-helical segments of the peptide chain in each subunit, accounting for 
approx. 40% of its total length, in agreement with earlier CD spectrometric 
estimates. 
The enzyme was shown to be catalytically active in the crystals· Removal 
of coenzyme from the crystals allowed to locate,, using difference R)urier maps 
of holo- versus apo-enzyme (Ref.27), the position of the active sites in 
the dimeric enzyme molecule (indicated by arrows in Fig.16). The active 
site is situated in a fairly shallow niche in proximity of the intersubunit 
contact area; it seems that elements of the adjoining subunit may take part 
in formation of one of the surfaces bordering on the niche. In the other 
subunit the active site is symmetrically situated in an identical way at a 
distance of 30 A. Crystalline complexes were prepared of Asp-transaminase 
with MeAsp, HO-Asp, 2-oxoglutarate, and with the carbonyl reagent, iso-
nicotinoyl hydrazine (INH;, as well as of the free PIP- and amino- or PMP-
-formSof the enzyme, and difference electron density maps were analyzed at 
5 A resolution. 
The maps of the PIP- and PMP-forms of the enzyme proved very similar, thus 
indicating close resemblance of the protein conformations in these species· 
On the other hand, formation of complexes of the PIP-form with 0.03 M 



26 Enzymic Amino Group Transfer 

MeAsp or 0.05 M INH is apparently associated with diffuse conformational 
changes, as indicated by reproducible emergence of a number of positive 
and negative peaks in the difference electron density maps (Eef·27 b)· 
Some of these peaks are rather remote from the active site· It should be 

Fig, 16. Model of the dimeric molecule of Asp-transaminase 
from chicken-heart cytosol (at 5 A resolution); 
from Ref. 27* 

noted that conformational changes associated with formation of enzyme-sub
strate (or -allosubstrate) complexes do not affect the ORD and CD spectra 
of Asp-trans aminase in solution in the far UV range (250-200 nm); see 
Refs.(29,30). This means that in the course of the catalytic cycle there 
occur no significant changes in the enzyme's content of o^-helical and 
f-structures; it is rather their orientation, i.e., the tertiary structure 
of the globular protein, that undergoes alterations. 
An important implication of the available X-ray diffraction data is that 
conformational changes associated with the catalytic cycle are not confined 
to the active-site region, but appear to involve a considerable part of 
the enzyme's protein molecule. Similar observations were reported in 
recent years with regard to complexes of several other enzymes (and other 
biologically active proteins) with their specific ligands, and plausible 
conjectures are being made about the probable role of such reversible 
diffuse transconfomations in the protein molecule (along with continuous 
rapid micro-fluctuations in the peptide chains) as factors contributing to 
unique biological functions— extremely high selective affinities, specific 
catalytic activity, and the like. 
Detailed description and evaluation of the nature and role of the dynamic 
changes in three-dimensional structure of aspartate transaminase associated 
with its catalytic function will be possible on completion of X-ray investor 
gations of the enzyme at higher resolution. Such studies are currently in 
active progress on three alloenzymic forms of aspartate transaminase — 
in Moscow, in Basel (on the mitochondrial isozyme from chicken heart) and 
in Ames, Iowa (on the pig-heart cytosolic enzyme). 
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Abstract - The secondary specificity of proteolytic enzymes 
is discussed in terms of the stepwise formation of an 
enzyme-substrate complex· It is concluded that the secon
dary enzyme-substrate interactions induce the transforma
tion of the initially formed complex into a productive form 
in which the maximal complementarity of the enzyme and the 
substrate is realized· This explains increase of kCa^ and constancy of Kjy[(app) for a series of substrates differing in the secondary interaction sites· 

Substrate specificity of many enzymes is determined not only by substrate 
groups directly adjacent to the sensitive bond (primary specificity) but 
also by those regions of the molecule which are located for off this group 
(secondary specificity). The secondary substrate specificity is distinctly 
displayed by acid proteases· For example, an increase in the length of a 
polypeptide chain of the substrates for pepsin from two to four amino acid 
residues changes the hydrolysis rate constant more than 1(P times (Refs· 1, 
2). The secondary specificity of other acid proteases, such as chyraosin, 
cathepsin D, and kidney renin is even higher (Refs. 3*4)· 
The secondary specificity can be manifested in the value of the catalytic 
rate constant (kca-fc), the Michaelis constant -KM(app)» 0 r these two kinetic parameters simultaneously. Pepsin is an example or enzymes for which the 
secondary specificity influences almost exclusively the catalytic constant, 
the effect depending not only on the length of a substrate polypeptide 
chain, but also on the nature of side chains remoted from the sessile bond. 
In order to evaluate the contribution of each residue of a substrate poly
peptide chain into the specificity of pepsin, we have analysed statistically 
digestion of over 500 amino acid sequences in different proteins by pepsin 
(Ref. 5)· The so-called specificity indices (Sy ) were calculated for 
each amino acid (i) at each of 20 positions (j) around the bond being hyd-
rolyzed. These indices reflect the probability for a given residue in a 
given position to be included in the sequence being split. The mean value 
of the specificity index for a given position (S*) characterizes the rigi
dity of requirements imposed by the appropriate locus of the active site 
on the structure of amino acid side chains. These values indicate that 
pepsin is most specific towards a residue in the position P-t and that the 
binding site of the enzyme, which specifically interacts with amino acid 
side chains in the substrate, comprises 5-7 residues (Ref. 5)· 
Furthermore, a linear correlation has been established between the total 
specificity indices for a large number of synthetic peptides, on the one 
hand, and the fcinetic parameters (̂ cat and kca t/%) of their enzymatic 
hydrolysis, on the other (Ref. 2) (Fig. 1). Correlation equations make it 
possible to calculate a priori the rate of hydrolysis by pepsin of any 
bond in a given amino acid sequence. 
The secondary specificity of pepsin was revealed also while studying the 
activation of cleavage of di- and tripeptides in the presence of peptides-
activators that cannot be hydrolyzed by pepsin. The observed value of kca+ was shown to increase several dozen times in the presence of these acti
vators, the increase correlating with the specificity of the activator 
(Ref. 6). The mechanism of activation seems to involve synthesis of 
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ZAfaGeyPhePheOPW^O ZACa AiaPhePheOPHP 
ZPheGlyGeyPhePheOHPnX ZGtuLeuPhePheOPHP 

ZGtyGtyPhePheOP'iPf 
/mZAiyäAeaPheNPheAPM 

IPheGfyPhePheOP'iPO 
O ZGfyHisPhePheOPW 
O iGeyJtePhePheOPW 

ZPheNPheAPM A 
ZPheNPheArsOMe W 

ZPhePheHAPM %y 

AcPheNPheAla/\{aOMejf* ZLeuVa(PheNAeaAPM 

ZVafPheNA(aAPMm mTtytfy PhePheAPM 

Zya(PheNPheAPMm9^A"nPhQ̂heAPh 

Ac PhePheAPM 
O ZGeyProPhePheOPHP 

ZLeuPho^PM 2.5 
ZPheNAeaAPM enCzsij^-zsj) 

in kcat = 13.75 9n (ZS»j + ZS^) - 31.3*1 

Pig· 1. Dependence of kca/t for synthetic substrates on 
the sum of specificity indices. Open circles - data from 
Ref. 1 and filled circles, from Ref. 2. 

a peptide from the activator and the substrate with the following cleavage 
of this peptide across the bond which is split in the substrate in the 
absence of the activator. 
How do the secondary interactions of a substrate with the enzyme affect the 
rate constant for enzymatic hydrolysis? In order to answer this question, 
we have determined the thermodynamic parameters of binding and catalysis 
for a number of peptides which differ in the catalytic constant by more 
than two orders of magnitude (Ref. 2 ) . First, the binding of substrates 
was found to be due to a significant positive change in the entropy 
(Table 1 ) . The enthalpy of complex formation was also positive and slight
ly increased when passing from a dipeptide to a tetrapeptide. In this case, 
a compensation change in the entropy and the enthalpy of binding with the 
isoergonic temperature of 278°C was observed. These data suggest that 
when substrates are bound to the enzyme the solvation state of the reagents 
considerably changes. Second, the free energy of activation decreased 
while going from a dipeptide to a tetrapeptide at the account of a decrease 
in the enthalpy of activation. Therefore, the secondary interactions con
tribute to stabilizing the transition state, chiefly by decreasing its 
energy, but display only a minor effect on the probability of its formation. 

TABLE 1. Thermodynamic parameters of binding and hydrolysis 

Substrate 

ZPhe-PheAPM* 
N02 
ZVal-Phe-AlaAPM 

1 1 N02 
ZLeu-Val-Phe-AlaAPM 

NOg 

AG° *H° 
kcal/mole 

-4.25 0.6 

-4.15 1.2 

-4.35 1.9 
I 

e.u. 

16.3 

18.0 

21.0 

*G* *H* 
kcal/mole 

19.5 7.8 

18.0 6.1 

16.7 3.4 

*S* 1 
e.u. 

-39.3 

-40.0 

-44.6 

APM - v» -aminopropylmorpholine 
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It has been accepted so far that the transition state is stabilized either 
due to realization in it of new interactions between the enzyme and a sub
strate which are not observed in the ground state, or because a strain 
arising in the ground state when the substrate is bound are eliminated in 
the transition state (Ref. 7)· Either of these interpretations means that 
the enzyme is complementary to the transition state of the substrate· Then, 
a decrease in the enthalpy of activation caused by the secondary interac
tions would signify that the affinity of the enzyme for the substrate 
groups located far off the bond being broken increases in the transition 
state. A change in the affinity must be accompanied with the formation of 
new non-covalent bonds and the rupture of the existing bonds between the 
enzyme and the substrate, as well as with conformational changes of the re
agents· We think, however, that it is highly improbable that considerable 
rearrangements may occur in the reacting system within the fluctuation 
time, when the transition state is attained· 
We propose a different interpretation of these facts. This interpretation 
is based on the conception of stepwise formation of an enzyme-substrate 
complex· At the first step, the substrate is "anchored" by the enzyme at 
the most specific binding residue. In the case of pepsin substrates, this 
residue is (as was mentioned above) in the position P^. Then, the secon
dary interactions are realized, which convert the first enzyme-substrate 
complex (ES0) into a second one which will be referred to as the productive complex (ESp). In the second complex, all possible interactions between 
the enzyme and the substrate take place. To put it differently, the enzyme 
must be complementary to the substrate not in the transition state but in 
the ground state of the productive complex. The formation of the transi
tion state (ESp) may be accompanied also with new interactions, but only 
between the atoms of the substrate reacting group and the enzyme. These 
interactions have to be prepared in the ground state; they do not require 
any rearrangements in the reacting system and, for a series of substrates 
of the same type, make identical contribution in the energy of the transi
tion state. 

E + S^=tfc-ES0=aC=^EST,-^i^E + P (I) 
k-I k-2 P 

when k,<k_j 

v = d P / d t = k 3 | E | 0 | S | 0 / K s K p + ( I + K p ) | S | 0 (2) 

where Ks = (k_j + k 2 ) A : j and K = (k_2 + k , ) / k p 

kcat= V 1 + K P ( 5 ) 

TA(app)- Λ8Λρ 

The simplest kinetic scheme (1) based on these conceptions can be described 
by Equation (2) for the reaction rate. Analysis of this equation shows 
that the value of KM(app) (Eq.4) may remain constant whereas the value of kcat (Eq.3) increases v£p»1) in a series of pepsin substrates belonging to 
the same type, particularly of those which contain the same amino acid in 
the position P-j. Indeed, such a situation has been found for the majority 
of synthetic substrates of pepsin studied so far. The step limiting the 
rate of hydrolysis can be either cleavage of the bond (k^ko^k.^ o r Kp^Ot 
or formation of the productive complex (k2<fCko»k_2)· Depending on this, 
a number of characteristics of enzymatic catalysis (pH dependence, the value 
of kinetic isotopic effect, etc.) can undergo changes. In fact, these 
characteristics for the so-called "fast" substrates of pepsin differ from 
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those for "slow" substrates (Refs.8,9)· 
Therefore, as follows from the above, the secondary interactions between 
the enzyme and the substrate change the level of free energy for the ground 
state at the step of the productive complex, thus altering the observed 
values of kcat and kCat/%(app) (FiS· 2'· 

E+S ES« ESB ES: R.C. 

Pig. 2. Diagram of changes in free energy along the reac-
" "' Les of,, substrates, 

sec"1 and kca-fc=l(l), 

For a number of proteolytic enzymes, e.g. chymotrypsin and trypsin, the 
values of kcat increase while those of %(app) decrease, i.e. the well-known rule ^better binding - better catalysis* is obeyed (Ref.10). There 
is a linear dependence of the kinetic parameters on hydrophobicity of the 
side chain in a series of simple substrates, derivatives of acylamino 
acids (Ref. 11). Apparently, for such substrates, all energy involved m 
the interaction of the substrate side chain with the enzyme is expressed by 
the dissociation constant for the enzyme-substrate complex. However, the 
interaction of the acylamino group with the enzyme hardly makes any contri
bution into binding, but considerably increases the value of kc af One may 
assume that it is this interaction which favours the formation of the pro
ductive complex. Here, the energy of interaction can be evaluated by com
paring the rate constants for acylation of chymotrypsin bv esters of 
N-acetyl-L-phenylalanine and hydrocinnamic acid (Ref. 12). This energy is 
about 6.5 kcal/mole for acetylamino groups, which is close to the energy of 
the hydrogen bond in a non-polar medium. This value is likely to vary for 
different substrates, provided that the extent of shielding of the hydrogen 
bond formed between the acylamino group and the carbonyl group of Ser-214 
from the environment is not the same in complexes with different substrates. 

3 
Chymotrypsin is known to cleave the esters of acylamino acids more than 10 
times as fast as amides (Ref. 12). This is entirely determined by a diffe
rence in free energy of the starting compounds, whereas the level of free 
energy in the transition state is almost the same for all "semispecific" 
substrates as well as for the dipeptide AcPheGlyNH2(Ref. 13) (Fig. 3). However, the free energy of activation decreases by 3 kcal/mole when passing 
to AcPheAlaNH2, i.e. upon introduction of a methyl group. This example 
illustrates how the favourable effect of the secondary specificity is struc
turally realized. As follows from the data of x-ray analysis of the comp
lex between chymotrypsin and a pancreatic inhibitor (Ref. 14), the methyl 
group of an alanine residue in the position P-j forms favourable for cata
lysis contacts with Cys-42 and His-57 of the enzyme, but an unfavourable 
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Δ G κ-cal/mole 

R.c. 

Fig. 3· Diagram of changes in free energy along the reac
tion coordinate for semispecific substrates of chymotrypsin 
(Ref. 13) - AcPhe(N02-p)-R, where R = 1 -OEt, 2-OMe, 3 - NHC6H4N02.-p, 4 -MbgHc,^- NH2, 6 - NHNH2, 7 - GlyNH? and and 8 - AlaNH2. 

contact with the hydroxyl of Ser-195· Apparently, this produces strain 
which is eliminated in the transition state because of the rotation of the 
Ser-195 side chain to a position typical of the acyl enzyme. As was demon
strated by conformation analysis (Ref. 15)» this rotation is realized very 
easily, upon introducing the substrate, due to abstraction of a water mole
cule from the enzyme active site that is, the "acyl-enzyme" position of 
Ser-195 in the enzyme-substrate complex is more favoured by energy consi
derations than the "native" one. Consequently, there is no need to assume 
that the "stress" is removed in the transition state. We believe that 
"anchoring" of the substrate (complex ES0), by eliminating a molecule of water, provides for favourable interaction of the Ala methyl group with 
Cys-42 and His-57 in the productive complex (ESp). 
Therefore, we believe that the role of the secondary interactions in cata
lysis by proteolytic enzymes is as follows: these interactions induce the 
transformation of a system into a productive enzyme-substrate complex in 
which the maximal complementarity of the enzyme and the substrate is rea
lized. Thus, in a series of substrates of the same type, the enzyme spe
cificity is manifested at the stage of the productive complex rather than 
at the stage of the transition state. 
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ENZYME HAVING COVALENTLY BOUND 
FLAVINS 
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Abstract — To screen the enzymes having covalently bound flavins in ani
mal tissues, cells, or cell organelles, a novel method was devised. The 
flavin linked covalently to protein in rat liver was labelled by in
jecting llfC-labelled riboflavin into a rat and the covalently bound flavin 
was detected by its radioactivity after electrophoresis on sodium dodecyl 
sulfate-acrylamide gel. By this procedure, the numbers of proteins having 
covalently bound flavins in rat liver mitochondria and microsomes were 
found to be four and one, respectively. 

INTRODUCTION 

Following to the discovery of "unextractable flavin" in succinate dehydrogenase complex (1) 
and that of "tightly bound riboflavin" in vegetables (2), Kearney and Singer (3) obtained 
this kind of flavin from succinate dehydrogenase by tryptic digestion and found that the 
flavin is bound covalently to the protein moiety. Since then, more than ten enzymes having 
covalently bound flavins are disclosed. In animal body, four enzymes having covalently 
bound flavins are known. They are succinate dehydrogenase [succinate : (acceptor) oxido-
reductase, EC 1.3.99.1] (3,4), monoamine oxidase [amine : oxygen oxidoreductase (deaminating), 
EC 1.4.3.4] (5), sarcosine dehydrogenase [sarcosine : (acceptor) oxidoreductase (demethyl-
ating), EC 1.5.99.1] (6), and L-gulonolactone oxidase [L-gulono-y-lactone : oxygen 2-oxido-
reductase, EC 1.1.3.8] (7,8). In microorganisms, nine enzymes containing covalently bound 
flavins were found. They are D-6-hydroxynicotine oxidase [6-hydroxy-D-nicotine : oxygen 
oxidoreductase, EC 1.5.3.6] (9), thiamine dehydrogenase (10), 3-cyclopiazonate oxidocyclase 
(11), trimethylamirie dehydrogenase [trimethylamine : (acceptor) oxidoreductase (demethylat-
ing), EC 1.5.99.7] (12), p-cresol oxidase (13), L-galactonolactone oxidase (14,15), chole
sterol oxidase [cholesterol: oxygen oxidoreductase, EC 1.1.3.6] (16), flavocytochromes £ 
(cytochrome £-552 and cytochrome £-553) (17) and choline oxidase (18). 
The number of these enzymes, however, is still small as compared with that of another cate
gory of flavoproteins, viz., dissociable flavoproteins. Accordingly, it seemed worthwhile 
to develop a method to demonstrate how many enzymes having covalently bound flavins remain 
to be elucidated. For this purpose, we devised a method to screen all such enzymes in ani
mal tissues, cells, or cell organelles. The principle of this method is due to the fact 
that radioactive riboflavin administered to a rat is incorporated, even slowly, into the 
covalently bound flavins in the liver (19) and behaves as an indicator of the protein having 
covalently bound flavins. The present paper deals briefly with the method and examples of 
its application to rat liver mitochondria and microsomes. 

MATERIALS AND METHODS 

Male Wistar rats weighing approximately 50 g were used. Liver mitochondria and microsomes 
were prepared according to Jhonson and Lardy (20) and Hogeboom (21), respectively. [2-ll*C] 
Riboflavin (specific radioactivity, 32 mCi/mmol) was purchased from the Radiochemical Centre, 
Amersham. For slab gel electrophoresis, the discontinuous buffer system described by Laemmli 
(22) was used with a slight modification. The separation gel was prepared with 1% acrylamide 
in 0.375 M Tris-HCl (pH 8.8), and the stacking gel with 1% sodium dodecyl sulfate (SDS) and 
3% acrylamide in 0.125 M Tris-HCl (pH 6.8). The sample for electrophoresis was prepared as 
follows : mitochondrial or microsomal suspension was mixed with 0.02 M sodium phosphate buffer 
(pH 7.2) containing 8 M urea, 2% SDS and 1% 2-mercaptoethanol, and the mixture was heated in 
boiling water for 3 minutes. After gel electrophoresis, 5 cm portion of the gel was cut into 
approximately 2 mm slices. Each slice was incubated with 0.4 ml of 15% H2O2 in a glass scin
tillation vial at 70°C for 16 hours. After the gel slice was dissolved, protosol and 0.4% 
omnifluor-toluene solution were added. The radioactivity was estimated in a Beckman LSC-335 
scintillation counter. Mitochondrial and microsomal protein was determined by the biuret 
method (23). 
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Fig. 1. Pattern of radioactivity after slab gel electrophoresis of rat 
liver mitochondria. Mitochondrial suspension (8.8 mg protein) was heated 
for 3 minutes in 0.02 M sodium phosphate buffer (pH 7.2) containing 8 M 
urea, 2% SDS and 1% 2-mercaptoethanol and subjected to electrophoresis. 

RESULTS AND DISCUSSION 

A rat was fed on the riboflavin-deficient diet (24) for two weeks, and was injected daily 
with 0.2 ml of radioactive riboflavin solution (0.2 mg of [2-ll+C]riboflavin in 1.0 ml of 
physiological saline) through tail vein for one week. During this period, the rat was fed on 
the riboflavin-deficient diet. One day after the last injection, the rat was sacrificed and 
the liver was excised. Mitochondrial and microsomal fractions of the liver were subjected to 
the analysis by slab gel electrophoresis. 
Figure 1 shows the pattern of the radioactivity of the mitochondrial sample, and figure 2 
that of the microsomes. In mitochondria, five peaks are observed in the radioactivity pat
tern. The highest peak (V) observed near the tracking dye, is due to free flavin. The 
molecular weights of the protein subunits corresponding to peaks I to IV were calculated to 
be 91,000, 72,000, 60,000, and 44,000, respectively, from the calibration curve obtained with 
the marker proteins (25). It is known that in mitochondrial flavoproteins, succinate de
hydrogenase, monoamine oxidase and sarcosine dehydrogenase contain covalently bound flavin as 
coenzyme. The subunit molecular weight of succinate dehydrogenase was estimated to be 70,000 
(26,27). This value is in good accord with that of peak II in the present pattern. As to 
the subunit of monoamine oxidase, the experimental data using radioactive inhibitors were re
ported. Collins and Youdim (28) reported that *^C-phenethylhydrazine-binding monoamine oxi
dase has a molecular weight of 60,500. It was also shown by using a specific inhibitor, 14C-
pargylin, that the radioactivity was associated with the protein of 60,000 in outer membrane 
of rat liver mitochondria (29). More recently, Minamiura and Yasunobu (30) and Salach (31) 
reported that the subunit molecular weight of the highly purified monoamine oxidase from 
bovine liver mitochondria was about 52,000 and 62,000. Taking these results into consider
ation, the protein of peak III is assigned to monoamine oxidase. As to peak I, our recent 
work revealed that it corresponds to sarcosine dehydrogenase (32). Accordingly, peak IV re
mained to be elucidated. This protein seems to be a new enzyme having covalently bound 
flavin. 
In the pattern shown in figure 2, two peaks are observed. Since peak II is due to free 
flavin, it is clear that rat liver microsomes contain only one protein containing covalently 
bound flavin (33). As to the entity of this peak, it is recalled that L-gulonolactone oxi
dase was isolated from rat liver microsomes (7). Accordingly, this peak is considered to 
correspond to L-gulonolactone oxidase. This was confirmed by identifying it with purified 
L-gulonolactone oxidase on SDS polyacrylamide gel by observing their intrinsic fluorescence 
(34). It should be emphasized from the present study that rat liver microsomes do not con
tain any new protein having covalently bound flavin. 
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Fig. 2. Pattern of radioactivity after slab gel electrophoresis of rat 
liver microsomes. Microsomal suspension (12.5 mg protein) was heated for 
3 minutes in 0.02 M sodium phosphate buffer (pH 7.2) containing 8 M urea, 
2% SDS and 1% 2-mercaptoethanol and subjected to electrophoresis. 
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Abstract - Prokaryotes usually possess only one type of glutamate dehydro-
genase which is specific for NADP. The liver enzyme of vertebrates func
tions with either NADP or NAD and its activity is modulated allosterically 
— ADP and GDP acting as positive effectors and ATP and GTP as negative 
effectors. In Neurospora crassa there is a coordinate induction-repression 
system that regulates the biosynthesis of two individual glutamate dehydro-
genases — one, specific for NADP, is maximally produced in media lacking 
a source of organic nitrogen, and the other, specific for NAD, is maxi
mally produced in the presence of glutamate or certain other amino acids. 
The vertebrate enzymes are hexameric with approximately 500 residues per 
subunit polypeptide chain. The hexameric NADP-specific enzyme of Neuro-
spora manifests considerable homology to the vertebrate enzymes, particu
larly in the NHg-terminal portion of the molecule, whereas the NAD-specific 
enzyme of Neurospora is tetrameric with each subunit containing more than 
1000 residues. The homology of the NAD enzyme to the others is limited to 
the neighborhood of certain functional residues. Comparison of the gluta
mate dehydrogenases shows in the sequences large gaps or additions involv
ing many residues. The origin of the large gaps or additions, which also 
occur in other homologous proteins, appears to reside in the nature of eu-
karyotic DNA which contains long non-coding regions between the coding 
regions. The RNA transcript of eukaryotic DNA is processed to join the 
coding regions producing a messenger RNA which is translated into the poly
peptide sequence. Addition of interior amino acid sequences of a protein 
would appear to involve incorporation of non-coding DNA into the mRNA and 
deletion to involve addition of part of a coding region to a non-coding 
segment. This appears to be the simplest way of explaining the great di
versity of sequences which appeared during the evolution of many homologous, 
eukaryotic proteins, such as the glutamate dehydrogenases. 

INTRODUCTION 

Essentially all living organisms contain a glutamate dehydrogenase (see (l)). In most pro-
karyotic species, there is usually only one type of enzyme which is generally specific for 
one of the two pyridine nucleotide coenzymes, NADP or NAD. The glutamate dehydrogenases of 
the vertebrates can function with either coenzyme and their activity is modulated by the 
levels of the purine nucleoside di- and triphosphates — ADP and GDP acting as positive ef
fectors and ATP and GTP as negative effectors. Thus, the vertebrate enzymes respond to the 
energy requirements of the cell by using dehydrogenation of glutamate as a source both of re
duced coenzyme for energy, and of α-ketoglutarate for degradation by the tricarboxylic acid 
cycle. 

Glutamate + NAD(P) + H20 ̂ = ± α-ketoglutarate + NAD(P)H + NH^+ 

In the Ascomycete, Neurospora crassa,instead of allosteric regulation of activity, there is 
a coordinate induction-repression system (2,3) that regulates the biosynthesis of two dis
tinct glutamate dehydrogenases — one, specific for NADP, is maximally produced in media 
lacking a significant source of organic nitrogen; the other, specific for NAD, is maximally 
produced in the presence of glutamate and certain other amino acids. Presumably, the role of 
the NADP enzyme is in biosynthesis, making available glutamate for the synthesis of other 
amino acids and, therefore, also purine and pyrimidine nucleotides, as precursors for syn
thesis of protems, nucleic acids and other nitrogenous materials required for growth. In 
contrast, the NAD enzyme serves to provide reduced coenzyme and α-ketoglutarate for the 
energy requirements of the cell. 

STRUCTURES OF GLUTAMATE DEHYDROGENASES 
For some years work in our laboratory has been devoted to investigations of the amino acid 
sequences and other properties of the glutamate dehydrogenases of eukaryotes. In this pre
sentation we shall be concerned primarily with the primary structure and subunit character 
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of these enzymes as well as the evolution of their sequences and regulatory behavior. 

TABLE I. Comparison of various kinds of glutamate dehydrogenases 
Type 

Vertebrate liver* 
Neurospora crassa 
Neurospora crassa 
Escherichia coli 

Coenzyme 
NAD: NADP 
NADP 
NAD 
NADP 

Subunit size 
— 56,000 

U8,l+oo 
116,000 
U6,000 

Number of subunits 
6 
6 
h 
6 

*These include bovine, chicken, human, rat, tuna and others. 

In Table I, there is summarized the general structures of various types of glutamate dehydro
genases. It is apparent that most of these enzymes are hexameric with identical subunits of 
approximately ^5,000 to 56,000 daltons. The exception is the NAD-specific enzyme of 
Neurospora which is tetrameric· and has a subunit which is more than twice the size of those 
of the other enzymes. 
At the present time, the sequences of the glutamate dehydrogenases from bovine (̂ ,5) and 

chicken (k96) liver have been completely determined. The sequence of the enzyme is almost 
completely known from a single human liver (7) and partial sequences have been obtained from 
rat liver (l). Fig. 1 presents the sequence of the bovine enzyme and, for comparison, the 
known differences in the sequences of the chicken and human enzymes. 

1 10 20 30 
B H2H-ALA-ASP-ARG-GLU-ASP-ASP-PRO-ASN-PlIE-PHE-LYS->arr-VAL-Ca^J-<n.Y-P!B^ 
C H2H-CYS-GLU-ALA L Y S - — — 
H HvjN-SER-GLU-ALA-VAL — — — ( ) 

40 50 60 
ASP-LEU-LYS-THR-ARG-GLN-THR-GLN-GLU-GLN-LYS-ARG-ASN-ARG-VAL-ARG-CLY-ILE-IAO-ARG^^ 
GLY ARC SER-MET ARC HIS 

ARG i—) ( SER ) GLH-LYS { 

LEÜ-SBR-PHE-PR0-IIJB-ARG-ARG-ASP-ASP-GLY-SBR-TRP-GLÜ-VAL-1LE-GLÜ-GLY-TYR-ARG-ALA-GLH-HIS-SER-HIS-GLH-ARG-THR 
VAL LYS GLX-

- ) ( )- - ) ( ) ( -
• - v 100 110 120 

GLY-GLY-IU(ARG}TYR-SER-TB*-ASP-VAL-SER-VAL-ASP-GLU^ 
i w £ LBJ ■ 

( ) *SBR 

130 140 150 
PRO-PHE-GLY-GLY-AU{LYS}AU-GLY-VAL-LYS-lLl-ASH-PRO-LYS-ASN-ra-TO A&YS)ALA-GLY-VJ 

-i—)—e-)—(—)—e-
160 170 180 

GLU-Lra-AU-LYS-LYS-GLY-ra-lLE-GLY-PRO-GLY-VAL-ASP-VAL-»^ 

e l90 200 210 
ALA-SER-TlJR-ILE-GLY-raS-TYR-ASP-ILE-ASH-AU-HIS-AU-CYS-VAL-TO 

i j — e - i ( ■) 
220 230 240 

ARG-ILE-SER-AU-Tm-<H.Y-ARG-GLY-VAL-PHE-GLY-HIS-ILE-GLU-ASN-

LEU 
( ) 

250 260 270 
GLY-PHE-GLY-ASP-LYS-Tm-PHE-Al>-VAL-GLN-GLY-ra-GLY-ASN-m 

VAL ( ) 
280 290 300 

VAL-AU-VAL-GLY-<aJr-SER-ASP-GLY-SER-ILE-T*P-ASH-PRO-ASP-CLY-ILB-^^ 
PHI 

ILE GLH (—) f ■i f-
-TYR— 

-i ) PRO-

310 ^-«^320 330 
IU-l^Ü-GLY-PHE-PRO-LYS-ALA-LYS-lLE-TYR-<a,ü-<niY-SER-ILE-LEü-GLO-VAL-ASP(cYS}ASP-ILE-LEÜ-ILE-PRO-AI^ 

MET GLH-LYS-LEU THR ±~^ 
ALA PRO GLÜ-

340 350 360 
LBU-T»t-LYS-SER-ASN-ALA-PRO-ARG-VAL-LYS-AU-LYS-IIJ^ILE-AU-GLU-GLY-AU^ 

ALA HIS-LYS . 
SER-ARG ( THR) ( 

370 380 390 
LBO-GLÜ-ARG-ASH-ILE^ET-VAL-ILE-PRO-ASP-LEü-TYR-LEÜ-ASH-ALA-GLY-CLY-VAL-THR-VAL-SER-TYR-PHE-GLH-ILE-LEÜ-LYS-ASN-^ 

ALA x -GLX 
) 

400 >—v 410 420 
HIS-VAL-SER-TYR-CLY-ARG-LEU-THR-Pim-LYS-TYR-GLU-ARG-ASP-SER-ASH{^ SNmwffl 

-f-̂  ( ) ( h- -ASN f-

430 440 450 
PHE-GLY-LYS-HIS-GLY-GLY-Tm-ILE-PRO-ILE-VAL-PRO-THR-AU-CiLÜ-PHE-CaN-ASP-ARG-ILE-SER-GLY-Al^-SER-GLÜ-LYS-ASP-ILE-VA 

VAL : 
( SKR LEU ) 

460 470 480 
SER-GLY-LEU-AU-TYR-TmHiBT-GLÜ-ARG'SER-AU-AIW-GLH-ILE-MET-ARG-Tm-AU-HET-LYS-TYR-ASH-LEO-GLY 

490 500 
AU-TYR-VAL-ASN-AU-IU-<a.U-LYS-VAL-PHE-AIU:-VAL-TYR-ASN-<a<U-ALA-GLY-VAL-TIIR-PHE-THR-COOH 

LYS LEU 
( >LYS ( } 



Glutamate Dehydrogenases 41 

Fig. 1. The amino acid sequence of the bovine (B) liver glutamate dehy-
drogenase and for comparison, those residues that differ in the chicken 
(C) enzyme and that are known to differ in the still incomplete sequence 
of the human (H) enzyme. The sequences have been corrected by inclusion 
of isoleucine residue-385 which was previqusly overlooked. The five 
circled residues have been identified with specific functions that are 
presented below. 

Inspection of these sequences indicates that both the chicken and the human enzymes possess 
extra residues at the amino terminal ends, as compared to the bovine enzyme. The number of 
other differences in the sequences of the four vertebrate enzymes is relatively small, 
approximately 5 percent. Both this fact and the nature of the amino acid replacements indi
cates a high degree of conservatism in the evolution of this enzyme in the higher verte
brates . 
Fig. 2. shows a comparison of the amino acid sequences of the Neurospora NADP-specific 

enzyme (8) and the bovine enzyme. These sequences reveal that although there is consider
able homology between them, particularly in the amino-terminal halves of the sequences there 
are a large number of differences. The Neurospora enzyme is much smaller lacking a signifi
cant number of residues both at the amino- and carboxyl-terminal ends. In addition, in 
order to obtain good homology between these two sequences, it is evident that a number of 
large gaps had to be introduced. The problem of these gaps is considered later in this pre
sentation. 

10 ik 20 
(B) Ala -Asp-Arg-Glu-Asp-Asp-Pro-Asn-Phe-Phe- tys -Met -Va l -Glu-Gly-Ph^^ 
(N) A c e t y l - S e r - A s p - L e u - P r o - S e r - G l u - P r o - G l u - P h e - G l u - G l n - A l a - T y r J L y s 

10 

Leu-Va l -Glu -Asp-Leu- Iys -Thr -Arg-Gln -Thr -Gln -Glu · 
G lu -Leu-Ala -Tyr -Thr -Leu-Glu -Asn-Se r -Se r -Leu-Phe · 

20 

M_ 
■Gln-Lys 
■Gln-Lys 

Arg-Asn-Arg-Val· 
H i s -P ro -Glu -Tyr · 

30 

■Gly-IleJ-Leu 
•Thr-AlafLeu 

A r g - I l e - I l e - L y s - P r o -
T h r - V a l - A l a - S e r - I l e -

ko 

Cys-Asn-His 
Pro-Glu-Argj 

■Val 
•Vail 

60 
L e u - S e r - L e u - S e r - P h e - P r o - I l e - A r g - A r g i 
I l e -G ln -Phe -Arg -Va l -Va l -T rp -Glu -Asp l 

50 

■Asp-Asp-Glyi 
■Asp-Asp-Glyj 

Ser-Trp-Glu 
Asn-Val-Gln 
_ ~60 

■Val-
■Valj 

I l e -G lu -
Asn-Arg-

■Gly-Tyr-Arg 
■Gly-Tyr-Arg 

Ala-
Val· 

H i s -Se r -Hi s -Gln -Arg -Thr -
Phe-Asn-Ser-Ala-Leu-Gly-

70 

Cys Lys-Gly-Gly-
■TyrlLys-Gly-Gly-

l i e I Arg 
Leu-JArg Leu-His -Pro-Ser -

100 
■Tyr-Ser-Thr-Asp |VaJ . |Ser-Val-Asp-Glu-Val · 

Se r -Leu-Met -Thr -Tyr fLys 
P h e - G l u - G l n - I l e - P h e j L y s 

Tyr-Thr-
Lys-Ser-

100 

1U0 

■Val-Val-Asp-Val-Pro- Phe J-Gly-Gly 
■AlaJ- Leu-Thr-Gly-Leu-Ser -Met ■Gly-Glyj 

110 

■Val jAsn-Leu-Ser- I le -Leu· 
90 

126 

Lys 
LysJ-Phe 

Ala -
Gly-

Ala· Lys 
■Gly | Lys 

113 

Ala-
■Gly; 

■Gly-
■Gly· 

V a l - L y s - I l e - A s n j 
Ala-Asp-Phe-Asp' 

Pro-Lys+Asn-
Pro-LysJGly-

Asp iGlu -Asp-Leu-Glu -Lys - I l e -Thr -Arg -Arg · 
Asp· A la -Glu - I l e -Arg -Arg -Phe -Cys -Cys -Ala j 

130 

PhefThr-Met+Glu-Leu 
PhefMet-Ala· Glu-LeufHis· 

140 

■Al&\ 

120 

l 6 0 
■Lys-Gly-Phe· 
■His-
1^2 

I l e - G l y l P r o - G l y - V a l -
I l e Gly|-Ala Asp Thr -
Ϊί3 

Asp-Va l -P ro -Ala 

150 

Pro-Asn-Met -Ser -Thr 
|Asp-Val-Pro-Alaf rGly-Asp-I le -Gly-Val · ■Gly· Gly· Arg-Gluj 

160 

180 
G l y l G l u j A r g - G l u l M e t - S e r - T r p - I l e - A l a - A s p - T h r Tyr 

n e - G l y - T y r - M e t - P h e - G l y - A l a | l i y r j 
Ala-Ser-Thr-Ile-Gly-His-
Arg-Lys-Ala-Ala-Asn-Arg-

170 

Phe-Glu-Gly-Val-
178 

200 
LeujThrfGly-Ly s ■ 
179 l5o 

T y r - A s p - n e - A s n - M a - H i s - A l a - C y s - V a l | T h r f : t y s - P r o ^ 
GlyfLeu4Seri Trp· G l y - G l y f S e r - L e u - I l e | A r g · 

190 

l i e - S e r · 
Pro-Glu· 

Ala -Thr -Gly 
Ala -Thr -Gly | 

Arg· 
TyrlGly· 

-Gly-
220 2^0 

V a l - P h e - G l y - H i s - I l e - G l u - A s n - P h e - n e | G l u | - A s n - A l a - S e r - T y r - M e t - S e r - I l e - I ^ u - G l y - M e t - T h r - P r o - G l y - P h e - G l y -
•Leu-Val -Tyr -Tyr -Val -Gly-His -Met -Leu lGluf T y r - S e r - G l y - A l a - G l y - S e r - T y r - A l a -
200 209 210 

Fig. 2A. Comparison of the amino acid sequences of the bovine (B) enzyme 
and the NADP-specific glutamate dehydrogenase of Neurospora (N). Boxed 
residues are identical; underlined residues differ by a single base change 
in the codons. 

Comparison of the presently known sequence of the NAD-specific glutamate dehydrogenase of 
Neurospora with the others reveals little overall sequence homology. Presently the sequence 
of the carboxyl-terminal 669 residues has been established (9) (Fig. 3) as well as large 
portions of the amino-terminal part of the enzyme (10). Only around certain types of reac
tive residues does there appear to be significant similarity in the sequences when compared 
to the other types of glutamate dehydrogenases. Each of the presently identified reactive 
residues and the sequences around them will be considered in turn. 
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Asp 
Gly· 

Thr-Phe 
Arg-Valj 

V a l 
Va l 

220 

Ala-Val -Gly-Glu-

A l a | V a l - G l n | G l y · 
"" Leu-Ser |Gly-

260 
P h e j - G l y - A s n - V a l t o y - t e u - H i s - S e r - M e t - A r g - T y r 

G ly -As n -Va l fA l a -G l n -Tyr -A l a -A l a -Leu -Lys 
230 

His -Arg-Phe{Gly-Ala 
Leu-|-Ile-Glu-Leu-

2KÖ 
■Gly-Alaj 

I f fs-Cys-
T h r - V a l -

28Ο 

S e r - L e u - S e r -
250 

■Ser |Asp4Gly | -Se r - I l e -Trp -Asn-Pro -Asp-Gly - I l e -Asp-Pro - I<ys -Glu -Leu-Glu -Asp-Phe -Lys -Leu-Gln -
■ S e r ^ I y s ^ G l y | ^ M a - L · e u - V a l - M a - T h r - G l y - G l u - S e r - G l y - n e - T h r - V a l - G l u - A s p - I l e - A s n - A l a - V a l - M e t -

~2So 270 

300 
H i s - G l y - T h r - I l e - I ^ u - G l y - R i e - P r o - I y s - A l a - I y s - I l e - T y r - G l u - G l y - S e r - I l e · 
A l a - n e - I y s - G l u - M a - A r g - G l n - S e r - L e u - T h r - S e r - P h e - G l n - H i s - A l a - G l y - H i s l L e u ] 

28Ο 

3^0 

320 
L e u j - G l u - V a l - A s p - C y s - A s p - I l e - L e u - I l e - P r o -

■Lys-Trp- I l e -Glu -Gly-Ala -Arg-Pro -T i -p -
290 

M a - A l a - S e r - G l u | l y s | G l n - L e u - T h r - I y s - S e r - A s n - A l a - P r o - A r g - V a l - I y s -
l £ U - H i s - V a l - G l y | l y s | V a l - A s p - I l e - A l a - L e u - I f r o 

300 310 320 

3^1 
Alaj-Iys 

Ala -Ala -Gly-Cys j l y s f Phe -Va l 
H e - l i e ■Ala-Glu-GlyJ-AlafAsnj 

330 
■Ala-Glu-Gly|Ser] ■AsnJ 

•Gly-Pro-Thr 
■Met-Gly-Cys] 

3^0 

■Thr-1 Pro-Gin-
■ThrjLeu-Glu-

AlaJ-Asp-If fS-I le lPhe 
I l e - G l u - V a l · 

36Q 

I l e -Met -Va l - I l e -Pro-Asp-Leu-Tyr -Leu-Asr i j -Ala -
Lys -Glu -Lys -Lys -Gly -Glu -Ala -Va l -Trp -Tyr i 

360 
■Ala-

Gly. 
38Ο 

Leu-Glu-Arg-Asn-
PhefGlu-Asn-Asn-Arg-

350 

390 
■ G l y | V a l - T h r - V a l - S e r - ^ r - P h e - G l n - I l e - L e u - I < y s - A s n - L e u - A s n - H i s -

P r o l G l y j l i y s - A l a - A l a - A s n - C y s - G l y - G l y - V a l - A l a - V a l - S e r - G l y - L e u - G l u -
370 

V a l - S e r - T y r - G l y - A r g - L e u - T h r - P h e - L y s - T y r - G l u - A r g - A s p - S e r - A s n - ^ y r - H i s - L e u l 
Me t -Ala -Gln -Asn-Se r -Gln -Arg -Leu-Asn-Trp -Thr -Gln -Ala -Glu -Va l -Asp^ 

390 k00 

M e t - S e r - V a l - G l n - G l u - S e r - L e u - G l u -

1+20 
Arg-I jys- Phe - G l y - L y s - Hi s -Gly-Gly 
Phe-Asn-Gly-Leu-Asn-Thr-Ala-Lys 

hkO 
■ T h r j - I l e - P r o - I l e - V a l - P r o - T h r - A l a - G l u - P h e - G l n - A s p - A r g - I l e - S e r -

■Tyr -Va l -Glu-Ala -Ala -Glu-Gly-Gln-Leu-Pro-Ser - I i eu -Va l -Ala -
ί 2 0 

■Glyj-Ala-Ser-Glu-
■Gly | -Ser-Asn-I le-
"£30 

Ly s -Asp-lie-fr Val· 
A l a - G l y - P h e | v a l l 

^50 
His-Ser-Gly-Leu-
Lys-Val-Ala-Gln 

m— 
lf80 

Ala 

kGo U69 
■Mal-Tyr-Thr-Met-Glu-Arg-Ser-Ma-Arg-Gln-Ile-Met-Arg-Thr-Ala-Met-Iys-Tyr-Asn-

•Met-His-Asp-Gln-Gly-Asp-Trp-Ser-Lys-Asn-COOH 
U5Ö 

Leu-Gly-]^u-Asp-Leu-Arg-Thr-Ma-Ala-Tyr-Val-Asn-Ala-ne-Glu-Lys-Val-Phe-Arg-Val-Tyr-Asn-Glu-Ala-Gly 

501 
Phe-Thr-COOH 

Fig. 2B. Continuation of Fig. 2A. 

Reactive lysine 
All of these enzymes are strongly inhibited by reaction with pyridoxal phosphate, pyridoxal, 
cyanate, or other reagents that react with e-amino groups. Peptides containing the labeled 
essential lysine residue have been isolated from several of the vertebrate glutamate dehydro
genases (l). This has usually been accomplished by reaction with pyridoxal phosphate fol
lowed by reduction of the Schiff base with borohydride. In all cases a lysine residue in 
the identical sequence has been identified. In kinetic and equilibrium studies with pyri
doxal phosphate (ll), pyridoxal (ll) and carbamyl phosphate (12) it has been demonstrated 
that JDK' is 7.8 + 0.2 at 30° for the reaction of this amino group in the bovine enzyme. A 
similar study has also been performed with the NADP enzyme of Neurospora by using N-ethyl-
maleimide as the inhibitor (13). At 3^° > £K' = 7.6 and at 2°, pKf = 8.7. The apparent 
ΔΗ is 12.6 +_ 2.0 Cal per mole, which is the heat of ionization characteristic of an e-amino 
group. The amino acid sequence around the reactive lysine residue is shown for the three 
types of glutamate dehydrogenases in Fig. h. 
With the NAD enzyme from Neurospora, the reaction of pyridoxal phosphate at neutral pH 

occurred not with one but with six lysine residues of the enzyme. Although the inhibition 
was similar to the other glutamate dehydrogenases, it was impossible to identify directly 
the essential lysine residue (13,1*0. However, inspection revealed that the sequence of the 
region around one of the reactive lysine residues was homologous to the sequences of the 
other enzymes (Fig. k) (9,15). 

Reactive tyrosine residues 
The initial reaction of tetranitromethane with the bovine enzyme modifies a single tyrosine 
residue without loss of enzyme activity, but abolishes the allosteric inhibition by guano-
sine triphosphate (GTP) (l6). The peptide containing nitrotyrosine was isolated from both 
the bovine and the chicken enzymes (l) and it was thereby demonstrated that tyro sine -lj-07* was 
the modified residue. (This is in accord with the revised sequence for these enzymes; see 
legend to Fig. 1.). Prolongation of the reaction of tetranitromethane led to a gradual loss 
of enzyme activity but several different tyrosine residues were partially modified. 
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Leu-Gly-Thr-Glu-Tyr-Thr-Ser-teu-ne-Ala^ 
669 660 650 
Itfs-Arg-Leu-Arg-Thr-Glu-Olir-^ 

6ko 630 620 

Tyr-Ala-Ser-Ifre-Ala-Ser-Val-His-ite^^ 
6lO 600 590 

Glu-Val-teu-Asp-Ala-Arg-Leu-tys-Glu^^ 
580 570 

Arg-Val-Ehe-Asn-Asn-Ala-Val-teu-ty^ 
56Ο 550 5I+0 

Fhe-Leu-Pro-Glu-Val-Glu-Tyr-ifro-^ 
530 520 510 

Arg-ifoe-tys-Asp-ne-Ala-Arg-Gly-Gly-IQe-Arg-n^ 
500 490 

iteu-Ifre-Asp-Glu-Asn-Tyr-Gly-teu-Ma-Ser-Thr-^ 
U80 1+70 1+60 

ne-Leu-Leu-Asp-PTO-Iys-Gln-Gln-Asp-Arg-His-Arg-Glu-Ala-ae-Glu-Iys-Tyr-ne-Asp-
U50 kko 1+30 

Iys-Ala-Glu-Thr-Pro-Gly-Ile-Iys-Asn-I^o-Ile-Val-Asp-Ieu-Tyr-Gly-Iys-Glu-Glu-ne-
^20 1+10 1+00 

Asn-Thr -Ala-Asp- i t eu-Val -Asp-Trp-Ala-
390 380 

Iys-Ser-Pro-Arg-Leu-Gly-Gly-ne-Pro-His-Asp-Ser-Tyr-Gly-Met-Thr-Thr-Leu-Ser-Val-Arg-Gl^^ 
370 36Ο 350 

Tyr-Arg-tys-teu-Glu-iteu-Asp-Pro-Se Gly Ser Asn Glu-
345 330 320 

Ile-teu-Leu-Ser-Asn-Glu-Thr-Tyr-Tto 
310 300 

Glu-Leu-Arg-Arg-Leu-Ma-Iys-Ala-Arg-Ala-Met-Ile-Ser^ 
290 28Ο 270 

Leu-Cfys-Asp-Asp-Thr-Asn-Val-Thr-:te^ 
260 250 2l+0 

Fig. 3A. The sequence of the NAD-specific enzyme of Neurospora from 
residues 669 through 238 from the COOH-terminus. 

Asp-Asn-Gly-ne-Thr-Asp-lfet-Ifce-V^ 
230 220 

Lys Asp-Gly-I^s-Thr-Ser-ne-Pro-Tyr-ne-Val-Glu-Gly-Ala-Asn-I«u-Rie-ne-Thr-Gln-A^^ 
210 200 190 

Glu-Ala-GOy-Cys-ne-Val-Tyr-tys-Asp^ 
180 170 l60 

Leu-Ser-Phe-Asp-Asp-Iys-Gly-Rie-Val-T^ 
150 l t o 130 

Val-Iye-Glu-Val-Gln-Asn-Iys-ne-Gln-^^ 
120 HO 

teu-Pro-Arg-Ser-Val-teu-Ser-Asp-iys-ite^ 
100 90 80 

Asp-Asn-Glu-tys-ne-Arg-Arg-Ser-Val-L^ 
70 60 50 

ne-Glu-Arg-Val-I*o-Ai^-Ser-Tyr-Leu^^ 
1*0 30 

Ser-Ser-Pro-Ser-Gln-Phe-(Rie,Tyr)-Ala-Aßp-Met-Ser-I(ys-Arg-Met-Gly-Asn-ne-Asn-]^s-Glu-
20 10 

Fig. 3B. The sequence shown in Fig. 3A continued from residue 237 t o the 
COOH-terminus. 
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It was, therefore, impossible with this enzyme or the chicken enzyme to determine which 
tyrosine residue was responsible for the loss of activity. 
The sequences in Fig. 1 show that tyrosine-1+07 modified by tetranitromethane in the bovine 

and the chicken enzymes is also present in the identical sequence in the human enzyme; how
ever, no corresponding tyrosine residue is present in the sequences of either the NADP-
(Fig.2) or the NAD-dependent (Fig. 3) enzymes of Neurospora. This is not unexpected since 
neither of these two enzymes is allosterically inhibited by GTP. 

BOVINE •Asp-Glu|Val 
102 

I^ysjAla· 
105 

N. -NADP ~Ser-Ile-LeuJLys|PhefLeu}Gly-Phe-Gluj 
95 

Leu-Ala-SerfLeu-Met-Thr-Tyr 
110 

|Gln|Ile-Phe 
100 

N.-NAD |-Asp-GlufAsn-Tyr-Gly|Leu-ALa-SerJThr|-GlnJGln-Arg|Lys-AsntLys 
Wfö CU70 

Lysf CysJAlalVal-
115 

Lvs-Asnj-Ala-i-Leu 

BOVINE Val AspiVal|ProfPhe|Gly-Gly|Ala· 
120 

N.-NADP Thr-Gly-Leu-Ser-MetjGly-Gly 
105 

N.-NAD 

Lys 
126 

Ala 

Iys-Gly 
113 

Asp|llelPro|Glu|Gly-Gly|serf^ys-Glyival-Ile-Leu-LeufAsp-Pro-Lys· 

Gly-JVal-I^ys-Ile-Asn+Pro-Lys-
13^ 

Gly Ala-Asp-Phe Asp-Pro-Lys-
121 

Fig. h. The sequence around the single reactive lysine residue (*) of the 
bovine enzyme (which is identical in the human and chicken enzymes) and 
for the NADP-specific enzyme of Neurospora. For the NAD-enzyme of 
Neurospora, only the sequence which is shown resembles those of the other 
enzymes. Boxed residues are identical; underlined residues represent 
single base changes in the codons. Residues in the NAD-enzyme are identi
fied by the letter C to indicate numbering from the carboxyl end; this is 
also done in Fig. 6,7,8 and 9. 

Treatment of the NADP enzyme of Neurospora with tetranitromethane produces a rapid loss of 
enzyme activity (Fig. 5) (17). The enzyme could be protected against inactivation by tetra
nitromethane by the coenzyme NADP, but not by substrates or by NAD (Fig. 5). Interestingly 
enough, although the enzyme is competitively inhibited by nicotinamide mononucleotide and by 
2'-phosphoadenosine-5'-diphosphoribose, both of which show Ki values of the order of 
1|,5 x 10~^ , only nicotinamide mononucleotide protected the enzyme against inactivation by 
tetranitromethane (Fig. 5). This indicates that the nitrotyrosine residue formed in the 
enzyme is presumably present in the area of coenzyme binding, and more specifically, in the 
region binding the nicotinamide portion of the co-enzyme. 
A peptide containing this modified tyrosine, residue-l68, was isolated from the NADP 

enzyme (17); a portion of the sequence around this residue is shown in Fig. 6 in comparison 
with the previously aligned sequence of the bovine enzyme (8), which was made before the 
specific inactivation of the NADP enzyme by tetranitromethane was known. 

Reactive arginine residues 
In recent years various types of diketones or other 1,2-dicarbonyl compounds have been found 
to inhibit a large variety of enzymes. Presumably all of these reagents react with the 
guanidine groups of arginine residues. In our laboratory we have studied the conditions for 
using 1,2-cyclohexanedione to bind reversibly to arginine residues and have determined the 
nature of the product produced under the conditions where the reaction is reversible, namely, 
at slightly alkaline pH values (l8). 
Cyclohexanedione produces complete or partial inhibition of all three types of glutamate 

dehydrogenases (19,20). With the NADP enzyme of Neurospora, the reaction is reversible and 
by the time essentially complete inhibition has been produced only two arginine residues 
have reacted (19). Kinetic analysis showed that one of these arginine residues reacts very 
much more rapidly than the other. Under.conditions where mainly the most reactive arginine 
residue has been modified by 1,2-cyclo- [l~-̂ CJ hexanedione, the labeled peptide was iso
lated and the tagged residue was identified as arginine-8l (21). Fig. 7 shows the amino 
acid sequence around this arginine residue and for comparison the homologous regions of the 
other glutamate dehydrogenases. 
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4 6 
T IME , MINUTES 

10 

Fig. 5. Effect of various substances on the rate of inactivation of the 
NADP-specific glutamate dehydrogenase of Neurospora by tetranitromethane. 
# no addition, Δα-ketoglutarate, D NAD(H), O 2'-phosphoadenosine-

5'-diphosphoribose, ▲ N-Methylnicotinamide, ONADP(H), # nicotinamide 
mononucleotide. 

BOVINE 

N.-NADP 

N.-NAD 

-Trp-Ile-Ala-Asp-Thr 
178 

•Tyr< 
163 

Met-Phe Gly 

■Tyrt-Val-LyslGlyjllelTyr-Arg-Lys-
C350 C355 C3tj 

Alaf 

Tyr· 
183 

Ala-Ser 
185 

Tyr-Arg-Lys-
168 170 

Fig. 6. The sequence around tyrosine-l68 (*) of the NADP enzyme of 
Neurospora. Tyrosine-183 of the bovine enzyme had previously been aligned 
based on the general homology of the two enzymes. Tyros 1^-03^+5 of the 
NAD enzyme of Neurospora is in a sequence similar to that of tyrosine-l68 
of the NADP enzyme. Boxes indicate identical residues; underlined residues 
indicate single base changes in the codons. 

Partial reaction of the NADP-enzyme with cyclohexanedione results in an increase in K^ for 
coenzyme and only a slight change in the 1^ for glutamate (19). Moreover, the inhibitory 
effect of nicotinamide mononucleotide is lo"st but not that of 2'-phosphoadenosine-5'-diphos-
phoribose. Presumably, a possible role of this arginine residue is to bind with one of the 
phosphates in the pyrophosphate bridge of the coenzyme (19). 

Role of cysteine residues 
The role of sulfhydryl groups in the different types of glutamate dehydrogenases differs con
siderably. In the case of the NADP-specific enzyme, all of the sulfhydryl groups are 
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available for reaction in the native enzyme -with either iodoacetate or iodoacetamide (13). 
Blocking these sulfhydryl groups has no effect on the activity of the enzyme although the 
stability of the enzyme is decreased. From this finding,it is evident that sulfhydryl 
groups play no catalytic role in this enzyme. 

BOVINE 

NADP-GDH 

NAD-GDH 

-Lys-Gly-Gly-Ile-Arg}Tyr-Ser-Thr-AspJ-
90 9k 

11 
-Lys-Gly-GlyjLeu{Arg}Leu-His-Pro 

81 

-ArgiGly-Gly-Ile-Arg[lle-Val-Lys}-Ser}-Arg}Ser|Lys-
C501 C597 C^90 

Val-Ser4Val-
101 

Ser-Val|Asn-Leu~ 
" "S3 

Fig. 7. The sequence around arginine-8l (*) reactive with 1,2-cyclohex-
anedione in the NADP enzyme, and for comparison, the similar sequences in 
the other two types of glutamate dehydrogenases. 

For the NAD-specific enzyme of Neurospora, the situation is strikingly different (22). With 
iodoacetate or iodoacetamide there is no reaction whatsoever; however, one sulfhydryl group 
reacts with a variety of other reagents. Hydroxymercuribenzoate produces almost complete 
inactivation whereas formation of the cyano derivative has only a slight effect on the ac
tivity. Complete reaction with N-ethylmaleimide does not alter V ^ y but the K^ values for 
both glutamate and NAD are increased more than five fold. These results suggest that modi
fication of the sulfhydryl group by a bulky or a charged group distorts the conformation of 
the enzyme so that binding with both the coenzyme and the substrate is modified. The se
quence around the reactive sulfhydryl, residue-C263, of the NAD enzyme (9>23) is shown in 
Fig. 8. There is no similar sequence around any of the thiol groups in the NADP enzyme. 

BOVINE 

N.-NAD 

Pro-Asp-Gly-Ile-Asp 
283 

Pro-Asp-Gly-Ile-Asp 
C298 

Pro-Iys 

Lys-Asp 

Glu-LeulGlu-Asp-Phe-I^ys-Leu-Gln-His-GIy-Thr 
290 295 300 

■Gin-Leu· 
C290 

Arg-Arg-Leu-Ala-Iys-Ala-Arg-Ala-Metflle 

lie* 

C285 C280 

BOVINE Leu-GlyfPhe 

N.-NAD Ser-AsnlPhefAsp-IlelAla-IiVS 

Pro-Lys 
305 

Ala-Lysflle-Tyr-Glu-Gly-Ser-Ile-Leu-Glu 
310 315 

iVal· 

C275 
Leu-Ser-Lvs-Asp-Gly-Tyr-Arg-

C270 

AspjCys-Asp-
319 

ValtLeuj-Cys-Asp-
C263 

Fig. 8. Comparison of the sequences NHg-terminal to cysteine-C263 of the 
NAD enzyme of Neurospora and cysteine-319 of the bovine enzyme. 

Comparison of the sequence shown in Fig. 8 with the sequences around the cysteine residues 
of the vertebrate enzymes indicated that cysteine-319 is in a part of the molecule with some 
resemblance to the 35-residue sequence NHg-terminal to cysteine-C263 of the NAD-enzyme of 
Neurospora (9). Included is the pentapeptide sequence, Pro-Asp-Gly-lie-Asp, the longest 
known identical sequence in the two types of enzymes. Reaction of the bovine enzyme with 
mercurials has been reported to modify selectively cysteine-319 (2k) and to affect the bind
ing of the regulatory activator, ADP (25). 

RELATIONSHIP OF REACTIVE RESIDUES 
It is interesting to compare the relationships of the above-described four types of reactive 
residues in the various glutamate dehydrogenases, namely, the lysine, tyrosine, arginine and 
cysteine residues already described. In Fig. 9, there is shown for comparison the relative 
positions of these residues in the three types of glutamate dehydrogenases (9). 

First, it is apparent that the order in which these four residues occurs in the sequences 
is the same in the three types of enzymes, despite the fact that there is so little overall 
homology between the NAD enzyme and the other types (9). This finding suggests a distant 
evolutionary relationship of the NAD enzyme to the others. The NAD enzyme is also distinc
tive in possessing a tetrameric subunit structure instead of the hexameric structure found 
for other glutamate dehydrogenases. Second, it is noteworthy that the large polypeptide 
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chain of the NAD enzyme possesses all of the apparently homologous functional residues in 
the carboxyl-terminal half of the molecule. Third, inspection of Fig. 9 shows that the num
bers of intervening residues between the similar reactive ones are very different among the 
three types of enzymes. The problem of explaining the origin of such differences, which can 
be regarded as either large gaps or insertions of many residues, is considered below. 

N A DP - GDH 
CfcD d D CB> CÜ5) CUD 

Ac-Ser Arg—Lye Τ * Γ " ^ \ / ' Asn-COOH 
I 81 113 168 293 452 

BOVINE-GDH 
d D d D (^> djD CSD 

Η2Ν-ΑΙα Arg-Lys Tyr—\ / Cys Thr-COOH 
I 94 126 183 V 319 501 

NAD- GDH 
CUD CS> CEKD d D dH) 

/\/\/\/\/\t Arĝ -Lys-v y—Tyr Cys Glu-COOH 
C497 C456V C345 C263 Cl 

Fig. 9. Schematic representation of the peptide chains of the three types 
of glutamate dehydrogenases. The presumptively similar functional resi
dues are indicated. Circled numbers above the lines indicate the numbers 
of residues between each of the identified residues. For the NAD enzyme 
of Neurospora, residues are numbered from the carboxyl end. 

Despite the various differences among the three types of glutamate dehydrogenases, it must 
be assumed that all are evolutionär ily related. In addition to the similarities already men
tioned, i.e., the homologies around the reactive residues and the clear homology between the 
NADP-enzyme of the Neurospora and the vertebrate enzymes, there are two additional points to 
be noted. First, all of the competitive inhibitors for substrate inhibit all three types, 
e.g., isophthalate (l); this indicates that the binding site for substrate is similar or 
identical in all three types of enzymes. Second, present evidence clearly indicates that the 
coenzyme binding sites in various dehydrogenases possess a similar conformation, as deter
mined by X-ray diffraction analysis (26). Further, it is known that the NAD binding domains 
for various dehydrogenases may be present in the middle or at either end of the polypeptide 
chains (26). Although this has not yet been shown for the glutamate dehydrogenases, the 
known sequences of these enzymes are compatible with this type of conformation. 

ORIGIN OF GAPS OR ADDITIONS IN HOMOLOGOUS PROTEINS 
Among homologous proteins of closely related species the most common differences are amino 
acid substitutions generally involving a mutational change in a single base of the triplet 
nucleotide codon. Such substitutions have now been reported for the amino acid sequences of 
many homologous proteins, e.g., cytochromes c, hemoglobins, ribonucleases, etc. In general, 
for a given protein the greater the evolutionary distance of the species from one another, 
the larger is the number of amino acid substitutions. 
Among smaller proteins and even many larger ones, the next most common type of difference 

is in the addition or deletion of a variable number of residues at either the amino-terminal 
or the carboxyl-terminal end of the homologous protein. For example among the cytochromes c 
of vertebrates there are generally 10^ residues. However, the cytochromes of both inverte
brates and higher plants have additional residues at the amino-terminal ends. 
Whether the changes have occurred by addition or deletion of residues, it is relatively 

easy to visualize that a mutation to form a new chain initiation codon from one specifying 
an internal residue would decrease the number of residues at the amino-terminal end, whereas 
a mutation from an initiation codon to a codon specifying an amino acid would result in the 
synthesis of the polypeptide chain beginning at the next earlier initiation codon. Similar
ly, one can visualize the opposite situation at the carboxyl terminal end. A change from a 
chain termination codon to a codon prescribing an amino acid will result in an extension of 
the peptide chain to the next termination codon. Shortening of the chain at the carboxyl end 
can result from a mutation in an amino acid codon to a termination codon. Both of these sit
uations have obviously occurred many times, since many homologous proteins are now known 
that differ in the numbers of residues at the amino- and carboxyl-terminal ends. The known 
glutamate dehydrogenases of the vertebrates manifest such differences at the NHg-terminus 
(Fig. l). As already noted (Fig. 2), the Neurospora NADP-specific glutamate dehydrogenase 
is much shorter at both ends than the vertebrate enzymes. 
Addition or deletion of residues within a peptide chain poses a different problem. This 

cannot be accomplished simply by point mutations because elimination of one or more amino 
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acid residues requires the deletion of three nucleotides or some multiple of three, and addi
tion of one or more residues requires the addition of three nucleotides or some multiple of 
three. This is obviously essential to conserve the amino acid sequence carboxyl-terminal 
from the eliminated or added residues in order to produce a viable protein. Many examples 
are known of homologous proteins that show the elimination or addition of one or a few 
residues. A few examples may be mentioned. The known sequences of three subtilisins indi
cate a difference of a single deleted internal residue (27,28). For the glyceraldehyde 
3-phosphate dehydrogenases of pig and lobster muscles there is a difference in the chains of 
only a single residue which has been either added or deleted (29). The penicillinases of 
Staphylococcus aureus and Bacillus licheniformis show a deletion (or addition) of two resi
dues (30,31). The sequences of chicken egg white lysozyme (129 residues) and bovine a-lac-
talbumin (123 residues), homologous proteins with rather different functions, can be aligned 
only by assuming the addition or deletion of one or two residues in various parts of the 
sequences (32). 
Comparison of the sequences of other types of homologous but more distantly related pro

teins, shows that the number of gaps or additions is greater. Furthermore, the numbers of 
residues in these gaps or additions are rather substantial in relation to the total sequence, 
as in the instance of the glutamate dehydrogenases (Fig. 9). This has posed a somewhat em
barrassing problem since it has been difficult to understand how such large numbers of 
nucleotides could be added or deleted in the interior of structural genes without disturbing 
the remainder of the sequences of the resulting proteins. Studies with prokaryotic organ
isms and bacteriophages have demonstrated that there is strict colinearity for the sequences 
of the DNA, the messenger RNA and the protein. Deletion has been explained by a process of 
pinching off in a loop of DNA three or a multiple of three nucleotides. Deletion or addition 
has also been assumed to be due to unequal crossing-over giving two DNA segments of unequal 
lengths. These explanations may indeed be valid in some cases, particularly for prokaryotes, 
but there is now a simpler and better explanation for such changes in eukaryotic genes. 

In 1977 it was reported from several laboratories that the situation for several eukary
otic genes is different. For ovalbumin (33) 5 globin (3̂ ·)? and immunoglobulins (35) as well 
as for certain viruses of eukaryotes, it has been reported that in both the DNA and, what 
had been termed heterogeneous nuclear SNA or hnRNA, the coding regions are interrupted by 
non-coding regions, as shown schematically in Fig. 10. Indeed, it has been reported that 
the ovalbumin gene contains seven intervening sequences (36). In addition, the coding 
regions are generally preceded and followed by non-coding regions. It now appears that the 
DNA is transcribed to an ENA that retains the non-coding regions and, in some manner, this 
nuclear or nRNA is subsequently processed to remove the non-coding regions; coding regions 
are then joined to produce a messenger ENA that is translated into the colinear protein 
sequence (Fig. 10A). We have termed the "intervening sequences" as non-coding, simply for 
convenience; there is no implication that such sequences may not have other specific func
tions. 
With this information it is now possible to propose a simple mechanism for deletion or 

addition of a large number of residues within a gene and thus in a protein sequence, by as
suming that such changes are due only to point mutations. Such means have been independently 
proposed by Gilbert (37) and by Tonegawa et al. (35). As yet, the nature of the signals is 
unknown by which non-coding regions are eliminated to form messenger RNA. Nevertheless, the 
signals must be in the hnRNA sequences but the number of ribonucleotides or the kind of nu-
cleotide sequence required for processing has yet to be determined. The simplest assumption 
is that a point mutation can change a signal so that a portion of a coding region can be 
eliminated in the transcribed RNA (Fig. 10B) or, conversely, that a portion of a non-coding 
region can be included within the coding region of the protein (Fig. IOC). This assumption 
furnishes a mechanism which is not only relatively simple but it also assures that all of 
the RNA sequence which is carboxyl-terminal to the insertion or deletion will be read cor
rectly and in phase without alteration, since the nucleotides in the coding regions will be 
read in a normal phase relationship. This view offers a relatively simple explanation as 
to how in the genes of eukaryotes large numbers of residues can be added or deleted in the 
interior of polypeptide sequences. 
If we now examine the types of evolutionary changes that must be explained among the three 

types of glutamate dehydrogenases, the problems of homology and the relative lengths of the 
chains do not loom as large as. at first glance. The evidence that we have presented suggests 
that the sequences around the known functional residues have been usually conserved whereas 
in the intervening and terminal sequences there have been many changes which have altered 
the properties of the enzymes without destroying the catalytic mechanism, the binding sites 
for the substrates, glutamate and α-ketoglutarate, or for the coenzyme. We must recall, 
however, that those enzymes specific for NADP are not inhibited by and do not function with 
NAD and vice-versa, yet the vertebrate enzymes can function with either coenzyme. Thus, 
evolutionary changes have occurred in the coenzyme binding site. Moreover, the evolution 
of allosteric regulation among the vertebrate enzymes has involved the incorporation into 
the polypeptide sequences the information for two additional specific binding sites: one for 
the inhibitory effectors, GTP and ATP, and the other for the positive effectors, ADP and 
GDP; neither of these sites exists in the enzymes of prokaryotes or the eukaryote, Neuro-
spora. 



Glutamate Dehydrogenases 

mRNA 

NEW SIGNAL 

} P R O C E S S I N G 

S EG MEN T DEL E TED 
I minus 

© ■NEW SIGNAL 
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Fig. 10. A. Schematic representation of coding and non-coding regions in 
a eukaryotic gene, the copy in nRNA and the processing to yield messenger 
KNA. B. A point mutation (shown as x) to give a new signal that would 
decrease the size of coding sequence I. £. A point mutation (x) to give 
a new signal to increase the size of coding region I by incorporating a 
portion of the adjacent non-coding region. 

At the present time, the evolution of the glutamate dehydrogenases is assumed to have pro
ceeded along the following lines. It appears likely that the presently known oldest type is 
that of the prokaryotes and the NADP-specific enzyme of Neurospora with a six subunit struc
ture and a chain length of approximately ^50 residues. This type was presumably the ancestor 
of the vertebrate enzymes which possess a similar subunit structure but with a longer se
quence and the ability to utilize either NADP or NAD. In addition, the capacity for allo-
steric regulation was developed in the ancestors of contemporary vertebrates. The four 
subunit NAD enzyme of Neurospora presumably represents a remote gene duplication from a more 
primitive type since it seems that an additional long segment of approximately 1*00 residues 
has been added to the amino-terminal end and a shorter segment to the carboxyl end of each 
peptide chain, as well as numerous changes elsewhere in the molecule. Furthermore, although 
induction-repression systems for single enzymes or metabolic pathways are fairly common in 
prokaryotes, such as E. coli, the development of a coordinate induction-repression system 
involves a novel type of control mechanism. Presently, this has been found for the gluta
mate dehydrogenases only in the Ascomycetes -- Neurospora and yeast. A tentative scheme for 
these evolutionary relationships is shown in Fig. 11. 
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EARLY DEHYDROGENASES 

GDH (NADP) PROKARYOTES 

( 6 subunits; t 4 5 0 residues) 
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\ 
GDH (NADP) 

VARIOUS DEHYDROGENASES 

OF PROKARYOTES 

( 2, 4 subunits ; ± 3 0 0 - 4 0 0 residues ) 

^ - . ? 
^ G D H (NAD) 
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J ( COORDINATE INDUCTION'-REPRESSION ) 

GDH (NADP AND NAD) 

VERTEBRATES 

( 6 subunits; 1 500 residues ) 

{ALLOSTERIC REGULATION) 

Fig. 11. A schematic representation of the possible course of the evolu
tion of the three known types of glutamate dehydrogenases. Most of the 
presently well-studied dehydrogenases possess 2 to k small subunits of 300 
to ^00 residues. The similar conformation of the coenzyme binding sites 
in the known structures of various dehydrogenases suggests a common origin 
for all of these enzymes (26). It is assumed that the NAD-specific gluta
mate dehydrogenases with large subunits, more than 1000 residues, have 
been derived from the genes for the smaller subunit enzymes of similar 
catalytic properties. 

Although the evidence is still fragmentary, it is assumed that interrupted coding regions 
occur in many, but not necessarily all, eukaryotic genes. (Eukaryotic genes coding for such 
small proteins as cytochrome c and histone Ek do not manifest insertion or deletion of resi
dues in the sequence.) However, it is assumed that non-coding regions are present in all 
eukaryotes. If this be so, one can visualize that the presence of non-coding regions, how
ever these may have arisen during the evolution of the eukaryotes, provided two new factors 
during the evolution of higher organisms. First, as already discussed, a way is provided 
for incorporating or deleting large segments of protein sequence without altering the essen
tial function of the protein, but also a means for sequence modifications that could assume 
new functions. Second, non-coding regions, either within the genes or outside of the genes, 
provide a large reservoir of DNA that can be used not only for the fabrication of consider
ably modified proteins but also for the synthesis of novel types of new proteins. This aids 
in explaining the fact that the NAD-binding domains of dehydrogenases of different specifici
ty occur in different positions in the peptide chains. These views may aid in explaining 
the explosive evolution of the eukaryotes which led to their enormous diversity. 

In the past many investigators have assumed, tacitly or explicitly, that the evolution of 
proteins has occurred mainly by amino acid substitution as a result of point mutations and, 
of course, by gene duplication followed by additional point mutations. There is no doubt 
that these processes have contributed to the evolution of new proteins and of new functions. 
However, it is now recognized that substitution of single amino acid residues is unlikely to 
have produced the great diversity of new proteins and of new functions that are characteris
tic of higher organisms. As yet there is insufficient information to visualize completely 
the potentialities for evolutionary change that are represented by the reservoirs of non-
coding regions of DNA. It is evident, however, that we can now begin to reevaluate the pro
cesses involved in the molecular evolution of eukaryotes. 
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Abstract - Photolabeling techniques have been employed to 
elucidate some structural characteristics of cytochrome c 
oxidase. Azido-phospholipids have been useful to investigate 
which and at what depth of the oxidase subunits interact with 
lipid fatty acid. It appears that all subunits, except V and 
VI interact to a certain extent with phospholipid fatty acid 
chains. Azido cytochrome c derivatives have ascertained the 
binding site of cytochrome c to be on subunit II of the 
oxidase. Finally, single and multiple turn-over studies have 
confirmed that cytochrome oxidase behaves as a proton pump. 
INTRODUCTION 

Cytochrome c oxidase is a multipeptide enzyme complex which contains heme and 
copper, and requires lipid for functioning (1). It catalyses the reduction of 
dioxygen to water and concomitantly it may function as a proton pump, which 
is able to conserve the free energy liberated in the redox process in the 
form of an electrochemical proton gradient (2). 
The fundamental biological role of cytochrome c oxidase, as terminal compo
nent of the mitochondrial respiratory chain and as an energy transducing 
component, has stimulated intense and widespread efforts directed to the 
classification of its structural features and its enzymatic mechanisms. 
The early studies of Schneider et al. (3) and Eytan et al. (4) have indicated 
that cytochrome c oxidase is asymmetrically inserted into the membrane, with 
one subunit (IV, Note a) facing the inside of the mitochondrial compartment, 
two subunits (I and V) deeply inserted in the lipid phase, and the remaining 
subunits facing the cytoplasmic side. More recently the studies of Henderson 
et al. (5) have elegantly confirmed the asymmetric insertion of cytochrome c 
oxidase in membranes and its gross structural features. 

At the same time Ludwig and Capaldi (6) have confirmed that subunits II and 
III are facing the cytoplasmic side of mitochondria, although because they 
span the membrane they protrude to a certain extent from the matrix side as 
well. From the work of Schneider et al. (3) of Eytan et al. (4) Henderson et 
al. (5) Ludwig and Capaldi (6) and the recent study of Chan and Tracy (7) it 
is possible to construct a picture of the subunits of cytochrome oxidase, or 
their portions, deeply inserted in the membrane, from what is not labelled by 
water soluble reagents or does not react with membrane impermeable antibodies. 
The present study was undertaKen for direct identification of hydrophobic 
cytochrome oxidase subunits (or part of a subunit) using lipid soluble labels. 
The choice was for azidophospholipid derivatives, as the less pertubing non-
group-specific hydrophobic labels (8). 
Another goal of the present research was to establish with which of the seven 
subunits of cytochrome oxidase cytochrome c interacts. In this case a cyto
chrome c-azido derivative was employed as a photoaffinity label for cyto
chrome oxidase (9). 

Note a. Tne numbering of subunits is made in accordance with Ludwig 
and Capaldi (6). 
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The last part of this communication deals with the evidence obtained in 
favour of cytochrome c oxidase being a proton pump. According to the chemi-
osmotic hypothesis of Mitchell (10), cytochrome c oxidase forms part of the 
electron carrying arm of the third loop of his system of alternating hydrogen 
and electron carriers. Thus, while cytochrome c oxidase may carry out vecto-
rial electron transport, it cannot achieve proton translocation. Wikström, 
however, has proposed that cytochrome c oxidase is itself a proton pump, i.e. 
concomitantly with electron transport the enzyme undergoes conformational 
changes resulting in the extrusion of protons from the mitochondrial inte
rior (2). There is much controversy at present concerning which is the true 
mode of action of the enzyme. 

Most observations of proton translocation by cytochrome c oxidase have been 
made using mitochondria (11,12) or sub-mitochondrial particles (13) in the 
presence of various inhibitors, to allow visualisation of proton efflux. This 
work has received strong criticism (14) and clearly the complexities of 
these mitochondrial systems make them unsuitable for providing unequivocal 
evidence for cytochrome c oxidase being a proton pump. A more reliable system 
for functional studies of cytochrome c oxidase is provided by lipid vesicles 
prepared in the presence of the purified enzyme. Krab and Wikström (15) have 
shown recently that ferrocytochrome c and ferrocyanide induced proton ex
trusion is observable in such reconstituted cytochrome c oxidase vesicles 
and we have employed this system in our studies. 

MATERIALS AND METHODS 
Preparation of cytochrome c oxidase 
Cytochrome c oxidase was prepared from beef heart according to the method 
of Yu et al. (16), suspended in 0.25 M sucrose, 0.05 M phosphate buffer, 
pH 7.4, and stored in small aliquots at -80°. The enzyme had a heme content 
of 8 to 11 nmol/mg of proton, and a low lipid content determined, respect
ively, according to Erecinska et al. (17) and Rouser et al. (18). The 
enzymatic activity, measured spectrophotometrically at 550 nm (19) , was 
95 nmol of cytochrome c s""l nmol"1 heme a. 
The detailed preparation of phospholipid I and phospholipid II (Fig. 1), will 
be described in detail elsewhere (Bisson et al., in preparation). Labeling 
with 14C of all the three methyl groups of phospholipid I was performed as 
previously reported by Smith et al. (20). The specific radioactivity was 
177 yCi/ymol. The three methyl groups of phospholipid II choline were 
tritiated and their specific activity was 3.9 Ci/mmol. 
I CJmethyliodide and I Hjmethyliodide were purchased from the Radiochemical 
Center Amersham, U.K. All operations were performed under red light. Vesicles 
of egg lecithin (0.4 % w/w in 10 mM phosphate buffer, pH 7.4) and mixed 
vesicles of egg lecithin 80 % and diphosphatidylglycerol (DPG) 20 % (0.4 % 
w/w in the same buffer) were prepared by ultrasonic dispersion under nitro
gen. The visicles contained 1 % of the radioactive azido lecithin. Cyto
chrome c oxidase (290 yg) was incubated with 150 yl of vesicles at 0° for 1 
hour and then irradiated in glass cuvettes at 0° C for thirty minutes with 
a 100 W ultraviolet lamp. The suspensions were layered into a 10 % sucrose, 
10 mM phosphate buffer, pH 7.4 and centrifuged for three hours at 39000 rpm 
in a SW-39 Beckman rotor. The pellets were analyzed by SDS polyacrylamide 
gel electrophoresis as previously reported (9). After illumination, the 
enzymatic activity of cytochrome oxidase remained within acceptable limits 
(more than 85 % of the control). 
After staining with amidoblack and recording of the densitometric trace, the 
gels were sliced in 1.8 mm thick slices. The slices were finally dispersed 
in a mixture of Lumasolve (1 ml), Lipololuma (9 ml) and H20 (0.1 ml), 
Lumec System AG, Basel) and after overnight incubation at 40° C counted in a 
Packard Tricarb Liquid Scintillation Spectrometer. Alternatively autoradio-
graphic images were recorded (21) and their optical density scanned. 
Interaction of cytochrome c with cytochrome c oxidase 
Samples of 5 yM cytochrome c oxidase were dissolved in 0.5 mM EDTA/Tris, 
pH 6.5, containing 0.1 % Tween 80 in the presence of 12 yM cytochrome c 
or its derivatives. In a 4-mm thick layer, they were illuminated by a 
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100-W ultraviolet lamp shielded with a glass filter for 45 min at 0°, at a 
distance of 10 mm while being stirred. After illumination, the samples (2 ml) 
were passed rapidly through a Pasteur pipette (1 x 80 mm) filled with 
Amberlite CG-50 equilibrated with 50 mM ammonium acetate, pH 7.2. The eluate 
was lyophilized, dissolved in a small volume of the incubation buffer, and 
used for spectral analysis and gel electrophoresis. 
Electrophoresis 
The protein content of the samples was 7 mg/ml and fractions of 20 μΐ were 
applied to the gel. Dissociation of the protein complex was obtained by 
treatment with 25 mM Tris/acetate, pH 8.2, containing 3 % sodium dodecyl 
sulfate, 1.5 % 3-mercaptoethanol, and 2 mM ethylenediaminetetraacetate. 
Electrophoresis was carried out in a 1-mm thick gel (100 x 140 mm) made from 
12 % acrylamide and 0.32 % bisacrylamide, 0.15 % Ν,Ν,Ν1, Ν'-tetramethylethyl-
enediamine (v/v), 0.7 % sodium dodecyl sulfate, and 10 mM Tris/acetate, pH 
8.2, polymerized by addition of 0.03 % persulfate.40 mA were applied for 5 h 
in a medium containing 0.05 M Tris/acetate, pH 8.2, and 0.5 % sodium dodecyl 
sulfate. The gels were fixed and stained in a solution containing 45 % 
methanol, 10 % acetic acid, 1 % Amido black 10B, and destained electrically. 
Under these conditions, a complete separation of Bands II and III of the 
oxidase was achieved, as tested by two-dimensional electrophoresis using 
the method of Downer et al. (22). 
Cytochrome c, myoglobin, chymotrypsin, and aldolase were used as protein 
standards. Unstained gels were fixed in a solution of 45 % methanol, 10 % 
acetic acid. Stained and unstained gels were analyzed in a Hitachi-Perkin-
Elmer MPF-2 spectrophotofluorimeter with a scanning attachment. 
Preparation and utilization of reconstituted cytochrome c oxidase vesicles 
Asolectin was added to a solution containing 100 mM Hepes and 10 mg/ml cholic 
acid adjusted to pH 7.0 with 1 M-KOH, to give a concentration of 40 mg/ml. 
This suspension was sonicated and cytochrome c oxidase added to a concentrat
ion of 15 yM on a heme basis. The resulting mixture was dialysed for 4 hours 
versus 100 volumes of 0.1 M Hepes/30 mM K+, then for a further 4 hours versus 
200 volumes of 10 mM Hepes/3 mM K+, 27 mM KC1, 73 mM sucrose than for 12 
hours versus 200 volumes of 1 mM Hepes/0.3 mM K+, 30 mM KC1, 79 mM sucrose. 
The procedure was carried out at 4° C. 
Charge separation occurring on reduction of O2 via cytochrome c oxidase in 
these vesicles would produce a large transmembrane electrical potential. 
This would rapidly force any extruded protons back into the vesicles. Thus, 
in order that proton expulsion could be visualised, valinomycin and external 
K were always present in our experiments, to allowxcollapse of this charge differential. Changes in the pH of the extravesicular medium were detected 
by monitoring the absorbance of phenol red. Whilst similar results were 
obtained with a pH electrode, its response was slower than that of the indi
cator dye. Consequently, the latter was used to provide a more accurate 
indication of the kinetics of proton extrusion. 

RESULTS AND DISCUSSION 

Labeling of cytochrome c oxidase with azidophospholipids 
The structural formula of the azidophospholipid employed in this study are 
shown in Fig. 1. The two molecules were synthesized with the azidoreactive 
group at two different distances from the polar head group of the phospho-
lipid, 19 and 5 Ά respectively. Such molecules, similarly to nitroxide phos-
pholipids, should have the azido group penetrating to different depths when 
inserted in a membrane bilayer. They should be able, after their activation 
to nitrene, under illumination, to crosslink with proteins enbedded at 
different depths in the membrane. It is clear that the values of 19 and 5 Ä 
are maximum depths, due to the inherent flexibility of phospholipid fatty 
acid residues. 
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F i g . Structure formulae of azido phospholipid derivatives. 
The illumination of cytochrome c oxidase in the presence of lecithin con
taining 1 % radioactive azidophospholipid I or II results in a covalent 
association of radioactivity to the protein, as indicated by the fact that 
neither ammonium sulfate precipitation or acetone washing could extract all 
the radioactivity. The polyacrylamide - SDS gel electrophoretic pattern 
(Fig. 2) of the enzyme after illumination is characteristic of cytochrome c 
oxidase with seven distinct components of different molecular weights. The 
gel can be cut and analyzed for radioactivity by 

distance from origin,cm 

Fig. 2. Electrophoretic analysis of cytochrome c oxidase in 
polyacrylamide-sodium dodecylsulfate gels. Experimental details 
are given in Materials and Methods. 

scintillation counting or by autoradiography. In the latter case the auto-
radiogram is scanned and its profile compared with that of the protein 
distribution pattern (Fig. 3). The most evident and immediate conclusion is 
that all subunits, except V are labeled by azido phospholipid derivatives, 
and, therefore, are inserted at least with some segment into the phospho
lipid bilayer. Subunit V is most probably not inserted in the bilayer. 
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Subunit VI is only apparently highly labeled. Control experiments using 
highly cross-linked-urea gels (22) have shown that the label is not precisely 
associated with subunit VI, but only with a minor component (component a), 
normally present, but not essential for activity in cytochrome c oxidase. 
There is general agreement between the data from the labeling of the oxidase 
with hydrophilic probes and the present ones obtained directly with hydro-
phobic probes. 

5 6 
distance from origin.cm 

Fig. 3. Distribution of the radioactivity of phospholipids I 
and II in cytochrome oxidase subunits. Gel electrophoresis and 
autoradiographies were obtained as described in Materials and 
Methods and text. 

Although it is not possible to obtain quantitative data on the depth which 
different proteins reach in the membrane, the differences in labeling with 
the two probes suggest that subunit I is inserted more into the membrane 
than at its surface and the opposite being true for subunit VII. The other 
subunits are probably traversing the membrane (Fig. 4). 
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Fig. 4. Scheme of the penetration of the different subunits 
of cytochrome oxidase in the membrane. 
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Labeling of cytochrome c oxidase with azido-cytochrome c derivatives 
The easy reaction of cytochrome c ε-amino groups with fluoronitrophenyl azide 
allows the preparation of mono-nitrophenyl derivatives of cytochrome c with 
a large number of lysine residues. Two of these, lysine 22- and 13-cytochrome 
c derivatives have been employed to label cytochrome c oxidase. In fact 
lysine 13 is located in the surface portion of cytochrome c which interacts 
with the oxidase, while lysine 22 is not involved in such an interaction. 
When a lysine 22 cytochrome c derivative (22-NAP-cytochrome c) or a lysine 
13 (13-NAP-cytochrome c) is incubated with cytochrome c oxidase and then 
illuminated, the latter derivative but not the former one establishes a 
covalent interaction with the oxidase (Fig. 5). Most of the cytochrome c can 
in fact be removed as a free component after, amberlite CG-50 chromatography 
of the 22-NAP-cytochrome c-cytochrome oxidase illumination product, but a 
large amount remains bound in the case of the 13-NAP-cytochrome c-cytochrome 
oxidase illumination product. 

22-13-NAP-CYTOCHROME C 

13-NAP-CYTOCHROME C 

500 550 600 650 Wavelength,nm 

Fig. 5. Binding of azidocytochrome c derivatives to cytochrome 
c oxidase. 13-NAP and 22-13-NAP-cytochrome c are the nitro-
azylazido derivatives of cytochrome c at the indicated lysyl 
residue. Binding of cytochrome c derivatives and assays are 
described in the text. 

In Fig. 6, the electrophoretic analysis of samples of oxidase illuminated in 
the presence of 22-NAP-cytochrome c or 13-NAP-cytochrome c is shown. The 
pattern of cytochrome oxidase polypeptides for the 22-NAP-derivative is 
identical to that of native cytochrome c oxidase. The pattern of the 13-NAP-
derivative-treated oxidase lacks of one subunit, namely subunit II and has a 
more pronounced subunit I. This pattern is consistent with the crosslinking 
of 13-NAP-cytochrome c with subunit II of cytochrome oxidase. 
Such a polypeptide of molecular weight 24,000 daltons after crosslinking with 
the 12,000 dalton cytochrome c disappears as band II and migrates as band I 
of molecular weight 36,000 daltons. The supposition is confirmed by the heme 
c absorbance in coincidence with the 36,000 molecular weight peptide (Fig. 6, 
dotted traces). 
Thus subunit II of cytochrome c oxidase (both of yeast and beef) is most 
probably the site of binding (or part of it) for cytochrome c. It may be that 
the first steps of the electron transfer reaction to cytochrome c oxidase 
occur at this level. 
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Fig. 6. Electrophoretic analysis of cytochrome c oxidase after 
reaction with azido cytochrome c derivatives. Details of the 
experiment are given in the text. 

Determination of the H /e stoichiometry of cytochrome c oxidase 
associated pump 
In Fig. 7 (upper traces) is shown the effect of adding ferrocytochrome c to a 
suspension of cytochrome c oxidase vesicles. There is an acidification of the 
medium and parallel experiments showed that this is concomitant with 
oxidation of ferrocytochrome c (data not shown). The broken trace shows that 
when sufficient ferrocytochrome c is added for one turnover of the oxidase, 
a fairly stable acidification occurs with a stoichiometry of 0.9 H+ extruded 

REDUCED 
CYTOCHROME C CCCP 

REDUCED 
CYTOCHROME C 

Fig. 7. Changes in pH associated with reduction of cytochrome 
oxidase by ferrocytochrome c, in coupled and uncoupled vesicles. 

per ferrocytochrome c oxidised. When sufficient ferrocytochrome c was added 
for 2 turnovers of the enzyme, however (solid trace), a slightly lower 
stoichiometry is obtained and there is a more rapid decay of the acidific
ation. This behaviour is explained as follows. The contribution of the 
potential difference to the electrochemical proton gradient is low and thus 
the main force driving extruded protons back into the vesicles is the pH 
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difference. The consumption of protons in the reduction of 0 2 occurs inside 
the vesicles. The volume of the vesicle interior is however very small. Thus 
the internal pH change provides the main contribution to the pH difference. 
With one turnover of the oxidase, the relatively high internal buffering 
capacity keeps the internal pH change sufficiently low so that there is only 
a slow back-flux of extruded protons. With two turnovers, however, the 
internal buffering capacity is exceeded and an accelerated back-flux of 
protons results. 

When the uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) is pre
sent in a suspension of cytochrome c oxidase vesicles, ferrocytochrome c does 
not induce an acidification of the medium (Fig. 7, lower trace). Instead an 
alkalinisation occurs with a stoichiometry of 1 H + consumed per ferrocyto
chrome c oxidase according to the equation. 

4 ferrocytochrome c + 4 H + 00 2 H?0 + 4 ferricytochrome c 

This behaviour is to be expected if a proton pump were operating. The high 
proton permeability of the membrane in the presence of CCCP allows proton 
reentry to occur so rapidly that the extruded protons are not detected and 
proton consumption is seen immediately. 

In the experiments of Fig. 7 appearance of protons in the external medium 
and consumptions of protons in the reduction of 0~ are detected separately. 
If cytochrome c oxidase is indeed a proton pump tnen these processes should 
occur concomitantly. Provided that a very low concentration of CCCP (̂  20 nM) 
is present, then it is indeed possible in a single experiment to detect both 
the ferrocytochrome c induced proton extrusion and the subsequent 
alkalinisation of the medium. Using this system the effect of varying the 
amount of added ferrocytochrome c on the above pH changes was investigated 
(Table). The number of protons consumed per ferrocytochrome c 

H+- AND OH"-CHANGES ON ADDITION OF REDUCED CYTOCHROME C TO CYTOCHROME OXIDASE VESICLES 

(CONDITIONS: 1,46 NMOLE OF CYTOCHROME OXIDASE INCORPORATED IN 8 MG OF PHOSPHOLIPID AND 
SUSPENDED IN 2,5 ML OF A SOLUTION CONTAINING 0.066M-CHOLINE CL/ 0.027M-KCL AND 5QUFI-PHEN0L 
RED. THE PH WAS ADJUSTED TO 7.4 WITH NAOH. TEMPERATURE, 15° C. IMMEDIATELY PRIOR TO THE ADDI
TION OF VARYING AMOUNTS OF REDUCED CYTOCHROME C, 20NM-CCCP AND I.6/UM-VALINOMYCIN WAS ADDED 
TO THE SUSPENSION). 

REDOX EQUIVALENT OF CYTOCHROME OXIDASE WAS 1.46 x 4 = 5.84 NMOLE 

REDUCED CYTO
CHROME c ADDED 

(NMOLE) 

5,85 
II.7 
17.6 
23.4 

NUMBER OF 
TURNOVERS 

I 
2 
3 
4 

H+-EJECTED 

(NMOLE) 

4.8 
8.8 
II.I 
14.5 

H+/REDUCED 
CYTOCHROME 

0.82 
0.75 
0.63 
0.61 

0H"-PRODUCED 

(NMOLE) 

5.8 
II.5 
17.7 
23.2 

OH'/REDUCED 
CYTOCHROME C 

0.99 
0.98 
1.01 
0.99 

oxidised is approximately 1 regardless of the amount of ferrocytochrome c 
added. The ratio of H + extruded to ferrocytochrome c oxidised, however, 
decreases with increasing number of turnovers of the oxidase. This can again 
be explained by the larger proton gradient induced on increasing turnovers 
of the cytochrome oxidase accelerating the back-flux of extruded protons 
such that less are detected. This would lead to an underestimation of the 
true stoichiometry and it is noteworthy that extrapolation of H + ejected/ 
cytochrome c to zero turnovers (and thus zero electrochemical H + gradient) 
indicates a stoichiometry of 0.9. It is possible that there is a further 
slight underestimation of the true stoichiometry owing to the presence of 
unincorporated cytochrome c oxidase in the suspension. It is thus, 
reasonable to conclude that 1 proton is expelled per ferrocytochrome c 
oxidised. The possibility of errors in the measured stoichiometries due to 
misorientation of the oxidase are excluded by appropriate control 
experiments. 
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The above data provide a strong indication that cytochrome c oxidase is 
indeed a proton pump. The oxidation of 4 molecules of ferrocytochrome c in 
the reduction of 0 2 results in the consumption of 4 H + from the vesicular 
interior and the translocation of a further 4 H + which appear in the external 
medium. 

Conclusions 
The present study on some structural and functional characteristics of 
cytochrome c oxidase has given information on the features of its interaction 
with cytochrome c. Subunit II appears to be cytochrome c binding site for 
mammalian and yeast cytochrome oxidase. It has also been shown that almost 
all the subunits of cytochrome oxidase have interactions with the hydrophobic 
phase of the membrane. Subunits I and VII are located closer to the center 
and the water interface, respectively. 

Finally cytochrome c oxidase has been shown to be a proton pump. The 
stoichiometry of the protons translocated per electron equivalent which 
reduces oxygen is 1. 
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Abstract - Eleven different glycosyl transferases have been highly puri
fied, or purified to homogeneity, and each has been found to have a yery 
strict acceptor substrate specificity, in accord with the hypothesis that 
one enzyme is required for the synthesis of each type of disaccharide 
sequence found in the oligosaccharides of glycoconjugates. Several of the 
transferases act reciprocally, that is, each have the same acceptor sub
strate, but the product of one transferase may be a poor acceptor for an
other transferase, or not an acceptor at all. The combined actions of the 
transferases not only indicate the types of oligosaccharide structures 
permitted in animal oligosaccharides, but also give some insight into the 
basis of the structural heterogeneity observed in many oligosaccharides. 
Moreover, it is also possible to predict the preferred pathways of bio
synthesis of certain oligosaccharides. 

The pure glycosyl transferases have been shown to be yery useful reagents 
for the structural analysis of oligosaccharides and for the assessment of 
the structure-function relationships of glycoconjugates. Examples of 
their use for this purpose include studies on the rabbit hepatic galac-
tose binding protein, αι-acid glycoprotein, human blood coagulation fac
tor VIII and a heretofore unrecognized oligosaccharide binding activity 
of hepatocytes that binds specifically certain fucose containing ligands. 
The structure-function relationships of cell surface oligosaccharides can 
also be assessed with the aid of the transferases, as illustrated by stud
ies on the role of sialic acid in expression of erythrocyte MN antigens 
and in viral adherence to erythrocytes. 
INTRODUCTION 

The increasing interest over the past ten years in the structures, functions and biosynthet-
ic pathways of animal glycoproteins and glycolipids is the result of the growing body of 
evidence suggesting that these glycoconjugates are involved in a variety of cellular proces
ses (1). The oligosaccharides of cell surface glycoconjugates have been suggested to be in
volved in such diverse phenomena as cellular adhesion, fusion, differentiation, and trans
formation, viral and bacterial adherence to host cells, fertilization, localization of gly
coproteins on subcellular organelles, the clearance from blood of plasma glycoproteins, and 
a variety of reactions of the immune system. The molecules that control these complex pro
cesses must have the potential for much informational content. Such potential is available 
in animal cell oligosaccharides, since the 10 monosaccharides known with certainty as compo
nents of glycoconjugates can, in theory, give rise to 700 different disaccharides, each dif
fering only in the position and the anomeric configuration of the glycosidic linkage (2). 
Thus, the potential for structural variability of yet larger oligosaccharides is enormous, 
and well within that required for directing the many cellular processes in which they have 
been implicated. But in spite of the compelling evidence that oligosaccharides are involved 
in these cellular phenomena, molecular explanations for their actions are, at present, to
tally lacking. 

Of the several different experimental approaches currently used to study the structure-func
tion relationships of the oligosaccharides at a molecular level, at least three different, 
although related approaches, seem minimally required. First, and of primary importance, is 
the isolation and characterization of different glycoconjugates, including the determination 
of their complete structures. The almost unlimited number of structures that the ten mono
saccharides in glycoconjugates can form is obviously not realized in nature, and many dif
ferent glycoconjugates are observed to contain identical or closely related structures. Yet 
new types of structures are reported each year, and it is only from a precise knowledge of 
these structures that a full understanding of their biological functions will be obtained. 
Second, is the detailed characterization of the enzymes involved in the biosynthesis and the 
degradation of oligosaccharides. Understanding how glycosyl transferases act in concert to 
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synthesize specific oligosaccharides, and how glycosidases degrade these structures, pro
vides useful insight into the origins of different oligosaccharide structures as well as the 
structural heterogeneity often observed in glycoconjugates. Perhaps equally important is 
that well-characterized transferases and glycosidases will prove to be valuable additions to 
the presently meager armamentarium of reagents that can be used to specifically modify oli
gosaccharides when attempting to assess their biological functions. Third, is the isolation 
and characterization of the specific receptors on animal cell surfaces, or on the surfaces 
of subcellular organelles, whose binding of a specific ligand is carbohydrate mediated. 
Only in the past decade have improvements in biochemical methodologies allowed a molecular 
description of cell surface receptors, including several which bind specifically to glyco
conjugates through a monosaccharide at the non-reducing terminus of their oligosaccharide 
chains. These receptors have proven to be membrane glycoproteins themselves, and are pos
sibly the animal counterparts of plant lectins, if not in function at least in their speci
ficity for binding sugars. Their unique binding specificities certainly suggest that they 
may well be involved in any number of cellular processes. With detailed knowledge of the 
structures of cell surface oligosaccharides and the ability to specifically modify these 
structures on intact cells, a more precise description of the biological functions of glyco
conjugates in a variety of cellular phenomena can be ascertained. There is a vast litera
ture concerning the effects of glycosidases or plant lectins on the behavior of cells, but 
until it is understood how specific cell surface glycoconjugates are affected by such treat
ments, it is unlikely that detailed molecular explanations of the roles of oligosaccharides 
in various cellular processes will be forthcoming. 
We wish to summarize here recent studies from our laboratory on the enzymic properties of 
several glycosyl transferases that have been obtained in homogeneous, or near homogeneous 
form. The remarkably strict substrate acceptor specificities of these transferases reflect 
the high degree of specificity in the carbohydrate-protein interactions in animal cells, and 
are similar to, and perhaps more specific, than those observed by currently known animal 
oligosaccharide binding proteins (lectins). Studies are also summarized illustrating the 
use of these transferases to modify glycoproteins and human erythrocytes. From these stud
ies it has been possible to identify a heretofore unrecognized lectin activity in liver and 
to understand more clearly the roles of sialic acids in erythrocyte membranes in the expres
sion of the MN blood group system, and in the adsorption of certain myxoviruses to erythro
cytes. 

PURIFICATION AND SOME ENZYMATIC PROPERTIES OF 
HIGHLY PURIFIED GLYCOSYL TRANSFERASES 

A large number of glycosyl transferase activities have been reported since the first enzyme 
of this type from animal cells, glycogen synthase, was described in 1957 (3). Each cata
lyzes a reaction of the following general form, 

GlycosylA-nucleotide + GlycoseB ·*- GlycosylA-glycoseß + Nucleotide (1) 

Most of the donor substrates are nucleoside diphospho sugars; the exception is cytidine 
monophosphosialic acid for the sialyl transferases. Considerable insight into the substrate 
requirements of the transferases was first obtained by examination of preparations purified 
only a few fold from tissue homogenates (4). From these studies it was concluded that a 
different transferase is required for synthesis of each type of glycosyl-glycose linkage (2), 
a concept called the "one linkage-one enzyme" hypothesis. 

In the past seven years, eleven different glycosyl transferases involved in the synthesis of 
the oligosaccharides in glycoconjugates have been highly purified or purified to homogeneity 
(Tables 1 and 2). Purification of these enzymes required the use of specific affinity Chro
matographie methods, since each of the enzymes is present in extremely small amounts in tis
sues, and except for the enzymes from serum, colostrum and milk, requires solubilization 
from membranes with detergents. Each enzyme transfers a single sugar from its donor sub
strate to a preformed oligosaccharide acceptor in a glycoprotein, except for the chondroitin 
sulfate core-protein xylosyl transferase, which transfers xylose to the hydroxyl group of 
serine. The substrate acceptor specificities of each pure transferase are also listed in 
Tables 1 and 2. In general, the observed specificities support the one enzyme-one linkage 
hypothesis, first proposed on the basis of studies with \/ery impure enzymes. Although other 
acceptors may be used by these transferases, they are usually < 1% as effective as those 
listed. The glycoseß residue (reaction 1) must often be in a specific glycosidic linkage 
with another specific sugar residue. For example, two sialyl transferases transfer sialic 
acid to a galactose residue, but for one, the $1,3 galactoside a2,3 sialyl transferase, the 
galactose must be linked $1,3 to N-acetylgalactosamine whereas for the other, the 3l,4 
galactoside a2,6 sialyl transferase, sialic acid is transferred only to galactosyl 3l,4 N-
acetylglucosamine containing structures. Moreover, the best acceptor for each of the sialyl 
transferases is wery ineffective as an acceptor for the other transferase. Often, the best 
acceptors for a transferase require additional structures, for example, the $1,4 galactoside 
a2,6 sialyl transferase appears to transfer optimally to acceptors with the sequence Gal$1,4-
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TABLE 1. THE SUBSTRATE ACCEPTOR SPECIFICITIES FOR SOME GLYCOSYLTRANSFERASES 

GLYCOSYLTRANSFERASE 

SUBSTRATES 

DONOR ACCEPTOR PRODUCT 

N-ACETYLGALACTOSAMINIDE C I 2 ,6 

SIALYL (PURE FROM PORCINE SUBMAXIL-
LARY GLANDS) 

CMP-SIA GALNACOSER/THR SlAo2,6GALNACaSER/THR 

B!,3 GALACTOSIDE a2,3 SIALYL 
(PURE FROM PORCINE SUBMAXILLARY 
GLANDS, MW 50,000) 

CMP-SlA GALßl,3GALNACaSER/THR 

ßl,4 GALACTOSIDE a2,6 SIALYL (PURE CMP-SIA GALB1,4GLCNACB1,2MAN 
FROM BOVINE COLOSTRUM, MW 43,000 
AND 50,000) 

SlAa2,3GALßl,3GALNACaSER/THR 

SiAa2,6GALBl,4GLcNAcel,2MAN 

B-GALACTOSIDE al,2 FUCOSYL (PURE 
FROM PORCINE SUBMAXILLARY GLANDS, 
MW 55,000 AND 59,000, MN2+ ACTIVATED) 

N-ACETYLGLUCOSAMINIDE ol,3 FUCOSYL 
(135,000 FOLD PURIFIED FROM HUMAN 
MILK, MN2+ ACTIVATED) 

GDP-Fuc GALB-

GDP-Fuc GALB1,4GLCNACB-

FuCal,2GAL6" 

G A L B I , ^ 

Fucal,3 
GLCNACB-

TABLE 2. THE SUBSTRATE ACCEPTOR SPECIFICITIES FOR SOME GLYCOSYLTRANSFERASES 

GLYCOSYLTRANSFERASE DONOR PRODUCT 

al,2 FUCOSYL B-GALACTOSIDE <J,4 UDP-GALNAC 
N-ACETYLGALACTOSAMINIDE (PURE FROM 
PORCINE SUBMAXILLARY GLANDS, MW 
100,000, MN2+ DEPENDENT) 

FUCO1,2GALB- Fucal,2^ 
GALNAcal,3^ :GALB-

al,2 FUCOSYL B-GALACTOSIDE al,3 
GALACTOSYL TRANSFERASE (PURE FORM 
HUMAN SERA) 

N-ACETYLGLUCOSAMINIDE B1,4 GALAC
TOSYL (PURE FROM BOVINE MILK, MW 
50,000 - 60,000, MN2+ DEPENDENT) 

UDP-GAL 

UDP-GAL 

FUCO1,2GALB-

GLCNACB1,2MANB1,3>. 
GLCNACB1,2MANB1,6/ 

Fucal,2. 
_ ^ G A L B -GALal,3"^ 

GALB1,4GLCNACB1,2MANB1,3. 
G L C N A C B I ^ M A N B I ^ 

O-MANNOSIDE B1,2 N-ACETYL-GLU-
COSAMINYL (400 FOLD PURIFIED FROM 
RABBIT LIVER, M N2+ DEPENDENT) 

UDP-GLCNAC 
MArr„ , ,/MANB1,4-

MANO1,3 
ü^ltaJ^ 

Ν»Ηβ1,1-

CHONDROITIN SULFATE CORE PROTEIN 
XVLOSYL 

UDP-XYL HO-SER 

GLCNACB1,2MAN01,3 

XYL-0-SER 

B-GALACTOSYL COLLAGEN al,2 GLU- UDP-GLC 
COSYL (PURE FROM CHICK EMBRYOS, 
MW 72,000 - 78,000) 

GAL-0B-HYL GLCal,2GAL-0-B-HYL 

GlcNAc$l,2Man, rather than to similar structures in the sequence Galsl,4GlcNAc, ßl ,4 or 
$l,6Man (12). A similar specificity may be shown by the I^-acetylglucosaminide 8l,4 galac
tosyl transferase, which readily incorporates galactose into $1,4 linkage with one of the 
two N-acetylglucosaminyl groups in a biantennary acceptor, such as found in transferrin 
(Table 2), but the rate of addition of the second galactose residue is much slower (20). 
Kinetic studies indicate that the Km of the galactosyl transferase for the monogalactosylated 
transferrin acceptor is about 10 times higher than that for the acceptor without any galac
tose. 
Although each of the transferases shown in Tables 1 and 2 is involved in a single step dur
ing the biosynthesis of either 0- or j^-1inked oligosaccharides in glycoproteins, the ßl,3 
galactoside a2,3 sialyl transferase, and the al,2 fucosyl ß-galactoside al,3 l^-acetylgalac-
tosaminyl transferase, also effectively use glycolipid acceptors containing oligosaccharide 
structures that are identical to those found in specific glycoprotein acceptors. Thus it 
appears that some transferases may act with the same specificity on oligosaccharides of both 
glycoproteins and glycolipids. To date, none of the transferases that utilize only glyco
lipid acceptors has been purified to homogeneity, including those involved in the synthesis 
of the dolichol phospho-oligosaccharides, whose oligosaccharide groups are transferred en 
bloc to asparaginyl groups in glycoproteins (23). 
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Some purified glycosyl transferases have been useful in elucidating the biosynthetic rela
tionships that determine the oligosaccharide structures of glycoconjugates. For example, an 
α-mannoside 3l,2 N-acetylglucosaminyl transferase, which has been purified over 400 fold 
from rabbit liver, appears to be involved in the processing of the oligosaccharides in re
linked glycoproteins (24). In Chinese hamster ovary cells in culture, this transferase 
catalyzes the specific incorporation of N-acetylglucosamine into a pentamannoside interme
diate as shown in Table 2. Only then can a mannosidase in ovary cells hydrolyze the two 
terminal mannose residues and the terminal Siaa2,6Gal$l,4GlcNAc3l,2 be added to complete the 
structure of the N-linked oligosaccharides (see Note a). 

THE RECIPROCAL ACTIONS OF GLYCOSYL TRANSFERASES 
Several of the transferases act reciprocally, that is, each have identical acceptors, but 
the product of one transferase is often a much poorer acceptor for another transferase, or 
not an acceptor at all. Fig. 1 shows the biosynthetic interactions of three transferases, 
the $1,4 galactoside a2,6 sialyl transferase (I), the ff-acetylglucosaminide al,3 fucosyl 
transferase (II) and the 3-galactoside al ,2 fucosyl transferase (III). 

GAL.<JI.4GLCNAc 
FUCal,2GAL-ei,4 

J^GLCNAc 
F U C a l ^ ^ (g) 

SIAa2,6GAL-5l,4GLCNAc 
(b) ;GLCNAC 

FUCal,3' (c) 

Fig. 1. The proposed biosynthetic pathway for the synthesis of oligosac
charides formed by the combined actions of I, 3-galactoside a2,6 sialyl 
transferase; II, N-acetylglucosaminide al,3 fucosyl transferase and III, 
3-galactoside al,2 fucosyl transferase. The solid bars indicate that the 
reaction as written does not proceed, and the hashed bars indicate that 
the reaction indicated proceeds \/ery slowly. The letters (a) through (g) 
refer to the different structures shown. 

Each of these enzymes can use as an acceptor substrate the Gal$l,4GlcNAc3l,2Man sequence at 
the non-reducing end of the two oligosaccharide groups of asialo-transferrin (Table 1). 
Furthermore, the products formed by the action of one transferase are potentially acceptors 
for the other two transferases, and the product formed by the combined action of any two of 
the transferases is potentially an acceptor substrate for the third transferase. The prod
ucts formed by combinations of these transferases could be synthesized by alternate paths, 
but studies with the purified enzymes demonstrate that some of the pathways diagrammed in 
Fig. 1 are effectively forbidden. For example, the sialyl transferase I cannot employ Gal-
3l,4[al,3Fuc]GlcNAc as an acceptor, nor can fucosyl transferase II use NeuAca2,6Gal3l,4-
GlcNAc as an acceptor (12). This indicates that structure (d) is unlikely to be found in 
naturally occurring animal oligosaccharides, unless other transferases than I and II are 
responsible. Structure (d) has not been reported in the literature to our knowledge. More
over, the formation of the difucosyl structure (g) requires that fucosyl transferase III act 
before fucosyl transferase II. This observation is of interest since structure (g) should 
possess Lewis blood group D (Led) activity (25,26), indicating that synthesis of Led active 
substances perhaps results from the sequential addition of fucose, first to the galactosyl 
residue and then to the N-acetylglucosaminyl residue. Likewise, the formation of structure 
(f),NeuAca2,6[Fucal,2]Gal3l,4GlcNAc, can be formed only if the fucosyl transferase III acts 

Note a. S. Kornfeld, personal communication. 
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before the sialyl transferase I. This structure also has not yet been reported in glycopro-
teins. 
The reciprocal actions of two sialyl transferases and a ß-galactoside al,2 fucosyl trans
ferase (III) were also examined with the acceptor substrate, Gal$l,3GalNAcal-K)Ser/Thr, which 
is the sole disaccharide in an Antarctic fish antifreeze glycoprotein that was used in the 
studies summarized in Fig. 2. 

FUC«I,2 
^,GAL-ei,3GALNAc-

S I A o ^ . S ^ (m) 

FUCocl,2GAL-ei,3 
^GALNAc 

S.A«2,6 ( nJ 

SIA« 2.3GAL £l,3GALNAc-
(i) 

Fig. 2. The proposed biosynthetic pathway for the synthesis of oligosac-
charides formed by the combined actions of IV, 3l,3 galactoside a2,3 sia
lyl transferase; V, N-acetylgalactosaminide a2,6 sialyl transferase and 
III, 3-galactoside al,2 fucosyl transferase. The solid bars indicate that 
the reaction as written does not proceed, and the hashed bars indicate 
that the reaction proceeds very slowly. The letters (h) through (n) refer 
to different structures shown. 

This structure is a precursor of the 0-1 inked oligosaccharides in many glycoproteins, in
cluding glycophorin, porcine submaxillary mucin, fetuin, and the Thomsen-Friedenreich anti
gen. In some cases, the prior action of one transferase inhibited or prevented the subse
quent action of another transferase. For example, structures (i) and (1) could not be con
verted to structure (m) by either fucosyl transferase III or sialyl transferase IV, respec
tively. This suggests that structure (m) may not occur in animal oligosaccharides, and to 
our knowledge it has not been reported in the literature. Structure (n), however, which 
contains the same sugars as structure (m) is synthesized by the combined action of trans
ferases V and III, but conversion of structure (1) to (n) by the sialyl transferase is much 
slower than conversion of structure (j) to (n) by the fucosyl transferase. Structure (n) is 
one of the oligosaccharide groups of porcine mucin (27), thus its biosynthesis is likely to 
proceed by the formation of Gal3l,3[NeuAca2,6]GalNAc (structure j) followed by the formation 
of Fucal,2GalBl,3[NeuAca2,6]GalNAc (structure n). Similarly, structure (k), the prosthetic 
group found in glycophorin and fetuin (27) can be synthesized by the concerted action of two 
sialyl transferases, with either transferase IV or V acting initially followed by the other. 
However, the conversion of structure (j) to structure (k) is about ten times slower than 
conversion of structure (i) to structure (k). Thus, the preferred biosynthetic pathway is 
the action of the 3-galactoside a2,3 sialyl transferase followed by that of the Nkacetyl-
galactosaminide a2,6 sialyl transferase. 

The observed glycosyl transferase catalyzed reactions, summarized in Figs. 1 and 2, may in
dicate not only what types of structures are permitted in animal oligosaccharides, but also 
the preferred pathways of biosynthesis of certain oligosaccharides. They may also indicate 
why some oligosaccharides in glycoproteins exhibit structural heterogeneity, since if one 
transferase acts on a precursor oligosaccharide to form a product which is a poor acceptor 
for another transferase, then incompletely glycosylated structures could result. Of course, 
the present studies were performed in vitro under conditions that differ markedly from those 
in vivo, and additional studies will be required to assess whether the preferred biosynthet
ic pathways shown are correct. 
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GLYCOSYL TRANSFERASES AS REAGENTS FOR MODIFICATION 
OF OLIGOSACCHARIDES IN GLYCOPROTEINS 

Although glycosidases are frequently used for structural analysis of oligosaccharides and 
for the assessment of the structure-function relationships of glycoconjugates, glycosyl 
transferases have only become available for this purpose in recent years. Some of the first 
reports employing transferases for structure-function studies were concerned with the ABO 
(H) blood group antigens of human erythrocytes, and the use of specific, but impure, trans
ferases to convert Oh (Bombay) cells to 0 cells (11) and 0 cells to.either A or B cells (14, 
15,16,17). Similar studies with erythrocytes are summarized below for the MN blood group 
antigens and viral adsorption to erythrocytes. There are now a few other reports that have 
employed transferases to probe the structures or assess the structure-function relationships 
of oligosaccharides in individual glycoproteins. The 3-galactoside a2,6 sialyl transferase 
(Table 1) was particularly useful in assessing the molecular basis for inactivation of the 
rabbit hepatic galactose binding protein by neuraminidase (28). The binding protein is it
self a glycoprotein that contains the oligosaccharide sequence Siaa2,6Gal3l,4GlcNAc (29). 
Digestion with neuraminidase produces non-reducing terminal galactose residues, allowing the 
binding protein to complex with its own oligosaccharides rather than with those of other 
glycoproteins. Resialylation of the asialo-binding protein restores its original binding 
activity by substituting the terminal galactose residues. Since the sialyl transferase em
ployed in these studies requires acceptors with the sequence Gal3l,4GlcNAc at their non-
reducing termini, the extent of incorporation of sialic acid by the transferase indicates 
the amount of galactose in this sequence (30). Studies with asialo derivatives of ai-acid 
glycoprotein, the rabbit liver galactose binding protein, and human blood coagulation Factor 
VIII show that the sialyl transferase incorporates sialic acid equivalent to 88%, > 90% and 
63% respectively of the galactose content of each protein. This technique provides a direct 
measure of the Gal3l,4GlcNAc content of these glycoproteins and is particularly attractive 
since yery small quantities of both enzyme and glycoprotein acceptor substrates are required. 
Similarly, the al,2 fucosyl 3-galactoside al,3 N-acetylgalactosaminyl transferase has been 
used to detect the presence of the al,2 fucosyl 3-galactoside group in glycoproteins (11). 
For example, the extent of incorporation of N-acetylgalactosamine by this transferase was 
equal to the fucose content of procine submaxillary mucin (A" blood group), indicating that 
all of the fucose in this mucin is linked al,2 to galactose. Similarly, human Factor VIII 
was found to have 10% of its galactose content present as al,2 fucosyl galactose, providing 
the first indication that this protein had ABO (H) blood group active oligosaccharides. The 
N^acetylglucosaminide al,3 fucosyl transferase has been particularly useful in the demonstra
tion of a heretofore unrecognized hepatic binding protein activity in mouse, rabbit and rat 
hepatocytes (31). Considerable evidence has been obtained showing that the uptake of lacto-
ferrin from blood by mouse liver was mediated by lactoferrin oligosaccharides, and that the 
structure Gal3l,4[Fucal,3]GlcNAc in lactoferrin is specifically required. Furthermore, 
asialo-transferrin, which is not rapidly removed from blood by the liver, is rapidly cleared 
after its oligosaccharide chains have been fucosylated by the N-acetylglucosaminide al,3 
fucosyl transferase (Table 1) to produce the same fucosylated oligosaccharide structures 
that are found in lactoferrin. Based on the success of such studies to date, glycosyl trans
ferases will most likely be valuable reagents in similar kinds of structural analyses and 
structure-function problems in the future. 

GLYCOSYL TRANSFERASES AS REAGENTS FOR MODIFICATION 
OF OLIGOSACCHARIDES ON CELL SURFACES 

The Role of Sialic Acid in the Expression of the Human MN Blood Group Antigens. Glycophorin, 
the major sialo-glycoprotein of the erythrocyte membrane, is known to carry the MN blood 
group antigens in the following amino acid sequences, which are the first five residues from 
the NH2 terminus (32,33,34). 

Cbh Cbh Cbh I I I H2N - Ser - Ser - Thr - Thr - Gly-
M-active 

Cbh Cbh Cbh I I I H2N - Leu. - Ser - Thr - Thr - Glu-
N-active 

The carbohydrate groups (Cbh) in both types of glycophorin have the following structure (35). 

NeuAca2,3Gal3l,3^ 
^GalNAcal->OSer/Thr 

NeuAca2,6 
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Since the M and N active glycophorins differ in sequence only in the first and fifth amino 
acids, it has been suggested that MN allelic genes determine both the amino acid sequences 
of glycophorins and their blood group specificity (32,33,34). Yet it has been recognized 
for some time that removal of the sialic acid from intact erythrocytes or from glycophorin, 
or other treatments that structurally alter the disialo-tetrasaccharide groups of glyco
phorin, destroy both M and N activities (36,37,38). Thus, the contribution of sialic acid-
containing oligosaccharides to the antigenicity of M and N glycopeptides remains unexplained. 
Others have proposed that M and N antigens differ from one another in the sialic acid groups 
attached to the core disaccharide, Gal$l,3GalNAc, of glycophorin, and that a sialylated N 
antigen is a precursor of M antigen (39). 

With the availability of three pure sialyl transferases (Table 1), including two which form 
the Siaa2,3Gal and the Siaa2,6GalNAc structures of glycophorin, it has now been possible to 
evaluate more exactly the role of sialic acids in determining the MN antigenic activity of 
erythrocytes (40). In these studies, erythrocytes from MM and NN individuals were desi-
alyzed with Vibrio cholera neuraminidase to destroy the MN antigenic activities and then re-
sialylated with the three pure sialyl transferases, either singly or in combination. Resto
ration of the blood group activity to the erythrocytes was determined with human and rabbit 
anti-M and anti-N antisera. Table 3 summarizes results obtained in these studies with one 
of the anti-N and two of the anti-M antisera employed. 

TABLE 3. THE EXTENT OF INCORPORATION OF SIALIC ACID INTO ASIALO-ERYTHROCYTES BY 
SIALYL TRANSFERASES AND THE EXTENT OF RESTORATION OF MN ANTIGENICITY 

CELL TYPE 

NATIVE NN 

ASIALO NN 

NATIVE MM 

SIALYL TRANSFERASE 
(ST) USED 

NONE 

NONE 
GALa2,6ST 
GALNACC*2,6ST 
GAL<*2,3ST 
GALCX2,6ST 71 
GALC2,3ST + > 
GALNAca2,6ST| 

NONE 

SIALIC ACID 
CONTENT 
(NMOL/ML) 

544 

49 
104 
224 
335 

628 

ANT i N 

512 

2 
2 
16 
512 
256 

16 

AGGLUTINATION 

ANTI Ml 

< 2 

< 2 
< 2 
< 2 
< 2 

< 2 

512 

TlTER 

ANTi M2 

< 2 

< 2 
< 2 
< 2 
< 2 

< 2 

64 

ASIALO MM NONE 
GALa2,6ST 
GALNAca2,6ST 
GALa2,3ST 
GALa2,6ST 7 1 
GALa2,3ST + f 
GALNACQ2,6ST 1 

53 
100 
233 
333 

< 2 
< 2 
< 2 
8 
8 

< 2 
< 2 
< 2 
64 

1024 

< 2 
< 2 
2 
16 
16 

From these studies the following conclusions may be drawn. 1) Both types of blood group 
activity were restored by resialylation, but the antigenicity of resialylated cells always 
corresponded to that of the native cells from which they were prepared. Cells were never 
converted on resialylation to a MN phenotype different from that of the cell donor. 2) Ei
ther of two of the transferases restored MN activity to the cells. One formed the Siaa2,3-
Gal structure and the other the Siaa2,6GalNAc structure, each of which is found in the di
sialo-tetrasaccharide groups on residues 2, 3, and 4 of glycophorin. The sialyl transferase 
that forms the Siaa2,6 galactose structure in asialo-glycoproteins did not restore blood 
group activity. 3) Because either of two transferases can restore both M and N activity, 
carbohydrate structures cannot be the basis for the structural differences between M and N 
antigens. Moreover, there was no evidence for a precursor-product relationship of the MN 
antigens during resialylation. 4) Each transferase incorporated different amounts of sialic 
acid, but when acting together, ̂  60% of the sialic acid removed by neuraminidase was re
placed on the cells. Sodium dodecyl sulfate gel electrophoresis of the erythrocyte ghosts 
after resialylation showed that sialic acid had been incorporated into several different 
integral membrane proteins, but the majority (̂  90%) was found in glycophorins A and B. 
5) Although these results are consistent with the proposal that MN alleles determine the 
polypeptide sequences of glycophorin, sialic acid in glycophorin appears to be important for 
the interaction of the MN antigenic determinants with specific anti-N and anti-M sera. 6) 
Evidence was obtained (not shown) indicating a striking variability in the reactivities of 
individual anti-M and anti-N antisera, which suggests that native M and N antigens may con
tain several determinants. 
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Restoration of Myxovirus Receptors in Human Asialo-erythrocytes by Incorporation of Sialic 
Acid With Sialyltransferases. Ortho- and paramyxoviruses bind sialic acid on erythrocyte 
membranes causing agglutination of the cells (41). Although the major sialic acid contain
ing membrane protein is glycophorin, it is unclear whether the sialic acid mediated binding 
of myxoviruses to cells is dependent upon either of the two types of sialyl linkages in the 
disialo-tetrasaccharide of glycophorin, or upon yet another type of linkage of sialic acid 
found in minor amounts in glycophorin or in other glycoproteins of the cell. With pure 
sialyl transferases of known substrate specificity (Table 1), and erythrocytes resialyzed 
after neuraminidase treatment (Table 3), it was possible to assess the types of sialic acid 
linkages in erythrocytes that are required for adsorption of different myxoviruses (42). 
The adsorption of viruses was determined by their ability to agglutinate desialyzed and re
sialylated erythrocytes. Four different viruses were employed, two paramyxoviruses, Sendai 
and Newcastle disease viruses, and two orthomyxoviruses, human influenza A2 virus and equine 
influenza A virus. The results of these studies are summarized in Table 4. 

TABLE 4. RESTORATION OF MYXOVIRUS RECEPTORS TO NEURAMINIDASE TREATED 
ERYTHROCYTES BY RESIALYLATION WITH SIALYL TRANSFERASES 

CELLS TESTED 
(SIALYL TRANSFERASE 

TREATMENT) 

NATIVE 

ASIALO 

ASIALO (GALO2,6) 

ASIALO (GALNACCI2,6) 

ASIALO (GALOI2,3) 

ASIALO (GALO2,6, 
GALNAca2,6, GALO.2,3) 

SIALIC ACID 
CONTENT 

(NMOL/ML CELLS) 

5i*il 

0 
49 
103 
222 
332 

SENDAI 

1024 
<2 
<2 
<2 

1024 
256 

VIRAL AGGLUTI 

NEWCASTLE 
DISEASE 

4096 
<2 
<2 
<2 

4096 
2048 

NATION TlTER 

INFLUENZA 
(HUMAN) 

1024 
<2 

1024 
128 
1024 
1024 

INFLUENZA 
(EQUINE) 

2048 
<2 
2 

<2 
2048 
512 

Each of the four viruses failed to agglutinate desialyzed cells. However, the hemagglutina-
tion titers of all four viruses were restored to original levels on incorporation of ̂  40% 
of the sialic acid present in native cells by the ß-galactoside α2,3 sialyl transferase. 
This transferase specifically forms the Siaa2,3Gal3l,3GalNAc structure, which contains one 
of the three types of sialic acid linkages present in glycophorin. About 90% of the sialic 
acid incorporated by this enzyme into asialo-erythrocytes was found in glycophorin as judged 
by sodium dodecyl sulfate gel electrophoresis of membranes from resialylated erythrocytes. 
Incorporation of sialic acid into cells by the other two transferases did not restore the 
binding of either the Sendai, Newcastle disease or equine influenza A viruses. These two 
transferases form the Siaa2,6Gal3l,4GlcNAc or Siaa2,6GalNAc sequences. However, the human 
influenza A2 virus was able to agglutinate cells that were resialylated by transferases that 
form these linkages in addition to the transferase forming the Siaa2,3Gal3l,3GalNAc sequence. 
Thus, the human influenza A2 virus may bind to any sialic acid containing structure, although 
the Sendai, Newcastle disease and equine influenza A viruses appear to recognize quite spe
cifically the Siaa2,3Gal3l,3GalNAc structure. The availability of additional sialyl trans
ferases may eventually permit the demonstration of even more subtle differences in the spe
cificity of binding of viral hemagglutinins. 
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Abstract - Comparing recently obtained and literary data a 
connection has been traced between mechanism of action, spe
cificity, and sorption properties of active sites of some 
glycosidases (hexosaminidases and neuraminidase), as well as 
acceptor specificity of sialyltransferases from frog and 
rat liver has been studied. A suposition has been made 
that the sorption properties of glycosidase active sites 
were in intimate connection to the mechanism of action, 
while the sorption properties of aglyconic sites were res
ponsible for aglyconic specificity of the enzymes· Accep
tor specificity of sialyltransferases isolated from liver 
of evolutionary distant animals is quite near in case of 
low-molecular substrates but differs for polymeric substra
tes. The fact may be explained by existence of two levels 
of substrate recognition by enzyme· 

Proteins of three types are united by ability for recognizing carbohydrate 
structure and formation of specific carbohydrate-protein complexes. These 
proteins are a) viral, bacterial, plant, and animal lectins, hemagglutinins, 
and toxins; b) glycosyltransferases - enzymes responsible for biosynthesis 
of oligosaccharides or oligosaccharide determinants of glycoconjugates; and 
c) O-glycoside-hydrolases - enzymes splitting glycosidic bonds. 
The named proteins differ in their biological role, however realization of 
the biological function in all cases can be considered as a response to 
specific carbohydrate-protein complex formation. Study of biological func
tion requires individual approach in each case. However, the complex for
mation itself points to common peculiarities in the recognition mechanism* 
These studies present practically one of the aspects of the investigation 
of connections between the structure, function, biosynthesis, and catabo-
lism of carbohydrate determinants of glycoconjugates. 
The present paper is devoted to some results of the studies on glycosidases 
and glycosyltransferases carried out in our laboratory. 
Biosynthesis of carbohydrate components of glycoconjugates is well known 
not to proceed via template way (1); the oligosaccharide determinant struc
ture is controlled by specificity of the two complementary systems: glyco-
syltransferases and glycosidases. Though glycosidases and glycosyltrans-
ferases catalyze different processes there must be certain similarity of 
their specificities and mechanisms of action (cf. Ref. 2). Glycosyltrans-
ferases are catalysts for the transfer of glycosyl residue from donor to 
acceptor, revealing both donor and acceptor specificities. Glycosidases 
catalyze hydrolytic splitting of monosaccharide off oligosaccharide or oli
gosaccharide determinant and reveal glyconic and aglyconic specificities. 
Active sites of the enzymes should have certain similarity in their proper
ties regulating the mechanism of recognition of an acceptor in the glyco
sidic linkage formation as well as an aglycone in the splitting of this lin
kage. The problem we raised was to trace connections between mechanism, 
specificity, and properties of active sites of glycosyltransferases and 
glycosidases by studying mechanism of action and specificity of these 
enzymes. 
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Necessary substrates - oligosaccharides imitating or coinciding with carbo
hydrate determinant of glycoproteins became available after elaboration of 
the next methods of synthesis of heterooligosaccharides: 

1. Oxazoline method using 2-methyl-g3^co-(2f ,1f :4,5)-2-oxazolines as 
glycosylating agents (3f4); 

2. Diphenylcyclopropenyl method based on glycosylation of 2,3-diphe-
nyl-2-cyclopropen-1-yl ethers of saccharides by glycosyl perchlorates; the 
method was used to synthetise previously difficulty obtainable linear and 
branched heterooligosaccharides (5f6), ct-L-fucose terminal oligosacchari
des (7) among them; 

3. Synthesis of sialodisaccharides carried out under Koenigs-Knorr' s 
reaction conditions using methyl ester of acetochloroneuraminic acid as a 
glycosylating agent (8)· 
The connection between sorption properties of active site, mechanism, and specificity was traced for N-acetyl-ß-D-hexosaminidase Β^ isolated as homogeneous fraction from boar epididymis. 
Data on sorption properties of hexosaminidase active site were obtained by studying interaction of the enzyme with a number of substrates and inhibitors with modified structural elements essential for sorption in the active site. The summary data are presented in Table 1. 

TABLE 1. K^f K^, V, and -AG° for substrates, analogues, and 
inhibitors (Ref. 9) 

Combinations Ki or ** V
 1 ""*G° (mM) (mcmol.min"'.,. (teal. mg protein ) mol""') 

GlcNAcp-006H4N02 

6-deGlcNAc/3 -0C6H4N02 

4-deGlcNAc/3 -0σ6Η4Ν02 

3-deGlcNAc/J-0Ph 
GlcNAcj8-0Ph 
Glcj3-0Ph 
1,5-anhydro-N-acetylglucos-

aminitol 
4-MeOGlcNAc/5 -0C6H4N02 

ö-MeOGlcNAcjS-OC^^j^ 
GlcNAc 
GlcNAc0l->4GlcNAc 
GlcNAc^l-^GlcNAcp 1-*4GlcNAc 
GlcNAc/31~*6GlcNAc 

1.1 
1.7 

12 .5 
11 .0 

2.1 
400* 

1.6* 
8 .7 
2 .6 
4 .9* 

13.9* 
27.8* 
5.9* 

1870 
200 
360 

45 
390 

nonhydrolyzed 

222 
62 

* K± va lues were obtained by enzymatic hydrolys i s of p· 

6 .7 
6 .4 
5 . 2 
5-3 
6 . 2 
3 .1 

6 .5 
5 .4 
6 . 2 
5 .8 
5.1 
4 .7 
5.7 

- n i t r o -
phenyl N-acetyl-p-D-glucosaminide. 

Contributions due to N-acetylglucosamine residues and its functional groups to the Gibbs' energy of sorption at the catalytic site were calculated from values for affinity, as well as contributions due to monosaccharide residues were calculated for Gibbs1 energy of substrate sorption at aglyconic sub-sites of the active site. The calculated values, characterizing sorption properties of subsites of the active site of the hexosaminidase are shown in Diagrams 1 and 2, in comparison with respective values for the active site of N-acetyl-0-D-hexosaminidase from Aspergillus oryzae (10). 
Before all, attracts attention to itself the similarity of sorption properties of the catalytic sites (A) of hexosaminidases and their difference from those of catalytic site of lysozyme for sorption of a monosaccharide residue at the D-site of lysozyme is disadvantageous (AG = +2.9 kcal.mol-1) (Ref. 11). 
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DIAGRAM 1. Contributions due t o func t iona l groups of 2 - a c e t -
amido-2-deoxy-j3-D-glucopvranose res idue t o Gibbs' 
energy (<?aG°, kcal.mor""; of s o l u t i o n a t c a t a l y 
t i c s i t e of p i g (Ref. 9) and A. oryzae (Ref. 10) 
hexosaminidases ( i n parentheses) 

0 . 9 HO 
( 1 . 1 ) 

1.5 HO 
( 1 . 1 ) 

CH20H 0 .3 (0 .35) 

NHAc 3 . 6 
( 3 . 4 ) 

DIAGRAM 2. Resul ts of mapping of a c t i v e s i t e s of p ig (Ref. 9) 
and A. oryzae (Ref. 10) hexosaminidases 

S o r p t i o n s i t e s 

A B 

Pig hexosaminidase GlcNAoßl—»6GlcNAo 
-6.5 +0.6 

GlcNAc0l-*4GlcNAc 
- 6 . 5 +1.4 

Hexosaminidase from A. oryzae 

kcal.mol 
kcal.mol" 

-1 

GlcNAc01--*4GlcNAcp 1--*4GlcNAc ,. 
-6.5 +1.4 +0.4 kcal.mol""' 
-5.6 
(-5.95) 

-2.6 -0.6 kcal.mol -1 

The differences in sorption properties of hexosaminidases and D^sozyme seem to reflect differences in their mechanisms of action. Thus, results of measuring ot-secondary isotopic effect in hydrolysis of phenyl N-acetyl-ß-D-glucosaminides by pig hexosaminidase (kn/Jq) = 1.04) are in line with the mechanism of double substitution at the anomeric center of the splitted mono-saccharide. The other glycosidases, namely p-glucosidase (12,13) and tf-ga-lactosidase (14) have been shown to reveal the similar mechanism. On the contrary, the mechanism involving glycosyl cation formation (12) has been shown for lysozyme. Thus, sorption properties of the catalytic sites are in near connection with the mechanism of catalysis. 
The data presented in Diagrams 1 and 2 permit revealing not only similarity but also differences in properties of active sites of hexosaminidases from various sources. Differences in sorption properties of aglyconic sites (B and o; are, apparently, the main reason for differences in aglyconic specificity of the hexosaminidases. As for as the enzyme from A. oryzae hydroly-
Ζ*3Λ^^S1^0??00^1^8*"0*1 faster taa* Pl€ hexosaminidase (of. Refs. 9 and 10) it yields conclusion that aglyconic specificity increases~with the increase in sorption at aglyconic sites. This conclusion seems correct for the interaction of one and the same enzyme with a number of substrates differing in aglycone structure. Thus, the rate of hydrolysis of chitobiose by pig hexosaminidase is lower than that for 1-*6-lihked disaccharide (9). 
The similar connection between sorption properties of aglyconic sites in the enzyme-substrate complex formation and aglyconic specificity can be traced for neuraminidase from Vibrio cholerae. Table 2 presents values, characterizing affinity of the enzyme active site to sialooligosaccharides and values of the enzymic hydrolysis of the latter. 
Taking contribution due to catalytic site equal to the change in A G of sorption of N-acetylneuraminic acid at the active site it is obviously seen that in this case high sorption ability of the aglyconic site correlates to high aglyconic specificity. 
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TABLE 2. Kif K ,̂ V (Ref. 8 ) , and aG° of the interaction of 
neuraminidase from Vibrio cholerae with N-acetylneu-
raminic acid and sialooligosaccharides 

Combinations ^ or ^ V -aGe 

«.'1 
(mM) (nmol.min \* (kcal* 

mg protein ) mol·-·) 
NeuNAc 
NeuNAc*2-*6Gal 
NeuNAc«2-*6Glc 
NeuNAc*2->3Glc 

4.9* 
5.9 
6.7 
3-3 

-
100 
66 
800 

5*7 
5-6 
5-6 
6.0 

* K. values were obtained by enzymic hydrolysis of p-nitro-
phenyl N-acetyl-a-neuraminoside (15). 

Aglyconic specificity of glycosidases is, apparently, analogous to acceptor 
specificity of glycosyltransferases. Our data on acceptor specificity of si-
alyltransferases, terminating biosynthesis of oligosaccharide determinants 
of sialobiopolymers prove the correctness of the supposition. 
By the beginning of our study existence of different sialyltransferases te
rminating biosynthesis of only definite oligosaccharide structures was poin
ted out in literature (16-19). However there were no data on comparative 
characteristics of deliberately different sialyltransferases in respect to 
the same low-molecular and polymeric substrates. We think just this appro
ach provides maximal information on common and differing features of the 
specificity. To realize the approach we chose evolutionary distant objects, 
namely membrane forms of sialyltransferases from frog liver (amphibia) and 
rat liver (mammal). Besides, membrane forms of enzyme isolated from rat li
ver in stage of fast proliferation (regenerating liver) have been studied. 
Low-molecular acceptors used are presented in Table 3. The oligosaccharides 
did not differ in monosaocharide sequence from oligosaccharide terminals of 
native substrates of sialyltransferases, however some structural features 
of acceptors varied, namely a) position of glycosidic linkages between mo
nosaocharide units, b) anomeric configuration of glycosylated residues of 
galactose, c) size of the oligosaccharide chain, and d) structure of the 
terminal monosaocharide. Such a choice of substrates permitted revealing 
characterous peculiarities of acceptor specificity. Table 3 shows data on 
specificity of the studied sialyltransferases. 
Acceptor specificity may be characterized as follows: 

1. 0-D-Galactose is optimal terminal monosaocharide. 
2. Gal-^GlcNAc and Gal-*Glc sequences are optimal for recognition. 

Acceptor activity of disaccharides with these monosaccharidefeequences de
pends upon the position of the glycosidic linkage between monosaocharide 
units (1-»4> 1-*3>1->6). 

3· Lactose or N-acetyllactosamine terminals are necessary but insuf
ficient forfull recognition of the substrate structure by the enzyme (see 
results of the sialylation of the tetrasaccharide). 
The studied sialyltransferases differ in the breadth of acceptor specifici
ty, the most observed for the frog liver sia^ltransferase, the least for 
the transferase from regenerating rat liver. Moreover, they differ in the 
structural trend of the reaction. Thus, sialyltransferases from fro* and r a t l·1^3 sy^hesised *2-*6 sialotrisaccharides mainly ( *2-*3 by-product 
was 8-10 andl-2% respectively). Regenerating rat liver sialyltransferase 
produces a2-*6 and CL2T*3 isomers in approximately equal proportion. 
« n L ^ i ; 0 1 1 6 ^ 8 ^ ^ 6 8 rel?ai2?ed after solubilyzation of the membrane-bound enzymes by action of non-ionic detergent (Triton X-100). 
The found distinctions in properties of sialyltransferase systems could be 
explained by the presence of different sets of sialyltransferases (21,22) 
in -wie membrane-bound preparations. Therefore a comparative study of the 
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TABLE 3· Accept 
animal 

Acceptors 

Gal 1 4 GlcNAc 
Gal 1 3GlcNAc 
Gal 1 6GlcNAc 
Gal 1 4Glc 
Gal 1 3Glc 
Gal 1 6Glc 
Gal -OMe 
Gal -OMe 

or specificity 
liver* 

Gal 1 4(Gal 1 6)GlcNAc 
Gal 1 4GlcNAc 1 
Glc 1 4Glc 
GalHAc 1 6Glc 
GalNAc 1 3Glc 
GalNAc 1 6Gal 

6Gal 1 

of sialyltransferases from 

Acceptor 

4Glc 

Frog 
liver 
100 
85 
25 
100 
55 
1 
1 
85 
100 
55 
1 
1 
1 
30 

activity 
Rat 
liver 
100 
85 
15 
50 
-
1 
1 
-
-
-
-
-
_ 
-

of substrates 
Regenerating 
rat liver 

100 
30 
14 
48 
-
1 
1 
-
-
-
-
-
-
-

* Conditions for enzymic sialylation see Ref. 20. 
** Incorporation of "̂C-NeuNAc into acceptor in percents of 

that into N-acetyllactosamine (parallel experiment, 
1500-3000 c.p.ra.;. 

lyltransferases has been carried out after solubilyzing and separation 
h the aid of isoelectric focusing. 
multiple forms of sialyltransferase were isolated from solubilyzed 
rosomal fraction of frog liver (Fig. 1). Four multiple forms of the 
yme having pi 4.5, 4-9, 6,45 and 8,6 were isolated from normal rat li-
. All these forms from frog liver showed the same acceptor activity in 
pect to both lactose and N-acetyllactosamine· The latter was found to 
effective acceptor for all forms of the rat sialyltransferase, ck2"*6 
mers were in all cases main products of the reaction, 

Σ a u 1.2-l 

1 0 I 

o&4 

0.6 H 

0.4-j 

0.2 

pH 

h9 

M 

h6 

-T— 
30 40 

-T 1 r-
50 60 ?0 

Fraction number 

h3 

Fig. 1* Isoelectrofocusing of solubilyzed sialyltransferase 
system from frog liver, pi: I - 4.46; II - 5*26; III - 6.91; 
IV - 8,10; Y - 8.62; VI - 9.06. Experimental conditions cor
respond to reported C23) using 2% amfoline solution (pH 3.5 τ 
10.0) in sucrose gradient 0 - 40%, 500 v. 
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5 
100 

2 

4 
187 

10 

<0.5 
5 
5 

Thus, s i a ly l t r ans f erases showed r e l a t i ve ly s imilar spec i f ic i ty in respect t o 
low-molecular subs t ra tes . However, study of in terac t ions of s i a ly l t r an fe ra 
ses with, polymeric substra tes revealed considerable d i s t inc t ions in t h e i r 
acceptor s p e c i f i c i t i e s (Table 4 ) . 

TABLE 4 . Acceptor spec i f i c i ty of s i a ly l t r ans f erases from nor
mal ( I ) , regenerating ( I I ) r a t l i v e r , and frog l i 
ver ( I I I ) * 

Acceptor I I I I I I 
Asialo-PSM 
Asialofetuin 
Lactosyl-lysogyme * * 

* Sialylating conditions: incubation mixture (50 mcl) containing 0.12 mcmol OMP-14C-NeuNAc (1.2·106 c.p.m.)» 80-200 nmol acceptor sites of asialoglycoprotein (estimated by ga-lactose oxydase method and by amount of sialic acid in mother glycoprotein), 0.15% of Triton X-100 in 0.1M sodium-phosphate buffer), pH 7·0, 1.0 mg (I and III) or 0.7 mg protein of the enzymic sample (II) was temperature controlled for 60 min at 57° G. Incorporation of 1^0-NeuNAc into asialofetuin in sialylating by enzyme from the normal rat liver (4400 c.p.m.) was considered 100. 
** The sample of lactosyl-lysozyme was a gift from prof. G. Moczar, Laboratoire de Biochimie du Tissu Oonnonctif, Fa-culte de Medecine Universite de Paris (France;. 

The data presented in Table 4 show frog sialyltransf erases to have quite low activity in respect to asialofetuin contrary to rat sialyltransf erases. This distinction was observed when the respective forms were compared and remained under various conditions of sialylation. This result can scarcely be explained when taking into consideration only the structure of the disacchari-de terminal of carbohydrate determinants of asialofetuin - Gal/31~>4GlcNAcp1-* and Gal£l-*3GalNAc/9l-*OSer(Thr) (Ref. 24). It testifies that complete recognition of sialyltransferase acceptor structure requires the more prolonged fragment of the oligosaccharide chain. 
The considered results of the studies on aglyconic specificity of glycosida-ses and acceptor specificity of sialyltransf erases are related exclusively to the recognition of the aglycone or acceptor structures by active sites of the enzymes. However, the second level of recognition cannot be excluded which is controlled by more complex interactions between polymeric substrate and enzyme and regulated by variuos protein and lip id effectors (25-28). Recognition of this type should be taken into consideration in mechanistic studies of protein-carbohydrate interaction. 
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Abstract - Cyclo(L-Val-Gly-Gly-L-Pro)~ has been synthesized. This homo-
detic cyclic dodecapeptide is an ionophore and was designed both to be a 
valinomycin analogue and to bridge the gap between ionophores which exist 
in bacterial systems and those proteins which perform similar functions in 
eukaryotic membranes. Other peptide analogues of valinomycin have been 
reported, but these contain non-eukaryotic components, i.e., D-amino 
acids. The factors which may affect the functional and structural be
havior of cyclo(L-Val-Gly-Gly-L-Pro)3 compared with valinomycin are: 
(1) increased conformational flexibility, (2) reduced hydrophobic charac
ter, (3) additional NH groups, and (4) all amide linkages. 

Data on the binding constants of several cations to cyclo(L-Val-Gly-Gly-
L-ProK are given and compared with those of valinomycin and other valino
mycin analogues. Cyclo(L-Val-Gly-Gly-L-Pro)^ forms three types of pep-
tide(P)-cation(C) complexes, i.e., PC (1:1 complex), P„C (peptide-sandwich 
complex), and PC« (ion-sandwich complex). In acetonitrile solution the 
stability of the peptide-K complex is comparable to the valinomycin-K 
complex. The P«C complexes are the major species found for small cations. 
Other findings are that the stabilities of the PC complexes are corre
lated with the diameter of the cation in the series Mg^+ < Ca2+ < Ba , 
and that a divalent cation is more strongly bound by a large factor than 
a monovalent cation of comparable diameter. 

Conformational data (obtained from H nuclear magnetic resonance (nmr) 
investigations) are presented, and compared with data from valinomycin and 
another peptide analogue, cyclo(L-Val-D-Pro-D-Val-L-Pro)~ (B. F. Gisin and 
R. B. Merrifield, J_. Amer. Chem. Soc. 94·, 6165 (1972)). While the free 
conformation of our analogue in chloroform or methylene chloride solution 
is of a new type, distinct from the free conformations of valinomycin or 
the other peptide analogue, the conformations of the cation complexes of 
all three compounds compared are structurally analogous. 
Preliminary results of membrane and two-phase extraction studies are 
described which indicate that cyclo(L-Val-Gly-Gly-L-Pro)3 behaves largely 
as a valinomycin-type carrier, with selectivity properties similar to 
both valinomycin and the other peptide analogue. 

INTRODUCTION 

Throughout the last twenty years it has been repeatedly demonstrated that studies on compounds 
which model naturally-occurring molecules may give insight into the relationship between 
structure and function in the native biochemical system. Of particular interest recently 
have been those species which are able to interact effectively with biomembranes, thus con
ferring on the membrane a specific property, e.g., enhanced conductivity towards a particular 
cation. Among the compounds which accomplish this latter function (ionophores), valinomycin 

Note a. Present address: Department of Chemistry, Amherst College, Amtierst, Massachusetts 
01002, USA. 

Note b. Present address: LASIR, CNRS, 94320 Thiais, France. 
Note c. Present address: Molecular Biophysics Unit, Indian Institute of Science, Bangalore, 

560012, India. 
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has emerged as an extraordinary molecule, due to its very high selectivity for K over Na , 
and to the mechanism of its membrane activity, which is considered to be archetypal of 
carrier-mediated transport. Total synthesis of valinomycin by Shemyakin and coworkers (1,2) 
unequivocally proved its structure: cyclo(L-Val-D-Hylv-D-Val-L-Lac)3. Several analogues of 
valinomycin have been designed and synthesized, and their properties — notably, conformation, 
ion binding, and membrane activity — studied (3-6). 

We have reported (7) the synthesis and ion binding of cyclo(L-Val-Gly-Gly-L-Pro)3, a valino
mycin analogue which was designed as a potential model to bridge the gap between ionophores 
which arise from bacterial systems and those proteins which may perform similar functions in 
eukaryotic membranes. Hence, we chose to use only amino acids which occur naturally in eu-
karyotes, i.e., no D-residues or ester linkages. The possibility of conformational analogy 
with valinomycin was maintained through the incorporation of glycines in the sequence where 
D-residues occur in valinomycin. The principal factors which may affect the structural and 
functional behavior of cyclo(L-Val-Gly-Gly-L-Pro)_ as opposed to valinomycin are: (1) in
creased conformational flexibility due to greater available conformational space, (2) reduced 
hydrophobicity of residues, (3) additional N-H's, and (4) presence of all amide linkages. 
By comparison with other valinomycin analogues which have been examined (3-6), the main dis
tinction in our compound is the presence of glycines, the concomitant lack of any D-residues 
and reduction in hydrophobic side chains. 

We have organized this presentation so as to draw comparisons among valinomycin, cyclo(L-Val-
Gly-Gly-L-Pro)«, and a few representative other valinomycin analogues. First, we will dis
cuss the interaction of these compounds with ions. Then, solution conformations will be 
considered. Finally, we describe preliminary results of membrane studies and two-phase ex
traction experiments for cyclo(L-Val-Gly-Gly-L-Pro)^. 

INTERACTIONS WITH IONS 
Results of a circular dichroism study of cyclo(L-Val-Gly-Gly-L-Pro) and its complexes with 
some alkali metal and alkaline earth cations in acetonitrile solution have been described in 
detail elsewhere (7). Table 1 summarizes the binding constants which were obtained through 
the use of a computer fit of titration curves. 

TABLE 1. Complexation behavior of valinomycin and analogues 
+ + + + 2 + 2 + 2 Ion: 0 Li Na K Kg Ca Ba 

Diameter (A): 1.20 1.90 2.66 1.30 1.98 2.70 
Valinomycin K.. 
CH OH* <5 4.7 8 x 104 <5 5 x 102 2.2 x 103 

CH3CNb - <103 3 x 105 -
cyclo(L-Val-Gly-
Gly-L-Pro)3C 

CH3CN K± 1.1 x 103 5.8 x 101 1.7 x 105 2.4 x 103 3 x 108 2 x 1010 

\ 5.5 x 106 6.9 x 105 2.3 x 105 1.0 x 106 8 x 105 2 x 106 

K2 2.4 x 102 d d 1.5 x 102 5.5 x 105 1.5 x 101 

Where the constants describe the following equilibria: K.. : P + C = PC; 
iq : PC + P = P2C; K£: PC + C - PC2 

a. From Reference 3. 
b. From M. C. Rose and R. W. Henkens, Biochim. Biophys. Acta 372, 426 (1974). 
c. From Reference 7. 
d. No indication of any formation of these species was found. 
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Figure 1 shows an example of the curves obtained. In brief, three different stoichiometries 
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of complexation were observed: 1:1, 1:2, and 2:1, peptide:cation. Among the 1:1 species 
association was more favorable the larger the cation (up to K and Ba , the largest ions 
examined, ^2.7 A in diameter), and was stronger for a divalent cation by a large factor than 
for a monovalent cation of a corresponding size. Na+ was seen to form the weakest complexes 
among the monovalent ions, suggesting that two types of 1:1 complex may occur: one with the 
cation interacting with six carbonyls (larger cations), and the other with three carbonyls 
(high charge density, small cation). Na+ would not be expected to bind well in either of 
these modes. The "peptide sandwich", P2

C> w a s observed to form to a significant extent with 
all cations studied, and the association constant was relatively invariant. This finding may 
be a result of opposing influences: first, the steric interference between two approaching 
peptides which should be reduced for larger cations, and second, the likelihood of occurrence 
of a 1:1 species in which the cation interacts with only three carbonyls (i.e., not really ±Ώ_ 
the cavity), which would be greater for small cations, and might lead more readily to P?C 
species. PC2 species were observed to have the highest constants of association for the 
smaller ions, not unexpectedly, as small ionic size would make two sites sterically acces
sible. 

By comparison with the above, valinomycin shows a strong preference for monovalent cations 
(see Table 1). The magnitude of the 1:1 binding constants for K of our analogue and of 
valinomycin are approximately the same in acetonitrile. Selectivity for K over Na is some
what less for our analogue, and binding to Li is considerably better with the analogue than 
with valinomycin. Valinomycin has also been reported (8) to form sandwich complexes — of 
the type V2K . 

Stability constants of K complexes of many other valinomycin analogues have been summarized 
by Ovchinnikov et al. (3). Among those analogues in which the basic ring size was not 
varied, the complexation with K appeared to be less favorable with ligands which had more 
conformational freedom, and conversely, introduction of N-substituted amino acids into the 
valinomycin sequence in place of the acid residues, hence conferring more rigidity, led to 
significantly stronger complexation. Ovchinnikov and coworkers attributed this finding to 
a lessened relative stability of the free ligand. The same explanation could be applied to 
the finding of enhanced complexation by another peptide analogue of valinomycin, cyclo(L-Val-
D-Pro-D-Val-L-Val)« (4,5), as suggested in studies using two-phase systems (5) and in nmr 
analysis of complexes (6, see Note d). 

Note d. 
Li+, <10 

Approximate stability constant 
; Na+, 104; K+, 108. 

s in methanol can be read from a plot in Ref. 6: 
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The most salient difference between the complexation behavior of valinomycin and cyclo(L-
Val-Gly-Gly-L-Pro)» is the very strong binding of divalent cations by the latter compound. 
This result is most likely attributable to the relatively thin "overcoat", and hence large 
Born free energy term contributing to the stability of the cyclo(L-Val-Gly-Gly-L-Pro)n-c"+ 
complexes (3,9,10). In contrast, the presence of hydrophobic side chains at all residues 
of valinomycin results in a thicker "greasy" shell around the cation, and hence a weaker 
contribution from the Born free energy of solvation, in particular to the complexes of the 
doubly charged cations. The other distinction relative to valinomycin noted in all the 
analogues which utilize amide carbonyls for binding is that binding to the smaller monova-
lent ions (Li , Na ) is not so markedly reduced relative to that to K+. This may be due to 
the greater polarizability and enhanced point charge of amide carbonyl oxygens as compared 
to that of ester carbonyl oxygens (3). 

Lastly, it appears that stronger binding will be observed, given the same eventual conforma
tion of the complexes, when the ionophore adopts a rigid free conformation (which is close 
to the bound conformation), than in cases of a highly flexible free ionophore. The results 
with cyclo(L-Val-D-Pro-D-Val-L-Pro)~ and with valinomycin analogues with N-substituted 
amino acids (3) support this suggestion. However, cyclo(L-Val-Gly-Gly-L-Pro) in acetoni-
trile, despite its expected greater conformational freedom, binds only slightly less strong
ly than valinomycin in the same solvent. This result may reflect in part the fact that the 
conformation adopted by valinomycin in solvents of medium polarity (e.g., CH-CN or methanol) 
is somewhat flexible (3). 

SOLUTION CONFORMATIONS OF FREE AND COMPLEXED FORMS 
Results of a ΧΗ nmr study of cyclo(L-Val-Gly-Gly-L-Pro) and its cation complexes (11) have 
revealed some interesting similarities with and differences from the natural ionophore (see 
Table 2). In all cases, as with valinomycin, the spectra reveal that C, symmetry exists on 

TABLE 2. H nmr parameters for valinomycin and analogues. N-H resonances 
in free and complexed formsa (solvents as indicated) 

Valinomycin 

Free, CDClq δ 
NH-CH 

Δ6/ΔΤ 

L-Val 
7.75 
6.2 

6.8 x 10" 

D-Hylv - D-Val - L-Lac 

7.85 
8.0 

5.5 x 10 -3 

With K , CDC1- δ 
3j 
NH-CH 

Δ6/ΔΤ 

8.25 
A.8 

2.5 x 10" 

8.40 
4.8 

Cyclo(L-Val-Gly-Gly-L-Pro)3° 

Free, CD2C12 δ 
3j 
NH-CH 

Δδ/ΔΤ 

6.78 
8.45 

Gly 
7.47 

4.2,4.2 

Gly 

7.87 
4.6,4.6 

-3 5.8 x 10 2.0 x 10 2.0 x 10 

6.90 7.55 7.80 

L-Pro 

NH-CH 
Δ6/ΔΤ 
δ 
3j 
NH-CH 

Δδ/ΔΤ 

3.0 x 10 
7.88 
6.1 

1.0 x 10" 

3.0 x 10 3 3.0 x 10~3 

7.40 
7.7,4.8 

8.77 
7.0,3.0 

3.0 x 10 3 1.0 x 10~3 

Cy£l°_ (L-Val-D-Pro-D-Val-L-Pro) L-Val 
Free, CDC1. δ 

3j 
NH-CH 

Δδ/ΔΤ 

7.8 
10 - 11 

3.0 x 10"3 

7.8 
10 - 11 

3.0 x 10~3 

CDC1- δ 
3, 
NH-CH 

Δ6/ΔΤ 

8.1 
4.8 

8.1 
4.8 

3.0 x 10 3.0 x 10 
Chemical shifts (5) are ppm downfield from internal TMS; coupling constants 
are in Hz; and temperature dependences (Δδ/ΔΤ) are in ppm/deg. 
From D. G. Davis and D. C. Tosteson, Biochemistry 14, 3962 (1975). 
From Reference 11. 
From Reference 6. 
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the nmr time scale. Analysis of temperature and solvent dependences of N-H resonances for 
our dodecapeptide in CD^Cl^ or CDC13 leads to a proposed conformation with the N-H's of all 
of the glycines intramolecularly hydrogen-bonded. Further, the 3J values of 4.2, 4.2 
and 4.6, 4.6 Hz for the two Glyfs are only consistent with φ angles of ̂ 180° (12, see Note 
e). These principal findings led to a proposed structure which was also consistent with the 
rest of the 3-H nmr data (see Note f). The φ,ψ angles are listed in Table 3. A molecular 

TABLE 3. Proposed solution conformations of valinomycin and peptide 
analogues (solvents are indicated) 

A. FREE CONFORMATIONS 

Valinomycin 

Non-polar, e.g., CHC1« 

Med. polar, e.g., ClLjOH 

Polar, e.g., (CD^SO 

Cyclo(L-Val-Gly-Gly-L-Pro)3b 

CD2C12 or CDC13 

CD3CN 

Cyclo(L-Val-D-Pro-D-Val-L-Pro)3° 

CDC13 

Polar 

B. COMPLEXES 
+ a Valinomycin-K 

CDC13 

Cyclo(L-Val-Gly-Gly-L-Pro) b 

-K+, CD3CN 

-Ba2+, CD3CN 

Cyclo(L-Val-D-Pro-D-Val-L-Pro)3C 

-K+, CDC13 

Φ 
* 
Φ 
Ψ 

L-Val 

-80 
90 
-85 
100 

Many interconverting. 

Φ 
Φ 

L-Val 

-90 
30 

Many interconverting. 

Φ 
Ψ 
Mixture 

Φ 
Ψ 

Φ 
Ψ 
Φ 
Ψ 

Φ 
Ψ 

L-Val 

-60 
120 

D-Hylv 

120 
0 

120 
0 

Gly 
180 
50 

D-Pro 

60 
0 

! of above and probable 

L-Val 

-68 
120 
L-Val 

-70 
110 
-65 
140 

L-Val 

-60 
120 

D-Hylv 

94 
5 

Gly 
60 
45 
20 
90 

D-Pro 

60 
0 

D-Val 

90 
-90 
110 
90 

Gly 
180 
60 

D-Val 

60 
-120 

eis bond conformer. 

D-Val 

68 
-120 

Gly 
50 

-110 
50 

-170 

D-Val 

60 
-120 

L-Lac 

-120 
0 

-120 
120 

L-Pro 

-60 
-60 

L-Pro 

-60 
0 

L-Lac 

-94 
-5 

L-Pro 

-70 
-60 
-60 
-70 
L-Pro 

-60 
0 

a. From Reference 13. 
b. From Reference 11. 
c. From Reference 6. 

Note e. For an explanation of conventions used in dihedral angle nomenclature, see: 
Biochemistry 9, 3471 (1970). 

13 Note f. Examination of C nmr spectra demonstrates that all X-Pro bonds are trans. 
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model is shown in Figure 2. An unusual pattern of hydrogen bonding occurs in this proposed 

Fig. 2. Photograph of a CPK model of the proposed conformation of free 
cyclo(L-Val-Gly-Gly-L-Pro) in CD?C1 . a and b show opposite faces of 
the molecule. 

conformer. Namely, there are two hydrogen bonds in each repeat unit, one (l«-4) between the 
N-H of Gly(2) and the C=0 of Pro, and the other (l«-4) between the N-H of Gly(l) and the C=0 
of the Gly(2) of the preceding (L-Val-Gly(l)-Gly(2)-L-Pro) unit. This arrangement is shown 
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schematically in Figure 3 (see Note g). 

Pro \ Val 

Gly 2 , c ^ ° / 
}~/C H Xeiy 1 

A-* 
Gly 2 

Fig. 3. Diagrammatic representation of hydrogen-bonding scheme in cyclo-
(L-Val-Gly-Gly-L-Pro)-. Free conformation in CIUCl«, showing two 1+-4 
intramolecular hydrogen bonds between the N-Hfs of Gly 1 and Gly 2 and the 
C=Ofs of Gly 2 and Pro, respectively. 

The proposed conformation of cyclo (L-Val-Gly-Gly-L-Pro) ̂  in CD2C12 and CDC1„ is different 
from that of free valinomycin in nonpolar solvents (2,13), where a bracelet-type structure 
with six intramolecular hydrogen bonds formed by the L-Val and D-Val N-H's, and with alter
nating Type II and Type IIf 3-turns, is observed. This conformation is now believed to be 
of the A« type, i.e., similar to the conformation of the K complex (13). With free cyclo-
(L-Val-Gly-Gly-L-Pro)3, in each Gly(2)-Pro-Val-Gly(l)-Gly(2) unit there are essentially two 
loops of right-handed 3in helix (i.e., two distorted 3-turns), since hydrogen bonding occurs 
between residues 1 and 4 and residues 2 and 5. The φ,ψ angles indicate that the helix is 
imperfect (a true right-handed 3.. n helix has φ,ψ = -60°, 30 ). The difference may arise from 
the presence of the proline side chain or from the constraints of cyclization. As antici
pated, the presence of an additional N-H per repeat unit relative to valinomycin (or the 
other peptide analogue, cyclo(L-Val-D-Pro-D-Val-L-Pro)~) has made possible additional con-
formational possibilities. 

In CD-.CN solutions of cyclo (L-Val-Gly-Gly-L-Pro)_, the H nmr data suggest that no one rigid 
conformation with a specific pattern of intramolecular hydrogen bonding occurs. Temperature 
dependences of the N-Hfs are all the same, and the N-H signals do not show well-defined 
coupling patterns. This result is similar to findings for valinomycin in polar solvents such 
as aqueous methanol, dimethyl sulfoxide, or trifluoroethanol/water (1/2). In contrast, in 
acetonitrile valinomycin adopts a C„-symmetric conformer with three 3-turn (1^4) hydrogen 
bonds rather than six such bonds that occur in the bracelet form. This is the so-called 
"propeller" conformation (see φ,ψ angles in Table 3, nmr data in Table 2). 

The'other peptide analogue of valinomycin, cyclo(L-Val-D-Pro-D-Val-L-Pro)~, has also been 
examined by ^H nmr (6). The data showed that more than one conformation which interconvert 
slowly on the nmr time scale were present. These workers interpret their findings in terms 
of populations of (1) a conformer which is analogous to the valinomycin A„ bracelet struc
ture, and hence has Sfi symmetry and all N-Hfs intramolecularly hydrogen bonded (see Table 3 
for φ,ψ angles), and ?2) an asymmetric conformer which most likely contains one or more eis 
Val-Pro bonds. The ratio of these populations varies with solvent. Evidence for eis peptide 
bond-containing conformers was also obtained for cyclo(L-Val-Gly-Gly-L-Pro)~, but only in 
dimethyl sulfoxide solution. 

Note g. In a recent X-ray structure determination of the amino terminal tetrapeptide of 
alamethicin, a strikingly similar conformation was observed, including the two distorted 3-
turns. See: N. Shamala, R. Nagaraj and P. Balaram, Biochem. Biophys. Res. Comm. 79, 292 
(1977). 
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+ 24- + Upon addition of equimolar quantities of perchlorates of K , Ba , or Tl to acetonitrile 
solutions of cyclo(L-Val-Gly-Gly-L-Pro)3, marked changes are observed in the 1H nmr spectrum 
(see Table 2 and Figure 4). The new spectra are consistent with formation of 1:1 complexes 

öppm 

Fig. 4. The amide region of the 270 MHz H nmr of cyclo(L-Val-Gly-Gly-L-
Pro) and its 1:1 complexes. Ba2+, K+, Tl , Li , Mg2"1", and Na+ ions in 
CD3CN. Temperature, 28°. (From Ref. 11). 

with approximately the same conformations as the valinomycin-K complex (see Table 3 for 
proposed φ,ψ angles), which is of the bracelet type. Hence,» the complex conformation would 
contain alternating Type II Val-Gly and Type IIf Gly-Pro 3-turns, and corresponding 
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intramolecular hydrogen bonding of the Val N-H and the N-H of one of the Glyfs (Gly(2) in 
the sequence) (see Figure 5). In the Ba^+ complex, where it appears that some minor 

Gly 2 Pro 
Giy2 rs 

H-N C=0—H-N 
C=0-H-N 0 C=0 

Gly1 V a ) 

Fig. 5. Diagrammatic representation of hydrogen-bonding scheme in cyclo-
(L-Val-Gly-Gly-L-Pro)~. Binding conformation, showing two 1^4 intra
molecular hydrogen bonds between the N-Hfs of Val and Gly 2 and the C-O's 
of Gly 1 and Pro, respectively. Note that the carbonyl oxygens of Gly 2 
and Val point into the plane of the paper. 

conformational adjustments have occurred to optimize the carbonyl interaction with the doubly 
charged cation, some changes are seen in nmr parameters, and hence in the derived φ,ψ angles 
(Table 3). 

As can be seen also in Table 3, the proposed conformation of the cyclo(L-Val-D-Pro-D-Val-L-
Pro)~ complex is also very close to those of valinomycin and cyclo(L-Val-Gly-Gly-L-Pro)~. The 
similarities in the conformations of the cation complexes of these ionophores are not sur
prising, given their related sequences, yet in marked contrast are the relatively diverse 
free conformations. One may therefore hope to further the goal of achieving an understanding 
of structure-function relationships by comparing results with a series of such compounds. 

IMPLICATIONS FOR STRUCTURE-FUNCTION RELATIONSHIPS IN IONOPHORES 

The mechanism of the transport activity of valinomycin in membranes has been discussed in 
detail on many other occasions (3). In brief, the effectiveness of this ion-carrier appears 
to derive from its high rate of association-dissociation with cations at the membrane inter
face, together with its highly specific and favorable complex formation in the membrane 
phase. 

In comparison, the peptide analogue cyclo(L-Val-D-Pro-D-Val-L-Pro),, has a much reduced (by 
10^) membrane activity. The explanation put forth for this result is that the association-
dissociation reactions at the interface are very slow, so that transport is effected in
stead by formation in the aqueous phase of complexes which then must diffuse across the 
unstirred layers and the membrane (5,6). The reasons for the occurrence of this less ef
ficient transport mechanism appear to be: (1) formation of a complex which is too stable, 
thus limiting the rate of its dissociation, and (2) lack of conformational sensitivity at 
the interface to favor a release of cation. 

We have not completed studies of the transport activity of cyclo(L-Val-Gly-Gly-L-Pro)- in 
bilayers. Preliminary results suggest that overall it behaves as a valinomycin-type H-4) . 
Namely, Eisenman finds it forms stoichiometric (1:1) complexes with sodium ion, and displays 
in glycerol monooleate-hexadecane membranes, according to the current-voltage behavior, 
"equilibrium domain" transport, arising from a high rate of loading and unloading, and a 
favorable affinity for the cation. Similar observations were made for Li+ and NH, . K is 
more than 100 times more permeable, but leads to a transient increase of conductance in the 
presence of sodium, followed ultimately by a decrease in total conductance. A likely ex
planation for this finding is that potassium ion depletes the free carrier in the aqueous 
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phase (and hence in the membrane) through formation of complexes with more than one peptide 
molecule per K (for example, P?C type complexes). Good conductance was observed when 
cyclo(L-Val-Gly-Gly-L-Pro)^ was added to the aqueous phase at rather low concentrations 
(10"6M), despite a highly unfavorable partitioning of the free peptide between water and 
hydrocarbon-like solvents. This result suggests that the complexed peptide may partition 
more favorably into the membrane than the free form. In addition, the analogies observed in 
transport properties between cyclo(L-Val-Gly-Gly-L-Pro)~ and valinomycin support the conclu
sion that their selectivity and the properties of their complexed forms with monovalent ions 
are quite comparable. 

Results of two-layer extraction measurements (15) between water and methylene chloride rein
force the above-mentioned ideas. The relative extraction constants for cyclo(L-Val-Gly-Gly-
L-Pro)3 in this system are (normalized to K +): Li+ (0.0035) % Na+ (0.0035) < Cs+ (0.10) < 
Tl+ (0.45) < K+ (1.0) Ϊ Rb+ (1.0). A study of selectivity using membrane transport measure
ments led to a slightly different order for valinomycin — and for the other peptide 
analogue, cyclo(L-Val-D-Pro-D-Val-L-Pro)3 (16), namely: Li+ < Na+ < Tl+ < N H ^ < Cs+ < Rb+ < 
K+. On the other hand, binding to cations in methanol by valinomycin gave the order of 
selectivity (values normalized to K+) (17): Na+ (0.037) < Cs+ (0.33) < Tl+(0.37) < K+ (1.0) 
< Rb+ (2.1). This order directly parallels the two-phase extraction results with cyclo-
(L-Val-Gly-Gly-L-Pro) . 

CONCLUSIONS 

Our studies of a peptide analogue of valinomycin have yielded comparisons of conformational, 
ion-binding, and membrane transport properties of the natural depsipeptide and a synthetic 
model peptide which contains only amino acid residues which occur naturally. The analogue 
may, therefore, model membrane proteins which perform ion-binding and transport functions. 

We find that cation complexes of our peptide ionophore in acetonitrile are isostructural 
with valinomycin cation complexes. A salient difference in ion-binding properties between 
the two is that cyclo(L-Val-Gly-Gly-L-Pro)~ binds divalent cations much more strongly than 
monovalent cations (1:1 complexes), while the reverse holds for valinomycin. This finding 
can be attributed to the reduced thickness of the hydrophobic shell around the cation in 
the peptide complexes. 

The free conformation of our peptide analogue (in chloroform and methylene chloride) is 
different from any observed with valinomycin and other analogues. It is Co-symmetric and 
contains six intramolecular hydrogen bonds in three short sections of distorted 3-n helices. 
This pattern of hydrogen bonding is made possible by the presence of an additional N-H in 
each repeat unit, relative to valinomycin. 

Preliminary results of membrane and two-phase extraction studies indicate that the peptide 
analogue functions as a valinomycin-type carrier, though its effectiveness relative to the 
natural ionophore is reduced by its less favorable partitioning between the aqueous and mem
brane or organic solvent phases. The selectivity series of our analogue and valinomycin 
appear to be similar, although the two have not been measured using identical experimental 
conditions. 

Another peptide analogue, cyclo (L-Val-D-Pro-D-Val-L-Pro) ~, studied by Gisin and coworkers, 
is reported to display transport properties distinct from valinomycin (5). It appears that 
some degree of conformational flexibility, and a tendency for the cation complex to dissoci
ate at a membrane interface, are necessary characteristics for valinomycin-type ionophoric 
activity. 
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TOXIC COMPONENTS FROM BUTHUS 
EUPEUS AND LUCOSA SINGORIENSIS 

VENOMS 
E. V. Grishin 

Shemyakin institute of Bioorganic Chemistry, USSR Academy of Sciences, 
Moscow 117988, GSP-1, USSR 

Abstract - Eight polypeptides toxic to mammals and four 
toxins to insects have been isolated from the venom of the 
Middle-Asian scorpion Buthus eupeus. All mice toxins and 
one insectotoxin Ip were shown to have molecular weight of 
about 8000· Three other insectotoxins have molecular 
weight of 4000. The total amino acid sequences of two in
sectotoxins I- and I2 were determined. There has been 
carried out an investigation of some properties of the 
Middle-Asian tarantula Lycosa singoriensis venom. There 
has been also isolated and partially characterized the 
toxic component with 10000-11000 molecular weight. 

INTRODUCTION 
At present the investigation of the complex mechanism of the signal con
ductance between nerve cells and their target organ is closely connected 
with application of neurotoxins as valuable tools for the study of impor
tant sites involved in nerve transmission. The utilization of neurotoxins 
enables to bring some light to ionic channels function and, in some cases, 
even to isolate the correspondent membrane receptor (Refs. 1,2). So, the 
research of new toxins is extremely important so long as it can extend the 
number of unique and highly specific tools for membrane studies. This 
paper presents the investigation results of toxic components from the scor
pion Buthus eupeus and tarantula Lycosa singoriensis venoms. 

SCORPION NEUROTOXINS 
The particular interest is attributed to neurotoxins from scorpion venoms 
which have been found to slow down the inactivation rate of fast sodium 
channels of the excitable membrane. According to voltage clamp analysis 
data these neurotoxins extremely specifically and practically irreversib
ly bound to the functional components of sodium channels (Refs. 3-5)#.7They areqbound by the receptor with the dissociation constants of about 10"' to 
10"y M but the action of scorpion neurotoxins is considerably dependent on 
the magnitude of the membrane potential being very small at zero potential 
(Refs. 4,5)· The venom of the scorpion Buthus eupeus obtained by electri
cal stimulation of telsons is a complex mixture of at least 25 components 
and has no proteolytic activity. Its toxic components represent a small 
part of the crude venom and 12 different neurotoxins can be isolated by 
means of the combination of gel-filtration on Bio-Gel P-10 and ion exchange 
chromatography on both CM-cellulose CM-32 and DEAE-Sephadex A-50 (Ref.6). 
One can divide all obtained toxins into two groups: polypeptides toxic to 
mice and toxins possessing paralizing activity for insects. The yield of 
toxins was from 0.2 to 2%. The minimal paralizing activity of insecto
toxins was estimated to be of about 1 jag per cockroach, Nauphoeta cinerea. 
LD50 of mice toxins was found to be 100-500 jig per kg of body weight. It 
should be emphasized that mice toxins do not demonstrate any paralizing 
activity against insects, and insectotoxins are not lethal to mice. 
The amino acid composition of all isolated scorpion toxins is shown 
in Table 1. The letters I and M indicate insectotoxins and the mice toxins 
respectively. 
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TABLE 1· The amino acid composition of scorpion toxins from 
Buthus eupeus venom 

ASP 
THR 
SER 
GLU 
PRO 
GLY 
ALA 
1/2CYS 
VAL 
MET 
ILE 
LEU 
TYR 
PHE 
HIS 
LYS 
ARG 
TRP 

h 
2 
2 

3 
3 
4 
2 
8 

3 

1 
1 
2 

2 
3 

h 
11 
2 
6 
1 
2 
7 
2 
8 
1 

3 
3 
4 
1 

8 

3 

X3 
3 
3 

2 
1 
5 
1 
8 

2 

1 
1 
2 
1 
1 
5 

J4 
5 
2 

1 
2 
4 
1 
8 

3 

1 

2 
1 
3 
2 

M1 
11 
2 
4 
6 
6 
6 
7 
8 
2 

4 
3 
4 

2 
5 
2 
3 

M2 

10 
2 
3 
4 
3 
5 
4 
8 

2 
2 
3 

3 
5 
3 
3 

M3 

9 
1 
3 
5 
4 
6 
5 
8 
3 

2 
1 
6 
1 

8 
2 
4 

4 
10 
2 
3 
6 
5 
6 
5 
8 
2 

3 
2 
4 
1 
4 
5 
2 
2 

M5 

11 
2 
3 
4 
6 
8 
6 
8 
2 

4 
2 
5 

2 
9 
2 
4 

M6 
9 
2 
3 
2 
3 
6 
4 
8 
3 

4 
3 
4 
2 
2 
5 
2 
2 

«7 
13 
2 
4 
4 
4 
9 
6 
8 
1 

2 
2 
4 
2 
2 
3 
2 
5 

M8 

10 
1 
3 
3 
5 
7 
6 
8 
1 

2 
2 
4 

2 
5 
2 
3 

TOTAL 36 62 36 35 75 60 68 70 78 64 73 64 
N-TERM· MET ALA MET MET ALA ALA VAL ALA ALA ALA ALA ALA 

According to amino acid composition all mice toxins and insectotoxin Ip are 
rather like known scorpion toxins from Androctonus australis Hector ana 
Centrurodies sculpturatus venoms (Refs· 7-8)· The toxins of this group have 
polypeptide chains from 60 to 78 amino acid residues with four disulfide 
bridges, contain tryptophan and have no methionine. On the other hand it 
is obvious that there is another structural group of the scorpion toxins* 
The toxins of this group consist of a single polypeptide chain of 35-36 
amino acid residues with four disulfides. Moreover in insectotoxins I-j, 
I3 and I4 two or three methionines and no serine, valine isoleucine and 
tryptophan residues were found· 

10 
MET-CYS-MET-PRO-CYS-PHE-THR-THR-ARG-PRO-ASP-MET-ALA-GLN-GLN-

20 30 
CYS-ARG-ALA-CYS-CYS-LYS-GLY-ARG-GLY-LYS-CYS-PHE-GLY-PRO-GLN-

36 
CYS-LEU-CYS-GLY-TYR-ASP 

Pig· 1. The amino acid sequence of insectotoxin I-· 
The total amino acid sequence of insectotoxin L· is shown in Pig· 1. It is 
composed of 36 amino acid residues including 8 nalf-cystines and does not 
have any common features with the scorpion toxins studied up to now (Ref.9). 
One can suppose that insectotoxins I3 and I4 are the structural analogs 
of the I<j. So, the first eight N-terminal amino acid residues of I4 are 
absolutely identical to those of I-i · But nevertheless there are unequal 
replacements-? Asx instead of Arg, Arg instead of Met, etc. (Pig. 2). 

MET-CYS-MET-PRO-CYS-PHE-THR-THR-ARG-PRO-ASP-MET-ALA-GLN-
MET-CYS-MET-PRO-CYS-PHE-THR-THR-ASX-ASX- X -ARG-ALA-LYS-

Pig· 2· N-Terminal amino acid sequences of insectotoxins I-| and I4 
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Fig. 3 shows the amino acid sequence of the insectotoxin I2. This toxin has polypeptide chain of 62 amino acids with four disulfide bridges. Com
paring the structure of I2 to sequences of toxins from Centrurodies 
sculpturatus venom it is evident that the greatest extent of homology 
appears at the positions of the first 22 amino acid residues. 

10 
ALA-ASP-GLY-TYR-VAL-LYS-GLY-LYS-SER-GLY-CYS-LYS-ILE-SER-

20 
CYS-PHE-LEU-ASP-ASN-ASP-LEU-CYS-ASN-ALA-ASP-CYS-LYS-TYR-

30 40 
TYR-GLY-GLY-LYS-LEU-ASN-SER-TRP-CYS-ILE-PRO-ASP-LYS-SER-

50 
GLY-TYil-CYS-TRP-CYS-PRO-ASN-LYS-GLY-TRP-ASN-SER-ILE-LYS-

62 
SER-GLU-THR-ASN-THR-CYS 
Pig. 3· The amino acid sequence of insectotoxin I2 

One may conclude that insectotoxin I2 belongs to the homologous group of toxins from Centrurodies sculpturatus venom but it is not toxic to mice. 
Unfortunately now nothing is known about the localization of the "active 
sites" in toxins as well as about the role of its single amino acid re
sidues and so it is impossible to elucidate those structural particulari
ties that determine the species specificity of scorpion neurotoxins. 

TOXIC COMPONENT OP THE TARANTULA VENOM 
Recently a rather comprehensive information has been accumulated about 
physiological and biochemical characteristics of crude spider venoms. 
However respective individual toxins data are very limited (Refs 10-11). 
We carried out the isolation and characterization of toxic component of 
tarantula Lucosa singoriensis venom and studied some properties of the 
crude venonu Tarantula venom obtained by water extraction of poison glands 
proved to be the mixture of at least 12 proteins of high molecular weights 
mainly. Its LD50» determined by intravenous injections to mice, is 
15 mg/kg of body weight, the crude venom being nontoxic to insects. Taran
tula venom does not influence whatsoever on the blood serum creatinphos-
phokinase activity. It does not possess any phospholipase, proteolytic 
and haemolytic activities but displays a high hyaluronidase activity. 
Crude venom changes neither frequency nor amplitude of miniature poten
tials of the endplate. No necrosis were detected when the venom is sub-
cutaneously injected, but the capillary permeability of blood vessels was 
shown to rise highly, Tarantula venom (5· 10"-* g/ml) induces the sharp 
contraction of the guinea pig ileum fibers. This effect appears to be 
connected with the increase of the influx of calcium ions into the myop-
lasm of both normal and depolarized muscle cells. The separation of the 
crude venom on Bio-Gel P-10 followed by the ion exchange chromatography 
on CM-cellulose CM-32 allow to isolate the individual toxic component. 
The yield of toxin was about 0.4% and its toxicity was twice as much as 
that of the crude venom. This could be explained either by inactivation 
during the separation or by sinergisra with some other components of the 
venom. According to the amino acid analysis data tarantula toxin consists 
of 104 amino acid residues and has the following composition: Asx-10, 
Thr-5, Ser-3, Glx-14, Pro-2, Gly-6, Ala-8, Cys-10, Val-5, Ile-5, Leu-6, 
Tyr-2, Phe-4> His-5, Lys-14, Arg-5· The obtained protein contains neither 
tryptophan residues nor free SH-groups. Its N-terminal amino acid residue 
is blocked and C-terminal residue is alanine. The preliminary data indi
cate that tarantula toxin in concentration of 5·10 1 g/ml possesses the 
action of the crude venom. Thus toxin appeared to be the highest analog 
of wasp kinins and bradikinine. 
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CONSTITUENT POLYPEPTIDE CHAINS 

OF RICIN D 
M. Funatsu 
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Ricin D is a highly toxic glycoprotein to animals even orally and consists of two different 
polypeptide chains bound by a single disulfide bond. These polypeptide chains denominated 
lie and Ala chain, respectively, after their N-terminal amino acid residues, were possibly 
separated by the reductive cleavage of the intermolecular disulfide bond with ß-mercapto-
ethanol at pH 8.2 in the absence of urea. 
Ricin D showed a cytoagglutinating action on sarcoma ascite tumor cells simultaneously with 
toxic function. These physiological functions of ricin D as well as the lie and Ala chains 
and the affinities of these proteins for galactose were examined. 

TABLE 1. Physiological properties of ricin D, lie and Ala chains 

Physiological properties 

^ 4 8 
Inhibition of cell growth 
Inhibition of amino acid uptake 
by the cells 
Inhibition of amino acid uptake 
by cell free system 
Cytoagglutination 

Ricin D lie chain Ala chain 

0.001 0.08 0.3 
I I I I I 

1 I 1 I I 

Mill Mill 
Mill H I M 

MLD · ug N of ricin protein / g body weight of mouse 

TABLE 2. Cytoagglutinating activities of ricin D, lie and Ala chains 

Protein 
+ sugar 

Protein concentration (ug/ml) 
8 10 20 65 100 200 300 

Ricin D 
11 + 0.2 M glucose 
11 + " galactose 
1 T + T ' lactose 
? f + f f N-Ac-galactosamine 

+ 
+ 

Ala chain 
11 + 0,2 M glucose 
11 + T f galactose 
1' + · ' lactose 
11 + T1 N-Ac-galactosamine 

± 
+ 

+ 
+ 

lie chain 

As shown in Table 1, ricin D strongly inhibited the growth of cells as well as the amino acid 
uptake by the intact cells and also the uptake by the cell free system. On one hand, the lie 
chain slightly affected the growth of cells and not the amino acid uptake by the intact cells. 
However, it inhibited remarkably the amino acid uptake by the cell free system. On the other 
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hand, the Ala chain was hardly effective on these inhibitions. Nevertheless, it has a strong 
cytoagglutinating potency and a remarkable affinity for galactose similarly to ricin D, 
whereas the lie chain has not such functions. 
Table 2 shows the inhibitory effects of various sugars on the cytoagglutinating activities 
of ricin D, lie and Ala chains. 
It is obvious from the table, ricin D and the Ala chain brought about the cytoagglutination 
depending upon their concentrations in the absence of sugar, but not the lie chain. However, 
the cytoagglutination was completely inhibited by either galactose or lactose and or N-acetyl 
galactosamine, except glucose. 
In the other experiment, it was found that ricin D and the Ala chain were absorbed through 
Sephadex column. 
From the evidences mentioned above, it seems reasonable to conclude that the lie chain is the 
toxic principle of ricin and the Ala chain contributes to the specific binding of ricin to 
the surface of cells. These two polypeptide chains, therefore, are essential for the toxicity 
of ricin D. 
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Abstract - Some aspects of space structure complementarity of oligopeptide 
hormones and receptor sites and the possible contribution of intramolecular 
ionic-type interactions to the stability of the "biological" conformation 
of peptide bioregulator molecules have been discussed. The theoretical con
formational analysis of the bradykinin molecule performed earlier revealed 
close proximity of the C-terminal carboxyl group and the guanino group in 
the arginine residue; a cyclic analogue of bradykinin has been synthesized, 
in which the close location of the two groups was stabilized by covalent 
bonding. The CD spectra of the synthesized compound were identical with 
those of bradykinin, and the new compound was active in eliciting a strong 
and prolonged depressor effect in rats. 

Interaction of molecules or complex systems thereof underlies most regulatory processes ope
rative in the living cells and organisms. According to our present knowledge, interaction of 
a low-molecular components - "effector" (hormones, antigens, various modulators, substrates 
or inhibitors of enzymatic reactions, etc.) with high-molecular components - "receptor sys
tem" (cell membrane receptors, antibodies, enzymes, etc.) results in a mutually-induced alte
ration of the stereo-electronic structure of the components and, consequently, in altered 
functional properties of the resultant complex. Regulatory processes are known to be charac
terized by high specificity, owing to the correspondence of geometrical forms and the appro
priate spacing of functional groups in the effector-receptor pair. As evidenced by X-ray 
analysis, specific recognition and binding occuring in the course of protein-protein inter
action is provided by a small area on their surface characterized by rigid structure with 
loops or ledges on the effector molecule and hollows - "pockets" or "slots" on the receptor 
(Refs.1-4). The active centres of protein effectors (enzyme inhibitors, antibodies, etc.) 
comprise, on the average, 6-8 amino acid residues (Refs. 1-5). Geometry of these "recognition 
and binding" centres is spatially stabilized by means of loops or (3-bends and is "cemented" 
by the overall space structure of the protein globule. The ends of the "active" fragments 
(especially in the case of mini-proteins) are frequently immobilized by means of disulphide 
bonds (Refs.6 & 7). 
The concept of biochemical universality makes it conceivable to expect that the process of 
"recognition" and binding of peptide hormones and kinins to receptors located on the cell 
membrane would be equally determined by similar "active" regions (containing 6-8 amino acid 
residues) on the peptide molecules. However, in contrast with the proteins, the space struc
ture of peptide effectors in solution is not so well-defined: it is most likely that there 
exists an equilibrium of several equally stable conformers in solution, the best suited of 
them being "selected" by the receptor. The existence of such a limited set of conformers, 
characterized by relatively rigid space structures seems to be a prerequisite for the purpo
seful transfer of information to occur at the molecular level and for the effector-receptor 
interaction involving peptide effectors to be specific (Ref.8). 
Extremely interesting, in this respect, are the peptide space structure data obtained using 
semi-empirical conformational analysis, which provides evaluation of intramolecular confor
mational energy for each possible molecular conformation as a measure of its stability 
(Refs.9-10). Having acquired similar data for a number of peptide molecules, it may be pos
sible to establish the common principles shared by the space organization of the peptides. 
In fact, our studies along this line have led us to the establishment of a number of charac
teristic features inherent in the structural organization of low-molecular peptides which 
are well-correlated with our earlier findings on their functional organization (Ref.8). Thus, 
the conformational calculations performed in our laboratory for the molecules of biologically 
active peptides - bradykinin, angiotensin, Met-enkephalin, tuftsin, reveal the presence in 
all cases of a more or less limited set of stable conformers characterized by compact struc
tures with N- and C-terminal parts located in close proximity, hence, quasicyclic structure 
being a prominent feature of their space organization (Refs.11-14). In each case, the obser
ved structure of the molecule is determined by the overall system of intramolecular interac
tions as a whole; one can discern, however, several structural elements, each of them contri-
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buting to the stability of the quasicyclic molecular structures. The first to be mentioned 
in this connection are the glycin and proline residues, distinquishable from the rest of the 
natural amino acid residues present in the amino acid sequence of the above peptides, owing 
to the characteristic steric conditions of their backbone (Ref.15). The presence of proline 
in the peptide chain is known to substantially limit conformational lability of the peptide 
backbone, the effect not being confined to the position occupied by proline itself, but being 
also present in the preceding position (ref.16); consequently, proline plays the role of a 
conformationally rigid element in the peptide chain. Conversly, the glycine residue exhibits 
enhanced conformational lability and is a kind of "conformational joint-hinge" providing 
close spacing of N- and C-terminal parts of the peptide chain. This fact is in good agreement 
with the results of calculations performed on the glycine-containing peptides bradykinin and 
Met-enkephalin, as well as the recent results with luliberin (Ref.17): the most stable back
bone conformations in all these peptides are characterized by the glycine residue conformat
ion which is sterically inconsistent for any other type of amino acid residues. The specific 
role of glycine and proline residues in peptide molecules is also indicated by their increas
ed relative content (^12%), as compared with proteins, in the total amino acid composition of 
short (up to 30 amino acid residues) peptides (Ref.18). 
The compact quasicyclic structures of peptides mentioned are stabilized predominantly by non-
bonded interactions; an additional factor contributory to their stability is present in all 
the cases described above (Table 1), viz.strong electrostatic interaction between the functi
onal groups carrying alternative charges - guanidyl group of arginine residue, ε-amino group 
of lysine residue or α-amino group and C-terminal carboxyl group. Such interaction occurs 
between ionogenic groups in the molecule on their close spacing, the process being accompan
ied by the appropriate hydrogen bonding. It is notable that in aqueous solution the above 
interactions are weakened by hydration, whereas in non-polar medium, i.e. in the course of 
effector-receptor complex formation they are significantly enhanced leading to increased re
lative content of quasicyclic conformers of the peptide effector molecule. The aforesaid 
gains indirect substantiation from the protein-protein interaction kinetics studies on enzy
mes binding to their specific inhibitors. The results of these studies demonstrated the oc-
curance of desolvation of the interacting surfaces and charged side groups in amino acids 
during the early stages of interaction (Ref.l ). Furthermore, according to the results of our 
quantum chemical calculations carried out in vacuo, the energy of interaction between guani
dyl and carboxyl ions was estimated to be about -55 kcal/mole, the value comparable with the 
dissociation energy of covalent disulphide bond. 

TABLE 1. Quasi-cyclic structures of oligopeptides, as characterized by the 
data of semi-empirical conformational analysis 

Peptide 

Bradykinin 
ArgProProGlyPheSerProPheArg 
Angiotensin 
AsnArgValTyrValHisProPhe 
Met-Enkephaline 
TyrGlyGlyPheMet 
Tuftsin 
ThrLysProArg 
BPP 
pGlyTryProArgProGluIleProPro 

Type of interaction 

Arg ]6-G+ "^..."oOCtArg9) 

Arg226-G+ ..._00C(Phe8) 

a-NH* ...~00C(Met5) 

Lys2e-NH^ ...~00C(Arg4) 

Arg46-G+ ..._00C(Pro9) 

Size of 
quasi-cycle 

1-9 

2-8 

1-5 

2-4 

4-9 

Ref. 

(Π) 

(12) 

(13) 

(14) 

(23) 

t G - delta guanidyno group: Φ ^ 2 
— NU C ̂  

X"NH2 

Thus, the results obtained using semi-empirical conformational analysis suggest important im
plication of ionogenic groups in the formation and maintenance of the space structure in the 
peptide molecules, especially during the process of their interaction with receptors. It is 
appropriate to recall, in this connection, that we had postulated previously the presence of 
typical elements in amino acid sequences in the molecules of biologically active low-molecu
lar peptides. These sequences contained an ionogenic basic amino acid incorporated between 
proline and valine residues, on the one side, and acidic amino acid and glycine, on the other 
side (Refs.8,20,21). These fragments were also shown to exhibit a rather wide range of non
specific biological action, but their conjugation with the "shortest" peptide fragments in
duced a significant rise in the specific activity of these fragments (Ref.22). However, there 
is no clear-cut evidence, at present, demonstrating direct implication of these fragments in 
the activation of receptor during effector-receptor interaction. At the same time, the fin
ding concerning the space organization of the peptide effectors described above serve, in our 
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opinion, to emphasize the structural role of the detected fragments in the oligopeptide mo
lecules. 
The localization of ionogenic side chains, which participate in the interactions responsible 
for the closure of quasicyclic structures in non-cyclic peptides is somewhat similar to the 
localization of disulphide bonds, responsible for the closure of ring structures in cyclic 
peptides (see hypothesis on the equifunctionality of ionic and disulphide bonds (Refs.8,27). 
This can be viewed as another indication of the important role reserved for quasicyclic (or 
cyclic) structures in the molecules of biologically active peptides comparable size values 
(approximately, 6-8 amino acid residues) of functionally active disulphide cycles and tenta
tive quasicycles in the molecules of some peptides (Refs.8,27). 
The above consideration lead to assume that high selectivity and specificity observed during 
the processes of mutual "recognition" and peptide effector binding to the receptor are due to 
the interaction of conformationally rigid quasi-cyclic sturctures of the effectors with the 
receptor "pockets", providing large interacting areas and multiple contact sites. It can be 
expected, therefore, that covalent fixation of the stable quasi-cyclic structures of the ef
fector molecule "selected" by the receptor will result in increased interaction efficiency. 
The hypothesis was put to trial using bradykinin, a peptide endowed with high specific acti
vity, exhibiting a variety of biological effects. The stable conformations calculated for 
this compound demonstrated, in agreement with spectroscopy data (ref.24), considerable pre
valence of 4 types of quasi-cyclic structures for the peptide backbone (2 of them are depic
ted in Fig.l) in which guanidyl group of Arg is located close to C-terminal carboxyl group. 

Fig. 1. Two of the four types of the most stable quasi-cyclic bradykinin 
structures (Ref.24). 

According to calculations, these structures show highest stability also in the absence of 
electrostatic interaction of the above mentioned ionogenic groups.Bearing these results in 
mind, we undertook an attempt to synthesize bradykinin analogue in which mutual location of 
N- and C-terminal groups, as predicted by the calculations, was stabilized by covalent bon-
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ding. The model compound, cyclo-(N-8?-lysine, 6-glycine)-bradykinin: 
® NH -CH-CO-Pro-Pro-Gly-Phe-Gly-Pro-Phe-NH-CH-(CH2) -ΝΗ-"(>ΊϊΗ 

CH„ -CIL· -CH« -CH„ -NH-CO li 

was synthesized using routine methods of peptide synthesis and was purified to produce a ho
mogeneous substance, as evidenced by Chromatographie assays, with predicted molecular weight 
and amino acid and elementary composition. Comparison of CD spectra of bradykinin 
with those of its cyclic analogue in aqueous solution revealed their complete identity, thus 
confirming the hypothesis claiming likeness of their stable structures. Further evidence in 
favour of this hypothesis was presented by the results of biological testing which appeared 
to be even more telling (see Note a ) . 
The mode of bradykinin action on the smooth muscles is known to be subject to considerable 
variation depending on the tissue and species of origin and other factors (ref.25). It is 
noteworthy that competition studies performed on a large number of bradykinin analogues 
failed to provide so far any conclusive evidence of antagonistic relationship (refs.25 & 26). 
Peculiarity of bradykinin, as compared with other peptide compounds exhibiting myotropic ac
tivity, is further substantiated by the results of biological experiments carried out on its 
cyclic analogue. It must be noted, first and foremost, that the chemical modification caused 
a considerable change in the scope of its action. For example, bradykinin and cyclobradyki-
nin were found to produce in rats depressor effect characterized by equal magnitude (Fig.2)» 
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Fig. 2. The effect of bradykinin (BK) and cyclobradykinin (CBK) on arterial 
pressure of urethane-anaesthetized rats. 

the effect being, however, more prolonged in the case of the latter compound. Depressor ac
tion of "linear" bradykinin, applied at 50 mg/kg was abolished 1-5 min following the admi
nistration, whereas cyclobradykinin at the same dose induced a sustained reduction in blood 
pressure by 30-40 mm Hg lasting for 2 hr; full recovery was not attained for several conse
cutive hours thereafter. On the other hand, cyclobradykinin appeared to be completely inac
tive when administered to guinea-pigs under the aame conditions. Increase in vascular perme
ability in response to cyclobradykinin administration to rats was 25 times weaker than in 
the case of bradykinin. In vitro experiments with colon ascendens of the rat demonstrated 
lack of myotropic activity in cyclobradykinin; no antagonism towards bradykinin action was 
also noted in these experiments. 
It is obvious that the results presented above are far from being complete; nonetheless, 
characteristic mode of biological action found for the cyclic analogue of the non-cyclic 
peptide demonstrates feasibility of approach aimed at purposeful searching of "conformatio-

Note a. Preliminary biological, testing^of cyclobradykinin was performed in our laboratory by 
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nally limited" analogues of peptide molecules. 
It is known that the early attempts to carry out covalent fixation of particular fragments 
of the molecule which are brought in close proximity, met with little success (Ref.28). How
ever, recently there has been a report by Veber et al. who synthesized a highly active cyclic 
analogue of somatostatin (Ref.29). It is hoped that new analogues of other peptide hormones 
and kinins will be obtained in due course on the basis of our knowledge of the three-dimen
sional structure of their molecules. 

REFERENCES 
1. R.Huber, W.Bode, Acc.Chem.Res. J_l_, 114-122 (1978). 
2. R.M.Sweet, H.T.Wright, J.Janin, C.H.Chotia, D.M.Blow, Biochemistry 13, 4212-4228 (1974). 
3. R.Huber, D.Kukla, W.Bode, P.Schwager, K.Bartels, J.Deisenhofer, W.Steigemann, J.Mol.Biol. 

89, 73-101 (1974). 
4. J.Janin, C.Chothia, J.Mol.Biol. 100, 197-211 (1976). 
5. B.Schechter, I.Schechter, J.Biol.Chem. 245, 1438-1447 (1970). 
6. S.Odani, T.Ikenaka, J.Biochem. £2, 1523-1531 (1977). 
7. S.Odani, T.Ikenaka, J.Biochem. 183, 737-745 (1978). 
8. G.Chipens, Cancer Chemotherapy 5, 667-694 (1978). 
9. H.A.Scheraga, Adv.Phys.Org.Chem. £, 103-183 (1968). 
10. G.N.Ramachandran, V.Sasikekharan, Adv.Prot.Chem. 23, 283-437 (1968). 
11. S.G.Galaktionov, S.A.Sherman, M.D.Shenderovich, G.V.Nikiforovich, V.I.Leonova, Bioorg.Khim. 

2, 1190-1197 (1977) in Russian. 
12. S.G.Galaktionov, G.V.Nikiforovich, M.D.Shenderovich, G.I.Chipens, R.E.Vegner, in "Pepti-

des-1976" (A.Loffet ed.), Bruxelles pp.617-624 (1976). 
13. Yu.Yu.Balodis, G.V.Nikiforovich, I.V.Grinsteine, R.E.Vegner, G.I.Chipens, FEBS Letters 86, 

239-242 (1978). 
14. G.V.Nikiforovich, Bioorg.Khim. 4_, 1427-1430 (1978) in Russian. 
15. P.N.Lewis, F.A.Momany, H.A.Scheraga, Isr.J.Chem. JJ[, 121-192 (1973). 
16. A.A.Akhrem, V.P.Golubovich, L.I.Kirnarskii, G.V.Nikiforovich, S.A.Sherman, M.D.Shendero

vich, S.G.Galaktionov, V.M.Tseitin, Doklady AN BSSR 21, 38-41 (1977) in Russian. 
17. A.A.Akhrem, V.P.Golubovich, L.I.Kirnarskii, S.G.Galaktionov, Bioorg.Khim. 4, 838-840 

(1978) in Russian. 
18. L.R.Croft, Handbook of Protein Sequences, Joynson-Bruwers Ltd., Oxford, England (1973). 
19. H.A.Pohl/ J.Biol.Phys. 4, 144-150 (1976). 
20. G.I.Chipens, O.S.Papsuevich, A.Ju.Krikis, Z.P.Auna, 7th International Symposium on the 

Chemistry of Natural Products, Riga 1970 ("Zinatne", Riga 1970), Abstr. A13. 
21. G.I.Chipens, Z.P.Auna, V.E.Klusha, A.J.Krikis, A.P.Pavar, O.S.Papsuevich, P.Ja.Romanovaki, 

R.E.Vegner, in: Peptides 1972 (H.Hanson Ed.) North-Holland Publishing Company, Amsterdam 
1973, p. 437-449. 

22. G.I.Chipens, P.J.Romanovski, R.E.Vegner, O.S.Papsuevich, A.P.Pavar, Z.P.Auna, in Peptides 
1971 (H.Nesvadba Ed.) North-Holland Publishing Company, Amsterdam 1973, p.325-334. 

23. N.N.Sevastyanova, G.M.Lipkind, S.F.Arhipova, E.M.Popov, Bioorg.Khim. _3> 473-484 (1977) in 
Russian. 

24. V.T.Ivanov, M.P.Filatova, Z.Reissman, T.O.Reutova, E.S.Efremov, V.S.Pashkov, S.G.Galakti
onov, G.L.Grigoryan, Yu.A.Ovchinnikov, in Peptides. Chemistry, Structure, Biology 
(R.Walter, I.Meienhofer eds.), Ann Arbor Sei., pp. 151-157 (1975). 

25. I.Barabe, W.K.Park, D.Regoli, Can.J.Physio 1 .Pharmac. 53., 345-353 (1975). 
26. I.Barabe, I.-N.Drouin, D.Regoli, W.K.Park. Can.J.Physiol.Pharmacol. 55, 1270-1285 (1977). 
27. G.I.Chipens, A.Ju.Krikis, L.K.Polevaja. Second International Colloquium on Physical and 

Chemical Information Transfer in Regulation of Reproduction and Ageing, Varna, Bulgaria, 
October 2-8, 1977, Plenum Press (in press). 

28. Kaurov O.A., Grigoryev E.I., Lushchinskaya I.M., Smirnov M.P., Martynov V.F. Abstr.IV 
All-Union Symp.Prot.Pept., p.46, Minsk (1977) in Russian. 

29. Veber D.F., Holly F.W., Paleveda W.J., Nutt R.F., Bergstrand S.J., Torchiana M., Glitzer 
M.S., Saperstein R., Hirschmann R. Proc.Natl.Acad.Sei.USA 75, 2636-2640 (1978). 



SYNTHESIS AND STRUCTURE-
FUNCTIONAL STUDIES ON HEME 
PEPTIDE MODELS OF NATURAL 

OXYGEN-BINDING HEMOPROTEINS 
R. P. Evstigneeva 

Lomonosov Institute of Fine Chemical Technology, Moscow 119831, USSR 

Abstract - The synthesis of amino acid sequences 57-100 
human hemoglobin j0-subunit fragments was achieved· The 
complexes of hemin with peptide were obtained and tested on 
oxygen binding· The interaction of heme peptide complexes 
with phospholipid bilayer membranes was studied· The possibi
lity of liposome using for preparation of reversibly oxyge
nated ferrous porphyrin models was shown· 

INTRODUCTION 
To study the influence of the nearest amino acid surroundings of heme on 
their affinity for oxygen the synthesis of heme peptide complexes was 
accomplished. The peptide synthesis was elaborated for obtaining these 
compounds· In the discussion to be presented here the routes to synthesis 
of amino acid sequences 70-100 of human hemoglobin/-subunit fragments are 
considered· 

SYNTHESIS OP PEPTIDE FRAGMENTS 
The synthesis of peptide fragments was carried out by classical and solid-
phase methods· The fragments 57-69f 70-77 and 78-100 of human hemoglobin 
ß -chain (Pig· 1) were synthesized using mainly active ester and azide 
methods and partial protection of the trifunctional amino acids (Ref, 1)· 
The synthesis of the amino acid sequence 70-100 was achieved also by solid-
phase method utilizing condensation of peptide blocks on the polymer support« 
This synthesis requires the most detailed consideration· In accordance with 
the general plan of the synthesis (Scheme 1), amino acid sequence 70-100 
was divided into four fragments: 70-73* 74-81 f 82-88 and 89-100 so as the N-terminal amino acids be less inclined to racemization· The break of pep
tide bond between Asp 73 and Gly 74 was made to avoid transpeptidation in 
the acidic conditions of peptide synthesis and in the course of peptide 
separation from the polymer· The peptide bond between these amino acid 
residues was formed on the final stages of the synthesis· t-Butyloxycarbonyl 

57 63 69 70 77 78 
Η^η-ΡΓ0^γ5-νβΙ-ίγ5-ΑΙα-Ηΐ5^1γ-ίν5-Ιγ5-ναΙ-ίβυ-61νΛΐ3-ΡΗβ-5βΓ-Α5ρ-01γΗ_βυ-Αΐ3-Ηί5-Ιβυ-7^ 

100 92 
H 0 -Pro-Asp-Vat-His-Leu-Lys-Asp-Cys-His-Leu-Glu-Ser-Leu-Thr-Ala-Phe-Thr^ 

Pig· 1· Amino acid sequence 57-100 of human hemoglobin 
j3~chain· His 63 is distal to heme, His 92 is proximal 
to heme 

105 
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74 
Boc-» , 

70 73 'B0C-(Gir 
Rrtr L i f$\ 74 
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70 

H{A la
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Scheme 1· Synthesis of polypeptide 70-100 by fragment 
condensation on the polymer 

(Boc) group was utilized for the protection of & -amino group of lysine and 
benzyl group for serine 72,^- and Jr'-carboxyl of aspartic and glutamic 
acids. Side chains of aspartic acids 73 and 79, serine 89, histidine 77, 
asparagine and threonine were not protected· Imidazole rings of histidine 
92 and 97 were blocked by 2,4-dinitrophenyl(Dnp) protection (Ref. 2). Chlo-
romethylated copolystyrene-divinylbenzene (2#) resin (4·5% Cl) was used as 
a polymer support. C-Terminal amino acids were attached to the resin by treat 
ment of resin with equimolar (to chlorine) quantity of cesium salt of Boc-
amino acids in dimethylformamide at 50° for 20 hours. The substitution level 
was 0.5-0.6 mmol of Boc amino acid/g of resin. 
The chain elongation from C-terminal amino acid to N-terminus was carried 
out by using active ester, dicyclohexylcarbodiimide and mixed anhydryde 
methods. 50% solution of trifluoroacetic acid in methylene chloride was 
used for removing the Boc groups. The peptide resins were cleaved by hydra-
zinolysis. The coupling of fragments was carried out by azide method on the 
polymer. Dodecapeptidyl resin, containing amino acid sequence 89-100 with 
proximal histidine was obtained according to the scheme 2 (Ref· 3)· The 
routes of synthesis of heptapeptide 82-88-, octapeptide 74-81- and tetra-
peptide 70-73-resins are shown in schemes 3-5, respectively. Attachment to 
polypeptide 89-100-resin of peptide fragments 82-88, 74-81 and 70-73 was 
achieved by azide method. The use of succinimide and pentafluorophenol in 
azide condensation allowed to increase the yields of polypeptides. Resul
ting henetriacontapeptide resin was obtained in 75% yield. The cleavage of 
polypeptide 70-100 from the resin was carried out by treatment with hydro
gen bromide in trifluoroacetic acid in the presence of anisole. The removal 
of N*ni-2,4-dinitrophenyl blocking group was accomplished with 2-mercapto-
ethanol at pH 8. The purification of polypeptide was carried out by gel 
chromatography on Sephadex G-25 and G-75 followed by ion exchange chromato-
graphy on CM-cellulose with the gradient of pH and buffer concentration. 
Thehomogeneity 0f the purified polypeptide was ascertained by paper electro-phoresis and paper chromatography. The amino acid composition was determi
ned by amino acid analysis of the hydrolysäte, and N-terminal amino acid -
by dansyl method. Since unprotected trifunctional amino acids were used in 
the synthesis, the possibility of side reaction was tested. The examination 
of lactonization side reaction involving neighbouring unprotected hydroxy 
groups and carboxyl functions of dicarboaylic acids was carried out using 
model peptides Boc-Ala-Phe-Ser(Bzl)-Asp- (J? and Boc-Sei>-Glu(Bzl)-Leu-(E) . 
There was no lactonization under the conditions of peptide synthesis for 
sequences Ser-Asp (72-73) and Ser-Glu (89-90). We examined the possibility 
of O-acylation side reactions of unprotected threonine and serine hydroxy 
groups the conditions of peptide synthesis involving p-nitrophenyl esters 
and dicyclohexylcarbodiimide in the presence of 1-hydroxybenzotriazole, as 
well as upon interaction with p-nitrophenylacetate used for blocking un-
reacted amino groups on the polymer. With this purpose a number of N-pro-
tected serine and threonine containing model peptide resins were synthesi
zed and their reactivity towards acylating reagents was tested. The effi
ciency of acylation of serine and threonine was controled by quantitative 
amino acid analysis of peptide resins. O-Acetylpeptides were detected by 
comparing Chromatographie mobilities of products cleaved from initial and 
acetylated peptide resins. There was no 0-acylation of serine and threonine 
in the course of peptide synthesis or upon p-nitrophenylacetate treatment 
of the peptide resins. However, even small excesses of p-nitrophenylace
tate or Boc-amino acid p-nitrophenyl esters acylated hydroxy groups of se
rine and threonine in the presence of 1-hydroxybenzotriazole. Pull acety-
lation was observed with large excesses of p-nitrophenyl acetate, 1-hydro-
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Scheme 2. Synthesis of the fragment 89-100 
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Scheme 3· Synthesis of the fragment 82-88 
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Scheme 4· Synthesis of the fragment 74-81 
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Scheme 5· Synthesis of the fragment 70-73 

xybenzotriazole and triethylamine for at long reaction time* We did not 
detect side reactionat unprotected jS-carboxyl group of aspartic acid by 
treating H-Asp(0H)-(P) with p-nitropheny lace täte or its mixture with 
1-hydroxybenzotriazole· Thus it is possible to use p-nitrophenylacetate 
as acetylating agent for blocking the unreacted amino groups on the polymer 
in the presence of unprotected hydroxy and carboxy groups of amino acids· 
Optical purity of synthesized peptides was checked by gas liquid chroma-
tography on the optically active stationary phases (Ref· 4)· The peptides 
cleaved from the resins by hydrogen bromide in trifluoroacetic acid were 
hydrolized in acidic media· The resulting amino acid mixture was transformed 
into the mixture of N-TFA-derivatives of amino acid isopropyl esters. 
Racemization was not observed in the case of peptide bond formation by 
dicyclohexylcarbodiimide method in the presence of 1-hydroxybenzotriazole, 
active p-nitrophenyl ester method with addition of 1-hydroxybenzotriazole 
and azide method in the presence of pentafluorophenol· The racemization 
extent in the method of mixed anhydrides was less than Λ%. 

SYNTHESIS OP HEME PEPTIDE COMPLEXES 
For studying complexing of hemin with peptides a several human hemoglobin 
β -chain fragments containing proximal and distal histidine were chosen· 
The influence of peptide properties and of its binding with heme on iron 
electronic configuration was tested· By interacting hemin with peptides in 
chloroform solution the six-coordinate complexes,.(I) were easily obtained 
and their low-spin state was proved by ESR and Mossbauer spectroscopy data· 
Complex formation was retarded as a result of imidazole hydrogen substitu
tion for 2,4-dinitrophenylgroup· The same effect was observed if sterically 
hindered amino acid such as leucine was neighbouring to histidine· In these 
cases high-spin species (20%) were detected, which indicated the presence 
of mixture of five- and six-coordinate complexes· The five-coordinate 
complexes (II) were obtained by covalent binding of hemin with peptide· 

^-Leu— HisoMe 

CH=CH 

H00C 
CH = CH 
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The structure of the complexes was elucidated by electronic spectra· The 
oxygenation becomes easier with the increase of the peptide length and 
their hydrophobicity· Rapid irreversible oxidation was observed in the case 
of short peptides· 
Bilayer phospholipid membrane was used by us for formation of hydrophobic 
environment (Ref· 5)· Vesicular membrane also allowed solubilization of 
water-insoluble hemin derivatives. The influence of phospholipid membrane 
on the oxygenation was studied with simple models of hemin and 6(7) N-leu-
cylhistidylprotohemin IX methyl ester. Phosphatidyl choline employed for 
preparation of vesicular membrane was obtained from egg yolk· Hemin and 
their complexes with peptides were incorporated into liposomes without 
disturbance their entity, as was verified by OTR-spectra (signal of 
N (CH^)o group was split into two peaks)· Sodium dithionate was used for 
the reduction of ferri- to ferrocomplexes· Oxygenation was carried out at 
room temperature and controlled by electronic spectroscopy· Heme oxidated 
easily in these conditions and heme peptide complex oxygenated· Thus we 
constructed the model of oxygen carrier which can be studied in physiolo
gical condition· 
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P. Kh. Yuldashev, M. A. Kuchenkova, T. S. Yunusov and 
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Tashkent, USSR 

Abstract - A study has been made of some proteins of the 
cottonseed, including the structural determination of 7S 
globulin, of subunit C of 11S globulin and of an esterase, 
all isolated from the aqueous extract of the seeds. 

Cotton is the major agricultural plant of Uzbekistan· Not only is it va
luable for its fibers; its seeds are used in feed and are potential sources 
for food protein* Some of its proteins are endowed with enzymatic pro
perties· 
We are currently investigating proteins of the cottonseed from four 
aspects: a) isolation, purification and structure; b) physicochemical pro
perties; c) enzymatic properties; d) utilization as food products. We 
believe that such study in combination with that of their formation and 
functioning will facilitate deeper penetration into molecular processes 
in the plant and thus pave the way for their directed modification so as to 
better utilize its potentialities. 
We have studied the water soluble fraction of the cottonseed protein 
which constitutes ca. 5% by weight of the oil-free seeds (Ref. 1), and in 
which we have found a variety of enzymesrproteases (Refs. 2,3)· malate 
dehydrogenases (Refs. 4,5) , aspartäte aminotransferases (Ref. 6; and li-
pases (Refs. 7-10). It was also shown that the leaves of the cotton plant 
manifest phenol oxidase activity (Ref. 11). 
A scheme for the isolation of these enzymes and their purification to the 
homogeneous state has been developed and the chemical and enzymic proper
ties of the purified specimens have been determined. 
Of the proteins, about 20% were found to be globulins. Besides being one 
of the major components of the cottonseed food proteins, plant globulins 
are of interest in the ability of some of them to exert specific effects 
on animal cells. 
We have found five globulins in the protein extract. Of these the two 
major components comprised over 90% of the overall protein. They had 
sedimentation coefficients of 7S and 11S, corresponding to molecular 
weights of 130,000 and 280,000, respectively. 
Treatment of the 7S globulin with urea and with 1% sodium dodecylsulfate 
(SDS) showed it to be an aggregate of polypeptide chains, evenly divided 
into two subunits,^ each with four polypeptide chains of MW 16.000 and 
18.000* respectively. By comparing the peptide maps of the original pro
tein, its subunits and the glycoprotein fraction it could be seen that 
the difference between the two subunits lies in the glycopeptide region 
(Ref. 12). Each polypeptide chain contains a disulfide bridge and one 
tryptophan residue. 
The above-said was substantiated by direct determination of the amino 
acid sequence of the protein and non-carbohydrate polypeptide,both sub
stances in the reduced, carboxymethylated (CM) state>effectea by chymo-tryptic degradation followed by gel filtration of the resultant peptides 
through a Sephadex G-25 column and subsequent ion-exchange and paper 
chromatography, and thin-layer electrophoresis on cellulose* The amino 
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acid sequence of the tryptic peptides was determined by Edman degrada
tion, the amino acid residues being identified as their phenylthiahydan-
tein and/or dansil derivatives (Ref. 12). To reassemble the pro
tein from the peptides in the hydrolyzates, overlapping peptides were 
obtained by chymotryptic hydrolysis (Ref. 13) of the CM-globulin,, with 
identification of the fragments as in the tryptic case. The tryptic pep
tides of both the non-carbohydrate subunit and protein complex were found 
to be of the same composition and to contain the same N-terminal amino 
acid residues, while differing in the C-terminus of the polypeptide chain 
which carried the carbohydrate moiety. The latter comprising 4-5 mannose 
and 3-4 glucosamine residues was attached to tiie polypeptide at only one 
point, the amide group of Asn-129· The only other differences were in 
the dicarboxylic amino acid residues in positions 46, 83» 106, 125 and 
127f the carboxyl groups of which were free in the case of the carbohyd
rate-containing polypeptides and in the form of amide groups in the non-
carbohydrate subunit. 
The primary structure of the carbohydrate-containing subunit exemplifying 
the amino acid sequence of the entire 7S globulin is thus as follows: 

10 
Arg-Gln-Gln-I^ys-Ser-Ala-Pro-Gln-Gly-Phe-Gln-Leu-Asn-Arg-

20 
Val-Pro-Val-Ala-Gly-Phe-Thr-His-Gln-Asn-Iörs-Val-Ser-Gln-His-

30 40 
Pro-CmCys-Leu-Ma-Arg-Phe-His-Asn-Gly-Gln-Arg-Phr-Gly-Ile-

50 
Asn-Phe-Glu-Arg-Leu-Gly-Otyr-Gly-Ser-Gln-Arg-His-Ser-Asn-Gln-

60 70 
Trp-Gln-Arg-Ser-Gly-Gln-Tyr-Phe-Ala-Pro-Gln-Asn-Leu-Val-Met-

80 
Asn-Asn-Hi s-Gln- I I e-Arg-Leu-AI a-Asn-Glu-Asn-I<y s - CmCy s - Phe-

90 100 
Tyr-Gln-Ser-Gly-Asn-Arg-Val-Arg-Leu-Ala-Gln-Thr-Arg-Gly-Ala-

110 
Val-Iörs-Leu-Glu-Ala-Phe-Val-Gly-Ser-Arg-Gln-Asn-Ehe-Leu-Val-

120 
Gly-Gln-Asn-Ser-Ala-Iys-Phe-Glu-Gln-Asp-Val-

130 
Asn-Ile-Thr-Ser-Ala-Leu-Val 
(GlcNHx)>4(Man)4-5 

The other protein from cottonseed, the structural determination of which 
will be described here is the 11S globulin. Treatment with 8M 
urea similar to that for 7S globulin revealed that the 11S globulin in 
contrast consisted of subunits (A, B and C) of differing amino acid com
position (Ref. 14)· Initially, on filtration through DEAE-cellulose in 
8M urea two peaks were obtained, one of A and B together and the other 
of subunit C. The subunits A and B separated on filtration through Sepha-
dex G-75 in 0·1% SDS· Subunit C comprised about 60% of the protein comp
lex and contained a carbohydrate moiety consisting of 1 glucosamine and 
three mannose residues. In order to determine the amino acid sequence 
of subunit C it was also subjected to the above-described tryptic and 
chymotryptic degradation (Refs. 15,16). Isolation and purification of the 
resultant peptides was carried out as usual, while the insoluble part of 
the tryptic hydrolyzate was subjected to additional partial acid hydro
lysis. The amino acid sequence of all the peptides was determined by 
Edman degradation, using the dansyl derivatives, and in the case of pep
tides with amidated dicarboxylic acids by the direct Edman method 
(Ref. 17)· The subunit C does not contain methionine, but cyanogen bro
mide cleavage led to rupture of the Asp-Pro bond, thereby facilitating 
reassembly of the polypeptide chain (Ref. 18)· The total amino acid se
quence of this subunit consisting of 135 amino acid residues was thus 
completely determined. Investigation of the acid hydrolysis and periodate 
oxidation products of the methylated subunits S showed that its carbo-
Iqrdrate moiety was attached to the protein through the glucosamine resi
due, while analysis of the overall data led to the conclusion that the 
point of attachment to the protein is at Asn-20. 
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The structure of the subunit is thus: 
10 

His-Asn-Gln-Trp-Glu-Glu-His-Gly-Asn-Phe-Arg-Gly-Asp-Ala-
20 φ Glu-Glu-Leu-Val-Ile-Aex-Ser-Thr-Pro-Arg-Val-Gln-Gly-Asn-

30 40 
Gln-Arg-Leu-Ile-Ser-Ifce-Val-Ala-Asx-(Ex-Arg-Val-Thr-His-

50 
Iys-Asp-Gln-Arg-Gly-Gln-Glu-Ser-Arg-Gln-Ile-Asn-Gly-Phe-

60 70 
Leu-Glu-His-Glu-Asn-Arg-Glx-Als-Gly-Val-Thr-Glu-Ala-Asx-

80 
Gly-Leu-Glx-Glx-Thr-3?he-Ser-Glx-Arg-Gln-Ehe-His-Gln-Asn-

90 
Arg-I$rs-Ifoe-Ile-Glx-Glu-Asn-Arg-He-Pro-Gln-Ala-Ser-Ala-

100 110 
Arg-Gln-Asn-Pro-Gln-Asn-Gln-Val-Leu-Gln-Arg-Glu-Thr-Ifce-

120 
Gln-Ser-His-Gln-Asn-Arg-Gln-Glu-Gly-Asp-Ile-Val-Ala-Leu-

130 
Gly-Glu-Gln-Asp-Arg-Ser-Gln-Gln-Asn 
(* - Glc-NHX - Man JjJ) 

Of the enumerated cottonseed enzymes, here will be described our deter
mination of the quaternary and primary structure of an esterase that was 
isolated by precipitation with ammonium sulfate from an aqueous phosphate 
buffered (pH 7·4) extract of ground, de-oiled cotton seed kernels. It was 
reprecitated from the same kind of solution and purified by twofold chro-
matography on a DEAS-cellulooe column and gel filtration through Sepha-
dex G-75· The enzyme has pH optima at 25° of 7.4 for tributyrin and 
9.5 for triacetin. It was completely inhibited by diisopropylfluorophos-
phate (Ref. 19)· The apparent molecular weight of the enzyme was determi
nated to a first approximation by gel filtration and ultracentrifugation 
to be about 40,000 at pH 7·4. On lowering the pH to 4·5 the enzyme 
dissociated into two active subunits each of molecular weight ca. 20,000, 
as again determinated by gel filtration and ultracentrifugation. Treatment 
of the subunits with 2:1 methanol-chloroform mixture showed them to con
tain lipids. The latter must have been instrumental in holding together 
two inactive equal molecular weight protomers of the subunit which is 
dissociated in the process of the extraction. The similarity of the four 
polypeptide chains comprising the esterase molecule was confirmed by 
chromatoelectrophoresis. 

Since the enzyme contained four methionine residues, seven arginine resi
dues, and four lysine residues, as found from determination of its total 
amino acid content on an LEB analyzer, it was decided to carry out its 
sequencing by tryptic hydrolysis,cyanogen bromide cleavage and thermolytic 
and chymotryptic splitting of the cyanogen bromide fragments. The peptides 
were separated by gel filtration, ion exchange, and paper chromatog-

raphy, and with the aid of peptide maps. Analysis of the sequence of the 
isolated peptides was carried out by direct Edman degradation and in 
combination with dansylation. As a result the primary structure of a 
subunit of the enzyme comprising 116 amino acid residues was found to be 
the following: 

Met-Arg-Gly-Asp-Gly-Asn-Ser-Glu-Ala-Met-Thr-Iörs-Gln-Ala-
20 

Cys-Asp-Gln-Ser-ihe-Ala-Pro-Asp-Val-Ala-Asn-Gly-Gln-Gly-Thr-
30 40 
Gln-I<ys-Arg-Ala-Gly-Gln-Ser-Ile-Asp-Ala-Pro-Phe-Ser-Arg-Gln-

50 
Gly-Gln-Leu-Thr-Asp-Leu-His-Gys-Met-Pro-Trp-Asp-Thr-Arg-Ser-
60 70 
Ala-Gly-Asn-Ser-Pro-Gln-Ala-Leu-Glu-Phe-Arg-Gly-Gly-Asp-Ser-

80 
Gly-Pro-Tyr-Ile-Ala-Val-Thr-Gln-Glu-Leu-Iörs-Met-His-Ser-Asp-
90 100 
Gly-Cys-Thr-Ile-Arg-Thr-Arg-Pro-Gly-Asp-Thr-Gln-Ser-Val-Ala-

110 
Glu-Leu-I^ys-Phe-Val-Pro-Gln-Gly-Ala-Leu-Asp-ajyr 
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It is noteworthy that the 70-76 sequence of the chain coincided with that 
of the active center for serine proteinases (Ref. 20). 
Besides the chemical study of the cotton seed proteins we briefly note 
that methods have also been developed for obtaining nutrient proteins from 
cotton seed cake. Comparative data were obtained on the nutrient values 
of the protein extracted from the cake and from cotton seed de-oiled 
by various methods in the laboratory. The dependence of the composition 
and yields of nutrient proteins on the method of de-oiling and changes 
in the technological scheme has been investigated in detail.' 
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INSULIN-DEPENDENT CYTOPLASMIG 
REGULATOR. SEPARATION, 

IDENTIFICATION AND INVESTIGATION 
OF INSULIN-LIKE ACTION 

J. Gh. Turakulov and M. Ch. Gaynutdinov 
Institute of Biochemistry of the Academy of Sciences, UzSSfl, Tashkent, USSR 

Abstract - Thermostable glycolipoprotein was isolated and 
purified from rat liver cytoplasm. The glycolipoprotein in 
small concentrations causes the increase in the maximum 
amount of calcium ions, which can be accumulated in rat 
liver mitochondria. Glycolipoprotein activity in cytoplasm 
is increased by insulin injection. The amino acid composi
tion of ICR (insulin-dependent cytoplasmic regulator) 
differs from the amino acid composition of insulin,ICR in
hibits the transport of oxidized substrates in mitochondria. 
The ICR introduction results in a great reduction in blood 
sugar in rats with alloxan diabet. The ICR also inhibits 
glucose output from the, liver slices. It is supposed that 
the ICR is a mediator of insulin action on the liver meta
bolism* 

Identification on cyclic 3f5f AMP as a mediator of peptide hormones ac
tion on metabolism (Refs. 1,2) was a mighty stimulus of the research 
development with the aim of identification and clarification of the intra-
cellular regulators. Now calcium ions (Ref· 3), prostaglandins (Ref.4) 
and peptides (Ref. 5) are found to be the mediators of hormones action 
apart from cyclic nucleotides. It has been shown in our previous work 
that insulin action on mitochondria depends on the increase of the low-
molecular thermostable regulator activity in cytoplasm. This regulator 
was called insulin-dependent cytoplasmic regulator-ICR (Ref. 6). The 
purification of ICR, its identification and study of the insulin-like 
effects of ICR at the mitochondria and cellular levels is the aim of the 
present work. 
Separation of the insulin-dependent cytoplasmic regulator. The ICR acti
vating effect on the calcium ions translocatioh in liver mitochondria 
served as a test of the ICR activity during its isolation and purifica«-
tion. The ICR adding caused the increase in the maximum amount of calcium 
ions, which can be accumulated in mitochondria (Ref. 6). Liver cytoplasm 
of the rats, which were given insulin 45 minutes before the animals were 
killed, was prepared by centrifuging of the liver homogenate (45 g) 
at 30 000 g for 20 min# Thermostability of the insulin-dependent regula
tor of the mitochondria function has been previously shown (Ref* 6). 
That is why the first stage of purification was heating the cytoplasm 
at 95° for 7 min. The heated cytoplasm was centrifuged in the cold at 
30 000 g. The supernatant was concentrated at the rotor evaporator up to 
1-2 ml and then it was placed on the column with Sephadex G-25 (400x25 mm) 
which was eluted by 0,1 M KC1. In all fractions the activity was deter
mined in accordance with the effect on the calcium transport in the liver 
mitochondria* The conditions of activity determination were indicated in 
Figure 1. Figure 1 shows that the activity was found in the peak, next 
to the high-molecular proteins peak, eluted just after passing the free 
volume of the column. 
It is interesting that after gelfiltration on Sephadex G-25 the total 
activity of the material was greatly increased. The concentration depen
dence of the action of purified fractions has a cupolalike character 
(Figure 2)· Therefore the activity can be found only when an eluate from 
the column is diluted 100 times* 
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Activity 
UNltS 

120 M ml 

Pig. 1, Separation of heated cytoplasm on the column with 
Sephadex G-25* Volume each of fraction is 8 ml, 

qo2 w6 of cvioptbsm 

Pig. 2. Concentration dependence of ICR action on the 
calcium transport in mitochondria. A - nonpurified cyto
plasm; B - fraction after gelfiltration on Sephadex G-25; 
C - fraction after rechromatography on DEAE cellulose. 
ICR activity was measured in the incubation medium con
taining 0,1 M KC1, 5 mM Tris Hcl., pH 7,3f succinate 5 mMf NaH2P04 - 5*10-4 m, rotenone - 0,5 ug/ml. 
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Chromatography on DEAE cellulose was used at the next stage of purifica
tion· After gelfiltration the active material from rat liver was diluted 
10 times with distilled water, pH 9,0, then the material was applied to 
the column with DEAE cellulose (15x250 mm). The activity was found in the 
fraction which was eluted from the column when the KC1 gradient reaches 
0,4 M (Pig· 3·). 

A - 230 nm A c t i v i t v 
k.HOnm UNI tS 

2 4 6 8 10 # ft 16 iB 20 2i % % & 30 30 N-OTFRACTIONS 

GRAdlENt φ5-05ΜΚα |G,öMKCI 

Pig· 3. 
lose. 

Separation of ICR on the column with DEAE-cellu-

The fraction containing the activity was subjected to rechromatography 
on the same column and under the same conditions. Figure 2 shows the 
concentration dependence of the ICR action on the Ca^+ transport in mito
chondria at different stages of purification· The cupolalike dependence 
is typical only to the purified specimens action but not to unpurified 
cytoplasm. It is interesting that the total activity of the specimen 
during purification increases several times. It can be explained by the 
fact that the larger part of ICR in the cytoplasm is in the bound inactive 
state, moreover, ICR can be separated from the binding components during 
purification process. The cupolalike character of the concentration 
dependence of the purified specimens and the total activity change during 
the process of purification cause great difficulties while determining 
the activity, as the optimal dilution of the fractions taken from the 
columns during gelfiltration and ion-exchange chromatography is chosen 
empirically. When determining the activity the dilution of specimens (for 
DEAE cellulose the dilution is 50000 times) is made in 0,1 M KC1, as 
when the ionic strength of the medium is diminished aggregation of the 
material takes place easily with the loss of activity. This aggregation 
was reversed when 0,1 M KC1 was added in the specimen. The purified ma
terial was desalted on the column with Sephadex G-10. Before desalting 
the active fraction was concentrated on the rotor evaporator up to 1 ml. 
During the desalting the material is separated in two fractions, one of 
the fraction eluted before the salt, another together with KC1, and both 
fractions were active. It is interesting that rechromatography of the 
second fraction at the same column again results in separation of the 
fraction which is washed away from the column before the salt, moreover, 
the fraction is in aggregated condition. The results of the experiment 
show that when the column with Sephadex G-10 is eluted with distilled 
water the aggregated part of the specimen is separated from the salt on 
the column, moreover, the aggregation degree grows after separation of 
the salt and monoraeric part of the specimen is not separated from the 
salt under the same conditions- Similar results were obtained when ICR 
was desalted by dialysis. ICR is divided into two fractions during dia
lysis, and both fractions are active. Redialysis of the fraction, which 
has already passed the cellophane membrane, again causes the division 
into two fractions. So, the only form that passes the cellophane mem
branes is the monomeric form of ICR· 
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Identification of ICR chemical character. The purified specimen of ICR 
has no triptophan and nucleotides in accordance with UV-spektrum data· 
Table 1 shows the results of determination of ICR amino acid composition. 
The lack of sulfur-containing amino acids is characteristic· The ICR 
amino acid composition is unlike the insulin amino acid one. 

TABLE 1. Amino acid composition of ICR 

my M/0.1 mg Molar ratio of Nearest 
Amino acid of protein amino acid rela- integre 

tive to leucine 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lisine 
Arginine 

61,5 
31,0 
150,0 
131,5 
95,5 
133,5 
65 
21 
21,5 
21 
13,5 
20,5 
20,5 
108,5 
26,5 

2,94 
1,47 
7,14 
6,2 
4,55 
6,26 
3,09 
1,000 
1,02 
1,00 
0,6 
0,98 
0,98 
5,14 
1,2 

3 
1 
7 
6 
5 
6 
3 

5 
1 

After rechromatography on DEAE cellulose ICR was electrophoretically homo
geneous in the presence of 8 M urea. When the staining with toluidine 
blue and Schiff reagent was made one band appeared, moreover, it was 
shown that the eluate (0,1 M KCl) of this gel zone contains ICR activity. 
ICR staining with toluidine blue and Schiff reagent indicated to the 
carbohydrate component presence in ICR, and that was proved by finding the 
large amount of carbohydrate (in accordance with Dubois (Ref. Ί) after 
4-hrs hydrolysis in 4M HC1, at 110°). A very low solubility in the solu
tions with low ionic strength is characteristic of ICR, The possible ex
planation is the presence of hydrophobic site in ICR molecule. Really, 
the components of lipid nature can be extracted with chloroforra-raethanol 
from ICR (neutral lipids and cardiolipin in accordance with preliminary 
data). Pig. 4 shows infra red spectrum of ICR. 
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Fig· 4. FREQUENCY crrr1 
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„1 
The intensive strip in the spectrum with maximum 1045 sm can possible 
be explained by the skeletal fluctuation of P-O-C group. The quantitative 
analysis of inorganic phosphorus after exhaustive acidic hydrolysis showed 
that there was 45 mg phosphate per 1 g of protein in ICR. The presence of 
peptide links in ICR was proved by characteristic stripes in spectrum 
(stripe Amide 1 with maximum at 1670 sm""', Amide 2 with maximum at 
1600 sm"1)# Three stripes in the spectrum with maximums at 785, 855f 930 nm show the presence of carbohydrates in molecule (930 nm-ring os
cillation, 855 nm-daforming oscillation (ecvatorial), 766+10 - pulsating 
oscillation of the ring). The data received show that ICff is glycolipo-
protein with a comparatively small molecular weight, this finding is 
proved by the data on the ability of the raonomeric active form of ICR to 
diffuse through cellophane membranes, and by the data on the determina
tion of molecular weight (5000 daltons) by means of gelfiltration, ICR 
ability to produce effects at the membrane level seems to be explained on 
the one hand by the presence of hydrophobic site in the molecule (lipid 
components of ICR), on the other hand by the solubility in the water solu
tion with ionic strength equal to that of cytoplasm. 
ICR influence on the mitochondria. It has been previously mentioned that 
low ICit concentration (about 10~» g/ml) increases the mitochondria ability 
to accumulate calcium ions. Cupolalike dependence of the ICR concentra
tion is characteristic of this effect. 
At a concentration of about 5*10""̂  g/ml ICR inhibits pyruvate and succi-
nate oxidation in mitochondria. As soon as the effect takes place under 
the conditions when the oxidation rate is limited by the substrate entrance 
in the mitochondria, it was supposed that ICR inhibits the substrates 
transport through mitochondria membrane· While examining this supposition 
the rate of substrate transport was estimated according to the rate of 
deenergised mitochondria swelling in the isotonic solutions of ammonia 
salts of the oxidation substrates. It is well known that the swelling 
rate under these conditions is limited by anion transport (Ref. 8). 
Figure 5 shows that ICR inhibits mitochondria swelling in the isotonic 
solution of ammonium pyruvate, when deenergisation of mitochondria is 
caused by the adding of rotenon and 2,4 DNP. 

A - 520 nm 
T A 

k-520 
b 

W m W MSEC 60 mo w 240 sic 

A - 5Q0 
c 

h-520 

60 m 4ÄÖ %0 SEC 60 ffl m 240 SEC 

{' CONTROL 
2- JCR 

l?ig#5· The influence of ICR on the swelling of deenergised 
rat liver mitochondria in the isotonic solutions of ammonium 
salts of the oxidizable substrates. Incubation medium con
tained 10-4 M 2,4 DNP, rotenone 0.5 /ig/ml, Tris HC1 5 mM, 
pH 7,5 and isotonic solutions: a;ammonium succinate + anti-
raicin A-0, 1,/ig/ml; b)ammonium pyruvate; c) ammonium citrate; 
d) ammonium glutamate. 1 - control; 2 «f-3.10""6 g/ml ICR. 



L20 Insulin-Dependent Cytoplasmic Regulator 

This result is interpreted as the inhibition of pyruvate transport in 
mitochondria. It is well known that metabolite transport through mito
chondria membrane is fulfilled by special carriers, which are specific as 
regards the corresponding substrate. The ICR action is specific not only 
as regards monocarboxylates carrier, but also as similar inhibiting 
action of ICR showed as regards transport of ammonium salts solutions of 
glutamate, aspartate, succinate and citrate, So the activity of at least 
three carriers of metabolites is inhibited when ICR is added to the 
suspension of liver mitochondria. On the other hand the inhibition with 
ICR adding is not characteristic of the transport of all anions in mi
tochondria since in case of phosphate ICR showed the activated action. 
So insulin action mediated by ICR was found in the substrate transport 
inhibition from cytosol to mitochondria. 
The hypoglycemic action of ICR* Treating ICR as the mediator of insulin 
action we supposed it to be able to act like insulin at cellular level 
and in vivo. 
It is well known that insulin inhibites the glucose exit from the liver 
in vivo and in vitro, and this is one of the basic causes of the hypogly-
cemic effect of insulin· In our tests with liver slices ICR inhibited 
glucose output in adrenalin presence. The optimal concentration of ICR 
was 0,2 ug/ml (Pig. 6). 

GLUCOSE 
mgjg OF LIVIR 

CONIROL 

Fig· 6. Influence of ICR on the glucose output from liver 
slices in the presence of 5*10-6 jy[ adrenaline. Liver sli
ces (500 rag) with diametre 2 mm were incubated in 10 ml 
Krebs-Ringer bicarbonate buffer, pH 7,4· 1 - control; 
2 -0,25/ig/ml ICR. 

In the tests in vivo ICR introduction (50 ug/100 g of weight) caused great 
reduction of blood sugar in rats with alloxan diabet (Table 2). 

TABLE 2. Action of intravenously injected ICR on the content 
of sugar in the blood of rats. 

Number 
of 
rats 

Sugar in 
blood (mg%) 
prior ICR 
injection 
(50/ig/100 g) 

Sugar in 
blood (mg%) 
through 
60 min.af
ter ICR 
injection 

Sugar in 
blood 
through 
100 min. 
after ICR 
injection 

Intact rats 
Alloxane 
(50 rag/kg) 
in 24 hours 12 

108,3+5,6 

630+51,3 

85,7+7,3 98+8,7 

432+32,7 210,6+23,8 
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In accordance with the idea that the transfer of pyruvate from cytosole 
to mitochondria is the limited stage of glucose synthesis in liver cells 
the hypoglycemic action of ICR in vivo (Ref.9)is well explained by the ICR 
inhibition of the pyruvate transport through mitochondria membrane. So 
our data about the action of purified specimens of ICR on mitochondria, 
liver slices and in vivo proves the supposition about ICR role as the 
mediator of insulin action on the liver metabolism. 
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PROGRESS IN THE CHEMICAL 
SYNTHESIS OF PROINSULIN 
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D-5100 Aachen, Federal Republic of Germany 

Abstract - Reduced proinsulin, and insulin A-chain and 
B-chain were selectively and quantitatively converted to 
hexa-S-trityl-proinsulin, tetra-S-trityl-A-chain and di-S-
trityl-B-chain. Amongst the various deprotection methods 
studied, treatment of the hexa (S-trityl)-derivative in 
trifluoroacetic acid using thiophenol as reversible 
scavenger was found to be the best. This method will also 
ensure the single step deprotection of the fully protected 
synthetic proinsulin derivative to hexa-thiol proinsulin 
as the other protecting groups are also labile under these 
conditions. This material was converted to the corresponding 
hexa S-sulfonate in 85 % yield. This was then reduced and 
oxidized to native proinsulin. The yield based on the 
S-sulfonate was 45 % after purification by Sephadex G-50 
chromatography in 30 % acetic acid. 

INTRODUCTION 
Insulin has been known for many years but is still fascinating not only to 
the medical world but also to Physicists, Chemists and Molecular Biologists. 
1967 saw the discovery of the one chain precursor Proinsulin by Steiner 
(Ref. 1). 
This single polypeptide chain has been identified as a ribosomal product 
in the microsomal fraction from islet tissues. The newly synthesized peptide 
chain, after folding and thiol oxidation, is transferred to the Golgi 
apparatus where it begins to undergo proteolytic processing to insulin 
(fig. 1) and packaging into secretory granules. 

Fig. 1. Products of the conversion of proinsulin to insulin 
in the ß-cells 

Human proinsulin is a tri-disulfide protein comprising 86 amino acids 
(Ref. 2 & 3). For its synthesis the strategy of fragment condensation and 
acid labile protection have been followed. t-Butyl protection (t-But/Boc) 
was used for carboxyl, hydroxyl and Νε-amino functions whilst thiol 
functions were protected with trityl groups. Biphenylisopropyloxycarbonyl 
and trityl groups provided temporary protection at the a-amino functions 
of the intermediates. Four main fragments (1-23, 24-45, 46-70 and 71-86) 
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and two "big" fragments (1-45 and 46-86) were synthesized (Fig. 2). All 
the fragments were soluble in dimethylformamide. These were purified by 
gel chromatography on Sephadex LH 20 and counter current distribution 
techniques and characterized by thin layer chromatography and amino 
acid analysis (Ref. 4). 

1-16 17-23 24-33 34-45 46-59 60-70 71-77 78-86 
I . I L _ _ I I 1 · ■ 1 ■ 

1^23 24-45 46-70 71-86 

1-45 46-86 

I 1 

Fig. 2. Fragments and subfragments for the chemical synthesis 
of human proinsulin 

Parallel to these studies, we also investigated and optimized the removal 
of S-trityl groups from tritylated native bovine proinsuline, and the 
subsequent reduction-oxidation steps to regenerate proinsulin. These 
reactions constitute the last steps in the total synthesis and are the 
object of this communication (Fig. 3). 

synthesis 
Peptide ^ S-Trityl,N -Boc,0-tert.But-Proinsulin 

£-
J,CF3COOH 

| s - T r i t y l - P r o i n s u l i n | | S - S u l f o - P r o i n s u l i n | 

| T h i o l - P r o i n s u l i n j 

u 
|D i su l f ide -Pro insu l in l I 

Trypsin 
,«A* Insulinyl-Arg Des AlaB30-Insulin| 

Fig. 3. Conversion of protected proinsulin to proinsulin and 
Des-Ala-insulin 

S-Tritylation Reaction 
The S-trityl group can be readily introduced into a cysteine containing 
pentapeptide with tritylcarbinol in trifluoroacetic acid according to 1970 
Photaki et al. (Ref. 5). The trityl-cation generated in presence of 
trifluoroacetic acid reacts with the thiol group and the resulting S-trityl 
derivative exists in equilibrium with the trityl cation (Fig. 4). The 
removal of trifluoroacetic acid shifts the reaction equilibrium to the 
S-tritylated derivative. In the presence of excess of tritylcarbinol this 
reaction proceeds quantitatively. 

Q-C-OH ^ Q-J· 
0 

Fig. 4. The pathway of S-tritylation reaction 
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Proinsulin as well as insulin A and B chains were obtained in the thiol 
form by reduction of the corresponding S-sulfonated chains. These thiol 
derivatives were S-tritylated in trifluoroacetic acid in which they were 
readily soluble. The S-trityl derivatives were isolated as colourless 
amorphous powders in yields^of 78 % for the A-chain, 91 % for the B-chain, 
and 95 % for proinsulin. 
The introduction of the hydrophobic trityl residues (two in the B-chain, 
four in the A-chain, and six in proinsulin) rendered all three S-trityl-
derivatives insoluble in aqueous solution even in 8 M urea at all pH 
values. 
Therefore, the usual analytical procedures (i.e. electrophoresis, gel 
chromatography, ion exchange chromatography and isoelectrofocussing) could 
not be carried out. In additional the S-trityl chains were only poorly 
soluble in aqueous-organic mixtures and organic solvents, except 
dimethylsulfoxide (5-10 mg/ml). 
In view of the poor solubility of the S-tritylated chains we had to modify 
the procedures for the estimation of thiol and disulfide groups carried out 
in an heterogeneous system and therefore, the accuracy of the method 
diminished. Ellman thiol analysis (Ref. 6) of the tritylated chains showed 
no free thiol groups (Table 1). Disulfide bonds were estimated by the 
reduction of the chains followed by reaction with iodoacetic acid in 
aqueous solution (Ref. 7). If the tritylated chains contained S-S-bonds 
this would convert such bonds into their S-carboxymethylated derivatives. 
Thin layer chromatography indicated the products to be homogenenous with 
higher Rf-values than the corresponding S-carboxymethylated chains. Amino 
acid analysis of the reduced and carboxymethylated chains were identical 
and traces of S-carboxymethyl cysteine was observed. These studies clearly 
indicated that the S-tritylation was nearly quantitative. 

TABLE 1. Analytical data of the S-tritylated A- and B-chains 
and proinsulin 

Estimation of Tritylated chains 
Groups 

di S-Trt tetra S-Trt hexa S-Trt 
B-chain A-chain proinsulin 

SH 0 0 0 
S-S 0.017 eq 0.042 eq 0.065 eq 
Trt 2.06+0.2 eq 3.36+0.4 eq 6.18+0.6 eq 

Quantitative determination of trityl residues was accomplished by the 
difference ^H-NMR spectroscopy of the trityl and corresponding S-sulfonate 
chains. The values of the extent of tritylation agree with the theoretical 
values within the limits of error (Table 1). 

S-Detritylation Studies 
As mentioned earlier all the S-tritylated chains were extremely insoluble. 
To achieve quantitative deblocking it is necessary to work in homogeneous 
systems otherwise partially deblocked derivatives are likely to be formed. 
Up to now various detritylation studies have been made on synthetic 
protected peptides using the following methods 
1. oxidation with iodine or dithiocyanogen (Ref. 8) 
2. treatment with silver or mercury salts followed by HC1 or H2S (Ref. 8) 
3. treatment with trifluoracetic acid or HBr/acetic acid containing water, 

phenol or anisol (Ref. 8) 
4. reduction with liquid ammonia 
5. electrolytic reduction (Ref. 9) and 
6. reaction with 2-nitrophenylsulfenylchloride and reduction to thiol 

(Ref. 10). 
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Fujino and Nishimura recently described the removal of t-butyl and 
p-methoxybenzylthioether groups, with mercuric acetate in trifluoroacetic 
acid (Ref. 11). This procedure was investigated with di-(S-trityl)-B-chain 
and hexa-(S-trityl)-proinsulin. The mercaptide was treated with ß-mercapto-
ethanol and the thiol derivatives isolated after gel chromatography on 
Sephadex G-2 5 in 30 % acetic acid. They were converted to S-sulfonate 
derivatives. Electrophoresis of these derivatives showed two trace 
impurities which necessitated the further purification of S-sulfonate 
by ion-exchange chromatography on SP-Sephadex (Fig. 5). 

Α2β0 „ CNaCl 

100 200 300 UÖQ 500 600 700 800 
V/ml 

Fig. 5. Purification of hexa-S-sulfonate proinsulin (5 mg) on a 
SP Sephadex column (1.5 cm x 12 cm) 
Starting buffer 400 ml 7M urea 1.5 M acetic acid 
limiting buffer 400 ml 7M urea 1.5 M acetic acid 0.2 M NaCl 
flow rate 25 ml/h 
fraction 5 ml 

The advantage of the methods employing trifluoroacetic acid is the 
simultaneous deblocking of the acid labile protecting groups. However the 
tetra-(S-trityl)-A-chain is insoluble in the mercaptide form. 
Another method of detritylation is treatment with trifluoroacetic acid 
and a cation scavenger e.g. water, phenol or anisol (Ref. 11). This method 
had been applied to small peptides only and as the scavengers were 
inefficient, repeated treatments were necessary. 
We therefore investigated this deblocking procedure with the aim of 
optimizing the S-detritylation. It was known that the detritylation results 
from the formation of an equilibrium reaction between the S-trityl 
derivatives and the respective thiol and trityl cation. This equilibrium 
can be shifted by the presence of excess cation scavenger setting free 
the thiol group: 

-Cys(Trt)-
+ H 

-Cys(H)- + Trt* 

- H 
Trt + RSH R-S-Trt 

-Cys(Trt) + RSH -Cys(H) + RS-Trt 

Trans-S-tritylation occurs if thiols are used as cation scavengers as 
they take part in the equilibrium reaction (Refs. 12 & 13). 
We demonstrated the trans-S-thioetherification by treating Cys(Trt) with 
trifluoroacetic acid and thiophenol, whereby trityl-thiophenol v/as isolated 
as an odourless crystalline product. It was identified and characterized 
by comparing it to a standard sample (Ref. 14). 
We next demonstrated the S-detritylation of the S-tritylated insulin 
chains. 
The scavengers used in the detritylation^ studies were: 
2-mercaptoethanol, p-nitrothiophenol, thiocresol, cysteine and thiophenol. 
This latter in trifluoroacetic acid gave the best results. 
Using this method the yields for the S-sulfonate derivatives of A-chain, 
B-chain and proinsulin were 70 %, 72 % and 85 % (Table 2) respectively. 
These yields include the oxidative sulfitolysis of the thiol-chains 
leading to the S-sulfonate derivatives. Electrophoresis of the S-sulfonates 
at pH 2.2 and 4.8 showed them to be homogeneous. 
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TABLE 2. Removal of trityl groups from S-tritylated chains 
with trifluoroacetic acid in the presence of 120 
equivalents thiol per S-trityl group followed by 
sulfitolysis 

scavenger 

cysteine 
2-mercapto-
ethanol 
p-nitro-* 
thiophenol 
thiocresol* 
thiophenol 

B-
di 
■chain 
.-S-sulfonate 
10 % 
34 % 

-

10 % 
72 % 

yield of 
A-chain 
tetra-S-

10 % 
— 

-

10 % 
70 % 

■sulf on ate 
proinsulin 
hexa-S-sulfonate 

-
20 % 

40 % 

10 % 
85 % 

* poorly soluble in trifluoroacetic acid 

Regeneration of proinsulin from the S-trityl derivative 
We have shown that S-trityl groups can be introduced into and removed 
from A- and B-chains, and proinsulin. 
With synthetic S-sulfo-proinsulin, additional steps such as reduction to 
thiol-proinsulin followed by oxidation to proinsulin in its disulfide 
form will be necessary. Therefore, we subjected hexa-(S-trityl)-proinsulin 
to all steps necessary for the production of proinsulin from the synthetic 
protected proinsulin chain (see Fig. 6). 

1) HOCH2CH2SH 

2) Trt-OH/TFA 

Native proinsulin 

HOCH2CH2SH 

1) C^SH/TFA 

2) Na2S03/Na2S406 

Fig. 6. Resynthesis of proinsulin from S-tritylproinsulin, 
S-sulfo-proinsulin and thiol-proinsulin 

The S-trityl-proinsulin was converted to the corresponding S-sulfonate as 
described earlier. It was reduced quantitatively to the thiol-proinsulin 
with 2-mercaptoethanol and isolated by Sephadex G-25f chromatography in 
30 % acetic acid. Aerial oxidation (190-200 h) was done at a concentration 
of 1 - 1.1 mol/1 ammoniumhydrogencarbonate at pH 8.4 - 8.8. The mixture 
was then purified on Sephadex G-50 f in 30 % acetic acid. Two peaks were 
obtained, the first of which was shown to be a polymer and the second 
to be electrophoretically identical with native proinsulin (Figs. 7 & 8). 
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A280 

salt 

Fig. 7. Separation of crude regenerated proinsulin on Sephadex 
G-50f (1.5 cm x 150 cm) in 30 % acetic acid 
1 = Polymer, 2 = Proinsulin (45 % yield) 

A578 A578 

Fig. 8. SDS gelelectrophoresis 
Staining with Amidoblack 10B and scanning at 578 nm 
1) Fraction 1 of the gelchromatography 
2) Fraction 2 of the gelchromatography and similar to proinsulin 

The oxidation yield was 45 % starting from sulfo-proinsulin. The same results 
were obtained with reduced proinsulin. 
The digestion of synthesized proinsulin with trypsin gave a mixture of 
des-B^O-insulin and insulinyl(B30)-arginine, as was obtained with native 
proinsulin (Fig. 9). Similarly subtilisin digestion of the synthesized and 
native proinsulin gave identical "fingerprints". This shows that the 
disulfide bonds have been correctly formed in the resynthesized proinsulin. 

A 5 78 

1.5 

1.0-

0.5-

Φ 
A578 

J 

® 

1 
Fig. 9. Digestion of 1) resynthesized proinsulin 

2) native proinsulin 
with trypsin followed by disk electrophoresis. 
Staining with Amidoblack 10B and scanning at 578 nm. 
The first peak is insulinyl-Arg, the second des-ala-insulin 
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Prospects for the total synthesis of proinsulin 
Let us quote the famous sentence in the first publication by Dixon and 
Wardlaw (Ref. 15) on resynthesis of insulin from the separate chains: 
"However, even with the present yield, it can be said that if chemically 
synthesized A and B chains were available in mgm. amounts it should be 
possible to obtain insulin by the above method and thereby provide the 
terminal step in the total synthesis of a protein with biological activity. 
We all know that Dixon and Wardlaw were right and that using their method 
synthetic insulin in fact was obtained. We should like to translate the 
prophecy of Dixon and Wardlaw to the case of proinsulin: After having 
completed the succesful conversion of S-Tritylproinsulin to proinsulin 
in a yield of nearly 40 % we are confident that we have only to wait 
for a sample of synthetic S-trityl proinsulin for demonstrating the 
effectiveness of the new detritylation method with thiophenol and 
trifluoroacetic acid to perform the last two steps of the chemical 
synthesis of proinsulin. 
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V. M. Shkumatov and V. L. Chashchin 
institute of Bioorganic Chemistry, Byelorussian Academy of Sciences, Minsk, 

USSR 

Abstract- A phenomenon of self-association has been shown 
for in vitro steroid hydroxylating system from adrenal cor
tex mitochondria· The data obtained testify to the presence 
of independent specific sites for binding with adrenodoxin 
reductase and cytochrome P-450 in the adrenodoxin molecule· 
Conditions for the reconstitution of the Sepharose-immobili-
zed Pe2So adrenodoxin cluster have been found· The results 
of the limited trypsin digestion of the 20S,22R-cholesterol 
hydroxylating cytochrome P-450 are presented· Proteolyzed 
cytochrome P-450 has been shown to retain its functional ac
tivity for a certain period of time both with a reconstitu
ted in a solution 20S,22R-cholesterol hydroxylating system 
and with self-association of the system on a column with 
immobilized adrenodoxin· 

The basic steps of biosynthesis of both corticosteroids and sex hormones 
involves processes of enzymic hydroxylation.A particular role in the toted 
scheme of biosynthesis of corticosteroid hormones is played by the located 
in mitochondria membranes hydroxylating systems catalazing such key reacti
ons as i) a siccessive cholesterol transformation to pregnenolone, ii) fi
ned steps of corticosterone and cortisol synthesis, iii) biosynthesis of 
aldosterone, the main representative of mineralocorticoids (Refs· 1-3)· The 
study of these systems will, on the one hand, give a better view on the cau
ses of a number of serious endocrine diseases and, on the other, outline 
perspectives to their use in the preparative synthesis of steroid hormones· 
Mitochondrial hydroxylating systems involve three major protein components: 
flavoproteid (adrenodoxin reductase), non-heme iron-containing protein 
(adrenodoxin) and hemoproteid (cytochrome P-450)· These three proteins form 
a chain of electron transport to the active site of cytochrome P-450, indis-
pensible for the molecular oxygen activation, whereas specific configura
tion of active sites of cytochromes P-450, differing in substrate specifisi-
ty, ensure selective stereospecific incorporation of the activated oxygen 
into a substrate molecule· 
We have recently reported the isolation of individual components of 20S,22R-
cholesterol hydroxylating system, their physico-chemical properties and the 
electron transport regulation, with some structural characteristics for the 
homogeneous adrenodoxin reductase and cytochrome P-450 preparations presented 
for the first time (Ref·4)· It remained unclear, though, in what way the 
hydroxylating systems were arranged? We assume that the individual proteins 
are capable of self-association into a stable multienzyme complex. The re-
constitution of the cholesterol hydroxylating system was carried out on a 
column with adrenodoxin immobilized on CNBr activated Sepharose 4B (330 
nmol of adrenodoxin/ml of precipitated gel)· A sequence of stages in the 
self-association of the 20S,22R-cholesterol hydroxylating system is furni
shed in Pig· 1· First, adrenodoxin reductase was passed through the column· 
Then cytochrome P-450, free of detergent (sodium sholate) was applied on the 
column· Adrenodoxin reductase and cytochrome P-450 were used in quantities 
exceeding necessary for the saturation of the column. It was established 
that the sequence of stages is ineffective for the self-association process. 
The process would occur both with independent and simultaneous applications 
of the proteins on the column· This fact testifies that the process of self-
association of ternary complexes involves independent formation of binary 
complexes of adrenodoxin reductase and cytochrome P-450 with adrenodoxin· 
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Pig· 1. Self-association of the 20S,22R-cholesterol hydroxy
lating system on a column with adrenodoxin-Sepharose, trans
formation reaction of cholesterol to pregnenolone and diffe
rence desorption of the proteins of the system· The initial 
stage shows immobilization of adrenodoxin on OjJBr activated 
Sepharose 4B· 

To prove functional activity thus reconstituted, NADPH and[4-C j -
cholesterol were passed through the column· The examination of the eluate 
proved cholesterol transformation to pregnenolone in 30-40% yield. Using 
the different conditions for the adrenodoxin reductase and cytochrome P-450 
desorption from immobilized adrenodoxin, we have succeeded in "disassemb
ling11 the system and eluting individual proteins. The proteins obtained did 
not differ from the initial ones in activity and after a short dialysis 
(or 10-fold dilution) could be repeatedly used for the self-association on 
adrenodoxin-Sepharose (Ref.5·)· It is essential to note that the cytochro
me P-450 complexing with immobilized adrenodoxin shown by us together with 
conditions found for the cytochrome P-450 desorption, permitted us to pro
pose a principally new method for preparative isolation of the 20S,22R-
cholesterol hydroxylating cytochrome P-450 in a homogenious state (Ref.6). 
The same approach has been used for the isolation of the 11^-hydroxylating 
cytochrome P-450. A specific self-association of the 20S,22R-cholesterol 
hydroxylating system has been verified by the experiment described below. 
Adrenodoxin was passed through the column with the reconstituted system ac
cording to lineary increasing gradient of concentration, which led to a se
lective desorption of adrenodoxin reductase and cytochrome P-450 from the 
column, i.e., to a selective "disassembling" of the system. An analogous 
approach with the same preparations of adrenodoxin and adrenodoxin reductase, 
but with 11jS-hydroxylating cytochrome P-450, has been employed to reconsti
tute the system of corticosterone and cortisol biosynthesis. The steroid 
transformation in that case amounted to 60%. 
Does the self-association occur in a solution? Using several independent 
methods we have succeeded in giving a positive answer to this question 
(Ref. 4)· Thus the effect of the increasing adrenodoxin concentrations on 
the activity of the 20S,22R-cholesterol hydroxylating system in a solution 
with fixed amount of adrenodoxin reductase and cytochrome P-450 has been 
investigated. At concentrations comparable to those of other proteins of 
the system adrenodoxin stimulates cholesterol hydroxylation. However, with 
great excesses of adrenodoxin an inhibiting effect has been observed. This 
is likely to be interpreted as follows. Initially, adrenodoxin stimulates 
the process of hydroxylation by involving adrenodoxin reductase and cytoch
rome P-450 into forming ternary active complexes. With further increase in 
adrenodoxin concentration (above 40-fold) the excess amounts of it compete 
for the binding sites with adrenodoxin reductase and cytochrome P-450 and 
destroy the ternary complexes to form binary inactive ones. This effect 
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couldn't have been observed in the absence of adrenodoxin complexing with 
other proteins of the system, that is, in the absence of self-association 
of the system. When performing a process of hydroxylation of different ste
roid substrates on the column with reconstituted steroid hydroxylating sys
tems a decrease in general activity of the hydroxylating systems has been 
marked. The adrenodoxin reductase and cytochrome P-450 eluted after the ex
periment did not differ in activity from the authentic preparation. So, this 
loss in the enzymic activity of immobilized systems could be due to an inac-
tivation of adrenodoxin only. We have found that in the process of electron 
transport a decomposition of PegSp cluster occurs. It was of great interest 
to elucidate the role of the cluster in the self-association of a multien-
zyme complex, and also to determine conditions for its recurrent incorpora
tion. To achive a complete removal of the FepS2 cluster adrenodoxin-Sepha-
rose after anaerobic reduction with dithionite was treated with large exces
ses of mercaptoethanol. Under these conditions a complete disappearence of 
the adrenodoxin-Sepharose colowring observed, though the immobilized adreno
doxin preserved its ability to complex with adrenodoxin reductase and cyto
chrome P-450. Treatment of the immobilized adrenodoxin with 4M urea and 8M 
urea in the presence of mercaptoethanol did not affect the complexing of in
dividual protein systems. Even after a 56 h incubation of adrenodoxin-Sepha
rose in an 8M urea solution in the presence of mercaptoethanol, a self-as
sociation of the ternary complexes of the type: adrenodoxin reductase -
free of Pe2$2 cluster adrenodoxin - cytochrome P-450 did occur when adreno
doxin reductase and cytochrome P-450 were applied on the column with adreno
doxin-Sepharose washed from urea. Thus, after the destruction of the Fe2S2 
pluster in the process of hydroxylation, the proteins of the steroid hy
droxylating system, adrenodoxin reductase and cytochrome P-450 do not disso
ciate from the column with adrenodoxin-Sepharose, but the cluster destruc
tion results in an electron transport stop in the reconstituted on the co
lumn hydroxylating system thus leading to the mentioned above enzymic acti
vity decrease. We have determined conditions for the reconstitution of the 
Pe2S2 cluster in immobilized adrenodoxin. To that purpose, adrenodoxin-Se
pharose (immobilized adrenodoxin did not contain a cluster) in an 8M urea 
solution in the presence of mercaptoethanol was placed in an ultrafiltra-
tion cell (Whatman 3MM paper disk served as a filter), kept under anaerobic 
conditions, and then a mixture of Itê S and Fe?S04 was introduced into the 
cell. To remove urea and mercaptoethanol, Ο,θΒΜ sodium phosphate buffer 
(pH 7,4) was passed through the incubation cell using the streame of nitro
gen. The adrenodoxin-Sepharose was bubbled with oxygen for the oxidation of 
an incorporated cluster. After that a column was packed with reconstituted 
adrenodoxin-Sepharose. Adrenodoxin reductase and cytochrome P-450 were 
passed through for the self-association of the 20S,22R-cholesterol hydroxy
lating system. A subsequent hyddroxylation of steroids showed a 85% recon
stitution of the enzymic activity of the hydroxylating .system. Thus in the 
case of destruction of the hydroxylating process in vitro it can be done 
follow: i) to "disassemble" the reconstituted systems, ii) to repare or to 
substitute a non-operative component and iii) to perform a self-association 
of the systems on a column with adrenodoxin-Sepharose once again for their 
further use. 
Prom the data presented above follows that on a cytochrome P-450 molecule, 
apart from the catalytic centre, there exists a "site" for binding with ad
renodoxin. Using limited proteolysis we attempted to separate the catalytic 
site (an active centre containing protoheme IX) from that responsible for 
self-association of the enzyme with adrenodoxin. The experiment aimed at 
elucidating the ability of different in substrate specificity cytochromes 
to complex with one and the same protein of the electron transport chain, 
namelly, adrenodoxin. Presented here axe the data on a limited proteolysis 
of the 20S,22R-cholesterol hydroxylating cytochrome P-450. In tne hydrolysis 
of the 20S,22R-cholesterol hydroxylating cytochrome P-450 with trypsin 
(20°C, trypsin/cytochrome ratio 1:50) under conditions of its disaggrega-
tion (0,05M sodium phosphate buffer, pH 7,2 , containing 1M ITaCl and 0,3% 
sodium cholate (Ref. 4); it was found that during the first couple of minu
tes there appear two fragments,F-j (M=27000) and Fo (M=21000) apart from the 
native cytochrome P-450 (30%). On the extending the hydrolysis time up to 
20 min the cytochrome band disappear completely to leave fragments P-j and 
P2» only. Further prolongation of the proteolysis to 8 h results in a ser-
tain decrease in the amount of the Fi and P2 fragments and in the appea
rance of two other fragments, F3 (M=H000) and F4 (M<10000). Time extention 
up to 24 h practically results in a retention of fragments F-j and P3. In 
enhancing a trypsin/cytochroia& P-450 ratio (1:10) the same set of fragments 
was observed upon 3 h proteolysis. 
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Upon applying the 20 min hydrolysate (trypsin/cytochrome P-450 ratio 1:50) 
or 3 h hydrolysate (trypsin/cytochrome P-450 ratio 1:10) on a column with 
adrenodoxin-Sepharose, the fragments were sorbed in a way similar to the 
native cytochrome P-450, so that they were successfully eluted as a single 
fraction under conditions proposed by us for the desorption of cytochrome 
P-450 from adrenodoxin-Sepharose (Ref, 5·)· This led us to assume that the 
fragments F«i and F? o r p1 a n d ^3 formed i» *he hydrolysis of cytochrome 
P-450 remain firmly associated, so that the proteolyaed cytochrome P-450 
both in the form of F-j and F2 fragments and F«j and P3 fragments could retain its activity for a sertain period of time both with reconstituted in 
a solution 20S,22R-cholesterol hydroxylating system and in the case of 
self-assembling of the system on a column with immobilized adrenodoxin· The 
stability to trypsin the fragments produced supports a biglobular (triglo-
bular) structure for the native cytochrome P-450 monomer· 
Upon the dissociation of the fragments in 0,05M phosphate buffer, contai
ning 1M NaCl, 0,3% sodium cholate and 0,3* Tween 80 the fragments were se
parated on the column with Sephadex G-200· It was established that the heme 
is attached to the fragment F̂  globule; the same fragment may contain a 
specific adrenodoxin binding site. 
Functional assignment of fragments F2

 a n d F3 a n d a location of the P-j, Ρ2 
and P3 fragments in a polypeptide chain of cytochrome P-450 are in pro
gress in our laboratory. 
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ANALYSIS OF LOCAL ENVIRONMENT 
OF HISTIDINE RESIDUES IN PROTEINS 

BY HYDROGEN-TRITIUM EXCHANGE 
REACTION 
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Abstract - A general procedure to analyze local environment of individual 
histidine residues in proteins is presented. This procedure is based on the 
hydrogen-tritium exchange reaction at the C 1 position of the imidazole ring 
of histidine. Since the exchange reaction is pH-dependent, dissociation 
constant (pKa) of the imidazole of a histidine residue can be measured from 
the plot of the rate constant versus pH of the reaction medium. Deviation 
of pKa of the histidine residue in question from its intrinsic pKa suggests 
that the neighboring charged group is interacting with the histidine. The 
magnitude of the exchange rate constant corresponds to solvent accessibility 
of the imidazole ring of the histidine in the three-dimensional structure 
of the protein. Using these correlations local environment of individual 
histidine residues in ribonuclease T and a serine protease produced by 
Streptomyces erythreus, whose three-dimensional structures are unknown, is 
discussed. 

INTRODUCTION 

Histidine is known as one of active site residues in a number of enzymes. It is important to 
analyze local environment of the histidines to understand molecular mechanisms of their 
catalytic reactions. Kagamiyama et al. (Ref. 1) pointed out that non-terminal histidines 
were sometimes labelled with tritium when the classical C-terminal tritium labelling method 
of Matsuo et al. (Ref. 2) was applied to aspartate aminotransferase from pig heart. This 
phenomnon is of interest since we can label histidine residues in proteins selectively if we 
could find out suitable conditions. We looked for the best conditions for the labelling 
reaction with acetylhistidine (Ac-His) and found that the reaction was simply pH-dependent. 
We could then prove by 1H NMR spectoscopy that the hydrogen atom attached to the C * posi
tion of the imidazole ring was exchanged with deuterium during incubation of Ac-His in D„0. 
Vaughan et al. (Ref. 3) proposed a mechanism of the deuteration of imidazole based on the 
kinetic measurements as shown in Fig. 1 as the major reaction course. 

Η Ν Ω Ν 4 ^ H N W N H " 5 ^ H N @ N H ^ H N V O N H 

H H θ Τ 
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Fig. 1. Reaction mechanism for hydrogen-tritium exchange at the C 1 position 
of the imidazole ring of histidine (according to Vaughan eit_ al. (Ref. 3)). 

The overall reaction is the pseudo-first-order for total concentration of histidine (rate 
constant, k ) and the rate determining step is the formation of an intermediate ylide which 
is the second-order (k„) in respect to the concentrations of 0H~ anion and the imidazolium 
cation. Thus 

overall rate = k,[His^ _ -] = k0[His+] [OH-] (1) 
ψ total z 

k = k2Kw/(Ka + [H+]) (2) 
therefore 

where Kw is the ion product of water. The k. value can be measured experimentally by the 
following equation (3). 
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Fig. 2. Tritium exchange titration curve for Ac-His at 37°C. 

In {(a x)/a} - -k^t (3) 
where a_ and x are the specific radioactivities incorporated at time °° and t, respectively. 
Figure 2 shows the pH-dependency of the hydrogen-tritium exchange reaction rate constant (k ) 
at the C£l position of the imidazole ring of Ac-His at 37°C (Ref. 4). At lower pHs no ψ 

exchange takes place and at higher pHs k. values become constant (k ). 

thus 

kmaX - k0Kw/Ka Ψ 2 
k2 = Ka kmaX/Kw 

(4) 

(5) 
Between these two extreme pHs k. changes with pH of the incubation medium. When the rela
tion of eq. (5) is used, eq.(2) can be rearranged into the following eq. (6). 

log 
k /kmax 

- k /knax 
pH - pKa (6) 

Equation (6) corresponds to the Henderson-Hasselbalch equation and the left side term of the 
equation implys the ratio of mole fraction of imidazole to that of imidazolium cation which 
is reactive species in the exchange reaction as shown in Fig. 1. Thus the midpoint of the 
sigmoid shown in Fig. 2 corresponds to pKa of Ac-His. We can therefore estimate pKa values 
of histidine derivatives by hydrogen-tritium exchange reaction. 

EFFECT OF NEIGHBORING CHARGED GROUPS ON pKa OF HISTIDINE 

We applied this procedure to guanylic acid specific ribonuclease (RNase) jTt. prepared from 
the cultured broth of Streptomyces erythreus. It contains two histidines in 101 amino acid 
residues in a single polypeptide chain (Ref. 5). The results obtained at ionic strength 0.2 
for the two histidines are shown in Fig. 3 (procedure for the tritium exchange titration for 
proteins is described later). 
Values for k^ are similar to each other but pKa values are largely different for the two 
histidines (Ref. 6). To search for factors affecting pKa value of the imidazole ring, 
neutral acetylhistidine methylamide (Ac-His-NHMe), acidic Ac-His and basic histamine were 
subjected to the tritium exchange reaction as model compounds. As listed pKa values measured 
in Table 1, pKa of Ac-His-NHMe is 6.30, which seems to be an intrinsic pKa of histidine 
residues in proteins, and neighboring negative charge raises pKa (Ac-His) and positive charge 
lowers (histamine) (Ref. 7). These results suggest that strongly interacting negative charge 
exists around His-60 (pKa 7.95) in RNase Sjt. in contrast to His-91 (pKa 6.30) in its three-
dimensional structre (Ref. 6). 
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TABLE 1. Effects of charged groups on pKa of the imidazole ring of 
histidine derivatives in hydrogen-tritium exchange reaction at 37°C. 

Compound Charged group pKa ApKa 

Ac-His-His-NHMe 

Ac-His 

Histamine 

-coo" 
-ΝΗΪ 

6.30 

6.90 

5.90 

0 

+ 0 .6 

- 0 .4 

2.0 

1.5 
' ι -

"o 
X , 0 

2C 

0.5 

0 

RNase St. 

Hie-91 / 
_ pKa 6.30 L 

Z 1 l - _ L I 

o 

/ · 
*/ · / · 

f ^ His-60 
/ pKa7.95 

1 1 1 
7 
PH 8 9 10 

Fig. 3. Tritium exchange titration curves for His 60 and His-91 in RNase St. 
(Streptomyces erythreus) at 37°C and ionic strength 0.2 (Ref. 6). 

FACTORS AFFECTING REACTIVITY OF THE IMIDAZOLE RING OF HISTIDINE IN PROTEINS 

When the tritium exchange titration was applied at ionic strength 0.1 to bovine pancreatic 
RNase A containing four histidines, similar pKa values were measured but their k values 
were different from each other as shown in Fig. 4 (Refs. 8 & 9). We thus used several 
imidazole derivatives having different pKa values as model compounds to look for factors 
affecting reactivity of the imidazole ring in the tritium exchange reaction. As shown some 
typical examples in Table 2, pKa is clearly proportional to k, linearly. The k changes 
as a function of pH, but k2 is a constant for respective compounds (see eqs. (2) and (5)). 
When values of log k£ for the four model compounds listed in Table 2 are plotted against 
their pKa values, a straight line can be obtained as shown in Fig. 5, which is similar to the 
Br^nsted plot for the general base-catalyzed ester hydrolysis reaction, but the direction 

TABLE 2. pKa and k. of imidazole derivatives in hydrogrn-tritium exchange 
reaction at 37°C. Ψ 

Compound pKa kmaX ( x 10 2/h ) 

trans-Urocanic acid 
Ac-His-NHMe 
Ac-His 
Imidazole propionic acid 

5.65 
6.30 
6.90 
7.30 

0.95 
1.39 
2.00 
2.86 
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Fig. 4. Tritium exchange titration curves for the four histidines in RNase A 
at 37°C and ionic strength 0.1 (Refs. 8 & 9). 

Fig. 5. The Br^nsted plot for imidazole derivatives and histidine residues 
in several proteins (Ref. 7). 
Model compounds : A, trans-urocanic acid; B, Ac-His-NHMe; C, Ac-His; D, imidazole 
propionic acid. RNase A : 1, His-105; 2, His-119; 3, His-12; 4, His-48. 
Lysozyme : 5, His-15. RNase T- : 6, His-40; 7, His-27; 8, His-92. RNase St . : 
9, His-91; 10, His-60. S^. eryth. trypsin : 11, His-27; 12, His 154; 13, His-57. 

of the straight line is reverse. We call this relationship in the tritium exchange reaction 
as Br^nsted plot hereafter. In Fig. 5, log k versus pKa relations for the four histidines in 
RNase A are also plotted together with for histidines in several proteins. The perpen
dicular distances between the measured values for the four histidines in RNase A and the 
straight line in the Br^nsted plot correspond clearly to solvent inaccessibilities of the 
individual histidines which can be deduced from the three-dimensional structure (Ref. 10) 
based on the X-ray crystallographic analysis, of which schematic drawing is shown in Fig. 6. 
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When the tritium exchange reaction of any protein is carried out in the presence of 6 M 
guanidine hydrochloride, pKa values of every histidines fall into 6.3 ^ 6.5 and their 
relative values of k, to that of Ac-His are about 0.55 (Ref. 9). Therefore it can be 
concluded that the differences in pKa and the reactivity of individual histidines in native 
proteins are controlled by their environmental factors in their three-dimensional structures. 
Using the information of the two parameters for individual histidines measured in the tritium 
exchange titration, we can predict local environment of each histidine residue even if their 
three-dimensional structures are unknown. 

Fig. 6. Schematic drawing of locations of the four histidine residues in 
RNase A. Dotted line indicates region of the active site crevice. 

PROCEDURE OF TRITIUM EXCHANGE TITRATION FOR PROTEINS 

In applying the tritium exchange titration to proteins containing more than two histidines, 
procedure is not simple. Protein samples (0.3 ymole) are incubated with buffered tritiated 
water (0.2 ml, 4 mCi) at a definite ionic strength at 37°C and various pHs in sealed tubes 
separately for 24 ^ 48 h. After the incubation, the reaction is terminated by adding 0.5 ml 
of formic acid. The excess tritiated water is removed in. vacuo and the removal of the 
exchangeable tritium is repeated several times by dissolving the dried sample in 30 % acetic 
acid. The radioactive protein in 0.5 M formic acid is subjected to gel filtration to remove 
salts. The lyophilized radioactive protein i$ oxidized with performic acid followed by 
digestion with proteolytic enzymes for 2 ^ 4 h. When trypsin or chymotrypsin is used at pH 8, 
back exchange of the incorporated tritium takes place in about 10 % at 37°C for 4 h. The 
radioactive histidine-containing peptides are separated from each other by two-dimensional 
peptide map and are extracted with 30 % acetic acid from the map. We have to prepare about 
30 peptide maps from the labelled protein samples at 30 different pHs to prepare sigmoid 
curve illustrating the k(- pH correlation. The extracted peptides are hydrolyzed with 6 M 
HC1 at 110°C for 24 h as usual. The specific radioactivity of histidine is calculated by 
counting radioactivity and by analyzing histidine content in the hydrolyzate. During the 
acid hydrolysis no back exchange of the incorporated tritium is proved to be taken place 
(Ref. 4). From the specific radioactivity x at time t and a. at °°, which is measured by use 
of Ac-His with the same lot of tritiated water, k. can be calculated by using eq. (3). A 
sigmoid curve is then prepared by plotting k. against the reaction pH for each histidine. 

ANALYSIS OF LOCAL ENVIRONMENT AROUND INDIVIDUAL HISTIDINE RESIDUES IN PROTEINS 

Ribonuclease _T._ 
RNase T- of unknown three-dimensional structure was subjected to the tritium exchange 
titration at ionic strength 0.2. RNase T- contains three histidines at the position of 27, 
40 and 92 (Ref. 11). Figure 7 shows the peptide map of the tryptic-thermolytic digest (each 
for 2 h at 37°C) of the performic acid oxidized RNase T-. The amino acid sequences of the 
four histidine-peptides, which were deduced from the results of amino acid and N-terminal 
analyses, are also shown in Fig. 7. Peptide I-A and I-B were combined since* the two contained 
the same His-92. The k. values measured at various pHs for the three peptides are plotted 
against pH as shown in Fig. 8. The three sigmoids in Fig. 8 are broken above pH 9 and k 
values of the three histidines are converging to about 0.01/h, suggesting denaturation of the 
enzyme. In the presence of a competitive inhibitor, 3'-GMP, sigmoids for His-40 and His-92 
shifted to alkaline pH as seen in Fig. 9, suggesting that the two are participated in the 
active site of the enzyme (Ref. 12). The Brftasted plot for the three histidines shown in 
Fig. 5 suggests that His-40 is located near the molecular surface while His-27 and His-92 are 
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Fig. 7. Peptide map of the tryptic-thermolytic digest of the performic acid 
oxidized RNase T.. and amino acid sequences of the four histidine-peptides. 
Paper chromatography was first carried out on Whatman 3MM paper with 
1-butanol-pyridine-acetic acid-water (15 : 10 : 3 : 12, by vol.) followed by 
electrophoresis at pH 3.5 (pyridine-acetic acid-water = 1 : 10 : 289, by 
vol.) and at 50 volts/cm (Ref. 12). 
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Fig. 8. Tritium exchange titration curves for His-27 ( o ), His-40 ( Δ ), 
and His-92 ( · ) in RNase T at 37°C and ionic strength 0.2. Above pH 9 
the enzyme starts to denaturation and their local environment is becoming 
a similar state (Ref. 12). 

imbedded in the molecule and their solvent accessibilities are similar to that of His-12 in 
RNase A. The values of pKa of the three histidines are around 7.5, suggesting that strongly 
interacting carboxyl groups exist near respective histidine residues in the three-dimensional 
structure of the enzyme. In Jhe tritium exchange titration the effects of these carboxyls 
could not be visualized, but H NMR titration (Ref. 13) revealed the interaction with 
carboxyls in the three histidines as shown in Fig. 10; His-40 interacts with a carboxyl with 
pKa 4.1, probably active site Glu-58 (Ref. 14), His-27 with a pKa about 5, and His-92 with a 
pKa around 4. 

Streptomyces erythreus trypsin 
Next, the tritium exchange titration was applied to a protease possessing trypsin specificity 
produced by St̂ . erythreus (St. eryth. trypsin) (Ref. 15) to estimate pKa of the active site 
histidine, since several investigators (Ref. 16-19) assigned acidic pKa (3.5 ^ 4.5) and 
others (Refs. 20-22) neutral (6.5 ^ 7.5). We found that Sjt. eryth. trypsin containing four 
histidines in 227 amino acid residues is stable between pH 4 and 9 without autodigestion 
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Fig. 9. Tritium exchange titration curves for the three histidines in RNase T-
in the presence of 3?-GMP. No difference in the titration curve for His-27 
between in the presence (broken line) and in the absence (full line) of the 
competitive inhibitor was observed, suggesting that His-27 is located in a 
region apart from the active site (Ref. 12). 
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Fig. 10. Proton NMR titration curves for the three histidines in RNase T-
at 32°C. Peak assignment was carried out by comparing rate constants of 
hydrogen-deuterium exchange with those of hydrogen-tritium exchange for the 
three histidines (Ref. 13). 

under the conditions of the tritium exchange titration (Ref. 23). The tritiated protease was 
purified by affinity chromatography on a column of Sepharose 4B coupled with soybean trypsin 
inhibitor. The purified radioactive protease was reduced and aminoethylated with ethylene-
imine instead of performic acid oxidation, since the primary structure has not been elucidat
ed yet and the histidine-peptides extracted from the peptide map must be sequenced. The 
peptide map of the tryptic-chymotryptic digest of the aminoethylated protease and amino acid 
sequences of the four histidine-peptides are shown in Fig. 11. The active site histidine 
(His-57, chymtrypsinogen numbering system) was concluded to be involved in peptide IV in 
Fig. 11, because this peptide disappeared on the map upon treatment of the native protease 
with tosyllysine chloromethyIketone and sequence similarity with those of other serine 
proteases. The tritium exchange titration curves for the four histidines are shown in Fig. 
12. His-91 could not be labelled with tritium, suggesting that it is imbedded in the 
molecule or located in a solvent inaccessible region. The present method gave pKa 6.7 for 
the active site His-57, suggesting that it is proyonated below pH 6 (optimum for enzyme is 
pH 8). The Br^nsted plot for the three histidines is shown in Fig. 5. His-57 seems to be 
imbedded in a manner similar to His=48 in RNase A. His-27 appears exposed on the molecular 
surface and some unknown factors seem to accerelate the tritium exchange reaction. Similar 
accerelation was observed for His-15 in hen's egg white lysozyme (Ref. 4). A cationic group 
must be interacting strongly with His-27 since its pKa is very low (pKa 4.8). It is well 
established that the active site His-57 is hydrogen bonded to Asp-lo2 in serine proteases. 
Therefore, pKa of His-57 must be higher than the intrinsic pKa of histidine residue (pKa 6.3 
^6.5) in proteins due to interaction with the neighboring carboxyl group of Asp-102. This 
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Fig. 11. Peptide map of the tryptic-chymotryptic digest of the reduced and 
aminoethylated ĵ t. eryth. trypsin and amino acid sequences of the histidine-
peptides (Ref. 23). 
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Fig. 12. Tritium exchange titration curves for the four histidine residues 
in j[t. eryth. trypsin at 37°C and ionic strength 0.2. The inset in this 
figure shows the sigmoid for His-57 with an enlarged ordinate (Ref. 23). 

is not the case. There exists, therefore, some factors around His-57 to reduce acidity of 
Asp-102. One of the candidates is induced nucleophilicity of the 0Ύ atom of the active site 
Ser-195 through hydrogen bonding system (charge relay system) originally proposed by Blow e_t 
al. (Ref. 24), although recent refined X-ray crystallographic data suggested that no hydrogen 
bond may exist between N£ 2 of His-57 and 0Ύ of Ser-195 (Ref. 25). In order to prove the 
above speculation further studies must be performed. 

CONCLUDING REMARKS 

1. The hydrogen-tritium exchange reaction at the C x position of the imidazole ring of 
histidine residues in proteins can be used to analyze local environment of individual 
histidines in proteins even though their three-dimensional structures are unknown. 
2. The neighboring cationic group lowers pKa of the histidine residue, while the neighboring 
anionic group raises. 
3. The magnitude of the second-order rate constant in the exchange reaction seems to 
correspond to solvent accessibility of the histidine residue in the protein. 
4. The present reaction can be used for assignment of the active site histidines by carrying 



Histidine Residues in Proteins 143 

out the exchange reaction in the presence of a competitive inhibitor, if they are participat
ed in the formation of the active site of the enzyme. 
5. The present reaction may be utilized for analysis of the interaction between a protein 
and other biological macromolecules, if histidines are concerned. 
6. The present reaction can be used for the assignment of histidine peaks in Ti NMR 
titration of proteins. 
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Abstract - The two independent molecules in the asymmetric 
unit of the 2 zinc insulin crystal assume distinctly different 
conformations at the A chain N terminus. The variation seems 
to arise from the interactions made to the two B5 histidines 
which are packed closely together by the crystal organisation 
of 2 zinc insulin. In 4 zinc insulin where only one B5 
histidine interacts with the initial A chain residues the 
packing is less constricted, and a similar preferred 
conformation in the initial A chain residues is seen for both 
molecules. 
INTRODUCTION 

Professor Shemyakin's name is in my mind intimately connected with problems 
of peptide chemistry, particularly rings including peptide groups, although 
I know he has made contributions in many other fields of organic chemistry. 
I therefore thought it worth recording in his memory, the present state of 
our observations on the internal peptide disulphide rings of the A chains of 
insulin. 
I first came across work in the Soviet Union in the field of peptide chemistry 
during the war, in 1944, when Professor Florey visited Moscow and brought the 
news and later some actual crystals of the antibiotic peptide, gramicidin S. 
Its discovery and use in treating wounds was published by Gauze and 
Brazhnikova (1) in Nature in 1944; it seemed a potentially very useful 
subject for exact study in its own right and also possibly for the light it 
might throw on the structure of proteins. The crystals passed into the hands 
of R.L.M. Synge who gave some of these to me. We planned a parallel chemical 
and crystallographic study. At that moment, the X-ray analysis of even the 
smallest protein molecule we knew, insulin, seemed far out of our reach. As 
the years went on, other small biologically active peptides appeared and, 
particularly, oxytocin and vasopressin. In developing Chromatographie 
methods of amino acid sequence determination, the order of events we had 
imagined for X-ray analysis actually occurred. Synge tried these techniques 
first on gramicidin S and his success was followed by others on oxytocin and 
vasopressin. In 1956 Sänger (3) was able to show that within the A chain of 
insulin, the cystine disulphide bond closed a peptide ring identical in size 
with that of oxytocin. It was tempting, in the absence of exact knowledge, 
to suggest that the structures were geometrically similar and I succumbed 
to the temptation. The most plausible model for gramicidin S was based on 
3-pleated sheets which could easily, by $ bends, bring residues carrying 
cysteine groups at the correct interval to react with one another, to form 
the disulphide ring of either oxytocin or vasopressin. 
Now that many peptide and protein structures have been solved by X-ray 
analysis we realise that a number "of variations are possible in peptide chain 
geometry, even controlled as it must be by conformational restrictions, as 
Ramachandran and others have calculated. It is all the same surprising to 
find that the initial residues of the insulin A chains, 1-11, adopt markedly 
different conformations in the two insulin molecules which constitute a dimer 
in the 2-zinc insulin (pig) crystals. These differences were first observed 
in the structure analysis at 2. resolution reported in 1969, (4) 1971. (5) 
They have now been checked in detail through various processes of refinement 
of the original crystal structure analysis at Oxford, currently based on data 
extending to 1.5Ä. In one of the operations used, 1/8 of the atomic 
distribution at a time was omitted in the calculations of phase constants 
required for the evaluation of new electron density distributions: several 
residue rearrangements followed from the revised calculations While many 
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of the small adjustments which resulted from the refinement decreased the 
differences originally observed between the B chains of the two insulin 
molecules, the differences between the A chains persisted. They are 
confirmed by a totally independent solution of the structure of 2-zinc 
insulin carried out by the Peking insulin group (6). 
In both insulin molecules the B chain consists of three distinct regions : 
an extended chain between 1 and 10, an a helix between 10 and 19 and a 
short loop, followed by an extended chain, 23-30. In both molecules the A 
chain rests on the B chain helix and makes contacts with the extended 
regions. The two individual molecules may be described as follows: 
Molecule I (Oxford) 
The initial eight residues follow the general course of a rather irregular 
α-helix. There was some initial obscurity about glycine Al: the first 
maps suggested the carbonyl group was directed away from the line of the 
helix, associated possibly with some disorder. The refined structure shows 
predominantly the helical form. The oxygen to nitrogen hydrogen bonded 
distances within the helical region vary from 2.80-2.968 with the exception 
of the distance 03 - NH7 which is 3.38. Here the carbonyl oxygen makes a 
close contact, 2.8öS, with a very well-defined water molecule. The glycine 
terminal N+Hg group is in contact at 2.88 with glutamic acid C02~ at A4: it 
is also hydrogen bonded to two well defined water molecules. There is no 
hydrogen bond directly across the peptide 6-11 disulphide ring. Approximately 
the CO and NH groups are directed at angles approaching 90° to the ring 
making external contacts. Two, 11NH and 11C0, hydrogen bond with 4C0 and 
4NH as in a 3 sheet; CO 7, 8 and 9 all interact with histidine B5 either of 
molecule I or II. They also make contact with water molecules. 
Molecule II (Oxford) 
The initial residues again follow a helical course but only the first three 
a helical hydrogen bonds are made, C01-NH5, C02-NH6, C03-NH7. From this 
point the helix widens to a π helix C04 contacts NH9 and C05 makes a rather 
long contact, 3.38 with NH10. Again the glycine Al NH3

+ is salt bridged to 
glutamic acid A4 C02~. It is also salt bridged in a beautifully defined 
arrangement, found on structure refinement, with the B chain terminal 
carboxyl group. Again there is no hydrogen bond across the peptide 
disulphide ring and the CO and NH groups make external contacts, 11C0 and 
NH with 4NH and CO as before and C07 and C09 with histidine B5 (molecule II). 
Figures 1,2 and 3 illustrate the different chain conformations and the 
contacts made within the chains and by the chains and the crystal. Details 

Fig. 1. Projections of the A chain residues 1-11 in 2-zinc insulin of 
molecule I and molecule II seen parallel with the £ axis. The line of 
the approximate 2-fold axis is shown. 
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(a) (b) 

A6 
An 

Fig. 2. Projection of the A chain residues 1-11 in 2 zinc 
insulin seen roughly normal to the plane of the ring. 
(a) molecule I, (b) molecule II, (c) molecule I (thick line) 
and molecule II superimposed. 

Fig. 3. Contacts between the A & B chains of molecules I 
and II, 2 zinc insulin, seen in the direction of the c_ axis. 
Molecule II above, thick line; molecule I below, thin line. 
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of the φ and ψ angles which define them are shown in the Ramachandran plot 
in Figure 4. These indicate that the principle difference is due to a 
relative rotation about the bond 6Ca-NH which appears as a change in 0 of 
A6. Many of the residue conformations are unchanged relative to the a 
helices. 
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Fig. 4. Ramachandran plot; 
insulin. 

A chain residues 1-11, 2 zinc 

We have now examined a number of other insulin crystal structures, none in 
such detail as 2-zinc insulin, but three to a sufficient degree of accuracy 
to indicate the probable A chain conformation. Both in hagfish insulin and 
in cubic insulin (8) there is no zinc in the crystals and the insulin dimers 
are symmetrical; in both, molecule II fits the observed electron density 
better than molecule I. In 4-zinc insulin, the two insulin molecules differ 
from one another in the initial B chain residues (9) : as seen in Figure 5 

(a) (b) 

Fig. 5. Projection of the initial A chain resdues in 4-zinc 
insulin, 
a) molecule I (thick line) and molecule II seen roughly normal 

to the plane of the ring. 
b) 4-zinc insulin molecule II (thick line) and 2-zinc insulin 

molecule II seen along the C_ axis. 
(The 4-zinc insulin coordinates are taken from the 1.öS 
refinement being carried out by David Vallely at York). 
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the A chains are rather more like one another than in 2-zinc insulin in the 
initial helical residues. They differ in a geometry of the residues of the 
peptide ring from A7 to 11 both from one another and from the 2 zinc A chains. 
The relations suggest that the main reason for the change in the A chains in 
2-zinc insulin is crystallographic and due principally to the contact 
illustrated in Figure 3 between the two molecules parallel with the threefold 
axis where the histidine B5 groups are in contact with one another in 2-zinc 
insulin and are far apart in 4-zinc insulin. In 4-zinc insulin further 
changes arise from the geometrical differences at A7 B7 in molecule I; the 
reason for additional changes at molecule II is not yet clear. 

It seems likely from the observations that the preferred conformation of 
histidine B5 is that found in molecule II. If the two molecules were 
identical, the histidine group of molecule I would project directly above 
that of molecule II and the molecules as a whole would be forced further 
apart. Close packing can be achieved by turning histidine B5, molecule I, 
which forces CO 7 further away and perhaps initiates the changes we observe. 
So many other subtle differences result we cannot be certain yet that we 
have found the primary cause of the changes we observe. 
It is perhaps worth adding a post script on the other peptide ring containing 
crystals mentioned earlier: oxytocin, vasopressin and gramicidin S have all 
proved more resistant to X-ray analysis than many proteins. Oxytocin and 
vasopressin themselves have not so far crystallised well enough: recently 
good crystals of desamido oxytocin have been obtained by T. L. Blundell, the 
crystal structure is a little complicated, 2 molecules in the unit cell, but 
it seems likely it will soon yield. N.m.r. measurements taken in dimethyl 
sulphoxide suggest a conformation shown in Figure 6 for oxytocin similar 
to the old one suggested long ago but in water it appears very different. 
There has been a great deal of work, theoretical and spectroscopic, on 
gramicidin S and many proposed conformations. X-ray analysis was complicated 

Fig. 6. Conformation of oxytocin proposed by Walter. 

owing to crystals with asymmetric units containing many molecules. Some six 
years ago crystals were grown from solutions containing urea and hydrochloric 
acid and found to have a single molecule in the asymmetric unit. Very 
recently the structure of these crystals was solved at York (11). The form 
of the molecule shown in figure 8, looks, at first sight, very like the old 
proposed 3 pleated sheet structure of Figure 7 proposed by Schwyzer and by 
ourselves (12). But there are complications, which all of us who have seen 
3 sheets in proteins would now expect. The molecule is very much twisted 
and, no doubt, as in other peptide rings, there are variants of the twists 
observed here which complicate the molecular structure in other crystals of 
this, apparently, so simple peptide. 
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Fig. 7. Conformation f i r s t proposed for gramicidin S. 

(a) (b) 
Fig. 8. Projections of the molecular structure found for 
gramicidin S. 
a) down the approximate 2 fold axis 
b) perpendicular to the approximate 2 fold axis. 
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Abstract - The possibilities of modern X-ray structure ana
lysis and electron microscopy in the investigation of the 
structure of molecules of globular proteins and their asso
ciations are considered· X-ray studies of leghaemoglobin at 
2,0 I resolution and its complex with nicotinic acid allow
ed explanation of the high affinity of this protein for oxy 
gen. In the course of X-ray investigation of aspartate 
transaminase at 3 »irresolution the folding of the protein 
chain and the domain structure of protein molecules were 
established· Electron microscope studies of tubular crys
tals of proteins and a number of bacteriophages made it 
possible to determine the parameters of the helical packing 
of molecules, their dimensions and shape· 
INTRODUCTION 

During recent years the investigation of the molecules of biological ori
gin has become one of the most important applications of the method of crys 
tal structure analysis and other diffraction methods as well as of electron 
microscopy· At present, the method of X-ray structure analysis allows one 
to investigate, with very good accuracy, the structure of globular proteins 
if one succeeds in crystallizing these molecules, i.e. in obtaining a pro
tein crystal· The best works have been made at the resolution of 1,5-2 Ä, 
the accuracy of atomic coordinates being of 0.1-0?2 Ä. Electron microscopy of biomolecules gives resolution of about 20 A which makes it possible to 
study the subunit structure of protein molecules and their packing in asso
ciations of various kind· In this communication new data on the tertiary 
and quaternary structures of some globular proteins will be presented as 
well as the results of the investigation of the structure of associations 
of protein molecules, such as viruses, plane, tubular and three-dimensional 
crystals. At present, about one hundred protein structures have been solved, 
and we know the structure of a series of families of globular proteins 
which are close in function, such as globins, cytochromesfproteases, dehyd-rogenases, immunoglobins and some others. Homology of protein structures of 
a given family is very extensive; it appears to be defined by the origin 
from one common protoprotein. It is possible to illustrate this on the exam 
pie of leghaemoglobin which belongs to the globin family. 

X-RAY STUDY OP LEGHAEMOGLOBIN 
The best known common feature of all myoglobins and haemoglobins studied by 
X-ray crystallography is so-called myoglobin fold firstly revealed in sperm 
whale myoglobin and then found in other investigated haemoglobins, both mo-
nomeric and tetrameric. Leghaemoglobin was found in the root nodules of le
guminous plants (soya, kidney beans, lupin, pea etc.) which have remarkable 
and practically important property: in symbiosis with effective strains of 
bacteria Rhizobium they have ability to fix atmospheric nitrogen. It seems 
that leghaemoglobin, as many other haemoglobins, concerns with the oxygen 
transport and supplies oxygen to bacteroids. The value of oxygen affinity 
of leghaemoglobin is much higher than that of myoglobin and other known hae
moglobins. Two main fractions of lefhaemoglobin with different primary struc 
ture were isolated. The good crystals suitable for X-ray work were firstly 
obtained with the second fraction (in order of elution). The parameters of 
the unit cell of fraction II are a=92.95, b=38.31, c=52,15 A, ^ =98°45f, 
space group B2. The unit cell contains one molecule per asymmetric unit· 
X-ray analysis 'showed that leghaemoglobin possesses a myoglobin fold (Refs. 
1 & 2). Now this structure is refined at 2 1 resolution (Ref· 3). In the 
F.B.C—F 151 
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interpretation of the electron density map (Fig.1) we could use the prima
ry structure of the protein (Ref.4). Fig.2 shows the *0-carbon chain. A 
number of deviations of helices from the classical cL -helix was observed* 
The first turns in C and G helices are close to a 3/10-helix, the last 
turn in G being close to a <π -helix. Fig.2 gives as well the comparison 
of the structure of leghaemoglobin with another protein of this family -
erythrocruorin - globin from insects (Ref.5). The differences in primary 
structures for some proteins of this type are shown in Table 1. The differ 
ences between 

Fig.1 
Fig.1. Fourier synthesis of 

Fig.2 
Folding of the poly-Fig. 2. 

the electron density of leg- peptide chain in leghaemoglo-
haemoglobin, 2.0 A resolution, bin (solid line) and erythro-
Section at z=0,56 through the cruorin (thin line). 
haem group. 

plant and animal haemoglobins reach 80-90%. Inside the group of leghaemo-
globins they are naturally less - about 20-50%. 

TABLE 1. The differences in primary structure in some 
globins (%). 

1. 

2. 

3. 
4·. 
5* 

Sperm 
whale MB 
Human HB 
chain 
Lamprey HB 

88 

84 
87 

Erythrocruorin 83 
Soya bean Lg 55 
Lupinus luteus f 
Lg I comp. 

78 
75 
79 
85 
1 

75 
88 
83 
2 

1. 
2. 
3. 
79 
86 

3 

Soya Bean Lg 
Kidney bean Lg 
Broad 
bean 

86 

4 

Lg 

55 
51 20 

57 38 35 
f 1 2 

Lupinus luteus 
Lg I comp. 

Table II gives the number of residues in helices in leghaemoglobin and myo 
globin. In this respect leghaemoglobin is similar to other globins, the 
only special feature being the absence of D-helix and longer E and F heli
ces. The similarity of animal and plant haemoglobins is considered to be 
an example of the evolutionary divergence. In that case we must accept the 
existence of a protohaemoglobin in organisms which lived about 1.5 billion 
years ago - the time of divergence of plants and animals. The structural 
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TABLE II. The number of residues in helical and irregular 
segments in leghaemoglobin and myoglobin. 

NA A AB 
Lg 3 7 -
Mb 2 16 1 

B C 
16 7 
16 7 

CD 
13 
8 

D S 
- 26 
7 20 

EF F PG G GH H HC 
5 14 2 20 3 26 1 
8 10 4 19 5 26 4 

features of leghaemoglobin provide an explanation of its high affinity for 
oxygen as compared with that of most other haemoglobins. In the main, these 
features are in the structure of the functional part of the molecule, i.e. 
of the haem pocket (Fig.2). On the side of distal histidine the size of 
the haem pocket is larger than in other globins· There is a displacement 
of distal histidine towards the edge of the porphyrin system. During the 
refinement of the structure at 2 A resolution it was found that in crystals 
of leghaemoglobin investigated the acetic group is the sixth ligand of the 
Fe atom, but not the water molecule as usual. The acetic group is linked 
with the Fe atom (Fe-0y.=2.lA)via one oxygen atom, whereas the other 0 atom 

HIS F10 

"s»*«. \Ψ0 

(a) (b) 
Fig.3.a. Difference Fourier synthesis of the electron density 
showing the position of acetic group. Section of the haem 
plane is shown in solid line, b/ Positions of some residues 
in the haem pocket. 

is hydrogen bonded to N of distal histidine. Replacement of the water mole
cule by acetic acid appears to take place during crystallization from pro
tein solutions in acetic buffer· Stabilization of the acetate group in the 
haem pocket is due to additional non-valence interactions with the atoms 
of the haem group and side groups of neighbouring amino-acid residues: 
phe CDI, his E7, Val EII and Val 7 (Fig.3b)* It has also been found that 
proximal histidine is linked with the Fe atom much more weakly than in 
other haemoglobins, and than the acetic group in leghaemoglobin (Fe~N£ p r o x 
=2.44 I). The displacement of the Fe atom from the plane of the haem group 
in the direction of distal histidine by 0,1 A was observed. On the basis of 
data obtained one may assume that the strong binding of the oxygen molecu
le requires the weakening of the link of proximal histidine with the Fe 
atom. The essential changes in structure take place when it combines with 
nicotinic acid (Ref.6). It is known that nicotinic acid (NA) is a natural 
ligand of leghaemoglobin with especially high affinity for met-form of the 
protein. The analysis of the structure complex of leghaemoglobin+NA was 
carried out using the method of heavy-atom derivatives at 2.8 A resolution 
(Fig.4). It was found that the residues His E7, Phe CD3 interact directly 
withNA. The NA molecule occupies the site of distal histidine which is 
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Fig.4· Scheme of the arrangement of nicotinate and some re
sidues in the haem pocket of leghaemoglobin (solid lines)· 
Positions of his E7, phe D* in acetic form, when nicotinate 
is not present, are shown in thin lines. 

moved away and is attached to haem through the formation of linkage of the 
Fe atom to the N atom of the pyridine ring. In such a way, in leghaemoglo
bin the haem pocket proved to be so large that it could accomodate such a 
bulky ligand as NA. 

X-RAY STUDY OF ASPARTATE TRANSAMINASE 
While leghaemoglobin is a new member of well known protein family, another 
protein investigated, aspartate transaminase, may serve as an example of 
polypeptide chain folding, unknown before. Aspartate transaminase (aspar
tate :2-oxoglutarate aminotransferase, EC 2.6.1.1) catalyses the transfer of 
amino group from aspartic acid on oL -ketoglutarate, according to the equi
librium: L-aspartate + cL -ketoglutarate ^ r oxalacetate + L-glutamate. 
The molecule of aspartate transaminase is a dimer composed of two chemical
ly identical subunits. Up to now no cooperativity between subunits in dime-
ric state has been found. The molecular weight of the dimer is about 94-000. 
The enzyme has a cofactor, pyridoxal-5f-phosphate. According to the general 
theory suggested by Braunstein and Shemyakin (Refs.7 & 8) there is an inter 
mediate transfer of amino group on the coenzyme, which is converted to the 
form of pyridoxamine-5f-phosphate. The subsequent transfer of the amino 
group on keto acid provides the regeneration of pyridoxal-5'-phosphate. We 
investigated the enzyme from chicken heart cytosol · The crystals were 
grown in the presence of oC -methyl-aspartäte; they contain the enzyme in 
the form of the cofactor-substrate aldimine (Refs.9 & 10). The crystals are 
orthorhombic, space group P2y.2/.2/., a=62.7 A, b=118.1 A, c=124.5 A> the 
asymmetric unit contains one molecule of the protein, that is one dimer. 
The heavy-atom derivatives were prepared using mercury-organic compounds 
reacting with SH groups and two platinum derivatives. Average m is 
0.81. The 5 Ä resolution electron density map (Ref.10) and recent 3.5 Ä 
map showed that the molecule of aspartate-transaminase consists of two com
pact subunits which may be approximated by the ellipsoids of 40x48x60 1 
(Fig.5). The contact area between subunits of the enzyme is dense, with 
some elements inter-locking. The subunits are related by the non-crystallo-
graphic two-fold axis. In each subunit the cL -helical segments of the mole
cule are clearly seen. The relative positions of these segments are very 
similar in two subunits revealing quite clearly the structural equivalence 
of the subunits. There are 9 helical segments of different length per one 
subunit. This accounts for about 40% of the structure. The special attenti
on is paid to a long helix running along the surface of the molecule, its 
length being about 48 A. The ß -structure segments are also distinctly seen. 
In attempts of localizing the active center of the enzyme a number of expe
riments has been carried out with the protein in different functional 
states. The active site of the enzyme (coenzyme position) has been estab
lished from the difference map between two complexes of Asp-transaminase 
with quasi-substrates, one of them being alpha-methyl-aspartate, and the 
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F i g . 5 . S t r u c t u r e of a dimer of o Asp- t ransaminase . Model i s 
c o n s t r u c t e d on the b a s i s of 5 A r e s o l u t i o n e l e c t r o n d e n s i t y 
map. P o s i t i o n s of coenzymes a re i n d i c a t e d . 

o ther e r y t h r o - o x y - a s p a r t a t e . The coenzyme i s p l aced between the ends of two 
a l p h a - h e l i c e s one of which forms the b ind ing s i t e for the phosphate group 
and the o ther seems to i n t e r a c t wi th hydroxyl and methyl groups of the c o 
enzyme. The coenzyme i s s i t u a t e d about 8-*10 A a p a r t from the c o n t a c t a r e a , 
between s u b u n i t s . The a c t i v e s i t e of the enzyme has been seen to be p laced 
between t h r e e domains of the p r o t e i n . One domain i s c l o s e l y s i m i l a r to s o -
c a l l e d n u c l e o t i d e - b i n d i n g domain f i r s t l y found i n the s t r u c t u r e of l ac t ä t e 
dehydrogenase ( R e f . 1 1 ) . The s u b s t r a t e molecules are bound to another domain 
which shows easy change i n conformat ion . 

ELECTRON MICROSCOPY OF PROTEIN MOLECULES ASSOCIATIONS 

The s imples t (from the s t r u c t u r a l , but not f u n c t i o n a l p o i n t of view) case 
i s the a s s o c i a t i o n of s e v e r a l p r o t e i n s u b u n i t s i n t o a molecule wi th the 
qua te rna ry s t r u c t u r e . In the p r o c e s s of a s s o c i a t i o n the p r o t e i n molecules 
i n t e r a c t w i th each o t h e r , mainly by e l e c t r o s t a t i c f o r c e s , i . e . between 
charged groups on the s u r f a c e . Mutual-complimentary shape of p r o t e i n sub-
u n i t s or molecules i s a l s o very impor tan t i n t h i s p r o c e s s . Another type of 
a s s o c i a t i o n s of p r o t e i n molecules - when t h e i r number i s ex t remely l a r g e -
i s the format ion of o n e - , two- or t h r ee -d imens iona l p e r i o d i c s t r u c t u r e , 
i . e . cha in or c y l i n d r i c a l s t r u c t u r e , l a y e r s and t h r ee -d imens iona l c r y s t a l s . 
The most e f f e c t i v e method for i n v e s t i g a t i o n of the packing of p r o t e i n mole
c u l e s i n the a s s o c i a t i o n s a s w e l l a s the qua te rna ry ( s u b u n i t ) s t r u c t u r e of 
molecules i s e l e c t r o n microscopy i n combinat ion wi th the mathemat ical me
thods of t h r ee -d imens iona l r e c o n s t r u c t i o n of the s t r u c t u r e of o b j e c t s from 
i t s two-dimensional p r o j e c t i o n s (Refs .12 & 1 3 ) . The f i r s t work c a r r i e d out 
a s e a r l y a s 1968 by he lp of a l g e b r a i c t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n was 
the d e t e r m i n a t i o n of the packing of molecules and t h e i r qua t e rna ry s t r u c 
t u r e for enzyme c a t a l a s e , m.w. 250000 ( R e f . 1 4 ) . The qua t e rna ry s t r u c t u r e of 
the enzyme l euc ine aminopept idase has been r e c e n t l y e s t a b l i s h e d (Re f . 15 ) · 
I t i s a p r o t e i n of molecular weight 328000, composed of s i x s u b u n i t s . The 
images of the molecule i n one p r o j e c t i o n a r e t r i a n g l e s of symmetry 3m with 
s i d e s of 90 Ä ( F i g . 6 a ) . The s ide p r o j e c t i o n s ( F i g . 6 b ) and the images of 
c r y s t a l s were a l s o o b t a i n e d . The s t r u c t u r e i s shown i n F i g . 6 c , d . Six s u b -
u n i t s a re a r ranged wi th the symmetry 32 a t the v e r t i c e s of a d i s t o r t e d 
t h r e e - f a c e d p r i sm. Each of the s u b u n i t s has an "ou tgrowth" , the ends of the 
s u b u n i t s be ing j o ined i n p a i r s . Of g r e a t i n t e r e s t a r e the s t r u c t u r e s wi th 

2 h e l i c a l symmetry G* - r o d - l i k e v i r u s e s , t u b u l a r c r y s t a l s , bac te r iophage 
t a i l s . The c h a r a c t e r i s t i c va lue which a l lows d i v i s i o n of the s t r u c t u r e s 
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TABLE 3. 
Object 

Protein molecules 
Protein crystals 
Ribosomes 
Spherical viruses 

Group of 
symmetry/ 

Gl 
<»; 
Go =1 
Go =532 

Object Group of 
symmetry 

Rod- l ike v i r u s e s -\ 
Tubular c r y s t a l s 
Muscle p r o t e i n s 
Bacter iophage t a i l s ^ 

r*l 1 

Crystalline layers 
and membranes 

*/G^ - symmetry group, m - dimensionality or object, n -
number of space measurements along which the object is pe
riodical. 

(0 

(b) (d) 

Fig,6. Leucine aminopeptidase· afb - Averaged electron microscope images of the molecule along axes 3 (a) and 2 (b). 
c,d - Corresponding views of model obtained by three-dimen
sional reconstruction· 

with G^ symmetry into three classes in the ratio of the external radius to 
the size of the molecule (Ref«16). In this way we may distinguish "chain"f "rod" and "tubular" helical structures· The well-known TMV and 
other similar viruses are the classical example of the rod-like structure· 
Among helical G^ structures of special interest are the tubular crystals of 
globular proteins. Such crystals were firstly discovered in electron-mic
roscopic studies of catalase (Ref.17)· Later on, the tubular crystals were 
found for phosphorylase b and phosphorylase a as well as for glucoseoxy-
dase. The tubular crystals in vivo and in vitro are formed by protein tubu-
lin. The length of tubes for all the se proteins reaches several thousands 
Angstroms· For catalase from ox-liver period c=840 A, helical parameters 
p/qa142/17. The diameter of tubular crystals of this protein is 280-320 A. 
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Fig. 7· &· Electron micrograph of tubular crystals of cata-
lase from ox-liver· b. Reconstruction of a tube section. 
c. Model of the packing of molecules. 

Reconstruction of one horizontal section of the tube (Fig.7b) gives cross-
sections of the helically packed molecules at different levels, with the 
difference in height being c/p=5»9 Ä· The result of three-dimensional recons 
truction is given in Fig.7c. The catalase molecule has tetrahed^al symmet
ry 222 and consists of four subunits. Its volume equals 300000 A , the dimen 
sions are 79x87x93 A. Of much interest is the structure of the phage tail 
possessing helical symmetry and consisting of several kinds of protein mole
cules. The tail is an organ which injects the nucleic acid into the host 
bacterium. Some phages have the non-contractile tail which is built of pro
tein molecules of one sort. The other phages have the contractile tail con
sisting of a narrow tubular core with a central channel surrounded by a 
sheath. In both cases the structure can be described as a pile of stacking 
discs with sixfold symmetry (N=6) with a rotation determined by the helical 
parameters p and q. The phage Buturicum (Ref.19) may serve as an example of0 phages with the long non-contractile tail· The diameter of the tail is 160 A. 
The protein molecules have dimensions of about 70x30x40 A, they are arrang
ed with their long axis along the radii. The size of the axial channel is 
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50-60 i (Fig.8a,b). The T-even phages T2,T4,T6 and DD6 similar in structu
re may serve as phages with contractile tails (Refs#20,21 & 22). For phage DD6 (Fig.9atb) the diameter is 170 A; N=6· The two families of helical 

Fig#8. Bacteriophage Buturicum. a. Electron micrograph. 
b. Reconstruction of the structure of the tail. 

(a) (b) 
Fig.,9· Bacteriophage DD6 in the intact state, a. Electron 
micrograph, b. Reconstruction of the structure of the tail. 

grooves are observed on the outer surface of the tail that seem to form 
"parallelograms" on the surface of a cylinder. There is a central cylindri
cal channel along the axis (d = 30-35 A) and, additionally, six helical 
channels run between the subunits at some distance from the axis of the 
tail. The near-axis maxima corresponding to the protein molecules (m.w· 
20000) that form the phage core, and the peripheral ones correspond to the 
protein molecules (m.w· 80000) that form the sheath. For0bacteriophage Phy-5*K-12 E.coli (Ref.24) the core diameter is 220-230 A. As one can see 
from reconstruction (Fig#10a,b), the sheath molecules are certainly dimers. 
The biological function of the tail is the injection of DNA into the bacte
rium. Thus, during the process of contraction of the tail its length becom
es shorter and diameter increases, apparently due to the rearrangement of 
protein subunits. Fig.11a,b shows the phage ΏΏ6 in the contracted state, 
and the result of reconstruction (cf. Fig.9a,b (Ref.25)). The sheath diamet
er increases from 210 A to 300. A, with the simultaneous decrease in its 
height from 1000 A down to 360 Ä. In the intact structure the sheath sub-
units are arranged with their long axis being approximately tangential to 
the circumference, whereas in the contracted state they are rotated in the 
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Fig#10. Baoteriophage Phy 5*K-12 E.coli. a. Electron micrograph. b. Reconstruction of the structure of the tail· 

.Fig.11. Baoteriophage DD6 with the tail in the contracted 
state, a· Electron micrograph, b· Reconstruction of the 
structure of the tail. 

horizontal plane at an angle of 45° and are found to be close to the radial 
direction. 

CONCLUSION 
These investigations were carried out in the Institute of Crystallography 
in Moscow, partly in collaboration with some other institutes· They illust
rate the possibilities of physical methods in the investigation of structu
re and function of the molecules of biopolymers. 
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COMPLEMENTATION OF PROTEIN 
CRYSTAL STRUCTURES BY NMR 

STUDIES IN SOLUTION 
K. Wiithrich 

Institut für Molekularbiologie und Biophysik, Eidgenössische Technische 
Hochschule, 8093 Zürich-Hönggerberg, SwitzerJand 

Abstract - A description of new high resolut ion nuclear magnetic resonance 
(NMR) experiments for studies of spa t i a l protein s t ruc tures in solution i s 
presented. The po ten t ia l of modern NMR techniques to provide a many-para
meter character izat ion of s t a t i c and dynamic aspects of protein conform
ation i s i l l u s t r a t e d with recent invest igat ions of a group of small globu
l a r proteins re la ted to the basic pancreat ic trypsin i nh ib i to r . 

INTRODUCTION 

Over the l a s t two decades h igh s t a n d a r d s of d e t a i l e d d e s c r i p t i o n of s p a t i a l p r o t e i n s t r u c 
t u r e s were e s t a b l i s h e d by X-ray c r y s t a l l o g r a p h y ( 1 ) . L i m i t a t i o n s of t h e c r y s t a l l o g r a p h i c 
approach a r e t h a t s u i t a b l e s i n g l e c r y s t a l s a r e r e q u i r e d and t h a t the X-ray d a t a can on ly 
c h a r a c t e r i z e an average s t r u c t u r e and p o s s i b l y t he s p a t i a l d i s t r i b u t i o n of the atom p o s i t i o n s 
r e l a t e d by i n t e r n a l thermal motions o r s t a t i c d i s o r d e r i n t he p r o t e i n molecule ( 2 ) . Recent 
developments i n the i n v e s t i g a t i o n s of s t r u c t u r e - f u n c t i o n r e l a t i o n s i n p r o t e i n s emphasize t he 
need to complement the X-ray d a t a wi th i n fo rma t ion o b t a i n e d from expe r imen ta l o b s e r v a t i o n s i n 
s o l u t i o n (2-6) . Among the t e chn iques s u i t a b l e f o r such s t u d i e s h igh r e s o l u t i o n n u c l e a r magne
t i c resonance (NMR) i s q u i t e unique i n t h a t i t can p r o v i d e a t r u l y many-parameter d e s c r i p t i o n 
of s t a t i c and dynamic a s p e c t s of p r o t e i n conformat ions ( 7 - 9 ) . 

NMR techn iques may be used t o i n v e s t i g a t e p r o t e i n s which have f o r t e c h n i c a l r ea sons no t been 
amenable t o c r y s t a l l o g r a p h i c s t u d i e s as w e l l a s f o r complementat ion of X-ray s t r u c t u r e s wi th 
d a t a on the co r re spond ing average molecu la r s t r u c t u r e s i n s o l u t i o n and on i n t e r n a l m o b i l i t y 
i n p r o t e i n s ( 7 - 9 ) . The p r e s e n t b i o l o g i c a l a p p l i c a t i o n s of h igh r e s o l u t i o n NMR depend l a r g e l y 
on very r e c e n t developments of i n s t r u m e n t a t i o n and methods . I n the f i r s t p a r t of t h i s pape r 
some new exper iments a r e su rveyed . The second p a r t d e s c r i b e s s t r u c t u r a l d a t a f o r a group of 
g l o b u l a r p r o t e i n s which were o b t a i n e d w i th the use of t h e s e new t e c h n i q u e s . 

SPECTRAL RESOLUTION 

H NMR s p e c t r a of the b a s i c p a n c r e a t i c t r y p s i n i n h i b i t o r (BPTI) a r e shown i n F i g . 1 . BPTI 
w i l l be used as an i l l u s t r a t i o n th roughou t t h i s p a p e r . I t i s a smal l g l o b u l a r p r o t e i n w i th 
molecu la r we igh t 6500, which c o n t a i n s 324 n o n - l a b i l e and 114 l a b i l e p r o t o n s p e r m o l e c u l e . 
F i g . 1 A shows the spect rum computed f o r the random c o i l form of the p o l y p e p t i d e c h a i n , which 
cor responds c l o s e l y t o t h a t obse rved fo r dena tu red BPTI ( 9 ) , and F i g . 1 B cor responds t o the 
h igh r e s o l u t i o n H NMR spectrum obse rved f o r n a t i v e g l o b u l a r BPTI. The s p a t i a l f o l d i n g of the 
p o l y p e p t i d e cha in i s r e s p o n s i b l e f o r the d i f f e r e n c e s between t h e two s p e c t r a , which a r e thus 
the p r imary source of i n fo rma t ion for s t u d i e s of the p r o t e i n conformat ion . 

At the h igh magnet ic f i e l d of 84 k i l o g a u s s , t he spectrum of F i g . 1 B c o n t a i n s a c o n s i d e r a b l e 
number of r e s o l v e d resonance l i n e s . Between 0 and 2 ppm t h e s e cor respond mainly t o the methyl 
groups of a l i p h a t i c amino a c i d s i d e c h a i n s , from 2 to 4 ppm to s i d e cha in methylene and 
methine p r o t o n s , from 4 t o 5.5 ppm t o t h e α - p r o t o n s of t h e backbone , between 5.5 and 7.5 ppm 
to the a roma t i c r i n g s of p h e n y l a l a n i n e and t y r o s i n e , and between 7.5 and 11 ppm t o s lowly 
exchanging amide p r o t o n s l o c a t e d i n the i n t e r i o r of the g l o b u l a r p r o t e i n ( 9 ) . The p o t e n t i a l 
of h igh r e s o l u t i o n NMR t o p r o v i d e a many-parameter c h a r a c t e r i z a t i o n of p r o t e i n conformat ion 
depends p r i m a r i l y on the a b i l i t y t o r e s o l v e and a s s i g n a maximum number of resonance l i n e s i n 
the NMR s p e c t r a . While i m p o r t a n t p r o g r e s s was ach ieved wi th the use of ve ry h igh f i e l d s , t he 
s p e c t r a l r e s o l u t i o n i s s t i l l a c r i t i c a l l i m i t a t i o n f o r s t u d i e s of b i o l o g i c a l macromolecules . 
In the fo l lowing two t e c h n i q u e s f o r f u r t h e r r e s o l u t i o n enhancement a r e d e s c r i b e d . 
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9 PPM 

Fig. 1. 360 MHz H NMR spectra of BPTI. A: Hypothetical "random coil 
spectrum" for the polypeptide chain of BPTI computed as the normalized 
sum of the resonances of the constituent amino acid residues (9). B: 
Experimental spectrum recorded shortly after dissolving the protein in 
2H2

0' pD = 4.5, T = 45° C. 

PPM 

Fig. 2. High field region from 0 to 2 ppm of the 360 MHz H NMR spectrum 
of BPTI, T = 45 C. A: Normal Fourier transform spectrum. B: Spectrum 
obtained after multiplication of the free induction decay with a phase-
shifted sine bell, sin (irt/ts + 0.04 π) , where t is the experimental 
acquisition time (12,13). 
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Modern NMR equipment works almost exclusively with the method of Fourier transform spectro-
scopy (9). The computer facilities included in the spectrometers are usually capable to per
form data manipulations which may greatly improve the spectral resolution (7-13). As an illu
stration, Fig. 2 shows the improvement of the resolution in the high field region of the 
spectrum of Fig. 1 B obtained by multiplication of the free induction decay with a phase 
shifted sine bell (12,13). Even though quite remarkable resolution enhancement can thus be 
obtained, mutual overlap of resonances in crowded regions of the spectrum of a protein may 
still make it difficult to identify individual spin multiplets. This may also limit the use 
of multiple irradiation techniques for studies of connectivities between different individual 
resonances (7-9). 

Two-dimensional (2D) NMR is a different concept for resolution enhancement in complex spectra 
(14,15). By the introduction of a second frequency variable the resonances are spread in a 
frequency plane rather than on a frequency axis, so that each peak is characterized by two 
frequency coordinates instead of only a single one. A particular 2D NMR technique, i.e. 
J-resolved 2D 1H NMR (16) has been adapted for studies of biological macromolecules (17-21). 
The principle of J-resolved 2D NMR is illustrated by Fig. 3. The top trace shows the high 
field region of the conventional one-dimensional H NMR spectrum of BPTI (Fig. I B ) . In the 
J-resolved 2D NMR spectrum shown in Fig. 3 the individual multiplets of the one-dimensional 
spectrum are simply rotated by 90 about their center frequencies, and hence the spin-spin 
coupling produces a spread of the spectrum in a second dimension. Thereby, all the components 
of a spin multiplet are arranged on a straight line which forms an angle of 90 with the 
chemical shift axis and intersects the J = 0 line at the chemical shift of the proton con
sidered. As a consequence the components of each multiplet in a weakly coupled spin system 
(9) are readily assigned from inspection of the 2D NMR spectrum. Furthermore it is evident 
that multiplets overlapping in a one-dimensional spectrum will be separated in a 2D spectrum 
whenever they possess different chemical shifts. 

5(PPm) 

Fig. 3. High field region from 0.4 to 1.6 ppm of the 360 MHz H NMR 
spectrum of BPTI, T = 60°. The top trace shows the conventional one-
dimensional spectrum. The J-resolved 2D spectrum is shown in the (J,6) 
presentation (19). The bottom trace shows the projection of the 2D spec
trum along the direction of the J-axis onto the chemical shift axis. The 
numbers identify the resonances of the 19 methyl groups seen in this 
spectral region, which have all been individually assigned (22) (repro
duced from ref. 19). 
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Fig. 4. Cross section representation (see text) of the multiplets in the 
J-resolved 2D -̂H NMR spectrum of BPTI in Fig. 3. The numbers identifying 
the individual resonances correspond to those in the projection of the 
same spectrum in Fig. 3 (reproduced from ref. 19). 

BPTI contains a total of 20 methyl groups, of which 19 are contained in the spectral region 
shown in Fig. 3. 17 doublets can readily be distinguished in the 2D spectrum, whereas the two 
methyl triplet resonances of isoleucine (9) have exactly identical chemical shifts and are 
therefore overlapped also in the 2D spectrum. The information content of a J-resolved 2D NMR 
spectrum can also be presented in more easily accessible forms (19). A drastic simplification 
is obtained by projection along the J-axis onto the chemical shift axis. In the projection 
(Fig. 3, bottom trace) each multiplet collapses into a single line so that, effectively, a 
homonuclear spin decoupled spectrum is obtained (16,19). Obviously, in the projected spectrum, 
all information on spin-spin coupling is lost. However, since all the multiplet components 
lie on a straight line, a small number of cross sections perpendicular to the chemical shift 
axis and through the peaks in the projection will provide all the information on spin-spin 
coupling in weakly coupled spin systems (19). Cross sections through the 2D spectrum of 
Fig. 3 are shown in Fig. 4. Well resolved multiplets can be observed for all the methyl 
resonances. Because of the increased digital resolution along the J-axis in the 2 D spectra, 
as compared to one-dimensional spectra, spin-spin couplings, which are an important source of 
structural information in proteins, can thus be measured with an accuracy of ± 0.2 Hz. 

THROUGH-SPACE CONNECTIVITIES BETWEEN NEARBY PROTONS 

The potential of nuclear Overhauser effects (NOE) for studies of non-bonding nearest neighbor 
interactions between protons in biological macromolecules have for some time been recognized 
(23). However, it was also pointed out that spin diffusion in proteins (24) may cause the 
conventional steady-state NOE's (25) to be less specific and hence less useful. In contrast, 
the initial build-up rates of NOE's are simply related to the inverse sixth power of the 
proton-proton distance (24,26,27). It was hence of great practical interest to develop 
techniques for the observation of spectral features which are in a simple way related to the 
initial build-up rates of the NOE's. Two different experiments have recently been used with 
proteins, i.e. transient NOE's (27) and truncated driven NOE's (TOE) (28,29). Experience so 
far has indicated that TOE difference spectra (30) are the more useful technique in practice 
(28,31,32); therefore the following discussion concentrates on this experiment. 
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~J n 

Fig. 5. Pulse sequence used to record driven NOE difference spectra 
(see text) . 

TOE difference spectra can be recorded with the pulse sequence shown in Fig. 5. A selective 
low power radio frequency field is applied to resonance A for a period of time t]_, which is 
followed immediately by the observation pulse. After a waiting time t2, a reference spectrum 
without NOE is recorded, n free induction decays with and without NOE are accumulated in 
different parts of the memory and the difference spectrum is obtained by subtracting the 
free induction decay with NOE from that without NOE (30). Since in this experiment the radio 
frequency field ωΑ is applied over the entire time span t-L during which NOE's in the spin 
system are built up, we proposed the term "radio frequency driven NOE's" to distinguish this 
type of measurements from transient NOE's (28,29). If the irradiation period t± in a driven 
NOE experiment is sufficiently long, a conventional steady state NOE difference spectrum is 
obtained. The limited selectivity of steady state NOE's in macromolecules is illustrated by 
the experiment in Fig. 6, where the NOE difference spectrum of BPTI contains a large number 

10PPM 8 

Fig. 6. 360 MHz H NMR spectra recorded in a 0.02 M solution of BPTI in 
#2°' P H = 4 .5 , T = 15° C. A: Normal Fourier transform spectrum. B: 

Steady-state NOE difference spectrum obtained with presaturat ion of the 
amide proton l ine a t 10.6 ppm (arrow). 
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Fig. 7. TOE difference spectra of the BPTI solution in Fig. 6 obtained 
with i r rad ia t ion of the amide proton resonance a t 10.6 ppm (arrow) during 
different periods of time tj_ (Fig. 5) , as indicated on the r i gh t . 

of l ines between 0 and 10 ppm. In contrast , highly se lec t ive TOE difference spectra may be 
obtained when the build-up of the driven NOE's i s truncated af ter a re la t ive ly short time 
span t i (Fig. 7) . By measurement of a ser ies of TOE's with dif ferent t]_'s which are a l l short 
compared to the i r rad ia t ion time required for a steady s t a t e NOE, the build-up of the driven 
NOE's for individual resonance l ines can be followed (Fig. 7) . I t was shown tha t with a 
sui table choice of t-^, the l ine i n t e n s i t i e s in a single TOE difference spectrum can be simply 
re la ted to the i n i t i a l build-up ra tes of the NOE's and hence to the distances between i r r a 
diated and observed nuclei (29). 

Figs . 8 and 9 i l l u s t r a t e the use of TOE experiments for comparative studies of protein con
formations in single crys ta ls and in solut ion. In the crys ta l s t ructure of BPTI the side 

Pro 9 Phe33 

Phe22 
Fig. 8. Computer drawing of the local structure formed by Pro 9, Phe 22 
and Phe 33 in BPTI based on the refined atomic coordinates from X-ray 
studies (33) . 
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7.6 7.0 6.4 ppm 

Fig. 9. 360 MHz H NMR spectra of the aromatic resonances in BPTI, 
p2H 6.0, T = 35° C. The bottom trace shows the normal Fourier transform 
spectrum after multiplication of the free induction decay with a sine bell 
(12). The top trace shows the TOE difference spectrum obtained with 
irradiation of the high field lines at ca. 0.2 ppm (Fig. 1 B). 

chains of Pro 9, Phe 22 and Phe 33 are located in close proximity from each other (Fig. 8). 
Because of the interactions with the ring current fields of the two phenylalanines (9), the 
resonances of three of the four 3- and γ-methylene protons of Pro 9 are shifted to the 
extreme high field end of the spectrum (Fig. I B ) . In a TOE difference spectrum recorded 
with preirradiation of the high field shifted resonances of Pro 9 during 1 sec, only the 
spin systems of Phe 22 and Phe 33 can be observed in the aromatic region (Fig. 9), showing 
that the local structure seen in the BPTI crystals is preserved in the solution conformation. 

INTERNAL FLEXIBILITY IN GLOBULAR PROTEINS 

High resolution H NMR can provide quantitative information on protein denaturation, on the 
exchange rates of interior labile protons with solvent protons and on the internal mobility 
of the aromatic rings of phenylalanine and tyrosine (9). To investigate correlations between 
these three structural features, which all manifest concerted mobility of a large number of 
atoms in the protein, a group of ten small globular proteins related through homology or 
chemical modification with the basic pancreatic trypsin inhibitor was studied. With the use 
of the experiments in Figs. 2-9 and other NMR techniques it could be shown that the average 
molecular structure seen for BPTI in single crystals is preserved in solutions of all the 
proteins used in this project (13,22,34-37). With the use of these proteins the influence 
of local variations of covalent bonds on the different conformational parameters could thus 
be investigated in a given type of spatial protein structure. 

The thermal stability and the amide proton exchange rates in the different BPTI-related 
proteins were found to be correlated, i.e. the proton exchange was faster in the proteins 
with lower denaturation temperature. In contrast, the rotational motions of the aromatic 
rings are not related with the denaturation temperatures or the amide proton exchange rates, 
and were found to be nearly identical in all the different proteins. From these and 
additional observations it is suggested that globular proteins are best described by a 
dynamic ensemble of rapidly interconverting molecular structures. The structures contained 
in this ensemble can be characterized on the basis of the NMR data. Salient features of a 
model description for solution conformations of proteins based on these data are that at 
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least two different types of internal fluctuation modes must be distinguished and that the 
overall stability of the spatial structure seems to depend primarily on the presence of 
hydrophobic "stability domains". Detailed discussions of these results are presented in 
several recent publications (38-40). 
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STUDIES OF ACID PROTEASE 
STRUCTURES BY MOLECULAR 

REPLACEMENT METHOD 
M. G, Safro and N. S. Andreeva 

Institute of MoJecuJar Biology, Academy of Sciences of the USSR, Moscow, 
USSR 

Abstract - The internal symmetry of acid protease molecule 
is described and the convenient representation of their 
three dimensional structure is proposed. The paper contains 
the description of the development of chymosin crystal 
structure studies by the molecular replacement method. 

Two problems are the subject of this communication. The first one con
cerns the internal symmetry of porcine pepsin, molecule and the description 
of the same symmetry in other acid proteases. The second dealts with the 
problem of the development of chymosin structural studies by means of mole
cular replacement method. 

The conformation of a porcine pepsin polypeptide chain was established 
before (Refs. 1,2).Electron density maps of the monoclinic pepsin crystals 
corresponding to 3 A - 2.7 Ä resolution were gradually improved by the in
cluding additional derivative and improvement of the phasing procedure. 
During these studies (Ref. 2) a good correlation was found between pepsin 
chain conformation and the structure of acid proteases isolated from pri
mitive organizms (Refs. 2,3,4,5). The interpretation of pepsin maps has 
been additionally confirmed by a good positioning of side chains in a mir
ror comparator especially those with the aromatic side chains. 

The existence of the two domains is the first prominent feature which 
become obvious during the inspection of chain tracing of any acid protease 
(Refs. 1,3,4,5)· The topological similarity of the two domains and the re
lation of this similarity with the evolution of acid proteases was the 
subject of publication by J.Tang et al.(Ref. 6). 

In process of comparing in detail a pepsin chain conformation to those 
of acid proteases isolated from Rhizopus chinensis we have found that eve
ry domain, of acid proteases consists also of two topologically similar 
"units". Each "unit" contains four structural elements following after 
each other :J3 -hairpin (A), wide loop (B), helix (C) and the secondJ} -hair
pin (D). There are some small irregular "spacers" between these elements 
some of which are of different length in different units. Neverthless the 
topological similarities of "units" can be well illustrated by their super
position. N-Terminal segments of both domains are not included in these 
"units". The arrangement of the "units" within each domain is symmetrical. 
It provides very interesting packing of structural elements and the forma
tion of the extensive^-sheet, described in works of other authors (Ref. 7). 
This sheet and other structural properties of acid proteases including sym
metrical packing of the "units" within domains are well represented on the 
drawing, corresponding to the view at the molecule from the entrance into 
the active site cleft (Pig. 1). The position of any amino acid in the three 
dimensional structure of acid proteases can be simply denoted by the let
ters corresponding to the notation of the structural element (see Table 1). 
For example active Asp 32 belongs to B^ loop, active Asp 215 - to B3 loop, 
Tyr 75 is in D̂  hairpin, Asp 304 - in C4 helix, Met 290 - in ΒΛ loop, C-
terminal hairpin is D4. The discription. of the positions of different amino 
acids in the three dimensional structure of the enzymes by means of nota
tion of different loops is widely used during stidues of serine proteases. 

We think that this description of acid proteases is convenient for the 
future studies, at the same time it is closely related to the internal sym
metry of their molecular structure. 
Chymosin (rennin) is the acid protease which has many features similar to 
those of pepsin. Their primary structures are almost identical for the 
most of segments of molecules. The homology is as high as 57 per cent. 
X-ray crystallographic studies of chymosin orthorombic crystals were star-
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Pig. 1· The scheme of the arrangement of the main structural 
elements illustrating the important features of supersecon-
dary structure of acid proteases 

TABLE 1. The numbers of residues which belong to A, B, C, D 
elements of structural units 

Domain 

I 

II 

Structural 
unit 

1 
2 
3 
4 

A 

14-24 
88-96 
194-206 
275-284 

B 

25-42 
104-122 
211-224 
286-303 

C 

58-62 
138-143 
225-235 
304-308 

D 

70-84 
152-165 I 
237-248 
310-323 I 

ted in 1965 by C.Bunn in the Royal Institution of London.It was found that 
the space group of crystals is 1222 or I2-2121· The unit cell has dimensions: a=79.7 A, b=113«8 A, c=73.8 A (Ref.81)] The using of the isomorphous 
replacement method was unsuccessful because of the difficulties concerning 
the interpretation of the difference Patterson maps. The set of the experi
mental intensities of native chymosin crystals for 6 A resolution was sent 
to us by C.Bunn. The purpose was to use the molecular replacement method to 
overcame the difficulties on the base of pepsin structure. V/e received also 
T.Blandell's data for native chymosin crystals as well as for PtCl^ deriva
tive for the same purpose. 

In 1976 we published the results of rotation function (RF) calculations 
(Ref. 9) pepsin versus chymosin on the base of M.G.Rossman-D.M.Blow con
ventional approach (Ref. 10). This function had one very prominent maximum 
which confirmed the high homology of the three dimensional structures of 
both proteins. 
However this maximum had rather specific shape with two submaxima separated 
by the distance of about 25° in Eulerian space, as shown in Pig. 2a. 

There are factors which may affect the result of the Rotation. Function: 
1. resolution limits (inner and outer) of the data; 
2. radius of integration around the Patterson origin; 
3. percentage of intensities used in the calculation. 

In order to examine the influence of these factors on RP result, we needed 
a program of much more speed comparing to the conventional version (Ref.11). 
We used at this stage the Past Rotation Function program by R.A.Crowther 
(Ref. 12). Crowther has shown that by expanding the Patterson function in 
terms of spherical harmonic functions, and expressing a rotated harmonic 
RY/χ as a weighed sum of the (21+1) unrotated harmonics Y™, RF may be pre
sented in the following form: 

http://Ref.11
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Pig. 2a. Section through R(0,.Ö20o) for the pepsin-chymosin 
comparison: the peak in R is at θ^=53°, 0p=1O6c θ3=10°. 
Radius of integration 25 A 

RCtt) -X, (Za *- b^fjD^f(n) _ ,1 
"lmmf vfT" lmn ulm,n/ mm' 

where DjLiCO.) = di^«C & ) expi(mtf+ m U ) and (ct,ß ,Y) are a triple of 
Eule riarT angles. υ ^ 

Our calculation confirmed the previous results, and the corresponding 
matrix elements for a £ matrix have the same value. Because of different 
initial orientations of systems and relation between triple Eulerian angles 
(O6,J3,#) and (Θ-, . θ2, θ3): ©1 = aC+.^/2, θ2=& , θ3=Χ-π/2 we found that in 
our case (θ-|,θ2,θ3) will correspond to C-^^r+JS , if )· Appearing of the two? submaxima observed at radius integration 25 A, and resolution limits 6-15 A 

Pig. 2b. Fast Rotation function (6 A resolution) for pepsin 
versus chymosin, section]* =55°· Maximum is at«/. =45°,Jf =65°· 
Countour levels from 120 to 170 in steps of 10. 

(Pig. 2b). With decreasing of the radius integration the maximum becomes 
wider whithout substructure. This was found at radius 21 A and at the same 
resolution (Pig. 2c). 
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Pig· 2c. Past Rotation function (6 X resolution) for pepsin 
versus chymosin, section?) =55°. Maximum is ato£=450

fy =65°· 
Radius of integration 21 A. Coutour levels from 75 to 120 
in steps of 10 

The maximum with the same double peak feature for RP chymosin versus 
Endothia parasitica was described in 1977 by T.Blundell (Ref. 4). Becides 
that we calculated the RP for the system pepsin versus acid proteinase iso
lated from Rhizopus chinensis. In this case the strong single peak was obser 
ved. This fact showed that the complicated structure of the maximum is 
connected with the some specificity of chymosin crystals. 

Two possible explanation for this feature of RP for chymosin 
were proposed by T.Blunndell. The first one implies slightly different an
gular separation of the two domains in different acid proteases. However 
this explanation contradicts the RP data for Rhyzopus chinensis enzyme. At 
the same time the angular separation of subpeaks seems to be rather large 
for the conservativity of the active site loops in the two domains. Another 
explanation concerned with the possible disorder of chymosin molecules in 
crystals. This possibility may prevent the development studies of this 
crystal form. 

More recent publications showed that all acid proteinases have some kind 
of symmetry in their three dimensional structure (Refs. 2-7). Therefore 
there is another possibility to explain the specific shape of RP maximum 
for chymosin crystals. The chymosin molecule as well as any other acid pro
teinase must have the pseudo two-fold axis of the symmetry. If this axis 
forms the small angle with two-fold crystallographic axis of the unit cell, 
the asymmetric unit of the Eulerian 3pace will have two maxima. One of them 
concerns the pseudosymmetry of the molecule and is visible because of the 
localization at the slope of the main peak. Using the data on C^ carbon 
coordinates of pepsin we have calculated the orientation of the two-fold 
axis of the pseudo symmetry of acid proteinase molecule in the unit cell 
of chymosin crystals. It was found that this axis forms rather small angle 
with the Z axis unit cell. Therefore RP must have double peak shape. 

The next step of the molecular replacement method is the calculations 
of the translation function. It can reveal the position of a correctly 
oriented test molecule, relative to a chosen symmetry element. Following 
to T-|-function of R.A.Crowther-D.M.Blow (Ref. 13) the program in which the 
intramolecular vectors of the experimental Patterson function are approxi
mately removed to improve the signal-to-noise ratio was written. The elec
tron density of isolated pepsin molecule, correctly oriented and spanned 
on the grids of chymosin unit cell was used for the calculation conventional 
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Fjß(hA0) structure factors· The delineating of the molecular boundary was done by means of polygons drawn on the map sections and using the data 
about C-j.-coordinates of pepsin molecule (Ref. 2). In our case the trans
lation function may provide a possibility to select alternative space 
group 1222 or I2-|2-|2-j· This follows from the fact that the self-consistent 
solution in three Harker sections (for one atom in the asymmetric units) 
is different for the three intersecting and non-intersecting two-fold axes. 
The translation function is very sensitive to the outer and inner reso

lution limits. Therefore during the interpretation of this function each 
possible solution has to be tested by the correctness of molecular packing. 
The large number of symmetry elements in the space groups 1222 and I2-|2-j2i 
and the high asymmetry of a big acid protease molecule restricts rigorously 
every solution of translation function. On the sections XYO, OYZ and XOZ 
were found (Pig.3) three related peaks, corresponding to the space group 
1222. Only one of these maxima belongs to the strongest in the correspon-

Pig. 3. Translation function results at XYO, XOZ, OYZ sec
tions for pepsin molecule in chymosin unit cell. The data 
between 6.5 A and 12.5 A were used. The solution is marked 
by cross in each section 

ding section, but the solution is in a good agreement with packing require
ments. The scheme of arrangement of acid protease molecules in the unit 
cell of chymosin is presented on Pig. 4, as one electron density section. 
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Pig. 4· Diagram to show of the molecular arrangement in space 
group 1222 at some section Y =0.25. The positions ofdL-car
bons of pepsin are shown 

o 
The longest distance ( 55 A) in pepsin molecule is oriented approximately 
along the b axis of chymosin unit cell. These data gives the possibility 
of development of the chymosin crystal studies. 
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DRUG METABOLISM AND THE 
FUNCTION OF CYTOCHROME P-450 

W. Scheler 
Research Center of Molecular Biology and Medicine of the Academy of 

Sciences of GDR, 1115 BerJin-Buch, German Democratic Republic 

Abstract - Cytochrome P-450 (cyt P-450) is a constituent of 
monooxygenase systems in various procaryotic and eucaryotic 
cells. In liver cell microsomes this enzyme system also in
cludes a NADPH dependent reductase of the flavoprotein type 
and membrane phospholipids. In the presence of NADPH and Op 
the oxidative conversion of several endogenous and exogenous 
chemical compounds is catalyzed by this system. 
Analogous chemical conversions could be obtained by us in 
cyt P-450 preparations (in the absence of reductase and 
NADPH) by controlled cathodic reduction of oxygen by a mer
cury pool electrode. The long-term stability of cyt P-450 
was increased by various immobilization procedures. In fur
ther experiments we could show that methemoglobin and even 
an iron protophorphyrin IX carrying imidazole-substituted 
poly-(hydroxy-ethylmethacrylate) can be substituted for cyt 
P-450 in the case of aniline hydroxylation or benzphetamine 
demethylation. The turnover numbers are in the same order of 
magnitude as for the intact liver microsomal monooxygenase 
system. 

In the first part of my talk I want to deal with some results and problems 
in the field of the hepatic microsomal cytochrome P-450 system and than I 
want to show how we proceeded from these studies to some biotechnological 
questions. Because I am not sure how far all of you are familiar with the 
topic, I briefly want to outline some of our general knowledge in this 
field and than discuss some selected results of our cytochrome P-450 group 
in the Central Institute of Molecular Biology at Berlin-Buch. 
Most of the lipid-soluble xenobiotics are eliminated from the organism 
only, after being converted to hydrophilic metabolites. 
In many cases two steps of bioconversion can be observed. In a first step 
the drugs are enzymatically converted into more water-soluble intermediates 
and in a second step these polar derivatives are coupled to glucuronic 
acid, sulfuric acid, amino acids, and peptides such as glutathione. In this 
form they are easily excreted by the organism. 

Phase I Phase I 
Drug *· Intermediate - Conjugate 

Oxidation Conjugation with: 
Reduction sulfuric acid 
Hydrolysis glucuronic acid 

glutathion 

In the step I reactions the hepatic microsomal monooxygenase system plays 
an important role. The reactions are NADPH- and oxygen-dependent as it is 
shown in the stoichiometric equation. 

R-H + NADPH+H +02·^—^-R-OH+NADP+Kp 
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During the last 10 to 15 years this membrane-bound enzyme system ha6 attrac
ted the interest of scientists of various fields, especially of pharmacolo
gists and biochemists but also from biotechnologists and microbiologists 
because analogous systems are also found in microorganisms (1-3)· 
The hepatic system consists of only two proteins and the membrane phospho-
lipids as essential constituents: 

Cytochrome NADPH-Cytochrome 

P-450 

35-40 

P-450-Reductase 

1 

Phospholi 

^6000 

Cytochrome P-450 acts as terminal oxidase· It is a b-type cytochrome and 
its CO-complex has a specific absorption band at 450 nm· In microsomes of 
rabbit liver cells 7 different fractions of P-450 are present, the main 
fractions being LM2 and LM4 (4)· Most of the investigations in the recent 
years have been performed with the phenobarbital-inducible M 2 fraction· 
The moicule contains a single heme group whose central iron atom may be 
linked to a sulfur group of the protein· The molecular weight is near 
49000 (5)· The amino acid sequence is under investigation· 
The reductase is a flavoprotein containing one molecule each of PAD and 
FMN· Its molecular weight is about 79000· The reductase acts as an electron 
transmitter from NADPH to cytochrome P-450· There are two separate electron 
reductions steps performed by the reductase· The electrons are used for 
the reduction of the molecular oxygen (6)· 
The phospholipids provide the hydrophobic environment for both membrane 
enzymes· Therefore no monooxygenase activity is obtained in reconstitution 
experiments with cytochrome P-450 and reductase when the phospholipids are 
omitted (7)· 
The molar ratios of the constituents show that in the microsomal membrane 
only a small fraction of the P-450 molecules is in contact to the reductase, 
the major fraction moves freely· We can therefore speculate that during the 
enzymatic process a rapid exchange of substräte-bound freely moving P-450 
molecules and reductase-connected P-450 molecules should take place (8). 
Within the monooxygenase complex the binding of the substrates takes place 
at definite binding sites of cytochrome P-450· There are two types of sub
strates : 
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Pig· 1· Difference spectra of solubilized cytochrome P-450 
( (cytochrome P-450] « 4*5 fi in 0.1 M phosphate buffer, 
pH 7#4, with 20$ (v/v) glycerol) from phenobarbital pre-
treated rat liver microsomes in dependence on different 
substrates· [substrate! = 0·5 mM· (Prom (9))· 
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Type I substrates shift the Soret-maximum of ferric cytochrome P-450 from 
416 nm to shorter wavelengths and type II compounds induce a red shift, 
respectively ( 9) · Many years ago we could show together with F· Jung and 
P· Schoffa that spectral changes in several hemoprotein complexes are 
closely correlated with changes of the spin state of the hemin iron (10)· 
The same is true for cytochrome P-450· Dr. Rein in our department determined 
the change of the spin state in cytochrome P-450 substrate complexes· Type I 
substrates favour the high spin, type II compounds the low spin state· The 
shifts of the spin equilibrium amount to about 10-40 per cent (cyclohexane 
about 40 per cent, benzphetamine about 26 per cent, hexobarbital about 15 
per cent) (11). 
Evidently, type II compounds come into direct contact to the hemin iron, 
whereas type I substrates interact with a binding site in the neighbourhood 
of the heme group but without direct contact to hemin iron. 

Typt I compounds 

Typ« K compounds Typt I compounds 
CN" Htxobarbital 
Pyridint Btnzphttamint 
Imidazott Cyclohtxant 

p-Nitroanisolt 

I must add that type II compounds generally act as inhibitors of the mono-
oxygenatic reactions· On the one hand they inhibit the reduction of the he
min iron and on the other hand they interfer with the binding of oxygen to 
the reduced state (12)· An important exception are the steroids· They also 
belong to the group of type II compounds but they are hydroxylated· 
The binding site of type I substrates has strong apolar properties· This was 
shown by investigations in which we studied the thermodynamics of the bin
ding equilibria both of type I and type II compounds. 

TABLE 1· Changes of the binding enthalpy, the Gibbs energy 
and the binding entropy caused by the binding of type I and 
type II substances to solubilized cytochrome P-450 from rat 
liver pretreated with phenobarbital1/. (Prom (9)) 

cyanide 

aniline 

imidazole 

benzphetamine 

hexobarbital 

0) 

II 

II 

II 

I 

I 

ΔΗ' 
(kcalmol ) 
K| K2 

- 2 2 -7.0 

-3. I -2.5 

-I.6 -2.3 

5.7 9.5 

7.3 7.3 

(kcalmol ) 
K, K2 

-4.2 -3.6 

-4.6 -4.2 

-5.8 -5.1 

-6.I -5.7 

-4.7 -4.2 

AS' 
(calmol K ) 
K, K2 

-6.3 -12.0 

-4.7 -5.4 

I4.0-9.4 

39.5 5I.0 

40.2 38.6 

Y For the titration a cytochrome P-450 concentration of 3·0 μΜ 
was used (0·1 Μ phosphate buffer, pH 7.4 with 20% (v/v)glycerol)· 
For the calculation of the thermodynamic values the association 
constants were used#ÄGf and AS 1 are given for 25 C· 
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The binding of type I substrates is entropy-controlled. The binding affinity increases both with increasing temperature and hydrophobicity of the molecules. Their basicity and stereochemical properties are of minor relevance. The binding of type II compounds, however, is predominantly enthalpy-driven, their interaction with the enzyme is weakened with rising temperature (9)· 
The binding sites of cytochrome P-450 are furthermore easily accessible also 
for relatively large substrates. This can be shown both by equilibrium and 
kinetic investigations with ligands of different size but also by measure
ments of the paramagnetic relaxation rates of solvent protons induced by the 
ferric iron of cytochrome P-450. These experiments were done in cooperation 
with the group of Dr. Mari6i6 from Zagreb (13)· 

30 25 20 15 

Fig. 2. Logarithms of the longitudinal proton magnetic relaxation rates in dependence on temperature.o—o, original sample (472 pM in haem) in 20% glycerol, Η2θ;Δ—Δ» original sample, diluted 
(429 μΜ in haem);-I- h, reduced D—■—D; original dialyzed against 

by dithionite (472 uM in haem); 
20% C3H5(02H)3 in 2fc20 (472 pM in haem) ;± ± , original + aniline (429 }M in haem; line);y ψ f original + methphenethamin HC1 (Spasman 

pM in haem, 5·1 mM Spasman); # -# , original reduced + CO (472 ' " original reduced + CO 

10 mM ani-
® ) (472 

piM. in haem) in 20% glycerol, H?0;fci ■ » υχχ6χααΑ j ^ ^ u . ^ ^ ^ 
dialyzed against 20% C3H5 (02H)3 in 2H20 (472 pM in haem). 

Pig. 2 shows the temperature dependence of the relaxation rates of the solvent protons between OOC and 37°C. Several preparations of microsomes have been used and compared both in the presence and absence of ligands. These experiments prove a fast exchange mechanism of the solvent molecules and a good accessibility of the heme group in cytochrome P-450. 
Cytochrome P-450 dependent monooxygenatic systems are also localized in mitochondria of various organs. They play an important role in the steroid metabolism especially in such organs as the adrenal cortex or the gonads (14, 15)· We have no own experience with these enzymes, therefore I do not want to discuss this topic. 
Furthermore cytochrome P-450 systems are present also in plants and microorganisms. Microbial systems are of special interest with respect to bio-technical utilization. Cytochrome P-450 activity was found both in eukaryo-tic and prokaryotic microorganisms. 
Cytochrome P-450 activity in microorganisms is predominantly observed in connection with biosynthetic potencies such as alkaloid biosynthesis or hydrocarbon hydroxylation. 
In our institute the group of Dr. Müller couJ.d show that the content of cytochrome P-450 in Candida guilliermondii, a strain used for microbial protein biosynthesis, is strongly inducible in dependence on the nature of the substrates. 
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TABLE 2, Cytochrome P-450 containing enzyme systems in eukaryo-
tic microorganisms. (From (16-26)) 

MICROORGANISM 

Candida tropfcaHs 

Candida gullermondH 

Endomycopsi« Hpolytica 

Torulopsis spec. 

Rhizopus nigricans 

Cunninghamella bainiari 

Clavicaps purpurea 

Seccharomyces 
cerevisiae 

CATALYZED REACTION 

hydroxylation of n-alkanaa, 
fatty acids and drugs 

hydroxylation of n-aJkanee 

hydroxylation of n-alkanss 

hydroxylation of fatty acids 

hydroxylation of 
progesterone 

hydroxylation of aryl 
hydrocarbons 

involvement in alkaloid 
biosynthesis 

unknown 

AUTHORS 

Coon st al. 1971 1 
Azoulay at al. 1971 

Müller st al. 1977 
Welds st al. 1976 

Delaisse and Nyns 1974 

Tulloch st si. 1970 

Hudnik-Plsvnik 
et si. 1977 

Ferris et al. 1976 

Ambike et al. 1970 

Undenmayer and 
Smith 1964 
Ybshida st aL 1977 

TABLE 3# Cytochrome P-450 containing enzyme systems in pro-
karyotic microorganisms. (Prom (27-33)) 

MICROORGANISM 

Pseudomonas putkta 

Badkis megeterium 

BacWus megatertum 

Nocardla spec 

I RhbobJum japonjcum 

I Corynsbactarium spec. 

I Adnetobactor spec. 

CATALYZED REACTION 

hydroxylation of camphor 

ttß-hydroxylatton of 3-oxo-

hydroxytaUon of fatty adds 

asmsinysjuon or pnenoec 
sthsfs 

Involvement in a oxidatlve 

hydroxylation of n~alkanee 

involvement In esceno 
degradation 

AUTHORS 

QunsaJus st al. 1968 

Qustafssonst aL1975 

Futeo et aL 1975 

Broadbent and 
Cartwright 1971 

Appleby et al. 1976 

CardM and 
Jurtschuk 1968 

Müller st al. 1978 

Growing on glucose, an oxygen-rich carbon source, the cytochrome P-450 
content was nearly zero. Also in the presence of glycerol as carbon sub
strate the cytochrome P-450 content amounts only to 10 per cent of the 
values found with n-alkanes (C12 - C19) as carbon source (33)· Now we have 
started detailed investigations of this microbial P-450 system with respect 
to its specific molecular and functional properties, 
The relatively wide range of chemical substances that can be oxidatively 
metabolized by the monooxygenase system raises the question as to how this 
enzyme system may be utilized in technological hydroxylation processes 
(35, 36), Isolated monooxygenase preparations or modified systems are of 
practical use only if they are superior to microbial systems and if they 
have properties which are essential for technical purposes. One of the 
critical properties is their instability under non-physiological conditions, 
Por the stabilization several immobilization techniques have been used in 
the case of cytochrome P-450 preparations. 
In most of these cases the enzymes were active after immobilization but the 
activity decreases within a few hours or days, 
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TABLE 4· Immobilization of cytochrome P-450 and properties of 
the immobilized enzyme system· (Prom (36)) 

Species/source Matrix Substrate/product 

Rat/LM V 
Bovine/ adrenal 

glands 
Rat/LM; rabbit/LM 

Rabbit/LM 
Purified Cyt· 
P-450 + reductase 
Pig/LM 

BrCU-activated 
Sepharose 4B 

poly-(hydroxy ethy1-
methacrylates), con
taining imidazole 
groups 
hollow fibre system 
Sepharose 

zirconia-clad glass 
beads 

benzphetamine 
deoxycorticosterone/ 
corticosterone 
benzphetamine 
aniline/p-amino-
phenol 

hexobarbital 
toxins, drugs 

amines/aminooxides 

V LM s liver microsomes 

Another problem with respect to a continuous substrate conversion by cyto
chrome P-450 systems is the permanent regeneration of MÄDPH. It can be 
carried out by different methods: 

- Chemically by reducing agents (f.e. NaBH4; Na2S 04) 

- Electrochemically by cathodic reduction 

- Enzymatically by hexokinase, glucose-6-phosphate 
dehydrogenase and ATP 

The investigations of Dr· Scheller in our department showed that only the 
enzymatic way does not disturb the cytochrome P-450 system· In the case of 
the chemical regeneration of NADPH the enzymes become inactivated by side 
products of the reaction, 
During the electrochemical regeneration a gradual loss of coenzymatic acti
vity was observed which is due to intermediately occurring radicals of the 
coenzyme which are dimerizing irreversibly under formation of inactive 
products (37 - 39). 
To overcome these difficulties we tried a quite different way· Several 
years ago the group of Srnster, Gustafsson and other Swedish colleagues in 
the Karolinska Institutet in Stockholm was able to hydroxylate steroids in 
the presence of cytochrome P-450 by addition of cumene hydroperoxide· In 
the following years similar investigations were carried out in other labo
ratories with different kinds of substrates and with other oxidizing agents 
such as periodate (40) and iodosobenzene (41) but also with hydrogen per
oxide itself (42)· All these reactions take place in absence of NADPH and 
reductase and under exclusion of oxygen· Prom these investigations it was 
concluded the cytochrome P-450 forms an hydroperoxide complex as an inter
mediate which in turn hydroxylates the substrate molecule probably via an 
oxene complex· 
Prom the technical point of view the use of such oxidants as iodosobenzene, 
hydroperoxides and hydrogen peroxide is not suitable, not at least because 
p more or less rapid inactivation of the enzymes occurs, especially an oxi-
dative degradation of the porphyrin ring. 
To avoid critical concentrations of hydrogen peroxide, its controlled elec
trochemical generation by cathodic reduction of oxygen by a mercury pool 
electrode was applied in Dr. Schellers laboratory (42)· By this method the 
oxidative demethylation of benzphetamine, aminopyrine and p-nitroanisole 
was possible without any decrease of the enzyme activity during the expe
rimental period· In recent experiments we could also achieve hydroxylatIons 
of testosterone, progesterone and aniline by this method· 
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Pig· 3· Mechanism of oxygen activation in the hydroxylation 
reaction of cytochrome P-450LM. 

Pig. 4· Demethylation of substrates, phosphate buffer, pH 6.5> 
15°C, 5 μΜ cytochrome P-450. 
1: 1.8 mM benzphetamine I =« 1 mA, 
2: 2 mM p-nitroanisole I * 4 mA, 
3: 2 mM aminopyrine 1 = 1 mA. 

Catalase inhibits all these conversions, indicating that hydrogen peroxide 
occurs as an intermediate. 
With regard to practical applications the cytochrome P-450 catalysis using 
cathodically reduced oxygen is undoubtedly a step forward because (1) ele-
tron donating cofactors and their continuous regeneration are not necessary, 
(2) electron transferring proteins are not required and (3) the electro
chemical reduction of oxygen is relatively inexpensive in comparison with 
enzymatically generated hydrogen peroxide. 
The last part of my talk I want to begin with an observation made two years 
ago by J. Mieyal, R. S. Ackerman, J. L. Blumer and L. S. Freeman (44)# In 
reconstitution experiments with the components of rat liver microsomes they 
could show that native hemoglobin can be substituted for cytochrome P-450. 
UADPH and the reductase were essential in these preparations whereas the 
phospholipids were not. 
Now we tried in analogous experiments with methemoglobin to substitute the 
electrochemical reduction of oxygen for the enzymatic reduction by NADPH 
and reductase. These experiments were successful (45)· 
In the presence of methemoglobin the hydroxylation of aniline to p-amino-
phenol is easily possible by cathodic reduction of oxygen. We were surpri
sed when we observed that the hydroxylation activity of methemoglobin is 
even enhanced after heat denaturation. 
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30 60 
time (minutes) 

Pig. 5# Hydroxylation of aniline by human methemoglobin. 
([MetHb] = 1 μΜ in 0.1 M phosphate buffer, pH 6.5; [aniline] 
= 200 uM; [lTaN3] = 1 mM; t = 20°C. MetHb was denatured by-
heating to 90-95°C). 1 and 2 native and denatured MetHb with 
cathodically reduced O2; 3 and 4 denatured and native MetHb 
with H2O2 added. 

It is known that denaturated methemoglobin has a parahematin structure of 
the hemin group at which the fifth and the sixth coordination positions of 
the iron atom are occupied by nitrogens from the neighbouring histidine 
imidazoles. Considering these facts, we used in further experiments imi-
dazole substituted poly-(hydroxy-ethylmethacrylate)-derivatives as matrix 
for iron-protoporphyrin (46). 

= lron(lll)-protoporphyrin IX (IPP) 

The iron-porphyrin interacts with the imidazole groups of the polymer as 
could be evidenced by EPR-measurements (47)· Additionally there are unspe-
cific interactions between polymer and porphyrin. 

TABLE 5. Catalytic activities of rabbit liver microsomal 
cytochrome P-450 and of the synthetic polymer diimidazole 
iron-protoporphyrin complex ([H2O2] = 600 uM; pH 7·0) 

Catalytic active system Turnover number 
(nmol product/nmol Pe/min) 
Aniline Benzphetamine 
hydroxylation demethylation 

Polymeric dilmidazole-
iron-protoporphyrin 
Microsomal cytochrome P-450 

0.29 
0.10 

0.5 
1.0 
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The turnover numbers of such complexes prove a considerable catalytic acti
vity in the aniline hydroxylation when the electrochemical reduction of 
oxygen was applied. The catalytic activity was in the same order as that 
of microsomes under identical conditions. 
With this experiment I want to end my talk in which I tried to show how we connected the analysis of natural biological systems and principles with their use in biotechnology. Starting from the investigations of the natural system of the hepatic microsomal monooxygenase, we have now an artificial system that imitates the properties of the natural one and which has more favourable technological properties. 
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CHANGES IN RAT LIVER GLYCOLYTIC 
REACTIONS DURING FLUOROACETATE 

POISONING 
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Abstract - Fluoroacetate poisoning induces in rat liver ra
pid glycogenolysis and concentration changes of the alloste-
ric effectors of phosphofructokinase, citrate, ATP, ADP, AMP 
and inorganic orthophosphate. The break-down of liver glyco-
gen induced by fluoroacetate was studied in rats following 
bilateral adrenal enucleation. The results suggested that ap
parently it is under the influence of the adrenal cortex. 
Adrenal medulla did not seem to play a part in the phenomenon. 
As judged by the concentrations of glucose-6-phosphate, fruc-
tose-6-phosphate and fructose-1,6-diphosphate in the liver 
tissue, the overall changes in concentrations of the phospho-
fructokinase effectors caused a stimulation of the activity 
of this enzyme. 

INTRODUCTION 
Monofluoroacetate, the main toxic principle of the South African plant 
Dichapetalum cymosum, shows peculiar biological properties. It has proved 
lethal for all the animal species so far tested, although the toxicity of 
the compound varies greatly from one species to another. The pathological 
effects of fluoroacetate vary in different animals: in some it affects mainly 
the central nervous system, in others it causes heart failure (1). 
In the animal organism fluoroacetate is transformed into fluorocitrate (2) 
and this compound inhibits the mitochondrial enzyme aconitate hydratase thus 
producing a slowing down of the tricarboxylie acid cycle activity. This bio
chemical lesion is followed by large increase of citrate concentrations in 
organs and tissues (3,4), and lowering of the energy production shown by a 
decrease of ATP concentration (5-8). 
So far, the lethal effect of fluoroacetate in animals has resisted all the
rapeutic attempts(9) and the mitochondrial biochemical lesion seems to be 
irreversible (10). Acute fluoroacetate poisoning causes mitochondrial swel
ling (8-11), but only irrilevant histological changes (unpublished observa
tion). It is lethal for adult and embryonic organisms; however, it is not 
lethal for cells cultured in vitro (12-14). 
It is likely that the inhibition of the tricarboxylie acid cycle and the con
sequent metabolic changes provoke alterations of some specific functions vi
tal for the whole organism; however, the biochemical events leading to the 
death of the organism have not yet been clarified. Some metabolic alterations 
have been recorded in fluoroacetate poisoned animals: rapid decrease of liver 
glycogen and increase of glucose, lactate and ketone bodies concentrations 
in the blood. Further, it has been shown that the accumulation of citrate 
in the heart of the rat poisoned with fluoroacetate is paralleled by an in
hibition of the glycolytic enzyme phosphofructokinase. This effect has been 
interpreted as due to citrate, a negative effector of that allosteric enzyme 
(7,15). Glycogenolysis does not take place in liver slices poisoned with 
fluoroacetate in vitro (16)and this fact indicates that the glycogen break
down induced by fluoroacetate in vivo depends on extra hepatic factors, 
either hormonal, or nervous or both. 
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Parallel to glycogen degradation, in the liver of the rat poisoned with fluo-
roacetate significant changes take place in citrate, ATP, ADP, AMP and Pi 
concentrations (8, 16). These compounds are known allosteric effectors of 
phosphofructokinase in vitro; hence the questions arises whether these ef
fectors influence the activity of the enzyme in vivo in the liver of the poi
soned rat. Studies are in progress on these problems and in the present re
port the results are presented of some experiments carried out todetermine 
a) if the adrenals play a part in the very rapid glycogenolysis induced in 
rat liver by acute fluoroacetäte poisoning; and b) if the changes in concen
trations of phosphofructokinase effectors are accompanied by changes in the 
activity of the enzyme. 

METHODS 
Young adult Wistar albino rats of both sexes were used. They were fed on a 
standard balanced diet and water ad libitum. 
Bilateral enucleation of the adrenals was performed according to Hartman et 
al. (17), in a single stage under light· ether anaesthesia. The operated ani
mals were given 1% sodium chloride solution in place of water. 
The rats were intraperitoneally injected with a freshly prepared solution 
containing 10 mg of sodium fluoroacetate/ml. The animals were killed by de
capitation and the livers were rapidly excised and frozen between two blocks 
of dry ice. A perchloric acid extract of the tissue was made (18) and used 
as such for Pi determination (19,20). Neutralized perchloric acid extracts 
were enzymically assayed for glucose (21); G-6-P,F-6-P and F-1,6 ~DPi22)lactate 
(23); citrate (24); ATP (18); ADP and AMP (25). The glycogen was determined 
on separate samples of frozen tissue (26). Enzymes for analysis were obtai
ned from Boehringer Biochemia S.R.L., Milan, Italy. A DK-24 Beckman spectro-
photometer was used for measuring extinction changes. Pure fluoride-free 
sodium fluoroacetate was kindly given by Sir Rudolph Peters, F.R.S. 

RESULTS 
To study the influence of the adrenals on the degradation of liver glycogen 
in fluoroacetate poisoning rats were used following bilateral enucleation of 
the glands. This operation seems to be a near equivalent of adrenalectomy; 
in fact the whole medulla and the greater part of the cortex are removed,with 
the exception of a rim of cells of the zona glomerulosa adhering to the cap
sule. Enucleation is followed by an interval of marked adrenal insufficiency 
which lasts about one week, then the zona glomerulosa cells proliferate and 
give rise to a new cortex, whereas the medulla does not regenerate. Hence by 
using animals at intervals after adrenals enucleation it is possible to di
scriminate between the influence of the cortex and the medulla. 
The effects of fluoroacetäte poisoning on the concentrations of glycogen and 
citrate were studied in rats 8, 16 and 24 days after the operation. 
The results, summarized in Fig. 1, show that 8 days after enucleation fluo-
roacetate caused the lysis of approximately 14% of the liver glycogen and 
did not provoke citrate accumulation. After 16 days the glycogen lysed was 41% 
and theaccumulated citrate 3.12 μιτιοΐ / g liver (910% over control); after 24 
days 87% of the glycogen was lysed and the accumulated citrate was 3.69 
umol / g liver (700% over control). 
Phosphofructokinase activity was judged by the relative concentrations of 
G-6-P, F-6-P and F-1,6-DP. The results given in Table 1 show that with re
spect to control the concentrations of G-6-P and F-6-P were 50% and 43% re
duced respectively, whereas the concentration of F-1,6-DP was 108% increased. 
This decrease of G-6-P and F-6-P and the concomitant increase of F-1,6-DP 
were taken as indicating a stimulation of PFK activity. 
The fall of glycogen concentration together with the apparent increased acti
vity of PFK and the marked increment of lactate concentration were consistent 
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O 8 16 24 
DAYS AFTER ADRENAL ENUCLEATION 

Fig. 1. Effects of fluoroacetate poisoning on glycogen (A) 
and citrate (B) concentrations in the liver of the rat fol
lowing bilateral enucleation of the adrenals. Treatment: 10 
mg sodium fluoroacetate / kg body weight / 2 h. 
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TABLE 1. Effect of fluoroacetate poisoning on the concentrations of glycogen and glycolytic intermediates in the rat 
liver (Sodium fluoroacetate 10 mg / kg body weight / 2 h ) 

GLYCOGEN GLUCOSE G-6-P F-6-P F-1,6-DP LACTATE 
(μιποΐ / g wet weight - S.E.M.) 

CONTROL MALES 188.33-21.1 
(6) 

CONTROL FEMALES 151.72-21.1 
(6) 

FAC MALES 55.06-21.7 
(6) 

PER CENT Δ -71 % 

FAC FEMALES 30.39^20.5 
(7) 

PER CENT Δ -80 % 

PER CENT Δ (M + F) -75 % 

In parentheses the number of observations in each group. 
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(6) 

.94±0.62 
(6) 

.93-3.05 
(6) 

+ 92 % 

9, .40^2.04 
(6) 

0. 

0. 

0. 

0. 

.306-0.040 
(6) 

,334±0.035 
(6) 

.211^0.064 
(6) 

-31 % 

,116^0.039 
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+ 30 % 

-65 % 

-50 % 

0.059-0.010 
(6) 

0.074^0.008 
(6) 

0.047^0.013 
(6) 

-20 % 

0.031^0.00 
(7) 

-58 % 

-43 % 
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.032-0.002 
(6) 

.028^0.008 
(6) 

.043-0.016 
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+ 34 % 

.079-0.022 
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TABLE 2. Concentration changes of phosphofructokinase effectors in rat liver following fluoroacetate poisoning 
(Sodium fluoroacetate 10 mg / kg body weight / 2 h) 

Negative effectors Positive effectors 

CITRATE ATP ADP AMP Pi 
(jjmol / g wet weight + S.E.M.) 

9 
CONTROL MALES 0.10^0.02 1.41±0.02 1.69^0.15 1.26-0.25 7.51±1.17 ^ 

(6) (6) (6) (6) (6) 

CONTROL FEMALES 0.12-0.01 1.66±0.10 1.28^0.17 1.25-0.22 8.87±1.51 

(12) (12) (11) (11) (12) 

(6) (5) (6) (6) (6) 

FAC FEMALES 1.38^0.46 0.70-0.11 1.49-0.17 2.22-0.41 11.23-2.01 

CO 

5 
(6) (6) (5) (5) (6) S 
+ + + + + £2 

CONTROL M. + F. 0.11-0.01 1.53-0.12 1.50-0.11 1.26-0.16 8.19-0.93 ^ 
o •a 

FAC MALES 3.37-1.15 1.05±0.17 1.72±0.26 2.04±0.34 10.09^1.92 g* 
o 

1 
(5) (7) (7) (7) (7) 

FAC M. + F. 2.47-0.81 0.85±0.10 1.60^0.14 2.14^0.26 10.70^1.34 

(11) (12) (13) (13) (13) 

Mmol Δ +2.36 -0.68 +0.10 +0.88 +2.51 

In parentheses the number of observations in each group. oo 
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DISCUSSION 
The present results seem to indicate an involvrrent of the adrenal cortex in 
the glycogenolysis induced by FAC poisoning. Since the medulla does not 
regenerate the present observations demonstrate that it does not play a part 
in FAC induced glycogen degradation in liver. They show also that citrate 
accumulation in the liver of the FAC poisoned rat depends on the glycogeno
lysis and this in turn implies an active glycolysis to generate pyruvate for 
citrate synthesis. 
So far a direct influence of adrenal cortical hormones on glycogenolysis has 
not been shown. The lysis of glycogen occurs very early in FAC poisoning and 
this implies an earlier involvment of the adrenal cortex. 
No explanations are at present available for this effect. However, some re
ports have appeared showing an influence of glucocorticoid hormones on the 
secretion of pancreatic glucagon in man (30, 31) and the hypophysectomized 
duck (32). If in the rat glucagon secretion during FAC poisoning would be 
under the control of the adrenal cortex, then the reported observations 
could be explained. The validity of this suggestion will be decided by fur
ther studies. However, the present results seem to rule out an influence of 
adrenaline on the FAC induced glycogen breakdown in rat liver. 
The determinations of the glycolytic intermediates have shown that in the 
liver of the FAC poisoned rat the degradation of glycogen is followed by 
active glycolysis demonstrated by the high concertrat ion of lactate and,in
directly, by the accumulation of citrate. The lowering of the concentrations 
of the hrexose phosphates G-6-P and F-6-P and the increase of F-1,6-DP con
centration are interpreted as showing a stimulation of the phosphofructokina-
se activity. 
In the liver tissue presumably the negative action of citrate on PFK was 
counteracted by the combined actions of the positive effectors ADP, AMP, and 
Pi and also by the deinhibitory effect caused by the lowered concentration 
of ATP. Further, citrate accumulated in the FAC poisoned liver is approxi
mately 70% localized in the mitochondria and 30% in the cytosol (33,8),where 
the PFK enzyme in known to be situated. Then, it is likely that only the 
citrate localized in the cytosol is active on PFK. Further, at least in the 
isolated PFK obtained from rabbit skeletal muscle, 1 mol of AMP counteracted 
the inhibitory effect of 4 mol of citrate (34). If the liver enzyme in situ 
has the same sensitivity towards the two effectors as the rabbit muscle 
enzyme in vitro, then an inhibition of PFK by citrate in situ is \zery unli
kely. On a more general ground if one takes into account the actual concen
trations of the allosteric effectors of PFK in the cell, the distribution 
of the effectors and of the enzyme in the cellular compartments, as well as 
the relative activities of the regulatory molecules, then it does not seem 
very probable that citrate in tissues under physiological conditions might 
play a role as an effector of PFK. 
In conclusion, the present experiments suggested that the adrenal cortex 
plays a. role in the degradation of liver glycogen induced by fluoroacetate 
poisoning and that the activity of phosphofructokinase is stimulated by the 
overall changes in concentrations of the allosteric effectors in the poiso
ned liver tissue. 

Abbreviations - ADP, adenosine 5'-diphosphate; AMP, adenosi-
ne 5'-phosphate; ATP, adenosine 5'-triphosphate; FAC, fluo-
roacetate; FCIT, fluorocitrate; F-6-P, fructose-6-phosphate 
F-1,6-DP, fructose-1,6-diphosphate; G-6-P, glucose-6-pho-
sphate; PFK, phosphofructokinase; Pi, inorganic orthopho-
sphate. 
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THURINGIENSIN, A NATURAL 

ANALOGUE OF ATP 
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Institute of Organic Chemistry and Biochemistry, Czechoslovak Academy of 
Science, 166 10 Praha 6, FJemingovo namesti 2, Czechoslovakia 

Abstract - Thuringiensin, a low molecular substance excreted by Bacillus 
thuringiensis was discovered in 1958 due to its insecticidal properties. 
In further work thuringiensin was found to be a natural analogue of ATP 
competing with this vital metabolite in the transcription of genetic in
formation. In this respect thuringiensin was shown to be a specific tool 
for the study of RNA biosynthesis by the DNA-dependent RNA polymerase in 
vitro and in vivo. 
The study of the chemical structure of thuringiensin by means of chemical 
and physicochemical methods led to the proposition of its structure which 
was confirmed by synthesis. This synthetic procedure was extended to the 
preparation of some of thuringiensin analogues. On the basis of this work 
it was possible to formulate the mechanism of the competition with ATP in 
the transcription of DNA as well as to define in more detail structural 
requirements of the elongation binding site for ATP on the DNA-dependent 
RNA polymerase. 

The study of individual biochemical reactions catalyzed by single enzymes operating along 
metabolic pathways proved to be very rewarding. Since the discovery of sulfanilamide, anti-
metabolites, mainly analogues of normal substrates, played a key role in the specific inhi
bition of enzymatic reactions thus enabling their detailed study. Consequently substrate 
analogues were sometimes regarded as artificial tools designed to interfere with specific 
reactions. However, it turned out that analogues of current metabolites were often constitu
ents of normal cells mainly in prokaryots. It is hardly necessary to cite examples. Regard
ing nucleic acid constituents Suhadolnik's book "Nucleoside antibiotics" lists a great numb
er of these cases. Very interesting among them are compounds analogous to ATP which compete 
with this vital metabolite in different enzymic reactions. 
It is the aim of my presentation to report on a similar analogue with a rather peculiar str
ucture. The case history of this compound is a good example of the close relationship betwe
en bioorganic chemistry and molecular biology. 
For some time it has been known that Bacillus thuringiensis is a microorganism with highly 
insecticidal properties which are caused by a protein deposited in a crystalline form in the 
bacterial spores. In 1958 an additional insecticidal factor was found: this time a low mole
cular thermostable substance secreted into the culture medium (Ref. 1). When we started to 
investigate the structure and function of this substance in 1966, three of its constituents 
were described by French authors, namely adenine, ribose and phosphoric acid (Ref. 2). As 
already described by Sorm at the IUPAC Meeting in Riga in 1971 (Ref. 3), the real structure 
turned out to be more complicated (Fig. 1). In addition to adenosine and phosphoric acid it 
includes also glucose and allaric acid (Refs. 4,5,6). This structure was at first accepted 
with some doubts (Ref. 1). The reason for this was mainly the unusual type of linkage betwe
en ribose and glucose which is not glycosidic but ethereal. By the time of the IUPAC presen
tation we have also found that the toxicity of the substance was due to the inhibition of 
RNA biosynthesis at the level of transcription (Refs. 7,8). This finding also showed that 
the action of this compound which was believed to be limited to insects is in fact of gene
ral character. 
I should like to concentrate on three main lines of investigation pursued at our Institute 
since the IUPAC presentation I mentioned above. They are: (1) total synthesis of the substa
nce - named thuringiensin - and of some of its analogues; (2) mechanism of inhibition of DNA 
-dependent RNA polymerase by thuringiensin, and (3) the use of thuringiensin as a tool in 
investigating the properties of the active site for elongation of this enzyme. 
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Fig. 1. Structure of thuringiensin 

The strategy of the synthesis of thuringiensin performed by Drs Prystasz and Kalvoda consis
ted in the following key steps: (1) formation of the nucleosidic bond, (2) formation of the 
anomalous type of the ethereal bond, (3) formation of the ά-glucosidic bond, and (4) select
ive phosphorylation. Twenty four combinations were possible but, as shown by preliminary ex
periments, only two routes appeared promising.They were based on the formation of the ethe
real bond during the first step, and on the phosphorylation during the last step. One sing
le route based on the formation of the whole sugar moiety of thuringiensin, the subsequent 
selective nucleosidation, and the final phosphorylation was successful. This route was per
formed (Refs. 9, 10, 11) using two alternatives that differed in the kind of blocking groups 
and in the transformation of the whole sugar moiety before the nucleosidation step. 
For the synthesis of thuringiensin the sugar intermediates 1̂  - 3̂  were used. The unusual eth
ereal bond was formed by trans-doaxial epoxide ring opening of the substance 1_ to afford di-
glycoside ether ̂ , the 1,6-anhydro ring of which was acetolyzed. The intermediate 5_ was tre
ated with the lactone ester of allaric acid 3_ under strong acidic condition with predominant 
formation of the X-glucoside 6̂  that represents the whole sugar moiety. This intermediate was 
then transformed stepwise into halogenose Q that, in turn, was used to sterically controlled 
nucleosidation. The lactone ring of the nucleoside 9. w a s opened under very mild conditions 
to give alcohol JO which was further phosphorylated using phosphorus oxychloride as a reage
nt. The same approach was used for the synthesis of thuringiensin analogues with modified 
either basic or acidic moiety (Ref. 12). 

H0CH2 o 0CH2CC13 

RO OR 

11) R = C6H5C0 or-0C00-
0R 

12) R=C 6 H 5 CH 2 

CC13CH20 ̂ Ο ^ 9\2KpR2 

R10 OR1 

CCl3CH20 
CH20C0CH3 

0CH2C6H5 
R26 0R2 0 C 0 C H 3 
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(5J R1 = C 6H 5CH 2 
R 2 = C 6 H 5 C 0 or-0C00-
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[5) R1 = C6H5CH2 

R2= C6H5C0 or 
- 0 C 0 0 -

COOCHo 
C 6 H 5 COO4H 

RO OH 

[3] R = C6H5CH2 or 
C6H5C0 

CH20C0CH3 

.30 0R3 T °J» 

[6] R^CC^CHjO,· R2=C6H5CH2 

LZJ R1 = CCI3CH2O/ R2=CH3C0 
! in formulae(6),[7] R3=CgH5C0or 

-ocoo-
(JJJ R1 -Br /RZs^CO 

OR3 (_9j R1 = N^-benzoyladenine/ 
C00CH3 R2=CH3C0 

in formulae [81,(9] R3 = C6H5CO or 
CH3C0 

NHRZ 

COOCH3 

R20-C-H 
R30-C-H 
R10-C-H 

1 
C-H 
COOCH3 

MOJ R1 = CH3CO,· R3= H 
MlJ R1=CH3C0; R3= Cl2PO 

in formulaehO], (11] R2= CgH5C0 or CH3C0 

The second l i n e of our i n t e r e s t deal t w i th the mechanism of the i n h i b i t i o n of t r a n s c r i p t i o n . 
This react ion catalyzed by DNA-dependent RNA polymerase comprises four major steps: associa
t i o n , i n i t i a t i o n , e longat ion and te rmina t ion . Our studies were focused on the elongat ion 
step as the remaining ones seemed to be unaffected by the i n h i b i t o r . 
The f i r s t clue to the mechanism of i n h i b i t i o n of the RNA polymerase react ion was furnished 
by the f i nd ing tha t there was a very close re la t i onsh ip between thur ing iens in and ATP. Of a l l 
four nucleoside tr iphosphates which are the substrates of the polymerase, only ATP was able 
to rever t the i n h i b i t i o n by thu r ing iens in (Ref. 7) (F ig . 2) w i th the imp l i ca t ion tha t t h u 
r i ng iens in may funct ion as an analogue of ATP. 
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Fig. 2. Inhibition of DNA-dependent RNA polymerase from Escherichia coli 
by thuringiensin and its reversion by elevated concentration of the sing
le nucleoside triphosphates (Ref. 7). Full column - control, empty columns 
- in presence of thuringiensin. 

This proposition was further strengthened in experiments where competitive inhibition was 
shown to occur between ATP and thuringiensin (Ref. 13) (Fig. 3).Final confirmation of thuri
ngiensin functioning as an analogue of ATP was obtained in using synthetic templates. With 

6r 

1/1x10 
Fig. 3. Double reciprocal plot of DNA-dependent RNA polymerase activity 
at different ratios of thuringiensin/ATP (Ref. 13). Values for 20 ( · ), 
60 ( O ), 100 ( C ), and 140 ( 9 ) nmoles of ATP in the reaction mixture. 

poly dT instead of DNA as a template the inhibition by thuringiensin remained unchanged. Ho
wever, with poly dldC which supports the incorporation of ITP but not that of ATP, practical
ly no inhibition occurred (Ref. 14). It was therefore assumed that the adenosine moiety forms 
hydrogen bonds with thymine of the template at the same active site of the enzyme as does 
ATP. 
The finding that the mechanism of inhibition is based on the displacement of ATP by thuring
iensin at the elongation site enabled us to study the structural requirements of this site 
more in detail. This was all the more attractive since in distinction to other ATP analogues 
thuringiensin differs from ATP by the structure of its acidic moiety very considerably. In 
our further work of much assistance were the findings of Mildvan and coworkers (Ref. 15) con
cerning the conformation of ATP at the active site for elongation (Fig. 4). Using NMR spectra 
Mildvan has shown?that the acidic part of the triphosphate (i.e.«I, ß and /'phosphate) forms 
three bonds to Mn which is located at the active site and established the conformation of 
the ATP molecule attached to the active site. By model building we tried to achieve a simil
ar conformation with thuringiensin (Fig. 5). It turned out that thuringiensin could easily 
form a similar conformation as ATP, and that three bonds to Mn were formed by one phospha
te group and by two carboxylic group of the inhibition (Ref. 16). 
The fact that thuringiensin binds to the elongation site of the enzyme indicates that this 
site is not specific for the triphosphate group which may thus be replaced by other groups 
forming bonds to Mn . The nonspecificity with respect to the character of the acidic groups 
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Fig. 4. Conformation of ATP in the active site for elongation of DNA-de-
pendent RNA polymerase (Ref. 16). 

raised a further question, namely how strict are the spatial requirements of the active site. 
For this purpose we tested the inhibitory activity of several thuringiensin analogues (Ref. 
12). In three of them allaric acid was replaced by glucaric acid, ribaric acid, and allonic 
acid respectively (Fig. 6). We tested also a natural derivative of thuringiensin, namely its 
lactone. In using these substances as polymerase inhibitors we found that any change in the 
molecule diminished inhibition. A complete loss of inhibitory activity was displayed by the 
analogue which lacks one carboxylic group. Taken as a whole^the results are in agreement with 
Mildvan's conception of the indispensable three bonds to Mn : where only two bonds can be 
formed, no binding and thus no inhibition occurs. The same applies to dephosphorylated thu
ringiensin which was found to be noninhibitory and nontoxic already at an early stage of our 
work (Ref. 8). In the case of analogues containing glucaric or ribaric acid the three bonds 
can be formed but the conformation of the inhibitors differs from that of ATP: the binding 
is less tight and the inhibition is lower than in the original compound. However, the lacto
ne of thuringiensin does not fit into this series. It inhibits rather strongly in spite of 
the fact that its conformation - due to the rigid lactone ring - is dissimilar from thuring
iensin or ATP. The resason for this behaviour is under study at present. 
Summarizing our results on the structural requirements of the elongation site of DNA-depen-
dent RNA polymerase the following two features have to be stressed: (1) The active site for 
elongation does not require the triphosphate group as a prerequisite of binding. It binds 
equally well also carboxylic functions provided their conformation is correct. (2) The spat
ial requirements of the active site are rather strict. 
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Fig. 5. Tentative conformation of thuringiensin in the active site for 
elongation of DNA-dependent RNA polymerase (Ref. 16). 
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Fig. 6. Acidic moiety of thuringiensin and some of its analogues. 
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The experiments outlined above were performed with the DNA-dependent RNA polymerase of Esche-
richia coli. The strictness of the spatial requirements of the elongation site permitted us 
to compare the degree of similarity of active sites belonging to polymerases of different o-
rigin. Eukaryotic polymerases were tested for the inhibition by thuringiensin several times 
before but the results were somewhat controversial (Refs. 17, 18, 19). We used therefore hig
hly purified preparations of DNA-dependent RNA polymerase A and B from calf thymus. It may be 
seen (Tab. 1) that both polymerases are by at least one order more sensitive towards the in
hibitor than the bacterial enzyme. The nucleolar polymerase (A) which is responsible for the 

TABLE 1. Inhibition of different DNA-dependent RNA polymerases by thurin
giensin. 

DNA-dependent RNA polymerase K. Cone.of thuringiensin at 50 % inhi
bition 

(/JM) (JUM) 

Calf thymus A 0.4 1.0 
Calf thymus B 1.5 4.0 
Escherichia coli 25.0 50.0 

synthesis of ribosomal RNA is more sensitive than the nucleoplasmic one (B). Experiments with 
polymerase C are under way. These results reflect a similarity but not identity of the relev
ant active sites. 
The inhibitory activity of thuringiensin is apparently limited to DNA-dependent RNA polymera
ses only. Other enzymes using nucleoside triphosphates for the formation of the 3',5'-phosph-
odiester bond are not affected by the analogue. Two cases where inhibition was reported (ade-
nyl cyclase (Ref. 20) and an unidentified enzyme involved in processing of RNA (Ref. 21)) ne
ed further confirmation. 

In the last part of my talk I should like to draw your attention to the practical use of thu
ringiensin in biochemistry and molecular biology. In several laboratories including our own, 
thuringiensin has recently been used as an inhibitor of DNA-dependent RNA polymerases in vi
tro and in vivo (Refs. 17, 19, 21, 22). The results of in vivo experiments are in good agre
ement with the proposed mechanism of action. After the application of the substance biosyn
thesis of the different species of RNA is decreased in direct relation to the sensitivity of 
the single polymerases towards the inhibitor. Consequently it is the synthesis of ribosomal 
RNA which is affected most considerably.Noteworthy is the long duration of the inhibition. 
The studies of the nuclei isolated from livers of animals which received a single dose of thu
ringiensin indicate that the activity of polymerase A and B is inhibited for 10 hours follow
ing the administration of the analogue. The considerable prolonged effect is interesting mai
nly because of the repidly decreasing concentration of the inhibitor in the body due to ex
cretion and dephosphorylation to an inactive compound (Ref. 19). 
It may be expected that thuringiensin will increasingly be used for the study of transcripti
on and RNA processing especially on account of its specific mechanism of inhibition. Moreower, 
the relationship between the structure and biological activity of thuringiensin may furnish 
new incentive for the synthesis of a novel type of analogues. 
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PROBLEMS OF STUDIES OF SPECIFIC 
CELL AUTOREGULATORS (ON THE 

EXAMPLE OF SUBSTANCES PRODUCED 
BY SOME ACTINOMYCETES) 
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Abstract - Naturally occurring substances specifically cont-
rolling biological processes (so-called, bioregulators) 
form an important domain of bioorganic chemistry« These 
substances can be conveniently divided into three classes 
depending on their role in Nature: 1) ecological biore
gulators, 2) physiological bioregulators, and 3) intracel-
lular regulators« Intracellular regulators of actinoraycetes 
are a promising field for study, owing to versality of 
biosynthetic processes in these organisms and a considerable 
number of morphological variations. Systematic study of 
blocked Streptomyces griseus mutants led to discovery of a 
bioregulator called "Autoregulating factor" (A-factor). Its 
structure was elucidated as 2S-isocapryloyl-3S-hydroxy-
methyl-#-butyrolactone and confirmed by the synthesis of 
its racemate« A number of its analogues were also pre
pared. Their study showed the A-factor structure to be 
very specific« In experiments with mutant strains there is 
the risk of substances being produced which are not typical 
of the original organism* A special study was, therefore, 
performed on the occurrence of the A-factor in Nature« It 
was found to be synthesized by all streptomycin-forming 
Str. griseus strains but not by its inactive mutants« Most 
of the latter produce streptomycin when grown in a medium 
to which the A-factor has been added. Mutants in which 
synthesis of the A-factor is blocked markedly differ from 
original strain in many morphological and biochemical pro
perties; for example, they do not form spores, the activi
ties of a number of their enzymes are changed, etc« The 
differences disappear or markedly decrease in most blocked 
mutants, when they are grown in the presence of A-factor, 
making the mutant strain resemble the original one. A 
tentative hypothesis has been proposed regarding the mode of 
action of the A-factor« A similar approach has been used 
to show the existence of bioregulators in other actinomy-
cetes, for example Streptomyces galbus. 

One of the important chapters of bioorganic chemistry is the investigation 
of specific natural bioregulators, which control course of definite bio
logical processes« Prom our point of view, it is reasonable to divide 
all the bioregulators into three main classes, according to their principal 
role in the nature: 1) ecological bioregulators; 2) physiological biore
gulators, and 3) intracellular bioregulators« 
It is possible to include into the first class such regulators which take 
part in a chemical control of relations between different organisms« Their 
characteristic feature is the formation by an organism and action on re
ceptors in an other organism. To this now the best known class of bio
regulators belong sex attractants, pheromones, natural repellents, anti
biotics, toxins, signal substances and other natural products. 
One can include into the second class such regulators which secure the 
chemical control of interactions between different organs, tissues and 
cells in the same organism. It is characteristic of them that they are 
produced by a certain type of cells and are acting on receptors, located 
in cells of other target organ in the same organism. Human hormones are 
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the best known example of physiological bioregulators. 
There is no doubt in existence of the third regulator class, namely of 
intracellular bioregulators, which participate in the chemical control 
of processes occurring out in the cell itself. For them it is characte
ristic that they are produced by a cell and are interacted with receptors 
in the same cell. Some compounds of this type are the subject of this 
communication. 
The intra-cellular bioregulators seem to be widely distributed in the na
ture, since without special system of chemical control existence of cell 
and its development are impossible. However at present time we know very 
little about bioregulators of this type in comparison with regulators of 
the first and second type. Shis shortness of our knowledge may be the 
result of some peculiarities of these bioregulators, which make their stu
dies especially difficult. Such peculiarities include the more trouble
some separation (in time and space; of processes of their biosynthesis 
and their consumption by the same cell, greater difficulties of their 
biological assay, the necessity to apply the unusual experimental techni
que, especially, finding out and use of specific mutant organisms, in 
which the processes of biosynthesis of such regulators and their utiliza
tion by cell were separated. At the same time the use of deficient mu
tants in which the synthesis of an essentially important product is blocked 
and therefore one or some biological functions are absent is rather 
troublesome. Such mutants are often very capricious, they undergo poor 
development, often they perish and so on. 
If to evaluate different organisms as possible sources of intra-cellular 
regulators, we can conclude, that the unicellular organisms have many 
advantage for such studies, and especially actinomycetes. These unique 
microorganisms combine the primitiveness of prokaryotes and very rich 
diversity of morphological and biochemical processes. Therefore we chosed 
different actinomycetes producing antibiotic streptomycin, as the first 
subject of our studies. They included high-productive (selectioned) 
strains of Str. griseus (which were able to produce streptomycin as 
much as 3000 mcg/ml) and many mutants, derived from active producers under 
influence of different mutagens, as it is shown in Table 1. 

TABLE 1. Mutants of Str. griseus derived under the action 
of various mutagens 

Number of Zero mutants 
colon! 
invest 
gated 
colonies ^ρ+^ 

mutants mutants 
Mutagen colonies ^ + ^ ^-^ 

** invest!- total M 

1. N-nitroso-methyl-
urea 5470 20 1 19 

2. N-nitroso-methyl-
biuret 10979 

3. Bthylenimine 2270 
4. Chloroethylenimine 4160 
5. Biethyl sulphate 9376 

85 
1 
4 
9 

4 
0 
0 
0 

81 
1 
4 
9 

Total 32255 119 5 114 

In all, about 32 000 mutants were obtained and studied in our laboratory 
in more or less details. (Refsu 1-3)· Thus some complementary pairs of 
practically inactive mutants were found. Among them the pair of mutants 
No· 1439 and No· 751 was investigated rather thoroughly. 
As is shown in Table 2, the first mutant (No. 1439) produced no strepto
mycin at all, whereas the second mutant (No· 751) synthesized it in small 
amount· By combined fermentation they produced antibiotic in quantity 
approximately equal to amount formed by the parent high-active strain. 
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TABLE 2. Streptomycin biosynthesis in mixed fermentation 
of mutant strains No. 751 and No. 1439 

Strain and mode of Streptomycin, mcfi/ml 
fermentation 72 h 96 h 120 h 

773 (control) 800 
1439 (alone) 0 
751 (alone) 7 
Mixed fermentation 

(1439 + 751) 800 2 000 3 000 
Ifycelium of 751 transferred 
to the broth of 1439 0 10 10 
Ifycelium of 1439 transferred 
to the broth of 751 800 1 840 3 200 

Eutant No. 1439 gave great amounts of streptomycin also in the presence 
f small quantity of cultural broth of mutant No. 751 (Refs. 3t4)· These 
ata showed that the latter produced a bioregulator acting on the mutant 
fo. 751· We obtained this bioregulator (which we named "autoregulating 
actor" or shortly "A-factor") in pure state, elucidated its structure 
nd performed a total synthesis of its racemate. Recently when the pure 
ynthetic A-factor became available and the optimal methodics of its assay 
ere elaborated, it was stated, that 0.001 meg of A-factor, added in 
ime of inoculation to mutant No. 1439, caused the biosynthesis of 1000 meg 
f streptomycin, i.e. the induction coefficient was equal to 1 million. 
hus, the A-f act or is a very potent bioregulator, which biological action 
iay be detected in concentration about 8.10""'3 molar. 
.s was mentioned above, the use of mutants, in which some important func-
ions were blocked, is rather difficult and connected with many dangers. 
toe of them is the probability that a mutant can produce instead of normal 
letabolites such substances, which are alien to the normal parent organism. 
hvestigation of such products of changed metabolism may lead to erroneous 
onclusions. Therefore it was necessary to know whether A-factor was 
roduced only by mutant No. 751 or also by other strains of Str. griseus. 
he studies of the great number of actinomycetes have shown, that the 
.-factor was formed by all investigated industrial strains of Str. griseus, 
roducing streptomycin, by all wild (natural) strains, and by all low-
active (in streptomycin) mutants. On the contrary, almost all the inactive 
tutants, which lost the ability of streptomycin biosynthesis, as well as 
itrains of other streptomycin-producing actinomycetes (Str. galbus Okami, 
itr. mashuensis) could not synthesize the A-factor. It is worth empha-
Izing that the overwhelming majority (114) of zero strains (119), se-
ected from the 32.000 mutants restore their ability to produce strepto-
ycin, if A-factor is added by inoculation. So, it may be taken for 
ranted that A-factor is necessary to regulate the antibiotic biosynthesis 
n all the streptomycin-producing strains of Str. griseus. 
in addition to the streptomycin biosynthesis the A-factor influences 
itrongly the formation of related compounds. So, zero mutants do not pro-
uce streptidine and phosphostreptidlne (in A-factor absence) but produce 
hem in its presence. The activity of transamidinase - an enzyme taking 
»art in the streptidine biosynthesis - markedly increases in the presence 
if the A-factor. In general, the pathway of glucose utilization in zero 
itrains changes strongly in the A-factor presence; this phenomenon will be 
ater discussed in more detail. Thus, the A-factor plays a regulatory 
ΌΙΘ in many biochemical processes in Streptomyces griseus. 
lowever, the A-factor is essentially important for producing actinomycetes 
»ecause it influences not only the streptomycin biosynthesis, but also 
he various processes of differentiation of the parent microorganism, 
(specially the formation of submerged and aerial spores. In the course of 
;he development of usual strains of Str. griseus (which have the A-factor) 
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in submerged culture in 5-6 days the long filaments of the mycelium des-
integrate and the numerous submerged spores resease. On the contrary, 
the zero strains (which have no A-factor) under similar conditions behave 
themselves quite differently: they preserve the long filaments of mycelium 
and the free submerged spores do not almost release. However, if the zero 
mutant is grown in A-factor presence it develops quite similarly to the 
normal strains. The influence of the A-factor on the differentiation 
processes in Str. griseus may be followed more clearly by the cultivation 
of normal strains and mutants on agar media« Without the A-factor the 
deficient mutants form rather large diffuse colonies fully devoid of 
spores. On the contrary, in its presence mutants deficient in this bio-
regulator formed well-shaped colonies with abundant sporulation. These 
colonies are smaller in size and more compact in shape. The colonies of 
deficient mutants of the same age grown in the absence and in the presence 
of the A-factor differed in size, shape, colour and sporulation so strong
ly, that they seemed to be the colonies of different species (Ref. 5)· 

Pig. 1. Colonies of A-factor deficient mutant ( mutant 
Ho. 143) of Streptomyces griseus grown on agar media for 
12 days. Left: Medium without the A-factor; Right: Medium 
with the A-factor (10 mcg/ml) 

Spores formed by asporogenous mutants in the A-factor presence and trans
ferred on the usual agar medium without A-factor developed into asporo-
geneous colonies which produced no streptomycin. Therefore the A-factor 
effect is not connected directly with the alteration of the genetic ma
terial of actinomycete. These experiments also show that a unique model is 
found to study the processes of actinomycete sporulation. This model 
consists of three entities: 1) the well-sporulating normal parent strain; 
2) an asporogenous mutant, derived from previous strain; 3) the same aspo
rogenous mutant, which give spores in the presence of normal bioregulator 
of the parent strain - A-factor. 
The worked out system for searching regulators of sporulation was applied 
to an other actinomycete species - to Streptomyces gelbus Okami. It was 
shown that this actinomycete had not the A-factor but its own regulator 
of sporulation. Its existence may be demonstrated as follows. From usual 
strain of Streptomyces galbus asporogenous mutants were prepared, which 
did not sporulate in the presence of the A-factor (and A-factor producing 
actinomycetes), but gave abundant sporulation under the influences of 
substances produced by parent strain of Streptomyces galbus; at the same 
time these compounds did not cause the sporulation in asporogenous mutants 
of Streptomyces griseus (in particular, in mutant No. 1439), which 



Studies of Specific Cell Autoregulators 205 

sporulated very well in the presence of the A-factor· 
The profound distinctions in the course of a number of differentiation 
processes in normal strains and in deficient mutants were revealed also by 
electron microscopy investigation« The majority of these distinctions 
were diminished, or even disappeared, when the mutants grew in the pre
sence of the A-factor· The most spectacular distinction between the pa
rent strain and the zero mutant was seen in the formation of intracellular 
structures (polysomes, membranes a»o«). In 3-4 days of culture develop
ment the normal strain had numerous analogous structures, whereas they were 
practically absent in the zero mutant. However, if the zero mutant grew 
in the presence of the A-factor, it behaved as the normal strain· A strik
ing feature of zero mutants, when they were developing in the presence 
of the A-factor, was the appearance of specific tubular structures, which 
were always seen in normal strains in the period of streptomycin biosyn
thesis and were absent in zero strains growing without the A-factor, These 
structures seem to be connected with the antibiotic biosynthesis· Thus 
the A-factor is necessary for the producing actinomycete to control not 
only some biochemical reactions, but also cardinal processes of its deve
lopment and differentiation· 
Quite naturally, after the discovery of an autoregulator so important for 
microorganism producing it we decided to elucidate its structure· This 
task was rather hard because A-factor was produced in very small amounts; 
it is, probably, a common property of intra-cellular autoregulators· In 
0*5 ton of cultural broth (obtained after fermentation in 1 cubic meter 
ferment at or) there were only about 20 mg of the A-factor together with 
25 kg of solid residue, which contained also its lower homologues almost 
devoid of specific biological activity· Therefore, we had to treat cul
tural broth from many fermentators to harvest sufficient amount of material 
for chemical Investigations (Ref. 6)· Rather active oily preparations of 
the A-factor were isolated by the combination of multiple extractions and 
different Chromatographie procedures; they were able to stimulate the 
streptomycin biosynthesis very strongly, but were not homogeneous and 
showed by mass-spectroscopy the presence of some homologues· Therefore a 
number of A-factor derivatives were prepared and purified· Among them its 
diphenylcarbanilate obtained by interaction with phenylisocyanate was 
isolated after crystallization in homogeneous state· Its empirical formu
la C27H32l*206 showed that the A-factor itself had the formula C13H22O4· 

12CH„ 
13, CHn 

6 7 9 
COCH„ 10 « 

2 ( C^)3CH 

* _ 1 

y^ 

Fig· 2· NMR-spectrum of the A-factor diphenylcarbanilate· 
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The main information about dicarbanilate and parent A-factor structures 
was obtained by different physico-chemical methods. So, study of IR- and 
UV-spectra of diphenylcarbanilate and products of its mild hydrolysis 
demonstrated that it contained l> -lactone cycle; in ß -position to its 
carbonyl the second carbonyl was located» 5y different methods the 
A-factor was shown to contain a hydroxymethyl group* Thus, the nature of 
all the four oxygen atoms in its molecule was determined. Investigation of 
dicarbanilate PMR-spectrum (Fig. 2) confirmed the presence of 32 protons 
including 7 protons of iso-propyl group, 10 protons of two phenyl resi
dues and two protons of NH-groups, i.e. the presence of two phenylcarbanyl 
groups in it. Study of 4 proton signals (multiplet at 4.2-4*8 m.p.) 
showed, that they belonged to two methyl en e groups, both of them adjoining 
to 0-acyl-groups. Both methyl ens interacted with the same proton, which 
had a multiplet signal in the region 3»4-3.6 p.m. All these evidences 
together allowed to deduce that the A-factor is 2-isocapryloyl-3-hydroxyme-
thyl-4-hydroxybutanoic acid lactone (or according to the other terminolo
gical system 3-isocapryloyl-4-hydroxymethyl-V)-butyrolactone) (Ref. 7). 

NaBH4 ?R 

(CH3)2CK (CB2)XC0CH2CH (CH20H) 2 — (CII3)2GH(CHC)XCHCH2CH(CH20R) 2 40u 

0,2n.HCI 
105° 

"CH20H 
PhN=C=0;Py 

\j\y(^iF&^2 

CH2N2 

[X=2,3,4,5] 

0,5n.NaOH 
60° 

(CH3)2CH(CH2VC00Me 
(CH3)2CH(CH2)3C00M® 

^CH3VCH(CH2\c00Me 

R : -Hf -C0CH3 

■CH20C0NHPh 

v< 
■CH20C0NHPh 

,CO(CH 2) XCH(CH 3) 2 j, 
"coNHPh v/ 

0 0 1 

CH20C0NHPh 

CONHPh 

CH20C0NHPh 

Fig. 3· Chemical transformations of A-factor. 

The deduced formula of the A-factor is in good accordance with a number of 
its transformations, summarized on scheme 1 (Fig. 3)· A mixture of homo
logous branched fatty acids was found out as a result of acid or alkaline 
hydrolysis of the crude A-factor and its non-crystallized diphenylcarba
nilate. These data were a confirmation of the presence of its lower homo-
logues in parent preparations. 
A-Factor contains two asymmetric centers: C-2 and C-3· In its spectrum of 
circular dichroism two positive Cotton's effects (at 285 and 225 nm) are 
present; the second of thera is due by lactone chromophore. According to 
the well-known sector lactone rule the sign of this effect is determined 
mainly by S-configuration of the substituents at C-3. As to the orienta
tion of acyl substituent, the more stable trans-isomer (also with S-confi
guration) must be predominant in solution in consequence of easy epimeri-
zation of C-2. Naturally, it is necessary to have in mind the existence 
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of the enol form, which causes shoulder at 250 nnu The spatial structure 
of the A-factor can be expressed by formula on Fig* 4. 

Θ 

1000· 

500 

λ285 Δε0349 

λ225Δ£0,215 

200 250 300 350 λ 

Fig# 4 . Spat ia l s tructure of the A-factor, 
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Fig· 5. Scheme of synthesis of the A-factor and its 
analogues. 
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The synthesis of A-factor racemate, shown on the scheme 3 (Pig· 5), was 
a decisive proof of the suggested formula. According to the first va
riant of the synthesis prepared 3-hydroxymethylbutyrolactone was trans
formed into the racemic A-factor with a preliminary protection of hydroxyl· 
The protected compounds were condensed with methyl isocaprylate in the 
presence of dympyl sodium· Obtained compounds were hydrolysed easily into 
the racemic A-factor, The better yields were, however, achieved without 
the preliminary protection of hydroxyl by intra-molecular C—^0 acyl 
migration (Ref. 8;. 

TABLE 3· Specificity of the A-factor (dependence of stimu
lating activity on structure) 

A 
CH20H 
CH20H 
CH20H 
CHgOH 
CHgOH 
CHgOH 
CH20H 
CHgOH 
CHgOH 

H 
CEj 

CH20Ac 
CH2OCONHC6H5 

A — A c 
CHgOCHiCHg^Ö 

CH2 CH 
1 0 **Cu υ 
1 

X 
4 
3 
2 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 

B 
CHMe2 
CHMe2 
CHMe2 
CHMe2 
Me 
CH2Me 
CHgCHgMe 
(CH2)3Me 
(CH2)4Me 
CHMe2 
CHMe2 1 

CM
 

CM
 

CM
 

A 

' CO - ( G H ^ B 

Activity ΪΜ) 

100 
0-10 
0 

0-15 
0 

0-20 
0-10 
0 
0 
0 
0 

100 
0 

0 

A number of homologues and analogues of the racemic A-factor was syn
thesized by this and similar methods· Their biological assay showed that 
the A-factor molecule was rather specific· As one may see on the table 3, 
any alteration of its structure leads to strong decrease or even dis-
appearence of stimulating activity· 
Now we are studying the localization of an A-factor receptor in actino-
mycete cell· The radioactive sample of the A-factor is used, which has 
been prepared by treatment of the synthetic A-factor with thermally ex
cited tritium atoms· The level of A-factor binding by actinomycete cells 
was measured after a short-term treatment of 24 hr old mycelium of 
mutant No· 1439 with the radioactive A-factor· The same amount of the 
A-factor was found to be bound firmly with cells (approximately 0·18 meg 
of bioregulator per 1 g of dry mycelium) after the treatment of the my
celium of mutant No· 1439 with rather different concentrations of the 
A-factor and subsequent careful washing· According to the preliminary 
data the A-factor was bound mainly with a protein component of cytoplasm· 
We are also studying the biochemical role of the A-factor and the molecular 
mode of its action· The results of comparative investigations of enzymes 
of carbohydrate metabolism in normal strains and deficient (zero) mutants 
were essential for understanding of this problem. Among a great number of 
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above-mentioned enzymes, the strongest distinction between normal and 
mutant strains was found for D-glucose-6-phosphate: NADP-oxidoreductase 
(1.1.1.49), usually named as glucose-6-phosphate-dehydrogenase (G6PDH), 
The activity of this enzyme was shown to be very low in active strepto
mycin producers, so it was practically impossible to measure it by stan
dard methods. On the contrary, activity of G6PDH was high in zero mutants, 
However, soon after the A-factor was added to the growing mycelium of 
such zero mutants, the sharp fall of the G6PDH-activity occured rather 
quickly and after approximately 12-16 hours it was Impossible to measure 
it« At the same time, the pure A-factor added to crystalline G6PDH did 
not decrease its activity (Ref. 9)» It was shown that a specific NADP-ase 
was synthesized or activated in the cells of zero mutant under the in
fluence of the added A-factor. This NADP-ase destrueted NADP (nicotina-
mide-adenine-dinucleotidphosphate) with liberation of free nicotinamide 
and adenosine-diphosphorlbose phosphate· The last compound seemed to in
hibit selectively glucose-6-phosphate-dehydrogenase. 
It is well known, that adenosine-diphosphorlbose and its phosphate in
fluence greatly the development of different eukaryotic organisms, in
cluding, for example, the sporulation of fungus Neurospore crassa. By 
analogy it is possible to suppose that these substances may influence on 
the sporulation processes in Streptomyces griseus. In this case the 
A-factor acts as a trigger, which switches on the system of enzymes ne
cessary both for sporulation and for streptomycin biosynthesis (Ref* 10)· 
Without any doubt these suggestions are very preliminary, but they may be 
evaluated as the first working hypothesis« On the basis of this hypothe
sis it is possible to understand reasons of many distinctions between pa
rent normal strain (No» 773) and deficient mutant No· 1439 and reasons for 
decrease (or even disappearance) of these distinctions under the influence 
of the added A-factor, as is shown in Table 4· Thus, the A-factor in
fluences directly or indirectly a number of biological processes, impor
tant for Streptomyces griseus which produces it· Therefore the A-factor 
is a bright example of intra-cellular autoregulators, 1·β· it is a bio-
regulator of the third type according to the classification mentioned in 
the beginning of this communication· 

TABLE 4· Comparison of properties of Streptomycin high pro
ducing strain No· 773 and zero mutant No. 1439 
grown without the A-factor (AF) and in its pre
sence 

Properties 

Formation of 
Streptomycin (mcg/ml) 
Streptidine 
O-Phosphorylstreptidlne 
NADP-ase 
Dark pigment 
Aerial spores 
Intracellular structures: 

Membranes 
Polysomes 
Tubular organelles 

Transamidinase activity 
(units per 1 mg of protein) 
G6PDH activity 
Mycelium basophility 
Release of spores from hyphae 

mutant 1439 
without 
AF 

0 
-
-
-
-
-

low 
low 
-
0.12 
high 
high 
-

in presence 
of AF 

3000 
+ 
+ 
+ 
+ 
+ 

high 
high 
+ 
2.0 
low 
low 
+ 

strain 
773 

3000 
+ 
+ 
+ 
+ 
+ 

high 
high 
+ 

3.9 
low 
low 
+ 
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The search in Nature, studies of biological properties and elucidation of 
chemical structures of specific intra-cellular autoregulators seem to be 
of great importance, since they give the possibility of better understand-» 
ing the mechanism and the very essence of processes, taking part in the 
cell itself and may allow to control voluntarily these processes. 
In conclusion I wish to fulfill my peasant duty and give the names of my 
co-workers, whose personal interest in this research, experimental skill 
and patience made these labour-consuming investigations possible« From 
the very beginning of these sutides Dr. I.I.Tovarova has not only been at 
the head of all the biochemical aspects of work, but, together with me, 
she is the initiator and pitiless critic of our work· Also from the very 
beginning Dr. L.N. Anisova has been leading the genetic and selection as
pects of work and takes active part in working out of general concep
tions. Very active have been working many members of our laboratory: 
0.L.Voronina, L. A. Shevchenko, E.Ya. Kornitskaya, 0·I·Krassilfnikova, S.A. 
Ostroumov, 0,V.Efremenkova, T.S.Popova, I.N.Blinova and others« In the 
elucidation of A-factor structure took part V· V. Onoprienko and his co-
workers E.M.Kleiner, S.A. Pliner and V.S. Soifer. The preparation of crude 
A-f act or was made in the pilot-plant of our institute under the supervi
sion of G. II. Smirnova. The electron-microscopic investigation was performed 
together with a group of electron microscopy (head - Dir. P.L. Zaslavskaya) 
in National Institute of Antibiotics. All the mentioned persons are the 
co-authors of corresponding parts of this communication. 
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Abstract - Marine sterols exhibit widely varied and often complex pat
terns of alkylation, dealkylation and side chain cyclopropane construc
tion. These marine sterols occur at concentrations which reflect a 
structural role in the membrane. Only a single sterol, cholesterol, has 
been used in the majority of membrane biological and biophysical studies, 
In this paper the possible functional significance of the unusual struc
tural features unique to the various marine sterols is explored. Also, 
the extent of the existing survey of sterol compositions of marine 
organisms is evaluated, important unexamined groups of marine organisms 
are pointed out, and the importance of marine sterol distributions to 
various biological fields is discussed. 

INTRODUCTION 

Sterols are essential compounds for the maintenance of all forms of eukaryotic life (Ref. 1). 
Indeed, two basic schools of thought exist concerning the evolutionary origins of the eu
karyotic cell. One theory (Ref. 2) holds that eukaryots arose by a process of endosymbi-
osis of numerous prokaryotic organisms, while the other theory (Ref. 3) holds that eukary
ots arose out of selective pressures to compartmentalize in a single ancestral blue-green 
alga which lost its cell wall and developed the ability of phagocytosis. The development 
of a fluid plasma membrane by ancestral pre-eukaryots is a central requirement in both theo
ries. One of the recent and fundamental achievements of membrane biophysicists and bio
chemists has been the demonstration of the basic role of sterols in maintaining plasma mem
brane integrity (Ref. 4-7). Prokaryots do not contain sterols (Ref. 8); therefore, the 
development of sterol biosynthesis by a pre-eukaryot may have been a key step in the evolu
tionary process that resulted in the sudden rise of the eukaryots about 1.5 billion years 
ago, and the subsequent development of all higher forms of life. 

That sterols were excellent fundamental "raw materials" for the development of biologically 
active compounds by evolving eukaryots is apparent from the existence today of the extra
ordinary number of steroid classes which have diverse yet basic biological functions and 
which are all derived from a common sterol precursor. Steroids (Ref. 9,10) are involved in 
calcium metabolism (vitamin D), digestion (bile acids), arthropod molting mechanisms 
(ecdysones), poisons (saponins and insect poisons), reproduction in fungi (antheridiol and 
ooginol) (Ref. 11), and ionic regulation and reproduction in mammals; still other classes 
of steroids exist in nature which have as yet unknown biological functions (e_.g_. , poly-
hydroxy marine sterols (Ref. 12)). It is interesting and significant that whereas many 
steroid classes have regulatory roles in the interaction of organ systems in higher organ
isms, sterols appear to have a basic structural role in the membrane at the purely cellular 
level. The primary site of cell-cell interactions and the final interface of a cell with 
the outside world is the plasma membrane; therefore, a clear and comprehensive understand
ing of the functional role, chemical environment, and dynamic interactions of sterols and 
other membrane constituents would be an important and fundamental achievement. However, 
the general concepts of membrane stabilization and permeability modifications by sterols 
have been proven only recently, and the structure-function relationships behind these 
properties is an area of intense current research. 

The majority of studies concerning the role of sterols in membranes have employed only a 
single sterol, cholesterol (25) (Ref. 4-7). A few membrane studies have considered the 
properties of certain of the terrestrial phytosterols (Ref. 7); however, to the present 
time the only naturally occurring sterols to be considered in membrane biochemical or bio
physical studies have been from terrestrial sources. If we draw a generalized terrestrial 
sterol (Fig. la) and for the present neglect the various patterns of unsaturation (some of 
which represent biosynthetic intermediates) and side chain stereochemistry, we find that 
the only basic differences in the substitution pattern of terrestrial sterols is found at 
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C-24 (where R0represents a hydrogen for sterols produced by terrestrial animals, and a one 
or two carbon substitution for terrestrial plants). The picture is very much different for 
a generalized marine sterol (Fig. lb). No less than five different sites of possible alkyl-
ation (C-22, C-23, C-24, C-26 and C-27), three different sites of possible dealkylation 
(C-19, C-26, C-27), and four different modes of possible side chain cyclopropane construc
tion (involving C-20, C-22 and C-23; C-22, C-23 and a nonsqualene carbon; and C-23, C-24, 
and a nonsqualene carbon; and C-25, C-26 and C-27) have been demonstrated in sterols from 
marine sources. 

The rapid developments that have occurred over the past couple of years in the marine sterol 
field have been summarized in numerous reviews (Ref. 13-21); however, the rate of develop
ments has been so swift that even the most recent works are outdated (Ref. 22). In Tables 
i & 2 we list the complete set of marine sterols which -had been reported at the writing of 
this paper (Aug., 1978). The Tables are used as a reference for discussions in the remainder 
of this text. It is not our purpose to again review the general subject of marine sterols. 
We refer the interested reader to the long list of reviews cited above. Instead, we intend 
to explore several aspects of marine sterol chemistry which we believe to be of potential 
importance to other areas of scientific investigation, particularly membrane physiology, 
marine biology and geochemistry. The discussion presented below arose out of a comparison 
of the generalized structures presented in Figure la & b. 

The profound complexity of the generalized marine sterol as compared to the generalized 
terrestrial sterol, and the tremendous number of different marine sterol structures (Tablesι 
&2) suggest the two basic questions which we will consider: (1) What is the biological 
significance of the unusual structural features of the marine sterols? and (2) Why are 
marine organisms such superb sources of unusual sterols as compared to terrestrial organ
isms? 

Fig. 1a Generalized Terrestrial Fig. 1b Generalized Marine 
Sterol Sterol 

R0= H,Me or Et R1rR2,R3 = H,Me or is a 

cyclopropyl carbon as noted 

R4 = H,Me.Et,n-propy|,isopropyl or 
is a cyclopropyl carbon as noted 

R5' Re*= H,Me,Et or is a cyclopropyl 
carbon as noted 

IMPLICATIONS TO MEMBRANE BIOLOGY 

A discussion of the biological significance of secondary metabolites, such as the sterols, 
can develop along several lines. The possible phylogenetic/taxonomic significance of the 
organismic distribution patterns of specific sterol structural features will be touched 
upon later. However, the principal questions relate to the functional biological signifi
cance, or physiology, behind specific biochemical modifications among the naturally occurr
ing sterols. It could be argued that many times the structural diversity found in a spe
cific class of secondary metabolites does not reflect various physiological requirements, 
but are rather the result of some nonspecific biosynthetic process (the amazing diversity 
among the indole alkaloids may be an example of such a case (Ref. 23)). However, as the 
series of biosynthetic modifications directed toward a sole product which belongs to a 
class of compounds having a specific and important biological function becomes more numer
ous and complex, and as the steady state concentration of that product in the tissues of an 
organism increases, the probability that the product reflects some accidental biochemical 
diversity with no real functional significance surely drops off sharply. Furthermore, by 
postulating physiological reasons for various biochemical modifications, functional hypoth
eses can be developed which are open to experimental testing. Bloch (Ref. 24) has taken 
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this approach in suggesting that demethylation at C-4· and C-14 of the primary squalene 
cyclization products lanosterol and cycloartenol evolved as a means of improving the mem
brane stabilizing capabilities of sterols, and that further demethylation of C-19 and C-18 
did not evolve due to a hypothetical destabilizing effect of such sterol 3-face demethyl-
ations. In subsequent experiments using a series of 4, 14 tri-, di- and mono-methyl 
sterols and a C-19 demethyl sterol, he has shown (Ref. 25,26) that the stabilizing and de
stabilizing effects which he predicted were in fact exhibited in model membrane systems. 

Model membrane and biological studies by numerous researchers have produced a list of gener
alizations (Ref. 4-7) regarding the structural requirements for sterol function in biologi
cal membranes. To the present time membrane physiologists and biophysicists have not con
sidered the possible significance of the various marine sterols, and indeed, the existence 
of a number of marine sterols contradicts several of the sterol membrane function requirement 
rules which have been developed. We will discuss these apparent contradictions and consider 
the possible functional significance of some of the unusual marine sterol structural fea
tures. It is our hope that this discussion will stimulate experimental studies which ex
plore the role of sterols in the membrane systems of marine organisms. We believe^that such 
studies will help clarify various aspects of the general role of sterols in biological mem
branes . 

To function in membrane stabilization a sterol must (i) reduce the effective molecular^area 
of membrane phospholipid molecules (known as the sterol condensing effect); (ii) mobilize 
phospholipid fatty acid chains for phospholipids in the ordered gel state, but reduce mobi
lity of fatty acid chains for phospholipids in the fluid liquid crystalline state; (iii) 
reduce nonionic permeability for phospholipids in the liquid crystalline state, but increase 
nonionic permeability for phospholipids in the ordered gel state. The net effect of these 
sterol activities is to increase membrane fluidity and stability and to modify membrane per
meability in a way essential to eukaryotic life. The general biological requirement is that 
a "sterol" must support life in "sterol" deficient mutants. It is important to note that 
even nonsteroids might function as membrane stabilizers in certain organisms (Ref. 4,8,9). 
It is generally thought that the stabilization of membranes by sterols is the result of 
interaction between the sterols and other membrane constituents (Ref. 27). Furthermore, it 
has been found that to be effective in membrane stabilization a sterol must possess certain 
very specific chemical and stereochemical features, and these required features are summa
rized in Figure 2 along with examples of marine sterols which contradict these structural 
requirements. 

TABLE 2 RECENTLY REPORTED MARINE STEROLS 
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FIG. 2 G E N E R A L I Z E D STEROL S T R U C T U R E - F U N C T I O N R E L A T I O N S H I P S 
AND S E V E R A L M A R I N E E X C E P T I O N S 

f REQUIREMENT 

1. Planar Steroid Nucleus 
-trans ring junctions 
A7STB/C, C/D 

20R and 17ß 
configurations 

3ß-hydroxy group 
(3a-hydroxy, 3-keto 
and C-3-fatty acid esters 
are not functional) 

MARINE EXCEPTIONS 

5ß-stanols, 32, 86 
-minor constituents 
-knownbacterial metabolites 
Probably no membrane role 

20-iso steroids, sargasterol 
(C-20 epimer of 68) now thought 
to be an incorrect assignment 

-ptilosarcus steroids 
e . g . , o 

0 M e probably no 
membrane role 

R = H, Me, Et 

-conventional sterols absent 
-steranes occur at "sterol" concentrations 
Probable membrane role 

REFERENCES 
requirement/exception 

(4-7)/(51) 

(9)/(19, 29) 

(4-7)/(14, 30) 

4,14 demethyl nucleus 
i . e . , Ri =: Ro = Ro = H 

dinosterol 113 
major sterol of a marine dinoflagellate 
Probable membrane role 

(24-26)/(31) 

Nucleus must possess 
C-18 and C-19 angular 
methyls, i . e . , 
R. = R- = Me 4 5 

Side chain must contain 
greater than 5 carbons 
i . e . , R 6 > C 3 

Side chain must contain 
less than 10 carbons, 
i . e . , R 6 ^ C10 

19-norstanols, 12, 22, 29, 42, 47, 56, 
87, 84 

-conventional sterols absent 
-occur at "high" sterol concentrations 
Probable membrane role 
also 30, 57, 65 (minor sterols) 

Marine sterols 1-8 
-minor components 
Probably no membrane role 

C3 Q marine sterols 91-97, 103-111 
-ma|or, sometimes only sterol, 
-high concentrations 
Probable membrane role 

(24-26, 33)/(32, 
51) 

(4-7, 34, 35)/(37) 

(4-7, 35, 36)/(13-
22) 
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The first rule specifies that a sterol must possess a planar nuclear structure to function in 
membrane stabilization. Marine sterols (e.g., 86_, Table 1) are known which possess the 53-
stanol nuclear structure of coprostanol (32, Table 1), but these sterols occur at minor or 
trace levels, are known bacterial metabolites and are, therefore, probably waste products 
which do not function in the membrane systems. Closely related to the requirement of a 
planar steroid nucleus is the second requirement that a functional sterol must possess the 
R configuration at C-20 (Ref. 9,28). The 20£ configuration forces the sterol side chain out 
of the plane of the nucleus. Sterols with this "unnatural" configuration do not function as 
membrane stabilizers (Ref. 9). Marine sterols with the 20-iso configuration were once 
thought to exist (sargasterol, the 20-iso epimer of fucosterol 68), however that assignment 
is now thought to be incorrect (Ref. 19). The existence of marine steroids which have the 
20-iso configuration [e.g., (20S_)-chola-5,22-dien-24-oic acid methyl ester, from Ptilosarcus 
gurneyi (Ref. 29)] has been established, although the highly functionalized side chains of 
these compounds strongly indicate that these steroids are not membrane constituents. The 
third sterol structural requirement for function in membrane stabilization is the 33-hydroxy 
group. Steranes, 3a-alcohols and 3-keto containing sterols are not functional (Ref. 4-7). 
The marine sponge Axinella verrucosa contains A-nor-steranes instead of sterols (Ref. 30). 
The occurrence of these unusual compounds at concentrations comparable to those of sterols 
in other animals, and the lack of conventional sterols in this sponge, strongly suggest a 
membrane role for the compounds. 

The interactions of the sterol polar substituent with other membrane constituents are not 
clearly understood (Ref, 5). Studies of the naturally occurring A-nor-steranes and possibly 
various synthetic analogs could provide some insight into those interactions. The fourth 
requirement for sterol membrane function was mentioned earlier, that is, that sterols posses
sing 4 or 14 methyl groups remaining from the primary squalene cyclization products, lano-
sterol or cycloartenol, do not function well in membrane stabilization. Furthermore it was 
predicted (Ref. 24) that methyl sterols would not be found functioning as sterols in orga
nisms. Minor levels of methyl sterols are commonly found in organisms since methyl sterols 
are the biosynthetic precursors of the sterols. However, the major sterol of the marine 
dinoflagellate, Gonyaulax tamarensis, has been found to be a i+a-monomethyl sterol, dinoster-
ol (113) (Ref. 31). The high, "structural" concentration of dinosterol in G. tamarensis sug
gests a role for dinosterol in the cellular membranes of that dinoflagellate. 

The phospholipids of G. tamarensis may differ from those used in current model membrane 
studies since methyl sterols do not function well in those systems. If a structural compli-
mentarity does exist between dinosterol and other membrane lipids in G. tamarensis, a care
ful study of that complimentarity might result in a better understanding of the interactions 
between the polar "head group" regions of the various membrane lipids. 

The fifth sterol structure/function requirement is that the nuclear demethylation process (of 
requirement 4) should not extend to the C-18 and C-19 angular methyls of the sterol nuclear 
"3-face" (Ref. 24-26). However, 19-nor-stanols have been discovered in the marine sponge 
Axinella polypoides (Ref. 32). Again, the absence of conventional sterols and the high struc
tural concentrations of these 19-nor-stanols suggests a structural role of these sterols in 
the cellular membranes of this sponge. It has been suggested by Huang (Ref. 27,33) that the 
3-face of sterols interacts preferentially with the unsaturated fatty acid chains of membrane 
phospholipids whereas the sterol α-face interacts with saturated fatty acid chains of mem
brane phospholipids. The adjacency of the C-19 sterol angular methyl and the Δ fatty acid-
phospholipid double bond was suggested by Huang to be important in the 3-face interactions. 
The presence of 19-nor-stanols in A. polypoides suggests that an examination of the phospho-
lipid-fatty acids of that sponge (if the sponge does in fact contain phospholipids) might 
reveal a complimentary structural perturbation at C-9 on the fatty acid chain. 

The final structural requirement for sterol membrane function concerns the side chain and is 
perhaps the most vague of all the generalized requirements (Fig. 2). Experimental studies 
have shown that sterol side chains must contain more than five carbon atoms (Ref. 34), pref
erably eight carbon atoms (Ref. 35), and not more than nine or ten (Ref. 36). In Table 1 
many examples of sterols with side chains apparently too short to be functional (l_-8̂ , _98_, 99) 
or too long to be functional (C and C side chains as specified in the table) are shown. 
Furthermore, marine sterol side chains exhibit a great variation in structure (summarized in 
Fig. 1). 

We recently considered in detail the possible origins and functions of the short side chain 
marine sterols (Ref. 37). These sterols with biosynthetically unusually short side chains 
(fewer than the eight carbon atoms expected for primary squalene cyclization products) occur 
in a wide range of invertebrates but at very minor concentrations (<5% of the sterol mix
tures). Careful evaluation (Ref. 37) suggests that these minor sterols may arise by an in 
vivo autoxidative process and are therefore probably not membrane constituents. In contrast 
the marine long side chain sterols almost undoubtedly play a structural role in the cellular 
membranes of marine organisms. This is because many times the C and C marine sterols are 
major sterol constituents, occurring at the high concentrations necessary for a structural 
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membrane component. Many of the unusual C and C^Q marine sterols have been isolated from 
marine sponges (e.g., aplysterols 77 and 90, stelliferasterol 109, verongulasterol 111, iso-
stelliferasterol 108 and strongylosterol 107_ - Table 1) (Ref. 22). Sterols with syntheti
cally extended side chains do not function well in mammalian-type model membrane systems com
posed of phospholipids typically found associated with cholesterol (Ref. 36). This suggests 
that the natural marine sterols with extended side chains may occur in membrane systems com
posed of phospholipids (or another class of polar lipids) which differ from the ones found 
in mammalian membranes. Furthermore, these sterols almost invariably possess a "cholesterol" 
nucleus which suggests that the structural perturbations in the membrane phospholipids might 
be expected to occur in the terminal fatty acid chains of the hypothetical sponge phospho-
lipid rather than in the polar "hand-group" area. The discovery (Ref. 38) of unusually long 
fatty acids (C24 - Con) in many marine sponges may be an example of the kind of complimen
tary structural variations suggested above. 

Conversely C2g and C~n side chain alkylated sterols do not function well in certain other 
marine animals which apparently require C97 sterols. These marine invertebrates have 
evolved enzymic mechanisms of sterol side chain dealkylation (Ref. 15), a mechanism common 
in insects. It is interesting that certain minor marine sterols (103) are inhibitors of 
C-24 dealkylation (Ref. 39), while others are possibly dehydrogenase inhibitors (59) (Ref. 
40). These C-24 sterol dealkylations may be a reflection of the sixth sterol structure-
function requirement in Fig. 2. However, it seems clear that a modified rule will be devel
oped for organisms possessing sterols with C - Cn side chains. 

It is significant that certain marine organisms possess C27 sterols (15-17) which are appa
rent C-25 rather than C-24 dealkylation products of C23 sterols. There is nothing evolu-
tionarily sacred about the Cfi side chain of cholesterol and removal of alkyl (methyl) groups 
attached to C-25 could simply be another means of shortening a sterol side chain. Alter
nately, if we take the view that sterol side chain modification represents a "fine tuning" 
of the structure for a specific but presently not understood structural compatability with 
other membrane constituents then in light of the large number of elaborately alkylated 
marine sterol side chains, it is not surprising that dealkylation at C-25 has evolved as a 
means of modifying a sterol structure. 

One way of testing the functional specificity of sterol side chain structures is to take the 
approach that Blpch used (Ref. 24-26) with the 4,14- methyl sterol biosynthetic precursors, 
that is, test the relative membrane functionality of the various sterol side chain biosyn
thetic precursors. As discussed at the beginning of this section, the apparent complexity 
of the biosynthetic sequences (Ref. 22) leading to certain marine sterol side chains may be 
functionally significant. 

These apparently complex and specific biosynthetic processes may reflect a very real require
ment for the specific structure generated. Such an hypothesis is clearly open to experimen
tal testing with biosynthetic precursor sterols or synthetic analogs, but it should now be 
clear that such studies are only valid in the organism or in model membrane systems derived 
from the lipids of the organism in which the sterol is found. 

A final feature of sterol side chain biosynthesis which has interested us since we began to 
consider (Ref. 37) in vivo autoxidation as a possible source of the marine short side chain 
sterols is the apparently ubiquitous metabolism (either reduction or alkylation) of the Δ2 + 

double bond present in primary squalene cyclization products, lanosterol and cycloartenol. 
We have found that desmosterol (23) and other sterols containing a Δ double bond (even Δ 2-
53-cholestene) are autoxidized much more rapidly than other side chain upsaturated sterols 
(e.g., ̂ 0_ and 6j8_). The initial autoxidation products are Δ -C-25 and Δ* -C-23 hydroperox-
ides which give rise to polar products which are known to be either toxic, biosynthetic in
hibitors, or non-functional in membranes. Desmosterol seems to function well in membrane 
systems that require C sterols. Perhaps the universal metabolism of desmosterol to either 
side chain saturated or alkylated analogues is a reflection of the susceptibility of the Δ 
bond to natural oxidative attack 

D0H 
major 

toxic and non
functional 

products 

jT^f» 

major animal sterol 
phytosterols. ^ J L ^ 
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FURTHER BIOLOGICAL IMPLICATIONS 

We will turn now to the second question which was posed earlier: Why are marine organisms 
such superb sources of unusual sterols as compared to terrestrial organisms? The answer 
is really quite simple, but yet has profound implications in all other areas of natural 
products chemistry. Chemical taxonomists hold that the phylogenetic diversity of organisms 
is generally reflected by a corresponding basic chemical diversity. This should be partic
ularly true in the "lower more primitive" groups where the phylogenetic differences are the 
greatest. The ocean is a much richer source of these diverse and primitive groups compared 
to the land. A careful consideration of the sterol composition (Table 3) of the kingdom 
Metazoa (the true multicellular animals comprising about 30 phyla) reveals that whereas the 
sterol compositions are many times very complex, their complexity almost certainly arises 
from sterols obtained from the Protist (Fig. 3 ) (eukaryotic microorganisms) groups either 
through the food chains (Ref. 41) or through symbiotic associations (Ref. 42), and that 
the Metazoans either do not possess cle_ novo sterol biosynthetic machinery, or biosynthesize 
only cholesterol. It is significant that the Metazoans are thought to have arisen from a 
single ancestral Metazoan. In contrast, the extraordinarily diverse biochemistry (Ref. 43) 
of species within the kingdom Parazoa (sponges or Porifera) which are thought to have ex
tremely diverse polyphyletic origins (Ref. 44), seems to reflect their· apparent polyphyletic 
diversity. In the sterol field the sponges have been an exceptionally good source of novel 
sterols (with sterol 12,22,29,42,47,56,58,59,64,76,77,84,85,90,96,97 and 103-111 in Table1&2 
coming exclusively from this group). The structure (Ref. 44) and mode of feeding (Ref. 45) 
of sponges is such that their membrane surfaces are truely immense compared to other 
organisms, and since sterols are membrane constituents, the multitude of sterol structures 
could also reflect the over-riding importance of membranes in the life of the sponges. 

An extension of the question concerning the abundance of unusual sterols in marine sources 
is: How many new marine sterols will be found in the future? Is the field nearly exhausted 
or is it likely that many new sterols will be found? These correlative questions can be 
approached from two angles (i) biosynthetically - how many sterols are possible? or (ii) 
biologically - how many organisms are left to examine, that is, how good is the present 
survey? We attacked the first question several years (Ref. 4 6,47) ago by using a computer 
program to generate all the possible sterol side chains and then to "prune" the number to 
those which are "biosynthetically reasonable". By this pruning process less than 1800 3ß-
hydroxy sterols with side chains ranging from 7-11 carbons were generated, which is certain
ly formidable but by no means unmanageable. It is important to note that we were concerned 
primarily with side chain generation and used the set of sterol nuclei which were known at 
that time; obviously, the discovery of any new nuclear structures, which is certainly possi
ble (Ref. 48), would add to this number. Since our predictions of the possible new struc
tures, over a dozen new sterols have been discovered. The fact that all these structures 
were contained in the list of predicted structures lends some support to the actual ex
istence in nature of biosynthetic constraints used in our generation (Ref. 46,47) of the 
list. However, a great many novel structures predicted by the computer evaluations have not 
yet been discovered, and if only a small percentage of these predicted structures are found, 
it would certainly include some very important new sterols. 

If we turn to the question of how good the existing survey of the sterol compositions of 
marine species is, we find a similar situation, that is, many marine organisms which have a 
good potential of containing novel sterols have never been examined. This is in spite of 
the fact that the marine sterol field is perhaps the oldest and best studied branch of 
marine natural products (Ref. 48). The most thoroughly studied kingdom of marine organisms, 
the Metazoa, contains less than a thousand analyzed species (Table 3). When it is realized 
that there are approximately 200,000 species of named marine invertebrates and a vast number 
of species which have not been described (Ref. 49), the number of analyzed Metazoan species 
is seen to be quite small. However, what is more important is that the reported analyses 
of the marine Metazoa do not even constitute a good survey of that group. Out of 31 de
scribed phyla of marine invertebrates, not a single species of 19 entire phyla have analyses 
reported in the literature (Ref. 50). Another important consideration is that many of 
these analyses were performed prior to 1960 (Ref. 48), and therefore without the aid of 
gas-liquid chromatography (glc), mass spectrometry (ms), nuclear magnetic resonance (nmr), 
or high pressure liquid chromatography (hplc). Since marine sterol extracts are often com
plex mixtures which require the above techniques (Ref. 51) for a reliable analysis, many of 
the old results must be considered unreliable (an important example of this problem is 
aplysterol (j)0_) mistaken for 3-sitosrerol (8C0 in the older literature (Ref. 52)). 

Although the bulk of sterol analyses of marine organisms have concerned a limited number of 
metazoan phyla, the Protists, for reasons discussed above, are probably the true sources of 
any unusual sterols discovered in the Metazoa. Therefore, it is most pertinent to consider 
the extent of the marine sterol survey among the Protist divisions. The kingdoms of living 
marine organisms are depicted in Figure 3 along with plausible phylogenetic interrelation
ships (Ref. 53) between the Protist divisions. Figures together with Table 3 illustrate 
the extent of the marine sterol survey among the Protist divisions, and delineate the most 
important marine divisions. The only marine protist divisions for which reasonable surveys 
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TABLE 3 
SUMMARY OF MARINE METAZOAN 

STEROL ANALYSES (See Ref. 62) 

Phylum 
0 

Porifera 

Cnidaria 

Mesozoa 

Class 

Calcarea 
Hexactinellida 
Demospongiae 
Sclerospongiae 

Hydrozoa 
Scyphora 
Anthozoa 

Platyhelminthes 
Gnathostomulida 
Nemertea 
Acanthocephala 
Rotifera 
Gastrotricha 
Nematoda 
Nematomorph. 
Kinorhyncha 
Entoprocta 
Annelida 
Echiuroidea 
Sipunculida 
Mollusca 

Tardigrada 
Arthropoda 

Priapulida 
Brachipoda 
Phoronida 
Bryozoa 

a 

Gastropoda 
Bivalvia 
Cephalopoda 
Scaphopoda 
Aplacophora 
Monoplacophora 

Chelicerata 
Pycnogonida 
Crustacea 
Labiata 

Chaetognatha 
Ech inodermata 

Crinoidea 
Asteroidea 
Ophiuroidea 
Echinoidea 
Holothuroidea 

Pognophora 
Hemichordat 
Chordata 

a 

Tunicata 
Cephalochordata 
Vertebrata 

Approx.Number of 
Living Species 

5000 
400 

9000 
3000 
200 

6000 
67 

15,000 
125 
700 
800 

2000 
500 

10,000 
50 

100 
125 
8600 

70-100 
275 

106,000 
90,000 
15,000 

600 
350 
250 
10 
350 

830,000 
52,000 

500 
27,000 

760,000 
8 

260 
20 

4000 
50 

6200 
650 

2000 
1800 
850 
900 
80 
80 

44,000 
200 
13 

42,000 

Marine 
ft 

100% 
100% 
>90% 
100% 

>90% 
100% 
100% 
100% 
ft 

>90% 
+ 
Λ Λ 

Λ Λ 

ft * 

6% 
ft 

>90% 
65% 

100% 
100% 
54% 
48% 
87% 

100% 
100% 
100% 
100% 
ft ft 

t 
ft ft 
100% 
ft 

0.5% 
100% 
100% 
100% 
100% 
100% 
100% 

100% 
100% 

100% 
100% 
t 

Marine Species 
Analyzed 

1.8% 
0.5% 
W 
2% 
0 

0.7% 
0.1% 
3.5% 
0.9% 
0 
0 
0 

0.2% 
0 
0 
0 
0 
0 
0 
0 

0.1% 
0 
0 

0.15% 
0.3% 
1.0% 
0 

2.5% 
0 
0 

tt 
0 

0.2% 
0 
0 

0.38% 
0 

0.03% 
0 
1% 

0.5% 
1.5% 
0.2% 
1.2% 
0.8% 
0 
0 

0.6% 
0 
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DIVISION CLASS 

TABLE 4 
SUMMARY OF MARINE 

PROTISTA STEROL ANALYSIS<see Ref.62> 
APPROX. # OF 
SPECIES % MARINE 

% MARINE SPECIES 
ANALYZED 

Protozoa (Phylum) 
(one celled animals) 

Pyrrophyta 
Dinophyceae 
(dinoflagellates) 
Cryptophyceae 
(cryptomonads) 

Chrysophyta 
Chrysophyceae 

Golden Algae 
Coccolithophorids 

Bacillariophyceae 
Euglenophyta 

Euglenophyceae 
(euglenids) 

Xanthophyta 
(yellow-green algae 
and chloromonads) 

Chlorophyta 
Chlorophyceae 
(green algae) 
Charophyceae 
(stonewarts) 

Phaeophyta 
Phaeophyceae 
(brown algae) 

Rhodophyta 
Rhodophyceae 
(red algae) 

Myxomycota 

28,000 

>1100 

100 

650 
200 

6000-10,000 

400 

600 

7000 

76 

1500 

4000 

450 

t 

93% 

t 

20% 
96% 

30-50% 

3% 

15% 

13% 

13% 

99.7% 

98% 

0 

0 

0.2% 

0 

0 
0 
0.1% 

0 

0 

1% 

0 

3% 

2% 

-
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exist are the Phaeophyceace (brown algae) and Rhodophyceace (red algae). Every species of 
the hundred brown algae examined (Table 4) contains the single sterol fucosterol (_6£ in 
Table 1) as the major sterol. A similar statement can be made for the red algae: the 
majority of red algae contain cholesterol (_25_ in Table 1) as the major sterol, while sever
al species contain other well known, widely distributed sterols (Fig. 3 ). Since every order 
of both the red and brown algae has been surveyed, the discovery of new sterols as major 
components in species in these divisions seems less likely than for the numerous unstudied 
divisions. However, it is important to note that the analysis of the minor and trace sterol 
components of marine sterol mixtures is a new area with the potential of making possible 
the detection of new sterols in nearly any marine extract and we have concentrated on this 
aspect of marine chemistry in our laboratory (Ref. 54). Indeed, recently a new sterol, 
presumably 10.1 in Table 2 , was discovered as a minor component of the sterol mixture of a 
brown alga (Ref. 55). 

Many protist divisions have so far received little or no attention from marine natural 
products chemists. The prime reason for the neglect of these important groups is that they 
are unicellular and require culturing. However, the few cases where cultured species have 
been analyzed have resulted in significant new discoveries. A prime example is d ino st er 01,113 
(4a,23,24R-trimethyl-5a-cholest-22-en-33-ol) isolated as the major component of a marine 
dinoflagellate (Ref. 31). The occurrence of this sterol at concentrations indicative of 
a structural role in cellular membranes raises important questions (noted in the previous 
section) concerning the possible but unexpected (Ref, 24,25) role of 4-monomethyl sterols 
in biological membranes and is also an example of the very unusual C-23 alkylated sterols. 

A possible means of selecting protist divisions for sterol analysis would be to use the 
plausible phylogenetic interrelationships suggested by biologists as an indication of which 
divisions (based on possible affinities with groups known to possess unusual sterols) are 
most likely to yield novel sterols. An example would be to trace back the supposed an
cestry of a group, such as the Parazoa (sponges), which is presently known to contain 
interesting sterols. Such a strategy (Fig. 3) would suggest that certain protozoa (the 
choanoflagellates) and even coccolithophorids (marine Chrysophyceae) may have a high 
potential of possessing interesting sterols. Likewise, protozoans (such as the Radiolaria) 
which may have arisen from the Dinophyceae would also deserve careful investigation. 

Another means of selecting protist groups for analysis would be to consider more carefully 
the more phylogenetically plastic groups. The Chlorophyceae or green algae is such a 
group compared to the red or brown algae considered above (Ref. 56). The Chlorophyceae 
contains a number of orders for which no analyses are reported. The several analyses that 
have been reported have yielded a number of interesting results, for example the discovery 
of codisterol (M-3_ in Table 1) in Codium fragile (Ref. 57). The variety of sterols dis
covered so far among the Chlorophyceae perhaps demonstrates the divergence within this 
division compared to the red and brown algae where a single sterol predominates (Ref. 56), 
and suggests that further'analyses of Chlorophyceae species may result in the discovery of 
important new sterols. 

A third criterion which could be used to select marine protist groups for sterol studies 
would be to consider those groups most important to the oceanic biomass. The diatoms 
(Bacillariophyceae), dinoflagellates and coccolithophorids all contribute greatly to the 
biomass and economy of the seas. This fact alone, particularly when viewed in the light of 
important contributions through the marine food chains justifies the study of these groups. 
Finally, careful analysis of the unstudied groups depicted in Fig 3 would have a good po
tential for discovering new sterols, and may help in clarifying the phylogenetic inter
relationships within the various divisions. Such considerations have been of use in 
evaluating some phylogenetic interrationships within the Parazoa (Ref. 58). Furthermore, 
if specific sterol structural features can be shown to be restricted to a cert in group of 
marine organisms then the occurrence and abundance of sterols with that specific structural 
feature may well be a good means of assessing the contribution of a particular protist to 
a specific food web. If C-23 alkylation is shown to be restricted to certain dinoflagell-
ates, then C-23 alkylated sterols will be a natural tracer for the presence of dinoflagell
ates in a food web. The reason sterols may be used as these kinds of tracers is that 
sterols are very stable molecules, and there is evidence that sterols are carried intact 
through marine food webs (Ref. 59). An extension of this concept is that if certain sterol 
alkylation patterns found in various marine organisms (e_.g. , C-23 alkylation in dinoflagell-
ates, C-26 and C-27 alkylation in certain marine sponges, or gorgosterol-like stanols (78, 
91) in coral reef coelenterates possessing zooxanthellae) are shown to be restricted to 
specific groups (which now seems likely), then those structural features which surely 
evolved many hundreds of millions of years ago may have given rise to "chemical fossils" 
(stanols and steranes (Ref. 60)) with the same alkylation patterns as the corresponding 
unique sterols. The presence of such stanols and steranes in geochemical deposits would 
then be an excellent indication of the origin of these deposits (Fig.4). 
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CONCLUSION 

The marine sterol field appears to be far from exhausted, and many new discoveries are not 
only possible but very likely. It also seems probable that many of the unusual marine 
sterol structural features will be proven to be characteristic of specific groups of organ
isms and may therefore be useful in evolutionary phylogenetic considerations. The unique 
nature and intrinsic stability of certain of the marine sterol structural features may also 
make them useful as natural tracers which will help clarify complex märine food webs, and 
as chemical fossils to help determine the origins of geochemical deposits. Finally, the 
existence of many of the unusual marine sterol structural features recently encountered and 
many even more unusual ones that we believe will be uncovered as a result of ongoing in
vestigations will probably initially create something of a dilemma for membrane physiolo
gists and biophysicists. However, in the long run, careful investigations of the membrane 
properties of these unusual sterols may well offer the key to the resolution of the general 
role of sterols in biological membranes. 
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Abstract - Regulatory systems in the living cell depend on 
protein-nucleic acid interactions the state of which, in 
turn, depends on relationships between low-molecular com
pounds, proteins, nucleic acids, various membrane components 
and other substances. The study of chromatin functions by 
the technique of reconstruction from its components has 
revealed the presence of certain nonhistone groups of pro
teins active on the specific template of a given nucleohis-
tone. Nucleohistone containing a partially denatured his-
tone preparation has an abnormally high template activity. 
Changes in the structures histones caused by denaturation 
in the process of their isolation in different experiments 
were registered by CD, DOR, H and "(MIMR-speetroscopy. 
It was shown that compounds of plant origin influence the 
state of protein-nucleic acid systems in some cases directly, 
in others indirectly· This capacity is manifested in anti
viral, antitumor and immuno-depressive activity of gossypol 
and its derivatives· The present paper lists our findings 
characteristic of the specific effect of extracellular re
ceptors on nucleoprotein systems. Specific relationships 
between alkaloids and eukaryotic cell proteins lead to 
various biological effects in membranes, ribosomes, poly-
somes and chromatin, whereas a multitude of conformational 
forms and inter conversions of alkaloids ensures a high rate 
of specific regulation at the compartmentalysis level« 

Clarification of the nature of regulation in the functioning of various 
intracellular molecular systems and co-ordination of the stages in their 
performance constitutes one of the key problems which have arisen with the 
development of molecular biology and bioorganic chemistry· Expedient and 
efficient utilization of cell resourses saves energy and substrates which 
otherwise would have been used up for the synthesis of compounds not used 
in the process at the given moment· Untimely formation of these compounds 
may have a toxic effect, but nevertheless the presence of competing meta
bolic processes accounts for the effect of physiologically active sub
stances· As illustrated by numerous experimental data the regulative 
reactions have a common chemical basis - the specific interactions between 
biopolymers: nucleic acids and proteins, proteins of various types (basic, 
phosphoproteins, glycoproteins, lipoproteins), polysaccharides, lipids, 
which are realized in various cellular organellas* Specific modification 
of the state of these systems can be achieved through enzymatic or non-
enzymatic interaction with a fixed set of effectors· At the Institute 
of Bioorganic Chemistry of the Uzbek Academy of Sciences comprehensive 
studies are being conducted on the high and low molecular compounds which 
participate at various levels in the regulation of genetic information 
realization processes· These studies include chemical and structural in
vestigation as well as works on clarification of functional role of sub
stances* One of the subjects of research is chromatin isolated from 
various types of tissues· Researchers at present know some of the pecu
liarities in the structure of most of the chromatin components. However 
the biological function of the latter can be judged only on the basis of 
their structural peculiarities in the course of interaction with other 
components (Fig· 1)· 
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Fig. 1. The model of cooperative activation of genom. 
Assuming that in the course of transcription the histones do not dissociate 
from the DNA complex, it is natural to take the various conformation states 
of the nucleohistone complex as factors inhibiting genetic information 
read-out (Refs. 1, 2). The conformation of various sites of the nucleohis-
tones may vary due to the enzymatic modification of the hist ones, their 
formation into complex with regulation molecules, including non-histone 
proteins, as well as due to influences facilitating alteration of the se
condary structure or the octamer-forming histones and the tertiary struc
ture of the nucleosome· Experiments with nucleohistone reconstruction from 
their components have shown that reconstructed nucleohistones incorporating 
partially denaturated histones possess greater matrix activity as compared 
with free DNA. Conseauently, if it is not the free DNA, that is the matrix 
in the transcription process, but the nucleoprotein complex (the basic com
ponent of chromation), then the activly transcribed part of the genom 
differs in its conformation state* There may be suggested a model of coo
perative activation of a nucleosome group, which forms part of the genom 
locus, with the help of an effector - a non-histone protein possessing spe
cific affinity with the nucleohistone. The labile and strongly bounded 
non-histone proteins differ in degrees of affinity with various chromatin 
components (Fig. 2). The labile bound non-histone proteins, which are the 
most active elements in matrix synthesis, contain fractions possessing 
affinity with all the chromatin components (Refs. 3,4)» whereas the less 
active bound chromosomic proteins are enriched with fractions which are 
bound only with nucleohistone* There apparently exist regulative nuclear 
proteins which do not interact with either the DNA or the histones, but 
which interact selectively with the nucleohistone complex of the chromatin. 
This has been illustrated by the method of affinity chromatography of vari
ous non-histone chromosomic protein fractions by affinity with immobilised 
DNA, histones and nucleohistone complex. 
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Fig. 2, Affinity of non-histone proteins to the different 
immobilieed components of chromatln. 
I# SDS-PAAG-electrophoretic patterns of the whole and immo-
bilized-sorbent-binding Of35m-NaCI Soluble nonhistone chro
matln proteins. 
II· SDS-PAAG-electrophoretic patterns of the whole and 
immobilized-sorbent-binding 1-3 m NaCI-soluble nonhistone 
chromatin proteins. 

Conformation data on various proteins which determine the functional state 
of cells depending on the phase and features of their interaction with nu
clear components and other heterogeneous components of the cell, make It 
possible to undertake a functional classification of proteins: replicative, 
transcriptionalt eplgenetic» structural, information, processing proteins, 
modifying enzymesf receptor system proteins. The active role played by membranes in regulating the functions of various subcellular organellas and 
molecular systems has prompted researchers to study such problems as de
tails of their molecular structure, the role of membranes in providing and 
regulating the delivery of substances into and from the cell, the nature 
of excitation and the mechanism of enzymatic regulation of bioenergy pro
cesses within the membrane. These and other problems have been studied on 
the basis of such protein compounds as post- and pre-synaptic 
active toxins, various cyto- ana cardio-toxins, numerous phospholipases 
isolated from various venomous animals and also alkaloids and their deri
vatives. The venom of arthropoda, as that of elapidae, is marked for the 
fact that along with high-molecular weight toxins it contains low-molecular 
weight components which play an important role in intoxication and present 
unique models of the " intimate" mechanism of action within the living orga
nism. Some of the enzymes contained in the venom of arthropoda bring about 
various pathophysiologlcal changes in the organism. For instance, the venom 
of snakes (Ref. 5) and arthropoda contains a group of vasoactive polypepti-
des - kinins which are produced enzymatically in the organism (Fig. 5)· 
We have discovered and studied the highly active components of the kinin 
system in the venom of a number of arthropoda» partlculary the centipede, 
which split off the residues of arginine and phenylalanine with arginine 
from the C-terminal of bradikinin. The specific activity of this kininase 
is 1,000 times higher than the activity of kininase contained in the venom 
of other animals. We studied the structural features of the active surface 
of a number of post-synaptlc membranes, in particular the enzymes (acetyl 
and butyril-cholinesterase and choline receptors) by the method of sub-
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strate-inhibiting analysis with the application of a wide range of alkaloid 
derivatives of the piperidine, dipiperidile, quinolisidine series (Refs.6, 
7)· In comparing data on the rate of cholinesterase hydrolysis and the 
nicotinomymetic activity of the quarternary derivatives of substituted pipe-
ridilecholines it has been established that the hydrophobic surrounding of 
the esterase section in the nicotine choline receptor resembles the hydro-
phobic region at the esterase centre of butyrilcholinesterase. At the same 
time the hydrophobic framing of the receptor anion centre bears similarity 
with the non-polar sections at the acetylcholinesterase anion centre 
(Refs. 8, 9)· Ho comprehensive studies have hitherto been conducted on the 
biological functions of many compounds isolated from plants (e.g· alkaloids, 
terpenoids, polyphenols. flavonoids, lactones, coumarines, catechins, anto-
cyanes, saponines, etc*)· It seems it is easier to clarify the biological 
function of some new protein with a very complicated structure, than to / 
explain the expediency of one or another type of low-molecular weight natu
ral compounds, which at first glance are not essential for the normal 
functioning of the plant organism* This is connected with their chemical 
polyfunctionalism and the difficulties entailed in the controlled develop
ment of an extra-cellular model system where their functions could be fully 
manifested. It may be assumed that some of the above-mentioned compounds 
serve as regulators of biochemical processes in membranes, cytoplasma, 
mitochondria, chloroplasts, nuclei, etc· It is important to note that their 
appearance is closely connected both with the metabolic transformations of 
the basic metabolites and the state of the cell high-molecular weight com
ponents. Natural polyphenols of Malvaceae plants which we have isolated 
and studied, constitute a big group of chemically polyfunctional compounds 
which have been shown tautomeric (Refs. 10-12). the formation of various 
quinoide and condensed forms (Ref.13) (Fig· 4). Although the physio
logical role of phenol compounds in the life of plants has not been studied 
well enough, we believe that their most probable function is that of selec
tive dissociation on Oxydation phosphorylation. The existence of such a 
variety of dissociation agent forms in plants is conditioned by the speci-
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Fig· 4· Structures and biochemical relationships of 
phenolic compounds of cotton (gossypium) 

fie features in the process of photophosphorylation, which depends on the 
type of tissue, the age, nutrition, growing conditions, etc* (Ref. 14)· All 
this requires a sufficiently large set of specific regulators· This may be 
corroborated by the clearcut dependence of the dissociation action of sub
stances on the structure of poly phenols which has been observed during in 
vitro experiments* Apparently the specific features of interaction of poly-
phenols and their various modifications with proteins, their capacity for 
fine regulation of phosphorylation process explain attempts to find a de
pendence between the resistance of plants to various pathogenes and the ac
cumulation of phenol compounds in their tissue. Prom cotton plants infected 
by V.dahliae we have isolated several phenol structure compounds which are 
not present in healthy plants and are formed only in affected ones* The de
gree of their phytotoxic action with regards to the fungus V.dahliae de
pends, to a great extent, on the structure (Refs*15-18)« Active dissocia
tion agents of oxydation phosphorylation display the greatest toxic action 
(Ref. 19). The polyphenol compounds of natural origin in the heterological 
systems are specific physiologically active substances which affect the 
state of protein-nucleic systems directly in some cases and indirectly in 
others· This peculiarity is manifested in the antiviral,antitumoral and im*-
muno^depressive activities of gossypol and a number of its derivatives. It 
has been established that gossypol, batriden, megosin, gossypolon and seve
ral other compounds have a wide range of activity on DNA and RNA-containing 
viruses (Ref.20)· Gossypol, megosin and gossypolon display a relatively 
high inhibiting rate on the growth of tumours of various aetiology and in 
tissue culture of a stable cellular strain of cancer of the human pancreas 
sustained in a monolayer· In both cases the greatest effect is observed with 
gossypol (Ref.21)· Further research in the physiological activity of gossy
pol and its derivatives has shown that some of them are active lmmunodepres-
sor which inhibit humoral and cellular immunity of animals in the transplan
tation of tissue, kidneys and lung· It has been established that these com
pounds inhibit antibody formation much more effectively than conventional 
imraunodepressors (Ref.22)· This wide range of biological activity of natu-
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ral polyphenols and their derivatives coupled with their relatively low 
cytotoxlc action leads us to the assumption that all these forms of activi
ty share a common feature - influence on the regulation of a certain type 
of replicative intracellular processes. The latter depend on the derepres-
slon of a group of genes which determine the phasespeclflc synthesis of 
proteins essential for the segmentation of cells, i.e. they interact direct
ly with DNA and RNA. The physiological action of the polyphenols is also 
phase specific. Hence it has been assumed that being introduced into the 
organisms these substances produce a synthesis of proteins which slow down 
the transition of animal cells into the segmentation stage and inhibit the 
replication of viruses while retaining the ability of the cells to normal 

TABLE 1. Interferon inductive activity of gossypol and GSN 
in chick embryo fibroblast cultures 

Gossypol Contact 
concentra- time of 
tion prepara-
mg/ml tion with 

cells, hr 

Interferon GSN con- Contact Interferon 
titers centra- time of titers 
PIÜ 50/ml tion, prepara- PIU 50/ml 

mg/ml tion,with 
cells,hr 

250 
250 
250+ 
125* 

Poly (I) 
Poly (C) 

Sindbis 
virus 

VSV 

24 
4 
24 
24 

6 
5-7 
PFU/cell 
5-7 
PFU/cell 

10-15 
20 

18-100 
120-140 

64-128 

512 

320 

250 
250 
250+ 
125* 

24 
4 
24 
24 

640 
15-20 
2500 
320 

+ - inassistance of DEAE - dextranj 
VSV - vesicular stomatitis virus. 

functioning at the stage of rest G0. Such discriminatory proteins, as is known, are Interferons. Within the culture of chicken embryo fibroblasts, 
human embryo fibroblasts as well as in mice and monkey cells gossypol and 
megosin produce a high interferon titer (up to 640 UE&/ml) (Ref. 23 
Table 1, 2). Synthesis of interferon is a process which includes many sta
ges. It is put into operation by various inductors and is connected with 
the suppresion of interferon genes. After the transcription and translation 
of informational RNA for the interferon the latter comes out from the cells 
into cultural fluid (Refs. 24, 251. It should be recognized that genes res
ponsible for the interferon formation (localized in human cells in 2 and 
5 chromosomes) and RNA, possessing genetic information for its synthesis, 
are the major parts of chain reaction resulting in production of interferon 
(Ref. 26). Isolation of these informational RNA for interferon with 
matrix activity is of prime importance in realization of molecular nature 
of biosynthesis of this inducible protein. The study of transcription and 
translation mechanisms in homological and heterological cell system as well 
as in a protein synthesizing system without cells would apparently give the 
answer for the question concerning the role of carbon component in the mo
lecules of interferon to show its activity and specific difference (Refs, 27, 
28). After the GSN treatment of cell culture we succeeded in isolating func
tionally active parts of informational RNA of interferon which formed spe
cifically different interferon after translation in homological and hetero
logical cell systems as well as in protein synthesizing systems without 
cells out of wheat germs. A lot of research work was conducted on the state 
of protein biosynthesis and nucleic acids in cells after treatment by gossy
pol and its derivatives. Gossypol displayed a high inhibitory rate on in
corporating of marked predecessors of RNA and DNA biosynthesis (H3 - uridira 
and H^-timidine) depending on concentration. GSN in similar concentrations 
inhibited incorporation of marked predecessors 3i5 - 4,5 times higher than 
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TABLE 2. INTERFERON PRODUCTION IN MAMMALIA CELLS INDUCED 
BY GSN 

Cell type 

HEF 

Human 
tonsils 

Human 
spleen 

Human 
thymus 

FS-4 

L-1210 
BSC-1 

GSN concen
tration 
mg/ml 

125 
250 
250 
125 
62 
250 
125 
62 
250 
125 
62 
250 
125 
250 
250 

Interferon titersf PIÜ 50/ml 

200-300 
640 
320 
80 
60 
80 
20 
10 

40-60 
20 

10-20 
500-640 
100-250 
280-320 
320-480 

HEF - human embryo fibroblast 

gossypol. Induction of Interferon synthesis by gossypol derivatives makes it 
possible to determine the range of their biological activity. Indeed, block
ing by Interferon of replicative protein synthesis at the segmentation stage 
slows down the transition of the cells to the segmentation phase, i.e. it 
leads to suppression of proliferation. This is observed when Interferon 
affects normal cells and other tumour cells (Ref. 29). The suppression of 
tumour cell segmentation by Interferon depends on the following factors: 
whether the tumour cells possess functioning Interferon receptors and whether 
these modified receptors produce a synthesis of inhibitors of transcription 
and translation of replication nuclear proteins (Refs. 30» 31). The action 
of polyphenols and their derivatives as immunodepressors can also be ex
plained by the induction of Interferon and its effect on immunological pro
cesses. Suppression of the first stages of immunocyte proliferation by Inter
feron prevents their differentiation. Eventually this effect is registered 
by the sharp decrease of antibody synthesis and the number of effector 
cells (Ref. 32). On the contrary, Interferon induction at stages9 when antibody synthesis cells and effector T-cells have already appeared, prevents 
their transition to the segmentation stage. This in turn is conducive to 
retaining the number of functioning immunocytes and augmenting their func
tions at the stage of rest* i.e. increases the number of tissue compatibi
lity antigens on the surface of lymphatic cells. This deduction is confirmed 
by the changing nature of immune response when gossypol and megosin are in
troduced before and after immunization of the test animal. Polyphenol in -
duced Interferons stabilize the state of rest of animal cells that prevents 
synthesis of early virus proteins directly interacting with DNA and RNA 
which are identical functionally with the cell proteins at the segmentation 
stage (Refe. 33 * 34). There are several facts to corroborate this assump
tion. The most interesting one (effective induction of anti-viral activity 
with 95-98% suppression) is observed only in those cases when the interferon-
geneis added to cells that had already formed a monolayer, i.e. had entered 
the stage of rest. When the Interferon or interferongengis added to the cells 
immediately after trypsinization of the culture, reproduction of viruses is 
suppressed by only 20-40%. Apparently this is due to the fact that part of 
the cells have already entered the stage of segmentation (Ref. 35). Thus 
the above-mentioned data characterize the specific action of the extra
cellular effectors on the nucleoprotein systems whose changing state leads 
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to the realization of part of the information related to the genom locus 
which is responsible for cell differentiation. Apparently these effectors 
have no direct relation to the protein whose synthesis they induce and hence 
by analogy they can be classified with molecules of plaht and animal 
hormone effectors, cyclic nucleosides, prostaglandins etc. The directional 
expression of differentiation genes results in the biosynthesis of a big set 
of various chemical compounds. At present we know the structure 
and properties of over 150,000 natural compounds which are formed by dif
ferentiated cell systems of various organisms. The biological function of 
toxins, flavonoids, pigments, polyphenols, hormones and alkaloids which are 
concentrated in various cellular formations is usually displayed when these 
natural compounds emerge into the cytoplasm or the extra-cellular space due 
to changing structure or their modification. In studying a number of Central 
Asian plants we have isolated about 200 alkaloids, investigated their meta
bolism, biological action, spatial structure and dynamics of conformational 
changes (Ref. 36). A comparison of base structures in related plant species 
show that their spatial forms and modification vary over a wide range as a 
result of biochemical oxydationt dehydration, condensation, hydrolysis, etc. The alkaloids we have studied may be divided into two classes which differ 
in the nature of activation of secondary metabolism: alkaloids which origi
nate with the introduction of aromatic amino-acids (phenylalanine, thyrosine, 
triptophane) (Ref. 37) and alkaloids which originate with the introduction 
of aliphatic aminoacids (lysine, ornithine) (Fig. 5t 6). 

Fig. 5. Biogenetic pathways of alkaloids of the plants 
wurmbacoideae. 

The secondary metabolism of aminoacids produces big groups of alkaloids of 
the dipiperldlle, isoquinoline, quinolisldine series. One of the characte
ristic structural features of these bases is their participation in complex 
inversion-conversion transformations in solutions which we have studied in 
detail by the '^C-NMR-spectroscopy methods (Ref. 38). For instance, stable 
trans-quinolisidine systems in concentrated hydrochloric acid solutions 
display two forms of lupinine (Fig. 7), more than three forms of pachycar-
pine (Fig. 8), three forars of sophoridine (Fig. 9). Determination of the 
spatial structures of these conformers has made it possible to approximate 
the mechanism of their transformations which includes inversion processes 
of nitrogen atom and cycle conversion (Refs. 38-39) (Fig. 10). Alkaloids 
maintain a specific interaction with various proteins and nucleoprotein sys
tem of eucaryotic cells which results in interesting biological processes. 
Colchicine, colchamine, vinblastin^inchristin and other phenylalanine-thy-
rosine metabolism bases, as well as quinolisldine alkaloids of the matrine 
group form compounds with a number of nucleic proteins and inhibit mitosis. 
The antimitotic activity of the above-mentioned bases 1B very high. Inhibi
tion of 50# in tissue culture is achived at picomol concentrations of alka
loids. On the other hand, natural bases which are produced from the meta
bolism of nicotinic acid, lysine, ornithine and thyrosine have specific in
teraction with the cholinergic (nicotine), acetyl-choline dependent (pilo-
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Fig. 6. Biogenetic pathways of lysine into quinolizidine 
alkaloids and its interconversion. 
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Fig. 10. Inversion-
zidine systems. 

conversion transformations of quinoli-

carpinet etc.) glycine (arsenic), and prostaglandin (morphine) receptors. More often than not the alkaloids are bound to these receptor 5-10 times 
stronger than their corresponding effectors. Apparently the most Interesting 
feature of this series of alkaloids which contain bi-cyclic quinolisidinet decahydrochinoline and pyrrolisidine systems is their ability to selective 
interaction with ribosomes of animal cells. This results in the effective 
inhibition of various stages of elongation in the process of protein synthe
sis at the polysomes. Multiplicity of conformation forms of qulnolisidlne 
bases may be of great importance for regulating this type of interaction 
inasmuch as change in the state of the medium often results in a sharp dis
placement of conformation equilibrium. Apparently this property of quinoli-
sidine bases may be important for directional compartmentalysls and control
led emergence of quinolisidine alkaloids into the intracellular 
and intercellular space. Accumulation of alkaliods is symbatlc to 
processes of protein biosynthesis retardation, but is not correlated with 
the increase in the free aminoacid pool. We believe that the most probable 
biological function of most of the alkaloids is their regulative role in the 
process of biosynthesis of certain proteins at the translation level: the 
alkaloid form bonds with incomplete polypeptide chains of proteins of their 
operon on polysomes and thus can either inhibit or activate the process. 
The existence of complicated structural spectra of alkaloids in plants» the 
diversity of spatial forms and dynamic conformation transformation ensure 
the high rate and specificity of regulation. In this connection we found it 
interesting to study the system of enzymes which govern the biosynthesis 
and interconversion of these complex compounds. Radioactive alkaloids pecu
liar to the given plant were Introduced at certain stage of its development 
(Refs. 40-42;· A rapid redistribution of tagged atoms was observed through
out the entire alkaloid spectrum. The introduction of alkaloid not peculiar 
to the given plant species showed that these bases took almost no part in 
the general system of metabolism. These data testify to the high specificity 
of:* interaction between alkaloids of the quinolisidine series and enzymes 
which realize their metabolism. Thus the most interesting and most important 
intracellular processes are realized with the participation of heterogeneous 
cellular formations. It remains as the main task to establish the structural 
aspects (including the conversion dynamics of these systems) which determine 
the process of recognition or conformity between the components· The solution 
of this task calls for investigations that would draw a connection between 
the biological function of the given natural substance and its physiological 
action on the organism of other species. In our research we proceeded from 
the assumption that there must exist a certain correlation between these 
aspects in the functioning of biomolecules. Comprehensive studies in this 
field will enable researchers to fully understand the regulative mechanisms 
which determine the state and functioning of living organisms. 
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SOME NEW RESULTS IN THE TOTAL 
SYNTHESIS OF ESTROGENS 

A. R. Daniewski and M. Kocor 
Institute of Organic Chemistry, Polish Academy of Sciences, 00-961 Warsaw, 

Poland 

Abstract - A review of the methods of the total synthesis of estrogens 
carried out in our laboratory is given. The first chapter is presenting 
a modification of Torgov - Ananchenko synthesis leading to 11-keto-
estranes. The next chapter describes the application of the coupling 
reaction between diazoketones and trisubstituted boranes for the total 
synthesis of estranes, and the last chapter presents a new short and 
efficient synthesis of these compounds, which has not been published 
as yet. 

INTRODUCTION 

Since the first synthesis of an estrogen i . e . of equilenin in 1939 by Bachmann 1/ many 
new approaches towards the total synthesis of estrogens have been elaborated in many 
laboratories. Because the estrogens and the androgens are interconvertible, the number 
of different total syntheses of these compounds exceeds now several dozens. Some of 
them strike by their genius, the other ones by their elegance or simplicity resp. , but 
only very few of them have found practical i . e. industrial application. Among the latter 
ones the total synthesis of estrone published by Torgov and Ananchenko first in 1959 2/ 
is by far the most versatile, and with Gibian modification 3/ leading to optically active 
natural estrogens it is used on industrial scale for manufacturing the oral contraceptives, 
the anabolic drugs and other biologically active steroids. 

TOTAL SYNTHESIS OF 11-KETOESTRANES 

In the introductory part of the well known monograph on total synthesis of steroids by 
R. T. Blickenstaff et al . published in 1974- 4/ one can find the remark, that "Torgov and 
Ananchenko and their colleagues as well as many others have explored this reaction in 
depth and have found it particularly efficacious for synthesis of aromatic A-ring steroids*1. 
Just a couple of months after the appearance of this monograph and later we demonstrated 
the truth of this remark in a series of our papers published in J. Org. Chem. «*'. ^χι 
exemplification of this i . e . an efficient synthesis of 11-oxidized steroids is presented 
on the Scheme 1. 
The main feature of this synthesis is the introduction of an oxygen function prior to 
cyclization of the Torgov dione 1_, and the use of Meeerwein reagents i . e . trialkyioxy-
borotetrafluorates R3OBF4 as cyclization reagent. Although the synthesis gave as the 
intermediate products compounds 4 with unnatural geometry at C-8, their further t rans
formations could lead to the formation of rac . 11-ketoestrone methyl ether |5,thus offering 
the possibility to an easy access to 11-oxygenated steroids. 

239 
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The same Torgow dione 1_ was used for a ve ry efficient and simple synthes is of r a c . 
14-dehydroequilenin methyl e the r 13 as indicated on the next Scheme " / . 
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We have t r i ed to c a r r y out these two syntheses with optically act ive " seco lone" , obta i 
ned by microbial reduct ion of one keto group in Torgov dione V; the r e s u l t s we re s imilar 
but the y ie lds significantly lower 5d/ 
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THE APPLICATION OF COUPLING REACTION OF TR1SUBST1TUTED 
BORANES WITH D1AZOKETONES 

Since on the other hand our intention was to work out a purely chemical synthesis of 
optically active estrogens not involving any microbial step as in the case of Torgov -
- Gibian synthesis, we elaborated an entirely different total synthesis whose goal, 
however, were initially also 11-oxidized estrogens. As it can be seen very easily this 
new approach /Scheme 3/ gives on the very beginning of the synthesis a possibility 
of resolution of the Michael adduct £ after its transformations into the free acids 10a, b 
into both enantiomers by standard methods i . e . by salt formation with organic bases. 
This chance has been exploited by us 7/ a n d we used for further transformations either 
the acids 10a or 10b resp . , which formed insoluble salts with / - / - ephedrine or 
the racemates. The other enantiomers 1£ were not wasted - by suitable substitution 
reactions at the future carbon atom C- l l they could be reconverted into the right enan
tiomers needed for the synthesis described below /Scheme 3 / . The acids 10a,b have 
been first transformed via their acid chlorides with diazomethane into the diazoketones 
11a or l i b resp. The crucial step in the further synthesis was now the coupling 
of the diazoketones 11 with t r i s - [2- C3-methoxyphenyQ - l -e thyl | borane; a reaction 
which was applied earlier for the synthesis of ketones from acid chlorides °/ . 

Scheme 5 

M e O MfcO mO 

\ΛΖθ O Q 

10a: X - Cl 
10b: X «OAC 

Meo 

MC 0 

(m.CH5OC€)H4CH2CH2)5B 
MC O 

11 a 
11 b 

In our hands this reaction did not give the expected chain ketone 30 but the tricyclic 
compounds 12a,b with the correct geometry at the future carbon atoms C-8 and C-13 
and with l^A-hydroxy group. The stereospecifity of this coupling reaction was practi
cally 100%. The mechanism of this two steps reaction involves most probably a prelimina
ry formation of fi -ketoboranes 13 .̂ These compounds can exist in a number of conforma
tions, from which the most rigid and most stable ones would be those with the coordi
nation of boron with one of the carbonyl groups i . e . 14_ and 15 as suggested by N. Co
hen 

9/ 
However, conformation 15 is less favourable, because of the diaxial interaction 

of 11 S substituent with phenylethylene residue in the supposed intermediate. 
Thus the role of 11 S configuration in the asymmetric induction is evident, and as the 
consequence of its influence 14- A -OH is formed and the correct geometry at the pro-C-
-8 and pro-C-13 is created in compounds 12a,b. 
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F o r fur ther synthesis of es t rone ' /Scheme 5 / , the chlor ine subst i tuent at C - l l has 
been removed with zinc and acet ic acid and the intermediate lj5 cyclized in the p r e sence 
of s t rong a c i d s , p referen t ia l ly with 100% pe rch lo r i c acid in acet ic acid to the known 
Torgov pentaenone L8. In some ins tances using milder reac t ion conditions a lso the i s o 
lation of the intermediate Γ7 in poor yield was poss ib le . The overa l l yield of this r e a c 
tion sequence with r e s p e c t to the r e so lved o r racemic ac ids 10a was 4-0% i . e . approxi 
mately the same as in Torgov - Gibian syn thes i s , but our p rocedure omits the techno
logically unpleasant s tep of microbial reduct ion . 

Sck an\d 

Me o 

MCO 

M<2 O 

—*- MeoJ^-^J^^J > Meo 
! OH 

1 2 a 16 17 

Mfc 0 

M£0 Μ<2θ 

19 18 



Total Synthesis of Estrogens 243 

The s t rong tendency towards aromatizat ion was v i s ib le , when the 11-acetoxyketone 12b 
was t r ea ted with mineral ac ids -14-- de hydro equilenin was formed eas i ly . Treatment of 
12b with p- toluene sulfonic acid and ace t ic anhydride / ace ty l p - toluene sulfonate / , howe
v e r , resu l ted in a smooth formation of the t e t r acyc l i c t r iacetoxyketone 2() without any 
noticeable elimination o r r ea r r angemen t . 
The s t r iking difference in the cycl izat ion of 1J5 and 12b can be explained in the follo
wing way: 
In compound 1̂ 5 the a t tack of phenyl r ing on the posi t ive cen t re at C-9 occu r s from the 
l e s s h indered upper side producing a nonisolable intermediate with 9«C -hydroxy group 
with axial configuration. This intermediate fullfils the requi rements for t r ans -d i ax i a l 
elimination of w a t e r , which r ea l ly t akes place with such a r a t e that the intermediate 
9-OH compound cannot be i so la ted . 

Sckemc 6 

2 0 12 b 8 

25 24 

In compound 12b the 11A -acetoxy group seems to c r ea t e a g rea t s t e r i c h indrance for an 
at tack of phenyl r ing from the upper s i de ; consequently it has to occur from the r e a r , 
producing a 9A -hydroxy group with equator ia l configurat ion. Therefore ins tead of wa te r 
elimination only acetylat ion takes place and compound 20 i s formed. 
The l a t t e r compound could be conver ted into des i r ed 11-ke toes t rogens in two a l te rna t ive 
ways with comparable y ie lds /Scheme 6 / . 

a/ Alkaline hydrolysis of the acetoxy groups gave a ke to t r io l 21_ which smoothly unde r 
went dehydrat ion with p- toluene sulfonic acid to yield the unsa tu ra ted ketodiol 2 3 , 
whose chromic acid oxidation gave the diketone 24 . The cata lyt ic hydrogenation of the 
l a t t e r produced the ketone 25 , ident ical in a l l r e s p e c t s with the ketone 4a , obtained 
in our modification of Torgov syn thes i s . The dehydrat ion of the diketone 24 gave a s 
before the b i sunsa tu ra ted diketone 5_, whose t ransformat ion into 11-ketoes t rone 
methyl e the r was desc r ibed before . 

b / The same keto t r io l 21_ on t reatment with boron t r i f luor ide e the ra te underwent eas i ly 
a r ea r rangement to the new diketone 22̂  with na tu ra l geometry at C - 8 . 

This r ea r rangement i s ve ry c h a r a c t e r i s t i c for the vicinal c i s - d i o l s , thus additionally 
proving the configuration of the hydroxyl at C-9 to be be t a . 
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This new method of total synthesis of estrogens and their 11-ketoderivatives has a ne
gligible disadvantage from laboratory scale point of view, which, however, causes some 
inconveniences on the industrial scale of production. This is the consumption of three 
moles of m-methoxystyrene per one mole of diazoketone. We found that a great part of 
m-methoxystyrene can be recovered, when after the coupling reaction the mixture is 
treated with ter t . butylhydroperoxide, because along with 12a,b also 2- (m-methoxy-
phenyl) - ethyl alcohol can be isolated and reconverted into m-methoxystyrene, but this 
procedure requires some further studies. The same regeneration procedure was also 
used in our next nonpublished as yet approach presented on Scheme 7. 

A NEW SHORT AND EFFICIENT SYNTHESIS OF ESTRANES 

Again the crucial step in this reaction sequence is the coupling of the easily accessible 
diazoketone 27_ with the same borane as before yielding the monocyclic ketone 28. 
Although this reaction gives excellent yields, we found it to be less suitable for indus
trial purpose for the same reason as before i . e . because of the high consumption of 
m-methoxystyrene and the necessity of its regeneration. 
We expected a drastic reduction of the molar amount of the latter reagent by replacing 
two m-methoxyphenylethyl groups in the borane with catechol. Unfortunately the yield 
of the coupling reaction with this modified borane was 4-0% only i . e . half of the yields 
obtained before. 
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Due to an experimental mistake we prepared di- (m-methoxyphenylethyO -methoxyborane 
111, and this compound proved to be a very good coupling reagent /70%/, only slightly 
inferior to 1 /80% yield/. So, although we were not able to reduce the amount of m-me-
thoxystyrene to 1/3, a 33% reduction is also significant, and the presented method can 
be applied on industrial scale without the need of recovering the m-methoxystyrene. 
Thus the very important intermediate 28 was synthesized. Its further conversion into 
the steroidal molecule is simple and it is effected by its reaction with 2-methylcyclopen-
ta-l ,5-dione under alkaline conditions to give 30. The reaction mechanism can be 
explained either as the alkylation of methylcyclopentadione with 2£ or as Michael reac
tion of 29 which is easily formed under alkaline conditions. 
The intermediate 3£ is a symmetric prochiral compound. Its asymmetric aldol conden
sation in the presence of optically active organic bases has been already described " ' 
by other authors, so formally the last Scheme presents a new total synthesis of estrone. 
We would like to emphasize that this is the most efficient synthesis of estrone, and the
refore it can find the practical application not only for the synthesis of estrogens but 
also for 19-norsteroids, used commonly as oral contraceptives and anabolic drugs. 
The Schemes 1 and 5 present the synthesis of 11-ketoderivatives of estrane system 
with natural and unnatural chirality - it is possible that among these compounds some 
new hormonal drugs can be found. 

Acknowledgement - We would like to thank our colleagues Drs M. Gu
zewska and B. Aweryn, Mr. D. Jinaraj /NCL, Poona, India/ and our 
technician Mr. A. Kinowski for their contribution in performing the 
experiments. 

REFERENCES 

1. W. E. Bachmann, W. Cole and A. L. Wilds, J. Amer. Chem. S o c , 61, 974 /1939/. 
2. S. N. Ananchenko and 1. V. Torgov, Dokl. Akad. Nauk SSSR, 127, 553 /1959/. 
3 . H. Gibian, K. Kieslich, H. J. Koch, H. Kosmol, S. Rufer, E. Schroder and R.Vos-

sing, Tetrahedron Lett. , 2321 /1966/. 
4. R. T. Blickenstaff, A. C. Gosh and G. C. Wolf, Total Synthesis of Steroids, Aca

demic P r e s s , N. York-London, 1974, p. 12. 
5. a/ A. R. Daniewski, M. Guzewska and M. Kocor, J. Org. Chem. , 43,2193 /1974/; 

b/ the same authors, ibid, 40, 3132 /1975/; c/ ibid, 43, 349 /1978/; d/ B. Awe
ryn, A. R. Daniewski and M. Kocor, ibid, 41 , 707 /1976/. 

6. A. R. Daniewski, M. Guzewska and M. Kocor, Bull. Acad. Polon. Se i . , Se r .Sc i . 
Chim. , 21, 91 /1973Λ 

7. A. R. Daniewski, Bull. Acad. Polon. Se i . , Ser . Sei. Chim., 21 ,̂ 17, /1973/ ; 
A. R. Daniewski, J. Org. Chem., 40, 3124/1975/ ; ibid, 40, 3127 /1975/; ibid, 
4£, 3135 /1975/ . 

8. J. Hooz and S. Linke, J. Amer. Chem. Soc . , 90, 5936 /1968/ . 
9. N. Cohen, Ace. Chem. Res. , 9 , 412 /1976/. 

10. A. R. Daniewski and M. Kocor, J. Org. Chem., 40, 3136 /1975Λ 



SYNTHETIC APPROACHES TO 
14-HYDROXYSTEROIDS 

I. V. Torgov 
Shemyakin institute of Bioorganic Chemistry, USSR Academy of Sciences, 

Moscow 117988, GSP-1, USSR 

Abstract - The synthesis of 14-hydroxysteroids of estrane 
series by cyclisation of the 2-substituted cyelopentane-
1,3-diones or cyclohexane-1,3-diones has been described· 
Application of this method to 2-aminomethyfccyclopentane-
1,3-dione allows to obtain steroids with 14,18-azepine ring· 
Reduction of some hydroxysteroids leads to the compounds 
with 8/i , 3tJi , 14ß -configuration characteristic of carde-
nolides* A scheme for preparation of steroids with 17/3 -
butenolide chain on the model of dehydroepiandrosterone has 
also been presented· 

At present practically all the principal types of steroids can be prepared 
by total synthesis, although only very few procedures are capable of com
peting with partial synthesis from naturally occuring substances. Such 
are the total syntheses of compounds of the estrone series and of 19-nor-
steroids; and the future is bright for the total synthesis of androstane 
derivatives. There is less certainty about other classes of steroids. 
I should like to draw your attention to the synthesis of 14-hydroxysteroids 
among which there are such interesting and important compounds as cardeno-
lides, ecdysons, bufadienolids and some alkaloids. 

Scheme 1 

„d5F? Ecdysterone 

Digitoxigenin 

Bufotalin 

There are three general ways for introducing a hydroxy group into posi
tion 14· The first one prepared by Ruzicka starts from Δ*4»16-dienes 
which (after selective hydrogenation or directly) are subjected to epoxi-
dation (Ref.1); the resultant 14,15/3 -epoxide is reduced or transformed to 
the 14/3-hydroxy-15-&t -bromide (by treatment with HBr) and then debromi-
nated '(Ref· 2) (see Scheme 2)· This method always led to 14/3 -hydroxyde-
rivatives and consequently was used in the total or partial synthesis of 
cardenolides* 
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Scheme 2 

T COMe « COMe t < 

Peracid 
• COMe · COMe 

I 0 / I OH (Ru; 

Or 

• COMe · C 0 Me ^ T ^ 

T cr 'HO · · OH 
Br 

The second method involves direct incorporation of the hydroxy group by 
allylic oxidation of A '-steroids with selenium oxide or with peracides 
(Ref. 3)· It has found application in the partial synthesis of ecdysone 
and its analogues· 

Scheme 3 

Peracid 

OAc 

Both methods proved to be useful for transforming pregnane or cholestane 
steroids» 
The third - microbiological method was quite successful in the case of 
desoxycorticosterone (Ref. 4) and less so in the case of testosterone and 
dehydroepiandrosterone (Ref. 5) (3ee Scheme 4). 
Some time ago we proposed (Ref. 6) a rather simple way of preparing 14-hyd-
roxysteroids of the estrane and D-homoestrane series, namely, cyclization 
of secodiketones of type (A). Besides 14-hydroxycompounds (B;, bisdehydro-
compounds of type (C) are formed (see Scheme 5)* 
The simplicity of the reaction conditions and the possibility of varying 
the starting secoketones (A) prompted us to study this reaction in detail, 
in particular its scope, limitations and stereochemistry, First of all it 
was found that configuration of the hydroxy group depends on the size of 
ring D. If n=1, i.e. the ring D is five-raembered, the 14ß -hydroxyisomer 
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Scheme L 

C0CH20H 

Mucor 
parasiticus;5Z^e 

COCH2OH 

HO 

Bacillus 
pulvifaciens OH 

(K.Tsuda) 

Scheme 5 

MeO' 

is practically the only one formed (the 14<̂  -isomer was not detected in 
the reaction mixture) whatever the substituents at positions 3 and 18. 
If n=2, i. e ring D is six-membered, both 14o£- and 14/3 -isomers are 
formed, their ratio depending on the nature of the substituents. 
When a methoxy group was at position 3 the yields in both examples did not 
exceed 25% (the rest consisted of bisdehydroderivatives); the presence 
of a 3-hydroxy group increased the yield to 60% which makes the reaction 
a preparative method. In other more complicated cases the yields depend 
also on the nature of the 18-substituent, but, as a rule, exceed 50%. 
The hydrogen atom in position 8 is always trans to the 14-hydroxygroup 
and, therefore, cyclization leads to 14/3 -hydroxysteroids with "unnatural" 
configuration. We certainly tried our oest to pass from "the unnatural" 
to the "natural" cardenolide configuration, i.e. to 8/&, 14/&-compounds, 
and this indeed proved possible thanks to the mobility of the double 
bond (Ref. 7). 
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Scheme 6 

rfYi -w ^-Io: 

,0H 

2 
steps MeO 

IV 

9 (11 ) When the Δ *K '-double bond of the 3-methoxy compounds is sufficiently 
stable (Ref. 8) it easily migrates to position 8(9) in 3-hydroxycompounds 
like (I). After methylation the ketol (II) was reduced with sodium in 
liquid ammonia to the diol (III) with 3<JL , 8/3 , 14/3 -configuration* Its 
subsequent Birch reduction afforded the A 4-3-ketosteroid (IV), It is 
interesting to note that hydrogenation of the ketol (II) on a Pd-catalyst 
also gave rise to the compound with the natural configuration, namely 
ketol (V). In this case nothing remains but to suggest the formation of 
an equilibrium mixture of the Δ 9(11)-8/3 -and A8(9)-compounds (under 
the influence of the catalyst), the former compound already being easily 
hydrogenated to the ketol (V)* 
In a further extention of this method we obtained 18-functionalized 14-
hydroxysteroids the synthesis of which by other means is very difficult 
or simply impossible. To achieve this goal it is necessary first of all 
to have the corresponding cyclic diketones of the types (vi)and (νιι). 

Scheme 7 

CH2R 

R=COOR';CN ;NR2 

NHAc 
0 +CH2CH2COOH —X-ic CH2NHAc 

We investigated several different ways of preparing these intermediates. 
Attempts to utilize cyclization of f!complicated" aliphatic compounds un
fortunately led to no positive results (one of such unsuccessful route is 
given as illustration in the Scheme 7)· "Alkylation" of cyclopentane-1,3-
dione and cyclohexane-1,3-dione proved to be much more fruitful· Incor
poration of a carboxymethyl group was a rather facile problem, and, for 
instance, condensation of the potassium derivative of cyclohexane-1,3-
dione with ethyl bromoacetate gave rise to the ketoester (VIII). 
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Scheme 8 

^ ^ 70% ' ^ H2S04,357. I L 90·/. ' ^ 

XIII 

It was more difficult to insert an amino-raethyl group. However, condensa
tion of the diketones with hydroxymethyl benzamide or, better still, with 
hydroxymethylphthalimide in the presence of strong acids proceeds with 
formation of the desirable products (IX-XII). Elimination of the protec
tive group is achieved with hydrazine. It was just in this way that the 
aminodiketone (XIII) - a very interesting compound for syntheses - was 
obtained. Some attempts to prepare its cyclohexane analogue (XI) failed 
due to β -elimination of a molecule of ammonia and the subsequent spon
taneous isomerisation of the resultant 2-methylencyclohexane-1,3-dione 
to 2-methylresorcinol. 
Condensation of the diketoester (VIII) with the thiouronium salt (XIV) 
proceeds to a well known scheme giving the desired diketone (XV) which 
underwent cyclization upon acid treatment. In the presence of hydrogen 
chloride in methanol D-homoequilenine derivatives, namely, the ketoester 
(XVI), the hydroxylactol (XVII) and its dehydration product (XVIII), are 
formed. 

Scheme 9 

,NH2-0Ac COOEt 

j§6 + & 

COOEt 

MeO 

Cyclization and dehydration also occur under the influence of formic acid 
but dehydrogenation is not observed. The hydroxyacid (XIX) in crystalline 
form exists as a lactol, but both forms give rise to the same methyl 
ester. The hydroxy group was ascribed the 14οί -configuration because it 
formed a strong hydrogen bond in the lactol (XX), as revealed in the IR 
spectrum of this compound. The corresponding 14/3 -hydroxy-compound in 
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the lactone form (XXII) was obtained from the dehydration product of the 
hydroxy acid (XIX) by trea t ing the l a t t e r with hydrogen chlor ide i n a c e t i c 
acid» 

Scheme 10 

^COOEt 

MeO 

XXI XXII 

In an analogous way the hydroxyketoamids (XXIII) and (XXIV) were prepared 
starting from amides and the thiouronium salt (XIV)· 

Scheme 11 

NHBz r""** r-NHBz 

M e 0 ^ s ^ s ^ 
XX HI 

Since no hydrogen bonding was detected in the IR-spectrum of compound 
(XXIV) we ascribed to it the 14©4 -hydroxy structure· 
Condensation of the thiouronium salt (XIV) with the cyclopentandione 
aminoderivatives (XII) and (XIII) proceeds smoothly on boiling in 50% iso-
propanol to give the aminodiketones (XXVa) and (XXVb) in 60 and 72% yields, 
correspondingly* On being treated with acid in methanol they cyclize to 
the 14-hydroxy derivatives (XXVIa) and (XXVIb) ( see Scheme 12). 
The/3 -configuration of the 14-hydroxy group was indicated by the facile 
formation of a 14f18-azepine ring. N-acylation of the hydroxyaminoketone 
(XXVIb) with chloroacetyl chloride and subsequent cyclization using sodium 
hydride led to the cyclic amide (XXVIII) which had no hydroxy group. Re
duction of the amide and Wallach methylation afforded the interesting com
pound (XXXI) (see Scheme 13)· 
The availability of 14-hydroxyketones prompted us to carry out their further 
transformations so as to arrive at cardenolide systems. Total syntheses of 
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Scheme 12 

OH 
XXVIa,R2«phtalyl 

NHC0CH2CI N Hz ^ N n i u i n 2i ; i 

XXVI b XX VII 

XXVII 
NaH 
6 0 7 . * y 

H 

fN\/ 

^ ^ if 
To' 
xx̂  /III 

Scheme 13 
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digitoxygenin (starting from pregnane or 21-norpregnane compounds) have 
already been described in the -chemical literature. Here I should like to 
mention the schemes of Sondheiraer-Danielli-Mazur (Ref, 9) and of Fritsch 
and coworkers (Ref* 10)· No attempts, however, to carry out the synthesis 
from androstane or estrane compounds have been reported until 1973· 
At first issuing from dehydroepiandrosterone as a model starting compound 
we intended to use the Witting reaction with the corresponding ylide 
(XXXIII) for insertion of the side chain. The phosphonic salt (XXXII) 
thus obtained could not, however, be converted to the desired ylide· 
Attempts to obtain a Wittig reagent from 17-bromo- Δ 5-androstene-3/3 -ol acetate were also unsuccessful (see Scheme 14). 
Perhaps the most convenient route to make the butenolide chain is insertion 
of a furan ring into the position 17t as suggested by Canadian chemists (Ref. 11). We carried out this scheme on the model of dehydroepiandroste
rone (Ref. 12) (see Scheme 15)· 
The key steps in this scheme are: Grignard reaction of 17-ketocompound 
with ß -furanlithium (XXXV) and (after dehydration and hydrogenation) 
oxidation of the furan ring to the hydroxylactone grouping (XXXVI). Its 
reduction with NaBIty leads to the butenolide (XXXVII). 
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Scheme H 
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In this way it becomes possible to convert androstane and estrane deriva
tives into the corresponding cardenolide analogues, which (particularly 
their glycosides) can be of medicinal interest. 
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NEW PHYTOECDYSONES 
N. K. Abubakirov 

Institute of the Chemistry of Plant Substances, Academy of Sciences of the 
Uzbek SSR, Tashkent, USSR 

Abstract - Several new phytoecdysones have been found in 
the following plants: Ajuga turkestanika (Rgl.) Briq. 
(Labiatae), Serratula sogdiana Bge. (Corapositae), Rhapon-
ticura integrifolium C. Winkl. (Compositae), Silene premixte 
Μ,Ρορ, (Caryophyllaceae). The structures of the isolated 
substances have been established« 

This short communication is devoted to ecdysones, which play a role of 
moult hormones in insects but were also found in plants. The ecdysones 
possess a large spectrum of physiological action. Together with juvenile 
hormones the ecdysones are of interest as potential insecticides devoid of 
the negative influence on a man and his environment. Nowdays they are 
applied in the silkworn breeding as the cocoons waving speeding up agents* 
Due to some anabolic effect of several ecdysons they can be used in grow
ing of young animals in the cattle breeding· This property allows us to 
hope that some drugs similar to the anabolic hormones may be prepared on 
the base of the ecdysones. Ecdysones are of ten considered as exotic 
substances, which are typical only for pteridophyta. The investigation 
carried out in our laboratory permits us to make a conclusion that plants 
producing these substances are more numerous than it was supposed before. 
Now the moult hormones have been found in taxonomically different plants, 
some of them containing the phytoecdysones up to 2 per cent. We worked 
mainly with the flowering plants. Alongside with ecdisterone which is the 
predominant substance some new phytoecdysones of original structure have 
been found. There is no need in the short communication to discuss in 
detail the structure elucidation of new substances. It is enough to say 
that the analysis of the PMR and mass-spectra of the isolated substances, 
their acetates and acetonides have been of paramount importance· 
We have carefully investigated the substances from Ajuga turkestanica 
(Rgl.) BriQ. growing in the Middle Asia. Besides the known ecdysterone, 
ajugalacton, cyasterone and ajugasterone two new phytoecdysones: turkeste-
rone (I) and 22-acetylcyasterone (II) (Refs. 1,2) have been isolated. 

FHYTOÜCUYSONEÜ OF AJUGA TURKE3TANICA (Rßl·) Briq. 

KNOY/N : ecdysterone, cyasterone, ajußalactone, aju^asterone B. 

NS* : turkesterone (I), 22-acetylcyasterone (II). 

I. TURKESTERONE II# 22-ACETYLCYASTERONE 
C27H44°8 C31H46°9 
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Turkesterone isolated from roots of the plant contains 4 hydroxyl groups, 
one of them being at 11*0 -position. The structure of the turkesterone 
side-chain is the same as that of ecdysterone. Therefore turkesterone 
can be called as 11c^ -hydroxyecdysterone. 
The ecdysones from Serratula and Rhaponticum belonging to the Corapositae 
family were also isolated and investigated. In the floscules of the 
Serratula sogdiana Bge. the known substances - ecdysterone and vitico-
sterone E and a new ecdysone - sogdisterone (III) have been detected. 

PHYTOECDYSONES OF SERRATULA SOGDIANA Bge. 

KNOWN : ecdysterone, viticosterone E. 

NEW : sogdisterone (III)· 

III· SOGDISTERONE 
C27H44°8 

The characteristic feature of sogdisterone is the presence of hydroxyl 
group at C-19 as in some cardial aglycones like ouabagenin and strophan-
tidol. There are no C-19 hydroxyl containing compounds known so far among 
ecdysones. The side-chain of sogdisterone is the same as that of ecdyste
rone. Thus, sogdisterone has a structure of 19t 2OR-hydroxyecdysone 
(Ref. 3). 
Several interesting compounds have been found in Rhaponticum integrifolium 
C.Winkl. This material as well as other flowering plants have been shown 
to contain the considerable amounts of ecdysterone. Besides the latter 
we succeeded in isolating of three new phytoecdysones: integristerone A 
(IV), integristerone B (V) and 24(28)-dehydromakisterone A (VI) (Refs.4-6). 

PHYTOECDYSONES OP RHAPONTICUM INTEGRIFOLIUM C.Winkl. 

KNOWN : ecdysterone 
NHIY : integristerone A (IV), integristerone B (V), 24(28)-dehydromakisterone A (VI). 

IV· INTEGRISTERONE A 
C 

HO 
27H44°8 y-o 

V· INTEGRISTERONE B VI. 24(28)-DEHYDR0MA-
C27H44°9 

HO .. Γ 0 <φ- x&* #3? 
KISTERONE A 

C 28 H 440 7 
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First two compounds are the most interesting ones. They contain a large 
number of hydroxyl groups in the cyclic part of the molecule. Integriste-
rone A contains 6, and integristerone B - 7 hydroxyl groups. The possibi
lity to obtain the isomeric diacetonides at 1,2 and 2,3 hydroxyl groups 
was determinant in the structure elucidation of both compounds, which are 
considerably hydrophylic. All above mentioned phytoecdysones possess the 
moulting activity. 
In the plant Silene premixte M.Pop. (Caryophyllacese) 2-deoxy-/.-ecdysone, 
2-deoxyecdysterone and two compounds of little polarity have been detected. 
We have called them as silenosterone (VII) and premixisterone (VIII). 

PHYTOECDYSONES OP SILENE PREMIXTE U.Pop. 

KNOWN : 2-deoxy-cC-ecdysone, 2-deoxyecdysterone. 

NEW : silenosterone (VII), premixisterone (VIII), 

'ol 

HO' H 

VIII. 

II 
0 
PRiMIII3T 

C27H44°5 

VII. SILENOSTERONE 

C27H42°5 
The first, in contrast to other natural ecdysones, contains the keto-group 
at the position C-3 instead of hydroxyl. The second compound does not 
contain a hydroxyl at C-14> but has an epoxy-group. 
Thus, the total sum of ecdysones with the determined structures have -
reached 60, including 8 new compounds isolated by us. We believe that 
other ecdysone-producing plants and other ecdysones of different structures 
will be surely found. 
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THE PROBLEM OF DIVISION OF 
BIOLOGICAL FUNCTIONS OF 
ENDOGENOUS SUBSTANCES 

A. V. Kamernitzky 
N. D. Zelinsky institute of Organic Chemistry, Academy of Sciences of the USSR, 

Moscow, USSR 

Abstract - The consideration of endogenous steroid hormones 
as morphofunctional system makes it possible to offer some 
general principles of their modification leading to the di
vision of their biological functions. The testing of these 
assumptions has led to the division of the mineralocorti-
coid and spleenotropic activity of some steroids in one ca
se and to the obtaining of a new class of steroid gestagens 
in the other one· 

Problem confronting to steroid chemistry is the synthesis of compounds with 
division biological functions· It is well known that all attempts of native 
endogenous substances using as drugs fail because of the so called sideac-
tions which sooner or later reveal themselves· The most striking example of 
such a case is, probably, the failure of cortisonotherapeutics which was 
very popular in the late 50ties and early 60ties· Thatfs why practically 
all the works with native endogenous substances aiming at practical medical 
usage are carried on in the direction of their modification to eliminate or 
at least to lessen their side-action· Unfortunately, this search has to be 
made blindly as long as the dependence of the biological functions of the 
substance on its chemical structure is unknown· Certain references to the 
effect of the inclusion to or exclusion from a molecule methyl, hydroxy or 
some other group are not reliable and often give contradictory results· 
Evidently, it is necessary to obtain some general approach to the solution 
of the problem of purposeful modification of endogenous substances· 
As an example of such an approach one may put forward the suggestion that 
native endogenous substances, being the products of the evolution of mor
phological structures, do represent the simpliest biological systems which 
should to some extent fall under the action of biological laws, and the re
gularities of evolutional morphology in particular· 
The inherent property of biological systems is their multifunctionality, 
that is their ability to perform in the organism not only one but a number 
of biological functions, one of them being the main and the other the minor 
ones (Ref.1). In the simpliest case the system may perform only two func
tions - the direct one and the feedback, the latter being directed at the 
regulation of the system itself· 
As to native endogenous substances, the multifunctionality will mean the 
capacity of the substance to interact in parallel with the number of enzy
mes-receptors, each of these receptors being responsible for a certain 
branch of metabolism· Such a phenomenon is known for peptide hormones, whe
re for the definition of the side of recognition of the same hormone by dif
ferent receptors the notion of signature has been introduced (Ref.2,3)· 
The modification of endogenous substances may lead to the preservation of 
the ability of the transformed compounds to react with some of the recep
tors and to the exclusion of such a reaction with the others, that is to 
the division of their biological functions· However, it is necessary to ob
tain a general criterion of the limits of transformation· As such one may 
take the principle (known from evolutional morphology) of the predomination 
of the accordance of structure of the system and its main function (Ref.1)· 
For native endogenous substances, it means that endogenous compound, being 
the substrate, is complementary to its receptor just in the main function, 
where the greatest recognition degree is achieved. It is quite possible for 
the recognition degree of the substrate by the receptors of minor functions 
to be considerably lower· 
In this case relatively small chemical changes of the endogenous substance 
molecule may prevent it from the efficient interaction with the receptor of 
the main biological function, the other capacities of performing minor bio-
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logical functions being intact. The subordination of biological functions 
can be drawn from levels of biological organization, that is organismal, 
tissual and cellular level· 
The steroid hormones, being lowmolecular bioregulators with the wide spect
rum of biological activity and giving the possibility of their systematic 
chemical transfonnations do represent good material for the verification of 
the suggestions made above. 
In our laboratory two general ways of modification of steroid molecule were 
investigated concerning their influence on biological properties of the sub
stances· These ways are as follows: firstly, flattening of the surface of 
the molecule by introducing extra double bonds and, secondly, steric shiel
ding of the polar center of a molecule by fusing extra carbocycle. 
It is known that mineralocorticoids such as 21-acetate of pregn-4-ene-21-ol-
3, 20-dione (1^), "DOCA" are able not only to sodium and water retention and 
to potassium excretion but that they also show the stimulating effect on the 
lymphatic system by promoting its growth and effectiveness (Ref.4). 
From compound 1^and from 21-acetate of pregn-4-ene*17oC $ 21-diol-3,20-dione 
(2) £ - and A ^-analogues of 1, (£ and 6) and ̂  -analogues of 1. and 2 
Q and 4) were synthesized· — — — — 

(1) 

CH20flc 
C=0 

CH20Ac 
C=0 

OH 

OS* oS?" XO* 
( 2 ) 

W Φ 

CH20flc 
C=0 

(2) 

( 6 ) 

fH20flc 
C-0 

CH,0flc 
i * 
C=0 

09s x£* 
Compound 1 was dehydrated during the refluxion of its 3f 17f21-triacetate with dry JcOK in DMFA (Ref.5)f whereas Δ -compounds (3t4 and 6) were prepared through the dehydration of DDQ (Ref.6)· 
Biological tests have shown that introduction of extra double bonds is accom
panied by the reduction of sodium retention effect in compound 29 its disappearance in £ or its inversion in 4. At the same time the transformation 
of 4 into 2 leads to the loss of potassiumurethic effect and further to the 
appearance""of potassiumretention capacity in £ and 6. 
Thus, alteration in geometric structure of the mole'cule in this case is ac
companied by sharp changes in its influence on the exchange of electrolytes, 
when the mineralocorticoid activity of it suppressed or inverted. 
Meanwhile, all the compounds obtained retain the ability to stimulate the 
growth of the organs of lymphatic system, which proves a tropic effect ge
neral for all of compounds of such a type (Table 1). 

Table 1 
The tropic effect of 21-hydroxypregnenes acetates (jM5) on 

the spleen (dose 1.6-3.2 mg/kg for 7 days) "" 

Compound 

Weight of spleen 
(% to control) 

1 
130-140 

2 

125 
3 
120 

4 5 6 

130-150 - 115-130 

Evidently, in this case the preservation of tissue unique response to the 
introduced modified steroid could indicate that the receptors which are res
ponsible for the growth of a certain sort of tissues are less demanding 
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to the substrate structure than the ones responsible for the exchange of 
electrolytes in the whole organism· 
The synthesis of a new class of biologically active steroids, 16,17c*-eye lo-
alkanoprogesterons or Df-pentarans (16,17o<-cycloalkanopregn-4-ene-3,20-
diones; which was worked out in our laboratory, could provide another exam
ple of purposeful modification of steroids. These compounds with extra 3-6-
membered carbocycle Df fused with the steroidal skeleton in 16,17 -posi
tions were synthesyzed from the pregna-5.16-diene-3B-ol-20-onefs (2; deriva
tives with the aid of cycloaddition (2+2;, (2+3) and (2+4) reactions and 
further expansion or contraction of extra cycle (Ref.7)· 

HO^^WJ 
525^6* 

(2) n=1 - 4 (8-11) 

These compounds do not contain any additional polar groups, but their 20-
carbonyl group is more or less hindered from the back side of the molecule. 
Biological tests have shown that compounds of such a type have strong ges-
tagenous and contraceptive activity tTable 2), but it is not accompanied by 
reduction of adrenal glands function but by its stimulation, the contracep
tive effect being explained by the delay of the ovulation. 

Table 2 
The gestagenous activity of 16,17<*-cycloalkanoprogesterons 
(8-11.) in Klaubergfs test (dose 0,4 mgAg) 

Compound Progesteron 
Proliferation 
index 

8 
3,5 

9 10 11 
3 
3 

4 
4 

From these data one can probably conclude that in this case the action 
through the hypothalamus-hypophysis system takes place, that is there oc
curs the effect on the feedbac which regulates the biosynthesis of hormones 
rather than the progesteron replacing interaction with the receptors of 
endometrium. 
The above experimental data and other ones demonstrate, to our mind, the 
possibility of division of biological functions of steroids and obtaining 
thereby information which concerns the relationship between chemical struc
ture of endogenous substance and its biological properties. 
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EXTANT FLORA WITH RESPECT TO 
ITS CHEMISTRY 
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Sciences, Flemingovo 2, 166 10 Praha 6, CSSR 

Abstract - An attempt is made to follow the conditions of 
plant species existence with respect to the content of their 
secondary products. According to present data, an evaluation 
of the phytochemical contribution to the phylogeny of some 
developmental lines of the present-day flora is presented (e. 
g., of the Merchantiopsida, etc.). This synthesis is concen
trated mainly to plant-plant, plant-microorganisms, and plant-
-animal interactions. 

In deliberations on the maintenance of a plant species in the complex ecosys
tems, very different conditions are to be taken into account. For the pre
sent flora the environmental climatic, edaphic etc. conditions are usually 
competed also by a further factor, i.e. the presence of the secondary pro
ducts of plant metabolism and their possible functions for survival and fur
ther development in the steadily changing conditions. For a similar study, 
I wish to choose a very antique group of plants represented in extant flora 
as liverworts (Marchantiopsida). 
According to fossil records their presumed existence starts beyond reason
able doubts in carboniferous times (Apotreubia Hatt. et al., Treubiites 
Schust.), and may be extended with probability till the Devonian era (Palla-
viciniites sp. Schust.). In a very detailed article, Schuster (Ref. 1) tried 
to explain the present distribution of some taxa of leafy liverworts (Jun-
germanniae) on the basis of the original hypothesis of I'/egener on continent
al drift. The existence of an antique supercontinent (Pangaea) and its break
up to Gondwana and Laurasia, and successively to. the present continents and 
large continental islands, is also possible to evaluate from geobotanical 
studies. In the case of liverworts, Schuster was successful to explain the 
present distribution of a series of highly disjunct ancient taxa of some 
very primitive Marchantiopsida. Only for rough information, a schematic mo
del of Permian position of Gondwana continents is given in Fig. 1, with the 
range of Treubia genus (different taxa!). 
From such a point of view - the continental drift - it is quite interesting 
to compare the different evolution and the fate of some groups of plants. 
There is limited information on the climatic conditions during those geolo
gical epoques estimated to have lasted about 200 m.y. World-wide fluctuati
ons of droughts with interspersed variable fluvial periods, glacial advances 
concerning successively Southern and northern hemisphere have had remarkable 
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Fig· 1· Schematic model of Permian position of Gondwana 
continents (a - Africa, b - Madagascar, c - India, d - Au
stralia, e - New Guinea, f - South America, g - Antarctica, 
h - Tasmania and j - New Caledonia). The present range of 
Treubia genus is given by a dotted line (simplified from 
Schuster, Ref. 1)· 

effect on the phylogeny of different developmental lines of existing plants. 
In a very simplified way it is possible to follow some of the numerous deve
loping groups and remind those which were not able to survive. In a recent 
review, I have tried to present (Ref. 2) a scheme (see Pig. 2) from which 
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Pig. 2. The extinction of some evolutionary lines of land 
plants during geological periods. 
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the fate of a series of died-out groups of plants is presented. Their fossil 
remnants demonstrate us today that in the geological periods mentioned, they 
formed a rich and abundant flora covering the then unquiet continents· The 
liverworts, though seemingly a defenseless plant group, were able to survive 
these periods, and develop to a rich plant group (of course, with a lot of 
extinct taxa). For their survival, yet another limiting factor concerning 
their development can be presented: Leafy liverworts (Jungermanniae) are re
presented mostly by unisexual individuals (see, e.g. Schuster, Ref. 3), and 
since they v/ere ablie to disperse by one-celled haploid spores, they estab
lished only unisexual populations. It is supposed that genetically viable 
species commonly develop more rapidly than organisms which propagate only as 
clones (Ref. 4). Therefore, asexual plant species seldom diversify, and this 
means a low rate of evolution. 
Nevertheless, this group of organisms is clearly well adapted to some type 
of habitats, mostly wet and shadowy places, both in warm and cold climate 
where liverworts are able to be competitive to other forms of living orga
nisms. I should like to stress that the advantage of their existence may also 
be a ground for their rich content of secondary products. 
Chemical studies of the group of plants belonging to Ivlarchantiopsida were 
performed during last few years only, partially also in our laboratories. As 
a class of mosses (Bryophyta), the liverworts have some characters distin
guishing them from other mosses. Namely, in their cells they contain both 
morphologically and chemically interesting "oil bodies11 or "oil droplets". 
According to our present knowledge, this bodies are formed mainly from se
condary products of lipoid or mostly terpenoid nature. The isolation and 
structure elucidation of these components is the goal of the present active 
research. The results hitherto achieved are remarkable for these reasons: 
i) Their sesquiterpenoids are very often of unusual structure unknown in 
other classes of organisms - some examples of compounds of this type are re
presented in Pig. 3; ii) Similarly to some groups of organisms different in 
their development from so called higher plants, the compounds contained in 
liverworts being of the same structural type, differ in the sterical confi
guration, and are enantiomersj this fact has repeatedly been pointed out (see 
e.g. Ref. 5 - 8 ) , and it is known from microorganisms, fungi, corals, etc. 
In Fig. 4, a few compounds originating from liverworts and belonging to en-
ant iomeric types are presented; iii) Similarly to a series of lower develop
ed plant groups, lunularic acid is a growth regulator of liverworts, and its 
function could be compared with the one of abscissic acid in higher plants 
(for a review, see e.g. Ref. 9). iv) A series of compounds of different 
structure was registered for liverworts, e.g. flavonoids, dihydrostilbene 
derivatives, simple alkaloids, fatty acid methyl esters, polysacharides, etc. 
In some families (Jungermanniaceae), an abundant presence of ent-kaurane type 
diterpenoids seems to be characteristic. But the class which might be of 
special interest, are sesquiterpenoids of drimane type and, among them, their 
dialdehyde and lactone derivatives, represented by polygodial (XIV), cinna-
molide (XV) and dihydrocirmamolide (XVI): see Fig. 5· If we accept the view 
of some leading botanists - that liverworts represent an independent evolu
tionary line, and are not ancestors of higher (i.e. vascular) plants, then 
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(I ) (II) 

-ο*φ 
(IV) 

} 
(V) 

OMe 

OMe 
(VI) 

Pig· 3· Some sesauiterpenoids and other compounds of unusual 
structure but typical components of liverworts: Pinguisone (I), 
myliol (II), taylorinone (III), (+)-bazzanenone (IV), (-)-$-
-pompene (V), pellepiphilin (VI). 

(VII) ( VIII) (ix) 

-Ό^> 
(X) (XI) (XII) 

f A 

Y 
CO 

(XIll) 

Pig. 4· Sesauiterpenoids detected in liverworts having an en-
ant iomer structure to similar compounds from higher plants: 
-(<$)-cadinene (VII), (-)-longifolene (VIII), (-)-longiborneol 
(IX), (-)-.j6-cuparenone (X), ent-bicyclogermacrene (XI), ent-
-dC-gurjunene (XII), diplophyllolide (XIII). 
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a? 
(XV) (XV I? 

(XVII) ( X V I I I ) ( X I X ) 

CHO 

HC 

( X X ) ( X X I ) 

-Pig. 5· Dialdehydes and lactones derived from drimane ses-
quiterpene type: Polygodial (XIV), cinnamolide (XV), dihydro-
oinnamolide (XVI), cinnamodial (XVII), cinnamosmolide (XVIII), 
and warburganal (XIX); derivatives of the diterpenoid nature 
sacculatal (XX) and isosacculatal (XXI). 

the presence of this type of compounds represents a further chemical conver-
gency. Polygodial (XIV) and a series of related dialdehyde derivatives and 
lactone derivatives were primarily found in Polygonaceae: In Polygonum hydro-
piper L# and in many Magnoliales /Winteraceae, in Drimys lanceolata (Poir.) 
Baill. polygodial; in Canellaceae namely Cinnamosma fragrans Bouillon cinna
modial (XVII), cinnamolide (XV) and cinnamosmolide (XVIII)· Further, Warbur-
gia ugadensis Sprague contains cinnamodial and warburganal (XIX27* (more de
tailed references on these compounds are given in Ref· 2·)· This list of 
compounds is remarkable from the point of view that the mentioned plant pro
ducts, esp· with dialdehydic function, have a very pungent taste (as quali
fied by human taste)· Prom the paper of Kubo et al· (Ref· 10) it can be ta
ken that for herbivorous insect larvae the pungency is parallel to antifeed-
ing effect· The concurrent existence of similar compounds in liverworts and 
some angiosperms can be then taken as advantageous for plants· In this re
spect it is useful to add that production of pungent derivatives is not li
mited to drimane skeleton, and that liverworts contain further similar pro
ducts, i.e· sacculatal and isosacculatal (XX and XXI), both isomers charac
teristic as diterpenoids clearly derived from drimane typej they were found 
first in Trichocoleopsis sacculata (Ref. 11), and later in Pellia endiviifo-
lia (Dicks.) Dum. (Benesovä, not published results). Broad presence of such 
a type of derivatives with repellent function for herbivores could be taken 
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as a further proof for today more and more admitted opinion on the important 
function of the secondary plant product for survival. In the liverworts we 
registered more compounds of similar antifeeding activity. In collaboration 
with Prof. Wada (Sendai, Japan) it was possible to demonstrate an antifeed
ing activity for the prime very interesting liverwort metabolite isolated 
in our Laboratories, i.e. pinguisone (I). This type of derivatives was proved 
to be quite common in many liverworts. Sesquiterpene lactones belong, accord
ing to present knowledge, to potent feeding deterrents (Ref. 12, 13), and 
hence, their presence in some Marchantiopsida might have a similar function 
as the products occurring also in angiosperms (sesquiterpene lactones of the 
same type are very common in Compositae, Umbelliferae and Magnoliales). To 
this list of active compounds it is possible to add also alkaloids, encount
ered in Hepaticae not as too common; in Riccardia sinuata and R# incurvata 
(Ref. 14) we found tv/o - up to now probably most simple - alkaloids of indole 
type, see Fig. 6. 

•CH R * -CH-CH=CN 3 

R \ H 
(XXII) (XXIII) 

Fig. 6. The simplest indole alkaloids isolated from liver
worts (XXII) and (XXIII). 

As a summary of these data it can be presumed that liverworts are not so 
harmless plantlets, and their chemical "weapons" against coexisting preda
tors from the animal kingdom are numerous. Not much is known about the anti-
fungal and antimicrobial activities of Hepaticae, but the presence of phen
olic derivatives (e.g. substituted dihydrostilbenes, Ref. 15, 16) is regis
tered. The fungistatic and antimicrobial function of similar natural phenol
ic dihydrostilbenes and stilbenes, e.g. pinosylvin (Ref. 17)»and of resvera-
trol (Ref. 18) was established. In some recent experiments in our Laborato
ries (Benesova and Chvojka, unpublished results) we were able to demonstrate 
a plantgrowth influencing activity of a series of liverwort metabolites 
which very probably execute an allelopathic action in the dense populations 
of Hepaticae. 
Taking into account the presently much discussed role of secondary compounds 
as protective agents (from recent reviews see e.g. Ref. 2, 19, 29) we can 
see a good example in the data briefly reviewed for Marchantiopsida. This 
ancient evolutionary line of green plants having survived geological epoques 
could have profited to some extent from the rich array of their specific me
tabolites. 
Of course, the measure of the protective value is difficult to demonstrate, 
and it would be an oversimplification to judge that just the inadequacy of 
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chemical equipment only was fatal for other ancient but today extinct taxa. 
If we consider, e.g., modern (i.e. living) lycopods or equisetoids, another 
developmental line of the plants characteristic "by their large diversity and 
abundancy during Paleozoic times, it would be dubious to transfer mechanical
ly the present knowledge of the phytochemical composition of present living 
members of both groups mentioned. There is minimally a large difference in 
their habitus: Many lycopods and Equisetoids having lived in the Carbonifer
ous and Permian periods were trees but all extant mejnbers belonging to both 
groups are at present relatively small herbs. These modern members are cha
racteristic by the presence of special types of alkaloids, polyphenols and 
horsetails, moreover by a high content of silica. Nevertheless, there is no 
possibility to check the chemical composition of died-out members represent
ing in then times dominant flora, and the principal contributors to the ve
getable deposit from the Carboniferous. 
Today there is no doubt that protective properties of some secondary pro
ducts get into function as soon as some developing forms of living organisms 
start to differenciate and willingly or unwillingly they get their status of 
"competitors" or "predators", and their "preys". As simply developed organ
isms as blue-green algae are, they also produce (once more - their present 
forms!) some kind of metabolites v/hich are very potent allelopathic agents 
in their habitats (e.g., Anabaena spp., see Ref. 21, 22). The nature of 
active metabolites might be also rather peculiar, as it was shown in another 
very ancient evolutionary line as Pteridophyta are. During their phylogeny, 
they were able to produce some metabolites with the structure of insect mol
ting hormones. Nothing is yet known of the possible function of phytoecdy-
sones for the life functions of the plants themselves. They are sometimes 
accumulated in rather high concentrations; we were able to show the presence 
of ecdysterone and hydroxyecdysterone in the rhizoms of Polypodium vulgäre L. 
(Ref. 23) in quantities over 1% of dry weight (about 1 000 000 times higher 
than was in some insect larvae!). It is probable that the biosynthesis of 
metabolites of this type, arising by some fortuitous mutations during the 
phylogeny and diversification of ancestral ferns, proved to be successful in 
the "coexistence" with herbivorous insect. In our extant ferns we are able 
to register only: i) The occurrence of phytoecdysones in Pteridophyta is 
quite frequent, ii) There are very few insect predators known feeding on 
present ferns, iii) The protection against them might be inter alia also due 
to the presence of insect hormones while their external unbalanced influence 
may disorder the ontogeny of individuals of the tentative predator species 
(ßee e.g., Review 24)jvery recently i has been proved that the content of phy
to ecdysones in conifers is deletious for some insect larvae (Ref. 25)· 
In a paper (Ref. 2) published elsewhere I tried to summarize the most recent 
ideas on the role of "secondary compounds" and their interactions with other 
living organisms. This matter is now being studied intensively and in a con
temporary investigation Seigier (Ref. 19) enumerated not less than 36 re
views on this topic. In the present part of this article I tried to present 
my views on the usefulness of tackling the problem of secondary metabolites 
not exclusively from the chemical point of view. E.g., thematically distant 
"continental drift", and its possible phytogeographical consequences might 
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be stimulatory, see, e.g., Schuster s study mentioned (Ref. 1) or Turner's 
deliberations (Ref. 26) on the origin and possible phylogeny of Compositae 
which in turn, has interesting connections to the content of their second
ary products. According to Harborne (Ref. 27), ecological studies are very 
useful to solve questions concerning some of the functions of the secondary 
products, too. I suppose that just the interdisciplinary access and collab
oration of specialists active in different branches of science could find 
the best ways of this old problem, and studies of plant - plant, plant -
- fungus (or microorganism) and plant - animal interactions offer the most 
promising results. 
During the past 15 years, much effort has been directed toward the elucid
ation of the many roles of allelopathy in plant - plant interaction; for a 
summary, see e.g., a recent paper by Rice (Ref. 27)· Indisputable effects 
have been observed in ecology of plant communities, but allelopathy is with
out doubt a very complex phenomenon (see, e.g., Ref. 18), and only the fu
ture and more comprehensive research will make a better interpretation pos
sible. The range of chemical compounds involved in allelopathic effects 
seems to be, according to our preliminary results, much broader than it was 
possible to show up to now. Thus a greater importance for plant species sur
vival and its succession in populations is expected to be demonstrated. 
The coexistence of fungi and plants represents a very interesting sphere of 
research, too. A common manifestation is a simple parasitism of a fungus, 
mostly moulds, bacteries, viruses, and others. Without effective defence 
systems, plants could be victims and could have been eradicated. But they 
developed different types of selfdefence (from many reviews, see a recent 
one by Swain, Ref. 18). To mention some examples of chemical nature: i) the 
cuticular waxes well developed at most of the Angiosperms, represent chemic
ally quite simple products of biosynthesis, but in respect to cells of di
verse microorganisms, a difficult permeable barrier, indeed, ii) Presently, 
very attractive studies concern the existence and the way of biosynthesis 
of phytoalexins (see Ingham, Ref. 28, 29 ; Stoessl et al., Ref. 30). In some 
respect being a parallel to the immunoglobulins of higher animals, they re
present - according to the present knowledge - an intriguing defence system 
manifested by a production of "secondary products", having in fact a prima
ry importance. In general, phytoalexins are produced according to taxonomic 
relations of the plant species; different but evolutionary related plant 
groups (e.g., families) produce identical or nearly related compounds. Pre
sently, there exist detailed studies of formation of phytoalexins in a few 
(economically important) plant families, e.g. Leguminosae, Solanaceae, etc. 
It seems remarkable that Solanaceae produce phytoalexins which are compounds 
of sesquiterpenoid nature; this type of compounds is not known as a seconda
ry product of healthy plants of this family (see Hegnauer, Ref. 31)· 
But in the case of non-pathogenic fungi there exist different conditions of 
the relation between fungus and host plant. In any case symbionts also need 
to be controlled, and held in limits by some general defence mechanisms« It 
is presumed that e.g. in ectomycorrhize of higher fungi with root systems 
of many trees, mono- and sesquiterpenes (Ref. 32) play an important role by 
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restricting the growth of mycorhizal fungi v/hich in its beginning can be re
garded as a parasitic process· 
The coevolution of plant and animal kingdoms should be seen in its complex 
consequencies starting from the simplest fact that the autotrophic green 
plants are at the very outset of the food chain of all other living organ
isms. As a result it follows that any plant species has to face the danger 
of damage and/or full annihilation. Therefore it was necessary for them to 
develop many protective strategies to enhance the chance of survival. Some 
of such defences are of morphological nature (e.g., thorns, stinging hairs, 
thick cuticula, etc.), and all of them genetically controlled. A broad se
ries of protective agents of chemical nature existing within the extant 
flora is genetically controlled, too. The value of any of the protective 
agents is variable owing to the adaptive properties of the herbivorous ani
mals, and in the ecological conditions many of the protections are difficult 
to be evaluated or are even not discernible. A series of toxic substances 
has generally a protective value (e.g., alkaloids, cyanogens, glucosinolates, 
cardenolides, sesquiterpene lactones, etc.), and act more or less as feeding 
deterrents. This depends on active detoxication processes developed in ani
mal kingdom, and variable in different species. Today copious nice examples 
are known where the originally highly toxic plant substance has been adapted 
by an insect specious as an efficient "weapon" in the struggle with its pre
dators (for detailed information see, e.g., Rotshild, Ref. 33)· However, the 
function of the secondary plant product in the life of the plant has, in re
verse, also an attractive function for animals - in their function as pollin
ators as the most simple case. 
Many factors, including the mentioned chemical equipment of plants, contri
buted to the balance of different biotypes on present nature, as a process 
of longdated evolution. This balance has always been and v/ill at present re
main a, very labile one. It seems that the discussed interrelations of the 
members of different kingdom are disturbing the existing balance relatively 
slowly, but a new factor is presently becoming more important, i.e., the 
factor of human activity. Man's activity has been influencing the status of 
existing biosphera steadily during his existence on the Earth, but originally 
in a limited extent only. Prom the beginning of the industrial revolution in 
the last century, and in a much more important fashion during the present 
scientific-technical revolution, human influence rises enormously, and the 
biosphera is changing very quickly. The change concerns the ecosystems of 
all the parts of the world, and as a result, many animal and also plant spe
cies become extinct unceasingly. It would be outside the scope of this arti
cle to discuss the possible impact followed with anxiety by the scientific 
community, but the production of new chemicals and a lot of wastes deserve 
the prime attention. New pesticides of all kinds, herbicides inclusively, 
are important means to achieve better crops for the benefit of mankind, but 
secondary effects of such a use of pesticides are often disregarded. And 
these are "intentional" pollutions which together v/ith the systematic pollu
tions originating in all kinds of industrial activity and urban wastes could 
definitely endanger the unique and irretrievable earth's biosphere. Towards 
the end of this presentation one last remark only: Man is, undoubtedly, a 
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representative of one of the highest evolutionary lines in the animal king
dom. Presently, his activity apparently exceeds what could be expected from 
a "single species activity" in the complex ecosystem of living organisms\ 
it would be in the interest of the human community to use its exclusivity 
extremely rationally. 
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HORMONE-RECEPTOR INTERACTIONS: 
A STUDY OF THE MOLECULAR 

MECHANISM OF RECEPTOR 
STIMULATION IN ISOLATED FAT 

CELLS BY THE PARTIAL AGONIST 
CORTICOTROPIN-(5-24)-ICOSAPEPTIDE 
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Institut für Molekularbiologie und Biophysik, Eidgenössische Technische 

Hochschule, CH-6093 Zürich, Switzerland 

Abstract - Corticotropin-(5-24)-icosapeptide is a partial agonist for 
lipolysis and adenylate cyclase activation in isolated rat fat cells and 
plasma membranes, respectively. It is demonstrated that this partial 
agonist can occupy the same number of functional receptor sites as the 
full agonist, corticotropin-(l-24)-tetracosipeptide. It follows that 
partial agonism is - in this case - not due to partial occupation but to 
partial stimulation of a fully occupied receptor population. A chemical 
mechanism based on ACTH structure-activity relationships and the flexibility 
of the hormone molecule, and a biological mechanism based additionally on 
the activation of a- and ß-type receptors by different portions of the 
hormone are proposed as possible explanations of full and partial agonism. 

INTRODUCTION 

The biological activity of hormones is usually described by two parameters, potency and 
intrinsic activity (Ref. 1). A hormone analogue with a smaller maximal response (intrinsic 
activity) than the parent hormone is called a partial agonist. In terms of receptor theory, 
the potency is commonly thought of as an apparent affinity in a reversible hormone-discrimi
nator (hormone-receptor) complex. However, the origin of partial agonism is unclear. One 
view assumes a heterogeneous discriminator population, only a part of which can associate 
with or 'bind* the partial agonist and thus become stimulated: partial agonism would then 
be due to only partial occupancy of the discriminators available for the parent hormone even 
at high hormone analog concentrations. The other view assumes full occupancy of the same 
number of discriminators as becomes occupied by the parent hormone, but only partial stimu
lation of each receptor (see Fig. 1 for a description of the model for plasma membrane 
holoreceptors used here). 

hormone-specific 
interaction 

TRANSMITTER 
* ■ v 

HORMONE v3 DISCRIMINATOR signal̂  EFFECTOR CELL-SPECIFIC 
" RESPONSE 

. . F cell plasma membrane =3. . . exten o r >
 r y ι nten or 

HOLO-RECEPTOR 

Fig. 1. A model for cell plasma membrane holoreceptors. The discriminator 
and effector subunits (proteins) are supposed to be subject to independent 
lateral movement in the plane of the membrane (Ref. 2 & 3). 
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We have recently described a partial corticotropin (ACTH) agonist for lipolysis in isolated 
rat fat cells (adipocytes) and adenylate cyclase activation in fat cell plasma membranes 
(Ref. 4). Corticotropin-(5-24)-icosapeptide (ACTH5_2i+) elicits maximal effects on lipolysis 
and adenylate cyclase amounting to 63 % and 12 %, respectively, of those produced by the full 
agonist, corticotropin-(1-24)-tetracosipeptide (ACTH1_2Lf) . Its intrinsic activities are thus 
a = 0.63 and 0.12. ACTH5--21+ is a full agonist for steroidogenesis and a partial agonist 
for cyclicAMP accumulation with a = 0.45 in isolated adrenal cortex cells (Ref. 5). It was 
also found to be a partial agonist (a = 0.2) for adenylate cyclase activation in adrenal 
cortex cell plasma membranes (Ref. 6). CyclicAMP production and steroidogenesis, and 
cyclicAMP production and lipolysis are generally accepted to be coupled processes (Ref. 7 & 2) 
and their stimulation due to the interaction of the hormone with a ß-type holoreceptor 
(Ref. 8), the effector of which is the enzyme adenylate cyclase (Ref. 7). 

As we have recently been able to demonstrate a specific, reversible association ('binding') 
of a tritium-labeled ACTHi_2H derivative with functional discriminators of fat cells and to 
distinguish it from non-functional binding (Ref. 9), we have now studied the apparent asso
ciation constants and the number of functional binding sites (ACTH discriminators) of fat 
cells for ACTH5-24 ^n or^er to resolve the question: Is partial agonism the consequence of 
partial occupancy or of partial stimulation at full occupancy? 

Unfortunately, we have not been able to extend the study to isolated adrenal cortex cells 
for lack of a sufficient criterion of functional binding in this system. 

MATERIALS AND METHODS 

[2-Phenylalanine,4-(4,5-dehydro-4,5-ditritio)norvaline]corticotropin-(1-24)-tetracosipeptide 
(t2ACTHi_2*+) ' 7.42 Ci/mmol, was prepared according to Ref. 10 [23-(3,5-Dehydro-3,5-ditritio) 
tyrosine]corticotropin-(5-24)-icosipeptide (t2ACTH5_2t+)/ 8.82 ± 0.57 Ci/mmol was synthesized 
in a manner analogous to that of ACTH5„21+ (Ref. 11) . Binding experiments with rat adipocytes 
were carried out at 37° as in Ref. 9. Lipolytic activity and activation of adenylate cyclase 
were determined as in Ref. 4. 

RESULTS 

The activity of t2ACTH5_2it on lipolysis and on adenylate cyclase was identical with that of 
ACTH5_2i+ over a relevant range of the log dose/response curves. As with ACTH1_24 (Ref. 9) , 
the maximal rates of lipolysis and of ATP -> cyclicAMP conversion by adenylate cyclase were 
enhanced about 1.8 and 1.5 fold, respectively, in the presence of phenoxazones (10~5 to 
10"% actinomycin or actinocine) . The binding of t2ACTH5_2i+ was, like that of t2ACTH1_2i+# 
complete in less than two minutes and rapidly reversed by excess ACTH1_2i+/ but remained 
unaffected by the potent lipolytic agent adrenaline. The binding experiments with t2ACTH1_24 
gave results that were practically identical with those obtained earlier (Ref. 9). They 
were verified by computer analysis of the binding data (direct plot) with the MINUIT 
program (H.R. Haller & E. Bürgisser, Laboratorium für Festkörperphysik der ETHZ and this 
laboratory). The essential parameters of binding and lipolysis are shown in the Table. The 
binding data for ACTH1_2i+ were obtained through inhibition of t2ACTH1_2i+ binding (Ref. 9). 

The maximal binding capacities (Bmax) for the full and the partial agonists are practically 
identical. In the presence of actinomycin D, they are enhanced to about the same extent as 
the intrinsic activities. 

The apparent physical dissociation constants (K<jiss) of the full agonists, ACTH1_24 a n d 
t2ACTHi_24' have about the same numerical values as the corresponding apparent pharmacologi
cal (lipolytic) constants (EC50) · H o w e v e r in the case of the partial agonist, t2ACTH5_2L+/ 
EC50 is about 10 times greater than Kaigg: Although the lipolytic potency (1/EC50) of 
t2ACTH5_2i+ is about 80 times less than that of t2ACTH1_2i+' it binds only 4 - 7 times less 
strongly (towards ACTH1_2i+, the differences are 10 times greater). 
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TABLE. Apparent dissociation constants (Kdiss) and maximal binding capaci
ties (Bmax, in femtomoles per mg cell dry weight) from the binding experi 
ments; hormone concentrations required for half-maximal stimulation (EC50) 
and intrinsic activities (a) from the lipolysis assays. Exponents' of ten 
in brackets. 

without with 
actinomycin D 10~5M actinomycin D 

Kdiss Bmax EC50 <* ^diss Bm a x EC50 a 

1.5(-9) 50 2.K-9) 1.8a 

1.5(-8) 50 
0.6(-7) 48 1 (-6) 1.12a 

Based on the maximal response to ACTH^^i* without actinomycin D. 

DISCUSSION AND CONCLUSIONS 

Characterization of the binding sites. The parallel enhancement of a and BJ^Q^ by actino
mycin D indicates that the binding sites characterized by the Κ^^35 values of the Table are 
indeed functional discriminators (Ref. 9). The fact that the K^gg values obtained by the 
direct plot (MINUIT computer program) and the linearized plot (Scatchard) differ by less 
than 2 % may indicate that the assumption of a simple, monophasic binding model for the 
hormone/functional discriminator interaction is reasonable (Ref. 12). 

Partial agonism. The partial agonist, t2ACTH5_24/ can occupy the same number of discrimina
tors as the full agonists, t2ACTH1_2i+ a n d ACTH1_2i+/ a n d Yet it can elicit only 63 % and 12 % 
of their stimulation of lipolysis and adenylate cyclase activity, respectively. This means 
that not partial occupancy of the discriminator population by t2ACTH5_2i+' ̂ u t partial stimu
lation of the holoreceptors at full discriminator occupancy is the cause for the partial 
agonism of t2ACTH5_2i+· 

Receptor threshold and receptor reserve. A very simple receptor theory would expect changes 
of Kdis s to cause parallel changes of EC50. T n i s i s n o t t n e case. The potency (1/EC50) of 
ACTH5_2i+ with respect to adenylate cyclase activation is about the same as that of ACTH1_2it 
and other ACTH analogs (Ref. 4 & 6) despite the 70-fold reduction of the apparent association 
constant (1/Κ^55) . On the other hand, the potency for lipolysis is reduced about 10 times 
more strongly than the binding constant. Such phenomena can be described in terms of changes 
of receptor threshold and reserve and of stimulus-effect (discriminator-effector) coupling 
(Ref. 13), but are actually unexplained. (Perhaps the biological model proposed below might 
lend itself to better understanding of the complex situation.) Our data illustrate the fact 
that EC5n is not simply an apparent dissociation constant. 

The role of the potentiator sequence in the function of ACTH. Our results support the idea 
that the N-terminal potentiator sequence of ACTH and α-MSH (a-melanotropin), Ser-Tyr-Ser-Met 
(which is without biological activity per se), enhances both the potency and the intrinsic 
activity of the adjacent message sequence, -Glu-His-Phe-Arg-Trp- (Ref. 14). They also prove 
for the first time that the potentiator sequence enhances the physical binding of the 
hormone to its functional discriminators (although to a lesser degree than potency). Both its 
potentiating and binding powers are dependent on the correct sequence (perhaps a correct 
balance and distribution in space of hydrogen-bonding, hydrophilic, and hydrophobic proper
ties, Ref. 14) : A change of Ser-Tyr-Ser-Met to Ser-Phe-Ser-Nva (as in t2ACTHi_2i+) reduces 
binding and potency 10-fold, complete omission 70- and 800-fold, respectively (Table). It 
must be borne in mind, however, that its effects on potency and binding may be caused not 
only by an additional interaction of the Ser-Tyr-Ser-Met moiety with a complementary 
structural element of the discriminator, but also by a conformational influence of the 
potentiator on the message sequence that induces the message moiety, -Glu-His-Phe-Arg-Trp-, 
to adopt more easily a conformation fitting the requirements of the discriminator. Such an 
influence could be for example the α-nucleating potential of Met4, that would favor helix 
F.B.C—K 

ACTHi-2i+ 1.4 (-9) 

t2ACTH1_2Lf 1.4 (-8) 

t ^ C T H ^ ^ 1.0 (-7) 

30 0 . 9 ( - 9 ) 1 

30 0 .9 ( -8 ) 1 

33 0 . 7 ( - 6 ) 0 . 6 3 a 
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formation of the message sequence when it comes into contact with a hydrophobic discriminator 
pocket (Ref. 14) . 

A CHEMICAL MODEL FOR ß-TYPE RECEPTOR STIMULATION WITH ACTH AND FOR PARTIAL AGONISM 

Partial stimulation of holo receptors at full discriminator occupancy (see Fig. 1) may - in 
an extreme view - mean either a reduced stimulation of each occupied discriminator (assuming 
a graded response) or a full stimulation of a reduced number of the fully occupied discrimi
nators on the time average. A compromising view would admit - on the time average - a reduced 
number of partially stimulated discriminators among the occupied population. 

POTENTIATOR 

enhances 
potency and 
intrinsic 
activity 

MESSAGE 

triggers 
receptors 

M1 

ADDRESS 

adds d i s c r i mi n a t o r - s peci f i c 
a t f ί η i ty 

M2 | | A | | M3 _| _J 

1 10 15 20 24 
SerTyr Ser MetGluHis PheArgTrpGly Lys ProValGty LysLys ArgArgProValLys ValTyr Pro 

+ S Y S M E H F R W G K P V G K K R R P V K V Y P 
-(+) + + + + 

a-NUCLEATING 
POTENTIAL 

Fig. 2. The amino-acid sequence of corticotropin-(l-24)-tetracosipeptide 
(ACTHi-24) and its subdivision into sequences with distinct biological 
functions (from structure-activity relationships, Ref. 14). Sequence with 
three-letter and one-letter symbols, charges at neutral pH, and the 
assignment of α-nucleating potential according to Ref. 19. Potentiator, 
message, and address with respect to the ß-type adenylate cyclase/lipolysis 
and adenylate cyclase/steroidogenesis holoreceptors. In the address, an 
address proper (A) and two message regions for other receptor types can 
be distinguished: M2, a message for melanotropic activity in amphibian 
melanophores (Ref. 14 & 20); M3, a message for a-type receptors (Ref. 21), 
vide infra. Glycine residues 10, 14 and proline 19, 24 may serve as hinge 
or connecting elements between the functional units. 

The model for partial agonism proposed here does not distinguish between these three possibi
lities. It is based on two well known properties of the ACTH1_2i+ molecule: (i) that discrete 
sequences of adjacent amino-acid residues are responsible for discrete components of the 
biological activity (sychnologic organization of information, Fig. 2) and (ii) that ACTH1-2i+ 
is conformationally .flexible (a random coil in solution). It is further assumed that 
address, message, and potentiator of the ACTH1^24 molecule express their part of the total 
biological activity by adapting to, and reacting as functional, three-dimensional entities 
with their structurally complementary correlates on the discriminator surface ('recognition 
pockets'), Ref. 15 & 16. 

Because of the flexibility of the ACTH molecule, its reversible association with the probably 
(like an antibody) comparatively rigid discriminator molecule is assumed not to be of the 
'all-or-non/on-or-off' type, but to lead to an ensemble of structurally different complexes, 
A, B, C..., that are in rapid equilibrium with each other: 

ACTH + discriminator { A ^ B ^ S A C ! .} (1) 

Although the internal equilibrium of the complex ensemble is not necessarily consecutive as 
in (1) (for example D^siA and other equilibria might also be possible) it is assumed that 
all states involving a discriminator-address interaction would be rather preferred because 
of the comparatively specific and strong interaction of this moiety, -Lys-Pro-Val-Gly-Lys-
-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro, with the discriminator (Ref. 14, 17 & 18); one of the 
reasons could be strong Coulomb interactions of the four adjacent basic residues, -KKRR-, 
with negative charges in the discriminator correlate, -kkrr-, see Fig. 3). 
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Fig. 3. A schematic representation of three states (A, B, C) of the 
hypothetical ACTH!.^/discriminator complex ensemble, that are in internal 
equilibrium with each other (1). Amino-acid sequence of ACTH1-2i+ i n capital 
letters. Address, message, and potentiator recognition units of the discri
minator (1, 2, and 3, respectively) are indicated with lower-case letters. 
These symbolize the topographical elements of the discriminator that re
cognize the complementary structural units of the hormone (not necessarily 
their individual amino-acids1), Ref. 15 & 16. The correct fit of the 
message unit to the complementary site of the discriminator in state C 
causes the adenylate cyclase (AC) and lipolytic (LIP) stimuli (Ref. 4) 
which are transmitted to the effector(s). States A and B are non-stimula
tory. The position of the equilibrium B«-*C is strongly dependent on the 
correct structure and conformation of the message and potentiator units 
of the hormone analogues (ACTHi_2*t' t2ACTH1_24, Z-ACTH5_2i+, ACTHs-^j 
Z = benzyloxycarbonyl). 

Fig. 3 depicts in a very schematic manner three possible complexes within the complex 
ensemble. In A and B the address is partly or wholly bound, in C, message and potentiator 
are correctly interacting with the discriminator, and stimuli for the activation of adenylate 
cyclase and lipolysis (Ref. 4) are generated. (Other stimulatory complexes with perhaps only 
the message or only the message and the potentiator interacting with the discriminator are 
also possible, but of minor importance, vide supra.) The concentration of the stimulatory 
complexes - in particular of C - relative to the concentration of the unstimulatory complexes 
like A and B will determine the level of biological stimulation at full discriminator 
occupancy (intrinsic activity). The concentration of C relative to the other states within 
the complex ensemble is independent of hormone concentration: If the address is correct, it 
will depend only on the structures of the message and the potentiator (it might also be 
temperature-dependent). 

In our experiments, omission of the potentiator reduced Kdi s s about 70 fold and rendered the 
compound (ACTH5_24) a 63 % partial agonist. The reduction of K^iss may, as explained above, 
be partially due to a direct potentiator-discriminator interaction and partially to a conform-
ational influence on the message. An influence further along the chain is difficult to 
envisage because of the pronounced flexibility, the intervening Gly and Pro residues, and the 
low a- and ß-nucleating potential of the residues after Trp9. In terms of our model, omission 
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of the potentiator would reduce the relative concentration of the stimulatory state C below 
that caused by the native hormone. 

In the case of t2ACTH1_2i+, the reduction of Kdi s s is insufficient to produce noticeable 
partial agonism. A linear interpolation of the K£iss and the a values between ACTH1-2i+ and 
t2ACTH5_2i+ gives an expected a for t2ACTH1-2i+ of 0.95; it is impossible to detect such a 
small deviation from 1 with the biological experiments currently used. 

Na-Benzyloxycarbonyl-ACTH5_2it is a full agonist for lipolysis (Ref. 4). In terms of our model, 
this would mean that the relative concentration of C is restored to the value it has in the 
presence of full agonists. This is not unexpected in view of the strongly hydrophobic pro
perties of both the benzyloxycarbonyl and the methionyl group. Furthermore, the a-amino 
group of Glu is now shielded, as in the peptide: Its charge vanishes and can no longer 
(potentially) disturb the Glu-His-Phe-Arg-Trp/discriminator interaction by repulsion or con-
formational restraints (Ref. 4). 

Corticotropin-(l-10)-decapeptide and corticotropin-(5-10)-hexapeptide are (at high concentra
tions corresponding to their low potency) full agonists for cyclicAMP accumulation in adrenal 
cells (Ref. 14). ACTH5_2i+ is a partial agonist (Ref. 5). If the requirements of the adrenal 
cortex discriminators are similar to those of the fat cell, this observation is easy to 
explain with our model (Fig. 3): states like A and B are non-existent, the hormone-discrimi
nator interaction leads directly to stimulatory states (like C, only with the address resi
dues, 11-24, missing). The (relative) concentration of the stimulatory state is now again 
dependent on hormone concentration because the strong influence of the address is lacking: 
where it is present, the address acts like a built-in competitive inhibitor. 

A BIOLOGICAL MODEL OF PARTIAL AGONISM 

The chemical model is based on the interaction of the flexible ACTH molecule with a ß-type 
adenylate cyclase/lipolysis holoreceptor (Ref. 8). The biological model is based on the 
interaction of the pleiotropic (Ref. 8, 14 & 20) ACTH molecules with a- and ß-type holo-
receptors through two different message sequences (Fig. 4). The two models are not mutually 
exclusive, but could be synergistic. 

Messages 

M1 M2 I M3 

SYSMEHFRWGKPVGKKRRPVKVYP 

STIMULATES STIMULATES 
/3-TYPE CX-TYPE 

H0L0RECEPT0RS 
(adenylate cyclase) (ion transport) 

[ ANTAGONISM J 
(YIN/YANG) 

Fig. 4. A schematic representation of the action of ACTHi_2i+ o n a~ an(^ ß~ 
type holoreceptors through its message sequences M3 and Ml, respectively. 
The two receptor types are assumed to act antagonistically. The M2 message 
stimulates melanophore receptors independently of the Ml message, but is 
not known to have a biological action on adipocytes per se. 

Elliott, Draper, and Rizack (Ref. 21) have recently demonstrated that ΑΟΤΗχ_24 stimulates not 
only lipolysis, but also Mg2+ accumulation by rat adipocyte plasma membrane vesicles. When 
studied separately, corticotropin-(1-20)-icosipeptide (ACTHi_2o) exhibited full lipolytic 
activity, but did not influence Mg2+ accumulation; on the other hand corticotropin-(11-24)-
-tetradecapeptide (ACTHn-24 ' ^ e inactive address sequence for ß-type holoreceptors) 
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exhibited a full activity on Mg2+ accumulation, but none on lipolysis. Mg2+ accumulation was 
blocked by the α-adrenergic antagonist, phentolamine, much more than by the ß-blocker, pro-
pranolol. This indicates that ACTH contains a second message sequence that can trigger a-type 
adrenergic holoreceptors: It most probably comprises the amino-acid residues 20-23(24), 
-Val-Lys-Val-Tyr(-Pro)-. 

It is well known that a- and ß-type receptors usually act antagonistically (Ref. 22). This 
might be true in our case, because ACTH1_2o is lipolytically slightly, but significantly more 
potent than ACTHi-214 (Ref. 21). 

The biological model for the partial agonism of ACTH5_2i+ i s thus very simple: a structural 
change impairing the interaction of Message 1 and its discriminator correlate (2 in Fig. 3) 
will have the observed effects of enhancing Κ<ϋ88 and reducing more strongly the potency 
for ß-type stimulation. Because the Message 3 sequence is intact, its stimulation of the a-
-type receptor will be expected to be reduced only proportionally to K^-LSS: that means that 
the α-type potency will be - in our case - reduced about 10 times less strongly than ß-type 
potency. This will alter the antagonistic balance in favor of the α-holoreceptor by a factor 
that should be the same at all concentrations of the partial agonist and be numerically equal 
to the intrinsic activity (a). 

The two models represented here suggest a number of control experiments that will be able 
either to disprove them or to provide supporting evidence. 
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MESSENGER RIBONUCLEOPROTEINS 
(INFORMOSOMES) 
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Abstract - Messenger ribonucleoproteins, first discovered in 
our laboratory (1964) as mRNA-containing particles of fish em
bryo cytoplasm and named informosomes, were later found to be 
universally occurred in eukaryotic cells. Messenger ribonucleo
proteins of different intracellular localization such as free 
cytoplasmic informosomes, translatable messenger ribonucleo
proteins in polyribosomes ("polyribosomal informosomes") and 
nuclear pre-mRNA-containing particles ("nuclear informosomes") 
are characterized by a number of features common for all of 
them. However, the transport from the nucleus into the cytoplasm 
as well as the transition from the free non-translatable state 
into the polyribosome-bound translatable state are accompanied 
by essential changes in the protein moiety of the particles. 
The existence of free RNA-binding proteins in eukaryotic cells 
has also been shown in our laboratory. These proteins seem to 
represent a pool for the formation of messenger ribonucleopro
teins (informosomes). It has recently been demonstrated that the 
eukaryotic translation factors and, in particular, both the elon
gation factors and some initiation factors are among the cyto
plasmic RNA-binding proteins. It is speculated that the mRNA in 
eukaryotic cells at different stages of its life history carri
es on itself the proteins which are required either for its own 
biogenesis, processing and transport (nuclear informosomes), 
or for its existence in a temporarily inactive state (free cy
toplasmic informosomes), or for its functioning as a template 
(polyribosomal informosomes): omnia mea mecum porto. 

1. DISCOVERY OF mRNA-PROTEIN COMPLEXES 
About 15 years ago, studying the cytoplasmic extracts of early fish embryos, 
we observed that a significant portion of their mRNA moved in the centrifuge 
separately from ribosomes, but at the same time had essentially higher sedi
mentation coefficients than the deproteinized mRNA (Ref. 1). The analysis of 
mRNA-containing zones in the CsCl density gradient showed that mRNA of the ex
tract was complexed with protein (Ref. 2). These mRNA-containing particles of 
the cytoplasm differed from ribosomal particles in their buoyant density and 
a number of other properties. The discovered messenger ribonucleoproteins with 
an RNA:protein weight ratio of about 1:3 (buoyant density in CsCl about 
1.4 g/cm3) were named informosomes (Ref. 2, see also Ref. 3). 
Later data were reported from G. P. Georgiev's group that DNA-like RNA of 
mouse and rat nuclei also existed in the form of ribonucleoproteins (Ref. 4 & 5). 
The buoyant density of the nuclear ribonucleoproteins in CsCl (1.4 g/cm3) and 
the RNA:protein ratio (1:3) were similar to those of cytoplasmic informosomes 
(Ref. 6 & 7) . 
More later two American groups found that dissociation of animal polyribosomes 
resulted in the release of mRNA complexed with protein (Ref. 8 & 9). The 
released messenger ribonucleoproteins also had a low buoyant density in CsCl 
and, correspondingly, high proportion of protein. 
Thus, three classes of messenger ribonucleoproteins of the informosome type 
were discovered in animal cells: (1) free non-translatable cytoplasmic part
icles (free informosomes); (2) polyribosome-bound translatable mRNA-protein 
complexes; (3) nuclear particles containing mRNA precursors. The latter two 
classes could be called polyribosomal and nuclear informosomes, respectively 
(Ref. 10). 
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Messenger ribonucleoproteins (informosomes) of all the three classes proved 
to have a universal occurrence in the animal world, including mammalia, birds, 
amphibia, fish, echinodermata, insects and others; in virus-infected cells 
informosomes were shown to contain viral mRNA (see reviews 10 & 11). During 
the last 5 years free cytoplasmic informosomes, polyribosome-bound messenger 
ribonucleoproteins and nuclear ribonucleoproteins of the informosome type were 
found also in the cells of higher plants (Ref. 12, 13 & 14). Free mRNA seems 
not to occur at all in eukaryotic cells: at all stages of its life history, 
beginning from early precursors in the nucleus, it exists in the form of the 
complexes with protein (Ref. 15). 
Messenger ribonucleoproteins (informosomes) of different origin and different 
intracellular localization are characterized by a number of features common 
for all of them (11). These characteristic features are: 
1. The presence of messenger, pre-messenger or messenger-like RNA as the 

principal component. 
2. Relatively high and constant protein:RNA weight ratio of about 3:1 and the 

corresponding unique buoyant density in CsCl of about 1.4 g/cm3; the 
density homogeneity. 

3. Linear correlation between the sedimentation coefficients of the particles 
and the sizes of their RNA; sedimentation heterogeneity as a rule. 

4. High sensitivity to ribonucleases, i.e. an exposed position of RNA. 
5. Resistance to removal of Mg2+, i.e. a non-ribosomal type of the structural 

organization. 
The common characteristics allow to consider the different messenger ribo
nucleoproteins as particles of the same (informosomal) type possessing the 
group properties above-mentioned. 

2. RNA-BINDING PROTEINS OF EUKARYOTIC CELLS 
In addition to the mRNA-protein complexes (Ref. 10 & 11), the cytoplasmic 
extracts of animal cells have been shown to contain a fraction of high molec
ular-weight proteins with sedimentation coefficients from 6 to 10 S capable 
of forming complexes with exogenous RNA (Ref. 16, 17 & 18). The artificial 
complexes formed are characterized by a constant weight stoichiometry (pro
tein: RNA = 3:1) and the corresponding buoyant density in CsCl of about 
1.4 g/cm^, i.e. they are similar to natural messenger ribonucleoproteins (in
formosomes) . Such informosome-like particles are formed with any high molec
ular-weight RNA, be it homologous mRNA or alien ribosomal RNA. RNA-binding 
proteins, capable of forming similar complexes, have been found also in nuc
lear extracts of animal cells (Ref. 19). Cell extracts of higher plants have 
been shown to contain RNA-binding proteins as well (Ref. 20). 
Though RNA-binding proteins of eukaryotic cell extracts are capable of form
ing complexes with any RNA, this interaction has been shown to possess a 
definite specificity. Thus, complexes of loach embryo RNA-binding protein 
with homologous mRNA have proved to be more stable than with E.coli ribosomal 
RNA (Ref. 21). 
The binding constants of RNA-binding protein (from rat liver) with alien RNA 
(E.coli ribosomal RNA) were evaluated. Even in this case they were high, 
approximately in the range from 10 M""l to lO-^ M~l (Ref. 22). It seems like
ly that the binding constants can be even higher in specific complexes when 
the two components are homologous. 
The high binding constant of RNA-binding proteins with RNA (Ref. 22), the 
definite specificity of binding expressed in the greater stability of the 
complexes with homologous mRNA (Ref. 21) and the ability to form strictly 
stoichiometric ribonucleoprotein complexes similar to natural informosomes in 
buoyant density (1.4 g/cm·3) and in a number of other properties (Ref. 16, 23, 
24 & 25) warrant the assumption that this fraction of cellular proteins re
presents a pool of free proteins for the _in vivo formation of the messenger 
ribonucleoproteins (Ref. 10 & 11). This assumption was checked recently by a 
direct experiment where the highly purified fraction of frog oocyte RNA-bind
ing proteins was isolated, radioactively labelled in vitro and then injected 
into the oocytes (Ref. 26). The incorporation of a significant portion of the 
injected RNA-binding proteins into free cytoplasmic informosomes was found 
in vivo. Control experiments showed that RNA-binding proteins were incorpora
ted into informosomes as such, without preliminary degradation; that other 
protein fractions were not incorporated into informosomes; that the process 
of incorporation took place only _in vivo and that it did not proceed during 
the incubation of the RNA-binding proteins in the homogenate or in the 
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extract of oocytes (Ref. 26). These experiments are the first direct demonst
ration that free RNA-binding proteins, at least partially, represent a pool 
of informosome-forming proteins of the cell. 

3. INTERRELATION BETWEEN DIFFERENT CLASSES OF MESSENGER 
RIBONUCLEOPROTEINS 

The life history of mRNA consists in synthesis of the precursor on the DNA 
template, processing, transport from the nucleus into the cytoplasm, and, 
finally, incorporation into polyribosomes. This suggests that nuclear ribonuc
leoproteins must be precursors of the cytoplasmic messenger ribonucleoprote
ins (Ref. 27). In the cytoplasm mRNA seems to appear first in the form of 
free informosomes and only then, at least partially, to undergo transition 
into translatable messenger ribonucleoproteins of polyribosomes (Ref. 28). 
The standing question is whether there is a difference between nuclear ribo
nucleoproteins, free informosomes and translatable messenger ribonucleoprote
ins? Do the particles change at their transport from the nucleus into the 
cytoplasm and from the free state into polyribosomes? 
Comparative analyses of the protein compositions of all the three classes of 
the particles could give an answer to this. A contiguous question on the 
identity of free RNA-binding proteins and the protein component of the messen
ger ribonucleoproteins also requires a comparative analysis of the protein 
compositions. In recent years such attempts have been made in various labora
tories, but unfortunately in most cases the purity of the preparations gives 
rise to doubt. The available data have been summarized in the recent review 
(Ref. 29). 
The strength of all the literature evidence and also the results of our labo
ratory (Ref. 30) permit to assert that the messenger ribonucleoproteins of 
various cellular localization differ from each other in their protein composi
tions just as the protein composition of the particles is not identical to 
that of the free RNA-binding proteins. The difference between the nuclear and 
cytoplasmic particles is especially great: their sets of main polypeptide 
chains do not overlap at all and only a few minor polypeptides (in particular, 
the poly(A)-binding protein of about 75,000 daltons) can coincide. The main 
polypeptide components of nucle'ar ribonucleoproteins are represented by two 
close sizes of chains of about 40,000 daltons. The protein sets of cytoplas
mic ribonucleoproteins vary depending on the species and tissue of animals, 
but, as a rule, contain main polypeptides of 50,000 and 75,000 daltons. 
The following scheme of interrelation between the various classes of messenger 
ribonucleoproteins and between messenger ribonucleoproteins and RNA-binding 
proteins in the eukaryotic cell can be suggested. Newly synthesized nuclear 
pre-mRNA-protein complexes are a form where the post-transcriptional modifica
tion, processing and intranuclear transport of mRNA precursors take place. 
The transition from the nucleus into the cytoplasm is accompanied by a princi
pal change of the protein composition: the main protein components of the nuc
lear particles remain in the nucleus while the mRNA interacts and forms com
plexes with a number of RNA-binding proteins of the cytoplasm, thus forming 
free cytoplasmic informosomes. Among the proteins of the informosomes there 
must be some protective, masking and repressory proteins ensuring the prolong
ed existence of mRNA (or at least a part of it) in the non-translatable state, 
separately from the ribosomes. In this case the transformation of non-trans
latable informosomes into translatable polyribosome-bound messenger ribonuc
leoproteins must be accompanied also by some kind of induced changes of the 
protein component of the particles, such as release or modification of re
pressory proteins and binding of activatory proteins, including, probably, 
some of the translation factors (see below). Free RNA-binding proteins are a 
pool of the proteins both for free informosomes and for active polyribosomal 
messenger ribonucleoproteins. 

4. FUNCTIONS OF THE PROTEIN COMPONENT OF MESSENGER 
RIBONUCLEOPROTEINS 

It is very likely that the nucleoprotein form must be somehow connected with 
those features of the mRNA life history in eukaryotes which distinguish it 
from that in prokaryotes. From this the following functions of the protein 
component of different classes of messenger ribonucleoproteins in the nucleus 
and in the cytoplasm can be suggested: 
1. Specific processing and other post-transcriptional modifications of mRNA 

and their regulation. 
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2. Regulated intranuclear, nuclear-cytoplasmic and intracytoplasmic transport 
of mRNA. 

3. Functional masking and, probably, physical protection of mRNA to ensure the 
preservation of the pre-synthesized long-living mRNA prior to translation. 

4. Regulated initiation of translation. 
5. Possible regulation of effectivity and rate of elongation. 
Examples can be given when temporarily non-translatable mRNA is indeed accumu
lated in the cell as free informosomes. Thus, during loach embryo development, 
at the middle gastrula stage, intensive synthesis proceeds both of mRNA in the 
nucleus and of protein in polyribosomes, and the newly-synthesized mRNA enters 
the cytoplasm; however, it is not translated immediately (the products of its 
translation will be found only a few hours later), but is accumulated in the 
form of informosomes (Ref. 10). In the course of wheat embryo ripening less 
and less newly-synthesized mRNA is .detected in polyribosomes, in parallel with 
a general drop of protein synthesis; this is accompanied by an increase in the 
amount of free cytoplasmic informosomes containing newly-synthesized mRNA, 
right up to the complete separation of non-translating ribosomes and non-trans
latable informosomes in dry seeds (Ref. 31). Other examples are given in the 
recent review (Ref. 29). 
The existence of stored, masked or temporarily inactive mRNA in the form of 
informosomes suggests that some kind of special repressory components prevent
ing the association with ribosomes and the initiation of translation must be 
present in the particles. Experimental evidence favouring the presence of spe
cific (selective as regards mRNA) repressors of translation in free cytoplas
mic informosomes have been obtained in some laboratories: the functional and 
structural analysis of 20 S informosomes from duck erythroblasts suggests the 
existence of repressory proteins selectively bound to globin mRNA (Ref. 32 & 
33) while informosomes of chick embryo muscle and dormant Artemia salina gas
trula have been shown to contain a special low molecular weight repressory 
RNA, denoted as tcRNA (translational control RNA) (Ref. 34-35 & 36, respect
ively) . The transformation of non-translatable informosomes into polyribosome-
bound messenger ribonucleoproteins must be somehow conjugated with the re
placement of repressory components of the particles by activatory components, 
including activating proteins drawn from the pool of free cytoplasmic RNA-
binding proteins. It is not excluded that initiation factors as well as the 
elongation factors, may be among such activatory proteins of messenger ribo
nucleoproteins . 

5. EUKARYOTIC TRANSLATION FACTORS AS RNA-BINDING PROTEINS 
Inasmuch as the repressory and activatory proteins of cytoplasmic messenger 
ribonucleoproteins are drawn apparently from the pool of free RNA-binding 
proteins, a direct check of the effect of the latter on translation deserves 
attention. 
In our first experiments it has been shown that the removal of total RNA-bind
ing proteins from the wheat embryo cell-free system of translation results in 
the inactivation of the system (Ref. 37). On the other hand the addition of a 
preparation of the total RNA-binding proteins from wheat embryos to the washed 
ribosomes supplied with only aminoacyi-tRNAs and natural mRNA makes the sys
tem active both in the initiation and elongation of polypeptide chains. From 
this the conclusion has been drawn that the eukaryotic initiation and elonga
tion factors are RNA-binding proteins, and that, consequently, the total frac
tion of wheat embryo RNA-binding proteins contains a complete set of the 
initiation and elongation factors (Ref. 37). 
In following experiments the capability of rabbit reticulocyte RNA-binding 
proteins to substitute for individual initiation and elongation factors in a 
purified cell-free eukaryotic system was studied. It was found that the total 
preparation of free RNA-binding proteins of rabbit reticulocytes contains both 
the elongation factors, EF-1 and EF-2, and a number of initiation factors, 
such as eIF-4C and eIF-5 as well as small amounts of eIF-1, eIF-3 and eIF-4B 
(Ref. 38). 
The discovered RNA-binding ability of the translation factors can be directly 
connected with the existence of translatable messenger ribonucleoproteins in 
the eukaryotic cell. In this case it can be expected that whereas the eukaryo
tic translation factors are RNA-binding proteins their prokaryotic analogs 
must not be such. Indeed, a direct comparison of the RNA-binding ability of 
the purified elongation factors of eukaryotes (EF-1 and EF-2) and prokaryotes 
(EF-T and EF-G) has shown that both the eukaryotic elongation factors possess 
a high affinity to RNA and form complexes with it, while the prokaryotic 
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elongation factors display no capability to interact with RNA under the same 
conditions (Ref. 39). In other words, the RNA-binding capability proved to be 
an additional acquisition of just the eukaryotic, and not the prokaryotic, 
elongation factors. 

6. OMNIA MEA MECUM PORTO 
The observations described above have induced the formulation of a new con
cept proposed to explain such a feature of the eukaryotic cell as the exist
ence of mRNA in the form of ribonucleoproteins at all stages of its life 
history. The essence of the hypothesis is that the mRNA in the eukaryotic 
cell carries on itself the proteins which are required for its own biogenesis, 
existence and functioning ("omnia mea mecum porto") (Ref. 40). 
Thus, it is postulated that: 
1. RNA-binding ability is characteristic of many eukaryotic proteins serving 

RNA and RNA-dependent processes. 
2. The evolutionary acquisition of the RNA-binding function by proteins 

involved in mRNA biogenesis and its translation is directly connected with 
the necessity of concentration and compartmentation of these proteins near 
the sites of their functioning in the big volume of the eukaryotic cell. 

3. It is the RNA-binding proteins of this kind that compose the protein 
moiety of messenger ribonucleoproteins of all the three classes. 
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Abstract - Two aspects of the selection mechanism of cistron initiation 
sites are discussed : 1) the role of initiation factors by studies on the 
localization site of interaction of initiation factors on the ribosome ; 
2) the description of the different mutants in initiation factor IF3 and 
in two regions of mRNA postulated to be involved in the recognition of 
the initiation sites of the different cistrons. 

INTRODUCTION 
I would like to discuss the series of events ensuring the recognition of particular regions 
of the mRNA chain specifying the place where decoding of the template RNA begins. During this 
step the initiator RNA, fMet-tRNA™et, providing the N-terminal amino-acyl residue of the 
nascent chain, is positioned opposite the initiation codon triplet present within the initia
tion signal. This step, called initiation, preceeds the formation of the first peptide bond. 
It is established that the initiation triplet (AUG or GUG) is not necessarily located at the 
5' end of the mRNA and that ribosomes select internal initiation codons in polycistronic 
mRNA. The initiation codons of fMet-tRNAfMet (AUG or GUG) do not code specifically for this 
tRNA, but also for the Met-tRNAMet or Val-tRNAVa' which position their aminoacid internally 
in the polypeptide chain. 
It is evident that some other feature in mRNA should distinguish the correct initiation codon 
from the many other potential initiation triplets either in or out of phase in the mRNA. 
In 1974 Shine and Dalgarno presented a hypothesis, which attributed the selection specificity, 
to the interaction between a polypurine region located in the vicinity of the 5' end of the 
initiation triplet and the 3' terminal sequence of the RNA of the small ribosomal subunit (1). 
Since then strong evidence has substantiated this suggestion and it is now believed that 
binding of mRNA to the 30S ribosomal subunit is primarily stabilized by two independent 
RNA-RNA interactions : 1) filet-tRNA anticodon loop and initiator codon ; 2) the polypurine-
rich portion of mRNA located in the vicinity of the 5' end of the initiation codon, pairing 
with the pyrimidine-rich 3' terminus of 16S RNA. The number of base pairs possibly involved 
in this last interaction varies from 3 to 9, the average being 4-5. The number of nucleotides 
separating the complementary region from the initiator triplet also varies with an average 
of 10 from middle to middle (2) (Table 1). 

RESULTS 
I would like to give only one recent evidence in favor of Shine and Dalgarno interaction 
being involved for the binding of ribosome to initiation site. The hypothesis predicts that 
if the 3' terminal region of the 16S tRNA is blocked, binding of the ribosome to the initia
tor region of the mRNA should be diminished or prevented while binding of the nucleotide AUG 
should not be affected. Taniguchi and Weissmann (4) have shown that the oligonucleotide 
A-G-A-G-G-A-G-G-UW 8 bases of which are complementary to the sequence A-C-C-U-C-C-U-U-AQ H , 
at the 3' terminal region of the 16S RNA (AG = 16.9 kcal/mol) binds tightly to the 30S 
ribosomal subunit and is released as a complex with the 3' terminal 49-nucleotides of 16S 
rRNA after digestion with cloacin DF13. 
Incubation of low salt-washed ribosomes (which retain initiation factors) and intact QßRNA 
in the presence of fMet-tRNA leads to the formation of a complex sediment!ng at 70S. As in 
the case of all phage RNAs, ribosomes attach predominantly to the initiation site of the coat 
cistron, and to a lesser extent to that of the replicase cistron. 
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TABLE 1. Initiation sequences recognized by E.coli ribosomes (from 3) 

mRNA Ribosome binding sites · 

R17 A 
MS2A 
Q 3 A 
R17coat 
Q£coat 
f 2, MS2 coat 

R17, MS2 replicasc 

Qß replicas« 
flcoat 
f l gen« 5 
f I gene? 
T3 in tltr* 
T7 gene 0.3 site a 
T7 gene 0.3 site b 
APE 

AO 

4X174 O 
4X174 F 

♦X174 D 
«ΛΊ74 H 
♦XI74B 
•XI74J 
araB 
trp Uuulcr 
trpE 
trp A 
/ « * . -
J * / 
gulE 
galT 

GAU UCC LAG GAG GUU UGA CCU AUG CGA GCU UUU AGU G 
GAL* 
LCA 
CC 

AAA 
CC 

AG 

AAC 

LCC LAG GAG GUU UGA CCU 
CLG AGL 
UCA ACC 

ALA AGA GGA CAL 
GGG GUU UGA AGC 

CUU LGG GLC AAU LUG AUC 
UCA ACC 
AA ACA 
UAA CUA 
UUU AAU 

A 
A AAA 

AAC AUG 
UGC ACG 

GAG GUU UGA AGC 
UGA GGA UÜA CCC 
AGG AUG AAA UGC 
GGA AAC LUC CUC 
AGG UAA LUC ACA 
AAG GUA AUL CAA 
AGG LAA CAC CAA 
AGG LAA CAC AAG 

GUA CGA GGA GGA UGA AGA GUA 
PPP 
TTG 
TTT 

ACC 

LAA 
ACG 
LLL 
CAC 
GAA 
GAA 
AAL 
AGL 
ALA 
ΤΑΓ 

AUG LAC 
CGG TGA 
CTG CTT 
CCT ACT 
ACT AAT 
ACT TAA 
AGG LCC 
TGC GGA 
LUU GGA 
GUA AAA 
CAA AAL 
AGC ACG 
LIC ACA 
CAA LLL 
AGC CLA 
CCC GAT 

GLG 
AUG 
AUG 
AUG 
AUG 

AUG 
AUG 
AUG 
AUG 
AUG 
AUG 
AUG 
AUG 

LAA GGA GGL UGU AUG 
TAG ATT TAA CGT 
AGG AGT TTA ATC 
TGA GGA UAA ALU 
AGG TAA GAA ATC 
GTC AGG TGA TTT 
AGG AGC LAA AGA 
AGG AGT GAT GTA 
LGG AGL GAA ACG 
AGG GLA LCG ACA 
LAG AGA ALA ACA 
AGG GGA AAL CLÜ 
CAG GAA ACA GCL 
AGU GLG OLG AAL 
AKi GAG CGA ALL 
1AA CiCiA ACG ACC 

ATG 
ATG 
AUG 

ATG 
ATG 
AUG 
ATG 
AUG 
ALG 
AUG 
AUG 
AUG 
GIG 
AIG 
ATG 

CGA 
CCU 
GCU 
GCA 
GCU 

GCU 
AAA 
UCU 
AAA 
LCC 

LCG AAG 

UCU 
AAA 
ALU 
AAA 
ALU 
GCU 
U 
GAA 
AGC 
TTT 
UCU 

AGT 
TTT 
GAA 
TCT 
GCG 
AAA 
CAA 
GAA 
ACC 
AAA 
AGA 
ACG 

UUU AGU G 
UUA CCG 
AAC UUU 
UUA 
AAC 

ACA 

AAG ACA 
AAG UCU 
AAA 
UU 
LLC 
ALG 

CAA 
ACA 
CAG 
AAU 

CAA 
GGT 
CAA 
AAA 
ALL 
GCA 
ACA 
CGC 
ALG 
CCA 
GLL 
CAA 

GAG 

CGU 

ACU 
UUU ACU 

ACA 

G 
UU 

GUU GAA 

ACU 
UCU 

CGC 
AAA 
ACT 
AUU 

GTT 
GCT 
CUC 
GGT 
GCA 
ALU 
CAA 
LAC 
AUU 
GLA 
CLG 
TTT 

AAA 
AAC 

AAG 
TTT 
CAA 

ACT 
ATT 
ACL 
AAA 
AUU 
LLC 
AAA 
GAA 
ACG 
ACG 
GUU 
AAT 

AAG 

AU 

GAG 
AUG 

ATT 
ACU 

GLG 
CCG 
UCU 
GAL 

ACC 
CCC 

a Underlining indicates contiguous bases complementary to the 3'- oligonu
cleotide of E.coli 16S rRNA. Dots indicate G.U base pairs. Initiator 
triplets are indicated by bold type. 

b What was originally thought to be bacteriophage T7 has turned out to be 
T3. 

Taniguchi and Weissmann also have shown that preincubation of low salt washed ribosomes with 
all the components of initiation complex and the above mentioned oligonucleotide leads to a 
50 to 87 % inhibition of the initiation complex when the molar ratio of oligonucleotide to 
QßRNA varies from 2.5 to 10. 
We repeated the experience of Taniguchi and Weissmann with the oligonucleotide they provided 
and high salt wash ribosome supplemented with purified initiation factors and found essential
ly the same results. The binding of H3 QßRNA is strongly dependent on the presence of 
initiation factors and fMet-tRNA and is inhibited in the presence of the oligonucleotide 
mentioned above (Table 2). 

TABLE 2. Inhibition of QßRNA binding 

Additions 
Control 
Control 
- fMet-tRNA 
+ 20 pmoles 
oli go 

Exp 
1 
2 
1 
1 
2 

% H3 QßRNA bound 

12 
10 
1 
6 
3.7 

% inhibition 
-
-
-
50 
63 

We have also shown that the synthesis of the coat protein is inhibited by this oligonucleo
tide (Table 3). 
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TABLE 3. Inhibit ion of protein synthesis 

Additions cpm % inhib i t ion 

Control 44.600 

Oligo (in pmol) 
5 36.600 19 
10 30.700 31 
20 26.300 42 

(buffer-Mg-GTP, leucovorin ATP PEP py. kin. tRNA) 
70S ribosome 5.7 pmoles ; Q3RNA 4 pmole ; 
initiation factors (IF^ + IF« + IF^) 3 pmoles each ; 
C1^ aa mix (0.06 mM of each aa). sp. act. 195 cpm pmole"1. 

The selection of the initiation codon is not limited to these two interactions. The seconda
ry structure of mRNA controlling the availability of the Shine and Dalgarno sequence as well 
as that of the codon is an important factor (2). In MS2RNA there are 5 more potential sites 
for initiation which are not used. Different proteins are also involved namely initiation 
factors (called IFl5 IF2, IF3) and ribosomal proteins S^ and S 1 2 (2)· 
I would like today to focus on two aspects of the selection mechanism. 1) the role of initia
tion factors ; 2) the description of different mutants in the two regions of mRNA postulated 
to be involved in the recognition of the different cistrons and in the initiation factor IF3. 

Localization of initiation factor IF3 on the ribosome 
As an approach towards understanding how initiation factors participate in the initiation 
step, efforts were directed on localizing the site of interaction of IF2 and IF3 on the 
ribosome (2). 
Using different cross-linking reagents it is possible to cross-link IFo and IF2 to both 30S 
proteins and 16S RNA. The major proteins cross-linked to IF3 were identified by specific 
immunopreci pi tati on. 
Upon irradiation with 365 nm light in the presence of a mononucleotide (5) the major cross-
linked proteins were S12, 5^3, S^g and S-n and S7 when using tartaryl diazide (6). This 
enabled us to localize 1F3 on the right forehead of the 30S ribosomal subunit near the 3' 
end of mRNA (2) (Fig. 1). 

Fig. 1. Models for the 30S subunit (2) : (a) Stöffler and Tischendorf ; 
(b) Lake and Kahan. The numbers correspond to those of the proteins ; 
letters differentiate multiple antigenic sites when observed (from 2). 

As for cross-linking initiation factors to 16S RNA, after periodate oxidation and reduction 
of 30S ribosome, it has been found that all three initiation factors as well as S1 can be 
cross-linked to the 3' end of 16S RNA (2). Moreover, using the 365 nm irradiation technique 
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we were able to show that IFo, cross-links to two different sites on the 16S RNA one being 
near the 3" terminus (B. Ehresman, J.P. Ebel, B. Cooperman, J. Dondon, M. Grunberg-Manago, 
unpublished results). 
Another approach to the understanding of the role of IF3 and S]̂  and their relation to the 
3'OH end of 16S RNA is to use 30S ribosomal subunits where the 3' end of 16 RNA was either 
only cleaved or removed after coliein E3 treatment (7). Coliein treatment results in a 
nucleotide cleavage at about the 50th nucleotide from the 3' terminus of the 16S RNA. 
When the ribosomes were separated by centrifugation at 53.000 rpm no IF3 binding to those 
30S(-E3) particles was observed (7) (Fig. 2), whereas it has been found that Sx can bind to 
those 30S(-E3) particles (8). 

53.000 RPM 

O 
CD 

4 6 8 10 12 2 4 6 

I F 3 ADDED TO INCUBATION MIXTURE (pi) 

10 12 

Fig. 2. Stoichiometry of IFo binding to various types of MRE600 30S 
subunits. 54 pmol 30S subumts were incubated for 15 min at 37°C with 
14c labelled IF3 (23.7 pmol/yl). 
Fig. 2a. Centrifugation at 53.000 rev/min for 2.5 h. (0) Stoichiometry on 
control 30S : uncleaved 30S subunits which went through the procedure to 
remove the colicine E3 fragment. (+) Stoichiometry on NH4CI cores, lacking 
So, So, S3, Sg, Sin, S14, Son» Spi- (Δ) Stoichiometry on 30S subunits 
lacking the 3? end of I6S RNA and Sx (30S(-E3)). 
Fig. 2b. Centrifugation as in Fig. 2a. (o) Stoichiometry on normal 30S 
subunits. (+) Stoichiometry on colicin E3 cleaved 30S subunits. (Δ) 
Stoichiometry on 30S subunits lacking only the 3' end of 16S RNA. 30S(-E3) 
were incubated with 6-fold excess S± (0°C, 10 min) before addition of IF3. 
Fig. 2c. Centrifugation at 24.000 rev/min for 12 h. Otherwise as in 
Fig. 2a. 
Fig. 2d. Centrifigation as in Fig. 2c. Otherwise as in Fig. 2b (from 7). 

However when the experiments were repeated at lower rotor speed (24.000 instead of 53.000 rpm) 
(Fig. 2c and 2d), a striking observation emerged : a 10-fold increase in the apparent affini
ty of IFo for 30S(-E3) (Fig. 2c). On the other hand, the affinity of IF3 for control 30S, 
cleaved 30S, and normal subunits was practically unchanged (compare Figs. 2a+b and 2c+d). 
The demonstrable pressure dependence of the IFo-30S(-E3) complex indicates that the molar 
volume of such an interaction is much larger than when IF3 binds to either control, cleaved 
or normal 30S subunits. One explanation is that IF3 binding to 30S(-E3) results in the 
trapping of excess solvent in a groove normally occupied by the missing RNA. This would 
confirm the localization of IF3 near the 3' OH end of 16S RNA, at the Shine and Dalgarno 
interaction site. 
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In order to localize IF3 in connection with the initiation triplet, a series of affinity 
labelling experiments were performed with chemically reactive AUG analogs bearing a reactive 
group (4 bromo-acetamido-phenylphospho) covalently bound either at the 5' or at 3' end of 
the triplet (0. Pongs, G. Stöffler, H.U. Petersen and M. Grunberg-Manago, unpublished results) 

In initiation complexes, 51 reactive AUG was cross-linked to factor IF3 and to five ribosomal 
proteins ; no cross-linking to IF3 occurred with 3' reactive AUG. This localizes IFo in the 
5' vicinity of the AUG triplet, therefore in the mRNA region postulated by Shine and Dalgarno 
which is again consistent with the postulated role for IF3 function. 
IF3 has another activity ; it prevents the association of the 30S to the 50S ribosomal 
suDunit. It was postulated that this interaction occurs between 16S RNA and 23S RNA invol
ving the site on 16S RNA near the one implicated in mRNA binding (9). IF^ stabilizes mRNA-
16S RNA interaction and thus prevents 16S RNA-23S RNA interaction (Fig. 3). 

a. 
F2.MS2.R17 
coat protein 

23 S RNA 

AACCGGAGUUUGAAGCAUG 3' 

AACCG AG(G)rCUU^&gCÜUoH 3' 
1 2 ^ 

16 S RNA CCUGCGGUUGGAUCÄCCUCCUUA OH 

b. 
G A 

G Am* 
G - C 
G-C 
A - U 
U G mRNA site 

5· GUCGUmAACAAGGUAACCG CGGUUGGAUC|ACCUCCU|UA„3' 
23S RNA nHUUCCAUUG)GA. A C 

GCCAAG 
OH 

.10 S RN/\ 

5* 

Fig. 3. Possible base-pairing between 3'-0H termini of 16S RNA and 23S or 
mRNA. (a) The nucleotide sequences of the 3'-end of the 16S RNA and 23S 
RNA are compared with those of the bacteriophage RNA ribosomal binding 
site associated with the coat-protein cistron. (b) Hydrogen-bonding 
schemes are depicted for the 16S and 23S RNA interaction (from 9). 

In summary our present knowledge of initiation codon selection is consistent with the exis
tence of the two RNA-RNA interactions. Protein factors are involved in both these inter
actions. 
The different protein factors are more important for ribosome binding at initiation sites 
when Shine and Dalgarno base pairing is weak (10) ; this is evidenced by a more stringent 
factor requirement for the binding at the coat protein and replicase mRNA binding sites 
(3-4 bases pairing) than at the maturation site (7 base pair) (Table 4). 

TABLE 4. Effect of S^ and factors on recognition of R17 initiator regions (from 10) 

Expt. No. Ribosomes Factors Ratio 
A:coat:reDlicase 

30S 
30S 
30S(-S1) 
30S(-S1) 
30S 
30S 
30S 
30S(-S1) 
30S(-S1) 

IF2JF3 
-

IF2,IF3 
-

Crude 
IF2,IF3 

-
IF2,IF3 

-

1 
1 
1 
1 
1 
1 
1 
1 
1 

2.0:0.5 
0.2:0.05 
0.3:0.04 
0.4:0.03 
7.1:2.7 
3.6:0.8 
0.2:0.2 
0.8:0.2 
0.1:0.06 
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IFj and IF2 stabilize codon-anticodon interaction while IF3 is only required with mRNA con
taining the Shine and Dalgarno polypurine region ; it is not necessary when an AUG triplet 
is used as mRNA (2) (Table 5). 

TABLE 5. Stimulation of fMet-tRNA binding to 30S subunits by initiation 
factors 

Additions 

IF2 
IF2 + IF3 
IF2 + IF1 
IF1 + IF2 + IF3 

poly (A,G,U) 

511 
3.167 
2.597 
5.517 

AUG 
553 
956 

2.923 
2.102 

Mixtures contained in 100 μΐ : 50 mM Tris-HCl, pH 7.4 ; 100 mM NH4C1 ; 
5 mM Mg2+ acetate ; 7 mM 2-mercaptoethanol ; 1 mM GTP ; 0.1 AOCQ units 
poly (A,G,U) or 0.5 Ao6Q units AUG ; 1.0 A2g0 units (3H)fMet-tRNA, sp. 
act. 3.000 pmole"1 ; 0.35 A26O units 30S subunits ; and initiation fac
tors as indicated : 15 pmole IFi ; 10 pmole IF? and 10 pmole IFo. Mixtures 
were incubated 10 min at 37°C, diluted with cold buffer and filtered 
through Mi H i pore HA nitrocellulose filters ; the filters were dried and 
immersed in scintillation fluid for counting. The results are reported as 
counts per min, following the subtraction of blanks (minus all factors) 
of 855 cpm for AUG and 2.677 cpm for poly (A,U,G) (Hershey,J.W.B., 
Dondon,J., Grunberg-Manago,M., unpublished experiments). 

Studies with different mutants 
It is obvious that information as to how essential are the two RNA-RNA interactions and the 
different proteins involved in initiation in vivo can only be obtained with the help of 
specific mutants. Mutants in the two regions of mRNA involved in initiation have now been 
isolated and studied. The first series of mutants are those affecting the gene 0.3 of 
bacteriophage T7 (11). 
This gene codes for an early mRNA of about 600 nucleotides long that specifies two proteins 
1) the 0.3 protein of about 100 ami no acids long, made in large amount during T7 infection, 
and responsible for overcoming host restriction and 2) a protein referred to as 0.4 protein 
of unknown function. The initiation site on the 0.3 mRNA has been identified by sequencing 
the 0.3 protein and the mRNA which is protected from nuclease digestion by ribosome during 
initiation complex formation. 

CR35 CRI7 
A C 

10 20 I 30 I 40 50 
p G A U A U U C A C U A A U A A C U G C A C 6 A G G U A A C A C A A G AUG GCU AUG UCU AAC AUG 

III II III III II 
_ C U C C A _ fMet Ala Met Ser Atn Met 

» HO 
„ U C CU A 1 2 3 4 5 

A u AG 

I 6 S rRNA 

60 70 ΘΟ 90 IOG 
UAC AAC AAC GUU UUC G AC CAC G C U UAC GAA A U G CUG AAA G AA AAC A. 
Tyr Atn Atn Val Pht Asp Hit Ala Tyr Glu Mtt Ltu Lyt Glu Atn 
7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 

Fig. 4. Nucleotide and ami no acid sequences near the beginning of the 0.3 
protein. The amino acid sequence was determined from the purified 0.3 
protein which lacks the initial fMet (unpublished data). The nucleotide 
sequence at the 3' end of the 16S ribosomal RNA is also given, to show 
the potential pairing between the 0.3 RNA and the ribosomal RNA. The 
nucleotide changes caused by the CR17 and CR35 mutations are indicated. 
The CR35a-l suppressor mutation changes nucleotide 23 of CR35 from A to 
G, producing the sequence GGAG for nucleotides 22-25 (from 11). 

The Shine and Dalgarno sequence has been identified as GAGGU corresponding to a 5 base com
plement between the 0.3 RNA of T7 and the 16S RNA of E.coli (Fig. 4). 

Two mutants in the 0.3 gene having a greatly reduced rate of synthesis for 0.3 protein but 
normal rate for the 0.4 protein were isolated (CR17 and CR35). 
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The nucleotide sequence of each mutant was found to differ from the wild type by a single 
base. In CR17 a U to C transition occurs at nucleotide 36, changing the initiator AUG triplet 
to ACG. In CR35 a G to A transition occurs at nucleotide 24 in the center of the Shine and 
Dalgarno sequence interrupting the five base sequence (nucleotides 22-26) that is complemen
tary to the sequence at the 3' end of the 16S ribosomal RNA. It is evident that a single 
mutation either in the Shine and Dalgarno sequence or in the anticodon drastically affects 
the rate of protein synthesis. 
Two spontaneous phenotypic revertants were also isolated. CR17-1 and CR35a-l ; sequence 
analysis showed that they both retained their original mutation but had acquired a second 
mutation. 
The additional mutation in CRSöa"1 was an A to G transition at nucleotide 23 which created a 
new four base complementarity with bases near the 3' end of 16S ribosomal RNA. The base 
change occuring in the other mutant CR17-1 is neither in the initiation codon nor in the 
Shine and Dalgarno sequence. Studier et al. (11) investigated the ability of the 0.3 RNA 
of wild type and mutants to bind to ribosomes. The protected site for wild type or the 
mutants CR17 in the codon, was found to contain at least nucleotides 17-50 of the 0.3 mRNA 
and not to extend past nucleotides 52. The protected site of CR35 (Shine and Dalgarno 
mutant) has shifted about 12-15 bases from wild type to position containing nucleotides 
34-62 and not extending beyond 27-65 ; this 12-15 base shift suggests that ribosomes may 
bind in a position that initiates at the in-phase AUG at nucleotide 50-52, 15 bases from 
the AUG that initiates in the wild type. It may be significant that this AUG is followed 
by an A, which, as will be seen further, stabilizes codon-anticodon interaction. 
The CR35 mutation not only causes a great decrease in the rate of synthesis of 0.3 protein 
but also shifts the position of the ribosome binding site observed in vitro. The CR35a-l 
suppressor mutation shifts the ribosome protection site back to the wild type position. 
The CR35a-l suppressor mutation restores both the wild type rate of synthesis and the wild 
type position of ribosome binding. This suggests that pairing between the mRNA and the 16S 
RNA may be important both in selecting the site in mRNA at which ribosome binds and in de
termining the efficiency of initiation of protein chains. 
The CR17 mutant with a change in the AUG initiation codon to ACG causes a drastic decrease 
in the rate of synthesis of 0.3 protein both in vivo and in a cell free protein synthetizing 
system, but ribosomes in vitro bind at the same site and with the same efficiency as does 
wild type 0.3 RNA. It is possible that it is the Shine and Dalgarno interaction that results 
in ribosome binding at this site even in the absence of an AUG. 
The other mutants I would like to describe exhibit changes in the initiation codon for the 
Q3 coat protein. Taniguchi et al. (1977) (12) obtained mutants of the Q$ coat protein 
cistron in which the third position of the initiator AUG and the next residue (the first 
position of the succeeding alanine codon) were altered. They compared the potential base 
pairing between the initiator tRNA anticodon region and the relevant Q$RNA sequence with 
the relative efficiency of in vitro ribosome attachment to the same four initiator regions. 
The efficiency of ribosome binding increased when the nucleotide following an AUG initiation 
codon was changed to A, presumably because AUGA can form an additional base pair with the 
anticodon loop of fMet-tRNA (Table 6). 

TABLE 6. mRNA.tRNA interaction at Q3 coat protein initiator region3 (from 12) 

mRNA sequences Relative ribosome binding 

qftUfiG 1 
CAUGA 2.8 
« G <0.1 
q/WAA 0.33 

anticodon loop sequence of tRNA™eT: : 3' AUACU5, 
a. Mutant Q3RNAs and ribosome binding data. Underlining indicates 
possible base pairing between the mRNA and the anticodon loop sequence 
of tRNAfMet. The "initiator triplet" appears in bold type. 

wild-type 

mutants 
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In the mutant isolated by Weissmann and Taniguchi a change in the initiation codon for the 
Q3 coat protein from AUG to AUA completely abolished ribosome binding in the absence of the 
additional A in the next nucleotide ; this is in opposition with what happens in the CR17 
mutation where AUG is changed to ACG. The different strength of the Shine and Dalgarno base 
pairing in the 0.3 mRNA (5 base pairs) could possibly explain this opposition and would 
suggest that the interaction of AUG with fMet-tRNA is more important for binding at sites 
that have a relatively unfavorable interaction with 16S RNA. 
It can be inferred that initiation complex formation is more or less dependent on either one 
of the two RNA-RNA interactions depending on the nature of the mRNA : when the mRNA-rRNA 
interaction is weak, mRNA binding to ribosomes has to be mainly stabilized by IFp-dependent 
codon-anticodon interaction., IF3 being drastically required ; conversely when mRNA-rRNA 
interaction is strong, the interaction between initiator codon and anticodon can be weak 
(two out of three base-pairs) and initiation factors are less essential. 
In order to definitely understand the role of IF3 in vivo it is necessary to have conditional 
mutants in IF3 . A thermosensitive mutant with a thermolabile IF3 has been isolated (13). 
E.coli thermosensitive mutants were first selected after nitrosoguanidine mutagenesis and 
enrichment for thermosensitivity by the tritiated amino acid "suicide method", and then 
screened in vitro for thermolabile initiation factors (13). 
The effects of preincubating the extracts of the different mutants at 40° was compared using 
a first test which is dependent on initiation factor activity and a second which is not. 
The first test measures the incorporation, into TCA precipitable products, of (14C) valine 
in response to poly (U,G) at 5 mM Mg2+, using precharged aminoacyl-tRNAs ; the second test 
measures (14C1[ phenylalanine incorporation in response to poly U at 10 mM Mg2+, using 
precharged (^C) phenylalanyl-tRNA. Both tests should be insensitive to amino acid tRNA 
ligase modifications in the extracts. In these tests some mutants did not behave like the 
parental strain and among them strain C18 was further studied (13) (Table 7). 
A series of experiments show that the thermolability of the extract was due to a defect in 
initiator factor (Fig. 5) further characterized as IF3. Genetic data show that the Ts muta
tion is located near the 38 min on the E.coli map and is 68 % cotransducible with the aro D 
marker. 

120 
Preincubation time (min) 

Fig. 5. Inactivation kinetics of crude IF fractions from mutant and pa
rental strains. Preincubation was carried out at 43°C.C2 crude IF frac
tion from C18 ; Δ crude IF fraction from Dl. 
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TABLE 7. Screening of thermosensitive mutants. 

% activity after preincubation at 40° 
(14C) phenylalanine (14c) valine { $ [ ffia1anine strains 

C 18 
C 90 
C 259 
C 38 
C 178 
D 1 

158 
135 
77 
70 
82 
102 

71 
72 
40 
37 
96 
74 

44 
53 
51 
52 
17 
72 

Different hybrid phage lines prepared in vitro and containing the E.coli region near the 
38 min were used to infect mutant strain. Several phages confering thermoresistant phenotype 
were thus selected (Table 8) and it was shown that they contain the structural gene for IF3 
(14). 

TABLE 8. Thermolability of fMet-tRNA™^ binding activity (from 13) 

Strains Activity left % 
50° 

Activity left % 
55° 

AB 1361 
AB 1361-2 
AB 1361-7 
AB 1365 

21.1 
56.1 
59.3 
67.9 

13.6 
24.1 
23.5 
23.2 

AB 1361 thermosensitive mutant strain 
AB 1365 wild type 
AB 1361-2 infected with a hybrid λ phage p2 
AB 1361-7 infected with a hybrid λ phage p7 

Several other phages were prepared and enabled us to map precisely the gene for IF3 on the 
E.coli map (15) (Fig. 6). 

0/100 

Fig. 6. Mapping of initiation factor IF3 gene (infC) in E.coli 
thrS threonyl-tRNA synthetase 
infC IF3 
P12 protein PM 12.000 
pheS subunit a phenylalanyl synthetase PM 38.000 
pheT subunit B phenyl-tRNA synthetase PM 94.000 (from 15) 
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We are now in the process of cloning the IF3 gene on a plasmid and of studying the regulation 
of its synthesis and function in vivo. 

CONCLUSION 

Our present knowledge of the selection of initiation codon is consistent with the view of two 
RNA-RNA interactions : 

Shine and Dalgarno base pairing 
codon and anticodon base pairing 

protein factors IF3 and S^ being involved in the first one, IF^ and IF2 in the second. 
Initiation factors do not in themselves display specificity for particular mRNAs ; neverthe
less, the amount of IF present can affect relative mRNA translation. This may be clearly 
grasped if mRNAs are considered to be divided into classes based on their affinity for 
ribosomes, depending largely on the stability of the Shine and Dalgarno interaction. 
When ribosomes are present in excess of mRNA then all species will be efficiently translated. 
When, however, mRNAs are in excess of available ribosomes, competition between them will take 
place in initiation and those species making the most stable interaction will be preferen
tially translated. 

Acknowledgement - This work was supported by grants from : Centre National 
de la Recherche Scientifique (Groupe de Recherche n° 18), Delegation 
Generale ä la Recherche Scientifique et Technique (Convention n° 76.7.1173) 
Ligue Nationale Frangaise contre le Cancer (Comit§ de la Seine), Commis
sariat ä l'Energie Atomique and Institut National de la Sante et de la 
Recherche Medicale (A.T.P. 52.77.84). 

REFERENCES 
1. J. Shine and L. Dalgarno, Proc. Nat!.Acad. Sei. USA 71, 1342-1346 (1974) 
2. M. Grunberg-Manago, R.H. Buckingham, B.S. Cooperman an<J J.W.B. Hershey, Society for 

General Microbiology : Symposium XXVIII (R.V. Stanier, H.J. Rogers and B.J. Ward, eds.), 
pp. 27-110, Cambridge University Press (1978) 

3. J.A. Steitz, In Biological Regulations and Development (R. Goldberger, ed.)5 Plenum 
Press, New-York, in press 

4. T. Taniguchi and C. Weissmann, Nature, in Press 
5. B.S. Cooperman, J. Dondon, J. Finelli, M. Grunberg-Manago and A.M. Michelson, FEBS 

Letters 76, 59-63 (1977) 
6. J. Van DUTn, C G . Kurland, J. Dondon, M. Grunberg-Manago, FEBS Letters 59, 287-290 

(1975) 
7. M. Laughrea, J. Dondon and M. Grunberg-Manago, FEBS Letters 91, 265-268 (1978) 
8. M. Laughrea and P.B. Moore, J Mol. Biol. 122, 109-113 (1978T 
9. J. Van Duin, C G . Kurland, J. Dondon, M. Grunberg-Manago, C Branlant and J.P. Ebel, 

FEBS Letters 62, 111-114 (1976) 
10. J.A. Steitz, 7TJ. Wahba, M. Laughrea and P.B. Moore, Nucleic Acids Research 4, 1-15 (1977) 
11. J.J. Dunn, E. Buzash-Pollert and F. Studier, Proc. Natl. Acad. Sei. USA 75, ?741-2745 

(1978) 
12. T. Taniguchi and C Weissmann, J. Mol. Biol. 118, 533-565 (1978) 
13. M. Springer, M. Graffe and M. Grunberg-ManagoTMol. Gen. Gen. 151, 17-26 (1977a) 
14. M. Springer, M. Graffe and H. Hennecke, Proc. Natl. Acad. Sei."D?A 74, 3970-3974 (1977b) 
15. M. Springer, M. Graffe and M. Grunberg-Manago, Mol. Gen. Gen., irfPress. 



THE RIBOSOMAL PEPTIDYL 
TRANSFERASE CENTER. POSSIBLE 

BASES FOR THE COMMON ACTION OF 
PEPTIDE BOND FORMATION 

INHIBITORS OF BACTERIAL AND 
EUKARYOTIC RIBOSOMES 

D. Vazquez and J. P. G. Ballesta 
Institute de Bioquimica de MacromoJecuIas, Centro de Biologia Molecular, 

C.S.I.C. and U.A.M. Canto Bianco, Madrid-34, Spain 

Abstract - Mainly protein L16 and to a lesser extent L 2 , L15, 
L27 of the bacterial ribosome and proteins L 2 1 / 2 3 , L26, L27, 
L28, L29 and L3& of rat liver ribosomes have been postulated as 
being involved in the ribosomal peptidyl transferase c e n t e r . 
However no single protein has been found individually 
responsible from this activity and when bacterial ribosomes are 
treated with proteinase K, all these proteins that might be 
involved in peptidyl transferase activity are lost at faster 
rate than the activity itself. Furthermore other studies suggest 
that there is no identity between any of the individual proteins 
of the bacterial and eukaryotic ribosomes that were postulated 
as being involved in the peptidyl transferase a c t i v i t y , although 
there are a number of a n t i b i o t i c s (sparsomycin, blasticidin S, 
gougerotin, amicetin and a n t h e l m y c i n ) which are equally active 
in blocking peptidyl transferase activity by bacterial and 
eukaryotic r i b o s o m e s . Furthermore the treatment with a number 
of chemical reagents that modify the proteins have very little 
or no effect on the peptidyl transferase of the bacterial r i b o s o m e . 
On the other hand there is. increasing evidence supporting the 
relevant role of the ribosomal RNA in the peptidyl transferase 
c e n t e r . Thus the replacement of Mg2 + by B a + + induces the breakage 
of the ribosomal RNA with a concomitant d e c r e a s e in the peptidyl 
transferase a c t i v i t y . F u r t h e r m o r e ribosome treatment with a 
number of reagents that c h e m i c a l l y modify the ribosomal RNA also 
affect drastically the peptidyl transferase a c t i v i t y . T h e r e f o r e 
we propose that a n t i b i o t i c s which specifically inhibit peptide 
bond formation by bacterial and eukaryotic ribosomes (sparsomycin, 
gougerotin, blasticidin S, amicetin and a n t h e l m y c i n ) might 
recognize some moiety common in the RNA of the larger ribosomal 
subun i t. 

PROTEIN INVOLVEMENT IN THE RIBOSOMAL PEPTIDYL TRANSFERASE ACTIVITY 

Peptide bond formation in protein synthesis is catalyzed by the larger subunit 
of prokaryotic (Ref. 1) and eukaryotic (Ref. 2) ri b o s o m e s . The catalytic center 
in both cases was termed peptidyl transferase in a c c o r d a n c e with standard enzyme 
nomenclature (Ref. 3)· It was initially assumed that ribosomal peptidyl 
transferase, being an enzyme a c t i v i t y , might be associated with some ribosomal 
protein(s) of the larger ribosomal subunit. It was indeed shown by different 
techniques that some proteins might be requirod for the active c o n f o r m a t i o n of 
the ribosomal peptidyl transferase center but no individual protein has been 
found responsible for this a c t i v i t y . Indeed it was shown in early studies that 
a series of protein deficient particles (3", γ - c o r e s ) can be prepared from 50S 
subunits by isopycnic c e n t r i f u g a t i o n in CsCl solutions of decreasing M g + + 

c o n c e n t r a t i o n s (Ref. 1 ) . The cores contain 23S and 5S RNA but lack increasing 
numbers of 50S p r o t e i n s . The β-cores, which lack proteins L I , L7, L12, L25 and 
have reduced amounts of L6, L16 and L31 (Ref. 4) possess good activity for 
catalysis of peptide bond formation (Ref. 1 ) . In contrast, the γ - c o r e s , which 
lack proteins LI, L6, L7, L10, L12, L15, L16, L25, L31 and L33 and have reduced 
amounts of L5, L8, L9, L 1 1 , L18, L20, L27, L28 and L30 (Ref. k) are devoid of 
these a c t i v i t i e s (Ref. 1 ) . Restoration of act i v i t y can be achieved by readdition 
to the γ-cores of the proteins separated in the con v e r s i o n 3-, γ-cores (Ref. 5)· 

In further studies we have treated radioactive ribosomes from Escherichia coli 
with increasing c o n c e n t r a t i o n s of NH^Cl in the presence of 5 0 % ethanol at 37°C (Ref.6). 
The treated particles were tested for activity in several functional assays 
directly or indirectly related to the peptidyl t r a n s f e r a s e c e n t e r , such as "fragment 
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reaction", binding of (U ) C A C C A - L e u - A c and (U)CACCA-Leu , and binding of 
c h 1 o r a m p h e n i c o 1 , lincomycin and e r y t h r o m y c i n (Figure 1 ) . Peptidyl t r a n s f e r a s e 
a c t i v i t y is unaffe c t e d by the treatment up to 1.5 M amm o n i u m c h l o r i d e and even 
the a c t i v i t y is slightly stimulated at lower salt c o n c e n t r a t i o n s . The 
ca p a c i t i e s for binding the a c e t y l a t e d f r a g m e n t , c h 1 o r a m p h e n i c o 1 and 
eryt h r o m y c i n are lost in parallel w h i l e lincomycin binding is sligh t l y more 
resistant to the treatment (Figure 1 ) . 

1.5 2.0 2.5 3.0 
NH4CL (M) 

1.5 2.0 2.5 
NH4Cl (M) 

Fig. 1. A c t i v i t y of 70S ribosomes treated with increasing 
c o n c e n t r a t i o n s of N H 4 C I . (A) Peptidyl t r a n s f e r a s e a c t i v i t y 
(0 — 0) , binding of ( U ) C - A - C - C - A - L e u - A c (A A ) , binding of 
(U) C - A - C - C - A - L e u ( Δ — Δ ) . (B) Binding of c h 1 o r a m p h e n i c o 1 (· — · ) , 
binding of e r y t h r o m y c i n ( Δ — Δ ) , binding of lincomycin (0 — 0 ) . 

The proteins present in the ribosomes treated with etha no 1-NH4C1 w e r e e x t r a c t e d 
and separated by two - d i m e n s i o n a l gel e 1 e c t r o p h o r e s i s . The es timation of the 
prot e i n s present was performed using r a d i o a c t i v e r i b o s o m e s labelled with 
tritium and 1^C. The only protein w h o s e release pattern p a r a l l e l s the lost of 
peptidyl t r a n s f e r a s e a c t i v i t y is protein Ll6 (Figure 2 ) . In the cases of all 
the other proteins either they are released well b e f o r e the peptidyl t r a n s f e r a s e 
a c t i v i t y is lost or are still a t t a c h e d to the pa r t i c l e after the ac t i v i t y is 
lost. These results c l e a r l y suggest an important role of protein L16 of the 
bacterial ribosome in the peptidyl t r a n s f e r a s e a c t i v i t y (Ref. 6 ) . 

This important role of L16 is also supported by r e c o n s t i t u t i o n e x p e r i m e n t s of 
peptidyl t r a n s f e r a s e (Ref. 7 ) , c h l o r a m p h e n i c o l binding (Ref. 8 ) , and 
ery t h r o m y c i n binding (Ref. 9) a c t i v i t i e s . The a b i l i t y of Ll6 to r e c o n s t i t u t e 
the peptidyl t r a n s f e r a s e a c t i v i t y is ab o l i s h e d by e t h o x y f o r m i c a n h y d r i d e 
treatment of the protein indicating the involvement of his h i s t i d i n e residue 
in that a c t i v i t y (Ref. 1 0 ) . The po s s i b l e involvement of protein Ll6 in the 
peptidyl t r a n s f e r a s e center was also suggested by a f f i n i t y labelling e x p e r i m e n t s 
with some c h 1 o r a m p h e n i c o 1 (Ref. 1 1 ) , and Phe-tRNA r a d i o a c t i v e (Ref. 12) 
an a l o g u e s since L16 is one of the pro t e i n s labelled by these a n t i b i o t i c s when 
they bind to the r i b o s o m e s . F u r t h e r m o r e ^7S pa r t i c l e s a c c u m u l a t e d in E. co1 i 
muta n t s lack only p r o t e i n s L16, L28 and L33 and are devoid of peptidyl 
t r a n s f e r a s e a c t i v i t y and do not bind c h l o r a m p h e n i c o l (Ref. 13)· 

However the use of dif f e r e n t t e c h n i q u e s and exp e r i m e n t a l a p p r o a c h e s suggested 
in some cases the involvement of other ribosomal p r o t e i n s in the peptidyl 
t r a n s f e r a s e a c t i v i t y besides or instead protein L 16. Thus bacterial r i b o s o m e s 
treated with 2 - m e t h o x y - 5 - n i t r o t r o p o n e are inactivated for p o l y p e p t i d e s y n t h e s i s , 
aminoacy1 -tRNA binding, and e l o n g a t i o n - f a c t o r - d e p e n d e n t GTPase but c a t a l y z e 
peptide bond formation (Ref. 1 4 ) . When pr o t e i n s from treated 50$ subunits w e r e 
analyzed by two-dimensional po 1 yac r y 1 am i de gel e 1 ec t ropho res i s , pr o t e i n s l_3 , 
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100 

3 50 
o 
< 

0 
1.0 1.5 2.0 2.5 3.0 

NH4Cl (M) 

Fig. 2. Release of protein L16 from 60S ribosomes by increasing 
c o n c e n t r a t i o n s of NH^Cl in the presence of 50% e t h a n o l . 3 H -
labelled ribosomes were treated and the proteins in the core 
particles were separated by two-dimensional gel e l e c t r o p h o r e s i s 
together with a fixed amount of 1^C-labelled proteins from 
untreated ribosomes as internal c o n t r o l . The ratio of 3H/1^C in 
each spot of the gel plates prepared from untreated particles 
was taken as 1 0 0 % . The patterns of release of protein Ll6 (Δ--Δ) 
and of loss of peptidyl transferase activity are represented 
( 0 - 0 ) . 

and L15 were found not to be affected by the treatment, proteins LI, L2, L4, LIO 
L13, L16, L17, L18, L22 and L24 showed spots of much less intensity than the 
controls and the other protein spots were not detected (Ref. 1 4 ) . These results 
together with the reconstitution e x p e r i m e n t s of γ-cores (Refs. 1,4) pointed to 
protein L15 as possibly involved in the peptidyl transferase center of the 
ribosome. The involvement of protein L15 in the peptidyl transferase center has 
also been suggested by affinity labelling with p - n i t r o p h e n y 1 - c a r b a m y 1 - P h e - t R N A 
(Ref. 1 2 ) . Affinity labelling e x p e r i m e n t s with a number of ch1oramphenico1 
(Refs. 10, 13) and Phe-tRNA (Refs. 12, 16) analogu e s suggested the possible 
involvement of proteins L2, L27, L24, L13 and L14 on the peptidyl transferase 
center. 

Although protein L11 was initially postulated as either a part of the active 
center or even as the actual peptidyl t r a n s f e r a s e itself (Ref. 4) it was soon 
real ized that this is not the case since 50S-derived cores deprived of L11 are 
as active as control 50S subunits in promoting peptide bond formation (Refs. 
1 7 - 1 9 ) . 

However, γ-cores which lack proteins L1, L6, L7, LIO, L12, L15, L16, L25, L31 
and L33 as indicated above (Ref. 4) bind (3H)puromycin (Ref. 20) (an analogue 
of the substrate that binds to the acceptor site of the peptidyl transferase 
center) and CACCA-Leu-Ac (Ref. 4) (a substrate that binds to the donor site of 
the peptidyl transferase c e n t e r ) . Indeed there are no significant d i f f e r e n c e s 
in the total extent of ( 3 H ) p u r o m y c i n binding to 50S ribosomal subunits and γ-
cores (Table 1 ) . T h e r e f o r e proteins L15 and L16 do not appear to be an ab s o l u t e 
requirement for substrate binding to the ribosomal peptidyl transferase c e n t e r . 

The main difficulty of assigning specific functional roles to certain ribosomal 
proteins on the bases of reconstitution e x p e r i m e n t s is that the lack of the 
same protein in different ribosomal cores can affect the conf o r m a t i o n of such 
particles diversely and c o n s e q u e n t l y a given response to the addition of the 
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TABLE 1. (3H)Puromycin binding to 50S ribosomal subunits and 
der ived cores 

Cond i t ions ( H)Pu romyc i n bound 
(pMoles/tube) 
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SP 
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M. 5 
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wer e 
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mM Mg 
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h of 

o 50S s u b u n i t s , 5 0 S - d e r i v e d γ - c o r e s and 
ion released in the o b t e n t i o n of γ-cores 
-γ) was studied by e q u i l i b r i u m d i a l y s i s 
z q u e z , 1 9 7 3 ) . C o n c e n t r a t i o n of ( 3 H ) -
0S s u b u n i t s w e r e added when indicated at 
m g / m l ) and the c o r r e s p o n d i n g amount of 
added when r e q u i r e d . E q u i l i b r i u m 

t for 10 hours at 4 ° C . In Ex p e r i m e n t 1 
or protein f r a c t i o n s w e r e p r e i n c u b a t e d , 

m d i a l y s i s , in 20 mM Tris-HCl buffer pH 
, 0.1 M N Hi| and 3 mM 2-merca p toe t ha no 1 
such p r e i n c u b a t i o n was perfo r m e d in 
ts 1 and 2 w e r e c a r r i e d out s i m u l t a n e o u s l y 
r i b o s o m e s . 

protein in question is not n e c e s s a r i l y the s a m e . We have a t t e m p t e d to o v e r c o m e 
such d i f f i c u l t i e s by studying r i b o s o m e a c t i v i t i e s of 50S ribosomal s u b u n i t s 
d i s a s s e m b l e d by 2 M LiCl r e c o n s t i t u t e d in the p r e s e n c e of an ex c e s s of ribosomal 
p r o t e i n s p r e v i o u s l y inactivated by treatment with f l u o r e s c e i n i s o t h y a n a t e (Ref. 
2 1 ) . The r e c o n s t i t u t e d p a r t i c l e s might show a l t e r a t i o n s in some functional 
a c t i v i t i e s resulting from the inc o r p o r a t i o n of the inactive ribosomal p r o t e i n s 
added e x o g e n o u s l y . Thus p r o t e i n s L16 and L24 are a p p a r e n t l y involved both in 
the GTP h y d r o l y s i s d e p e n d e n t on e l o n g a t i o n factor G an in peptidyl t r a n s f e r a s e 
a c t i v i t y w h e r e a s the mo d i f i e d protein L11 does not aff e c t the peptidyl 
t r a n s f e r a s e and the m o d i f i e d L27 protein does not affect either of both 
a c t i v i t i e s (Ref. 21) (Table 2 ) . 

TABLE 2. Activity of 50S ribosomal subunits treated with LiCl in the presence 
of different modified ribosomal proteins 

Treated 
protein 

Fragment 
react ion 

Fragment 
bind ing 

EF G-dependent GTPase 
hydrolysis of GTP 

-SP„ +SP„ 

L11 
L13 
L16 
L24 
L25 
L27 

LiCl-treated 
50S subunits 

Untreated 50S 
subunits 

counts min (pmol ribosome) 

30.5 
31.3 
18.9 
9.1 

11. k 
4i .o 

42.0 

73.8 

48.6 
49.0 
29.0 
25.0 
19.6 
64.9 

61.3 

115.5 

mol/mol ribosome 

9-
20. 
15. 
9, 
3. 

23-

35.3 

56.0 

22. 
26. 
14. 
2, 
6, 

31. 

35.7 

63.4 

50S subunits were treated with 2 M LiCl in the presence of a 40-fold molar 
excess of proteins treated with fluorescein isothiocyanate. After reconstitution 
and reactivation al iquots were taken for the activity tests. The data shown 
represent the average of three determinations using two different preparations 
of particles. 
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Therefore it is likely that Ll6 and perhaps some other ribosomal proteins might 
have a role in the overall structure of the particle rather than in the specifi 
peptidyl transferase center. 

The above conclusion is strenghthened by the results obtained when the peptidyl 
transferase activity was studied in ribosomes or 50S ribosomal subunits treated 
with proteinase K for increasing periods of time. Comparison of the amounts of 
proteins present in the treated particles with the residual activity indicated 
that only proteins L3 and L14 are released at a similar rate to that at which 
peptidyl transferase activity is lost (Ref. 22) (Figure 3)· Therefore none of 
the ribosomal proteins that following other experimental methods were suggested 
as being possibly involved in the peptidyl transferase activity appear to be 
good candidates by following the proteinase K treatment. Control experiments 
showed that proteinase K treatment does not affect the pattern of the ribosomal 
RNA (Ref. 2 2 ) . 
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Fig. 3· Amounts of protein present in treated particles. A, B, 
C and D: 70S ribosomes treated with proteinase K for 30 min, 1 
h, 2 h and 5 h respectively. Α', Β', C and D', 50S subunits 
treated with proteinase K for 10 min, 30 min, 1 h and 2 h 
respectively. The shaded column represents the peptidyl 
transferase activity of the particles. 

In ribosomes from eukaryotic cells the studies on the proteins implicated in 
ribosomal functions are starting now and the data available are rather scarce. 
Studies were initiated in our laboratory using as model systems rat liver and 
yeast ribosomes. Several proteins from the large ribosomal subunit have been 
localized as possibly implicated in the peptidyl transferase center of rat 
liver ribosomes by treatment with chemical reagents (Ref. 23) and high salt 
(Ref. 2 4 ) . Affinity labelling techniques using derivatives of aminoacy1 -tRNA 
have been also used by others in rat liver (Refs. 25, 26) and by ourselves in 
Saccha romyces cerevisiae (Ref. 2 7 ) . It is interesting to note that two proteins 
from the large subunit of rat liver ribosomes, namely proteins L21 and L3&, 
are pointed as possibly related to peptidyl transferase by more than one of 
the systems used so far (Table 3 ) . 

The lack of an equivalent between ribosomal proteins from different systems 
makes it impossible to relate the findings obtained in rat 1 iver and 
Saccharomyces cerevisiae or even in the same systems when the techniques used 
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by the different groups to identified the proteins are different. 

TABLE 3. Proteins from rat liver ribosomes related to peptidyl 
transferase activity by different techniques 

Techn i ques Ribosomal proteins that might be 
involved in peptidyl transferase 
activity 

Chemical treatment 

High sa1t wash i ng 
Aff ί η ί ty labelling 

L3, L5, L8, L13/15, L21/23, L26 (Ref. 
2 3 ) . 
L21, L24, L27, L28, L36 (Ref. 2 4 ) . 
L13, L21/23/26, L32/33, L36 (Ref. 25) 
L27, L29 (Ref. 26) . 

RNA INVOLVEMENT IN THE RIBOSOMAL PEPTIDYL TRANSFERASE ACTIVITY 
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TABLE 4 . A c t i v i t y o f 50S r i b o s o m a l s u b u n i t s t r e a t e d w i t h B a C l « 

50S 
subunits 

Untreated 
Control 
BaCl2 

Fragment 
reaction 
cpm/pmol 
ribosomes 

214 
191 

0 

Fragment 
binding 
cpm/pmol 
ribosomes 

574 
404 , 

2 

EF G-dependent GTP hydro 
molecu 1 es/r i bosome 

no addition +Methanol 

54.3 89.3 
3.4 31.0 

lys is 

+L7/L12 

70.7 
5.3 

Untreated subunits were taken d i r e c t l y from the p a r t i c l e p repara t ion stored 
a t -20°C in 50% g l y c e r o l . BaCl2 samples were t r e a t e d in presence of 1 mM 
BaCl2· Control p a r t i c l e s were t r e a t e d e x a c t l y as the BaCl2 samples but in 
the absence of barium s a l t . The p a r t i c l e s were incubated f o r 30 min a t 50°C 
before the assay. 

W e i s s et_ a j_ . ( R e f . 3 1 ) r e p o r t e d t h a t a f t e r B a C l 2 t r e a t m e n t t h e r e was no a l t e r a t i o n 
in t h e s e d i m e n t a t i o n p r o p e r t i e s o f t h e rRNA in a s u c r o s e g r a d i e n t . H o w e v e r , 
s i n c e t h i s t e c h n i q u e i s n o t v e r y s e n s i t i v e t o s m a l l a l t e r a t i o n s in t h e rRNA 
s t r u c t u r e we d e c i d e d t o s t u d y t h e rRNA by p o 1 y a c r y 1 a m i d e g e l e l e c t r o p h o r e s i s . 
As F i g u r e 4 c l e a r l y shows t h e 23S RNA became d e g r a d e d upon B a C l 2 t r e a t m e n t . 

D e g r a d a t i o n o f t h e rRNA upon u n f o l d i n g o r d i s a s s e m b l y o f t h e r i b o s o m e is 
p r o b a b l y due t o t h e a c t i o n o f an e n d o g e n o u s RNAse a c t i v i t y t h a t C e r i and Maeba 
( R e f . 3 5 ) h a v e r e p o r t e d t o be a s s o c i a t e d t o a p r o t e i n o f t h e 50S r i b o s o m e 
s u b u n i t . T h e s e a u t h o r s r e p o r t e d t h a t t h i s h y d r o l y t i c a c t i v i t y can be i n h i b i t e d 
by a v a r i e t y o f c o m p o u n d s , among them s h o r t c h a i n a l c o h o l s l i k e m e t h a n o l . We 
h a v e c o n f i r m e d t h i s p r o t e c t i v e e f f e c t o f m e t h a n o l d u r i n g L i C l d i s a s s e m b l y o f 
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ribosomes (Ref. 36) and assumed that a similar effect could be displayed in 
the case of the BaCl2 treatment if the irreversibly inactivation is actually 
due to a degradation of the 23S RNA. Therefore we repeated the experiments 
with 15% methanol present during the BaCl2 treatment. Table 5 clearly shows 
that the peptidyl transferase activity as well as the polymerizing activity 
of the 50S subunits treated in these conditions is protected by the presence 
of methanol. In this respect it is interesting to note that in agreement with 
other reports (kef. 36) the polypheny1 a 1 anine synthetic activity has lower 
structural requirements than the activity in the "fragment reaction". Only in 
this second case is a preincubation of the particles required in order to 
reactivate them. The reasons for these discrepancies in activities that 
should be closely related have been discussed elsewhere (Ref. 3 6 ) . 

The electrophoreg rams shown in Figure 5 confirm that methanol acts by 
protecting the 23S RNA. While the rRNA from BaCl2 50S subunits appears totally 
degraded, the rRNA from the particles treated in the presence of methanol still 
shows a substantial 23S RNA peak. 

Fig. k. Gel electrophoresis of ribosomal RNA from BaCl£ treated 
50S subunits. Ribosomes (about 250 ^g) in 30 ul of electrophoresi 
buffer (0.09 M Tris-base, 0.09 M boric acid, 0.0025 M EDTA, 0.2% 
SDS) adjusted to pH 8.3 were directly applied to the gel s . Panel 
A: Control 50S subunits. Panel B: B a C l 2 treated 50S subunits. 
Numbers in the figure indicate distances (cm) to the origin. 

The results presented above strongly suggest that the irreversible inactivation 
suffered by the 50S subunit after replacement of M g 2 + by Ba2+ is due to the 
degradation of the 23S RNA. It is possible to suppress the inactivation and 
the RNA degradation at the same time by inhibition of the RNAse activity 
•responsible for both effects. 

We feel that the irreversible inactivation is a consequence of the hydrolysis 
of the 23S RNA by an endogenous RNAse (Ref. 36) that is activated upon 
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F i g . 5 . R i b o s o m a l RNA f r o m 50S s u b u n i t s t r e a t e d w i t h B a C l « in 
t h e a b s e n c e ( P a n e l A) and in t h e p r e s e n c e ( P a n e l B) o f m e t h a n o l 

TABLE 5 . A c t i v i t y o f 50S s u b u n i t s t r e a t e d w i t h B a C l 2 · E f f e c t 
o f m e t h a n o l 

Treatment Incorporat ion of ( C)-
phenyla lan ine (pmol) 

Fragment reac t ion (cpm/ 
pmol ribosomes) 

Without p re - With p r e -
incubation incubat ion 

Without p r e - With p r e -
incubat ion incubat ion 

Control 10.7 10.9 
BaCl2 0 .17 0 .85 
BaCl 2 , Methanol k.k 7-0 

139 
0.6 
A . 7 

146 
0 

85 
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treated with BaCl£ as in Table 3· Methanol was 
5% final concentration. Before the activity 
e same ionic conditions required for the assay, 
for 30 min. 30S ribosome subunits were present 
e (I^C)phenylalanine incorporation assays. 

2 + mal s t r u c t u r e caused by the replacement of Mg 
to indicate that the unfolding itself, is a 
e the Ba C 1 2 ~ t r e a t e d particles can be reactivated when 
RNA is inhibited by m e t h a n o l . It is interesting to 
ris (Ref. 29) studying the replacement of Mg2 + by 
he 50S subunits are inactivated with two di f f e r e n t 
rresponding to the replacement of the Mg2+ by the 
slow process that could well involve a hy d r o l y t i c 

s RNAse. If our hy p o t h e s i s is c o r r e c t , the inactivatic 
type of process would by re v e r s i b l e w h i l e the 
RNA h y d r o l y s i s would o b v i o u s l y be i r r e v e r s i b l e . 

Sensitivity of peptidyl t r a n s f e r a s e to r-RNA m o d i f i c a t i o n . Chemical reagents 
that affect RNA inactivate peptidyl t r a n s f e r a s e and polypheny1 a 1 a n i n e synthesis 
at similar rates, w h i l e the protein reagents have only slight effects on the 
former activity under c o n d i t i o n s that d r a s t i c a l l y inactivate the latter (Ref. 
37) (Table 6 ) . The simplest interpretation of these results is that RNA 
con t r i b u t i o n to peptidyl t r a n s f e r a s e a c t i v i t y is more important than that of 
ribosomal p r o t e i n s . The high s e n s i t i v i t y of peptidyl t r a n s f e r a s e to RNA 
mo d i f i c a t i o n can be explained by d i s r u p t i o n of the binding sites for the 
su b s t r a t e s . Proteins might not be a physical part of either s u b s t r a t e binding 
or peptidyl t r a n s f e r a s e a c t i v i t y and might have a role in the c o n f o r m a t i o n of 
the peptidyl t r a n s f e r a s e c e n t e r . 

Indeed 23S RNA has been labelled by a f f i n i t y labelling studies with a c c e p t o r 
(Ref. 38) (puromycin) and donor (Ref. 39) s u b s t r a t e d e r i v a t i v e s . In further 
e x p e r i m e n t s on the affi n i t y labelling with the puromycin d e r i v a t i v e the 
sequence GUC*CGp of 23S RNA has been isolated w h e r e C* represents C modified by 



TABLE 6. Sensitivity of peptidyl transferase to chemical reagents 

Reagent Concentration 
mg/mg ribosomes 

Treatment 
time 

Specificity Activity of treated particles 
(% of untreated controls) 

Perphtalic acid 
Bisulphite 
Nitrous acid 
Kethoxal 
2-Methoxy-5_nitrotropone 
N-ethyl-maleimide 
1,5-dif1uoro-2,4-

dinitrobencene 
5,5'"dithiobis (2-

nitrobenzoic) 
N-bromosucc i n i m i de 
Succinic anhydrine 
Maleic anhydrine 

1.5 
2.5 
1.1 
5.1 
0.4 
0.025 
0.020 

0.029 

0.014 
0.1 
0.025 

Pept idyltransferase Synthesis of poly-
phenylalan ine 

10 min 
6 h 
4 h 

30 min 
6 h 
18 h 
90 min 

2 h 

30 rain 
1 h 
1 h 

RNA 
RNA 
RNA 
RNA + Protein 
Protein 
Protein 
Protein 

Protein 

Protein 
Protein 
Protein 

35 
28 
4o 38 
80 
106 
75 
97 
67 
108 
90 

10 
25 
37 
30 

1 
48 

3 

36 

11 
3 

24 
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the a f f i n i t y label ( R e f . 4 0 ) . 
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F i g . 6. A c t i v i t y of p r o t e i n a s e K - t r e a t e d p a r t i c l e s . P a r t i c l e s , 
e i t h e r 7 0 S r i b o s o m e s (A) or 5 0 S s u b u n i t s ( B ) , w e r e t e s t e d for 
p e p t i d y l t r a n s f e r a s e a c t i v i t y in t h e " f r a g m e n t r e a c t i o n " a s s a y 
(0 — 0) a nd s p a r s o m y c i n - d e p e n d e n t ( U ) C A C C A - ( 3 H ) L e u - A c b i n d i n g 
( A — Δ ) · C o n t r o l p a r t i c l e s , t r e a t e d in t h e s a m e c o n d i t i o n s but 
in t h e a b s e n c e of p r o t e a s e w e r e a l s o t e s t e d ( · — · , p e p t i d y l 
t r a n s f e r a s e ; A — ▲ s p a r s o m y c i n - d e p e n d e n t ( U ) C A C C A - (3 H ) L e u - A c 
b i n d i n g ) . 
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Fig. 7· Peptidyl transferase activity of P^y-cores from rat 
liver r i b o s o m e s . The activity is represented as a percentage 
of the untreated control particles as a function of the ratio 
of ( U ) C A C C A - ( 3 H ) L e u - A c fragment to particles in the reaction 
m i x t u r e . 

TABLE 7. Binding of ( U ) C - A - C - C - A - ( 3 H ) L e u - A c to P- 7 - c o r e s 
particles in the presence of sparsomycin 37 

Part icle Fragment bound with ribosomes 
20 pmol kO pmol 

counts/m i n 

80S ribosomes 
P - 7 - c o r e s 

3301 
762 

5141 
1237 

Assay carried out by filtration in the ionic c o n d i t i o n s 
of the "fragment reaction" in the presence of 10 uM 
sparsomycin and 20 or kO pmol r i b o s o m e s . 

Since peptide bond formation is less affected than the binding of the substrate, 
a direct effect of the protease on the binding site of the fragment must be 
excluded as responsible for this d i f f e r e n c e . T h e r e f o r e the mechanism by which 
sparsomycin stimulates the binding of the fragment must be prefe r e n t i a l l y 
affected in the c o r e s . If this is so, and considering that the inhibitory 
effect of sparsomycin on peptide bond formation is unaffected in the proteinase 
K-treated particles (Ref. 22) the substrate binding cannot be stimulated by the 
same mechanism involved in sparsomycin inhibition of peptide bond f o r m a t i o n . 
By interacting with the A-sit e of the ribosome the drug probably causes a 
direct inhibition of peptide bond formation and indirectly stabilizes the 
binding of the substrate in the P-site, perhaps through a change of 
conformation of the ribosomal structure or their RNA moie t y . 
THE NATURE OF THE RECOGNITION SITE(s) FOR AN T I B I O T I C S THAT INTERFERE WITH THE 
PEPTIDYL TRANSFERASE OF BOTH BACTERIAL AND EUKARYOTIC RIBOSOMES 
Inhibitors of peptidyl transferase can be cla s s i f i e d , according to their 
specificity, into those affecting systems of (a) the prokaryotic ribosome, (b) 
the eukaryotic ribosome and (c) both the prokaryotic and the eukaryotic ribosome 
(Ref. 4 7 ) . T-h is clearly shows that the peptidyl transferase centers from the 
prokaryotic and the eukaryotic ribosome have a number of common structural 
features but differ in o t h e r s . It is very interesting indeed that the different 
inhibitors of peptide bond formation acting in both bacterial and eukaryotic 
ribosomes (puromycin, s p a r s o m y c i n , g o u g e r o t i n , a m i c e t i n , blasticidin S, 
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actinobolin and anthelmycin) are precisely those interacting with some moiety 
with the acceptor site suggesting that there is a similar structure on this 
site on bacterial and eukaryotic ribosomes. We propose that a sequence of 
ribosomal RNA which be common to bacterial and eukaryotic ribosomes might be 
directly involved in this acceptor site of the peptidyl transferase center 
since (a) none of the proteins postulated as being involved in the peptidyl 
transferase center of bacterial ribosomes have been found so far in eukaryotic 
ribosomes, (b) labelling of a defined sequence of the ribosomal RNA by an 
analogue of puromycin has been described (Refs. 38, 40) and (c) all the 
peptidyl transferase inhibitors acting on both prokaryotic and eukaryotic 
ribosomes (gougerotin, sparsomycin, blasticidin S, anthelmycin, amicetin and 
actinobolin) prevent puromycin interaction with the ribosome (Refs. 47, 4 8 ) . 
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Abstract - Aminoacyl-tRNA synthetases (EC 6· 1.1) play a key 
role in decoding of genetic information· The main chemical 
approaches used in the ARSases investigation are discussed 
below and illustrated by some results including those obtain
ed in our laboratories with beef pancreas Trp-RSase and 
E.coli Phe-RSase. The role of the different groups of the 
aminoacids and ATP was established by investigating either 
substrate or inhibitor properties of the analogs lacking the 
respective groups or bearing some modifications of these 
groups. Some information about the essential SH-groups, his-
tidine and lysine residues was obtained using chemical modi
fying agents. Affinity modification of enzymes with tRNA and 
ATP analogs carrying chemically reactive groups was used as 
an approach for investigation of the structure and function 
of their active centers. 

INTRODUCTION 
Aminoacyl-tRNA synthetases (EC 6.1.1.f ARSases ) (Refs 1 & 2) relate amino acids to respective codons by attaching the formers to tRNAfs bearing comple
mentary anticodons 

aa* ««-** ARSase «*» tRNA *~ codon 
The reaction catalyzed by ARSase proceeds via intermediate formation of the 
enzyme aminoacyl adenylate complex E*aa~pA 

E + aa + ppA(ATP) ̂ z^E^aa^pA + pyrophosphate 
E*aa~pA + tRNA apfe aa-tRNA + pA + E 

Therefore, ARSase deals with three substrates, three products and at 
least one intermediate. At least four types of sites are necessary to recog
nize these components: a) aminoacyl site for recognition of the starting 
amino acid and aminoacyl moiety of aa/*f pA and aa-tRNA; b) adenylate site 
for recognition of AMP and of adenylate moiety of ATP and of aar^pA; 
c) pyrophosphate site for recognition of pyrophosphate itself and pyrophos
phate segment of ATP; d) tRNA site (Fig. 1). 

Besides aminoacyl adenylate enzyme complexes the direct covalent binding 
of amino acid to enzyme in the form ameable to be transferred to tRNA was 
found for beef pancreas Trp-RSase (Refs 3-5)· 

The data suggesting the existence of the additional centers with the 
affinity to nucleotides and to some of their analogs were obtained recently 
in our laboratories. It was found that >/(Ö)-p-azidoanilides of ATP, GTPf CTPf ADP, GDP being inhibitors of the reactions catalyzed by Trp-RSase from beef pacreas at low concentration enhance the reaction rate up to 20-30% 
(Ref. 6). 

Abbreviations used: aa - amino acid or aminoacyl residue; ARSase - amino-
acyl-tRNA synthetase; aa-RSase - ARSase specific to aa (e.g. Phe-RSase, 
Trp-RSase); aa~pA - aminoacyladenylate. 
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A great number of ARSases were found to be functional dimers of either 0^2* or<*2/2 structure (Ref. 1). The repeated sequences were found in some en
zymes represented by a single polypeptide chain thus suggesting the exis
tence of two similar domains in these enzymes (Ref. 7). 

Pig. 1. The main types of groups recognized by ARSases: amino 
acid (a): ATP (b)+Tc); aminoacyl adenylate (a;+(b); pyrophos-
phate (c); tRNA (d); aminoacyl-tRNA (a)+(d); AMP (b). 

Up-to-now the single sequenced ARSase is Trp-RSase from Bacillus s 
mophilus (Ref. 137· The electron-density map of Tyr-RSase at 2.7 A 

The total reaction catalyzed by the enzyme is usually assayed by measuring 
the covalent binding of radioactive amino acid to tRNA. The first step of 
the reaction is commonly assayed by measuring the accumulation of [p2PjATP in 
the presence of [32pjpyrophosphate due to reversibility of this step. The 
formation of the complexes of ARSases with tRNA, aa-tRNA and aarvpA may be 
easily detected using the nitrocellulose filter technique as well as gel 
filtration. The complexes with other substrates and their analogs may be de
tected by equilibrium dialysis as well as by fluorimetric titration of the 
enzyme by the ligand. 
The binding of tRNA to one of the subunits decreased significantly the affi
nity of the other subunit to tRNA for E.coli Tyr-RSase CRef. 8), E.coli 
Phe-RSase (Ref. 9), E.coli (Ref. 10) and beef pancreas Trp-RSases (Ref. 11). 
Strong negative cooperativity is also suggested for aminoacyl adenylate for
mation (Ref. 12)· 

tearother-
. ,. „ „ resolu

tion is described (Ref. 14)· Therefore all our knowledge on the active cen
ters of ARSases is based on the chemical and biochemical data. 
The main chemical approaches used in the ARSases investigation are discussed 
below and illustrated by some results including those obtained in our labo
ratories with beef pancreas Trp-RSase and E.coli Phe-RSase. 

SUBSTRATE GROUPS ESSMTIAL FOR THE INTERACTION 
WITH AMINOACYL-tRNA SYNTHETASES 

The role of the different groups of the substrates may be established by 
measuring either substrate or inhibitor properties of the analogs lacking 
the respective groups or bearing some modification of these groups. The sig
nificance of the group under consideration may be quantitatively described 
by either Km/Km or Kj./Km value, Km being the Michaelis constant of the unmodified substrate. 
06-Amino group was found to be essential for the interaction of 06-aminoacids 
with ARSases. The role of this group was discussed recently (Ref. 15) in 
connection with the results obtained with N^acylated tryptophanes. Kj./Km values for N^-formyl tryptophane and N^acetyltryptophane were found to be 
230 and 125 respectively. The similar effect was demonstrated by comparison 
of the^ inhibitor properties of Phe^pA analog phenylalaninyl adenylate and 
its N -formyl derivative K±/K± being 280 (Ref. 16). These data suggest 
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the existence of some anionic group in the amino acid site of the enzyme· 
The carboxylic group seems to be less essential (for review see ref· 17)· 
Usually rather small changes in the specific group of amino acid are per
mitted without severe damage of the affinity to the enzyme· Thus, phenylala-
nines monofluorinated in the benzene ring (Ref. 18) and tryptophanes mono-
fluorinated in the indole ring (Ref. 19) were found to be substrates of the 
respective ARSases. K'm/Km values are presented in Fig· 2· It is seen that the smaller is the distance of the fluorine atom to NH^ group in phenylala-
nine, the lower is the affinity of the respective analog. This may be due to 
repulsion between the lone electron pairs of F atom and anionic center of 
the enzyme· In tryptophane the similar decrease in the affinity is seen with 
the approach of F atom to 1JH group of the indole ring. This may be explained 
assvuning H-bond formation between NH group of tryptophane and some lone pair 
bearing atom X of the enzyme· The repulsion between this lone pair and the 
lone pairs of fluorine may decrease the affinity of the substrate· 

Hv-CH-COO 1 I 
NH; 

2) " HH (fPi Y' 
^mrnrnrrn 

-CH2-CH-C00~ 
Nri! 

H ί67Λ /Ho\ ν/Θ 
I 

mmmimn 

Fig. 2. The decrease of the affinities of the substrates to 
respective ARSases (beef pancreas Trp-RSase, E.coli MRE 600 
Phe-RSase, yeast Phe-RSase) due to substitution of one H for 
F. K'm/Km values are indicated in the circles. In phenylala-nine the upper values are those for E.coli. and the lower 
ones for yeast enzyme· 

The most systematic investigation of the ATP analog interaction with ARSases 
was performed by Freist et al· (Refs 20 & 21)· 19 analogs were studied with 
five yeast ARSases- CompTete loss of either substrate or inhibitor properties 
was found when either go w a s changed for N or H atom was substituted for Br, N3, SH or NH2 in this fragment. In most cases introduction of one CH3 group 
in 6-NH2 resulted in complete loss of the affinity of ATP to enzymes. Methy-
lation of either 2'-OH or 3f-0H group also completely destroyed even inhibi
tor properties of the analog. Some positions demonstrated quite different 
significance with different ARSases. The examples are given in the Table 1. 

TABLE 1. K'/K (K./K) ratios for the ATP analogs with various 
yeast ARSasWs m(Refs m20 & 21) 

Change in the ARSases 
structure Phe Ser Val lie Tyr 
Hg-Cg-*- C8-N9 

C2-H -r~ C2-C1 
2 · - 0 Η - ^ 2 · - Η (dATP) 

1 
0 .5 

1 

33 
0.83 

3.3 

30 
10 
-

37 - * 

(-) means the absence of any affinity. 
The attachment of the aromatic residues to ̂ -phosphate via amide bond re
sults in the analog with only slightly decreased affinity to ARSases. Thus, 
for both y-anilide (Ref. 22) and ^-p-azidoanilide of ATP (Ref. 23) K./K 
value was found to be near 2 for E.coli Phe-RSase. The possibility of 
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significant changes in the triphosphate moiety of ATP with significant in
crease in the affinity to beef pancreas Trp-RSase (Ref· 24) and without 
severe damage of the affinity to Leu-RSase from the cytoplasm of Euglena 
gracilis (Ref· 25) was demonstrated recently with the reactive ATP analogs. 
The role of the AMP moiety of aminoacyl adenylate was studied using modified 
aminoalkyl adenylate. It was found with phenylalaninyl adenylate that Kf./K. 
value in the Phe-tRNA formation catalyzed by E.coli Phe-RSase is 14 for 
analogs with Cß-H substituted for C8-Br, and 220 for analog with cis-diol 
group oxydized by periodate both with and without subsequent reduction of 
the aldehyde groups (Ref. 16). 
The general features of the tRNA structure essential for tRNA-ARSase inte
raction are discussed in the recent paper of A. Rich and P. Schimmel (Ref. 
26). The main conclusion drawn from the tertiary structure of tRNA and the 
review of the data dealing with the structural influences on the acceptor 
ability of tRNA is that the major part of the binding site for most or all 
ARSases is along and around the diagonal side of the L-shaped tRNA molecule. 
Chemical modification of the bases of anticodon was demonstrated to damage 
severely the acceptor activity for a set of tRNA's (see refs 1 & 27). The 
catalysis of the hydrogen exchange at C-5 of the uridine in position 8 in 
E.coli tRNA1·**6 and tRNAjX1* by cognate ARSase was demonstrated thus indicat
ing the close contact of this uridine with the enzyme (Ref. 28). Oligonucleo-
tide A-U-G representing position 8-10 of tRNAIle was found to bind with Ile-
RSase and to be a potent inhibitor of the Ile-tRNA formation (Ref. 29). The 
oligonucleotides protected by respective ARSases against alkylation with 
nitrogen mustard derivative were found in E.coli tRNA to be A-G-A-G-Cp in 
the D-stem (Ref. 30) and in yeast tRNATrP A-G-G-T in T-stem (Ref. 3 D . Both 
results are in agreement with the general concept of the diagonal interac
tion. 

CHEMICAL MODIFICATION OF ARSases 
Some information about the groups present in the active centers of ARSases 
was obtained using chemical reagents specific for one type of the side radi
cals of the amino acid residues of the enzymes. 
The role of SH groups was studied using alkylation with N-ethyl maleimide, 
reaction with either p-hydroxy or p-chloromercuribenzoate and the reaction 
with StS'-dithio-bis-fe-nitrobenzoate). In most cases it was found that for
mation of aminoacyl adenylate is damaged to a less extent than the formation 
of aminoacyl-tRNA (E.coli Ile-RSase (Ref. 32). Leu-RSase (Ref. 33) and Met-
RSase (Ref. 34), rat liver Trp-RSase (Ref. 35;, yeast Phe-RSase (Ref. 36)). 
In some of these cases it was also shown, that the tRNA binding properties 
of the enzyme remain unchanged (Refs 33, 36 & 37) and that aminoacyl adeny
late protects strongly the enzyme against inactivation. These data suggest 
that SH group is essential in the transfer of the aminoacyl residue to tRNA 
possibly via intermediate thioester bond formation between amino acid and 
the enzyme (Ref. 36). The peptide containing essential cysteine in E.coli 
Ile-RSase was sequenced (Ref. 38). The data are presented in the next sec
tion in the Table 5· At the same time ARSases with low sensitivity to SH-
group modifying reagents are known, too. 
Modification of the histidine residues of E.coli Phe-RSase was performed us
ing reaction with diethyl pyrocarbonate and photooxidation in the presence 
of rose Bengal (Ref. 39)· The enzyme modified in the presence of phenylala-
nine and ATP still catalyzes the ATP- P2PJpyrophosphate exchange but the 
tRNA-aminoacylating activity is completely abolished. This is not due to 
damage of the affinity of Phe-RSase towards tRNA. Therefore, it is concluded 
that histidine residue does not participate in tRNA binding but is essential 
for transfer of amino acid residue to tRNA. 
This is not the case with beef pancreas Trp-RSase. Modification of this 
enzyme with diethyl pyrocarbonate results in parallel loss of both tRNA ami-
noacylating and tRNA binding activities. In this case the protonated imida-
zole groups of the histidine residues may be involved in the interaction 
with the negatively charged groups of tRNA (Ref. 40). 
The role of the positively charged residues of ARSases in the interaction 
with negatively charged ATP and tRNA up-to-now is investigated only in few 
cases and only with the lysine modifying reagents. Using pyridoxal-5f-phos
phate (Ref. 41) it was demonstrated that one lysine residue essential for 
aminoacylation catalyzed by ARSases exists in E.coli Val-, lie- and Leu-
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RSases. With Ile-RSase it was shown that enzyme may be protected against in-
activation by tRNA. 
Modification of the lysine residues of E.coli Phe-RSase with 2,4-pentanedion 
at pH 7*0 in the conditions were arginine residues remain untouched results 
in the decrease of the tRNA aminoacylating and the tRNA binding activities 
with conservation of the catalysis of ATP-jf2Pjpyrophosphate exchange· tRNA 
rather than the low molecular weight substrates protect the enzyme against 
inactivation (Ref. 42)· 
Acetylation of three different lysine NH2-groups in Tyr-RSase from Bacillus 
stearothermophilus was found to be partially protected by cognate tRNA (Ref· 
43)· The essential observation made in this paper is that one of these re
sidues is protected simultaneously in both subunits in spite of the pre
sence of only one tRNA in the complex with ARSase· This fact may be regarded 
as indicating that tRNA is in contact with both subunits thus giving a rea
sonable explanation for the negative cooperativity phenomenon· 
The peptides containing the lysine residues protected by tRNA against acetylation were sequenced· They are presented in the Table 5. 

AFFINITY LABELLING OF ARSases 
A set of reagents for affinity labelling of ARSases is described including ATP, amino acid and tRNA derivatives· The reagents are presented in the Tables 2-4· The affinities of the reagents as compared with that of substrate are given as the ratios of the dissociation constants K'^/K^ for tRNA derivatives and as K./K ratios for the ATP and amino acid derivatives· 

i m 
TABLE 2· The reactive derivatives of tRNA and the ratios of 
the dissociation constants of the reactive analog and 
substrate K\ /K, 

oratilchgegtP a n d t h e P O l n t * * - 'jAd Ref. 
p-N02-C6KL-0-C0 attached to E.coli data not (47) 
<7t-amino group of aminoacyl-tRNA Met-RSase given 
Br-CHp-CO attached tooC-amino E.coli data not (48) 
group of aminoacyl-tRNA Ile-RSase diven 
(CICHpCH ) NC6H.(CH2)3C0- E·coli 
(chloramBucilyl) attached to Phe-RSase 0.26 (49) 
uC-amino group of aminoacyl- Beef pan-
tRNA creas 

Trp-RSase 1.15 (11) 
N--CfiH1-NHCOCHp- attached to E.coli 
4-thiouridine sU-8 Phe-RSase 0·95 (50) 

E.coli 
Met-RSase 1.6 (51) 

N3-CgH4-CO-NH-N» attached to E.coli 
NaI04 oxidized 3'-end of tRNA Met-RSase 0.57 (51) 

It should be mentioned that direct attachment of tRNA (Refs 44 & 45) and 
ATP (Ref. 46) by irradiation of the respective complexes with ARSases was 
performed. In the former case however no data concerning the points of modi
fication of ARSases were reported. 
Up-to-now only few data about the sequences around the amino acid residues 
modified by affinity labelling are reported. The results together with the 
data obtained by chemical modification described in the preceding section 
are presented in the Table 5. 
The main assumption of the affinity labelling approach is that the reagent 
interacts specifically with the same site of the enzyme as the natural sub
strate does. Therefore, one may expect that the cooperativity relations 
existing between the active centers should be revealed in the affinity la
belling processes. 
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This was really found in several cases in our experiments with the affinity 
labelling of ARSases· 

TABLE 3· The reactive amino acid derivatives (aminoacyl 
methylene halides) and Ki/Km ratios 

Analog Enzyme 

beef liver Val-RSase 
E.coli Val-RSase 
E.coli Ile-RSase 
E.coli Phe-RSase 

V*» 
100 
140 
120 
25 

Ref. 

(52) 
(53) 
(54) 
(55) 

Valyl-CH2C1 

Isoleucyl-CHgBr 
Phenylalanyl-CHgCl 

First of all we have demonstrated with both E.coli Phe-RSase (Ref· 56) and 
beef pancreas Trp-RSase (Ref· 11) that the cognate chlorambucilyl-aminoacyl-
tRNAfs (chb-aa-tRNA) binds only to one of two identical subunits of the en
zymes· This is in agreement with the negative cooperativity revealed by the 
binding experiments· It is worth mention that the alkylation of the enzyme 
with the tRNA analog is sensitive to the presence of either amino acid or 
ATP the reaction rate being lowered significantly in the presence of one of 
these substrates· In the presence of both substrates probably forming amino
acyl adenylate the enzyme is completely protected against alkylation, al
though chb-aa-tRNA still binds strongly to enzyme (Refs 11, 49 & 57)· These 
data suggest that some relations exist between the chlorambucilyl-aminoacyl 
residue area of the E«chb-aa-tRM complex and the amino acid and ATP sites 
of the enzyme. In accordance with this result covalent attachment of chb-aa-
tRNA results in ~--50% decrease in the ATP-£32pjpyr0pix0gphate exchange rate thus indicating that one of two identical centers dealing with aminoacyl 
adenylate formation does not operate in the modified enzyme (Ref· 11)· 

TABLE 4# The reactive ATP analogs and their K./Km ratios 

Analog 
Leu-RSase, 
Euglena 
gracili's 
Tftef. 25) 

Trp-RSase 
beef pancreas 
(Ref. 24) 

Phe-RSase 
Ε ·οοϋ 

Z-P-0-Ado 
o-

ZeClCH2CH2-0-
Z«BrCH2CH2-
Ze(CH3)3-C6H2-C0-0-
0 0 
if (I Z-P-0-P-O-Ado 

Z«CL-CH2 
ZeBr-CH2CH2-
Ze(CH3)3-CgH2-CO-0-
0 Ö 0 

Z-ß-0-P-O-P-O-Ado 
b- 6- 6-

ZeN3-CgH4-NH 

28 
-
32 

14.7 
-

-

0.125 
0.045 
0.165 

0.02 
0.08 
0.075 

5 (11 
Za(CH3)3-C6H2-C0-0 93 

2 (23) 
no inhibition 

The switching off one of the ATP sites in Trp-RSase with covalently attach
ed chb-Trp-tRNA may be demonstrated by subsequent modification of this en
zyme with the photoreactive ATP analog, ATP ̂ -p-azidoanilide. Prior to des
cribe these experiments it should be mentioned that due to high reactivity 
of nitrene radicals formed by the irradiation of azido groups some unspeci-
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fie modification may be expected· Therefore we investigated the level of 
the affinity labelling with this analog in the presence of ATP. It is seen 
(Fig· 3) that the excess ATP protects against binding of two moles of the 
analog (Ref. 58). 

Pig. 3. The dependence of the number of ATP )f-p-azidoanilide 
covalently bound to Trp-RSase on the ATP concentration. 

Using this approach it was demonstrated that the irradiation of the native 
enzyme with photoreactive ATP analog results in the labelling of two ATP 
sites whereas in the chb-Trp-tRNA modified enzyme only one ATP site is modi
fied (Ref. 11). 

TABLE 5· Peptides found in the active centers of ARSases 

ARSase Site of modification Peptide Ref. 
Ile-RSase 
E.coli 

Met-RSase 
E.coli 

Tyr-RSase 
B.stearother-
mophilus 

Essential Cys residue 
modified by N-ethyl-
maleimide 

Cys residue affinity 
labelled with 
Ile-CH2C1 
Peptide modified at 
unknown residue X by 
photochemical cross-
linking with ATP 
Lys residue* acylated 
by affinity labelling 
with p-nitrophenyl 
carbamoyl derivative 
of Met-tRNA 
Peptides containing 
lysine protected by 
tRNA against acety-
lation with ACpO 

* The functional role of this Lys residue 
is not shown. 

Ile-Glu-Ser-
Met-Val-Ala-
Asp-Arg-Pro-
Asn-Trp-Cys-
Ile-Ser-Arg 
Exactly the 
same 

Lys-Val-Ala-
Gly-Asx-X 

Phe-Thr-Tyr-
Grln-Lys-Leu-
His-Asn 

Arg-Ile-Val-
Thr-Gly-Met-
(Lys-Thr)-
Arg-Tyr 
Gly-Leu-Thr-
Ile-Pro-Leu-
Val-Thr-Lys-
Ala-Asp-Gly-
Thr-Lys-Phe 
Gly-Lys-Thr-
Glu-Ser-Gly-
Thr-Ile-Trp 

(38) 

(54) 

(46) 

(47) 

(43) 
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The above experiments permitted us to obtain two new forms of Trp-RSase 
with one switched off subunit· The modification with chb-Trp-tRNA alone re
sults in the enzyme with one subunit completely lacking enzymatic activity 
and the other subunit active in the aminoacyl adenylate formation· The 
double affinity labelling with chb-Trp-tRNA and then with ATP ̂ -p-azidoani-
lide results in completely inactive enzyme· However the subsequent alkaline 
treatment results in the splitting off tRNA moiety and reactivation of one 
of the subunits in both ATP-P2P]pyrophosphate exchange and tRNA aminoacy-
lation· 
As it was already mentioned when used in the dark ATP jf-p-azidoanilide be
ing competetive to ATP inhibitor at high concentrations exhibits some ac
tivator properties at low concentration· Similar behaviour exhibit GTP 
)f-p-azidoanilide and ß-p-azidoanilides of ADP and GDP as well as GMP and 
some other nucleotides· The dependence of the enzymatic activity on the ATP 
/-p-azidoanilide« concentration is presented in Fig. 4· 

[ M p ] ATP 
cpm .jo"* 

10 · 

32 · 

2H*^ 

16 · 

s · 

J\ 

Ay~< * ν^ΓΛ 
V 

\ 

MTrp 

625 

-500 

• 375 

■ 250 

• 125 

- 6 - 5 -Ί -3 -2 -1 

A li-fKiiLdoaLh,LLiz-ATP~\(M) 

Pig. 4. The dependence of the initial rate of the ATP-(/ Pjpy-
rophosphate exchange (1) and of the tRNATrP aminoacylation (2) 
catalyzed by beef pancreas Trp-RSase as a function of ATP ί-p-azidoanilide concentration (at constant substrate concen-
rations). 

It seemed reasonable to suggest that some additional noncatalytic nucleotide 
binding centers exist. A set of nucleotides and derivatives may interact 
with these centers including ATP jf-p-azidoanilide. These compounds behave 
as effectors of the reactions catalyzed by ARSase. If this is the case, ATP 
^-p-azidoanilide should modify both catalytic ATP site and noncatalytic 
nucleotide binding center. 
In Pig. 5 the kinetics of photoaddition of ATP /-p-azidoanilide to beef pan
creas Trp-RSase is presented in the absence of any other ligands, in the 
presence of excess GMP and in the presence of the excess of both ATP and 
GMP. It is seen that GMP really protects two sites in the enzyme against the 
reaction with the analog and that the action of ATP and GMP is additive· The 
latter result means that really two types of the centers exist (Ref. 6). 
In order to modify the enzyme only in noncatalytic center we performed pho-
toaffinity labelling with GDP ß-p-azidoanilide. The enzyme remains active 
in tRNA aminoacylation after the modification thus indicating that the cata
lytic sitrjs are not damaged. The enzyme may be partially protected against 
reaction with analog by GMP, but not by ATP. These results demonstrate that 
GDP derivative selectively modifies noncatalytic nucleotide binding center· 
The ATP-P2PJpyrophosphate exchange was studied using this enzyme in the 
presence of one of the effectors, ADP ß -p-azidoanilide. The kinetic curves 
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of the exchange without effector and at different effector concentration are presented in Pig. 6. 

Pig. 5. The kinetics of the attachment of ATP /-p-azidoani-
lide to Trp-RSase under irradiation at \ > 300 nm: (a) 
Trp-RSase + analog; (b) Trp-RSase + analog + GMP; (c) 
Trp-RSase + analog + GMP + ATP. n - the number of the analog 
molecules covalently bound per one enzyme molecule. 
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Pig. 6. The kinetics of the ί32pjATP accumulation due to ex
change with j^PJpyrophosphate in the P 2 P 1 A T P exchange cata
lyzed by native beef pancreas Trp-RSase (A; and the enzyme 
modified with GDP ß-p-azidoanilide (B) at various concentra
tions of the effector. Δ - in the absence of GDP ß-p-azido
anilide; · - in the presence of 2·10~f M of GDP fl -p-azido
anilide; O - in the presence of 3·10"6 M of GDPβ-p-azidoanilide, 
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It is seen that at concentrations of the effector exhibiting essential acti
vation on the reaction catalyzed by the native enzyme there is no influence 
on the reaction catalyzed by enzyme with modified noncatalytic centers. 
Therefore we may conclude that this Tpr-RSase derivative is a new form of 
the eyzyme with the effector sites switched off due to modification· 
The results presented in the last section clearly demonstrate that affinity 
labelling may be used as an approach to study the interaction between vari
ous types of the active sites of the multisubstrate enzymes as well as a 
method to prepare the enzyme derivatives in which some types of the centers 
are switched off by chemical modification. These derivatives may be extreme
ly useful to study the mechanism of the reactions catalyzed by ARSases in 
the simplified conditions. The kinetic characteristics of these derivatives 
are under investigation. 
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DIVERSITY OF SUGAR PUCKER IN THE 
NUCLEIC ACIDS 

A. Rich, A. H.-J. Wang and G. J. Quigley 
Department of Biology, Massachusetts institute of Technology, Cambridge, 

Massachusetts 02139, USA 

Abstract - Both the ribose and the deoxyribose sugars of polynucleo-
tide chains exist in two major conformations. These conformations 
result from changes in the pucker of the sugar ring and are associated 
with different distances between successive phosphate groups along the 
chain. We consider examples of these leading to conformations in 
polynucleotide structures which allow them to accommodate other mole
cules interposed between the bases. Such structural adaptations are 
found in oligonucleotides as well as in the three-dimensional struc
ture of yeast phenylalanine transfer RNA. 

INTRODUCTION 
One of the widely appreciated features of protein structures is the fact that 
the polypeptide chain can fold into different conformations. This includes 
tightly folded conformations such as found in the a helix or more extended 
conformations as is found in the 3 sheet. It is less widely appreciated that 
the polynucleotide chain also has conformational flexibility which results in 
significant modifications of the chain extension. Many of these differences 
are associated with different puckers of the five-raembered furanose ring 
which is a component of both the DNA and RNA chains. Here we illustrate 
changes in the sugar ring conformation in a variety of structures, taking 
examples in oligonucleotides as well as in polynucleotides. The property of 
polynucleotide sugar rings to alter their pucker should be looked upon as a 
degree of conformational freedom. It is important to have this kind of flexi
bility in order to form complex structures beyond the simple double helix. 

RING PUCKER IN THE DOUBLE HELIX 
Double helices can be formed with both DNA and RNA molecules. These double 
helices have similar features in that the bases are in the center of the 
molecule with the familiar Watson-Crick pairing, with guanine-cytosine pairs 
and either adenine-thymine pairs in DNA or adenine-uracil in RNA. The sugar-
phosphate chains are on the outside of the double helix. Although the two 
types of double helices are similar, they differ in one fundamental feature; 
the pucker of the five-membered furanose ring is different in ribose and de
oxyribose (1). The differences in ring pucker are illustrated in Figure 1. 
The furanose ring is viewed edge on in a plane which is defined by the ring 
oxygen 01' and carbons Clf and C4■. Cl1 has attached to it the ring nitro
gen (N) of the purine or pyrimidine. C4' has attached to it the additional 
carbon atom C5' as indicated in the diagram. Both of these constituents, the 
base (N) and C5f, are located on the upper side of the ring in Figure 1. It 
is clear that the principal difference in the conformation in the sugar ring 
is whether the carbon atom C2' or C3' is above the plane of the ring. Atoms 
which are above the plane of the ring in Figure 1 are considered to be in the 
endo conformation (2). Thus the conformation C2f endo has C2' on the upper 
side of the ring and this correspondingly forces C3' to be on the lower side 
of the ring. In the other conformation, C3 ' is endo and C2' is on the lower 
side of the ring. The major conformation of a deoxyribose chain is one in 
which the furanose ring has a C2' endo conformation. In contrast, the nor
mal ribose chain conformation is C3' endo. The principal reason for the 
difference is associated with the additional space occupied by the oxygen 
atom attached to C2' in ribose which is absent in the deoxy series where only 
a hydrogen atom is attached to C2'. It should be emphasized that even though 
these are the normal conformations of these sugars in their respective double 
helices, the energy barriers involved in changing sugar conformation are not 
very great (3). 
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C(5') t% N 
C(5') C(3') / 

C(2')-endo CO')-endo 
Figure 1: Diagram illustrating two different conformations of the 
ribofuranose ring. The plane of the ring is defined by three atoms: 
Cl' to which is attached the glycosidic bond indicated by N, 01* 
and C4' which is attached to the atom C51. In this diagram we are 
looking edge on at the plane defined by these three atoms. The 
remaining two atoms in the ring, C2' and C3' are located either 
above or below the plane of the ring. Atoms located above the 
plane of the ring are in the endo position. On the left C2* is in 
the endo position and on the right C3' is in the endo position. 
Although two examples of ring pucker are shown in this diagram, 
there are actually a number of intermediate states in which the 
displacement of C2■ or C3' is not as great as that illustrated 
here. The detailed nomenclature for furanose ring.pucker is com
plex (2); here we elect to use only the simplified endo conforma
tions. 

Because of the C2' endo conformation of deoxyribose, the form of the DNA 
double helix is such that the base pairs are found on the helix axis in the 
familiar B form of the DNA. The bases occupy the axis of the molecule so that 
the familiar double helical DNA has a solid, rod-like appearance with bases in 
the center and two helical grooves running down the molecule. These are the 
major and minor grooves whicl) occupy the space between the deoxyribose-phos-
phate chains. In contrast, the C3■ endo conformation of ribose makes signifi
cant modifications in the RNA double helix. The base pairs are no longer per
pendicular to the helix axis, but are tilted at about 15-18°. Furthermore, 
they are set back away from the helix axis. In fact there is a clear space in 
the center of the molecule of approximately 3 Angstroms in diameter. The RNA 
double helix thus looks more like a molecular ribbon wrapped around an imag
inary cylinder 3 Angstroms in diameter in which there is now a very deep major 
groove and a comparatively shallow minor groove on the outside of the helix. 
These forms of the familiar double helices are not invariant. Reducing the 
water content of the medium by adding alcohol readily converts the familiar B 
form of DNA into the A form in which deoxyribose adopts the C3■ endo conforma
tion which is normally found in RNA double helices. The DNA double helix then 
changes its conformation and looks more like double helical RNA. It is note
worthy that in the conversion from the B to the A form of DNA, there is over 
an Angstrom difference in the phosphate-phosphate distance along each poly-
nucleotide chain. 
The reason for the change in phosphate-phosphate distance can be seen schema
tically in Figure 2 which shows the conformation of two forms of an adenosine 
nucleotide in a ribose polynucleotide chain. In the upper figure the ribose 
is in the C 3' endo conformation and the phosphorus-phosphorus distance is near 
5.9 Angstroms. In the lower part of Figure 2, the ribose is in a C2' endo 
conformation (normally found in DNA) and the phosphorus-phosphorus distance is 
near 7 Angstroms. The change in distance is largely associated with a change 
in the pucker of the ring, although there are also small changes in the other 
dihedral angles in the backbone. The polynucleotide chain thus has a degree 
of conformational freedom which allows it to change the degree of extension in 
a significant way. This flexibility is used in a variety of ways in poly
nucleotide structures. 

POLYNUCLEOTIDE CHAINS MAY TURN CORNERS WITH CHANGES IN RING PUCKER 

0(1') 

There are many examples in which conformation of the sugar ring is changed. 
Xn some cases, the changes in pucker are associated with a change in 
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Figure 2: Illustration of two different conformations of 
adenylic acid. In the upper diagram with the C3' endo con
formation, the two phosphate groups are both above the plane 

/ of the ribose ring and are approximately 5.9 Angstroms apart. 
In the lower diagram the C2f endo conformation, the phosphate 
attached to 03' is located below the plane of the ribose ring 
and the phosphates are now approximately 7 Angstroms apart. 
These two conformations are associated with considerable differ
ences in the extension of the sugar phosphate chain. 

the direction of a polynucleotide chain. An example of this is seen in 
Figure 3 which shows the crystal structure of adenylyl-(3',5')-uridine (ApU) 

C3'endo 

Figure 3: The crystal structure of the complex of ApU and 9-amino 
acridine. The polynucleotide chain of ApU is in an extended con
formation and the chain turns a sharp corner. This can be seen by 
the different orientation of the two ribose residues in the oligo-
nucleotide. The change in direction is associated with a change 
in ring pucker. 

which formed a crystalline complex with 9-amino acridine (4). In this struc
ture there are stacked columns of planar molecules in which the 9-amino acri
dine molecule alternates with an adenine-uracil base pair hydrogen bonding 
through the ring nitrogen N7 of adenine. Uracil is at one end of the chain 
and the backbone has an extended conformation in which the molecule actually 
turns a corner so that its adenine residue is then hydrogen bonded to still 
another uracil residue (Figure 3}. In the course of making this turn, one of 
the sugar residues adopts the unusual C2' endo conformation as shown in the 
diagram. As seen at the right of the diagram, the uridine ribose 01· is found 
at the bottom while it is found at the top of the adenosine ribose. This il
lustrates the extent to which the chain has radically changed direction in 
this structure. A somewhat similar conformation is seen in the structure of 
adenylyl-C3',5f1-adenosine (ApA) which crystallizes with profJavin in a simi-
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lar manner (5). However, it is not obligatory for the ribose in RNA to change 
pucker in coiled regions of the molecule. The examples cited above illustrate 
the fact that changes in pucker may be seen in some nucleotide structure 
determinations. 
Tables I and II cite the structure of oligonucleotides which have crystal
lized by themselves (Table I) or together with intercalators (Table II). 

TABLE I 
OLIGONUCLEOTIDES 

DNA fragments 

RNA fragments 

pdTpdT 
d-(pApTpApT) 

ApU 
GpC 
GpC 

ApA+ 

7v+ * + A pA 
UpA 

5' 
C2» 

C31 

C3' 
C3' 
C3» 

C3< 
C3r 

C3* 

end 
endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

(A) 

3' 
C2' 
C2' 

C3' 
C3» 
C3' 

C3» 
C3l 

C3r 

end 
endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

(T) 

Reference 
15 
16 

17 
18 
19 

6 
6 
20, 21 

TABLE II 
INTERCALATOR COMPLEXES 

DNA fragments 
RNA fragments 

Non-helical 
structures 

Nucleotide 
dCpG 
CpG 

rlodo UpA 
rlodo CpG 
rlodo CpG 
rlodo CpG 
rlodo CpG 

CpG 
rlodo CpG 

ApU 
ApA 

Intercalator 
Pt-terpyridine+ 

Acridine orange 
Ethidium 
Ethidium 
9-Aminoacridine 
Acridine orange 
Ellipticine 
Proflavine+ 

Proflavine 

9-Aminoacridine 
Proflavine 

Sugar Pucker 
5' 
C31 

C3' 
C3' 
C31 

C3' 
C3' 
C31 

C3» 
C3' 

C2' 
C2' 

end 
endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

3' 
C2' 
C2' 
C2» 
C2« 
C31 

C2' 
C21 

C3' 
C3' 

C3' 
C3' 

end 
endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

endo 

Reference ] 

7 1 
8 1 
9 
10 
11 
12a 
12b 
13 
12b 

4 
5 

They are listed with a description of the sugar conformation in various parts 
of the backbone. Although we have cited two examples in which oligonucleotides 
change pucker where there is a change in the direction of the polynucleotide 
chain, there are several oligonucleotiides in which there has been no change in 
the pucker even though the chain is in a fairly extended conformation. An 
example is seen in the structure of the trinucleotide ApApA (6). 
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INTERCALATION CHANGES DOUBLE HELIX CONFORMATION 
One of the conformational changes frequently encountered in double helical 
nucleic acids is that associated with the binding of a planar intercalator 
molecule which lodges between the base pairs· It does this without substan
tial disruption of the helix. Intercalation has two important effects: it 
introduces a gap between adjacent base pairs which are then separated by 6.8 
Angstroms instead of the normal 3.4 Angstroms. This is due to the planarity 
of the intercalator which usually has unsaturated rings with π electrons and 
is 3.4 Angstroms thick. In addition there is an unwinding of the double 
helix. 
A series of structures have been solved involving intercalators, mostly in the 
ribonucleotide series but with one in the deoxynucleotide series (Table II) . 
The structure of a double helical fragment of DNA together with an intercala
tor is shown in Figure 4. Here we see the structure of deoxy CpG which ac
commodates a terpyridine-platinum intercalator in the midst of a double heli
cal fragment (7). As seen in the diagram, the 5* end of the double helical 
segment adopts the unusual C3■ endo conformation while the 3* maintains the 
C2* endo conformation which is normal for double helical DNA. 

C3' endo 

C2' endo 

C2' endo 

C3'endo 

Figure 4: The structure of the deoxy CpG-platinum terpyridine 
intercalator complex. It can be seen that the DNA double helix 
has a planar intercalator lodged between the base pairs. This is 
associated with an unusual ring pucker on the 5* side of the oligo-
nucleotide segment. This conformation allows an extension of the 
polynucleotide chain. 

Figure 5 shows the structure of the ribose dinucleoside phosphate CpG to
gether with the intercalator acridine orange (8). It can be seen that the 3' 

C3' endo 

C2* endo 

C2'endo 

C3' endo 

Figure 5: The structure of the CpG-acridine orange intercalator 
complex. It can be seen that there is an unusual conformation at 
the 3' end of the oligonucleotide chain surrounding the intercalator. 
This mixed pucker conformation is associated with an extension of 
the polynucleotide chain. 

end of the double helical RNA fragment has adopted the unusual C2' endo con
formation while the 5r end maintains the normal C3r endo conformation.A large 
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number of intercalator structures have been solved in the ribonucleotide 
series as listed in Table II. Sobell and his colleagues were the first to 
point out that intercalation is associated with a modification of the pucker 
of the ribonucleotide chain on the 3' side of the intercalator (9-12). Al
though intercalation is generally associated with conformations similar to 
those seen in Figure 5 a number of alternative conformations are listed at 
the bottom of Table I, These are usually associated with the intercalators 
proflavin C5, 12a, 13) and 9-amino acridine both of which have the property of 
forming hydrogen bonds between the intercalator and the phosphate of the di-
nucleoside phosphate. In both cases other modes of pucker are found. For 
example, in the complex of proflavin with the ribose CpG fragments, both resi
dues have the normal C3r endo conformation (13). 
For "simple" intercalators in which there is no hydrogen bonding to the phos
phate residue, it is possible to make an interesting generalization about the 
way double helical DNA and RNA accommodate intercalator addition. This is 
illustrated schematically in Figure 6. At the left the DNA double helix is 
shown diagrammatically with the normal C2r endo conformation in all residues, 
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Figure 6: A schematic diagram illustrating the manner in which 
either DNA or RNA double helices change the pucker of the sugar 
residues in the region immediately surrounding a simple intercalator. 
Although the changes are different in the two types of double 
helices, the conformation in the region surrounding the intercalator 
enclosed by the dashed rectangle is the same in both cases. 

except for those on the 51 side of the intercalator where the unusual C3' endo 
conformation is adopted in a manner analogous to that which is illustrated in 
Figure 4. On the right the diagram shows the way in which double helical RNA 
accommodates an intercalator. All of the residues are in the normal C3' endo 
conformation except for those residues on the 3· side of the intercalator 
which adopt the unusual C2r endo conformation. However, it can be seen that 
in the region immediately surrounding the intercalator (enclosed in the dashed 
line) the conformation of both the RNA and DNA chain are similar. Thus both 
molecules elongate to accommodate an intercalator by adopting a similar con
formation. These conformation changes, as described by Sobell (9-12) explain 
the nearest neighbor exclusion. If a DNA or RNA double helix is saturated 
with an intercalator, the most that can be accommodated is one intercalator 
for every two base pairs. The reason for this is probably associated with the 
necessity for mixed pucker on either side of the intercalator. 

CONFORMATIONAL FLEXIBILITY IN YEAST tRNAPhe 

Examples of changes in the type of sugar pucker can be seen in the three-
dimensional structure of yeast phenylalanine transfer RNA (tRNAPne). Although 
most of the seventy-six nucleotides in this transfer RNA molecule adopt the 
C3· endo conformation which is normal for a ribonucleotide chain, several 
residues are found to adopt the less common C2' endo conformation. This is 
frequently associated with an interesting type of structural accommodation 
which is similar to those interactions described above in the oligonucleotide 
structures. Figure 7 is a diagram which shows secondary and tertiary hydro
gen bonding found in the yeast tRNAPne. This schematic diagram is useful in 
interpreting Figures 8 through 11 which illustrate conformational changes in 
various parts of the molecule (14). 
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Figure 7: A schematic diagram showing two sides of yeast tRNA' 
The ribose-phosphate backbone is depicted as a coiled tube, and 
the numbers refer to nucleotide residues in sequence. Shading 
is different in different parts of the molecules, with residues 
and 9 in black. Tertiary hydrogen bonding between bases 
is shown as solid black rungs, which indicate either one, two 
or three hydrogen bonds. Those bases that are not involved in 
hydrogen bonding to other bases are shown as shortened rods 
attached to the coiled backbone. 

Phe 

CHANGES IN POLYNUCLEOTIDE DIRECTION 
„Phe The principal sites using C2r endo conformation in yeast tRNA "^ are listed in 

Table III. Nine examples are cited. These occur in two principal situations. 
In five cases Cresidues 7, 17, 18, 48 and 60} the C2r endo conformation is 

TABLE III 
C2f Endo Conformations in Yeast tRNA" Phe 

Residue Number 
Intercalation: 

9 
19 
46 
58 

Change of 
7 

17 
18 
48 

60 

Direction: 

Description 

8 - 9 intercalation by C13 
18 -19 intercalation by G57 
45 - 46 intercalation by A9 
57 - 58 intercalation by G18 

Extended segment at bend in chain, juncture between 
acceptor stem and 8 - 9 connection 
Looping out of backbone at residues at 16 and 17 
Looping out of backbone 
Looping out of variable loop backbone at U47; junc
ture between variable loop and T stem 
Extended segment at bend in chain, bases 59 and 60 ex
cluded from T stem and loop stacking 

adopted when the polynucleotide chain undergoes a distinct change in direction, 
For example, nucleotides 1 through 7 are involved in the double helical ac
ceptor stem but residues 8 and 9 are extended and provide a linker region 
which attaches one end of the acceptor stem with the beginning of the D stem. 
In this region, there are several conformational changes, one of which is 
associated with the C2' endo conformation of ribose 7 where the polynucleotide 
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chain changes direction. Other examples are found in regions where the back
bone loops out away from the center where the bases are stacked. The dihydro-
uracil residues 16 and 17 are extended out away from the remainder of the 
molecule and their bases are not stacked with other bases in tRNA. The back
bone has a "bulge" or looping-out at that point (Figure 7). In order to ac
commodate this extended conformation, residues 17 and 18 adopt the C2' endo 
conformation. In addition ribose 47 in the variable loop is extended and its 
base thrusts away from the center of the molecule. This is associated with 
a C2' endo conformation in ribose 48. Still another example is found in the 
T loop where bases 59 and 60 are excluded from the stacking of the other bases 
in the T stem and loop (Figure 7). This exclusion involves a C2' endo confor
mation in ribose 60. All of these conformational changes are thus associated 
with an abrupt change in the direction of the polynucleotide chain. This 
directional change is accommodated by adoption of a C2f endo conformation and 
there is a substantial change in the phosphorus-phosphorus distance along the 
polynucleotide chain. 
It should be pointed put, however, that there are many other examples in the 
loop regions of tRNAp^e in which the polynucleotide chain changes direction 
but the C2' endo conformation is not used. Thus, the change in pucker is a 
structural accommodation which may be adopted in the molecule, especially 
where the chain is extended, but it is not generally used when the polynucleo
tide chain undergoes a change in direction. 

Phe INTERCALATION IN YEAST tRNA 
There are two parts of the molecule in which extensive intercalation is found 
involving pairs of nucleotides. These are in the central region with inter
calations involving nucleotides 8 and 9 as well as in the corner of the mole
cule where the T and D loops interact. Figure 8 shows the conformation 
adopted by the sugars of residues G45 and m7G46 which has the adenine ring of 
A9 intercalated between them. Residues 45 and 46 are not involved in a double 

o 

Figure 8: Intercalation in yeast tRNA . Adenine of residue 
9 intercalates between the bases of 45 and 46. This inter
calation is accommodated by a change in the ribose pucker at 
the 3* end of the segment. The ribose of m7G46 is in the unusual 
C2' endo conformation. 

7 
helix; nonetheless, the conformation of m G46 is C2' endo in a manner analo
gous to the conformational changes which are seen for double helical ribo-
nucleotide fragments surrounding intercalators. The C2' endo conformation 
is adopted at the 3 * end of the intercalator region in Figure 8. Another 
example is shown in Figure 9 where residues U8 and A9 are found in the extend
ed segment which connects the acceptor stem with the D stem. It can be seen 
that A9 at the 31 end of the segment has adopted the C2r endo conformation 
even though it is not in a complementary double helical structure. 

7 Figure 9 shows that intercalated between U8 and A9 are the bases ra G46 and C13 
both of which are hydrogen bonded to G22. The base pair C13-G22 is part of 
the D stem. In Figure 9 it can be seen that the nucleotides U8 and A9 accom
modate the additional distance associated with intercalation by adopting the 
C2' endo conformation in residue A9. 
By comparing Figures 8 and 9 it can be seen that they are both portions of the 
same structure in which there are two interacting segments of the polynucleo
tide chain, both of which intercalate around each other. The polynucleotide 
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Figure 9: The nucleotides U8 and A9 have intercalated between 
them the bases C13 and m7G46. These bases are both hydrogen 
bonded to G22 in the tertiary structure of yeast tRNA^ne. This 
intercalation is accommodated by a change in the conformation 
of ribose of A9. 

chains are interleaved between each other so that each intercalates into the 
opposite member of the pair. 
A similar pair of interleaved structures are found near the corner of the 
molecule where the bases of nucleotides 18 and 19 interact with the bases of 
57 and 58. In Figure 10 it can be seen that π^Αδδ and G57 are spread apart 
with residue G18 intercalated between them. This intercalation is associated 
with a C2' endo conformation found in mlA58. In this case it also adopts the 

Figure 10: Diagram showing the intercalation of guanine 18 
between G57 and m^A57. The ribose of m!A58 is in the C2* endo 
conformation to accommodate the intercalation. 

C2' endo conformation at the 3' end of the oligonucleotide segment which 
surrounds the intercalating guanosine of G18. This is quite similar to the 
double helical RNA intercalator models which are described in Table II, as 
the bases G57 and mlA58 are hydrogen bonded to other residues, although not 
in Watson-Crick pairs. 
An interesting variant is seen in Figure 11 which shows the intercalation of 
G57 between the bases of G18 and G19. This intercalating interaction is one 
of the important stacking interactions which stabilize the corner of the tRNA 
molecule and helps maintain the interaction of the T loop and D loop. However, 
in this example, the less common C2' endo conformation is found in both 
riboses of G18 and G19. By analogy with the simple intercalator structures 
one would expect a C2' endo conformation to be found in G19 but not in G18. 
Here it is likely that the unusual C2· endo conformation of G18 is not associ
ated so much with the intercalation of G57 but is probably related to the 
fact that residues 16 and 17 are excluded from the molecule as described above 
so that their bases do not stack with the others. Another interesting feature 
associated with this is the fact that the bases of G18 and G19 are not only 
separated from each by a distances of 6.8 Angstroms, which would be necessary 
for the intercalation of G57, but they are also translated relative to each 
other so the bases are no longer strictly on top of each other. This trans
lation of G18 relative to G19 in the plane of the bases, can only be accommo-



336 Sugar Pucker in the Nucleic Acids 

dated if both residues are in the C2f endo conformation. It is likely that 
this feature is also related to the fact that the bases of residues 16 and 17 

Figure 11: The intercalation of G57 between G18 and G19 is 
illustrated. Unlike the previous examples, the riboses of G18 
and G19 are both in the unusual C2rendo conformation. The C2' 
conformation of G18 is probably associated with the unusual 
conformation of residues 16 and 17 immediately adjoining G18. 

are excluded from stacking with the remainder of the bases in the tRNA struc
ture. Some tRNA molecules contain only one nucleotide in this region which 
is excluded from the stacking, instead of the two seen in yeast tRNAphe. it 
is possible that in these cases, with only one residue, that G18 may have the 
normal C3f endo conformation since the translation of G18 relative to G19 in 
the plane of bases may not be required. 

DISCUSSION 
In the above we have discussed the conformational flexibility found in the 
polynucleotide chains. This flexibility is inherent in the fact that there 
is a furanose ring in the chain which can adopt two different conformations 
which are associated with a varied extensibility of the chain. Structural 
studies on simple oligonucleotides reveal that conformational changes occur in 
regular double helical structures associated with intercalation as well as in 
other structures where polynucleotide chains undergo an abrupt change in 
direction. In the three-dimensional structure of yeast tRNAPne examples are 
shown on both types of conformational changes. Changes in pucker due to in
tercalation in general follow trends which are seen in intercalation in simple 
double helical RNA structures even though the tRNA examples do not involve 
simple RNA double helices. This implies that the adoption of a C2' endo con
formation together with an associated extension of the polynucleotide chain 
is not solely limited to double helical intercalation, but may in fact be of 
a more general nature as shown by the examples cited above. 

Nucleic acid molecules have considerable conformational flexibility. We have 
only a hint of this flexibility in studying the structure of the double helix 
itself. However, when one begins to study the interaction of double helical 
structures with other molecules, especially intercalators, we see that there 
is a method for accommodating them involving changes in extensibility. In 
complex globular polynucleotides such as the transfer RNA molecule, a variety 
of changes in sugar pucker are observed. The molecule adopts unusual con
formations associated either with chain extension, changes in direction of the 
polynucleotide chains or with the accommodation of other bases which inter
calate into the chain even though the chains are not involved in a double 
helical array. As the structure of more complex polynucleotide structures 
is solved, it is our expectation that this will be found to be a completely 
general feature. This element of conformational flexibility associated with 
changes in ring pucker is likely to be a constant feature of polynucleotide 
chains when they interact with other molecules,including proteins, as well as 
when they interact with other polynucleotide chains. 
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THREE LEVELS OF GHROMATIN 
STRUCTURE 

W. Altenburger, W. Hörz and H. G. Zachau 
Institut für Physiologische Chemie, Physikalische Biochemie und Zellbiologie 

der Universität München, Federal Republic of Germany 

Abstract - Experiments of our group on the three levels of 
chromatin structure are described. Special emphasis is given 
to the digestion of mouse liver chromatin by DNAase II. The 
conditions of DNAase II cleavage at either 200 bp or 100 bp 
intervals are examined. Histone H1 is required for cleavage 
in the 100 bp mode. The implications of the findings for 
chromatin structure and especially elements of superstructure 
are discussed. 

Recent studies of chromatin structure have concentrated on the chromatin sub-
unit, the nucleosome (1-3). It provides a first order condensation of the 
DNA double helix around a globular histone bead consisting of two copies each 
of the histones H2A, H2B, H3, and H4. It is clear that within the nucleus the 
nucleosome chain also called nucleo filament must be further compacted. In 
electron microscopic studies a thick fiber of 200-300 Ä diameter can be 
visualized in addition to the nucleo filament which is 100 Ä in diameter. 
Different models have been proposed to account for the thick fiber (4-6) but 
there is general agreement that histone H1 plays a central role at this level 
of superstructure. The organization of the thick fibers in relation to the 
nuclear matrix of the interphase nucleus (7) or within the metaphase chromo
some structure (8) provides a further level of superstructure. 
In the lecture experiments from our laboratory were discussed pertaining to 
each of these different levels of chromatin organization. Nucleosomes have 
been reconstituted from DNA and the histone constituents and examined by 
biochemical and electron microscopic methods (9,10). It turned out that by 
the criteria available a faithful reconstitution of the nucleosome cores was 
feasible that,however,the proper spacing of these cores along the DNA was not 
achieved neither in the absence nor in the presence of histone H1. It might 
be that for the assembly of properly spaced nucleosomes in addition to H1 a 
protein factor is required as indicated by the studies of Laskey et al. (11). 
The spacing of nucleosomes in chromatin isolated from the nucleus was the 
subject of another series of experiments resting predominantly on the use of 
different nucleases (12). The data led to the delineation of DNA segments 
well protected within the nucleosome cores versus more accessible segments 
connecting the nucleosome cores, the linker DNA. In agreement with other 
reports (1-3) out of the 200 bp per nucleosome about 140-150 bp of DNA were 
found to be strongly protected. 
Spleen acid DNAase has proved to be a novel probe into elements of super
structure associated with the transition from the nucleo filament to the 
thick fiber (13). Its use will be exemplified in more detail below. 
Restriction nucleases have been introduced for the preparation of chromatin 
fractions (14), and their value could be documented for a number of different 
purposes. Experiments on the digestion of mouse liver nuclei with EcoRII 
revealed that mouse satellite DNA is organized in nucleosomes (15). Treatment 
of rat liver nuclei with EcoRI preferentially released chromatin fractions 
with highly repetitive DNA which could be purified subsequently to near 
homogeneity (16). Detailed analyses of the digestion products obtained with 
several restriction nucleases have led to the formulation of a "domain" 
model seeking to explain the organization of the nucleo filaments and/or 
fibers within the interphase nucleus (17). 
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Fig. 1. Schematic representation of the DNAase II cleavage 
modes. See text for details. 

This manuscript focuses on experiments directed towards the second level of 
chromatin structure. We have reported some unexpected findings resulting from 
our use of DNAase II to dissect chromatin (13,18,19). In contrast to other 
nucleases DNAase II cleaves native chromatin at a site within the nucleosome 
in addition to that in the linker region between nucleosomes thus giving rise 
to DNA digestion patterns with a 100 rather than the standard 200 bp 
periodicity (Fig. 1). What makes this result the more remarkable is that 
conditions which are known to change chromatin conformation affect the mode 
of DNAase II cleavage. Chromatin fully extended at low ionic strength and 
present as thin nucleo filaments has lost its nuclease susceptibility at the 
intranucleosomal site and is cleaved by DNAase II predominantly between 
nucleosomes with a 200 bp periodicity (Fig. 1). The expansion of the chromatin 
structure is reversible, the addition of appropriate salt concentrations 
results in contraction of the chromatin gel and restores the original cleavage 
mode of DNAase II. 
One way of transferring nuclear material into the extended conformation is to 
wash nuclei repeatedly in NaCl and EDTA and suspend the resulting chromatin 
in dilute buffer. The DNAase II digestion patterns of this material in the 
presence or absence of divalent cations are shown in Fig. 2A, illustrating 
the switch from the 200 to the 100 bp cleavage mode of DNAase II. 
The reversible contraction and expansion of chromatin is linked to the 
presence of histone H1 (20). It was important to determine therefore if H1 
was also required for the divalent cation dependent change in the DNAase II 
cleavage pattern. To this end we first solubilized chromatin by digesting 
nuclei with low concentrations of micrococcal nuclease and subsequent lysis 
at low ionic strength (21,17). The soluble fraction was depleted of H1 by 
the tRNA procedure of Ilyin et al. (22). tRNA and short oligonucleosome 
chains were removed by Sepharose 2B chromatography. The high molecular weight 
chromatin which was shown to be H1 free by SDS gel electrophoresis was 
digested with DNAase II in the presence of 1 mM CaCl2 or 1 mM EDTA. It is seen that under both conditions non-distinguishable 200 bp cleavage patterns 
are produced (Fig. 2B, lanes b) and c)). Note that the background of DNA 
material between the bands is lower than in the experiments with H1 con
taining chromatin cleaved in the 200 bp mode by DNAase II (Fig. 2A, lane a)). 
This reflects an even higher accessibility of the linker DNA relative to the 
DNA protected by the nucleosome cores. The change from the 100 bp to the 
200 bp cleavage pattern on removing histone H1 was also observed with calf 
thymus chromatin (9). 
DNAase II is known to cleave DNA in a haplotomic as well as diplotomic 
fashion, thus introducing single strand and double strand cuts into DNA. In 
order to examine the relative extent of single strand nicks in the DNAase II 
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Fig. 2. DNAase II cleavage of chromatin at 100 bp intervals 
is dependent on the presence of histone H1. A. Chromatin was 
prepared by extracting mouse liver nuclei three times with 
80 mM NaCl, 20 itiM EDTA, pH 6.3. The resulting chromatin was 
washed twice in 10 mM Tris-HCl, pH 7.0, and digested in the 
same buffer with DNAase II (500 U/ml) in the presence of 
1 mM phenylmethyl sulfonyl fluoride for 40 min at 37°. 
Additions were (a) none, (b) 1 mM CaCl«, (c) 150 mM NaCl. 
DNA was extracted and analyzed on a 2 % agarose gel as 
described before (13). Lane d contains an EcoRII digest of 
mouse satellite DNA as a molecular weight marker (26). 
B. Mouse liver nuclei were digested with 15 U/ml micrococcal 
nuclease for 8 min at 37°, as described before (14). 
Chromatin was solubilized in 0.2 mM EDTA, 0.5 mM Tris-HCl, 
pH 8.0, and H1 removed by the tRNA procedure according to 
Ilyin et al. (11) employing the 40 mM NaCl, 3 mM EDTA, 5 mM 
Tris-HCl, pH 8.0, buffer. The H1-tRNA complex and small 
nucleosome chains were removed by chromatography on a 
Sepharose 2B column. The material passing through in the 
void was dialyzed against 10 mM Tris-HCl, pH 7.0, and 
digested in the same buffer for 20 min at 37°. Additions 
were (a) none, (b) 1 mM CaCl2, DNAase II (300 U/ml), (c) 
1 mM EDTA, DNAase II (100 U/ml), (d) 1 mM CaCl2, micrococcal 
nuclease (1 U/ml). DNA was extracted and analyzed as in A. 

degradation products of nuclei the DNA was denatured and analyzed by poly-
acrylamide gel electrophoresis (Fig. 3). This experiment is described in a 
thesis (23) but has not been otherwise published. As reported first for 
DNAase I digestion (24), the DNA shows a strong 10 nucleotide periodicity. 
The most intensely staining fragment is 90 nucleotides long as determined 
relative to a DNAase I digest where the 80 nucleotide fragment is strongest. 
These bands are ascribed to intranucleosomal nicking of the DNA with 
accessible regions present every 10 bp. It is remarkable that bands falling 
into the 10 nucleotide periodicity are also found at sizes around 200 
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Fig. 3. Analysis of DNA from DNAase II digested nuclei under 
denaturing conditions. Mouse liver nuclei were digested with 
DNAase II (500 U/ml) for 1 h and the DNA extracted as described 
(14). 20 μg DNA were incubated with 10 M urea at 80° for 5 min 
and analyzed on a 6 % polyacrylamide gel containing 6 M urea 
according to Simpson et al. (27). The gel was stained with 
ethidium bromide, photographed, and the negative scanned as 
described (14). 

nucleotides. This shows directly that at least some of the nucleosomes must 
be spaced accurately at integral multiples of 10 bp, a conclusion previously 
reached by Lohr et al. on the basis of DNAase I digestion patterns (25). At 
larger sizes broad bands are observed reflecting the 100 bp periodicity. It 
is apparent, however, that the 300, 500 etc. nucleotide fragments are 
underrepresented relative to the 200, 400 etc. nucleotide fragments. This 
would indicate that fragments which are generated by intranucleosomal 
splitting are nicked to a larger extent than fragments which are the result 
of only internucleosomal scission. 

Concluding Remarks 
The experiments described above clearly demonstrate the usefulness of 
DNAase II for structural investigations of chromatin. The results complement 
and extend those obtained with other nucleases since DNAase II appears to 
recognize certain features of chromatin which other nucleases are not sen
sitive to. A particular value of DNAase II rests in its property of being 
active in the presence as well as absence of divalent cations. It is there
fore a powerful tool to investigate the degree of chromatin condensation 
which is strongly dependent on the ionic environment. Studies combining 
biochemical and electron microscopic techniques are in progress to better 
define the role of various parameters, such as histone H1, in the higher 
order structure of chromatin. Moreover it is our aim to contribute to the 
understanding of the DNAase II cleavage mechanism. 
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ABSTRACT - Data are presented as to the effect of various 
changes in E.coli RNÄ polymerase on its interaction with 
template DITA and the "biosynthesis of its subunits· The ex
tent of immunological similarity between RITA polymerase sub-
units in different bacteria has been determined· The proper
ties of Ê col.i and phage T7 enzymes are compared· The results 
are discussed "in terms of the role of ,άΤΑ polymerase changes 
in transcription regulation· 

IITTAODUCTIOIT 
The regulation of metabolism in bacteria, their adaptation and morphogene
sis are primarily based on genome transcription -regulation· T;ie mechanisms 
which determine ^ene activity are highly diverse (Ref.1). RITA synthesis 
depends on chemical and structural changes in jjITA· Special regulatory 
proteins act in two ways: 
1. The activator- and reprossor-proteins recognize specific DITA sequen

ces, get bound to them and either assist RITA polymerase in initiating 
transcription or prevent it from doing so. The J> -factor of termination 
may prematurely stop 111 A synthesis· 
2· Other transcription regulators interact with RITA polymerase instead 

of DITA· These are supposed to alter the ability of RITA polymerase to re
cognise various groups of promoters raid use them for transcription initia
tion· Presumably different factors cause different specific rearrangements 
in RITA polymerase molecules so that they acquire the affinity to some pro
moters and lose the affinity to others· 
This functionally determined structural diversity, the ability to assume 
various forms, must make RITA polymerase quite distinct from the majority 
of enzymes characterised by a high specificity for co-enzymes and substrâ ' 
tes and from those enzymes, whose confonnational rearrangements siruply de
termine their activity level instead of changing their specificity· 
Therefore, we think it 3"eally important to study the various aspects of RNA 
polymerase: its structure and properties, biosynthesis and evolution in 
terms of its functions for transcription regulation. This paper presents 
some of such data, primarily the results obtained at our laboratory. 

THE ERRECT OP I.UTATIOITAL CHARGES Π7 RITA POLYLIERASE OIT ITS 
IUTERACTIOH Ϊ/ΙΤΗ DITA 

RITA polymerase comprizes a number of subunits forming the "minimal" (core) 
enzyme, raid an instably attached polypeptide called the ό -factor 
(Refs. 1 & 2)· Only when the latter is attached to the core enzyme does RITA 
polymerase specifically recognize the promoters. The natural question is: 
can changes in the core enzyme alter the specificity of RITA polymerase or 
is it the exclusive privilege of changes in the 8 -factor? 
\7e obtained a number of mutations altering the j3 and fi polypeptid.es of the 
core enzyme (Refs. 3 u 4). A.I.Gragerov and O.A.Larionov have demonstrated 
that certain mutations in either of these subunits may sharply alter the 
interaction of PaTA polymerase with DITA, namely the rate of binding to DITA 
and the rate of complex dissociation, as well as the minimal temperature 
at which the enzyme unwinds the DITA double helix in promoters. 
G#L.Gorlenkofs study of protein spectra in living mutant cells suggests that these changes in RITA polymerase also alter transcription specificity: 
for instance, in a temperature-sensitive rpoC1 (tsX) mutant the synthesis 
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of some proteins stops and that of others starts at non-permissive tempera
ture. This may be due to an alteration of RITA polymerase*s ability to re
cognize various promoters or react to various regulatory proteins. The 
first hypothesis is supported by the fact that normal and mutant enzymes 
interacVin different ways with various template DITA's (e.g. the DNA of 
phages T2 and λ and oligo (T)^), 
The differences between normal and mutant RITA polymerases may be different
ly expressed depending on the tertiary structure, i.e. the supercoiling of 
template DITA. According to O.A.Larionov and A.I.Gragerov, one of the cold-
-sensitive (CS) mutant RITA polymerases (rpo B265) shows no difference from 
the normal one with regard to promoter opening on relaxed circular DNA, but 
is highly different on supercoiled ColE1 DITA. 
Such expression of differences among enzymes in living cells was detected 
by S.N.Üirkin: the wild and mutant (rpoC3 and rpqB265J strains differ in 
resistance to coumermycin A. which, according to tlie~ well-known data (Ref. 5) 
inhibits I)ITA-gyrase, which introduces the negative supercoiling into chro- } 

mo some DITA. Supercoiling seems to affect different promoters in different 
ways, for Y.U.Afanasiev found a change in the spectrum of newly-formed pro
teins upon coumermycin action on bacteria. This is not only due to·, the fact 
that supercoiling facilitates the "opening" of promoters (Refs. G C- 7). 
The probability of the formation of crueifoinn structures by inverted re
peats (palindromes) largely represented in promoters, was calculated by 
LI.D.Frank-Kanenetskii et al. and proved to be negligible (in the order of 
1Q-15) in relaxed DITA, but many orders of magnitude higher in supercoiled 
DITA. 

Thus, amino acid substitutions in various subunits of the core enzyme may 
alter the specificity of RITA polymerase's interaction with promoters oven 
without decreasing its specific activity. 

THE EFFECT OF RITA POLYI.IERASE CHANGES DURIITG LACT^RIOPHAGE 
DEVELOFIiENT ON ITS INTERACTION WITH DNA 

Recently the first data were reported to the effect that mutational changes 
in the ό - factor may also alter the specificity of RITA polymerase for pro
moters (Ref.8). However it has long been supposed that ^-factor substitu
tions or the'attachment of other polypeptides to RNA polymerase may alter 
its specificity and be a mechanism of transcription regulation during bac-
teriophage development. It has now been proved (Refs. 9 C: 10). 
The RNA polymerase purified from even T-pho.ge-inf ected bacteria substanti
ally differs from the normal enzyme in the minimal temperature at which it 
may unwind the DNA double helix at promoters (Refs«, 11 c: 12). Using diffe
rent phage mutations which exclude the synthesis of new phage-encoded poly
peptides, and recombining core enzymes and. s* -like factors, I.Z.Zaitsev et 
al. have revealed the special role of a gene ale. The ability of RITA poly
merase to open promoters is most altered by mutation in this [},ene9 which is also known to ado.pt RNA polymerase to oxymethylcytosine-containing phage 
DNA and to inactivate it with respect to cytosine-containing DNA. 
Infection-induced changes in RITA polymerase, the attachment of new polypep
tides, alter its specificity. It begins synthesizing new RNA's on phage T2 
ΕΉΑ in vitro. These new RITA's, including "late" RNA's, are not formed by 
the enzyme of non-infected cells. At least, according to Yu.IT. Zograff, trie 
spectrum of proteins synthesized in vitro on the RITA which in turn lias been 
formed in vitro by infected cell enzyme on T2 DNA, is quite different from 
the normal RNA polymerase patterns. 
Thus, the attachment of new polypeptides to RITA polymerase alters the spe
cificity of its interaction with various promoters and is used by bacterio-
phages as a mechanism, of transcription regulation during their development. 
Transcription is switched on, soquencially in a similar way, at the various 
stages of morphogenesis in bacteria: diurinr snonilation in bacilli 
(Refs. 9 & 10). 

THE SYNTHESIS OF RNA POLYMERASE SUBUNITS 
The regulation of RNA polymerase synthesis itself may be one of the mecha
nisms for controlling the level of transcription in the cell. I.Iany mutati
onal changes in RITA polymerase which decrease its activity or hamper its 
formation, have a stimulating effect on the synthesis of its subunits 
(Refs 11 & 13)· For example, one of the temperature-sensitive mutations -
rpoC1 (tsX) brings about a 2- to 6-fold increase in the enzyme subunit syn
thesis under non-permissive conditions (Ref. 14). '.-lien the activity of RITA 
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polymerase in living cells is partly inhibited by rifampicin, which gets 
bound to the enzyme, the synthesis of its subunits also increases. Finally, 
the combined effect of the mutation and rifampicin may increase the subunit 
synthesis rate 20-fold (Ref· 15)· These facts suggest a compensatory in
crease in the synthesis of RITA polymerase components whenever it is damaged. 
A-question arises: is its synthesis regulated at gene transcription or at 
the post-transcriptional level? To answer this we had to determine the rate 
of synthesis of the mPJTA which encodes the enzyme1 s subunits· 
A transducing λ -phage was obtained with the f>-subunit gene (Ref. 16). A 
fragment of this gene was introduced by 0«N«Danilevskaya into a vector 
plasmid· The presence of the β -subunit ßene fragment in the plasmid was 
confirmed both electrophoretically and genetically. The same was shown by 
a heteroduplex analysis carried out by V.B.Pedoseeva. I.A.Bass and S.L.Mek-
hedov have shown by the hybridyzation of labelled RITA with plasmid D1TA that 
the absolute amount of mRlTA encoding the RITA polymerase subunit increases 
1.5 - fold under the effect of rifampicin, while its relative amount (among 
all labelled RITA) increases nearly 3- fold. This stimulation of transcrip
tion of RITA polymerase genes may at least partly account for the doubling 
of the enzyme's subunit synthesis rate· The synthesis of RITA polymerase 
subunits may be further stimulated at the post-transcriptional level, for 
instance, due to a slower degradation of the corresponding mRlTA's, or 
during translation· 
Moreover, recently Zh.M.Gorlenko found that the introduction of small ri
fampicin concentrations into a cell-free system of coupled transcription 
and translation considerably accelerates the in vitro synthesis of the 
jfc-polypeptide directed by its gene, contained in the added DNA of the said 
transducing phage λ . This shows that rifampicin directly affects the pro
perties of RITA polymerase during the transcription of its genes instead of 
acting through some other changes in intracellular processes. 
Thus, whenever RITA polymerase is damaged, say when its activity is partly 
inhibited by an antibiotic, the transcription of its subunit genes is sti
mulated. The natural assumption is that the transcription of RITA polymerase 
genes is subject to autogenous regulation, i.e. RITA polymerase itself does 
not only transcribe these genes but also regulates the frequency of their 
transcription (Refs. 11 & 13)· This is most easily accounted for by changes 
in the specificity of RITA polymerase under various effects· 
One might inter alia expect that rifampicin, while partly inhibiting the 
enzyme's activity, would uniformly decrease the synthesis of all proteins 
in the cell. However, according to V.LUAphanasiev, the antibiotic causes a 
sharp change in the spectrum of newly-formed proteins: the synthesis of 
some proteins is repressed while that of others, not only RITA polymerase 
components, sharply increases, as in the case of certain mutations in the 
enzyme's subunits. 
One rather easily detects changes in the physical properties of RITA poly
merase molecules caused by these mutations which stimulate its synthesis. 
The enzyme molecule is assembled out of isolated subunits in several stages, 
both in vivo and in vitro (Ref. 17): 

-4.5S -S-9S -10-11S -HS 

Once assembled, the molecules must "mature" so as to become active; the 
activation process is temperature-dependent and is stimulated by DNA and 
the έ - factor (Refs. 17 & 18). Premature and mature molecules substanti
ally differ in the sedimentation rate : mature molecules have a sedimenta
tion constant of about 14S, compared to 10-11S before maturation. 
E*S,Kalyaeva and I.S.Sever have found that the above-mentioned temperature-
-sensitive mutation rpoC1 delays the enzyme maturation and a considerable 
part of its newly-formed molecules remains in the 10-11S peak (this accords 
with the data in Ref· 17)· The maturation of molecules seems to consist in 
acquiring a tighter packing, a more compact structure. We do not yet know, 
whether the proportion of different molecular forms plays a role in the 
regulation of transcription of RITA polymerase genes. 
Experiments on the core enzyme's self-assembly and its recombination with 
the έ - factor have shown that mutations often affect both the association 
of subunits and the enzyme's interaction with the regulatory polypeptide 
(Ref. 11). On the other hand, the excess subunits accumulated in a cell 
carrying mutations which stimulate their synthesis, quickly degrade (Ref. 
19). E.S.Kalyaeva and I.S.Sever, however, have managed to obtain an alien 
suppressor mutation which stops the degradation of excess RITA polymerase 
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subunits thus normalizing the mutant phenotype: it is not impossible that 
a higher concentration even of abnormal subunits may stimulate their 
assembly« c It has recently been reported by other authors that the p and ß> subunit 
genes are co-transcribed along with two ribosomal protein genes - rplJ (L10) 
aiifi rplL (L7/L12) in the order: promoter - ribosomal genes - RITA polymerase 
genes (RefÄ20) · However such factors as rifampicin do not accelerate the 
synthesis of ribosomal proteins (Ref.21) though they do stimulate the for
mation of RITA polymerase mREA. and polypeptides, as stated above. On the 
other hand, a stringent or relaxed control at amino acid starvation carried 
out through the formation of guanosine tetraphosphate (ppGpp) is detected 
with regard to ribosomal protein synthesis, but not the synthesis of RITA 
polymerase subunits (Refs· 22 & 23)· Hence the synthesis of RNA polymerase 
subunits must have a somewhat different mechanism of regulation at trans
cription stage: the regulation seems to be carried out at the region be
tween the ribosomal and polymerase genes, but the mechanism is still ob
scure· At all events it does not seem to involve the attachment of RITA 
polymerase itself or any regulators which are present in the cell in small 
amounts: V.R.Yarulin and O.IT.Danilevskaya have found that RITA polymerase 
binds the "2.6" restrict including the region between rplJL and rpoBC no 
more actively than another fragment without a promoter, and an increase 
in the number of "2.6" restrict copies in the cell obtained with the use 
of hybrid plasmids has no effect on the synthesis of RITA polymerase ß and 
β' subunits· 
Thus the properties of RITA polymerase molecules determine the activity of 
its own genes, the rate of subunit synthesis, the self-assembly and the 
reaction to regulatory factors· 

THE EVOLUTIONARY VARIABILITY OF RITA POLYMERASE SUBU1TITS 
A protein is supposed to be the more conservative evolutionwise the more 
its functioning brings it in touch with other components: proteins, nucleic 
acids, co-enzymes etc· RITA polymerase is composed of subunits which are 
naturally in touch with each other· Whole molecules must specifically in
teract with template D1TA, 1TTP and the regulatory factors· Therefore one 
might expect the components of RITA polymerase to be highly conservative 
and the enzymes of different bacteria to be highly similar· To investigate 
this point we studied the cL -polypeptide in co-operation with YueA«Ovchin-nikov's laboratory, since it is that laboratory which established its pri
mary structure (329 amino acids) (Ref·24) 
Indeed, the peptide maps of the d-subunit of RITA polymerase in E»coli and 
other enteric bacteria are either identical (S»marcescens) or show diffe
rences in only 10% of the spots (P,mirabilis) (Ref«25)· As regards other 
proteins (e.g. antliranilic acid isomeras~e), 50% of spots show differences 
even in a much more closely related pair*. E»coli - S·thyphimurium. 
To further investigate the RITA polymerases of different bacteria, A.N.Le-
bedev and V.G.lTikiforov used the immunological method, i.e. the competition 
of different proteins for the binding with antibodies immobilised on cel
lulose. The antibodies were obtained through the immunization·of rabbits 
by preparations of individual subunits of E^coli RITA polymerase. By com
paring the binding of an isolated polypeptide and the same polypeptide 
within the core enzyme, one could distinguish the external and internal 
antigenic determinants· 
The surface antigenic determinants of the oC -subunit showed no differences 
at all within Enterobacteriaceae. It is only when E»coli was compared with 
a non-enteric bacteria like pseudomonades (P»putida) that differences were 
revealed. The external determinants of these bacteria were found to differ 
much less, i.e. to be more conservative than the internal determinants of 
the oC -polypeptide enclosed in the whole enzyme. 
This emphasizes the role of the surface structure of RITA polymerase in the 
«C -subunit for its functioning, possibly for interaction with the regula
tory factors and/or 1TTP, since the location of these on the oC -subunit has 
recently been demonstrated by affinity labelling (Refe26). However the other subunits of RNA polymerase are not nearly so conservative. 
Por instance, in P.mirabilis, which shows practically no difference from 
E»coli with regard to the << -subunit determinants, there is only a 40% and 
20% homology for the external determinants of β and μ' subunits, respecti
vely, while in P.putida and A·vineladii the homology for and is less 
than 10%, compared to 30-80% for the <* -polypeptide. 
Suprisingly enough, even when the RITA polymerases of remote bacteria show 
no detectable amount of common determinants, their subunits are capable of 
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recombination with the formation of active molecules (Refs· 27 & 28)· 
Possibly to ensure a complementary attachment of large surfaces at subunit 
association or the binding with long DNA stretches in promoters, the poly-
peptides must possess a very general structural similarity,but no local 
identity of the small regions that can create antigenic determinants· By 
contrast, the binding of small molecules like NTP or the specific interac
tions v/ith regulatory factors and the transfer of their effect require 
the strictly specific structures, v/hich form conservative antigenic deter
minants on the ci - polypeptide« 
Indeed, the nucleotide sequences in different promoters are known to prac
tically lack any resemblance but be recognized by the same RITA polymerase 
(Ref.1)· Similarily, different protein structures may recognize identical 
long DNA sequences. 
However, as stated above, local changes, mutations, at different points 
of the enzyme molecule and the attachment of low-molecular weight ligands 
alter the ability of RNA polymerase to recognize different promoters· Most 
probably, these changes have no direct effect on the DNA recognition site, 
but affect other properties of RITA polymerase, especially the internal mo
bility of its polypeptides required for enzyme assembly (its maturation), 
the adaptation to different promoter structures and the organization of 
response to the regulatory factors· 
The evolutionary, that is comparative, approach to RITA polymerase gives 
additional data as to the role of its subunits and the mechanism of its 
functioning· For instance, the simple RNA polymerases of some phages and 
eukaryotic mitochondria are monomeric (Ref#29; in contrast with the com
plex multimeric enzymes in bacteria and eukaryotic nuclei (Ref#30)· Nevertheless both perform the same functions including the specific recognition 
of promoters· Furthermore, in bacteria' one enzyme may assume different 
states which, inter alia, enable it to distinguish ribosomal genes from 
protein structural genes (Ref.31)> and the differentiated eukaryotic RNA 
polymerases are at least partly composed of different subunits, so that 
one enzyme recognizes the genes of large ribosomal RITA, another those of 
5S rRNA and tRNA. yet another the rest of the genes on which mRNA is syn
thesized (Ref.30). 
Curious differences are observed between RNA polymerases of different spe
cies in accordance with their functions· For instance, phage T7 RNA poly
merase is more specific with regard to RNA initiation on DNA than the 
E,coli enzyme, v/hich is probably due to the sriualler diversity of promoters 
on the viral chromosome compared to the bacterial one (Ref»32)· The phage 
enzyme may use shorter templates for homopolymer (poly(A)) sinthesis than 
bacterial RNA polymerase. Cf: the stimulation of poly(A) synthesis on 
oligo (dT)12 *>y the Ε·ροϋ enzyme increases with an increase in oligo(A)-primer (according to the primer activity ApApApA > ApApA > ApA)· 
Meanwhile T7 RITA polymerase is equally stimulated by ApA, ApApA and ApApApA 
but the attachment of C to the 5! - end, forming CpApA or CpApApA, somewhat 
decreases the primer activity of ApA and ApApA for the viral enzyme· This 
shows that after all it reacts with no less than four, instead of two, 3f-
end nucleotides of the RNA product and elongates the latter less if it 
erroneously contains a nucleotide which is not complementary to the tem
plate. Here again bacterial RITA polymerase is different from the viral one. 
Many of the differences between oligomeric and monomeric enzymes may be 
due to the fact that the former have to operate on complex templates con
taining a great many genes and, consequently, different promoters; this 
in turn requires interaction with various regulators· It seems plausible 
therefore that the complicated structure of RITA polymerases in bacteria and 
eukaryotic nuclei is designed for transcription regulation through changes 
in its specificity caused by structural rearrangements· 
In conclusion one can say that there seems to be no other enzyme like RNA 
polymerase, in the sense that it raises an extremely wide range of problems 
from purely physicochemical (molecular) ones to biological problems con
cerning the regulation of the cell's vital activity, development and 
adaptation to the environment· 
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Abstract - The technology of the isolation of the DNA frag
ments containing structural genes and flanking sequences is 
discussed. Many of efficiently expressed structural genes of 
D.melanogaster are represented by a high number of identical 
copies scattered throughout the whole genome and surrounded 
by different DNA sequences. They are often located close one 
to another. Their location is very unstable but usually they 
are present in the sites of intercalary heterochromatin. 
Using cloning, two types of sequences from mouse genome 
hybridizing to a half and to a quarter of the total dsRNA-B 
were isolated. These very abundant sequences present in the 
great majority of pre-mRNAs and may have an important role 
in regulation of transcription or processing. 
INTRODUCTION 

Studies on the structure and function of the eukaryotic genome have been 
limited for a long time by the large size and heterogeneity of the latter. 
All information was obtained by analysing the total DNA or the whole nu
clear pre-mRNA. Still, these studies along with some genetic experiments 
led to the establishment of several general fundamental properties of the 
eukaryotic genome organization. 
It has been found that the eukaryotic genome contains different classes of 
sequences , highly repetitive simple sequences (satellites), indermediate 
repeats, and unique sequences (Ref. 1). Most of the structural genes or 
sequences responsible for transcription of mRNAs are unique occurring one 
or a few times in haploid genome· Several genes (ribosomal RNA and tRNA 
genes, histone genes; are represented by multiple copies usually clustered 
in a certain region of a chromosome (Ref. 2 & 3)· 
The primary product of transcription is a precursor of mRNA (pre-mRNA) 
which is several times longer than the mature mRNA (Refs. 4-6;. In the 
course of mRNA maturation, a significant part of pre-mRNA is destroyed 
(Ref. 7)· Thus, the majority of transcribed DNA is not involved in coding 
for proteins. 
Genetic studies have shown that each band in D. melanogas ter contains only 
one genetic unit on the average (Ref. 8). On the other hand, the average 
size of DNA in the band is very large, of about 35 kb. It indicates the 
existence of a large amount of excessive DNA. Thus, apart from structural 
genes, the eukaryotic genome contains a number of non-transcribed and 
transcribed but not translated DNA sequences whose functional role is a 
subject for many speculations (Refs. 9-1Ό· 
Recently, the introduction of genetic engineering techniques made it pos
sible to isolate and study individual genes instead of the total DNA; as 
a result, the information flow was very much accelerated. Two discoveries 
have been made with the aid of this techniques. The first one is the dis
covery of interventing sequences in many structural genes which are re
sponsible for the main part of transcribed but not translated DNA (Refs. 
12-17). The second one is the discovery of a large group of multiple 
structural genes with varying location in different parts of the genome 
(Refs. 18 & 19). 
In the present paper, I shall describe the latter in more detail. Also 
the general strategy in the isolation and cloning of genes will be dis
cussed, as well as some new data on the isolation of some particular se
quences present in the eukaryotic genomes. 
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ISOLATION, CLONING, AND SELECTION OF EUKARYOTIC GENES 
There are two main strategies. The first and probably the most practicable 
one is to prepare random fragments of DNA, to obtain with them a great 
number of clones, and then to find among them those containing the sequen
ces of interest. This approach has been successfully realized in const
ructing gene libraries (Ref. 20). Long (~20 kb) fragments of eukaryotic 
DNA were ligated with synthetic restriction sites and inserted into ~DNA. 
The recombinants were then covered with a phage capside, the procedure 
increasing many times the infectivity. Clones were obtained at a very 
high multiplicity and then the studied genes were selected by two-step 
colony hybridization of heavily labeled cDNA to 10b clones. Once the gene 
libraries are established, further isolation of clones is very fast. 
Another strategy is based on the enrichment of total DNA with the inves
tigated DNA sequence before cloning. One of the techniques successfully 
used (Ref .13) involved fractionation of the restriction DNA fragments on a 
RPC-5 column and by gel electrophoresis followed by selection of fractions 
hybridizing to tne corresponding cDNAs. After such purification, about 
1/1000 of all the clones obtained contain the investigated sequences. 
Another way for selection is the use of the R-loop technique CRef.14). 
An alternative method of preselection has been worked out in our labora
tory (Refs. 21 & 22). This "gap method" consists of the following main 
steps: 
(1) High molecular weight DNA (~100 kb on the average) is prepared. 
(2) A number of single-stranded nicks (one nick per 1-10 kb; are produced 
using pancreatic DNAase. 
(3) Nicks are converted into short gaps (100-500 bases) with the aid of 
exonuclease III. 
(4) DNA is restricted by a certain endonuclease (Hind III, EcoRI, Bam, 
etĉ ) completely or to fragments of a desired size (underrestriction). 
(5) The restricted DNA is hybridized to mRNA and the hybrids are fished 
out by oligo(dT) cellulose, or poly(U)-Sepharose chromatography. The 
hybrids are eluted with the aid of RNAase TI and deproteinized. 
(6) The selected DNA (purified ~100-1000 times in a certain structural 
gene) is ligated with the restricted pBR-322 (Boyer) DNA. 
(7) The ligated material is again hybridized to mRNA, and the hybrids 
eluted from poly(U)-Sepharose are used for transformation. The second step 
gives additional ~100 times purification, 
This typical procedure may be changed. For example, it is possible to 
prepare first the recombinant DNA containing randomly sheared eukaryotic 
DNA fragments and plasmid DNA, and thereafter to produce gaps by DNAase I 
endonuclease treatment and purify the gene containing DNA by hybridization 
to mRNA. 
Using the above procedure, we were able to isolate several clones contain
ing mouse structural genes efficiently expressed in Ehrlich carcinoma 
cells· 
The method has been also applied for the isolation of the albumin gene 
from the rat genome. In the first experiments, restriction endonucleases 
used for the rat and pBR-322 DNA cutting were EcoRI and Hind III taken in 
mixture. Four out of eighty clones obtained from 240 £ig rat DNA contained 
sequences hybridizing to albumin mRNA as followed from the colony hybri
dization experiments. This indicates a very high (~100,000X) degree of 
purification. Unfortunately, the inserted rat DNA fragment was rather 
small (1.5 kb), and hybridized to only about 3% of the length of the total 
albumin mRNA. All four clones isolated hybridized to the same fragment of 
mRNA. Thus, although the choice of restriction endonucleases in this ex
periment was not optimal, the result obtained indicated the applicability 
of the method for isolation of specific DNA sequences. On the other hand, 
it is necessary in every case to make a correct choice of restriction 
endonucleases in order to obtain DNA fragments of the optimal length. 
To date many groups of workers using different strategies have obtained 
a number of clones containing eukaryotic genes with flanking sequences, 
and this led to a number of discoveries. Some of them are discussed 
below. 

MULTIPLE STRUCTURAL GENES OF DROSOPKELA MELANOGASTER AND THEIR 
PROPERTIES 

Ilyin and Tchurikov (Refs. 22 & 23) cloned the EcoRI fragments of the D. 
melanogaster genome and selected clones whose DNA bound the highest 
amounts of mRNA prepared from the culture cells of D.melanogaster. Three 
such clones, Dm 225, Dm 234, and Dm 118, have been isolated. Their pro-
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perties are presented in Table 1 (Refs. 18 & 24)· All of them hybridize to 
a significant proportion of mRNA, from 0.3 to 1.1%· 

TABLE 1. The properties of the studied EcoRI fragments 
Cloned Size of % of S value Number of 
fragments EcoRI mRNA of mRNA copies 

fragment, bound per genome 
kb 

Dm 225 2.9 0.8 20S 200-250 
Dm 234 1.6 0.3 30S 250 
Dm 118 1.0+3.0 1.1 15S 50-100 

As the average content of individual mRNA is lower than 0.1%, one may con
clude that transcription of the selected genes far exceeds the average 
level. 
Thus, all the three genes are actively transcribed. Upon hybridization, 
each of them combines with mRNA of a definite size. Dm 225 DNA hybridizes 
to 20S mRNA, Dm 234 - to 30-35S mRNA, and Dm 118 DNA - to 156 mRNA. These 
S values correspond to RNAs of about 2.3 kb, 4-5 kb, and 2 kb, respective
ly. The size of cloned DNA fragments is 2.9 kb (Dm 225), ~1.6 kb (Dm 234), 
and ~ 4 kb (Dm 118). Thus, only Dm 225 sind Dm 118 may contain the whole 
structural gene or a significant part of it while the Dm 234 fragment cor
responds to less than a half of the gene. 
Data indicating active translation of gene 225 were also obtained. mRNA 
was prepared from polysomes of different size and hybridized to Dm 225 DNA 
(Ref. 24). The peak of RNA binding was located in polysomes containing 
about 20-25 ribosomes per mRNA which correlated well with the size of mRNA. 
In other words, the ribosomes are attached to the whole length of mRNA, 
and it seems very probable that mRNA is in the process of translation. Eor 
two other mRNAs, such analysis has not yet been done but it seems quite 
possible that they are also translated since the corresponding mRNAs have 
been prepared from polysomes. 
In the next series of experiments, the DNAs from clones were hybridized to 
the total DNA of D.melanogaster labeled by nick translation. Under the 
saturation conditions, Dm 225 DNA binds about 0.5% of the total Drosophila 
DNA. It is a very high figure. If Dm 225 sequence is unique, it should 
bind only ~ 0·002% of DNA, and such a binding was indeed observed in the 
cases when DNA fragments containing unique sequences have been studied. 
Therefore, one may conclude that Dm 225 DNA is represented in the genome 
by~ 250 copies. In the same way, we detected the number of copies for 
gene 234 to be equal to 250, and for gene 118 about 50. Thus, all the 
three genes under investigation are multiple genes. 
It is important that the structural gene itself is repeated. It was first 
proved in experiments where DNA-DNA hybridization was performed in the 
presence of unlabeled mRNA taken as a competitor. In the case of Dm 225 
DNA, the 75% competition takes place. Thus,about 75% of the repetitive se
quences presented in Dm 225 DNA can be accounted to a structural gene. 
Even a higher competition has been obtained in the case of Dm 234 DNA 
which probably as a whole corresponds to the structural gene. The situ
ation is more complex with Dm 118 DNA. It consists of two EcoRI subfrag-
ments. Both are repeated about 50 times per genome but only one of them 
corresponds to the structural gene. 

A more detailed analysis of the properties of Dm 225 DNA was performed 
thereafter. The DNA excised with the aid of EcoRI endonuclease was further 
cleaved to five fragments by Haelll endonuclease. These subfragments were 
separated electrophoretically and their arrangement in Dm 225 DNA was 
detected (Fig. 1). In hybridization experiments, mRNA combines with all 
subfragments. Its 3'-end is mapped in the fragment B. Thus, almost all 
Dm 225 DNA, except a part of the fragment B, corresponds to the structural 
gene coding mRNA and probably the whole gene is included in Dm 225 DNA. 
This result again confirms the repetitiveness of the whole structural 
gene 225. 
The next question solved with gene Dm 225 was whether all copies of this 
gene in the genome were identical or not. To answer this question, the 
total DNA of D.melanogaster was restricted by EcoRI endonuclease, the 
same enzyme which had been used for original excising Dm 225 DNA. There
after, the DNA was fractionated according to its size in polyacrylamide 
gel, transferred onto a nitrocellulose filter, and hybridized with 32p_ 
labeled Dm 225 DNA. The distribution of the bound label along the filter 
was analysed by autoradiography. The distribution of the total DNA EcoRI 
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Fig. 1. The restriction and transcription mapping of 
Dm 225 DNA fragment. On the right, the electrophoregram is 
presented demonstrating the separation of Haelll fragments 
of Dm 225 DNA. 

restricts was very heterogeneous along the filter. However, the labeled 
material was found only in one band. This band contained DNA of 2.9 kb in 
length. Thus, all copies of DNA in the genome containing Dm 225 sequences 
in the EcoRI restricts had exactly the same size. If the same experiment 
was performed but using two endonucleases, EcoRI and Haelll, hybridization 
again took place only with fragments equal in size to those prepared from 
Dm 225 DNA by the EcoRI+Haelll treatment. In other words, all 250 copies 
of Dm 225 gene in the genome of D.melanogaster were identical. The same 
result was obtained in the work with two different lines of cultivated 
cells (Fig. 2). 

r 
i?ig. 2. The hybridization of /3 P/ Dm 225 DNA to restric
ted DNA of D.melanogaster. 1,2 - electrophoretic fractionat-1011 o f D.melanogaster DNA treated by EcoRI endonuclease; 
3,4- - autoradiograms of the same samples after hybridization 
to Dm 225 DNA; 5,6 - the same as 1 but after HindiII endo
nuclease treatment; 7,8 - the same as 3 but after Hindlll 
endonuclease treatment. 1,3,5,7 - DNA was prepared from 
cell lxne 67J25G; 2,4,6,8 - from cell line 67J25D. 
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The experiment was also conducted with Dm 234 and Dm 118 sequences. EcoRI 
restricts of the total DNA were used for blotting and hybridization. 
Dm 234 was found to bind with only one band equal in size to Dm 234 (~1.6 
kb). In the case of Dm 118, EcoRI endonuclease cut the sequence in two 
fragments, 1 and 3 kb in length. Only one of them, namely, fragment B 
(1 kb) hybridized to mRNA and at the same time it hybridized to only one 
band of restricted DNA. Thus, in all cases, the multiple structural genes 
themselves are very homogeneous. 
The next question was whether sequences surrounding all copies of Dm 225 
gene in the genome were different. To answer it, the total DNA of D.melano-faster was restricted with Hindlll enzyme which did not cut the Dm 225 ragment. Thus, this enzyme excised the investigated gene with its flanking 
sequences. After blotting to a nitrocellulose filter, hybridization with 
Dm 225 /32p/ DNA was performed. The labeled DNA was now hybridized with 
heterogeneous populations of sequences. One may conclude that different 
copies of Dm 225 gene in the genome have different flanking sequences. 
Moreover, the distribution of the label in DNA from two different cell 
sublines of D.melanogaster^ is different. Thus, sequences surrounding 
Dm 225 DNA in the two sublines are not the same. It is necessary to note 
that these two sublines originated from the same parental line but were 
grown separately for several hundred generations, one of the lines being 
adapted to grow in a serum-free medium. Thus, one may suggest that gene 
225 is localized in a number of different sites of the genome and that 
the sites can vary in different cells (Fig. 2). 
For further analysis, new clones containing the Dm 225 sequence were pre
pared (Ref. 25). In these experiments, Hindlll fragments of the D.melano-
gaster DNA were used. Seven different clones were obtained, and their DNAs 
were restricted either by Hindlll or by EcoRI endonucleases, or by their 
mixture (Fig· 3). All seven clones contained 2.9 kb Dm 225 fragment, limit
ed by two EcoRI sites. Five of them contained also 1.4 kb EcoRI-Hindlll 
fragment adjacent to the 5»-end of Dm 225 mRNA. This 1.4 kb fragment was 
homologous to another polysomal mRNA. Fragments adjacent to the 3'-end of 
Dm 225 mRNA were very heterogeneous. In all cases, their size was different; 
Thus, the conclusion about the heterogeneity of flanking sequences for 
Dm 225 gene was confirmed directly. 

Fig. 3· The properties of DNA prepared from five clones 
containing pBR-322 plasmid DNA and Hindlll fragments of 
D.melanogaster DNA hybridizing to Dm 225 DNA. A - electro-
phoregram of the material obtained after restriction by a 
mixture of Hindlll and EcoRI endonucleases; B - hybridizat
ion of filters prepared from slabs (Fig. A) to /32p/ mRNA; 
C - the same as B but /32P/ pre-mRNA. 
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Then hybridization of the fragmented DNA of clones with mRNA and nuclear 
pre-mRNA was studied (Fig. 3). 2.9 and 1.4 kb bands bound high amounts of 
mRNA. It is interesting that one of the clones contained a third band 
(~7 kb) which bound even higher amounts of mRNA. This band was analysed 
in more detail and was found to hybridize with about 2% of the total mRNA, 
thus representing the expressed structural gene. Moreover, according to 
experiments on hybridization with DNA this gene like others is also 
multiple. 
One may conclude that different multiple structural genes are of ten loca
lized very closely one to another in the genome. In other words, there 
are certain regions in the genome where these genes are preferentially 
located. 
The above mentioned conclusions were confirmed in experiments on the in 
situ hybridization of labeled DNA or labeled cRNA transcribed from cloned 
DNA to polytene chromosomes of Drosophila salivary glands (Refs. 18 & 25). 
It was found that the DNAs of each ox. the three, genes under study hybri
dized to a large number of sites in the chromosomes. All cells obtained 
from the same animal had the same distribution of hybridization sites. 
For example, Dm 225 DNA hybridized to 40 sites on polytene chromosomes ob
tained from heterozygous (gtw8· x gt"3z) animals (Fig. 4A. Such hetero-

-#* A B 
Km"'M \% # *̂ ' 'Jjjjfc ,'. /«'s'^l^ji 

Fig. 4.A. In situ hybridization of D.melanogaster polytene 
chromosomes with Dm 225 cDNA. The latter was transcribed with 
the aid of E.coli RNA polymerase from^gt-Dm 225 DNA. For 
hybridization the chromosomes of J gtw /ePgt^z were used. 
B. The differences in the localization of Dm 225 hybridizat
ion sites in the different strains of D.melanogaster as seen 
in the unpaired regions of chromosomes of a gtw^/gt'^z hy
brid. The non-conjugated zones are localized between regions 
98 and 92 and between regions 88 and 86. 
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zygous animals were used in order to obtain a high extent of polyteny and 
therefore thick chromosomes. In these chromosomes, one can see sometimes 
the region of asynapsis. i.e. regions where the homologous chromosomes 
are not paired (Fig. 4B). In these regions, one can follow the distribution 
of hybridization sites between the parental chromosomes. We found that this 
distribution was quite different. Therefore, detailed investigation of 
hybridization with chromosomes from animals of different Drosophila stocks 
was performed. First of all, the gtwa and gt'3z animals were compared. 
Animals of any of these stocks had 20-25 hybridization sites on their 
chromosomes but only six of them were common. The localization of all 
others was different. When individuals from the same stock were compared 
these differences were less prominent but still 20-30% of hybridization 
sites were different. 
In agreement with some independent biochemical data, genes Dm 225 and 
Dm 234 have very similar distribution in the genome. The score of chromo
somes from 15 animals gave about 70 sites where these two genes may occur. 
The localization of gene 118 was even less stable. About 150 sites were 
found where gene 118 can be located. 
The study of the sites where the genes, in particular Dm 225 and 234-, are 
located has demonstrated their non-random distribution in chromosomes,i.e. 
a remarkable coincidence of these sites with the location of the so-called 
intercalary heterochromatin in D.melanogaster. The intercalary heterochro
matin is characterized by the following properties: (1 ) a high frequency 
of ectopic pairing or pairing between non-homologous sites in these regions 
of polytene chromosomes; (2) late replication; (3) occurrence of under-
replication resulting in the presence of the so-called "weak spots" (for 
reference see Ref. 18). The total number of such sites in the chromosomes 
is close to one hundred. Their functions remain obscure. 
We found that about 90% of hybridization sites for genes Dm 225 and 234 
coincided with the sites of the intercalary heterochromatin known from li
terature. On the other hand, about a half of the latter is covered by 
hybridization sites for the two mentioned genes. The same is true of gene 
118. One may conclude that multiple structural genes scattered throughout 
chromosomes are localized in the regions of the intercalary heterochroma
tin; apparently, these genes are easily transposed from one site of the 
intercalary heterochromatin to another. Often the studied genes are loca
lized not only in the two sites of the intercalary heterochromatin but 
also in the fibril formed in the course of ectopic pairing between the 
sites, as followed from the in situ hybridization. Thus, the genes them
selves may be involved in the process of ectopic pairing. 
It is interesting that clustered multiple genes with stable localization 
such as the histone or rRNA genes are also localized in the intercalary 
heterochromatin. Moreover, recent observations have indicated the possibi
lity of their translocation although it is much less prominent than in the 
case of the three mentioned genes (Refs. 27 & 28). 
A general scheme can be drawn according to which eukaryotic chromosomes 
contain a number of regions designated as intercalary heterochromatin where 
different multiple genes are concentrated. Although the nature of these 
genes remains obscure, one may suggest that they are involved in the syn
thesis of abundant proteins used for the own needs of the cells. There
fore, the corresponding genes should be actively expressed. These genes 
may be easily translocated but only among the mentioned regions (nests for 
multiple genes) which are organized in such a way as to make such trans-
locations possible. It is not unlikely that the negative control of gene 
expression in these sites is less prominent than in other sites of the 
genome. Differences in the number and distribution of multiple genes in 
the genome may determine many individual differences between animals. 
It should be pointed out in conclusion that the described type of genome 
organization is not an exception but a significant proportion of the 
eukaryotic genome is organized in this manner. Except the above four genes, 
two others with similar properties have been described in the Hogness 
laboratory (Ref. 19)· The instability in location of these genes was also 
observed recently. All in all, these genes can constitute 2-3% of the whole 
genome. Such genes were also detected recently in yeasts (R.Davis, personal 
communication). 
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STUDIES ON CERTAIN DNA SEQUENCES IN MOUSE GENOME 
As I have mentioned above, one of the main recent achievements in the mole
cular biology of eukaryotic gene is the discovery of split genes and 
splicing. Splicing seems to be one of the most important parts of pre-mRNA 
processing· It should involve a number of very specific steps at which the 
sequence recognition takes place. For this and other reasons, it is still 
important to study certain DNA sequences present in many different trans-
criptional units. The use of cloning technology much facilitated these 
studies. 
As an example, I will present recent data on the isolation of DNA sequen
ces complementary to double-stranded regions in pre-mENA. It was shown 
previously that at least the major part of pre-mENA molecules contained 
double-stranded hairpin-like structures (Refs. 29-31). The double-stranded 
(ds) regions of pre-mRNA were subdivided into four different classes (Ref. 
32). One of the most interesting classes comprises sequences designated as 
ds RNA-B. Their length is of about 200 base pairs and they are able to 
snap back after pre-mRNA melting. Using the renaturation kinetics analysis, 
we found ds RNA-B to be very homogeneous and to consist of a few kinds of 
sequences (Refs. 31 & 32). A similar conclusion was achieved later in 
sequencing studies (Ref. 33)· 
It was suggested that ds RNA-B might be involved in processing by serving 
as a signal for processing enzymes. This idea was supported by experiments 
demonstrating the existence of complementarity between rather short sequen
ces in mature mRNA and dsRNA-B. 
In recent cloning experiments developed in our laboratory (Ref. 34), we 
found that many randomly selected clones contained sequences binding the 
isolated and denatured ds RNA-B. In saturation conditions, each clone bound 
a very significant proportion of the total ds RNA-B. A group of clones, for 
example, combined with 30-35% of ds RNA-B. If the bound RNA was eluted 
from a filter and hybridization was repeated, 50-60% of the eluted RNA 
could be bound again. This is probably the maximal efficiency of the re
action. Thus, one can conclude that the original amount of ds RNA able 
to hybridize with cloned DNA constituted about 50% of the total ds RNA. 
The RNA purified by hybridization and elution from one of the clones hybri
dized equally well to the DNA of this clone and to DNA of any other clone 
of the same group (Table 2). Thus, the same kind of sequence is present in 
many different clones· This sequence was designated as a ds RNA-B1 (or 
B1-sequence)· It corresponds to about a half of the total ds RNA-B. 

TABLE 2. Hybridization of /%/ labeled ds RNA-B sequences 
preselected by binding to DNA of clones N?35 and NI14 with 
DNA prepared from different clones 

N§ of 
expe
r iment 

1 

DNA on 
f i l t e r 
(c lone 

NO 
4 

To ta l ds RNA 
24 

H y b r i d i z a t i o n , % 
ds RNA complementary t o DNA 

of c lone N?35 of clone ψ\4 
50 ~5 

14 
15 
31 
35 
75 
87 _ 

3 14 
35 
61 
63 
89 

2_. 
7 

14 
22 
22 
19 

- - % 
11 
21 
17 
10 
15 

50 
0 

32 
60 
47 
35 

0 
70 

0 
0 

31 

~ - "48 
58 

0 
46 
35 

0 

For each experiment, 27,000 cpm of total /%/ dsRNA or 500 
cpm of preselected /3H/ ds RNA was taken. 
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We isolated also clones containing another sequence, designated as B-2 
which was able to combine with about a quarter of the total ds ENA-B. 
Clones containing the Bl and B2 sequences do not cross-hybridize. Thus, 
The B1 and B2 sequences are completely different. On the other hand, the 
melting profiles of hybrids between cloned DNA and ds ENA demonstrate the 
good quality of hybrids and the absence of a prominent mismatching. As 
ds RNA originates from many different pre-mRNAs, one may conclude that all 
sequences belonging to the same class in particular B1 are very similar 
if not identical. 
The sequences B1 and B2 are widely distributed throughout the mouse genome. 
In the saturation conditions, the cloned DNAs hybridize to 0.6% and 0.4% 
of the total cellular DNA in the case of the sequences B1 and B2, respec
tively. The corresponding figures for hybridization of nuclear pre-mENA 
are 1.5 and 0.7%· The number of these sequences is about 4 times higher 
than the number of palindromes in DNA or of ds ENA in pre-mENA. It means 
that a significant part of them in the genome probably is not organized 
in palindromes. The role of these very· specific sequences still remains 
unknown. We often see them in close neighbourhood with sequences complemen
tary to mENA, i.e., with structural genes. In any case, the cloning of 
these sequences allowed direct approaches in studies of the primary struc
ture, their organization in the genome and function. This work is in pro
gress now. 
The data presented in the paper demonstrate several lines of recent pro
gress in studies on the eukaryotic gene organization induced by applica
tion of genetic engineering technology. New data are accumulated so fast 
in this field now that one may expect the formulation of the main prin
ciples of the gene structure and function in higher organisms in the 
nearest future. 

EEEEEENCES 
1. B.J.Britten and D.E.Kohne, Science 161, 529-540 (1968).. 
2. G.P.Georgiev, Current Topics in Developmental Biology 6, 1 (1972). 
3. J.E.Darnell, Harvey Lect.69,~T (1975). 
4. G.P.Georgiev and V.L.Mantieva, Biochim. biophys. acta 61, 153-154 

(1962). 
5. O.P.Samarina, Biochim. biophys. acta 91» 688-691 (1964). 
6. G.P.Georgiev, A.P.Eyskov, C.Coutelle, V.L.Mantieva, E.E.Avakyan, 

Biochim. biophys. acta 259, 259-283 (1972). 
7. K. Scherrer and L. Marcaud, Bull. Soc. Chim. Biol. 47, 1697 (1965). 
8. B.H.Judd, M.W.Shen and T.C.Kaufman, Genetics 7T7"139 (1972). 
9. K. Scherrer and L.Marcaud, J.Cell. Physiol. 7?~(Suppl. ) 181. 
10. G.P.Georgiev, J^ Theoret. Biol. 2£, 473 (1969). 
11. E.J.Britten and E.H.Davidson, Science 165, 349-357 (1969). 
12. A.J.Jeffreys, E.A.Flavell, Cell 12, 1097-1108 (1977). 
13* S.M.Tilghman, D.C.Tiemeier, J.G.Seidman, B.M.Peterlin, M.Sullivan, 

J.V.Meizel, P.Leder, Proc.Natl.Acad.Sei. USA 75,725-729 (1978). 
14. Ch. Brack and S. Tonegawa, Proc. NatlT lead. Sei. USA 74, 5652-5656 

(1977). 
15. J.G.Seidman, A. Leder, M.H.Edgell, F.Polsky, Sh.M.Tilghman, D.C.Tie

meier and Ph. Leder, Proc. Natl. Acad. Sei. USA 75, 3381-3385 
(1978). 

16. E. Breathnach, J.L.Mandel, P.Chambon, Nature 270, 314-319 (1977). 
17. E.C.Lai, S.L.C.Woo, A. Dugaiczyk, J.P.Catterall, B.W.O'Malley, Proc. 

Natl. Acad. Sei. USA £?, 2205-2209 (1978). 
18. Yu.V.Ilyin, N.A.Tchurikov, E.V.Ananiev, A.P.Eyskov, G.N.Yenikolopov, 

S.A.Limborska, N.E.Maleeva, V.A.Gvozdev and G.P.Georgiev, Cold 
Spring Harbor Symp. Quant. Biol. 42 959-969 (1977). 

19. D.J.Pinnegan, G.M.Rubin, M.W.Young and D.S.Hogness, Cold Spring Har
bor Symp. Quant. Biol. 42, 1053-1063 (1977). 

20. T. Maniatis, E.C.Hardison, E.Lacy, J.Lauer, C.O'Connel, D.Quon, Cell, 
in press. 

2 1 . G.N.Yenikolopov, T . N i t t a , A.P.Eyskov, and G.P.Georgiev, Nuc le ic Acids 
Res. 2» 2645-2663 (1976). 

22. G.P.Georgiev, Y^V.Ilyin, A.P.Eyskov, N.A.Tchurikov, G.N.Yenikolopov, 
V.A.Gvozdev and E.V.Ananiev, Science <?95, 394-397 (1977). 

23. Y.V.Ilyin, N.A.Tchurikov and G.P.Georgiev, Nucleic Acids Ees. J3, 
2115-2128 (1976) . 

24 . N.A.Tchurikov, Y . V . I l y i n , E.V.Ananiev and G.P.Georgiev, Nuc le ic Acids 
Res. £ , 2169-2188 (1978) . 



360 Eukaryotic Genes 

2 5 . N.A.Tchurikov, Y . V . I l y i n , and G.P.Georgiev, MoU Biology (USSR) sub 
m i t t e d . 

26. E.V.Ananiev, V.A.Gvozdev, Y.V.Ilyin, N.A.Tchurikov and G.P.Georgiev, 
Chromosoma, in press. 

27. R.W.Old, H.G.Callan and K.W.Gross, J. Cell. Science 27, 57 (1977). 
28. A.P.Ryskov, V.R.Farashyan and G.P.Georgiev, Biochim. biophys. acta 262 

568-572 (1972). 
29. W. Jelinek and J.E.Darnell, Proc. Natl. Acad. Sei. USA 69, 2537-2541 

(1972). 
30 . A.P.Ryskov, G.P.Saunders , V.R.Farashyan and G.P.Georgiev, Biochim. 

Biophys. a c t a 312, 152-164 (1973) . 
3 1 . A.P.Ryskov, D.A.Kramerov and G.P.Georgiev, Biochim. b iophys . a c t a 447, 

214-229 (1976) . 
32. D.A.Kramerov, A.P.Ryskov and G.P.Georgiev, Biochim. biophys♦ a c t a 475» 

461-475 (1977) . 
3 3 . H.D.Robertson, E.Dickson and W.Je l inek , J .Mol . B i o l . 115, 571-590 

(1977) . 
34 . D.A.Kramerov, A.A.Grigoryan, A.P.Ryskov and G.P.Georgiev, Nucle ic 

Acids Res., submitted. 



PRIMARY ORGANIZATION AND 
FUNCTIONING OF THE NUCLEOSOME 

CORE PARTICLE OF CHROMATIN 
A. D. Mirzabekov, V. V. Shick, A. V. Belyavsky, 

S. G. Bavykin and A. Rich* 
institute of Molecular Biology, Academy of Sciences of the USSR, 

Moscow 117984, USSR 
*Massachusetts institute of Technology, Cambridge, Massachusetts 02139, 

USA 

Abstract - The sequence arrangement of hiatones along the 
ΏΪίΑ in the nucleosome core has been determined· It has been 
shown that histones are arranged within discrete DNA segments 
of about 5-7 nucleotides long separated by regularly spaced 
histone-free gaps of about 3-5 nucleotides long· A linearized 
model of the nucleosome core has been proposed· The histone-
free gaps appear to be located on one side of the DNA mole
cule· The lateral binding of histones to DNA creates an 
asymmetric neutralization of DNA phosphate groups· Some fea
tures of the model are discussed in terms of nucleosome func
tion· (1) Histones appear to leave the minor and part of the 
major groove of DNA exposed and accessible to recognition by 
some proteins· (2) Histones are unlikely to form a "cage" 
around DNA; the nucleosomal DNA may therefore be readily re
leased from the histone octamer during replication and trans
cription· (3) The asymmetric neutralization of DNA by his
tones may be the driving force for nucleosome folding. 
INTRODUCTION 

The major part of the eucaryotic genome is organized in the form of a se
ries of nucleosomes· The basic structural elements of nucleosomes in all 
cell types seems to be a core particle containing DNA of about 140 base 
pairs in length complexed with a histone octamer containing two copies each 
of histones H2A, H2B, H3 and H4· In addition,the nucleosome contains histone 
H1 and DNA of a variable length (10-100 base pairs) (for review see ref· 1)· 
Recent studies of the core particles (Ref· 2) and their crystals (Ref· 3)o 
suggest that the core is a flat disc having dimensions of 110 x 110 x 57 A; 
about 1·75 turns of DNA in the B form are believed to be coiled on the out
side of the core as a left handed superhelix with histones located within 
the core· Histones are bound to DNA mainly by ionic interactions between 
negatively charged phosphate groups of DNA and positively charged lysine 
and arginine residues of histones· 

Here we present our data on the study of the primary organization of the 
nucleosome core, propose the model of its structure and discuss the mecha
nism of core particle function· 

PRIMARY ORGANIZATION OP THE NUCLEOSOME GORE 
The primary structure of proteins and nucleic acids describes the sequence 
arrangement of monomers along the polymer chain· Similarly, for specific 
complexes such as nucleosomes, ribosomes, complexes of RNA polymerase with 
DNA, etc·, the primary organization would describe the sequence arrangement 
of protein molecules along the DNA chain· Investigation of the primary orga
nization of nucleoproteins is still at its beginning. We have recently des
cribed a new method for sequencing proteins along DNA chain (Ref· 4)· Pig.1 
outlines this sequencing procedure and demonstrates that a protein molecule 
is bound to one or both of the DNA strands having a certain length at the 
unique site· The protein is crosslinked to DNA and this is accompanied by 
a simultaneous splitting of a DNA strand at the crosslinking point in such 
a way that only the 5*-terminal DNA fragment remains attached to the pro
tein· Measuring the size of the crosslinked DNA fragments enables one to 
locate the position of one or several protein molecules on one or both of 
DNA strands· The procedure has been described (Refs 4,5) for crosslinking 
lysine f-amino groups in proteins to partially depurinated DNA under mild 
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conditions followed by DNA cleavage at the point of crosslinking. By using 
this approach, the sequence arrangement of histones along DNA in the core 
(Pig. 2) has been determined (Ref· 6). A number of conclusions related to 
the internal structure of the core can be drawn from this sequence. 

:XX -3' 5'· 
"5' 7f 

-3f 
~5' 

>-Q 
-Q-

Pig. 1. Outline of the experiments locating the histone pro
teins on DNA. The protein molecule at a specific site on the 
DNA is crosslinked to it and the DNA strand is cleaved at 
the point of crosslinking. The size of the crosslinked 
single-stranded S'-terminal DNA fragments determines the po
sition of the protein. (A) Protein bound to one strand. 
(B) Protein bound to both DNA strands. O - protein, 

- DNA, X - the point of crosslinking. 
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Pig. 2. The sequencial arrangement of histones on DNA of 150 
base pairs long in the nucleosome core. The positions of 
histones are shown in boxes, and distances are indicated in 
nucleotides from the 5f-ends of DNA. 

(1) Each histone interacts apparently through its NH2- and COOH-terminal 
and central regions with several adjacent or dispersed discrete DNA segments 
of about 5-7 nucleotides in length. 

(2) The discrete DNA segments covered with histones are separated by his-
tone-free intervals or gaps of about 3-5 nucleotides in length. These his-
tone-free gaps are located at a regular distance of 10 nucleotides from each 
other and are found at about 10 x n nucleotides from the 5*-ends of DNA 
where n is an integer. "" 

(3) No histones appear to be bound to the first 20 nucleotides from the 
5'-ends in both of the DNA strands. 

(4) Each segment of the core DNA is bound to one histone except that the 
segment at 70-80 is attached to two histones. This indicates that histones 
are bound primarily to only one strand of the core DNA or are arranged in a 
similar, symmetrical manner on both DNA strands. There is not enough space 
on one DNA strand to bind all 8 histone molecules. In addition, a number of 
the data support the presence of symmetry in core particles (Refs 3»7)· 
This strongly suggests that histones are uound similarly to both complemen
tary DNA strands. 

The data shown in Pig. 2 are very similar to those published earlier 
(Ref. 6) and have been obtained from cores containing DNA with 150 base 
pairs isolated from Drosophila melanogaster instead of mouse Ehrlich ascites 
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tumor cells used previously· Use of the Drosophila core provides higher re
solution due to the better separation of Drosophila histones and enable us 
to locate histone H4 more precisely at position about 85-95 instead of 
80-90 (Ref. 6)· 

(5')Γ 

Fig· 3· A linearized model of the nucleosome core· For details 
see ref· 6. The figures indicate the distance of base pairs 
in nucleotides from the 5' -ends of both complementary DNA 
strands· The exact location of the histone-free gaps is taken 
from Sollner-Webb et al. (Ref· 7)· Histones are shown as 
black (in front of""TiM7 or open (behind DNA) straps bound to 
sugar-phosphate backbone from the side of the major DNA groove 
(Refs 4,10)· 

Fig· 3 shows a linearized model of the core particle (Ref· 6) based on 
the data of Fig· 2· Histones are arranged along the DNA believed to be in 
the B form with 10 nucleotides per turn· The histones are shown bound to 
the sugar-phosphate backbone from the side of the major groove in agreement 
with data on partial protection by histones from methylation in the major 
groove by dimethyl sulfate (Refs 4, 10)· The distribution of the histone re
gions between two molecules of each histone in the core shown in Fig· 3 has 
been substantiated elsewhere (Ref· 6)· It is well known that different nuc-
leases split nucleosomal DNA at regular 10 nucleotide intervals· Further, 
the cuts are at a distance of about 10 x n nucleotides from the 5'-ends 
(Refs 7-9)· The position of sites accessible to nucleases in the core DNA 
coincides very well with the location of the histone-free gaps; this fact 
strongly suggests their identity· Sollner-Webb et al· (Ref· 7) have located 
with high precision the position of phosphodiesicnTTJonds in core DNA digest
ed with staphylococcal nuclease, DNAase I, and DNAase II at distances of 
10 x n, 10 x ri+2, and 10 x n+3 nucleotides from the 5*-ends, respectively· 
These""digestaUle bonds are concentrated within DNA regions 4 nucleotides in 
length and are symmetrically arranged on the complementary DNA strands· His
tone-free gaps and histone-covered segments of 4 and 6 nucleotides in length 
respectively, are arranged along the core DNA in Fig· 3 according to the 
data of Sollner-Webb et al· (Ref· 7)· The model suggests that some region of 
histone H4 located in"The major groove can interact simultaneously with the 
adjacent segments 50-60 of one DNA strand and 85-95 of the complementary 
strand« 

One striking feature of the core structure appears in the linearized mo
del: there is a lateral alignment of histones on the DNA double helix· It is 
evident from the model that the histone-free gaps are found on the same side 
(the upper side in Fig· 3) of the helix on both DNA strands while histones 
cover the opposite, lower part of DNA· One should apparently place these un
covered accessible regions of DNA on the surface facing outward, i.e. to
wards a solution when the DNA with its bound histones is folded into the 
nucleosome (Ref· 6). One should notice that the position of the histone-free 
gaps is partly displaced from the position of the most exposed sites located 
on the top of the helix in Fig. 3· 

FUNCTIONAL STATES OF NUCLEOSOME CORES 
Transcription and replication of DNA are accompanied by interaction of some 
proteins with DNA, movement of polymerases along its chain, and by partial 
or complete unwinding of the DNA complementary strands· It is still a matter 
of debates concerning what happens to nucleosomes during these processes but 
some structural changes obviously take place· 



364 Nucleosome Core Particle of Chromatin 

The ultimate objective of the structural studies is to understand how the 
structure works. The data on the primary organization of the core presented 
above can provide some insight into nucleosome functioning· 
(I) The DNA grooves are more or less free of histones 

Recognition of specific nucleotide sequences in DNA by proteins occurs as a 
result of their interaction mainly with some functional groups of DNA bases 
exposed in the minor or major grooves of the DNA double helix· DNA appears 
to lie on the surface of the nucleosome and is accessible for interaction 
with a number of proteins, for example, nucleases (Refs 7-9). Methylation of 
chromatin and nucleosomes with dimethyl sulfate has demonstrated that the 
minor groove of DNA is fully exposed to this reagent while the major groove 
is shielded only by about 20% (Refs 4 & 10). These data suggest that the mi
nor groove and partly the major groove of DNA in chromatin can be available 
to specific interaction with proteins and other ligands (Ref· 4). 
(II) Histones are unlikely to form a "cage" around DNA 

This is illustrated in Pig. 3 and Pig. 4. Histones interact with discrete 
DNA segments of less than 10 nucleotides long and therefore embrace less 
than a turn of the DNA helix· All of the histone-free gaps appear to be lo
cated on the same external side of the DNA in the core particles· As a re
sult of such a lateral alignment, histones do not encircle the DNA continu
ously from all sides and do not form a "cage" around DNA. Rather they em
brace it in the form of open helical clamps and leave one side of the helix 
uncovered· This core structure may enable DNA to be readily released from 
the histone octamer through the open part of the clamps without significant 
rearrangement of the octamer· This is consistent with experiments demonstrat
ing easy dissociation and reassociation of the crosslinked octamer with DNA 
(Ref· 11) and could account for some features of DNA replication· During re
plication old histone octamers preserve their integrity, do not incorporate 
new histones and segregate conservatively through several rounds of replica
tion (Ref· 12)· 

Pig· 4. Diagram of the binding of histones to DNA in the form 
of open helical clamps· Note that the histones do not encircle 
the DNA. 

(Ill) The potential role of the asymmetric neutralization by histones 
of phosphate groups of DNA in bending of the core 
Despite of normally rigid form, DNA is folded around the core into a left 
handed superhelix with a radius of about 50 A (Ref· 3)· Camerini-Otero and 
Pelsenfeld (Ref. 13) estimated that the free energy of histone interactions 
in the nucleosome would be adequate to account for DNA folding. Mirzabekov 
and Rich (Ref. 14) have suggested that asymmetric neutralization by histones 
of DNA phosphates might play a significant role in its bending· An example 
of such a nucleic acid bending is seen in yeast phenylalanine transfer RNA 
(Ref· 15). Asymmetric neutralization by a spermine molecule of phosphates in 
the deep groove of the double helical RNA region located between the antico-
don and dihydrouridine stems seems to cause a 25° bending of the helix 
formed by these stems· 

The rigidity of the double stranded DNA is mainly maintained by the elec
trostatic repulsion between charged phosphate groups· Neutralization of 
phosphates with cations progressively increases DNA flexibility (Ref· 16)· 
Upon more effective neutralization of DNA with polycations - spermine (Ref· 
17), spermidine (Ref. 18), polylysine (Refs 19 & 20) or histones (Ref· 21), 
DNA collapses into folded toroidal structures· Moreover, upon concerted 
charge neutralization and progressive dehydration DNA collapses into beaded 
nucleosome like fibers (Ref· 22)· Some experimental data and the theory of 
these processes have been discussed in detail by Manning (Ref· 23). 

The asymmetric neutralization of the core DNA is the result of the late
ral alignment of histones on the surface of the DNA double helix· Pig· 5 
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illustrates the scheme of bending that could be induced by asymmetric neu
tralization of DNA phosphates· In the diagram the histone-free gaps are ten
tatively arranged around the most exposed nucleotides located on the top of 
the helix. The lower part of the helix covered with histones acquires flexi
bility as a result of charge neutralization (Ref· 23)· The electrostatic re
pulsion of unneutralized phosphate groups located on the other, upper side 
of the DNA in Figure 5 brings about the bending of the helix towards the 
opposite side. The manner, curvature and location of the bending would de
pends on many factors, in particular, on the arrangement of unshielded phos
phate groups. Several models of DNA bending in the nucleosome have been pro
posed either by kinking DNA towards the minor groove (Ref. 24) or the major 
groove (Ref. 25) or by its continuous deformation (Refs 26 & 27)· The re
pulsion between charged phosphates located on the top side of the DNA 
strands (Pig. 5) separated by the minor or the major groove would induce 
kinking towards the opposite major or minor groove, respectively. The re
pulsion between charges located in other DNA regions could also cause 
smooth bending. 

Pig. 5. Diagram of smooth bending of core DNA induced by 
asymmetric neutralization of DNA phosphates by histones. 
The bending is a result of the electrostatic repulsion bet
ween unneutralized phosphate groups uniformly located on 
the top of both complementary DNA strands across the minor 
groove ( <* ) or the major groove (^ ). Q - several 
negative charges of unshielded DNA phosphates. 

If the core DNA is kinked the same amount towards both grooves, there would 
be about 24 kinks in the model in Pig. 3 each bent about 26° (360°x 1.75 -r 
24 s 26°). This value would decrease if the bending is distributed among se
veral adjacent base pairs but increase up to about 52° if kinking occured 
only towards one of the grooves. 

In order to characterize the bending of DNA caused by its asymmetric neu
tralization one has to estimate the size and the location of open and shield
ed DNA regions. In the sequencing experiments, the size of the histone-free 
gaps and the segments covered with histones has been estimated approximately 
at 3-5 and 5-7 nucleotides, respectively. This value can be estimated in 
another way by considering the number of charged groups in the histone octa-
mer and in the DNA 150 base pairs in length. The DNA has 300 negatively 
charged phosphates. The histone octamer of calf thymus contains a total of 
224 positive charges (lysine, arginine and NHp-terminal residues) and 82 
negative charges Tglutamic acid, aspartic acid, and COOH-terminal residues 
resulting in a net positive charge of +142. These calculations are based 
on the known primary structures of calf thymus histones (for review see 
ref. 28). The maximal size of the histone-free gaps can be estimated using 
these numbers. We first exclude the 20 phosphates at each of the 5'-ends 
that are uncovered with histones, and the remaining DNA contains 260 negative 
charges. If we assume that 142 charges are neutralized by the histone octa
mer, only 118 negative charges remain to be distributed among 22 histone-fhee 
gaps in the model. This estimation is based on a simple assumption that all 
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the positively charged groups in the histones which are not neutralized by 
the negatively charged carboxyl groups in the proteins participate in the 
shielding of the DNA phosphates. This assumption is justified at least for 
lysine residues of histones all of which are shielded in chromatin against 
acetylation with acetic anhydride (Ref. 29)· This rough approximation 
suggests that on the average there may be as many as 5 negatively charged 
phosphate groups in each histone-free gap and all the other 5 phosphate 
groups are shielded in the adjacent DNA segments covered with histones. 
These estimations are in a good agreement with each other and with the re
sults of nuclease digestion experiments of Sollner-Webb et al. (Ref. 7) that 
are used in our model. 

Pig. 6. Two views of the arrangement of unshielded DNA phos
phates ( © ) in the linearized model of the core in Pig. 3 (Ref.7)· 
(A) View from the side of DNA unshielded by histones; the 
body of the histone octamer of the core is behind the DNA. 
(B) View 90° away ; the histone octamer body is at the bottom 
shown as a black strip. 

Pig. 6 shows the location of unshielded and neutralized phosphate groups 
(4 and 6 phosphates on each turn of one DNA strand, respectively) in a short 
segment of the linearized model of the core (Ref. 7)· According to Coulombs 
law, electrostatic repulsion between two charges is inversily proportional 
to the squared distance between them. The repulsion would therefore be most 
intensive between the nearest unneutralized phosphate groups of two DNA 
strands separated by the minor groove. The repulsion between unshielded 
phosphates separated by longer distances, for example, across the major 
groove, would be less significant. Thus, on these simple considerations the 
bending or even kinking towards the major groove (Ref. 25) could be the pre-
tominant manner of folding of the core DNA although some continuous deforma
tion or kinking towards the minor groove might also occur. It should be 
noted that the resultant force of repulsion between charges located across 
the minor groove appear to deviate from the axis of the double helix. It is 
tempting to speculate that this deviation might direct the formation of the 
left handed superhelix in the core DNA. This asymmetric electrostatic repul
sion produced by the lateral neutralization of DNA phosphates by histones, 
perhaps together with specific histone-histone interactions, can be the main 
component of the delicate balance of forces involved in the folding of the 
core DNA. The disturbance of this balance leading to the nucleosome unfold
ing can be brought about in vitro by the action of urea (Refs 30 & 31), low 
(Ref. 32) and high (Ref. 33) ionic strengths. 

Disturbance or modification of the asymmetric neutralization of DNA by 
histones might play an important role in folding-unfolding processes which 
may occur in nucleosomes during the DNA transcription and replication. Por 
example, no nucleosomal beads could be detected by electron microscopy in 
actively transcribed ribosomal genes. The DNA of these genes is also slight
ly less extended that the normal protein-free DNA (Refs 34-36). The disap
pearance of nucleosomes is likely to be due to their unfolding since these 
ribosomal genes are still covered by basic proteins (Refs 34 & 37)· 
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Changing from an asymmetric to a random on more non-asymmetric distribut
ion of unshielded phosphate groups in the core DNA could be brought about in 
many ways· For example, shifting histones along the DNA strands towards his-
tone-free gaps by a few nucleotides,neutralization of the basic residues in 
histones,by chemical modification (acetylation, phosphorylation), binding 
acidic non-histone chromosomal proteins, RNA polymerase or low molecular 
weight chromosomal RNA would all have the effect of disturbing the electro
static balance in nucleosome· Some of these processes probably regulate 
chromatin activity· The same reasoning could be applied to the DNA region 
covered with histone H1. Finally, nucleosomal unfolding could also break the 
chromatin higher order superstructure· 

It is also attractive to speculate that the proposed mechanism of the DNA 
bending caused by the asymmetric neutralization of DNA phosphates by pro
teins might be a major factor in increasing superhelicity of DNA catalyzed 
by DNA gyrase (Ref. 38)· 
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AS A TOOL FOR GENE-DIRECTED 
MUTAGENESIS 

R. I. Salganik and G. L. Dianov 
Institute of Cytology and Genetics of the USSR Academy of Sciences, 

Siberian Department, Novosibirsk 630090, USSR 

Abs t r ac t - Modified p o l y r i b o n u c l e o t i d e s c a r r y i n g a number of 
a l k y l a t i n g groups were used for a l k y l a t i o n of complementary 
s i t e s of DNA t o induce g e n e - d i r e c t e d m u t a t i o n s · P o l y f u n c t i o -
na l a l k y l a t i n g mus ta rd , Ν , Ν , ^ - ΐ ι Ι - ζ β - c h l o r o e t h y l ) - N f - ( p -
- formylphenylT-propylene d i a m i n e - 1 , 3 , m o i e t i e s were a t t a c h e d 
t o t he T7 phage e a r l y t r a n s c r i p t s through the a l i p h a t i c d i -
( J?> - c h l o r o e t h y l ) g roups · The aromat ic J& - c h l o r o e t h y l groups 
were a c t i v a t e d by t h e r e d u c t i o n of t h e ne ighbour ing formyl 
r e s i d u e s when i t was n e c e s s a r y fo r in t r acomplex a l k y l a t i o n 
of DNA· I t was demonstra ted t h a t modif ied t r a n s c r i p t s a l k y -
l a t e only t h e complementary H-s t rand of T7 DM and does no t 
i n t e r a c t w i t h L - s t r a n d · The t r a n s c r i p t s modif ied up to 4% 
were h y b r i d i z e d w i t h T7 DNA to form R-loops and then RNA mo
l e c u l e s were c o v a l e n t l y bound to t h e complementary DNA s i t e s 
due t o t h e a c t i v a t i o n of a l i p h a t i c a l k y l a t i n g groups · T7 DNA 
molecu les a l k y l a t e d by modif ied RNA's t r a n s c r i b e d from 0 · 3 
o r 1.3 T7 phage genes were used fo r t r a n s f e c t i o n of E«Coli . 
I n t h e progeny of phages gene ra ted by t h e t r a n s f e c t i o n only 
0 · 3 o r 1.3 gene mutan t s r e s p e c t i v e l y were i d e n t i f i e d · 

Complementary o l i g o n u c l e o t i d e s c a r r y i n g s i n g l e a l k y l a t i n g groups a t 3 ! o r 
5f ends, have been p r e v i o u s l y sugges ted a s s p e c i f i c dev ices for t h e c l e a v a 
ge of t h e DNA c h a i n i n t h e v i c i n i t y of t he end of t h e b a s e - p a i r i n g o l i g o -
n u c l e o t i d e O ) · However to so lve some b i o l o g i c a l problems one has to modify 
long s t r e t c h e s of DNA· Problems of t h i s k ind a r e d i r e c t e d mutagenes i s a s 
we l l a s complete i n a c t i v a t i o n of t h e genes s e l e c t e d · The b a s i c assumption 
was t h a t complementary p o l y n u c l e o t i d e s , c a r r y i n g a s e t of randomly a t t a c h e d 
a l k y l a t i n g groups , can be used a s a g e n t s a f f e c t i n g long s t r e t c h e s of DNA 
t h a t correspond to p a r t i c u l a r genes · Such p o l y a l k y l a t i n g p o l y n u c l e o t i d e s 
were sugges ted to be capab le of modifying t h e guanine and adenine r e s i d u e s 
s t r i c t l y a long t h e complementary s i t e s of DNA under c o n d i t i o n s of h y b r i d i 
z a t i o n . To. p r e p a r e RNA molecules c a r r y i n g a s e t of a l k y l a t i n g groups , p o l y -
func t i ona l n i t r o g e n mustard N , N , N f - t r i - ( Jfr - c h l o r o e t h y l J-N'-Cp-formylphe-
n y l ) - p r o p y l e n e d iamine -1 ,3 has been used ( see Note a ) · The s y n t h e s i s and p r o 
p e r t i e s of t h e compound w i l l be d e s c r i b e d e l s e w h e r e ( 2 ) · The h i g h l y r e a c t i v e 
a l i p h a t i c d i - ( £ - c h l o r o e t h y l ) group of t h e compound was u t i l i z e d t o a t t a c h 
i t c o v a l e n t l y t o RNA molecu le s · The r e a c t i v e c a p a c i t y of t he aromat ic y> -
- c h l o r o e t h y l group i s very low because of t h e i n h i b i t o r y e f f ec t of t he n e i -

f hbouring formyl r e s i d u e a t t h e pa ra p o s i t i o n of t h e benzene r i n g · However, 
he r e d u c t i o n of t h e fo ray l r e s i d u e can a c t i v a t e t h i s group· Sodium boron 

hydr ide was employed a s a r educ ing agent fo r t h i s purpose · The advantage of 
such governed a l k y l a t i n g groups i s t h a t t h e i r a c t i v a t i o n can be c a r r i e d out 
a f t e r h y b r i d i z a t i o n of t h e p o l y a l k y l a t i n g RNA to t h e complementary DNA s i t e -
Modified i n t h i s way RNA becomes capab le of a l k y l a t i n g s o l e l y t h e n u c l e o t i d e 
composing t h e complementary s i t e co r respond ing to t h e s e l e c t e d gene· 
Before app ly ing t h i s approach, we had to a s c e r t a i n whether t h e modo f led RNA 
remains capab le of forming a complementary complex w i t h r e l e v a n t DNA(or RNA) 
I n model exper iments , t h e c a p a c i t y of po ly I , p r e a l k y l a t e d w i t h N,N-di -

Note a · The a b b r e v i a t i o n used i s : PNM 
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- ( J3 -chloroethyl) -4-amino benzaldehyde(3) to form a complementary complex 
with poly C was assayed· The formation of the complex was manifest i n hy-
perchromism. As shown i n Table 1 , when not more than 10% of the inos ine r e 
s idues were modified, poly I was s t i l l able to form the complex with poly C· 

TABLE 1·. Effect of the extent of poly I modif icat ion on i t s 
capacity to form a complex with poly C and on the 
s t a b i l i t y of the complex 

Modif icat ion 
extent of 
poly I (%) 

Hyp erchromi sm 
during the for 
mation of the 
complex wi th 
poly C 

m* 

0 

1.1 

3.9 

8 .8 

9.9 

10.4 

11 .2 

31 

28 

28 

28 

22 

19 

0 

67 

63 

58 

57 

54 

45 

The complex was fonned i n 0.1 M phosphate buffer , pH 7 .0 , 
at 25°C 

However, the modif icat ion produced a decrease i n the Tm of the complex. 
When the modif icat ion ra te exceeded 4%, the s e n s i t i v i t y of poly I to KKTaee 
T«j rose sharply as a r e s u l t of the development of one-stranded l o o p s . 

6 8 

MODIFICATION 

10 12 

Pig . 1 . Etizymic hydro lys i s of the modified poly I i n poly 
I : poly C complexes under the e f f e c t of MAse T-. 
Hydrolysis was carried out for 2 hrs at 23°C i n 0.1 M po
tassium phosphate buffer , pH 7 . 0 . Concentration of MAse T-
was 20 un i t s /ml . Unhydrolyzed po lynuc leot ides were p r e c i p i 
ta ted with 0 .5 N perchlor ic acid for 20 min at 0°C and cen-
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tr i fuged at 5f000 r .p.m· for 10 min· 
The supernatant was hydrolyzed i n 0 .5 N perchlor ic ac id for 
20 min at 100°C. The opt ic dens i ty of the hydrolysate was 
measured at 248 nm· 

In view of these data 4-5% modif icat ion of complementary RNA was considered 
s u f f i c i e n t for our experimental purposes(4) · T7 phage was chosen as targe t , 
and the po lya lky la t ing d e r i v a t i v e s of the t r a n s c r i p t s from the early region 
of phage T7 were appl ied for the d irected gene modi f i cat ion . The T7 RNA mo
l e c u l e s were transcribed from T7 DNA by E . c o l i RNA polymerase(5) or extrac
ted from phage T7- infected E . c o l i ( 6 « 7 ) · The t r a n s c r i p t s were modified by 
PNM as fo l l ows · RNA was incubated wi th 0 · 8 mM of the reagent i n a 50% me-
thanol - 5·10"3 M Tris-HSl buffer,pH 7 . 5 , a t 25°C for 10 minutes . Paper chro-
matography of a l k a l i n e hydrolysate of the modified RNA demonstrated that 
the reagent i s cova lent ly bound to 10-12% of guanine and to the same amou?-
n t s of the adenine r e s i d u e s . No modified d e r i v a t i v e s of cy tos ine and urac i l 
were recovered· The t o t a l y i e l d of modified base res idues was 5-6% ( 8 ) . 
According to Minkley(9) , t ranscr ip t ion occurs s o l e l y on the H-strand under 
condi t ions where E . c o l i RNA polymerase i s used to transcribe T7 DNA. Pre
vious experiments""witii the incubat ion of prepared t r a n s c r i p t s with the H-
and L-strands of T7 DNA have shown that , i n s p i t e of modi f icat ion , the 
t ranscr ip t s are s e l e c t i v e l y hybridized only to the H-strand l i k e the i n t a c t 
ones are ( 8 , 1 0 ) . 
A point of major i s s u e was to a scer ta in whether or not the po lya lky la t ing 
RNA i s able to provide the highly s e l e c t i v e a l k y l a t i o n of the complementary 
DNA strands. D i scre te T7 early RNA with tr i t ium l a b e l l e d guanine res idues 
was generated by E . c o l i RNA polymerase t r a n s c r i p t i o n of T7 DNA. Being a t t a 
ched to RNA, the po lya lky la t ing reagent a l k y l a t e s only the guanine and ade
nine r e s i d u e s ( 9 ) . The t r a n s c r i p t s were treated with the polufunct ional r e 
agents , and, as a r e s u l t , the 3H-guanine m o i e t i e s acquired p o t e n t i a l l y ac 
t i v e a lky la t ing groups. The modified t r a n s c r i p t s were incubated with the 
H- or L-strands of T7 DNA under hybridizat ion condi t ions and then the poten
t i a l l y a c t i v e a l k y l a t i n g groups, carr ied by the t r a n s c r i p t s , were ac t iva ted 
by reducing the neighbouring formyl res idues wi th sodium boron hydride· As' 
a r e s u l t of the a lky la t ion r e a c t i o n , the -^H-transcripts were cova lent ly bo
und to the corresponding DNA base m o i e t i e s · Hybridization of the polyalky
l a t i n g 3 H-transcr ipt (1 y*g/ml) wi th the H-strand of T7 DNA (10ji/g/ml) was 
carr ied out for 12 hrs at 25°C i n a 0.01 M Tris-KJl buffer , pH 7.5*contain-
ing 0 .3 M sodium ch lor ide and 40% formamide. The react ion mixture was d i l u 
ted with 0.01 M Tris-HCl (pH 7 .5 ) to achieve a 20% so lut ion of formamide. 
The aromatic a l k y l a t i n g groups were ac t iva ted with 0.01 M sodium boron hy
dride for 30 min at 25°C For intracomplex a l k y l a t i o n of DNA, the react ion 
mixture was add i t i ona l ly incubated for 120 min at 40°C. Nucleic ac ids were 
prec ip i ta ted with two volumes of ethanol . The p r e c i p i t a t e was d i s so lved i n 
small amounts of 90% foimamide and incubated for 30 min at 37°C to denatu-
ra te the complementary i n t e r a c t i n g strands of DNA and RNA(11 ) · Thereafter 
50 volumes of 0.01 iff Tris-HCl (pH 7 . 5 ) , 100jug of pancreatic RNAse and RNAse 
T-j (30 u n i t s of a c t i v i t y ) were added to hydrolyse the unbound RNA which was 
freed from the RNA-DNA hybrids. RNA enzymic hydro lys i s was performed for 
120 min at 25°C. Under these cond i t i ons , only the cova lent ly bound parts of 
RNA remained attached to DNA, being r e s i s t a n t to enzymic hydro lys i s . The 
hydrolysate products were separated from po lynuc leot ides by ge l f i l t r a t i o n 
on Sephadex G-50 columns. 
Incubation of po lya lky la t ing RNA with the L-strand of T7 DNA, as we l l as 
subsequent treatment, were a l l performed i d e n t i c a l l y . In the contro l expe
riments, the H- and L-strands were hybridized to the unmodified t r a n s c r i p t s . 
I t was found that the l a b e l l e d guanine res idues of the RNA, which carr ied 
a lky la t ing groups, were cova lent ly bound to the It-strand of T7 DNA, but not 
to i t s L-strand ( F i g . 2 ) · From these experiments, i t i s obvious that the mo
d i f i e d t r a n s c r i p t s a l k y l a t e only the complementary H-strand. In s p i t e of 
t h e i r high a c t i v i t y , the a l k y l a t i n g groups carr ied by RNA do not i n t e r a c t 
with the non-complementary L-strand, under cond i t ions optimal for hybridi 
za t ion . The data i n d i c a t e that the complementary i n t e r a c t i o n of po lya lky la 
t i n g RNA with the re levant DNA ensures very high s p e c i f i c i t y of a l k y l a t i o n . 
To modify the d i s c r e t e early gene of T7 phage, corresponding indiv idual RNA 
transcr ip t s were obtained. These 3^P l a b e l l e d T7 early RNA1s were separated 
by e lec trophores i s i n 2.25% polyacrylamide - 0.5% agarose g e l s . By e l e c t r o -
e lu t ion and subsequent phenol e x t r a c t i o n , t h e ind iv idua l RNA, corresponding 
to the gene 1.3» and the RNA1s, corresponding to the genes 0 .3 and 1.1,were 
i s o l a t e d . I t i s wel l e s tab l i shed that 1.3 gene s p e c i f i e s T7 l i g a s e while 
0 .3 gene codes the prote in respons ib le for overcoming host r e s t r i c t i o n . The 
function of 1.1 gene i s unknown(12,13)· 
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Fig· 2· Sephadex G-50 elution p ro f i l e s of RNAse t rea ted · 
H-strands (a) and L-strands of T7 DNA (b) a f te r react ion 
with 3H-GTP label led polyalkylat ing t r ansc r ip t of T7 early 
genes under hybridization condit ions· The l e f t par t of the 
figure i s magnified· The arrow ind ica tes the posi t ion of 
DM elut ion· 

The i so la ted RNAfs were modified by treatment with the P U as described abo
ve· As a r e s u l t , PNM was attached to 3-4% of the RNA base moiet ies · Modifi
ed individual T7 RNA's, carrying a lkylat ing groups, were employed for obta i 
ning T7 DNA with the corresponding R-loopsu4 )· After ac t ivat ion of these 
a lkylat ing groups by the reduction procedure, the RNA molecules in the R-
-loops are bound covalently to DNA and, unlike unmodified RNA, cannot be r e 
moved by denaturation· By means of electron microscopy, the R-loops formed 
by the covalently bound T7 early RNA's were located a t one end of the T7 
DNA. where the R-loops formed by the unmodified T7 early RNAfs are located 
(14)· As suggested, the modified T7 early RNA's a lkyla te cor rec t ly the com
plementary DNA s i t e s · 
The T7 DNA with covalently bound RNA* s of the selected genes was used for 
the transfect ion of E*coli C 1757, a s t r a in bearing an amber suppressor and 
lacking r e s t r i c t i o n a c t i v i t i e s · The i n a b i l i t y of T7 mutants to overcome host 
r e s t r i c t i o n systems and l igase deficiency were tes ted in several B and C 
s t r a ins of E»coli« When tranfect ion was effected with T7 DNA having an R-
-loop forme! by the polyalkylat ing 1.3 RNA, plaques were iden t i f i ed conta i 
ning only 1.3 gene mutants, which were unable to p la te in the l igase de f ic i -en*k E*coli BL 2 s t r a in · 25 plaques were iden t i f i ed in the progeny of phages, 
generated by transfect ion with T7 DNA having an R-loop formed by the poly
alkylat ing 0·3 and 1.1 RNA*s; of these, 3 contained 0·3 gene mutants( 15)· 
The data reported here offer evidence to show the pos s ib i l i t y of addressed 
mutagenesis by means of polyalkylat ing polynucleotides complementary to the 
selected genes· The modified polynucleo t ides may be applied in vivo a t the 
periods of DNA repl ica t ion when one-stranded regions asses ib le to hybridiza
t ion and highly sens i t ive to a lkylat ion appear(16)· 
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Abstract - A new type of polymeric support is suggested for 
solid phase synthesis of oligonucleotides prepared by modi
fication of polysterene grafted on the surface a polytetra-
fluoroethelene support. The adequacy of the support is 
exemplified with the synthesis of a number of 6-15 nucleoti-
de long chains. To increase the yield of the target product 
in terms of the diester scheme, an approach was developed 
based on the step-wise blocking of the internucleotide phos
phate by anilide group introduced via triphenyl-phosphine-
carbon tetrachloride complex. The synthesis has been carried 
out in a semiautomatic device with a column type reactor; 
addition of the nucleotide takes on an average 12 hours. 
For the triester solid phase method, an effective scheme of 
block synthesis of oligonucleotides without condensing agents 
and with 3,-5*-end chain elongation has been elaborated. 
INTRODUCTION 

Synthetic oligodeoxyribonucleotides of a required structure can be used for 
solving some important problems of molecular biology (1,2). Hence the neces
sity of rapid methods for the synthesis of these compounds. The adequacy of 
any such method is judged by the rate of synthesis that should be high, by 
simplicity and reproducibility. The task is facilitated by the fact that 
the chains to be synthesized should not contain more than 12-15 nucleotides 
as they can be elongated into polymers by enzymatic methods. 
The triester methods that is being developed in some laboratories (2-5) is 
the most advantageous; so is the procedure based on the use of polymeric 
supports (6-9) and it is the solid phase method that is most satisfying, as 
the high rate here is combined with total automation. The key problems in
volved in this method are the following: 
1. A support with an optimal macromolecular structure should be selected and 
methods of its preparation elaborated. 
2. A method for the synthesis of the internucleotide bond should be chosen. 

RESULTS AND DISCUSSION 
The results that we have obtained in a systematic study of polymeric sup
ports of different structure (9,10) have allowed a new type of support (11) 
to be suggested for the synthesis of oligonucleotides. This carrier combines 
the best properties of the polymeric supports studied previously. The support 
has been obtained by chemical modification of polystyrene grafted on the 
surface of polytetrafluoroethylene by irradiation. The amount of grafted 
polystyrene can be varied from 10 to 5056 of the weight of teflon. The resul
ting polymer, depending on the degree of grafting, can be used as a support 
for synthesis of biopolymers with the amount of ancher groups of 0.1-0.2 
mmol/g, or as a solid phase reagent (for example, polystyrenesulphochloride) 
of a capacity of 2.5 mmol/g. 
As the reaction centres are localized on the surface of the granule, the 
role of the diffusion decreases, and the high conformational mobility of 
polystyrene chains that are not cross-linked by divinylbenzene, can decrease 
the eteric hindrances both in modification of the polymer and in the eynthe-
F.B.C.—N 375 
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y 
POLYSTYRENE CHAIN 

(wwww\) 
sis of oligonucleotides. The support possesses a low sorptional activity 
and swells very moderately due to the teflon being extremely inert to all 
reagents and solvents· The major difference between a grafted support and 
any cross-linked polymers is that the former allows an extensive (30-50%) 
modification when introduced into anchor groups· Owing to the great depth of 
the modification, as early as at the first steps of the synthesis the nature 
of the grafted phase changes. For example, the greater is number of inter-
nucleotide phosphate groups in an oligonucleotide synthesized by the diester 
method, the lower is the hydrophobicity of polystyrene. Thus, a grafted car
rier, owing to its being highly loaded, lacks the major drawback of styrene 
polymeres, i.e. the incongruence between the hydrophobicity of the supports 
and the polar nature of oligonucleotides synthesized on them. 
Studying the characteristics of the supports, we synthesized on them a num
ber of oligonucleotides of the deoxy series with a chain length of 6-15 nuc-
leotides. To compare our results with those for polar supports (6,7), the 
oligonucleotides were synthesized by the standard diester scheme (1), with 
the nucleotide component being preactivated as in (12) at every step. The 
anchor group was the well-explored methoxytrityl group which can be readily 
introduced to the polymer via a two-step modification (11). A two-fold excess 
of triisopropylbenzenesulphonylchloride over that of the mononucleotide was 
used for condensation in all cases. The excess of the mononucleotide grew 
as did the oligonucleotide chain from 5-fold at the first step to 10 to 12-
fold at the last, the reaction at the internucleotide phosphate group being 
taken into consideration. 

^-MeOTr-N'-^^^-MeOTr-^pN^Ac) -

'OH )-MeOTr-NpN PN*(Ac) 
TPS 

MeOTr-N'pNapNs- pNn 

N = dT,danC, db*A,dibG 

TP5»2,4.6-(i-C8Mr)5 C6H2S02CL 
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The full synthesis of the nucleotide chain consists of seven successive 
standard operations and lasts 8 hours* The synthesis was performed in a se
miautomatic synthesizer with a column type reactor. During synthesis the ac
tivated mononucleotide is pumped through the cycle, and at the washing and 
deblocking stages, the products are discharged. To control the quality of 
the washing of the polymer from the reagents, a conductometric flow-cell 
was used. At the intermediate steps and at the end of the synthesis, the 
oligonucleotide on the polymer is totally deblocked by treatment with con
centrated ammonia (50°, 12 hours). The mixture of oligonucleotides is remo
ved from the support by treatment with Λ% trifluoroacetic acid at -30°C and 
fractionated by ion exchange chromatography on DEAE cellulose as described 
by Tomlinson and Tener, pH 7.5. The results are shown in the Table. The 
first six oligonucleotides are fragments of encephaline gene, the rest are 
primers for reverse transcription for oncornavirus RNA. 

Table 

Nos 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 

The yields 

Oligonucleotide 
<Α26θ· 1 ° " 3 ) 

CATGTA (67) 
TGGGGGG (81) 
CCCATACA (83) 
AGGAACCC (92) 
AGCTTCAA (90) 
TTCCTTTGA (86) 
TTTTTGTGG (89) 
TATAATG (83) 
TATAATGCAT (116) 
(T)15 (132) 

of oligodeoxyribonuc 

Initial 
nucleo-
side on 
polymer 
(μπιοΐββ) 

17 
12 
11 
8 
11 
12 
34 
7 
5 
4.8 

ileotides 

Isolated 
oligonucleotide 
A260 ^olee 

70 
15 
30 
25 
20 
60 
160 
100 
35 
130 

1.04 
0.18 
0.36 
0.27 
0.22 
0.70 
1.60 
1.20 
0.30 
1.00 

Yield 
(per 
cent) 

6.1 
1.6 
3.3 
3.5 
2.0 
5.8 
4.7 
17.0 
6.0 
20.00 

As seen in the Table, the best results are obtained in the syntheses of po-
lypyrimidine sequences (VI, VII) and worst in the synthesis of oligoguanila-
te (II). The fractionation profiles of the total products of synthesis for 
oligonucleotides II and VII are shown in Pig. 1 and Pig. 2. 

[NaCl] M 

0.10 

0.10 

100 1fO loo 
Pig. 1. Pig. 2. 
Column chromatography on EEAE-cellulose (DE-32), column 
0.9x20 in linear gradient of 0.1-0.3 M NaCl, 7 M urea, 0.01M 
Tris-HCl buffer, pH 7.5. Fractions of 3 ml were collected 
every 8 min. 
Pig. 1. Synthesis of d(TGg). Pig. 2. Synthesis of d(T5GTG2) 
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The zones corresponding to the target product were isolated and rechromato-
graphed by the same method at pH 3.5. The homogeneity of all oligonucleoti-
des was proved by polyacrylamide gel electrophoresis after introduction of 
a 32p-iabelled phosphorous acid residue to the 5'-end of the chain by means 
of T4 phage polynucleotide kinase. The base sequence was determined by the 
modified method of Maxam-Gilbert (13). Determination of the composition of 
the reaction mixture after every step of synthesis, which was carried out 
for all the synthesized oligonucleotides, has clearly shown that excess of 
the condensing agent is a negative factor. Cleavage of the internucleotide 
bonds, which occurs at every step, leads to increase of the relative amount 
of low molecular weight components, the process becoming especially pronoun
ced at the final steps» 
Breakage of an oligonucleotide chain can bring about activation of the in
ternucleotide phosphorous atom, and the only way to avoid it is to block 
the internucleotide phosphorus residue, i.e. to use the triester synthesis· 
There are two possibilities here: 
a) blocking of the diester phosphate group after each chain elongation or 
b) performing the whole synthesis by the triester method, when the inter
nucleotide linkage is formed with the participation of the activated nucleo
tide diester. 

,<_P!L. 
TPS 

N1+i>PNJ # - N > N * 
I 

X 

where X is a protecting group, Y is a phosphate activating group, C.A. is a 
condensing agent. 
Realization of the first scheme will require a protecting agent that would 
be resistant to alkali used to remove the acetyl residue from the 3'-end of 
an oligonucleotide; a fast, mild an effective method for introduction of 
such group to the oligonucleotide and its removal at the completion of syn
thesis should be elaborated. 
It turned out than an anylide group that is readily introduced to an oligo
nucleotide with the help of triphenylphosphine-carbon tetrachloride as a 
condensing agent (14) and easily removed by treatment with isoamylnitrite 
(15), meets very well the above requirements. 

%— M eOTr-T 
pdA| 
TPS 

bz 
MeOTr-TpA 

PhNMz 
Ph,P,CCU 

* * nT 
MeOTr-TpA-^-

HNPh 

1) i-CeHnONO 
a)1%F3CC00M,-30e 

d (T-A-T-A-A-T-G-C-A-T) 
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Synthesis of oligonucleotides VIII-X performed in accordance with this 
scheme showed that the amount of low molecular weight components in the fi
nal mixture (Pig. 3) of oligonucleotides is significantly lower compared to 
that obtained by the diester synthesis. The yield increases more than two
fold 

Bfcto tqao 

100 
Pig. 3. Column chromatography on DEAE-cellulose (DE-32), 

column 0.2x20 in linear gradient of 0.1-0.3 M NaCl, 
7 M urea, 0.01 M Tris-HCl buffer, pH 7.5· Fractions of 3 ml 
were collected every 8 min. Synthesis of d(TATAATGCAT) 

This approach is a good combination of the advantages of the diester method 
(accessibility of the initial protected mononucleotides and the reproducibi-
lity of all operations) and those of the triester method (absence of reac
tions involving the internucleotide phosphate group). 
We believe that the use of polymeric supports in the triester method that 
is specially designed for the solid phase version is very promising. Our 
detailed study of the various aspects of the problem which included our pre
vious results about the synthesis of oligonucleotides without condensing 
agents (9,16) and the new data (2-5*8) has allowed us to choose a scheme of 
triester synthesis that is optimal for the solid phase version. 

(MeO)aTr-NVx8p-0 -(MeO)aTr-N8p-X 
0 

(U^-% — (Μβ0)2ΤΓ-Ν*ρΝ<-| | -^ 
I 

0 
— N*pN<—φθ- Nnp ···· NapN1 

0 0 0 

(i> 

X is 1.2.4 - triasol-I-yl, and N-deoxynucleoside with protected isocyclic 
amino group, 0 is a p-chlorphenyl. 
The synthesis proceeds via a reverse scheme, i.e. the first nucleoside is 
attached to the polymeric support via the 3'-hydroxy group. Activated nuc-
leotide (1) is obtained in solution by treatment with 5f-0-dimethoxytrityl-
nucleoside with a stoichiometric amount of a phosphorylating complex (PC), 
i.e. p-chlorphenyldichlorphosphate-1.2.4-triazol-N-benzylimidazole 
(1:4:16) in acetonitryl solution. The formation of the internucleotide bond 
occurs after the interaction of activated nucleotide (1) with a more reac
tive 5f-hydroxy group of the nucleoside on the polymer. The removal of di-
methoxytrityl protective group is performed by mild acidic treatment with 
simultaneous quantitative control (and yield determination) by spectrophoto-
metric measurements in the visible region. 
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The study and improvement of all the steps of the scheme is exemplified by 
the synthesis of octanuoleotide d(TGCACATG) that is self-complementary at 
all the four terminal bases and capable of forming a DNA-like duplex: 

5f··. T-G-C-A-C-A-T-G T-G-C-A-C-A-T-G •..3' 
I I I I I I I I I I I I 31. . ♦ G-T-A-C-A-C-G-T G-T-A-C-A-C-G-T .·· 5f 

The oligonucleotidee of such structure are handy objects for elaborating 
optional conditions for every step, as, being internally symmetrical, they 
contain only two types of dinucleoside-phosphate blocks, i#e· d(TpG) and d(CpA)· The scheme of their synthesis is given below 

(MeqtTrtf - $ J F - (MeOiTrl^p-X 

- * — N W (2o)or(2g) (3)N1=6HC,N2=62A 
0 

The yield at the first step is almost quantitative, at the second step is 
85% (the pure substance isolated by column chroraatography on silica gel)· 
Part of protected blocks (2) and (3) was deblocked and used as a nucleoside 
component in the assembly of an octanucleotide via a (2+2)+(2+2) scheme: 

1.RC C2)-5gr(Me(%TrTn6?C?A (i) 
e> a a 

© 1^'<Μ«0λΤ,·( :?ΑϊΤΡ6 - ^ C p A ^ G (5) 
er at & L· & & 

1.PC. (Al-^^TrTpG^ApC^A^G 
or 0 0 0 a 0 of 

Our study has demonstrated that whatever the size of a block, the phospho-
rylation step terminates within 10-15 min and addition of a nucleoside block 
within 2 hours· 
Thus, realization of this scheme with the use of polymeric supports allows 
the time of synthesis to be reduced 2 to 3-fold compared to the diester 
scheme« 
There is no doubt that with a machine-aided solid-phase method oligonucleo
tidee will become available and this will mean further progress in the nuc
leic acids chemistry, molecular biology and genetic engineering. 
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Abstract - The restriction endonuclease Eco RI splits the 
phage Λ imm 434 DNA at 6 sites. The smallest of the 
formed fragments Eco RI-G contains the operator OR and 
promoters PR and P^, gene cro and N-terminal part of the 
gene CI of the phage 434· λ DNA portion of the fragment 
contains the sequences of P0 promoter, the gene CII and 
of the gene 0 N-terminal part· The complete primary 
structure of the Eco RI-G fragment was determined. It con
sists of 1287 base pairs of which 361 belong to the immu
nity region of the phage 434· The amino-acid sequences of 
the phage 434 protein cro and N-terminal part of the CI 
repressor were deduced from the nucleotide sequence. The 
proposed sequences of the phage Λ CII protein and of the 
N-terminal part of 0 protein was also obtained. The se
quence of the phage 434 promoter-operator region is quite 
different from that of the phage y\ . 

INTRODUCTION 
Studies on the mechanism of E.coli RNA polymerase activity could probably 
be much more informative, if the templates containing a single or at least, 
a few promoters with known primary structure were used. Recently (1 ) we 
have detected that the phage λ imm 434 DNA was splitted by restriction 
endonuclease Eco RI at 6 sites (Fig. 1). 

M I II II 
0.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 

I I I I I I I I ■ .1 ■ I 

A EV K J aTT exo | !oP Q SR 
i I 

imm434 
T — I 

B C G D 

Pig, 1. Map of the Eco RI cleavage sites in A imm 434 DNA. 
The positions on the map are related to the left terminus 
of the DNA taken as 0. The endpoints of the imm 434 
region are indicated by the dotted lines. The Eco RI 
cleavage sites are represented by arrows. The localiza
tions of the genes are shown below the map. The fragment 
Eco RI-G with the structure determined is given black. 

The smallest of the formed fragments -Eco RI-G- was shown to direct the 
synthesis of the short oop-RNA (2) and, therefore, contains P0 promoter. Prom the comparison of its position on the physical map of J{ imm 434 (1 ) 

F.B.C.—N* 383 
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with the genetic map of the corresponding region of the phage ,λ DNA-(3,4) 
it may be concluded that Eco RI-G fragment includes the phage 434 gene 
cro and gene CII of the phage _/\ . 

We used this fragment to study the interactions of RNA polymerase with 
the substrates during the initiation of the RNA synthesis (5). The ana
lysis of the obtained results permitted supposition that the additional 
promoter is present in the fragment* To get a deeper insight into the 
processes of the transcription of the fragment we have established its 
primary structure· 
The structure determination* 
The cleavage sites locations in the Eco RI-G fragment of the imm 434 D M 
for different restriction enzymes and the schematic representation of the 
sequence determination are shown in Fig* 2. 
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Pig. 2* Cleavage sites locations of different restriction 
enzymes in the Eco RI-G fragment of y\ imm 434 DNA (a) 
and the schematic representation of the sequence determina
tion (b). The whole length of the fragment-1287 base 
pairs (b.p. ). The vertical arrows indicate the cleavage 
sites of Hpall - V , TaqI f , Hindll - f and of Bglll -
- 9 . The open arrows indicate the left-ward and right-
ward RITA transcripts from the promoters PR, Pmi and P0. The positions of the operator OR and genes cro, CII and 0 
are shown below the map* The horizontal arrows (b - 1) 
represent fragments and their strands selected for 
sequence analysis* The arrows directed from left to right 
correspond to the 1-strand. The r-strand is represented 
by the opposite directed arrows* The solid parts of the 
arrows indicate the fragment region with the sequences 
established* ->*P Labelled 5 '-ends are marked by full 
circles. In the cases when fragments for the sequence de
termination were obtained by additional cleavage with the 
second restriction endonuclease, each of them is repre
sented by a single arrow directed to the site of the second 
splitting. If the labelled at a single terminus fragments 
were obtained by strand separation they are represented by 
the parallel opposite directed arrows* 

The sequences of the digestion products were determined by Maxam-Gilbert 
technique (6), using the partial apurinization with formic acid to locate 
the purines positions as it has been described by us (7) and other 
authors (8). To separate the radioactively labelled termini the fragments 
were cleaved by treatment with a second restriction endonuclease or their 
strands were separated as shown in Pig. 2. 
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The obtained sequence is presented in Fig, 3· 
AATTCTTTTGCTTTTTACCCTGGAAGAAATACTCATAAGCCACCTCTGTTATTTACCCCCAATCTTCACA 
TTAAGAAAACGAAAAATGGGACCTTCTTTATGAGTATTCGGTGGAGACAATAAATGGGGGTTAGAAGTGT 
IleArgLysSerLysValArgSerSerlleSerfmet 

AGAAAMCTGTATTTGACAMCMGATACATTGTATGAAAATACMGAAAIGTTTGTTGATGGÄGGCGATA 
TCTTTTTGACATAAACTGTTTGTTCTATGTAACATACTTTTATGTTCTTTCAAACAACTACCTCCGCTAT 

fmetGlnThrLeuSerGluArgLeuLysLysArgArglleAlaLeuLysMetThrGlnThrGluLeuAlaThr 
TGCAAACTCTTTCTGAACGCCTCAAGAAGAGGCGAATTGCGTTAAAAATGACGCAAACCGAACTGGCAAC 
ACGTTTGAGAAAGAGTTGCGGAGTTCTTCTCCGCTTAACGCAATTTTTACTGCGTTTGGCTTGACCGTTG 

LysAlaGlyValLysGlnGlnSerlleGlnLeuIleGluAlaGlyValThrLysArgProArgPheLeu 
CAAAGCJCGGTGTTAAACAGCAATCAATTCAACTGATTGAAGCTGGAGTAACCAAGCGACCGCGCTTCTTG 
GTTTCGGCCACAATTTGTCGTTAGTTAAGTTGACTAACTTCGACCTCATTGGTTCGCTGGCGCGAAGAAC 

PheGluIleAlaMetAlaLeuAsnCysAspProValTrpLeuGlnTyrGlyThrLysArgGlyLysAla 
TTTGAGATTGCTATGGCGCTTAACTGTGATcbGGTTTGGTTACAGTACGGAACCAAACGCGGTAAAGCCG 
AAACTCTAACGATACCGCGAATTGACACTAGGCfcAAACCAATGTCATGCCTTGGTTTGCGCCATTTCGGC 

imm434 
AlaTer ~Ί 
CCTAAGACATT|CCCGCTCTTACACATTCJCAGCCCTGAAAAAGGGCATCAAATTAAACCACACCTATGGTG 
GGATTCTGTAAGGGCGAGAATGTGTAAGGTCGGGACTTTTTCCCGTAGTTTAATTTGGTGTGGATACCAC 

fmetValArgAlaAsn 
TATGCATTTATTTGCATACATTCAATCAATTGTTATCTÄÄGGAAATACTTACATATGGTTCGTGCAAACA 
ATACGTAAATAAACGTATGTAAGTTAGTTAACAATAGATTCCTTTATGAATGTATACCAAGCACGTTTGT 

LysArgAsnGluAlaLeuArglleGluSerAlaLeuLeuAsnLysIleAlaMetLeuGlyThrGluLysThr 
AACGCAACGAGGCTCTACGAATJCGAGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGAC 
TTGCGTTGCTCCGAGATGCTTAG9TCTCACGCAACGAATTGTTTTAGCGTTACGAACCTTGACTCTTCTG 

AlaGluAlaValGlyValAspLysSerGlnlleSerArgTrpLysArgAspTrpIleProLysPheSer 
AGCGGAAGCTGTGGGCGTTGATAAGTCGCAGATCAGCAGGTGGAAGAGGGACTGGATTCCAAAGTTCTCA 
TCGCCTTCGACACCCGCAACTATTCAGCGTCTAGTCGTCCACCTTCTCCCTGACCTAAGGTTTCAAGAGT 

MetLeuLeuAlaValLeuGluTrpGlyValValAspAspAspMetAlaArgLeuAlaArgGlnValAlaAla 
ATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTIlGACGACGACATGGCTiCGATTGGCGCGACAAGTTGCTGC 
TACGACGAACGACAAGAACTTACCCCCCAGCAACTGCTGCTGTACCGAGCTAACCGCGCTGTTCAACGACG 

IleLeuThrAsnLysLysArgProAlaAlaThrGluArgSerGluGlnlleGlnMetGluPheTer 
GATTCTCACCAATAAAAAACGCCgGGCGGCAACCGAGCGTTCTGAACAAATCCAGATGGAGTTCTGAGGT 
CTAAGAGTGGTTATTTTTTGCGGGClCGCCGTTGGCTCGCAAGACTTGTTTAGGTCTACCTCAAGACTCCA 

CATTACTGGATCTATCAACAGGAGTCATTATGACAAATACAGCAAAAATACTCAACTTCGGCAGAGGTAA 
GTAATGACCTAGATAGTTGTCCTCAGTAATACTGTTTATGTCGTTTTTATGAGTTGAAGCCGTCTCCATT 

O-protein: ValAlaAspLeuAspAspGlyTyrAlaArgLeuSerAsnMetLeuLeu 
CTTTGCCGGACÄGGÄGCGTAATGTGGCAJGATCT|CGATGATGGTTACGCCAGACTATCAAATATGCTGCTT 
GAMCGGQCTGTCCTCGCATTACACCGTCTAG^GACACTACCAATGCGGTCTGATAGTTTATACGACGAA 

GluAl aTy r S e r GlyAl aAspL euThrLy s Ar gGlnPheLy s ValL euL euAl a l 1 eL euAr gLy sThr 
GAGGCTTATTCGGGCGCA|GATCTGACCAAGCGACAGTTTAAAGTGCTGCTTGCCATTCTGCGTAAAACCT 
CTCCGAATAAGCCCGCGTCTAÖACTGGTTCGCTGTCAAATTTCACGACGAACGGTAAGACGCATTTTGGA 



386 Primary Structures of the Phage 434 Promoters 

TyrGlyTrpAsnLysProMetAspArglleThrAspSerGlnLeuSerGluIleThrLysLeuProValLys 
ATGGGTGGAATAAACCAATGGACAGAATCACCGATTCTCAACTTAGCGAGATTACAAAGTTACCTGTCAA 
TACCCACCTTATTTGGTTACCTGTCTTAGTGGCTAAGAGTTGAATCGCTCTAATGTTTCAATGGACAGTT 

ArgCysAsnGluAlaLysLeuGluLeuValArgMetAsnllelleLysGlnGlnGlyGlyMetPheGly 
ACGGTGCAATGAAGCCAAGTTAGAACTCGTCAGAATGAATATTATCAAGCAGCAAGGCGGCATGTTTGGA 
TGCCACGTTACTTCGGTTCAATCTTGAGCAGTCTTACTTATAATAGTTCGTCGTTCCGCCGTACAAACCT 

ProAsnLysAsnlleSerGluTrpCysIleProGlnAsnGluGlyLysSerProLysThrArgAspLys 
CCAAATAAAAACATCTCAGAATGGTGCATCCCTCAAAACGAGGGAAAATCCCCTAAAACGAGGGATAAAA 
GGTTTATTTTTGTAGAGTCTTACCACGTAGGGAGTTTTGCTCCCTTTTAGGGGATTTTGCTCCCTATTTT 

ThrSerLeuLysLeuGlyAspCysTyrProSerLysGlnGlyAspThrLysAspThrlleThrLysGluLys 
CATCCCTCAAATTGGGGGATTGCTATCCCTCAAAACAGGGGGACACAAAAGACACTATTACAAAAGAAAA 
GTAGGGAGTTTAACCCCCTAACGATAGGGAGTTTTGTCCCCCTGTGTTTTCTGTGATAATGTTTTCTTTT 

ArgLysAspTyrSerSerGluAsn 
AAGAAAAGATTATTCGTCAGAGAATT 
TTCTTTTCTAATAAGCAGTCTCTTAA 

Fig. 3* The complete sequence of the Eco RI-G fragment of 
TVimm 434 DNA. The 1, strain is on the top. The right 

boundary of the phage""434 .immunity region and the cleavage 
sites of different restriction endonucleases are indicated. 
The stars mark the nucleotides complementary to the 3 f-end 
of the ribosomal 16S RNA. The initiating codons are un
derlined. The terminating codons are shown by symbol Ter. 
Peptides, corresponding to the nucleotide sequences are 
arranged near to the strand with the sequence adequate 
to ra-RNA. 

Eco RI-G fragment of the ^iram 434 DNA consists of 1287 base pairs. The 
part which belongs to the phage 434 immunity region is the left part of 
the fragment, as it may be concluded from direction of the oop-RNA gene 
(2). The position of the end-point of the phage 434 immunity region has 
been derived from the comparison of the fragment structure with the se
quence of the corresponding phage Ji region (9). 
The phage 434 sequence consists of 361 b.p. and the rest of the fragment 
contains the phage ^ DNA sequences. 
The structure of the imm 434 region. 
Basing on electron microscopy data (the results will be published else
where; it may be concluded that the RNA polymerase forms the stable comp
lex within the phage 434 immunity region of the Eco RI-G fragment. More
over, the fragment directs the synthesis of two relatively short proteins 
in cell-free coupled transcription-translation system. There are two 
combinations of the initiating codons ATG with the stretches of several 
nucleotides complementary to the 3'-end of ribosomal 16S RNA. The combina
tions might provide the sites of the translation initiation (10-12). One 
of them is arranged in the 1-strand and corresponds to the reading frame 
which could be read for 71 aminoacids residues· The termination of the 
protein is signalled by an ochra TAA codon,which is situated near to the 
end-point of the immunity region. The position of the coding sequence is 
analogous to that of the cro gene in the phage }V DNA (9)· Therefore it 
appears reasonable to assume that the sequence represents the gene cro of 
the phage 434· The corresponding protein has 5 aminoacid residues more 
than the cro protein of the phage (13). This result is in agreement 
with the recently reported molecular weights of the proteins (14). Another 
potential initiating combination is arranged in r-strand of the fragment 
(position 33-46, Pig. 3 )· It perhaps, provides the sites of initia
tion of the phage 434 CI repressor translation. The fragment contains 
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information for N-terminal amino acid residues of the protein, 
It is of interest to compare the sequences of the regions which are 
arranged between the sites of the translation initiation in the phage 434 
DNA and in DNA of the well-known phage JV (15)· The comparison (Pig. 4) 
indicates that though the translation initiating sites are arranged 
analogously in both cases, the sequences of the intervals, which obviously 
contain promoters PR and Pj^ and operator OR (4) are quite different* 

c l 
/ ΐΑΑ/*/*/«Α·Ι*ΑΑ AM« λ *!Ό·η A A /"< A η η / ΐ Τ / ι / Ί η » Ρ / " Ι * ηη A rvwi A mqirpî * n ^*m svr* Λ Λ « * GTGCTCÄiACGTTAAATCTATCACCGCMUiG^ j» 

CACGAGTATGCAATTTAGATAGTGGCGTTCCCT^ 5· 

c I I 1 H II L . L_CTO 
ATACTCATAAGCCACCTCTGTTATTTACCCCCAATCTTCACMGAAAAACT^^ 
TATGAGmTCGGTGGAGACAATAMTGGGGGTTAGAAGTGri^ 

Pig· 4· Comparison of the right promoter-operator regions 
of the phages J^ (16, top) and 434· The initiating codons 
are underlined· The stars indicate the nucleotides comple
mentary to the 3'-end of the ribosomal 16S RNA. The se
quences which are simmetric about 2-fold rotational axes, 
are boxed· 

In their investigations on the structure of the right promoter-operator 
region of the phage ^ DNA (15-16) Ptashne and his associates managed to 
recognize three symmetrical G-C rich regions with A-T rich spacers between 
them· The corresponding region of 434 DNA does not follow this prin
ciple. The region is A-T rich sequence and A-T quantity increases 
from the left to the right. Though symmetrical sequences exist in this 
case, they are not arranged similarly to that of Λ , and their structures 
are different from the structures of the phage j\ symmetrical sequences. 
Besides, we have not been able to recognize the Pribnow boxes (17) in 
the ̂ 34 promoter sequence. It should be noted that the amino acid 
sequences of the cro gene and of the N-terminal part of the CI gene of the 
phage 434 are strongly different from those of the ^ phage (13,16)· 
The phage 434 is the nearest relative, to the phage JV . For this reason 
it could be suggested that the laws determining the specificity of the 
interaction between regulatory DNA sequences and corresponding proteins 
should be the same in both cases· If it is true, the primary structure 
of DNA does not reflect these laws directly· 
The A BNA part of the fragment. 
The Eco RI-G fragment contains 926 base pairs which are located to the 
right of the imm 434 boundary and, therefore, belong to the ^ DNA. 
According to genetic and physical maps of the DNA space arranged near the 
immunity region (3) this sequence should include the genes CII and 
oop-RNA, y- and ori-regions and, perhaps, N-terrainal part of the gene 0 
of the phage jV · ^ fact, the sequence of the oop-RNA gene is arranged 
in the position 714-789 from the left end of the fragment. A proceeding 
sequence obviously-regards to the P0 promoter (2). The primary structure of the oop-RNA region is in agreement with the sequence determined by 
Schwartz et al. (9). In the position 458 - 474 there is the combination 
of the oligonucleotide TAAGGA complementary to the 3-end of the ribosomal 
16S RNA and initiating codon ATG followed by purine nucleotide (12). It 
may well be that this stretch is the starting point of the translation of 
the phage CII gene* The initiating codon is followed by 121 sence 
codons and then terminator TAG. After this work has been completed, the 
report of Schwartz et al. (9) about the establishment of the CII and N-
terminal part O-gene sequences was published. The primary structure of 
this part of the region is in agreement with sequence determined by 
other authors (9f 19)· The sequence of Y-region which is of great 
importance for the transcription regulation was also determined in our 
work· This region is positioned within interval between imm 434 boundary 
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and the start of the CII gene· Our sequence is in agreement with the 
sequence published (9, 18; when this work was practically completed. 
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Abstract - The utilization of ultraviolet-induced polynuc-
leotide-protein crosslinking has been discussed as a pos
sible approach in structural and functional studies of 
nucleoproteins. With respect to the E,coli translation 
system this approach has yielded the following results: 
i) Identification in A- and P-sites of proteins contacting 
with aminoacyl-tRNA and N-acetylaminoacyl-tRNA respectively· 
ii) The observation of considerable changes in 16 S RNA 
contacts with ribosomal proteins resulting from interaction 
of initiation factor 3 with the 30 S subunit. iii) Con
siderable difference in interaction of ribosomal protein S1 
with the 30 S subunit than with oligo- and polynucleotides 
including the isolated 3'-terminal fragment of 16 S RNA. 

INTRODUCTION 
Bioorganic chemistry attempts to describe in chemical terms the structure 
of different cellular components and systems and to shed light on the 
mechanisms of their function» Nucleic acids in particular, accomplish 
their function only in nucleoprotein complexes; the formation of such comp
lexes is due to cooperative non-covalent interactions between parts of 
macromolecules involved. Elucidation of nucleoprotein structure therefore 
requires information about the structure and three dimensional arrangement 
of interacting species and their parts. 
Any transition of a nucleoprotein from one functional state to another is 
due to and/or accompanied by changes in the spectrum of non-covalent in
teractions between the components of the complex. Therefore in order to 
understand the mechanism of functioning of a nucleoprotein one has to 
possess a technique for characterization of these interactions in different 
functional states of the complex. 
Several approaches have been used for studies of differentvstructural states of complex multicomponent nucleoproteins, ribosomes among others. 
Different methods of measuring the association of individual proteins with 
RNA or incomplete RNP (1) were very convenient for the elucidation of ri
bosomal self-assembly. Three-dimensional arrangement of proteins in a 
ribosome can be investigated by immunoelectron microscopy (2,3)· Use of 
bifunctional crosslinking agents and photoaffinity agents (4-6) was most 
useful for the elucidation of distances between the components of the ribo
some. It should be pointed out that these approaches permitted to deter
mine only the distances between certain groups in a macromolecules. Each 
component of the ribosome (RNAfs and proteins) interacts as a rule with 
several counterparts simultaneously. Therefore there exists an important 
problem to define the direct contact (interaction) between ribosomal com
ponents. 
It is apparent that in each case both interacting partners must be identi
fied on the basis of the interaction,» However, since the quarternary 
structure of nucleoproteins is stabilized by cooperative weak non-covalent 
interactions the identification of interacting components using incomplete 
complexes is impossible as a rule· Interactions in complexes containing 
only an incomplete set of components (incomplete complexes) may differ in 
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significant respects from interactions in native nucleoproteins* This 
problem therefore can be unequivocally solved only by forming the covalent 
linkage between raacromolecules interacting with each other inside the 
native nucleoprotein; this approach provides also an opportunity for iso
lation and analysis of these fragments* For this purpose one has to ac
tivate nucleoside or amino acid residues within the nucleoprotein. The 
activation should not result in any degradation of the polynucleotides or 
polypeptides or in any damage to higher structure of the components or of 
the whole complex; The activation however must provide an opportunity for 
the formation of the covalent linkage resulting from the direct reaction of 
the activated residue with a partner brought into close proximity* 
This problem has no general solution at present. However, marked differen
ces in the spectral characteristics of nucleic acids and proteins permit to 
accomplish the selective excitation of nucleic bases in nucleoproteins. 
This transition to the excited singlet state or to the triplet state upon 
UV-irradiation transforms nucleic bases to strong electrophilic, nucleo-
phylic or radical reacting species (for review see Ref* 7). 
It has been shown that UV irradiation induces the formation of the covalent 
crosslinks between amino acid residues and nucleic bases (for review see 
Refs. 8,9). The low specificity of formation of UV-induced crosslinks 
between nucleic acids and amino acid residues is most useful in studies of 
nucleoprotein structure since it allows to "freeze" contacts between most 
different although not between all interacting parts of polynucleotides 
and proteins. 
Photochemical reactions only weakly depend on pH, ionic strength and tem
peratures; this allows crosslink induction under the conditions optimal 
for nucleoprotein complexes. The effectiveness and specific pathway of 
a photochemical reaction, however, depends significantly on the wavelength 
of the incident light, on the presence or absence of quenching agents or 
sensitizers; this allows a degree of control of the specificity in cross
link induction. 
Identification of proteins interacting with tRNA in the A- and P-site of 
E. coli ribosomes. 
Many authors have shown that UV irradiation of nucleoproteins leads to the 
formation of polynucleotide-protein crosslinks (10-15). The reliable in
formation concerning the contacts between polynucleotides and proteins 
within the native nucleoprotein can however be derived only from studies 
of crosslinks induced within the intact (from the standpoint of higher 
structures) nucleoprotein· Since ultraviolet irradiation results in a 
modification of both polynucleotides and proteins (16) possibly leading to 
changes in the structure of the complex* one has to begin from the deter
mination of the ratio between the yield of crosslinks and the damage to 
nucleoprotein. 
It has been shown earlier that considerable number of polynucleotide-
protein crosslinks may be formed in ribosomes when about 50 quanta 
( Λ «254 nm) are absorbed per nucleotide (15)* At such doses the functio
nal activity of 70 S ribosomes (measured by the formation of a complex 

Phe-tRNAPhe*poly(U)-70 S) is retained for about 70$; sedimentation 
profiles of 30 S and 50 S subunits as well as of 70 S ribosomes remain un
changed and no scissions of the polyribonucleotide chains of 16 S and 23 S 
RNA species is observed. The covalent crosslinking of ribosomal proteins 
with RNA and of tRNA with the ribosome is described by single-hit kinetics. 
At last, at doses below 50 quanta per nucleotide ribosomes completely re
tain the ability to transfer N-acetylphenylalanine residue from the N-
AcPhe-tRNAPhe-poly(U)*70 S complex to puromycin. 
All these data point out that at doses below 50 quanta per nucleotide, 
polynucleotide-protein crosslinks are formed in the native nucleoproteins* 
The data presented below were obtained with doses around 30 quanta per 
nucleotide* 
Before the step of translocation the arainoacyl-tRNA and peptidyl-tRNA are 
known to occupy the A-site of the ribosome, after the translocation the 
peptidyl-tRNA is displaced to the P-site (17). The spectrum of proteins 
located closely to tRNA, bound in the A- or in the P-site, as well as of 
proteins modification or removal of which affects the binding of tRNA to 
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the ribosome was determined by several authors (17-19). It has not yet 
been established, however, which proteins directly interact with tRNA 
bound to the A- and P-site of the ribosome* In order to identify these 
proteins we employed the technique of ultraviolet induction of polynuc-
leotide-nrotein crosslinks within the complexes (complexes I and II; 
Phe-tRNAf^polyOJ) - 70 S and N-AcFhe-tRNA^polyiUMO S; tRNA in the A-
and P-site respectively (17). These complexes are retained by nitrocellu
lose filters and the radioactivity retained when Γ32ί? -tRNA is used is 
proportional to tRNA content (Fig. 1). 
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Fig. 1· The effect of ultraviolet irradiation (/t» 254) of 
complexes Phe-tRM^ee?oly(u> 70 S (filled circles) and N-AcPhe-tRNA|^e?poiy(u>70 S (open circles) on the re
tention of I-^Pj-tRNA by nitrocellulose filters· Conti-
nous lines : EDTA added to complexes before filtration to 
a final concentration of 15 mM; dashed line : filtration in 
the initial buffer containing 10 mM Mg+2, 

™ $ h e X C e S f ?Tf AES?A k l ^ ^ 2 ) t h e coiaplexes dissociate and free Phe-
tRNArne and N-AcPhe-tRNA-^e i s n o l o n g e r retained by Millipore filters (Fig. 1 ) . Ultraviolet irradiation of complexes leads to an exponential 
increase of the amount of /32# -tRNA bound by filters in the presence of 
EDTA (up to a dose of about 30 quanta per nucleotide) (Fig. 1). This is 
explained by the covalent crosslinking of tRNA with ribosomal proteins. 
Since only one crosslink with a protein is sufficient to retain tRNA on 
the filter, curves 1 and 2 reflect the formation of the first crosslink. 
Taking into account that 6-8 proteins are crosslinked to tRNA in complexes 
I and II with roughly similar efficiency (Table 1) one can estimate the 
minimum quantum yield of the crosslink formation. On the basis of the 
data of Fig. 1 the quantum yield for the formation of different cross
links between tRNA and proteins in complexes I and II exceeds 10-3 cross
links per quantum per nucleotide; in other words the yield is comparable 
to that of the photoreactions of pyrimidine components of polynucleoti-
des (7) 
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TABLE 1. Proteins of E,coli 70 S ribosomes covalently 
crosslinked with tRNA after ultraviolet irradiation 
(/Is 254 nm, 20-30 quanta per nucleotide) of complexes 
Phe-tRNAPhe.poly(U)<70 S and N-AcPhe-tRNApke„pOiy(u)'70 S (tRNA localized in the A- and P-site respectively)· 
Relative activity is shown as a percentage of the total ra
dioactivity present in two-dimensional gels containing pro
teins with cross-linked fragments of p2pj.tRNA# T h e a v e . rage total radioactivity present in the whole gel in one 
experiment was equal to 20 000 - 40 000 counts/min; back
ground - 200 count s/mir/square cm of the gel/ 

Ribo- Complex I Complex II 
pro-1 ^e-tRNAPhe*poly (U)*70 S N-AcPhe-tRNAPhe* poly (U)-70 S 
teins 

2,2 
18,4* 

* 
20,1 
18,7 

15,6 

3,6 
21,4 

S5 
S7 
S9 
S10 
S11 
L2 
L4 
L6 
L7/L12 
L16 
L25/S17 
L27 

19,5 
2 ,8 

16,2 
14,9 
-

12,8 
-! 

18,8 
-

15,0 
-
-

* Radioactivity was approximately equally distributed 
between proteins S9 and s11* 

After irradiation, complexes I and II were subjected to exhausting treat
ment by the mixture of RNAses A and Ti and proteins containing covalently 
attached fragments of P2l)-tRNA were tentatively identified from their 
position on a two-dimensional electrophoregram (20)· Additional iden
tification was carried out for several proteins: the material from the 
first gel was separated in the system of Traut (21) iodinated with |_Ί°Ι], 
digested with trypsin and peptide maps obtained in this way were com
pared with those of ribosomal protein markers (22), 
The results obtained indicate (Table 1) that both in the A- and P-site 
tRNA has contacts with proteins of both ribosomal subunits; the spectra 
of proteins bound to tRNA in the A- and P-site are significantly dif
ferent and only protein S9 and L2 are common for both sites. This is the 
first identification of ribosomal proteins directly interacting with 
tRNA in the pre- and post-translocation state, 
Changes of the polynueleotide-protein contacts in 30 S E, coli ribosomal 
subunits upon binding of the initiation factor IF 3« 
Nucleoproteins represent cooperative system and removal or addition 
of different components (even of minor ones) might lead to very im
portant changes in the quartenary structure of a nucleoprotein, 
This statement is illustrated by the following specific example· 
The formation of the complex between 30 S ribosomal subunit and IP 3 
initiation factor represents a necessary prerequisite for the 
translation of natural mRNA (23,24). The attachment of IP 3 
affects physical characteristics of the 30 S subunit (25,26) 
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and reactivity of ribosomal proteins towards N-ethyl maleimide and iodi-
nation (27f28). Since the ability to react with the latter agents decrea
ses for some proteins and increases for others one may assume that the 
action of IF 3 was probably not due to a generalized shielding effect but 
rather to some action of a more general nature directed on higher levels 
of the subunit structure and leading to a change in the interaction between 
RNA and proteins* Indeed the attachement of the IP 3 to 30 S ribosomal 
subunit has fundamentally changed the interaction between 16 S RNA and 
ribosomal proteins· 

TABLE 2. Proteins crosslinked with 16 S RNA after ultravio
let irradiation ( A· » 254 nm) of 30 S ribosomal subunit 
from E.coli and of the complex between 30 S subunit and IP 3 
initiation factor. 

I Proteins cross-
linked 
Relative ra
dioactivity 

I % 
30S 

30S IP3 

S2 

-
3 

S3 

-
3 

S4 S5 

2 -

8 8 

S6 S7 

- 68 

2 30 

S8 

-
5 

S10 

-
4 

S9+ 
S11 
3 

11 

S12 

-
3 

S15+S16+ 
+S17 
11 

8 

S18+S19+ 
+S20+S21 

17 

11 

IP3 

-
7j 

Solutions of 30 S subunits containing 16 S L Pj-RNA and 
30 S*IP 3 complex were irradiated (at 40 quanta per nucleo-
tide) at 0° with stirring with unfiltered light of a low 
pressure mercury lamp ( ?L « 254 nm); nucleoproteins were 
then treated with a mixture of EDTA and urea added to final 
concentrations of 40 mM and 2 M respectively and RNA was 
hydrolyzed by a mixture of RNAse A and T-j, The hydroly-
sates were fractionated by the two-dimensional electropho-
resis in a polyacrylamide gel (see Ref· 20)· After the 
separation the gel was subjected to autoradiography and ra
dioactivity of region containing proteins with crosslinked 
RNA fragments were counted* Radioactivity in each zone was 
expressed as percentage of the total radioactivity of the 
gel (usually 2000 - 4000 counts/min per gel). 

The quantum yield of IP 3-16 S RNA crosslink during the irradiation of 
ΙΡ3·30 S complex is around 5*10-3 crosslinks per quantum per nucleotide* 
Similar quantum yield is observed for the crosslinking of 16 S RNA and 
about a half of proteins of the 30 S subunit with the exception of S7 
which is crosslinked much more effectively· In the free 30 S subunit, 
however S7 is predominantly crosslinked to RNA, considerably lower label
ing (fragments of P 2 P]-16 S RNA crosslinked to proteins) is found in 
the regions of proteins S15-S17 and S19-S21 and still less (by one order 
of magnitude) in the region of S4 and S9/11* Thus the binding of the ini
tiation factor IP3 (molecular weight 21 000) to 30 S ribosoraal subunit 
or the "preparation" of the 30 S subunit to binding of natural mRNA does 
indeed result in a fundamental alteration of polynucleotide-protein 
contacts in the ribosome. 
S1 protein has no contacts with 16 S RNA in the 30 S ribosomal subunit of 
E. coli. 
Ribosomal protein S1 is also indispensable for the initiation of transla
tion of natural messengers (29-31)· This protein possess strong polynuc-
leotide-binding activity (32-34) and particularly forms a complex with 
the isolated 3'-terminal fragment of 16 S RNA having 49 nucleotides in 
length (35). Assuming that similar interaction takes place in 30 S sub-
unit Dahlberg and Dahlberg came to the conclusion that this interaction 
lead to despiralization of 3'-terminal fragment, necessary, according to 
their view, for specific complementary pairing with a preinitiation re
gion of natural mRNA (35). The presence of contacts with 16 S RNA in 30 S 
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ribosomal subunit was demonstrated for several split proteins using the 
technique of ultraviolet-induced polynucleotide-protein corsslinks formed 
with the single-hit kinetics and a quantum yield of 3x1 CT^ - 10-3 cross-
links/quantum/nucleotide (15)· Although the sensitivity of the technique 
permits to detect crosslinks with the quantum yield about. 10"*-̂  ultra
violet irradiation of 30 S ribosomal subunit containing 'L?EJ orp^jy 
labelled S1 does not lead to any crosslinking of S1 protein with 16 S rRNA. 
In parallel experiments when the complexes of S1 protein either with iso
lated 3'-terminal fragment of 16 S RNA, obtained by treatment of ribosome 
with cloacine DF13 (35) or with poly(U) are irradiated crosslinks were 
formed with the quantum yields 10"-* and 5x10"^ crosslink/quantum/nucleo-
tide respectively· Thus the protein S1 apparently has no contacts with 
16 S rRNA within the ribosome or at least its contacts are quite different 
from those with isolated 3'-terminus. These data are confirmed by the 
recently published results suggesting that the absence of 3'-terminal frag
ment in 16 S rRNA of the 30 S subunit does not affect the binding of S1 
(36)· These results undermine the hypothesis of Dahlbergs and specifi
cally demonstrate that the data obtained with incomplete artificial 
complexes may not be valid for the discussion of structure and function of 
complete nucleoproteins· It should be pointed out that the other nucleo-
tide binding site of the S1 (37) does not participate in the interaction 
of this protein with the 30 S subunit since the addition of oligodeoxy-
nucleotides does not affect the binding of S1 with 30 S ribosomal subunit. 
Hence, the binding of S1 with 30 S subunit is determined, most probably, 
by the protein-protein interactions· 

CONCLUSION 
Data presented in this communication indicate that the technique of 
ultraviolet-induced polynucleotide-protein crosslinking is very fruitful 
in studies of the structure and function of nucleoproteins consisting of 
many components, of the translation system in particular. One should not, 
however, forget that ultraviolet irradiation leads to a damage of both 
polynucleotides and proteins and therefore results obtained at higher 
doses may reflect not contacts in native nucleoproteins but rather chan
ges of these contacts in the course of a UV-induced degradation of comp
lexes (see Refs. 38-40), 
The formation of ultraviolet-induced polynucleotide-protein crosslinks 
permits the isolation and analysis of fragments of macromolecules inter
acting in the initial native complexes down to minimal fragments consisting 
of nucleic acid bases bound to arnino acid residues· Studies of structure 
of minimal fragments and of mechanisms of their formation opens new ways 
for the elucidation of specific interactions between proteins and nucleic 
acids· 
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Abstract - The trypsin and thermolysine effects on EF-G main
taining its native structure and the trypsin effect on EF-G 
modified by 1,2-cyclohexanedione have been studied. It has been 
shown that the EF-G polypeptide chain has two regions access
ible for the proteolytic attack, one of which is situated in 
the N-terminal part of the polypeptide chain and the other - in 
the C-terminal part. Limited proteolysis of native EF-G results 
in cleavage of the polypeptide chain in the mentioned sites and 
formation of two large fragments. The high stability of the 
large fragments formed to further proteolysis is due to their 
maintaining of the compact structure which, according to the CD 
and scanning calorimetry data, is the same in the whole protein 
and its fragments. The fragments of limited proteolysis exist 
in the whole protein molecule as independent structural units 
- domains. 

INTRODUCTION 
It is known that the protein-synthesizing system contains, besides the ribo-
some, mRNA and tRNA, the protein translation factors and, in particular, EF-G, 
the elongation factor of protein biosynthesis. It catalyzes the GTP-dependent 
translocation of the peptidyl-tRNA-mRNA complex from the A-site to the P-site 
on the ribosome leading to the release of the deacylated tRNA from the P-site 
and from the ribosome. It is also known that EF-G catalyzes the ribosome-de-
pendent GTPase reaction in the absence of mRNA and aminoacyl-tRNA (Refs. 1-3). 
This activity of the factor is called uncoupled GTPase activity as it is not 
connected directly with translocation (Ref. 4). It has been shown that the un
coupled GTPase reaction passes through an intermediate stage of the formation 
of a ternary complex which includes the ribosome, EF-G and GTP (Refs. 4-8). 
The formation of a binary complex between EF-G and GTP precedes the formation 
of the ternary complex (Refs. 9 & 10). EF-G is a protein consisting of one 
polypeptide chain with the MW of about 81,000 (Refs. 11 & 12). The polypeptide 
chain consists of about 740 amino acid residues. Alanine is the N-terminal and 
lysine is the C-terminal amino acid. (Refs. 12 & 13). 
To study in detail the physico-chemical principles of the EF-G functioning we 
have undertaken an investigation of its primary structure. At the first stage 
we used limited proteolysis of the factor into large fragments. The method of 
limited protein proteolysis under native conditions is widely used for investi
gation of structural and functional properties of a number of proteins. In 
particular, it has been shown that at limited trypsinolysis of native EF-G se
veral fragments are formed which are relatively stable to further trypsin 
action (Ref. 14). 
The study of the fragments of limited EF-G trypsinolysis permitted to align 
them in the polypeptide chain (Ref. 13). The study of the trypsin and thermo
lysine effects on the native EF-G and of trypsin on EF-G modified with 1,2-
cyclohexanedione (Ref. 15) permitted to localize the regions of the polypep
tide accessible to the proteolytic attack. 
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LIMITED PROTEOLYSIS OF EF-G 
Incubation of EF-G with trypsin results in the formation of five fragments 
T3-T7 rather stable to further trypsin action. Fragment T is the most stable 
to further trypsinolysis and fragment T3 changes into fragment T4 by splitting 
off the N-terminal part consisting of 69 amino acid residues (fragment T7). 
Fragment Tg which is the N-terminal part of EF-G with the molecular weight of 
about 6,000 decomposes rather quickly. Localization of tryptic fragments in 
the polypeptide chain of EF-G is represented in Fig. 1. 

T Qr T 

I 
T 

I 
1 1 I EF-G 1 II 

Ala Arg (sjjWg 
1 Τβ || T / I | 

(SH) 

1 

@ 

T4 

T3 

Arg 

li 
Arg 

1 

Arg Lys 

τ5 III 

1 T, | 

® 

2. 

φ 
1 EF-G* 

T 

1 1 
HL 

ÜL HL 

Fig. 1. Alignment of fragments of limited proteolytic 
hydrolysis along the EF-G polypeptide chain. Tryptic 
digest (1.); tryptic digest of EF-G modified by cyclo-
hexanedione (2.); thermolytic digest (3.). 

Limited hydrolysis of EF-G by thermolysine results in the formation of two 
large fragments (Th^ and Th2) with the molecular weights of 45,000 and 25,000 
(Fig. 1). The fragment with MW of 25,000 represents the C-terminal part of the 
EF-G polypeptide chain which is shorter than the analogous tryptic fragment at 
the N-terminus. The fragment with MW 45,000 is analogous to the tryptic frag
ment T3 but the C-terminus is shortened by 25-35 amino acid residues. The N-
terminal part of this fragment is heterogeneous which is caused by several 
disruptions of the polypeptide chain. 
The study of the N-terminal sequences permitted to localize the fragments in 
the polypeptide chain of the G-factor and to identify the sites of the proteo
lytic attack of the EF-G polypeptide chain. 
As has been mentioned above, the fragment with MW 25,000 (Tho) represents the 
C-terminal part of the EF-G polypeptide chain shortened at the N-terminus by 
seven amino acid residues in comparison with the analogous tryptic fragment T5. 
The amino acid sequence of the tryptic fragment T5 is as follows: 

Th Th Th 
Glujphe-Asn|val-Glu-Ala-Asn}val-Gly-Lys-Pro-Gln-Val-Ala-Tyr-Arg-Glu-Thr-... 
Th I are the sites of the thermolysine attack. 
The amino acid sequence of the thermolytic fragment Th2 is as follows: 

Val-Gly-Lys-Pro-Gln-Val-Ala-Tyr-Arg-Glu-Thr-Ile-Arg-
Thus, the site of the thermolysine attack of the EF-G polypeptide chain is in 
direct proximity to that of the trypsin action. 
The fragment with MW of 45,000 is analogous to the tryptic fragment with MW of 
49,000 but it is shortened at the C-terminus of the molecule by 25-35 residues, 
i.e. the region of the EF-G polypeptide chain containing the C-terminal part 
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of tryptic fragments T^ and T, and the N-terminal part of the tryptic fragment 
T5 is accessible to thermolysme action. This region includes about 40 amino 
acid residues. It should be noted that thermolysine has a much broader speci
ficity than trypsin and therefore the probability of multiple disruptions of 
the protein polypeptide chain is naturally higher. Nevertheless, the region of 
the polypeptide chain attacked by thermolysine is rather small. This is apparent
ly due to maintaining of the compact structure by the fragments formed. On the 
other hand, the N-terminal part of the fragment with MW of 45,000 is heteroge
neous which is caused by several disruptions of the polypeptide chain in the 
region containing the C-terminal part of the tryptic fragment T6 and the N-terminal part of the tryptic fragment T-: 

Th Th 
. . .{Met-Asp-Trp-Met-Glu-Gln-Glx-Gln-Glx-Ärg|-|Gly4lle-Thr-Ile-Thr-. . . 
C-terminal part of fragment Tg 
Th I are the main disruptions of the EF-G polypeptide chain by thermolysine in 
i its N-terminal part. 
Most of disruptions (about 60%) occur at isoleucine situated near the N-termi
nal glycine in the tryptic fragment T7 and the other disruptions occur in the 
C-terminal region of the polypeptide chain contained in the N-terminal frag
ment Tg. 
Thus the study of thermolytic fragments permitted to localize two exposed re
gions in the EF-G polypeptide chain (Fig. 1), one of which, about 10 amino 
acid residues long, is situated in the N-terminal part of the molecule and the 
other, about 40 amino acid residues long, is situated at a distance of one 
third of the polypeptide chain length from the C-terminus of the molecule. 
We have shown earlier (Ref. 13) that all tryptic fragments of EF-G (T3-T7) have arginine as the C-terminal amino acid, i.e. cleavage of the protein poly
peptide chain occurs only at arginine residues. Therefore we studied the tryp
sin effect on EF-G modified by 1,2-cyclohexanedione at arginine residues. It 
turned out that at trypsin treatment the modified EF-G splits into four frag
ments TJ-T4 (Fig. 1). Fragment TJ is the N-terminal part of EF-G since its N-
terminal amino acid sequence coincides with that of EF-G. Therefore fragment 
T2 is the C-terminal. Fragment T3 has the same C-terminal sequence as EF-G and 
fragment T<|> and differs from the latter by the lack of 25-35 amino acid resi
dues at the N-terminus. Since fragments T^ and Τ^ completely cover the poly
peptide chain of EF-G (Fig. 1) it was interesting to check whether the N-term
inal fragment and its mixture with the C-terminal fragment possess functional 
activity. The ability of the G-factor to form a complex with the. ribosome and 
[^CjGDP in the presence of fusidic acid was used as a functional test (Refs. 
4 & 16). It appeared that neither fragment TJ nor the mixture of fragments Tl+T2 disPlay t n e ability to form the complex. These fragments, apparently 
because of a weak interaction, cannot form a hybrid molecule possessing func
tional activity. 
The study of the fragments resulting from tryptic hydrolysis of EF-G modified 
by cyclohexanedione permitted also to confirm the presence of an exposed regi
on of the polypeptide chain containing 25-35 residues at a distance of one 
third from the C-terminus of the molecule. ' 
Thus proteolysis of the native EF-G results in cleavage of its polypeptide 
chain at two points with the formation of two large fragments. At tryptic hyd
rolysis the N-terminal region consisting of 69 amino acid residues and contain
ing the GTP-binding center (Refs. 17 & 18) detaches from one of these frag
ments. The high stability to further proteolysis of the fragments formed is 
conditioned by their compact structure. They probably exist in the whole pro
tein molecule as independent structural units - domains. To test this assump
tion and to determine the stability of the G-factor and its fragments in solu
tion we studied them by circular dichroism and scanning microcalorimetry. 

THE STUDY OF EF-G AND ITS TRYPTIC FRAGMENTS BY CIRCULAR DICHROISM 
AND SCANNING MICROCALORIMETRY 

The method of fragment separation which we used for the structural character
ization (Ref. 13) was unsuitable for isolation and the study of the molecule 
state in solution as isolation proceeded in denaturing conditions and it was 
difficult to evaluate nativity after renaturation from the 6 M urea solution. 
Therefore in this case isolation was done under conditions preserving protein 
molecules from denaturation. To prevent unspecific aggregation, separation was 
achieved by gel filtration on Sephadex G-150 at high ionic strength (0.35 M 
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KCl) and raised temperature (35 C). Under these conditions we succeeded to ob
tain a high yield of the C-terminal fragment T5 and of the mixture of fragments T3 and Tg. It turned out that the mixture of fragments T3 and IV is a stable complex which is not decomposed by prolonged dialysis or by gel filtra
tion. The complex decomposes only in the presence of 6 M urea. The stability 
of this complex is evidently due to the fact that fragment T^ is the N-termi-
nal region of the G-factor and of fragment T2, i.e. adjoins directly the begin
ning of the polypeptide chain of fragment T3 and therefore specifically inter
acts with fragment To forming a hybrid molecule similar to fragment T2 by its 
properties. All further studies were done on this hybrid molecule (designated 
further as T<|!) and fragment T5. 
Figure 2 (A) represents CD spectra of fragments T2 and T5. A comparison of the spectra shows that the curves of these fragments considerably differ in shape. 
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Fig. 2. Circular dichroism spectra of EF-G and its tryptic 
fragments. (A) , circular dichroism of fragment T^ ( ) 
and T2 (---). Vertical lines show the shift from the mean 
value at different concentrations and cuvette thickness. 
(B), circular dichroism of EF-G ( ) and that calculated 
from curves ( ) and (- - -) in (A) according to the 
equation: - 3 

0.321[θ]26,10 + O.679[0]55·10. 
This points to the difference in their secondary structures which also follows 
from Table 1. Figure 2 (B) represents a CD spectrum experimentally obtained 
for EF-G and that calculated from the curves for separate fragments. It fol
lows that there is practically a complete additivity of optical properties of 
the fragments taken separately and within the G-factor. 

TABLE 1. Secondary structure of EF-G and of its proteolytic 
fragments 

Content of the secondary structure (%) 

EF-G 
T5 

33 ± 1 
29 ± 1 
34 ± 1 

27 ± 1 
30 ± 1 
22 ± 1 

The error of ±1% indicated in the Table corresponds to the error 
in measuring the values[0]21Of tö]219 a n d '■0-'225 e < 3 u a l t o ± 2 %· 

Thus, in terms of the polypeptide chain packing, these fragments are independ
ent structural units (domains) in the EF-G molecule. Figure 3 (A) (curve c) 
represents the melting curve of the G-factor in 20 mM potassium phosphate 
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Fig. 3. Temperature dependence of partial specific heat capacity 
(curve a) and 
(B), EF-G 

of EF-G and its fragments. (A), EF-G (curve c); T5 
T2 (curve b) in 20 mM potassium phosphate, pH 7.5. 
(curve c) in 20 mM potassium phosphate, pH 7.5; EF-G (curve c') 
in 20 mM potassium phosphate, 350 mM KC1, pH 7.5, and the algebraic 
sum of specific capacities of fragments T5 and T2 (curve ab) in 
20 mM potassium phosphate, pH 7.5. 

(pH 7.5). Under these conditions the G-factor is a relatively stable molecule 
having the melting temperature of 65.5°C. Its melting is characterized by a 
rather symmetric peak of heat absorption. At the first glance, it seems that 
this symmetry indicates high cooperativity of the transition and the absence 
of intermediate states. However, a comparison of the calorimetric enthalpy 
with the effective one shows a considerable difference between these values; 
in this case, calculated per mole of the G-factor, they differ by a factor of 
three (see Table 2). Therefore we have to conclude that there are several 

TABLE 2. Thermodynamic parameters of melting of the factor EF-G 
and of its fragments T5 and T2 at pH 7.5, 
20 mM potassium phosphate 

Object 

EF-G 
T5 
T* 

V 
19.2 ± 1.0 
19.6 ± 1.0 
19.6 ± 1.0 

J*g -1 
350 mM 
18.4 ± 
19.6 ± 
19.6 ± 

KC1 
1.0 
1.0 
1.0 

m 
-

65.5 ± 0.2 
61.8 ± 0.2 
62.9 ± 0.2 

350 mM KC1 
64 ± 0.2 

-
-

Object 

EF-G 
T5 τί 

AHcal' 
-

1560 ± 80 
510 ± 80 
1085 ± 80 

kJ-mol""1 
350 mM 
1490 ± 

-
-

KC1 
80 

ΔΗν'Η, kJ 
-

598 ± 30 
444 ± 40 
420 ± 40 

•mol" 
350 mM KC1 
540 ± 30 

-
-
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cooperative units within the G-factor or that denaturation proceeds in seve
ral stages, i.e. it can be assumed that the G-factor has a domain organizat
ion. What are, from this point of view, the parameters of fragments T? and Tc 
(curves b and a in Fig. 3 (A))? It is seen in Table 2 that for T5 both enthalpy values are similar, i.e. this fragment melts as an ordinary globular pro
tein with a compact structure and represents a domain within the G-factor. On 
the other hand, the effective and calorimetric enthalpies do not coincide for 
fragment T^ which can be explained by its domain organization. However, it is 
not yet clear whether the boundaries of the constituent domains coincide with 
the sites of the trypsin attack. 
Figure 3 (B) represents the melting curves of the G-factor in solution with a 
low ionic strength (20 mM potassium phosphate) (curve c) of the G-factor in 
solution with a high ionic strength (20 mM potassium phosphate, 350 mM KC1) 
(curve c1) and the curve ab which shows the change of heat absorption and is 
calculated as a sum of heat absorption changes of fragments T2 and T5. It is seen that the rise of the ionic strength decreases the stability of the mole
cule and the curve of the heat absorption change shifts towards the algebraic 
sum of two fragments. 
It follows from the CD data and calorimetric measurements that tryptic frag
ments T£ and Tc are globular compact structures and exist as independent stru
ctural units within the whole EF-G molecule. Their interaction within the 
native protein seems to be small taking into account non-cooperativity of the 
whole factor. Nevertheless this interaction exists as both fragments somewhat 
stabilize each other within the factor and their melting becomes more coopera
tive (cf. ΔΗν#Η of the fragments and the factor in Table 2). 
This is also seen in Fig. 3 (B) representing the melting curve for the G-fac
tor (curve c) and the curve ab which is an algebraic sum of specific heat ca
pacities of the fragments. The nature of the forces determining this interac
tion is unclear but it can be assumed that an important role is played by salt 
bonds and electrostatic interactions. This conclusion is based on the follow
ing: an increase of the ionic strength not only destabilizes the factor, but 
also decreases cooperativity and consequently ΔΗν#Η of its melting (Fig. 3 (B), 
curve c1). As a result, the melting curve approaches, by its shape and posit
ion, the curve characteristic for the mechanic mixture of non-interacting 
fragments. It is difficult to evaluate the energy of the domain interaction in 
the G-factor without the data on the interaction constant. It is possible to 
say only the following: (a) the enthalpy of interaction is negligeably small 
as specific melting heats of the factor and fragments coincide within the er
ror of experiment. Therefore the main role is played by entropic forces. This 
does not contradict the importance of electrostatic interactions, (b) The free 
Gibbs energy is not large either, since the disruption of the covalent bond 
between the fragments leads to their dissociation even at a low ionic strength 
(data of electrophoresis in polyacrylamide gel under non-denaturing condit
ions) . The disruption of the bond does not necessarily lead to conformational 
changes making the interaction unfavourable. A sharp decrease of the effective 
domain concentration in the given volume at the small constant of mutual affi
nity is sufficient for dissociation. 
To determine quantitatively thermodynamic parameters of the structure stabili
zation in the G-factor domains and their interaction within the native molec
ule it is necessary to carry out further investigations. Nevertheless it 
should be noted that the revealed weak connection between the domains and its 
sensitivity to the ionic strength may be important from the functional point 
of view. 
Thus the study of the fragments of limited proteolysis permitted to obtain 
data on the general composition of the EF-G molecule which consists of at 
least two independent structural units - domains. At the ends of the larger 
domain there are regions of the polypeptide chain accessible to the proteoly-
tic attack. One of the regions in the N-terminal part of the molecule adjoins 
directly the GTP-binding center of EF-G and the second region is situated at 
the boundary between the domains. Cleavage of the protein molecule into a 
strictly determined number of large fragments is a convenient approach to the 
determination of the primary structure of a large molecule such as that of 
the G-factor. 
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Abstract - Mitochondria contain 2 separate pathways for Ca2+ transport. 
One is used for the uptake, and it consists of an electrogenic uniporter 
driven by the membrane potential generated by respiration, and inhibited 
by ruthenium red. The other route is used for the release of Ca2+, and 
has so far been identified and characterized in mitochondria from heart, 
brain, endocrine tissues, exocrine tissues, and skeletal muscles. It con
sists of a ruthenium red-insensitive system, which specifically exchanges 
Ca2+ for Na+. In other mitochondria! types (liver, kidney, lung), the Na+-
activated release route is absent. The available evidence, however, sug
gests separate pathways for Ca2+ uptake and release also in these mito
chondria. The simultaneous operation of the uptake and release routes re
sults in the continuous cycling of Ca2+ across the inner mitochondrial 
membrane. 

INTRODUCTION 
The inner mitochondrial membrane is the barrier which separates the intramitochondrial solutes 
from the extramitochondrial environment. It contains a series of specific carriers which ca
talyze the transport of a series of essential anions, among them respiratory substrates, ade-
nine nucleotides, and inorganic phosphate, and of at least one essential cation, Ca2+. The 
mechanism and the regulation of the transport of Ca2+ have been the subject of intensive in
vestigation since the discovery of the process by Vasington and Murphy in 1962 (Ref. 1). Re
cent experiments have led to the development of new concepts, which place it in a position of 
particular significance from a perspective of metabolic cell regulation. In the present ar
ticle, the field will be reviewed, with special attention to the development of these recent 
new concepts, and to their possible consequences in the domain of metabolic regulation. 

WHY IS Ca2+ SO IMPORTANT IN BIOLOGY? 
The largest portion of the Ca2+ of the body (more than 99%) is found in the bone. The 
small amounts of Ca2+ present in the circulating fluids and in the soft tissues, however, 
play a role of fundamental importance: Ca2+ is a biological messenger capable of modulating 
the generation of the primary "signals" at the level of the plasma membrane, and of carry
ing the signals to their respective intracellular targets (for a recent review, see Carafoli 
and Crompton, Ref. 2).The "targets" of the messenger function of Ca2+ represent a very long, 
and continually expanding, list of biochemical events which occur in the soluble phase of 
the cell and in the various, membrane-enclosed, intracellular compartments. One of their com
mon properties is to be regulated by Ca2+ in the μΜ concentration range, a fact which in turn 
requires that the intracellular activity of Ca2+ is allowed to oscillate only around this 
very low level. This is achieved by a series of pumping systems, which eject Ca2+ from the 
cell, or sequester it into intracellular compartments. 
A discussion of the reasons for the evolutionary choice of Ca2+, among the other cations abun
dantly present in biological systems, as a biological messenger, would lead to yery interes
ting considerations of molecular evolution, (Carafoli and Crompton, Ref. 2), which would, 
however, be beyond the scope of this presentation. Here it may suffice to say, that Ca2+ is a 
very "flexible" ligand, uniquely capable of interacting optimally with the irregular comple-
xing cavities normally offered by biological systems (Refs. 3 and 4). This versatility of 
Ca2+ may have well been the key factor in dictating its evolutionary choice as a biological 
messenger: the development of specific and efficient membrane transport systems has probably 
been a comparatively easy task in the case of Ca2+, permitting its maintenance in the intra
cellular milieu at the yery low levels of activity demanded by the messenger function. Diffe-
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rent ways of transporting Ca^+ across membranes have been developed, and are now known: ele-
ctrophoretic transport systems, in which Ca2+ crosses the membrane in response to a membrane 
potential, membrane ATPases, which are specifically stimulated by Ca2+, and specific Na+/Ca2+ 
exchange carriers. 
Specific Ca2+ transporting systems have so far been described in the plasma membrane, and in 
2 intracellular membranous systems, the mitochondria and the endo-(resp. sarco-)plasmic reti-
culum. Across the plasma membrane, Ca2+ diffuses continually from the extracellular spaces 
down its concentration gradient, and across the plasma membrane it is continually ejected by 
energy-requiring (ATPases, or other) processes. In fact, the long term maintenance of Ca2+ 
within cells at levels which are much lower than outside must depend on its ejection across 
the plasma membrane. The plasma membrane, however, (Table I) represents but a minor fraction 
of the total Ca2+ transport surface of average cells. It may thus well be that intracellular 
membranes play a predominant role in the rapid regulation of cell Ca2+, a fact which is fre
quently demanded by metabolism. 

TABLE I. Total area of Ca2+-transporting membranes in some representative 
cells 

Area ( m2 / gm tissue) 

Cell Plasma membrane Mitochondria Endo-or sarcoplasmic reticulum 

Liver 0.55 (11.4%) 2.65 (54.8%) 1.63 (33.7%) 
Heart 0.10(0.8%) 10.60(87.0%) 1.48(12.1%) 

Modified from Ref. 2 

The figures reported in Table I further indicate that the largest Ca2+ regulating system of 
averag#e cells is represented by the inner mitochondrial membrane. Whether the mitochondrial system is the most important also in the rapid and'fine regulation of Ca2+ at the low concen
trations required by some biological processes cannot be said at the moment. Essential, com
parative information on the kinetic parameters (e.g. Km, Vmax) of the transport process in mitochondria and, e.g., the endo-(sarco-)plasmic reticulum is indeed still lacking. 

THE ENERGY-LINKED UPTAKE OF Ca2+ BY MITOCHONDRIA 
The main properties of the energy-linked uptake system are summarized in Table II. Of parti
cular interest is the specific inhibition of the process by wery low concentration of ruthe
nium red, an observation which has been instrumental in the development of the concept of a 
separate pathway for the release of Ca2+ (see below). Also noteworthy is the total capacity 
of mitochondria for Ca2+ storage. In the presence of the simultaneous penetration of inor
ganic phosphate, and thus presumably in conditions similar to those prevailing in situ, up to 
3 umoles of Ca2+ can be accumulated per mg of mitochondrial protein. This corresponds, in a 
tissue like heart, which contains approximately 100 mg of mitochondrial protein per g of tis
sue, (Ref. 5) to a total of about 300 ymoles per g of tissue. In the past, it has generally 
been assumed that the uptake of massive amounts of Ca2+ by mitochondria would invariably lead 
to irreversible damage to the organelle. It has become evident more recently, however, that 
mitochondria containing up to 20 or 30 times their normal Ca2+ content may be structurally 
intact and functionally competent (Refs. 6-8, see also Ref. 9 for a review), although some of 
their biochemical parameters, e.g. the translocation of adenine nucleotides, may be modified 
(Refs. 8 and 10). These findings are of particular interest, since they indicate that the mi
tochondrial Ca2+ "sink" without evident functional damage,may accumulate very large amounts of Ca2+ in vivo» as may be normally required in some tissues, or occasionally required, due to 
pathological stresses, in others. 
Some of the kinetic parameters of the Ca2+ uptake system are also summarized in Table II. The 
Km value of about 10 μΜ is close to the range, where intracellular metabolic regulation by Ca2+ 
occurs (in addition, it may be rendered artificially higher by the isolation procedure). The vmax of tne process of Ca2+ uptake can, under optimal conditions, be as high as 10 nmoles of 
Ca2+ per mg of mitochondrial protein per sec. (corresponding, in a tissue like heart, to lymo-
le of Ca2+ per g of tissue per sec).It must be stressed, however, that in the conditions pre
vailing in vivo, the rate of Ca2+ uptake may be slowed down by substances naturally present 
in the cytosol. Among «them,a special role may be played by Mg2+9 which has been shown (Ref. 11) to transform the rate versus concentration curve for Ca2+ uptake from hyperbolic to sigmoidal, 
at least in heart mitochondria. The ionized concentration of Mg2+ in the cytosol of tissues 
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like heart or liver is not known, but it is reasonable to assume that the rate of Ca2+ uptake, 
at least at extremely low Ca2+ concentrations,may be limited by Mg2+. 

TABLE II. General properties of the mitochondrial Ca2+ uptake process 

Requirements an energy source (respiration, ATP splitting) 
Inhibited by inhibitors of energy conservation 
Inhibited by lanthanides, ruthenium red, also by Mg2+ 

Maximal levels attainable 
a = without phosphate 100-150 nmoles of Ca2+ per mg of protein 
b = with phosphate up to 3 ymoles of Ca2+ per mg of protein 

Vm a x of uptake 3 - 1 0 nmoles of Ca2+ per mg of protein per sec. 
Km about 10 μΜ 
Mechanism of uptake electrogenic, charge uncompensated 

One last point mentioned in Table II which must be discussed is the electrogenicity of the 
Ca2+ uptake process. Recent research (Refs. 12-14) has shown that the process is driven by 
the membrane potential developed by respiration across the inner mitochondrial membrane (Ref. 
15), and occurs with a charge transfer of 2. Earlier (Ref. 16) as well as more recent (Ref. 
17) suggestions that the process may be partially charge-compensated, i.e., occur with a char
ge transfer of less than 2, have not been supported by experimental evidence (Ref. 18). 

THE PROBLEM OF THE DISEQUILIBRIUM OF THE Ca2+ UPTAKE PROCESS 

If the process of Ca2+ uptake were to reach equilibrium with a membrane potential (Ref. 15) 
of about 180 mv, one would expect that the gradient of ionized Ca2+ concentration across the 
mitochondrial membrane, as predicted by the Nernst equation, would be about 10^. This gradi
ent, considering that the ionized Ca2+ concentration inside mitochondria probably does not 
exceed 10"4 M (Ref. 2), would correspond to the lowering of cytosolic Ca2+ to 10-10 M, clear
ly an improbable event. That the gradient of ionized Ca*+ concentration across the inner mem
brane of energized mitochondria is less than that predicted by the Nernstian equilibrium is 
indicated by the assays of activities of enzymes known to be dependent on Ca2+ inside mito
chondria and in the extramitochondrial phase of the cell (Ref. 19) (Table III). The problem 
has recently been investigated in a number of Laboratories, using also Mn2+ as a paramagnetic 
anologue for Ca2+ (Refs. 20 and 21), and considerable deviations from the distribution of io
nized Ca2+ (and Mn2+) predicted by the equilibrium in the Nernst equation have indeed been 
found. 

TABLE III. Ionized calcium concentration in mitochondria and the cytoplasm 

In the mitochondria (from assays4of PDHP-phosphatase, 
PDH-kinase, IDH) 10-7 - 10"5 M 

In the cytoplasm (from assays of α-GP-DH, Phosphory-
lase kinase, myofibrillar ATPase) 10*8 - 10*5 M 

The simplest way to explain the disequilibrium in the distribution of Ca2+ is by postulating 
that Ca2+ "cycles" across the inner mitochondrial membrane, i.e., it is continually taken up 
on the electrophoretic uniporter, and is continually returned to the extramitochondrial medi
um by an independent pathway, in which Ca2+ flux is partially or completely charge compensa
ted. In the next section, experiments will be described that demonstrate the existence of 
such an independent release pathway, and characterize its properties in some mitochondrial types. 

THE Na+ - DEPENDENT RELEASE OF Ca2+ FROM MITOCHONDRIA 

It has been mentioned above that one of the systems for transporting Ca2+ across membranes is 
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by specific Ca2+/Na+ exchange carriers. Such systems have now been described in the plasma 
membrane of both procaryotic and eucaryotic cells, and are best characterized in the cases of 
the axonal membrane (Ref. 22) and of heart sarcolemma (Ref. 23). It is suggested that the ex
change is electrogenic in case of the axonal membrane, i.e., more than 2 Na+ enter the axon 
for each Ca2+ that is ejected (Ref. 22), whereas it may be neutral in the case of heart sar
colemma (Ref. 23). It thus seemed reasonable to investigate the possibility that a Na+/Ca2+ 

exchange system could operate also in mitochondria, and be responsible for the release "leg" 
of the Ca2+ cycle. In the experiments to be described, the electrophoretic influx pathway 
was blocked by ruthenium red at the end of the uptake of a pulse of Ca2+. The efflux pathway 
could then be studied uncomplicated by the re-uptake of the lost Ca2+. An early experiment 
(Ref. 24) on the effect of Na+ on the release of Ca2+ from heart mitochondria is illustrated 
in Figure 1, in which mitochondria were allowed to accumulate a limited pulse of Ca2+, and 
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Fig. 1. Release of Ca2+ from rat heart mitochondria induced by Na+. Mito
chondria were prepared with the method of Pande and Blanchaer (Ref. 25) 
and incubated (5 mg protein) in 210 mM mannitol, 70 mM sucrose, 10 mM Tris-
Cl, pH 7.4, 10 mM Tris-succinate (substrate), and 10 nmoles 45caCl2 per mg 
of protein, in a final volume of 4 ml, stirred at 25oC. Ruthenium red (2 
nmoles per mg of protein) was added at the first arrow, to block the re-up
take of the lost Ca2+. At the second arrow, 50 mM NaCl o — O or 50 mM 
KC1 ·—· were added. The uptake and release of Ca2+ were followed iso-
topically, after rapid filtration through Millipore filters. (Modified 
from Ref. 24). 

were then exposed to Na+, in the presence of ruthenium red to block the re-uptake of the lost 
Ca2+. A rapid release of Ca2+ ensued, which was not seen when K+, instead of Na+, was added 
at the end of the uptake phase. In the early experiment described in Figure 1, the medium was 
perturbed with a wery large concentration of Na+. In subsequent studies, (Ref. 26), it was 
possible to establish that a rapid release of Ca2+ was already observed upon addition of much 
lower concentrations of Na+. Moreover, (Figure 2) it was established that the curve relating 
the rate of Ca2+ efflux to the added Na+ concentration was strongly sigmoidal, with half ma
ximal velocity of efflux at about 8mM Na+. The maximal rate of efflux observable in heart mi
tochondria was about 0.2 nmoles of Ca2+ per mg of protein per s e c , i.e. a rate several times 
lower than the Vmax of the energy-linked uptake process* It may also be mentioned that, although the addition of ruthenium red is a convenient means to make the Na+-induced leakage of 
Ca2+ more evident, Na+ induces Ca2+ efflux even in the absence of ruthenium red, although the 
extent of release is predictably less since re-uptake of Ca2+ occurs (Ref. 26). It was also 
established that, at variance with ruthenium red, the other specific inhibitor of the uptake 
of Ca2+, lanthanum, inhibits also the Na+-activated efflux route (Ref. 28). 
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Fig. 2. Kinetics of the Na+-induced release of Ca2+ from heart mitochondria. 
Rat heart mitochondria were prepared according to the procedure of Scarpa 
and Graziotti (Ref. 5) which is essentially a modification of the Polytron 
procedure first introducted by Sordahl and Schwartz (Ref. 27), and depleted 
of endogenous Ca2+ as indicated in Ref 26. The incubation medium contained 
120 mM KC1, 10 mM potassium N-(2-hydroxyethylpiperazine-N-2-enthanesulfona-
te) (HEPES) (pH 7.0), 2 yg rotenone, 60 nmoles of Ca2+, 1 mM K-succinate, 
and 2.9 mg mitochondrial protein in a final volume of 4.0 ml, stirred at 
250C. 4 minutes after the addition of mitochondria, 0.6 nmoles of ruthenium 
red were added, followed by the addition of the concentrations of NaCl indi
cated on the abscissa. The movements of Ca2+ were measured with a Ca2+-spe-
cific electrode, as indicated in Ref. 26. 

The experiments described in Figures 1 and 2 indicate that the efflux of Ca2+ from heart mito
chondria occurs on a specific Na+/Ca2+ exchange carrier, which is insensitive to ruthenium red, 
but sensitive to La3+. The sigmoidicity of the release curve (Hill coefficients of about 3 ha
ve been obtained) further suggests that the exchange may be electrogenic, i.e., exchange more 
than 2 Na+ per 1 Ca2+. The measurement of the uptake of Na+, and of its stoichiometry to the 
efflux of Ca2+, was, however, complicated by the existence of a rapidly operating Na+/H+ exchan
ge system (Ref. 29), which returned to the extramitochondrial medium the Na+ that had entered 
mitochondria in exchange for Ca2+. The existence of a specific exchange-diffusion carrier spe
cific for Na+ and Ca2+was further supported by experiments in which ruthenium red-insensitive 
Ca2+/Ca2+ exchanges were measured: if a Na+/Ca2+ carrier existed, it would obviously be expec
ted to operate also as a Ca2+/Ca2+ exchanger. This was indeed found to be the case (Ref. 28). 
Heart mitochondria preloaded with radioactive Ca2+S and then exposed to a pulse of non-radioactive Ca2+ in the presence of ruthenium red, exchanged the Ca2+ pools with a maximal velocity 
of about 0.1 nmoles per mg of protein per sec. At variance with the Na+/Ca2+ exchange, the ki
netics of the Ca2+/Ca2+ exchange was hyperbolic, operated with a 1^ (external Ca2+) of 13 μΜ, 
and with a Ca2+/Ca2+ stoichiometry of 1, and was inhibited by La3+. Some of the most important 
parameters of the Ca2+/Ca2+/H+ exchanges are summarized in Table IV, which shows that the Na+ 
H+ antiporter indeed operated with a Vmax about 10 times higher than that of the Na+/Ca2+ an-tiporter, thus preventing the measurement of meaningful Na+/Ca2+ stoichiometries. 
The scheme of Figure 3 summarizes the movements of Ca2+ in heart mitochondria, and expresses 
the concept of a "Ca2+-cycle". On this, some comments are in order. Firstly, the end-result of 
the proposed cycle is the re-entry of H+ into the mitochondrial matrix in exchange for Ca2+. 
One could therefore think that a direct coupling between H+ and Ca2+ may exist, making the pos
tulate of a Ca2+/Na+ exchange as an intermediate step redundant. This reasoning, however, can 
be ruled out on several grounds. Aside from the fact that Na+ jjs indeed required to release 
Ca2+ from heart mitochondria, if a rapid and direct Ca2+/H+ exchange existed, it would sponta
neously operate in Ca2+-loaded mitochondria, where the thermodynamic gradient is evidently 
in favour of the reentry of H+. In addition, if an artificial Ca2+/H+ exchanger (the ionophore 
A23187) is added to Ca2+ loaded mitochondria, Ca2+ flows out immediately in the absence of Na+ 
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TABLE IV. General properties of the Na+-induced release of Ca2+ 

Monovalent cation specificity in addition to Na+, Li+ has some releasing 
effect, K+, Rb+, Cs+, no effect 

Km (Na+) 
Km (Ca2+, from outside) 
Kinetics 
Vmax 

Inhibited by 
Present in mitochondria from 

about 8 mM 
about 13 μΜ 
strongly sigmoidal 
about 0.2 nmoles of Ca2+ per mg of protein 
per sec. 
La3+ (at high concentrations) 
heart, brain, skeletal muscle, exocrine and 
endocrine tissues. 

Absent in mitochondria from liver, kidney, lung 

(Ref. 30). A second comment on the data contained in Table IV is the following. Since the 
Vmax of the process of electrophoretic Ca2+ uptake is at least 10 times higher than that of the 
process of Na+ induced Ca2+ release, it is clear that the rate of the former process must be 

Fig. 3. The Ca2+ cycle in heart mitochondria (from Ref. 33) 

somehow "limited", if one is to explain the observed considerable deviations from the Nern-
stian equilibrium with the operation of the Na+/Ca2+ release antiporter. No conclusive indi
cations on ways and means to limit the rate of the energy linked Ca2+ uptake are available at 
the moment,but Mg2+ (Ref.11,31,32) may be responsible,at least in part. The Na+-induced relea
se of Ca2+ is not found only in heart mitochondria:Fig.4 shows that it is present in other 
mitochondrial types as well. In all these mitochondria, the important characteristics of the 
process (Vmax» Km, sigmoidicity, etc.) are essentially the same as in heart mitochondria. In 
other mitochondrial types, however, the release of Ca2+ has characteristics different from 
heart, and especially it is not influenced by Na+. The case of these mitochondria, which com-
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prise, among others, those from liver and kidney, is discussed in the next section. 
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Fig. 4. The Na+-induced release of Ca2+ in mitochondria from various tis
sues. The preparation of mitochondria from the various tissues indicated is 
described in Ref. 33. The incubation medium contained, in a final volume of 
2 ml, stirred at 25<>C, 130 mM KC1, 10 mM K-HEPES (pH 7.0), 1 pg rotenone per 
mg protein, 30 nmoles of Ca2+ per mg of protein, and 1-2 mg mitochondrial 
protein. Further additions: at the point marked "succ", 5 ymoles K-succi-
nate, at the point marked "RR" 1 nmole ruthenium red per mg of protein, at 
the point marked "Na+" 13:9 mM NaCl. The changes in the extramitochondrial 
Ca2+ concentration were measured with a Ca2+-selective electrode, as indi
cated in Ref. 33. 

THE RELEASE OF Ca2+ FROM Na+-INSENSITIVE MITOCHONDRIA 
When liver or kidney mitochondria are made to accumulate a pulse of Ca2+, they release it spon
taneously and fairly rapidly, upon addition of ruthenium red (Ref. 33). This is at variance 
with the case of heart mitochondria where the addition of ruthenium red per se had no effect 
on the maintenance of Ca2+. In liver and kidney mitochondria, on the other hand, the addition 

POSSIBILITY NO 1 = ONLY ONE ROUTE FOR BOTH UPTAKE 
AND RELEASE 

BASIC OBSERVATION = C A 2 + IS RELEASED UPON DE-ENERGIZATION 
DESPITE THE PRESENCE OF THE INHIBITOR 
OF THE UPTAKE ROUTE, RUTHENIUM RED 

ENERGIZED MITOCHONDRIA DE-ENERGIZED MITOCHONDRIA 
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RUTHENIUM RED (6+) IS 
BOUND TO THE CARRIER 
IN THE UPTAKE ROUTE 
THE ROUTE IS BLOCKED, 

RUTHENIUM RED (6+) LEA
VES THE CARRIER. C A 2+ 

MAY FLOW OUT THROUGH 
THE UPTAKE ROUTE. 

NO RELEASE OCCURS. 
Fig. 5 a. Possibilities for the release of Ca2+ from Na+-insensitive mito
chondria 
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POSSIBILITY NO 2. 2 SEPARATE ROUTES FOR UPTAKE 
AND RELEASE 

BASIC OBSERVATION C A 2+ IS RELEASED UPON DE-ENERGI
ZATION DESPITE THE PRESENCE OF THE 
INHIBITOR OF THE UPTAKE ROUTE, 
RUTHENIUM RED 
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TAKE ROUTE. SOME RELEASE 
MAY OCCUR VIA A SEPARATE 
ROUTE. HOWEVER, ITS RATE 
IS LIMITED BY THE NEGATI
VE POTENTIAL INSIDE. 

RUTHENIUM RED (6+) REMAINS 
BOUND. RELEASE OCCURS VIA 
A SEPARATE ROUTE. THE RA
TE OF RELEASE IS FASTER, 
DUE TO THE ABSENCE OF THE 
NEGATIVE POTENTIAL INSIDE. 

Fig. 5 b. Possibilities for the release of Ca2+ from Na+ insensitive mito
chondria 

of Na+ did riot induce leakage of Ca2+, nor did it accelerate the spontaneous leakage induced 
by the addition of ruthenium red. The fact that Ca2+ release occurs in the presence of ruthe
nium red in these mitochondrial types suggests that in this case as well separate pathways 
for Ca2+ influx and efflux exist. Release of Ca2+ from liver mitochondria can be induced also 
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Fig. 6. Binding of ruthenium red to energized and de-energized rat liver 
mitochondria. Mitochondria were prepared by a conventional differential cen-
trifugation procedure, using 210 mM mannitol, 70 mM succrose, 10 mM Tris-Cl, 
pH 7.4, and 0.5 mM Na-ethylenediaminetetraacetic acid (EDTA) as the homoge
nizing medium. The experiment was performed using a flow dialysis method, as 
described in Ref. 34. The upper chamber of the flow dialysis system contai
ned, in a total volume of 5 ml, at 250C, 120 mM KC1, and 10 mM Tris-Cl, pH 
7.4. At the points indicated by the arrows, the following additions were 
made: 0.66 yM ruthenium red, labelled with T°6Ru-ruthenium red,llmg of mito
chondrial protein, 10 mM Na-succinate, and 2 yM FCCP. 

by other means, for example, by de-energization of the membrane. In this case, the release is 
only partially inhibited by ruthenium red. This also supports the proposal of a ruthenium-red 
-insensitive efflux route. However, Pozzan et al. (Ref. 20) have chosen to interprete the le
akage of Ca2+ that is induced by the de-energization of liver mitochondria in the presence of 
ruthenium red, with a reversal of the electrophoretic uptake pump. The limited sensitivity to 
ruthenium red was explained by them with the detachement of ruthenium red (a positively char
ged molecule) from its specific binding site on the electrophoretic influx carrier, due to the 
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Fig. 7. Ca2+-Ca2+ exchange across the rat liver mitochondrial membrane. Mi
tochondria were prepared as indicated in the legend for figure 6. The incu
bation medium contained 210 mM mannitol, 70 mM sucrose, 10 mM Tris-Cl pH 7.4, 
10 μΜ rotenone, 125 μΜ butacaine (to minimize non-specific Ca2+ binding, to 
the membrane) 2 mg bovine serum albumin, and 15 mg of mitochondrial protein, 
in a final volume of 1 ml, stirred at 250C. After the addition of 40ca2+ 
(100 nmoles per mg of protein), energy-linked uptake was initiated with 25 
mM Tris-succinate, pH 7.4. After 2 min. (uptake essentially complete), a 
pulse of 45ca2+ (final concentration, 33 mM), was added (zero time). 50 μΐ 
aliquots were withdrawn at the times indicated, filtered through Mi Hipore 
filters, and washed with 1 ml of ice-cold 140 mM mannitol, 46 mM sucrose, 
6 mM Tris-Cl, pH 7.4, 33 mM 40caCl2, and 30 μΜ ruthenium red (to prevent 
Ca2+ release). The filters were then analyzed for 45ca2+. A — A no additions 
(additional active uptake of calcium ).Δ— Δ 10 μΜ FCCP, added together 
with the 45ca2+ pulse; O — o 20 μg antimycin A, added together with the 
45ca2+ pulse; ■ — ■ 24 μΜ ruthenium red, added immediately before the 
45ca2+ pulse; D — D same as ■ — ■ , but with 10 uM FCCP; · — · 50 μΜ 
A23187, added immediately after the 45ca2+ pulse. A23187, a specific Ca2+-
ionophore, makes the intramitochondrial Ca2+ pool available to the outside 
medium. The A23187 experiment indicates that the radioacitvity recovered on 
the filters in the absence of ruthenium red reflected the intramitochondri
al Ca2+ pool. 

disapperance of the transmembrane electrical potential. At this point, then in deciding whe
ther Ca2+ leaves de-energized liver mitochondria in the presence of ruthenium red through the 
influx route, or through a separate route, it was essential to establish! wiether the inhibitor 
was still bound to its specific site during the efflux of Ca2+. Clearly, if it could be shown 
that in the de-energized state ruthenium red becomes detached, and thus "liberates" the in
flux route, the rationale for postulating separate pathways for Ca2+ influx and efflux in li
ver mitochondria is no longer justified. Conversely, if it could be shown that the inhibitor 
remains bound to the uptake route in the de-energized state, and blocks it, one would be left 
with no alternative other than the existence of separate influx and efflux pathways. The 2 al
ternative possibilities are contrasted in the schemes of Figure 5, â  and b_. 
One approach to the problem is shown in the experiment of Figure 6, in which radioactive ru
thenium red was used, and flow dialysis was employed as the method for measuring its binding 
to mitochondria. The experiment shows clearly that the level of binding of ruthenium red was 
not influenced by the energetic state of the mitochondrial membrane. The amount bound indeed 
remainedapproximately the same before and after the addition of succinate and / or FCCP (Car-
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bonyl cyanide-p-trifluoromethoxy phenylhydrazone). It must be pointed out that the amounts of 
ruthenium red added to the mitochondrial suspension were extremely low (0.25 nmoles per mg of 
protein), and corresponded to the normal amounts required to inhibit completely the electro-
phoretic uptake carrier. Essentially all the ruthenium red added was bound, and it is yery un
likely that any of it was bound to sites on the membrane different from the uptake carrier. 
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Fig. 8. Release of Ca2+ from rat liver mitochondria induced by phosphoenol-
pyruvate. Mitochondria were prepared by a conventional differential centri-
fugation procedure. The homogenization medium was 210 mM mannitol, 70 mM su
crose, 10 mM Tris-Cl, pH 7.4, and 100 μΜ Na-EDTA. The latter was omitted 
from the final washing. The incubation medium contained, in a final volume 
of 3.5 ml, stirred at 250C, 200 mM sucrose, 20 mM HEPES, pH 7.2, 5 yg rote-
none, 7.5 mM MgCl2> 750 yM Tris-phosphate, pH 7.2,6 mM Tris-succinate, 210 
nmoles Ca2+, (added last) and 7 mg of mitochondrial protein. The movements 
of Ca2+ were followed with a Ca2+-specific electrode (Ref. 4 0 ) . · — · 2.5 
nmoles ruthenium red per mg of protein 6 min after the addition of Ca2+ 

O — o 2.5 nmoles ruthenium red per mg of protein, and 2.9 mM phosphoenol-
pyruvate 6 min after the addition of Ca2+. 

No other components of the mitochondrial membrane, indeed, have sufficient affinity for ruthe
nium red (Ref. 35), to compete with the unknown component which binds in the Ca2+ uptake sys
tem with a Kd of 1 yM or less (Refs 36 and 37). The possibility that the de-energization of 
the membrane promoted the dissociation of ruthenium red from its specific site of inhibition 
and its binding to other components elsewhere in the membrane, seemed remote. To rule it out 
conclusively, however, the experiment shown in Fig. 7 was carried out. Liver mitochondria we
re allowed to accumulate a pulse of cold Ca2+. At the end of the uptake phase, a second pulse 
of Ca2+, radioactive, and equivalent to the Ca2+ concentration already accumulated, was added. 
In the de-energized state (FCCP) radioactivity could obviously not become associated with mi
tochondria through energy-linked uptake, but only through the exchange of intra- and extrami-
tochondrial Ca2+. When ruthenium red was present, the amount of radioactivity associated with 
mitochondria dropped very considerably, offering compelling indications that a large portion 
of the exchange of Ca2+ occurred through the ruthenium red-sensitive carrier. Most importantly, 
the inhibitory effect of ruthenium red was not influenced by the presence of FCCP, showing 
that in the de-energized state the Ca2+ Influx pathway was still blocked by ruthenium red. 
Therefore, it must be concluded that ?"so in liver mitochondria (and presumably in the other 
Na+-insensitive mitochondria) the influx and efflux of Ca2+ occur via 2 separate pathways, of 
which the second is insensitive to ruthenium red. 
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The problem is now that of identifying the release pathway in the Na+-insensitive mitochond
rial types. One physiological component which has been shown to promote the efflux of Ca2+ 

from liver mitochondria, is phosphoenolpyruvate (Refs. 38 and 39). Recent experiments (Refs. 
40) have however shown that the effect of phosphoenolpyruvate is due to the collapse of the 
membrane potential across the mitochondrial membrane, and to the reversal of the electropho-
retic uptake pathway. It is thus, (Figure 8) as expected, inhibited by ruthenium red, and has 
probably no physiological significance. More likely candidates as natural inducers of Ca2+ 

release from Na+-insensitive mitochondria are perhaps endogenous fatty acids. A recent study 
of the release of Ca2+ from kidney mitochondria (Ref. 41) has offered indications that poly-
unsaturated fatty acids could become liberated within the inner mitochondria! membrane by 
phospholipases activated by the incoming Ca2+, and play a role in its release. 
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SOURCES OF ENERGY FOR MEMBRANE 
TRANSPORT IN YEASTS 

A.Kotyk 
Laboratory for Cell Membrane Transport, Institute of Microbiology, 
Czechoslovak Academy of Sciences, 142 20 Prague, Czechoslovakia 

Abstract - Yeast cells are the simplest eukaryotic organisms that are 
of particular interest in the field of membrane transport and its en
ergization· Primary active transport was demonstrated with certainty 
in the case of bivalent cations and, somewhat less conclusively, in 
the case of protons and possibly potassium ions. Secondary, coupled, 
transport utilizing a proton gradient may serve the transport of some 
anions, as well as of sugars and amino acids. However, quantitative 
considerations indicate the inadequacy of a simple proton-emotive force 
being the major energizer of the transport. Even if the transport did 
draw its energy from the components of the proton-motive force a more 
intimate coupling within the membrane and/or a more direct requirement 
for ATP or polyphosphate would be necessary. 

INTRODUCTION 
Cell membranes are endowed with a host of biophysical, biochemical and physio
logical capabilities such that it is hardly an exaggeration to say that life 
- at least in the form we know it - could not exist without biomembranes. It 
is perhaps reasonable to assume that the earliest and primary function of mem
branes has been the separation of solutions of different composition which de
veloped, over the two or three billion years of biological evolution, into a 
highly complex apparatus actively catalyzing the transport of some molecules 
and ions, passively permitting the passage of some others and completely bar
ring the penetration of others still. 
The last 10 - 15 years have witnessed a vigorous effort of molecular biology 
to unravel the mechanisms underlying the selective permeability of biological 
membranes and we are now in a position that we can at least sort out the var
ious transport mechanisms on the basis of their characteristic properties. 
Most transport workers would perhaps agree on the following classification. 

I. Simple diffusion 
1. through aqueous pores 
2. through lipid domains of the membrane 

II. Carrier transport 
1. facilitated or mediated diffusion 
2. active transport 

a. primary 
b. secondary or coupled 

III. Group translocation 
1. by chemical bond forming 
2. by chemical bond breaking 

IV. Mechanisms involving a local rearrangement of membrane structure 
1. at the level of individual polymers 
2. at the level of supramolecular complexes 

Only cases II.2, III.l and, in a complicated way, IV, depend on a source of 
energy, either through direct coupling with an exergonic chemical reaction 
(ll.2.a, III.l) or through tapping the electrochemical gradient of a cation 
(ll.2.b). The molecular basis of the "active" mechanisms is what will probab
ly remain in the focus of interest of biologists, biochemists and biophysic-
ists in the near future. Rather than dwell on the accomplishments of biomem-
brane kinetics and energetics I will try to emphasize here those points which 
still await an adequate solution and I will do that by using the example of 

417 
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transport across the yeast plasma membrane. ' 
In many respects, yeast cells represent the ideal eukaryotic model for stud
ies of biological processes on the molecular level. They are easy to grow un
der a variety of conditions $ they are genetically fleKi&i^f tkey have a com
plex enough structure to permit comparisons with €i^sn*e *eöll-s of animals and 
plants? one can find among the species some "ty£(#CÄE?rias well as some "ex
treme" cases of environmental adaptation. 

Primary agtiye transport 
A clearly established case of primary active transport in yeast is that of 
some cations, in particular of Mn , Mg , Ca , etc., where an adenosinetri-
phosphatase is involved (l). However, the classical adenosinetriphosphatase 
transporting Na and K in animals and plants (2) is absent both in baker's 
yeast Saccharomyces cerevisiae and in an otherwise highly active species Rho-
dotorula glutinis (Rhodosporidium toruloides) (Ref. 3). Still, Na and K are 
unequally distributed at the expense of metabolic energy. 
There is no definitive evidence for a proton-translocating adenosinetriphos
phatase of the mitochondrial, chloroplast, and bacterial type. Still, protons 
are actively pumped out of cells, partly in exchange for K , partly without 
any such obligatory partnership, electrogenically. The proton extrusion may 
serve two purposes: 1. Removal of acid from the cell interior during glyco-
lysis when the anaplerotic sequences involving glycerol and glyceric acid 
operate (Fig. 1A); 2. maintenance of a pH difference between the cell inter
ior and the outside medium, potentially useful for driving coupled transport 
of ions and nonelectrolytes (Fig. IB). The molecular nature of these pumping 
mechanisms is not yet known - either ATP or polyphosphate might serve as the 
source of energy, polyphosphate being in immediate equilibrium with ATP owing 
to catalysis of polyphosphate kinase and, indirectly, of a number of other 
enzymes (4). 
There are reports about an adenosinetriphosphatase from Schizosaccharomyces 
pombe (5),,as well as from Saccharomyces cerevisiae (6,7; that is ouabain, 
dicyclohexylcarbodiimide and oligomycin insensitive and that might be func
tional in the proton extrusion. However, if this is the case it would have to 
depend entirely on glycolytically produced ATP since the proton extrusion (in 
baker's yeast) is unaffected by respiratory mutations, defects in the ADP-ATP 
carrier of mitochondria or by anaerobiosis (Fig. 1A). 

Secondary active transport 
All important organic molecules (with the exception of monosaccharides in 
Saccharomyces), as well as anions (sulfate, phosphate) are transported ac
tively, often against high concentration differences. The transport mechan
isms for amino acids, vitamins, purines and pyrimidines, mono- and disacchar-
ides are of many types: They are constitutive, repressible or inducible (8,9, 
10), they work in both directions or inward only (ll) and are subject to dif
ferent types of regulation (12,13). Many of the transport systems were repor
ted to be energized by the pH gradient and/or the membrane potential differ
ence across the membrane (14,15,16). The evidence proferred in this context 
is either a transient alkalification of the outside medium or membrane depol
arization as the presumably "coupled" organic compound was added to the sus
pension (Fig. 2). The only fairly direct proof was provided in the case of 
amino sugar transport in Rhodotorula glutinis (17). 
I am going to examine this evidence by a quantitative approach and intend to 
demonstrate that the proton-motive force (combined from the pH difference and 
the membrane potential terms) is probably not the only driving force in these 
transports. Schematically, one can depict the coupled transport system as in 
Fig. 3. One can consider either the complete scheme or any one of the partial 
schemes enclosed in broken or dash-and-dot lines. Moreover, one can with some 
justification neglect the movement of either the CA or CS complexes across 
the membrane so as to obtain single-loop patterns that are easier to manipul
ate in a steady-state analysis. Such an analysis, or one that proceeds from 
the assumption of an equilibrium at each of the surfaces (between C, A, and 
S) will yield appropriate expressions for the half-saturation constant K , 
the maximum flux J , and the steady-state accumulation ratio ω, either 
without (18,19) orma x with (20) the role of the membrane potential included. 
The steady-state ratio of a nonelectrolyte is an important parameter for es
timating the role played by the proton gradient and the membrane potential 
difference in nonelectrolyte transport. If the proton gradient is truly the 
main driving force of a particular nonelectrolyte transport, the membrane po-
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tential will also be involved since, by binding the proton, the carrier ac
quires an extra positive charge and will move preferentially toward the neg
ative (i.e. inner) membrane face. 
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Fig. 1. A. The extracellular pH of Saccharomyces cerevisiae 
aerobically (1) and anaerobically (2), of a mutant defective 
in the mitochondrial ATP-ADP translocation (3) and of a respir
ation-deficient mutant (4). Suspension density was 8 mg dry wt. 
per ml, incubation took place in distilled water at 30 °c. 
Glucose to 50 mM concentration was added to elicit the pH drop. 

B. The extracellular pH of Rhodotorula glutinis (ap
proximately 10 mg dry wt./ml),incubation in distilled water at 
30 C, aerobically. Potassium hydroxide (1 ianol) was added to 
8 ml of suspension at 5, 10, 20, 30 and 45 min. The half-times 
of pH return to the original value of pH 4.4 were 0.9, 2.5, 
3.7, 6, and 15 min, respectively. 

Ideally, the energy available from the combination of the two factors is 
LG = **Δψ - 2.3/?2'ΔρΗ (la) 

and the driving force p.m.f. in millivolts at 3θ °c. is simply 
p.m.f. as Δψ - 60ΔρΗ (lb) 

The maximum accumulation ratio of the proton-driven nonelectrolyte (ω = s /a ) 
cannot exceed the value given, for a neutral substrate, by (cf. Ref. 21) i J I 

2.3ÄTlogu> = -^Δψ + 2.3ÄTlog(H^/H^) (lc) 
However, for an actual carrier system with different affinities for substrate 
and ion, with different mobilities of the various carrier forms, one arrives at somewhat more complicated formulae for the accumulation ratio. 
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Fig. 2. A. Extracellular pH of a suspension of Saccharomyces 
cerevisiae, aerobically at 30 C (approximate dry wt. 7 mg/ ml), 
in the presence of 20 μΜ antimycin. 20 mM trehalose was added 
at T, 20 mM maltose at M. 

B. Radioactivity (in counts/min) of a Rhodotorula glu-
tinis suspension supernatant after adding (at tijne zero) 20 μΜ 
labelled tetraphenylphosphonium chloride (TPP+). Incubation 
was done at 30 °C, aerobically, in 0.3 M Tris-citrate buffers 
of the pH shown at curves. After 20 min, either 10 μΜ carbonyl 
cyanide m-chlorophenylhydrazone (open circles) or 1 mM 6-deoxy-
D-glucose (black circles) was added. The apparent values of 
membrane potential calculated from the distribution of TPP+ at 
20 min were 66 mV, 86 mV, and 120 mV, respectively. 

For the (C + A +■ S) system we have 

ω = Kl/2{AI/AII){aK1^/2 + bA^/iaKf Βζι/*ΑΖ) (2a) 

and, if κ is very large (or CA is immobile) 

« - «V X XJ (2b) 

For the (C + S + A) system then 

ω = (dK4 + e^/2
A].)/(dK4 + βζ-ι/2ΑιΙ) 

and, if κ is very small or the CS is immobile, 

= Uj/t II 

(3a) 

(3b) 
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Fig. 3. Schematic representation of carrier transport of a non-
lectrolyte S and an activating ion A, proceeding from the equi
librium assumption such that the dissociation constants K - K 
can be ascribed to the individual steps. The hypothetical1con-4 
centration profiles of S and A at end of incubation are shown 
below, together with the postulated orientation of the membrane 
potential. 

For the two systems combined (C + S as v/ell as C + A + S) then 

ω = (K1K2d + Κ^Α^ξ1/2)^^1/2 + AI1b)/i<K1K2a^l2 + A ^ ^ c ) (ĵ a + Α^ξ1/2) 
(4a) 

and, if either CAS formation or CS formation is strongly preferred, 
ω =5 1 (4b) 

In all the above equations,ζ = exp(-FAi|>/ÄT), 
The intracellular and the outside H concentrations (4JJ and Λ , respectively) 
can be measured from the distribution of a weak acid (e.g., bromophenol blue) 
(Ref. 22), the Δψ can be assessed from the distribution of a lipophilic cat
ion (e.g., tetraphenylphosphonium ion) (Ref. 23) using the Nernst equation. 
For the purposes of calculation, values of K- - K. as well as of a - d may 
be varied within reasonable limits (10~7 - 1 M fo! the Κ*&·9 1 - 100 s"1 for 
a - d). If the computed values of ω are plotted against A (= -antilog pH ) 
a family of concave curves are obtained (Fig. 4). Only for a situation wh8re 
ω << 1 can occasionally a convex curve be obtained. The trend of these curves 
of course reflects the electrochemical potential of the proton difference 
across the membrane. 
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Fig. 4. The accumulation ratio ω plotted against extracellular 
pH, based on experimental values of the membrane potential and 
the intracellular pli in Rhodotorula glutinis, and on different 
values of translocation constants a - d, and dissociation con
stants K - K , according to equation (2a) for curves 1 - 4 , 
(3a) for curve 5 and (4a) for curves 6-13. The values used 
for the curves (a - d in s*"1, K - K in mol/liter) were as 
follows. Curve 1: a = 100, b = 1, K =· 10~3· curve 2: a = 1, 
b = 100, K2 = 10""3j curve 3: a = b = l00r K = 1; curve 4: 
a = 100, b = 1, K = 1} curve 5: d = 1, e =100, K = 10-7. 
curve 6: a = lOü/b = o = d = 1, K7 = 10" 7', K - κ\ = 1; 
curve 7 : a = £ = d = l , c = 100, Ĵ  = 10~7, κ* - jf - 1} curve 8: a = 100, b = c = d = 1, X. = K2 =nK, = 10*7. curve 9: 
a = b = d = 1, o = 100, X. = # = £ = I0"7j curve 10: a = a = 
d = 1, b = 100, jr = X = 1, A'̂  = ID-?, curve 11: a = 100, 
2? = e = ̂  = if A' i= Ap = 10"7, A = 1; curve 12: a = b = c ~ d 
= 100, £ = Ä7 = 1, A« = 10-7. curve 13: a = 2? = e = d = 100, 
*Λ « *s A 10-7, A 3 = f. 

However, a typical pH dependence of the accumulation ratio of either a mono-
or a disaccharide is convex, resembling the enzyme activity dependence on pH 
generally found with both soluble and membrane-bound enzymes. The theory un
derlying the occurrence of the optimum is that the enzyme (or carrier ) can 
function only if it is partly protonated, being inactive either in the fully 
protonated or in the nonprotonated form. An example is shown in Fig. 5. Sim
ilar dependences were found in Kaback's laboratory (24) and by Anraku's group 
(25). However, even if the carrier functioned only in the half-protonated form 
this would affect the rate of coupled uptake in a way similar to that shown 
for ω in Fig. 5 but not the accumulation ratio. Since this is identical with the equilibrium constant of a reaction it should not be affected by the mech
anism of the reaction. 
One is thus forced to modify the recently advanced explanations of a proton 
symport in yeast. To account for the effect of H+-ATPase inhibitors dicyclo-
hexylcarbodiimide or Dio-9 on transport of nonelectrolytes one might envisage 
a proton-extruding system in the membrane next to the nonelectrolyte trans
port in such a way that protons would be used for driving the transport dir
ectly as they are released by the ATPase while the extracellular pH is of no 
direct importance for the uptake system (somewhat along the lines suggested 
by Williams, Ref. 26) . 
There are, to be sure, a number of data militating against a unique role of 
the proton gradient in nonelectrolyte transport in yeasts. 
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Fig. 5. Dependence of the final accumulation ratio of 6-deoxy-
D-glucose in Rhodotorula glutinis on extracellular pH, aerobic-
ally at 30 °C. The initial concentrations of 6-deoxy-D-glucose 
were 0.8 mM (curve l) , 4 mM (curve 2) , and 20 mM (curve 3). 
The suspension density was 7.5 mg dry wt./ml. 

1. The amount of insoluble polyphosphate synthesized during preincubation 
of Saccharomyces cerevisiae with different substrates tallies nicely with the 
increase of amino acid transport brought about by the preincubation (Fig. 6) 
(Ref. 27) . The same now appears to hold for the uptake of some disaccharides, 
as well as the phosphate and possibly sulfate anions. 

Fig. 6. Comparison of the rate of uptake of 1 mM glycine (sol
id columns) with the content of acid-extractable high-energy 
phosphate related to ATP (hatched columns) and of high-molec
ular weight polyphosphate (void columns). Cells were preincub-
ated for 2 h in the presence of 1% D-glucose (A), D-fructose 
(B), D-galactose (C), sucrose (D), maltose (E), ethanol (F) 
and sodium acetate (G)· After washing they were resuspended 
in labelled glycine and incubated aerobically at 30 °C. The 
difference between a water-preincubated suspension and the 
substrate-preincubated one is shown. For glycine uptake, it is 
expressed in counts/min per mg dry wt., for the phosphate 
fractions in yg P per mg dry wt. 
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2. Respiration-deficient and ATP-ADP-transportless mutants of Saccharomy-
ces cerevisiae are unable to transport amino acids in the normal way although 
the pH difference as well as the presumably electrogenic Jti* transport operate 
normally. Likewise, under anaerobic conditions in baker's yeast, amino acid 
transport is much reduced. 

3. In contrast, in the strictly aerobic Rhodotorula glutinis, anaerobic 
conditions depolarize the membrane, readily while sugar uptake proceeds norm
ally until the very last traces of oxygen (below 1 p.p.m.) are removed, in a 
convex pH dependence, similar to that in Fig. 5. 

4. The very fact that amino acids are transported practically exclusively 
inward speaks against the operation of a simple proton-driven symport. 

5. In Saccharomyces cerevisiae K+ ions, eVen more than Na+ ions, stimulate 
the uptake of amino acids which is difficult to reconcile with the notion that 
the exchange of H+ for K+ is one of the principal mechanisms of transport of 
these ions. 

6. The observations of alkalification of the outside medium on adding a 
nonelectrolyte are difficult to reproduce in nonstarved cells and at larger 
substrate concentrations. The explanation that in energy-rich cells the non-
electrolyterinduced uptake of protons is compensated by the proton-extruding 
pump is untenable. If a suspension is fed with an alkaline solution at a rate 
that would correspond to merely one-tenth of the rate of disappearance of 
protons due to a nonelectrolyte symport (at a 1:1 stoichiometry) there is a 
pronounced alkalification of the outside medium. 
The question may be raised why there is an occasional alkalification observed 
in the outside medium on addition of transportable substrate and why the mem
brane is depolarized. One possible explanation would be that the nonelectro
lyte transport system draws its energy from the same source as the outward 
(electrogenic) proton pump. If the availability of this energy source is lim
ited (cf. Ref. 28) such that the total amount P at any given moment is equal 
to P + PA + PB, where PB is the energized transport complex of the nonelect
rolyte system, PA the same of the proton pump, it can be easily shown that, 
in this particular case, the outside pH will increase as B is added to the 
system. 
It is unfortunate that at present no isolated active transport systems from 
yeast are available (although presumably a maltose-binding protein was isol
ated (Ref. 29) and an arginine-binding protein - a part of the whole system -
is readily obtainable from baker's yeast (Ref, 30)) and that work with mem
brane vesicles is by no means as simple as that with bacterial vesicles. There 
^31) and with the glucose-Na+ system of the intestine (32) unequivocal evid
ence was provided in vitro that an ion symport is involved in sugar uptake. 
Until this is possible with yeast the evidence for proton-driven symports 
must be considered as unsatisfactory. 
One can only speculate what source of energy could replace the proton grad
ient in yeast. In bacteria, the noncoupled transports of amino acids utilize 
ATP or a related compound (33) just as maltose does (34). In yeast, polyphos-
phate may equally well be involved (4,27). 

Group translocation 

Now that phosphorylation of sugars during transport in baker's yeast does not 
appear probable (35,36) there is only one case where a phosphorylative group 
translocation might operate, that of 2-deoxy-D-glucose in Saccharomyces fra-
gilis (37). However, the source of the phosphate group is still unknown. 

To summarize, the problems to which answers should be provided in the nearest 
future are the molecular nature (l) of the H+-extruding pump and (2) of the 
nonelectrolyte transports that are not coupled to a proton gradient. If and 
when the answers are provided by working with yeast one can more reliably ex
trapolate them to the highly organized cells and tissues than would be pos
sible when proceeding from work on prokaryotic organisms. 
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LATERAL MOLECULAR MOTIONS IN 
MEMBRANES 
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Abstract - Lateral molecular motions of membrane components are important 
for the biological functions of cells. In this paper we cite briefly 
earlier physical techniques that have been used to study these motions, 
both in cell membranes, and in reconstituted (model) membranes. We then 
describe more recent optical and magnetic resonance methods that are 
currently being used for such studies. Finally, the relationship of 
molecular motion in membranes to ongoing research in cell surface immuno-
chemistry is discussed, in terms of a single, simple example, the binding 
of antibodies to hapten-sensitized model membranes 

INTRODUCTION 

The lateral molecular motion of the components of biological membranes is of great interest 
in connection with cell structure and function. Membrane-associated functions that appear 
to have a direct dependence on the lateral motions of membrane components include complement 
activation (1-4), mast cell degranulation (5-7), and the response to hormones such as 
insulin (8). At present the lateral movements of a variety of proteins and lipids in intact 
cells have been observed and studied. For a recent review, see Elson and Schlessinger (9). 
Some molecular motions, particularly motions of lipids, appear to arise simply from thermal 
diffusion. Other motions, especially those of some intrinsic membrane proteins, are some
times slower, and sometimes faster than that expected on the basis of thermal diffusion (9, 
10). Much of the research in our laboratory at Stanford University is related to the use of 
reconstituted membranes ("model membranes") to investigate afferent and efferent responses 
of the immune system. In other words, the reconstituted membranes"are used as "targets," 
both to stimulate an immune response, and to be subject to attack by this response. We 
believe that it is essential that such target membranes be characterized as quantitatively 
as possible, both with respect to chemical composition and physical properties, in order to 
understand their interactions with the components of the immune system. The present paper 
describes some of our work in this area. For the sake of brevity, the present paper will be 
restricted to the lateral motions of phospholipids since at present these motions are better 
understood than those of the proteins. 

LATERAL DIFFUSION IN RECONSTITUTED MEMBRANES 

The first studies of the lateral diffusion of phospholipids in lipid bilayer membranes were 
made by Kornberg and McConnell (11), Träuble and Sackmann (12), and Devaux and McConnell (13), 
using magnetic resonance methods (nuclear resonance of phospholipids in the presence of spin-
label phospholipids), and spin-label paramagnetic resonance. More recently such studies have 
been carried out using nuclear magnetic resonance methods (14), fluorescence photobleaching 
(15, 16), and spin-label photochemical methods (17). Again, for the sake of brevity, we only 
discuss the latter two methods. 

Smith and McConnell have recently described a technique of periodic pattern photobleaching 
that can be used to measure the lateral diffusion of fluorescent-labeled phospholipids in 
lipid bilayer membranes (16). The technique is illustrated schematically in Figure 1. 
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Fig. 1. Diagram of optics used for pattern photobleaching. Light from an 
argon-ion laser is directed through a Ronchi ruling into the microscope 
objective which focuses an image of the ruling onto the sample. Details 
of the microscope optical system have been omitted. Taken from B. Smith 
and H. M. McConnell (16). 

In this example, the light from an argon-ion laser is passed in reverse direction through a 
microscope, and through a Ronchi ruling onto a sample under the objective of the microscope. 
The sample is composed of phospholipid multilayers containing a £§_. 0.1-1.0 mol % concen
tration of a fluorescent phospholipid probe such as 

R-C —0-CH„ 

R1— C-O-CH 
II I 
0 

— 0-P— 0-CHo-CHo — N - / V- : H 2 C ~0-P-0~CH 2 - CH 2 — N-f V- N02 

The fatty acid chains R and R1 are derived from egg phosphatidylethanolamine (16). These 
fluorescent molecules can be photobleached in a striped pattern, such as that illustrated 
in Figure 2. The time-dependent intensity of these stripes can be recorded photographically, 

Fig. 2. Fluorescence photomicrograph of a multibilayer sample (dimyristoyl-
phosphatidylcholine doped with NBD-PE) immediately after pattern photo-
bleaching. The period of the striped pattern is 13 ym. Defects in the 
macroscopic ordering of the sample, which exhibit birefringence when viewed 
between crossed polarizers, appear as bright lines when viewed by fluores
cence. The striped pattern has been placed in a region free of such 
defects. Taken from B. Smith and H. M. McConnell (16). 
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and densitometer tracings can then be used to determine the diffusion constants of the 
fluorescent-labeled phospholipids in coplanar parallel arrays of the lipid bilayers, Data 
on the lateral diffusion of I in the monoclinic (P3O phase of dimyristoylphosphatidyl-
choline is given in Figure 3. 
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Fig. 3. Diffusion coefficient of NBD-PE in dimyristoylphosphatidylcholine 
multibilayer samples as a function of temperature. No hysteresis was 
detected in the diffusion coefficients in the temperature range 9.6-23.7°. 
The strong dependence of the diffusion coefficient on temperature illus
trated by the straight line corresponds to an apparent "activation energy" 
for diffusion of 36 kcal/mole. Note that the largest diffusion coefficient 
at 23.7° is in the region of the chain melting phase transition and the 
diffusion coefficients 1 or 2 degrees higher are >10~8 cm^/sec. ·, * 
increasing temperature; A, decreasing temperature. See text. Taken from 
B. Smith and H. M. McConnell (16). 

A second new technique used to measure the lateral diffusion of phospholipid probes in lipid 
bilayer membranes is illustrated in Figure 4 (17). Light from an argon-ion laser is 

^QUARTZ PLATES ~ 
INCIDENT 

LIGHT 

'- METAL MASK 

Fig. 4. Schematic diagram of experiment by J. Sheats. -N-0 represents the 
spin label II; RX represents the alkylcobalt complex [CoCCN^CI^CC^-]"*. 
Taken from J. Sheats and H. M. McConnell (17). 
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incident on a phospholipid multilayer sample contained between two optically flat quartz 
plates having a metal mask in front. The aqueous region between each pair of lipid 
bilayers contains a photosensitive compound RX that, when activated by light, produces 
radicals R·. These radicals react rapidly with the nitroxide groups of spin-labeled 
phospholipids incorporated into the lipid bilayers, such as 

H2C~0-CO-(CH2)14CH3 

CH3(CH2)l4CO-0 -CH 
I 0 CEL I II I 3 

lUC-O-P-O-CH^-CH,,-- N-
+ίη. 

II 

N-0 

However, the lifetime of the photoradicals R· is so short that they destroy only the 
nitroxide radicals that are also in the same illuminated area. Thus, an initial burst of 
laser radiation destroys exactly 50% of the radicals, if the mask protects 50% of the 
sample from the radiation. The number of radicals destroyed by a second or third burst of 
radiation then depends on the grid spacing, and the rate of lateral diffusion of the spin-
labeled phospholipids. From measurements of the paramagnetic resonance intensity at 
appropriate times one can then determine the lateral diffusion constants of spin labels such 
as II. Lateral diffusion constants of II in the fluid (La) phase of dimyristoylphosphatidyl-
choline are given in Figure 5. Agreement between diffusion constants obtained with the two 

(l/T)(IO°) 
3.29 3.31 3.33 

(T in 
3.35 

°K) 
3.37 

23.0 25.0 27.0 29.0 3I.080 
Tft) 

Fig. 5. Preliminary diffusion constants obtained by J. Sheats for the spin 
label II in multilayers of dimyristoylphosphatidylcholine. 

methods is good, when samples are studied under the same conditions (temperature, degree of 
hydration, etc.). 

Extensive studies are in progress in our laboratory to measure lateral diffusion of probes in 
defined mixtures of phospholipids, since such studies appear promising for determining 
thermodynamic phase boundaries, and molecular ordering. 

MEMBRANE IMMUNOCHEMISTRY 

As mentioned in the Introduction, we have been very much interested in the preparation of 
reconstituted membranes to serve as "targets" for various components of the immune system 
(1-3, 18-22). As also mentioned in the Introduction, we believe that quantitative chemical 
and physical characterization of the target membranes is essential for obtaining an under
standing of this immunochemistry. To illustrate this point, consider a seemingly very simple 
reaction, the binding of specific anti-nitroxide rabbit IgG antibodies to lipid membranes 
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containing 0.5 mol % spin label II in binary mixtures of dipalmitoylphosphatidylcholine and 
cholesterol. Figure 6 contains data obtained by Brulet and McConnell (3) showing a sharp 
Increase in antibody binding at cholesterol concentrations above 20 mol %. Also displayed 
are data of Schwartz and McConnell (23) showing that cholesterol has no effect in enhancing 
the number of exposed spin-label haptens II in these membranes (multilamellar liposomes). 
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Fig. 6. The solid line represent binding of specific IgG to DPPC-
cholesterol membranes containing 0.5% spin label II, taken from Brulet 
and McConnell (3). Points 0 give IgG binding and points · give corres
ponding FaD binding. The broken line represents the percent of hapten 
exposed on the outer surface for similarly prepared membranes. Taken 
from M. Schwartz and H. M. McConnell (23). 

What is then responsible for this enhancement of antibody binding as a function of cholesterol 
concentration? An important clue is provided by the data of Brület and McConnell (2) which 
show that the binding of specific anti-nitroxide antibodies to spin-label haptens depends 
strongly on the detailed molecular structure of the haptenic group, i.e., if the "distance" 
between the NO group of the nitroxide and the phosphorous atom of the phosphodiester group 
of the phospholipid is increased by three to six atoms, the binding of a given population 
of specific antibodies to these membranes can be increased by 20% to 100%. This clearly 
indicates a high sensitivity of antibody binding to local molecular structure. 

Many different experiments, some involving spin-label paramagnetic resonance spectra (24), 
nuclear magnetic resonance spectra (25), and calorimetry (26, 27) have indicated that 
physical properties of binary mixtures of cholesterol and dipalmitoylphosphatidylcholine do 
change significantly around 20 mol %. None of these data provide a clear understanding of 
the enhancement of antibody binding for cholesterol concentrations above 20 mol %, although 
some of the data are consistent with an enhancement of headgroup motion for this concentra
tion range. 

In recent unpublished work, Rubenstein, Smith and the present author have observed a remark
able enhancement in the rate of lateral diffusion of fluorescent probe I for cholesterol 
concentrations equal to and above 20 mol % (80% dipalmitoylphosphatidylcholine) at 18°. The 
significance of this enhanced diffusion may simply be a loosening up of the molecular 
structure, a loosening that also facilitates the accomodation of antibody combining sites 
to membrane-associated haptens. This may well be a significant or perhaps even major con
tribution to the extensively discussed issue of why "fluid" target membranes are more 
effective than "solid" in complement activation and depletion. 

Current work in this laboratory includes a number of studies of the interactions of cellular 
components of the immune system with reconstituted membranes (19). Although these systems 
are far more complex than the problem of antibody binding described in the present paper, 
our present discussion does clearly point out the importance of a quantitative understanding 
of the chemical and physical properties of target membranes. 
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Abstract - A photopotential on the photoreceptor cell disc < 
membrane was discovered by two independent methods. One of 
them was the penetrating ion probes. The artificial lipid 
membrane was used as a sensitive electrode in this case. It 
was chosen phenyldicarboundecaborane (PCB**) as a penetrating 
anion. The other one was the method of direct measurement of 
the electric potential on a closed membrane fragment associa
ted with the planar membrane. There was an adhesion of pho
toreceptor discs or the sonicated membrane fragments to pla
nar membrane by means of the Calcium ions. All experiments 
were carried out with the fraction of the disks of the cat
tle rod outer segments. This fraction was sonicated in some 
cases. 
An illumination induced the considerable electric potential 
difference across the photoreceptor disc membrane in both 
cases. 
INTRODUCTION 

At least two coupling stages may be suggested in the photoreceptor mechanism. 
The first coupling stage is between the visual pigment photolysis and the 
functional changes in the disc photoreceptor membrane and the second one is 
a coupling between the light-dependent events in the disc and in the plasma 
membrane of the photoreceptor cell. The coupling of the rhodopsin molecule 
photoactivation to control over ionic and enzymic reaction in the disc pho
toreceptor membrane is one of the most important questions of the visual 
reception problem. 
The light-induced alterations of the photoreceptor membrane electric pro
perties should play the key role in this coupling mechanism. 
Some data about the photoinduced conductance alterations of the artificial 
lipid membrane (ALM) modified by the photoreceptor membrane fragments were 
obtained (1,2). Recently, the photoinduced potential in the photoreceptor 
membrane was registrated in our laboratory by two independent methods. Qne 
of them was the penetrating ion probes (3) and the other one was the measu
ring of the photopotential by a conventional electrometer technique. | 
Itfs impossible to register the potential alteration from the single pnoto-
receptor disc by the usual microelectrode technique because of the small 
size of it. 

USING OP PENETRATING ION PROBES 
The sonicated and unsonicated photoreceptor discs suspension was investiga
ted. There was shown in the special experiments that the fraction obtained 
by the lysis of rod outer segments in the distillated water, and the frac
tion obtained by the sonication of outer segments had closed osmotically 
active membrane structures. 
All experiments were made with the pure fraction of the photoreceptor memb
ranes. The fraction purity was estimated by the value of the optic absorp
tion Αρ78/Αςοο which was 2,1-2,3· Only the fresh suspension was used in the experiments? The suspension of the cattle retina rod outer segments was iso
lated by the method described in the work (4). The additional procedures of 
the discs fraction obtaining were described earlier (3)· 
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The method of the penetrating anions had been successfully used to discover 
the membrane potential alteration in mitochondria, photophosphorylating 
bacterias and their fragments (5)· 
The membrane was formed on a bore of 2 mm in a partition deviding the Teflon 
cell. The mixing of the solution was carried out by a magnetic mixer· The 
Teflon cell was placed into a thermostatic house serving also as an additio
nal electrostatic screen. A potential difference across ALM was measured by 
an electrometer ITN-6 and KSP-4 recorder. 
The illumination was realized by the visible light with a thermofilter. The 
switching of the light was carried out by a photoshutter (opening time-
10 m s e c ) . ALM was formed from the cattle brain lipid dissolved in octane; 
the lipid concentration was 15-20 mg/ml. We chose phenyldicarbaundecaborane 
anion (PCB~) as a penetrating anion. It had been demonstrated (6) that the 
diffusion potential of this anion was the same as Nernst-potential in a wide 
concentration range. The value of the diffusion potential was measured in 
every experiment after the adding of PCB~ into the cell. In the presence of 
the penetrating ions the characteristic value of the ALM resistance was o 10 ohms, i.e. an order lower than in their absence. 
In the darkness the diffusion potential appears on ALM (75-80 mV) after the 
adding of the fraction of the discs (P.D.) into a compartment of the cell 
containing the penetrating ions. It is a result of the ions absorption by 
the photoreceptor membrane lipid matrix. The appearance of the diffusion 
potential of a definite value is the additional test for the ALM sensitivi
ty to the penetrating ions. 
The illumination of the cell by the visible light (-X = 400-600 nm) results 
in the light-induced potential generation on ALM, as shown in Pig. 1. 
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Pig. 1. There are shown photoelectric responses of ALM 
separating two compartments containing a solution of 
100 mM NaCl, 250 mM sucrose, 30 mM Tris-HCl (pH=7.2), 
1x10*'M pcB~ ( ); the photoresponses of ALM with pro-
tonophorous uncoupler-CCCP with 5xl0~'M concentration 
(- — ) ; the fraction of discs (P.D.) was added in one 
of the compartments of the cell with the concentration of 
rhodopsin 0,15 mg/ml ( 1 ). The switching of the visible 
light was realized by afphotoshutter with 10 msec opening 
time ( i—»). 

This effect is due to the shift of the ions concentration in the compartment 
of the cell containing P.D. The marked effect is caused by the ionic con
centration shift exactly in the volume of the cell but not by a photoreac-
tion of ALM on which the PD fragments are probably absorbed. 
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Indeed, on one hand, the value of the effect shown by special tests did not 
depend on the ALM resistance as well as an applied voltage. On the other 
hand, if the mixing of the solution in the cell was not provided the value 
of the photopotential fell considerably. Moreover, when there were no pene
trating ions in the cell the ALM photoreaction was not observed. 
One should pay attention to the fact that the photoresponse has a bicompo-
nent character. The first, relatively fast component has the characteristic 
time of approximately 1 sec. The second one is slow (with the characteristic 
time about 10 sec). All subsequent switchings of the light result in the ge
neration of the considerably less signals (the second-type effects). 
The common form of the photoresponse both in the sonicated and unsonicated 
PD are the same. In our conditions of the sonication (frequency - 22 kHz; 
the value of an output current - 0,3 a) the process of the sonication 
results in the formation of the inturned closed fragments of the photorecep
tor membrane. 
The intensive raising of the membrane proton conductance by a protonopho
rous uncoupler (e.g. trichlorcarbonylcyanide phenylhydrazone - CCCP) alters 
essentially the characteristic time and the general form of the photores
ponse (Pig. 1). You can see on the picture the slow component practically 
disappears in the presence of the uncoupler. It is likely that the cause of 
the form signal alteration is the decreasing of the photoreceptor disc mem
brane time constant. We used a concentration of the protonophorous which did 
not result in the diffusion ptential changing on ALM. 
The same our results were obtained with the other penetrating anion - tetra-
phenylborate. 
One could suggest that the light absorption by rhodopsin and it's photolysis 
result in a generation of the electric potential with a positive charge sign 
on the internal side of the disc membrane. 
But the method of the penetrating ions has some restrictions. The time per
mission of the this method is limited by the diffusion time of the anion in 
the cell. This method doesnft allow to except the possibility of the anions 
redistribution in a membrane lipid matrix. 

DIRECT MEASUREMENT OP ELECTRIC POTENTIAL 
Recently an attempt to choose the condition of the discs or the closed ve
sicles adhesion to the planar lipid membrane and to measure the electric 
potential by a conventional electrometer technique was made. Such approach 
to study an electric potential in the different coupling membranes had been 
developed and employed in the work (7). This method is assumed to be the 
most direct way to register an electric activity of the closed membrane 
fragments. 
As a planar membrane we used a porous filter saturated by the phospholipids 
solution where azolectin was dissolved in decane. The lipid concentration 
was 100 mg/ml. 
The membrane filter blocking un a hole with 4-10 mm diameter was clamped 
between two Teflon cells (volume - 1,5 ml). The potential difference was 
measured by means of the chlor-silver electrodes. The registration techni
que was just the same as in the penetrating ions experiments. After the ad
dition of the photoreceptor discs or sonicated vesicules suspension into 
one of the compartments of the cell the solution was mixed intensively by a 
magnetic mixer for 2-3 hours. The adhesion of discs was achieved by a pre
sence of Calcium ions in the solution. The association of the discs with a 
planar membrane was found to be irreversible, for the photoresponse could 
be also registered when the disc-containing incubation mixture was substitu
ted by a solution without photoreceptor discs after 2-3 hours of incubation. 
The illumination of the membrane system by the visible light resulted in 
the generation of the photoresponse on the planar membrane, as shown in 
Pig. 2. We had no photoresponse on the following flashes if the whole rho
dopsin was bleached in the cell after the first illumination. The illumina
tion of the cell without disc suspension did not result in any observed 
potential. The photoresponse depends essentially on the choose of the fil
ters and of the porous diameters. We have registered the photoresponse 
using the filters: Sortorius SM13306 (0.45/Hm); Schleicher and Schüll BA 85 
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tight 
(iSQC) 

The media contained: 250mM sucrose; 
lOOmM KCe; iOmM NaCd; 30mM CaCe2; 
30mM tri5-HC£,pH«7,4. Rhodopsin addings 
were a,15mg/m£. 

Pig. 2. There is a photoelectric response of the planar memb
rane associated with the photoreceptor discs. It was used 
Synpor filter (diameter or the porous: 0,6-0,9/m). The swit
ching of the visible light was realized by a pnotoshutter 
( | y . 

(0,45/wm); Synpore (0,6-0,9/ΜΠΟ (diameter of the porous is given in the 
brackets). 
As shown in Pig. 2 the photoinduced potential about 15 mv can de registered. 
There are a fast component with the characteristic time about 1 sec and at 
least two slow components with the characteristic times about 10 sec and 
100 sec. A sign and an amplitude of the photopotential don't practically 
depend on whether we deal with sonicated or unsonicated fraction of the 
photoreceptor discs. One should pay attention to the curve of a passive 
discharge of the planar membrane. Apparently the complicated form of the 
photosignal canft be accounted for this discharge. 
In Pig. 3. there is given an equivalent electric scheme suggested in the 
work (8). In accordance with equivalent scheme a sign of electric potential 
on the internal side of the closed membrane fragments coincides with a 
charge sign on the opposite free side of the planar membrane. 
It should be point out that in a contrast to the method of penetrating ions 
the time parameters of a registered photoresponse within the bounderies of 
an equivalent scheme correspond to the actual time of the processes on the 
photoreceptor disc membrane. The method of a direct registration of the 
electric potential permits to investigate the electric reaction in the pho
toreceptor membrane with the characteristic time less than one second. But 
we didn't consider the rapid reaction in this paper. 
A comparison of the photoresponses registered by two independent methods 
makes it obvious that the first rapid component has the similar time and 
electric parameters. The next slow components have also an analogical gene
ral form. 
Thus the photopotential on ALM in the presence of the penetrating ions and 
the same photoresponse on the planar membrane associated by the photorecep
tor discs were registered. This effect was directly resulted by the rhodop
sin photolysis. 
Apparently the photoresponse is the result of the membrane potential appea
rance on the photoreceptor disc membrane. This photopotential is likely to 
be the cause of the ions transfer by rhodopsin through the membrane. Howe
ver, it's impossible to except the other mechanisms of the membrane poten-
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tial difference rise. For example such phenomena as a photoinduced conduc
tance alteration in the photoreceptor membrane (2, 9, 10) and a rhodopsin 
molecule dipole moment change, which had been measured by different phy-

Fig. 3. There are shown an equivalent scheme for the discs 
associated with a planar membrane; a photoactivated source of 
energy (E) with internal resistance (r); resistances of a 
planar membrane, of the fusion region of a planar membrane 
with a disc and of a disc respectively (R-, Rp and R~); corresponding capacities (C-,, C2 and Co); a voltmeter (V). 

sical methods (11-13) may result in the electric potential alteration on the 
photoreceptor membrane. 
Further investigation of the photoelectric phenomena expounded above is now 
on the list; particularly the correlating of the photoelectric reaction 
components with various phases of a rhodopsin photolysis is a point of a 
special interest. 
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Abstract - Membrane activity of about 50 newly synthesized 
2,3,11,12-dibenzo-18-crown-6 derivatives, containing alkyl-, 
acyl- or «^-hydroxialkyl-radicals in benzene rings with 
different length of chain (2-8 carbon atoms) has been stu
died. Ionophoric activity of cyclopolyethers was tested 
on bilayer phospholipid membranes, mitochondria and sarco-
plasraic reticulum. 
It was shown that dialkyl- and di-/-hydroxialkyl-derivatives 
of 2,3t11-12-dikenzo-18-crown-6 at low concentrations 
mainly induced potassium conductivity of biological and ar
tificial membranes, promoting in some cases H+-permeability 
at higher concentrations* Diacylderivatives of 2,3* 11 f 12-dibenzo-18-crown-6 are characterized by ability to increase 
permeability of mitochondrial membranes and sarcoplasmic 
reticulum for bivalent cations. The most effective are 
diacylderivatives of 2,3f11,12-dibenzo-18-crown-6 containing 3-5 carbon atoms in side chains. Dibutiryl-, diva-
leryl- and dihexanoylderivatives in concentration 5X10~5M 
stimulated 5-6 folds respiration of mitochondria in the 
presence of 5 raM Mg2+; at higher concentrations these li-
gands increased respiration unspecifically due to induc
tion of marked permeability for hydrogen ions. 

The synthetic membrane-active compounds together with their natural proto
types to study of which M.M.Sherayakin's school has made a valuable con
tribution, have a wide application in pure and applied fields of science 
(Ref. 1)· Synthesis of cyclic polyethers differing in size of macrocycle, 
side chains and complex forming characteristics and other parameters 
(Refs. 1-4) is well represented in literature, however their membrane-
active properties are less studied (Refs. 1,5-9). Nevertheless it is 
clear that in principle macrocyclic polyethers can act as ion carriers 
across the membranes, the efficacy and selectivity of which depend on 
both diameter of the macrocycle and the nature of side chains (Refs, 1,5» 
6,9). In particular, it was demonstrated that polyethers with macrocycle 
containing 4 oxygen atoms show preference to Li+, with 5 0-atoms - to 
Na+, with 6 0-atoms - to K+ (Ref. 3). Non-modified macrocycles possess 
lower membrane activity in comparison with their dibenzo- or dicyclo-
hexylderivatives (Refs. 1,6-9)· Alkylation- of benzene rings results in 
the rise of ionophoric activity of cyclic polyethers (Refs. 1,5f9). 
The state of substituents in the benzene rings may affect ionic selecti
vity of dibenzo-18-crown-6 derivatives. This was demonstrated by com
parison of free diamino-dibenzo-18-crown-6 with the same molecule included 
into polymeric chain (Ref. 10). In general dependence of membrane-active 
properties of macrocyclic polyethers from the structure of the side 
chains required further study. 
In the present work the synthesis and comparative analysis of ionophoric 
activity of about 50 dialkyl-, di- -^-hydroxyalkyl- and diacylderivatives 
of 2,3f11»12-dibenzo-18-crown-6, the linear side chain in which contained 
from 2 to 8 carbon atoms are described. 
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Synthesis of 2«3«11«12-dibenzo-18-crown-6 derivatives. In order to ob
tain derivatives or 2,3»11,12-dibenzo-18-crown-b (dibenzo-18-crown-6), 
possessing higher ionophoric activity, we have developed a new synthesis 
of diacylderivatives of dibenzo-18-crown-6, which may be applied to the 
other aromatic polyethers (Refs. 11,12). According to this method the 
aromatic polyether is acylated by carbonic acids in the presence of poly-
phosphoric acid (PPhA): 

where R CKU; CgHc; C-Ηγ; ^4^9* ^5^11; CgH13; C?H15; CgHg. 

The resultant mixture of geometrical isomeres was separated by fractional 
crystallization. The structures of isomers are proved by chemical and 
spectral methods· It has been shown that the low-melting isomer (which 
is the main reaction product) has "trans"-configuration and the high-
melting isomer has "eis" configuration. Diacylderivatives of dibenzo-
18-crown-6 were used as a starting material to obtain dialkyl- and di- -
hydroxialkylderivatives. The former were obtained by KLemmensen reduc
tion as described earlier (Ref. 12) and the later ones - by reduction in 
the presence of lithium aluminium hydride (Ref. 13): 

The compounds synthesized have been characterized by elementary analysis 
IR-, NMR- and Mass-spectra. 
Diacylderivatives of dibenzo-18-crown-6. The membrane activity of dibenzo-
18-crown-6 derivatives was studied on mitochondria, sarcoplasmic reticulum 
and bilayer phospholipid membranes. 
Rat liver mitochondria were isolated by conventional methods (Ref. 14). 
Their functional characteristics were studied polarografically (Ref. 15)» 
Permeability of inner mitochondrial membranes for different ions was 
measured by registration of energy-independent swelling of pellets at 
520 nm as described by Brierley TRef. 1b). Permeability for sodium, 
potassium, magnesium, calcium and barium ions was studied in isoosmotic 
solutions of nitrates of respective chlorides buffered by 10 mM Tris-
nitrate (pH » 7·4) and containing inhibitors of respiratory chain -
Antimycin A and Rotenone (0.33 ug/ml). Permeability for hydrogen ions was 
measured in isoosmotic solutions of ammonium nitrate, buffered by 10 mM 
Tris-niträte (pH « 7.4). As nitrate is a penetrating anion, passive 
swelling of mitochondria is limited only by the rate of transmembrane 
transport of investigated cation. The cyclopolyethers were dissolved in 
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dimethylsulphoxide (DMSO) and added in volumes 15-150 jil into cell after 
mitochondria. Samples with equal volumes of solvent were used as controls· 
Sarcoplasmic reticulum was isolated from rabbit skeletal muscles, as des
cribed in Ref. 17f with the incubation medium, containing 10 mM potassium chloride, 10 mM Tris-chloride (pH «7.4), 5 mM magnesium chloride, 2 mM 
ATP and about 100 μ& protein per ml. Potassium oxalate and calcium chlo
ride was added during the experiment. The system was calibrated by exact 
amount of hydrogen chloride. 
Artificial phospholipid membranes were formed from beef brain lipids by 
Mueller's method (Ref. 18). Membrane parameters were measured by means of 
Ag/AgCl-electrodes, connected to electrometer. The cation selectivity 
constants (KK « ) were calculated from the value of biionic potentials 
at 10 mM potassium and sodium concentrations. 
18-crown-6 and dibenzo-18-crown-t at a concentration of 5x10 J M did not 
affect substantially the permeability of inner mitochondrial membranes, 
measured by means of the rate of energy-independent swelling. Diacylde-
rivatives showed notable ionophoric activity but dipropionyl-, dibutir* 
ryl- and divaleryldibenzo-18-crown-6 were the most effective. These 
compounds caused increase in permeability of mitochondrial membrane for 
calcium and magnesium and some rise in transfer of monovalent cations« 
The most selective was dibutirylderivative which increased several folds 
the transfer of bivalent cations in the concentration of 1x10"° M while 
the permeability for potassium and sodium ions changed insignificantly 
even in the presence of higher concentration of cyclopolyethers (Pig. 1). 
Simultaneously this compound induced some proton permeability reaching 
ca. 20% of the calcium one. The rise in permeability of inner mitochond
rial membranes for different cations in the presence of dibutirylderiva-
tives was proportional of its concentration (Pig. 1). 

A B520/ain 
(x 100) 

30 

20 

<0 

12,5 25 37,5 50 
Concentration of the polyether, ocM. 

Pig. 1. The effect of dibutiril-derivative of dibenzo-18 
crown-6 on the rate of energy-independent swelling of rat 
liver mitochondria in the presence of mono- and bivalent 
cations. 

Dibutiryl-, divaleryl- and dihexanoylderivatives of dibenzo-18-crown-6 in 
5x10~5 M concentration stimulated 6-7 fold the respiration of mitochond
ria in the presence of 5 mM of magnesium. At higher concentrations these 
compounds increased the respiration unspecifically essentially due to 
induction of hydrogen conductivity, which correlated with uncoupling of 
oxidative phosphorylation. 
Diacylderivatives of dibenzo-18-crown-6 decreased the transport ratio of 
Ca*+/ATP of rabbit muscle sarcoplasmic reticulum with the same dependence 
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on the length of substitutes in side chains as on mitochondria (Fig. 2), 
i.e. dibutiryl- and divalerylderivatives were the most active ionophores. 

«1 
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Pig. 2. The effect of side chain length (C0CnH2n+1) of 
dibenzo-18-crown-6 in diacyl derivatives on the relative 
change of Ca/ATP ratio in sarcoplasraic reticulum (1) and 
permeability of liver mitochondria for Ca2+ (2). A refers 
to data obtained in the presence of macrocyclic polyether. 
A* refers to control. The concentration of polyethers was 
3x10-4 (1) a n d 5Χιο-5 M (2). * mark the activity of di-
benzoyldibenzo-18-crown-6. 

However the effective concentrations of cyclopolyethers in experiments on 
retuculum were several times higher in comparison with the mitochondria. 
This may be due to the differences in surface charge of membranes, their 
dielectric constants, unequal density of lipids and protein packing, etc. 
The effect of dibutirylderivative on the calcium pump of reticulum is 
prevented by hydrophobic anions when added in cell prior to the cyclopoly-
ether. The effect of lipid-soluble anions is not present with the car-
boxylic ionophore A 23187. 
Thus the data obtained indicate that some diacylderivatives of dibenzo-18-
crown-6 effectively induce the transfer of bivalent cations through mito-
chondrial and sarcoplasmic reticulum membranes. The chain length of 4-5 
carbon atoms in benzene ring substituents is optimal for the membrane 
activity. Shortening or lengthening of the chain and also its substitu
tion by benzoyl (dibenzoyldibenzo-18-crown-6) reduces the selectivity 
for bivalent cations. Removal of the keto-group from the ^d-postion 
or its substitution by a hydroxyl as will be shown below essentially re
duces or completely excludes the membrane activity associated with the 
bivalent cations. The effect of length of the side chains can be re
lated to solubility of cyclopolyethers in the lipid. 
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Di-^hydroxyalkylderivatives of dibenzo-18-crown-6. The membrane activity 
of a number of dibenzo-18-crown-6 derivatives has been studied, the sub
stitutes of which in benzene rings range from X-hydroxyethyl to #c-hyd-
roxyoctyl. 
In comparison with diacylderivatives, these cyclopolyethers are highly 
soluble in ethanol and their effects can be observed both on biological 
and artificial phospholipid membranes. Membrane activity of di-<£-hydroxy-
alkylderivatives as estimated from their minimal effective concentration 
is by 3-4 orders of magnitude higher than for the original dibenzo-18-
crown-6. Experiments on bilayer phospholipid membranes show that di-^-
hydroxyethyl-dibenzo-18-crown-6 is the most efficient amont this group of 
cyclic polyethers· At 1x10"^ M in the presence of 10 mM potassium chlo
ride it increases 15 fold the conductivity of bilayer phospholipid mem
branes, The cation specificity constant of di-/,-hydroxyethylderivative 
% Na measured from the biionic potentials is 8.1* With lengthening of 
thl hydrocarbon chain the ability of cyclopolyethers, to induce potassium 
permeability of bilayers gradually falls, however the value of % N a in
creases· So, di-^-hydroxyheptyl derivatives (1x10-5 M) in the presence 
of 10 mM of potassium chloride reduce the resistance of bilayers only less 
than twofold, while the coefficient ΚΚ,Ν& is 14*5. At the same concentra
tion di-^-hydroxyoctyl-dibenzo-18-crown-b does not affect the conductivity 
of artificial membranes in the presence of potassium or sodium. All the 
compounds of this group do not induce proton conductivity which together 
with the above data allows to consider them as ionophores with pronounced 
potassium selectivity· 

agrees 
In general this conclusion with the results obtained on mitochondria, but 
in this case the specificity of membrane effects depends essentially on 
concentration of cyclopolyether. Among the cyclopolyethers tested di-*<-
hydroxyamyl-dibenzo-18-crown-6 was the most effective· This compound 
at 1x10-6 M concentration increased twice the rate of energy-independent 
swelling of mitochondria in potassium nitrate, practically not affecting 
the kinetics of swelling due to the transport of other mono- and bivalent 
cations. 
Thus the presence of hydroxy-group in ^6-position of the side chains re
sults in the rise of potassium ionophoric activity of cyclopolyethers 
while the keto group in the same postion makes divaleryl-dibenzo-18-
crown-6 a calcium ionophore. However high concentrations of di-^-hydroxy-
alkylderivatives of dibenzo-18-crown-6 (5x1 0*"5 MJ cause less specific 
change in permeability of the inner mitochondrial membranes. The highest 
selectivity is shown by the compounds with 6-7 carbon atoms side chains 
carrying hydroxy-group in ^-position. For instance the permeability 
ratios 
crown-

DS of mitochondria treated with di-^-hydroxyheptyl-dibenzo-18-
i-6 are; K+:Na+:H+:Ca2+:Mg2+:Ba2+« 1:0·4:0.15:0.07:0.7:0. 09. 

Some discrepancy in effects induced by di-^-hydroxyalkylderivatives in 
mitochondria and artificial membranes is perhaps due to the peculiarities 
of their chemical composition, surface charge, dielectric parameters, etc· 
Dialkylderiyativea of dibenzo-18-crown-6. As shown by experiments on iso
lated mitochondria and bilayer phosphbfipid membranes, dialkylderiva-
tives of dibenzo-18-crown-6 are very effective membrane-active compounds. 
For example, dibutyl-dibenzo-18-crown-6 at a concentration of 5x10"' M 
increases 2-3 fold potassium permeability_of mitochondrial inner membra-. 
nes. This compound at concentration 1x1 (Γ^ Μ increases 150 fold the con
ductivity of artificial membranes in the medium containing 10 mM of po
tassium chloride. The cation specificity constant of dibutylderivative, 
Kv jja, measured by biionicf potentials equals 10. In addition to potas
sium this cyclopolyether induces some although 10 times smaller proton 
permeability. Cyclopolyethers with linear substitutes, containing 2-5 
carbon atoms were the most powerful ion carriers in mitochondrial and 
phospholipid membranes. Further lengthening of alkyl-groups resulted in 
the decrease of membrane activity, however the K/No selectivity of these 
compounds increased up to 11-12. 

7 6 At low concentrations (5x10""' - 5x10" M) diethyl- and dipropylderivatives 
increased mainly the potassium permeability of mitochondrial membranes; 
higher concentrations of these derivatives (up to 1x10-4 M) caused total 
rise in membrane permeability which was less specific towards the ion 
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species. On the other hand, the potassium selectivity of dihexyl- and 
diheptylderivatives remaind high in a wide range of concentration. 
Thus, alkylation of benzene rings of dibenzo-18-crown-6 rises the membrane 
activity of cyclopolyethers so that at low concentrations they behave as 
powerful potassium ionophores. Similar results were obtained by Harris 
et al. (Ref. 9)f when they inserted tret-butyl radicals into benzene rings of dibenzo-30-crown-10. The effect of substitutes in benzene rings of 
polyethers can be also demonstrated in the case of dibenzo-24-crown-8 
which at a concentration of 1x10-3 M increases 3-4 fold potassium per
meability of mitochondria. Dibutyl-dibenzo-24-crown-8 also induces ana-
logous^permeability changes but at significantly lower concentration 
(5x10~b - 1x10~5 M;· At the same time the cation specificity constant 
^K,Na of this compound in comparison with the original one remains prac
tically unchanged. 
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HEAVY WATER EFFECTS ON 
EXCITABLE MEMBRANES 

V. Vasilescu and E. Katona 
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Abstract - Studies concerning heavy water ( HpO) effects on 
the kinetics of excitability processes and energy metabolism 
in nerve, muscle, heart and retina are reported· An analysis 
of data suggests the possible role of protons both in 
maintaining the functional supramolecular structure of 
excitable membranes and in the dynamics of the cellular 
energy processes. Deuteriation is rendered evident as an 
excellent non-destructive tool for investigating the 
membrane function and the role of water therein; the 
molecular mechanisms of heavy water effects on excitable 
membranes are also discussed» 

IJCTCBODUCTION 

(The structure and function of biological membranes constitute one of the 
problems of paramount Importance in molecular biology· The comprehensive 
area of this problem was the object of intensive investigations for many 
years and in spite of the large number of different techniques used to scan 
its diverse facets, many questions remained unanswered (1, 2)· As major 
constituents of biological membranes were revealed lipids, proteins, oligo-
saccharldes and water, but how the individual species in any specific 
membrane are arranged in some steady state is not precisely known till now 
(5)· The understanding of the molecular architecture of membranes being 
poor, it is not surprising that uncertainties about many mechanisms 
associated with the membrane function persist· Though a considerable body of 
data has been acquired, the mechanisms whereby the physical characteristics 
of membrane components Influence various functions, the way in which energy 
transport molecules are organized and details at the molecular level of the 
nerve Impulse remain open questions· Thus membrane biophysics continues to 
be an active field of Investigation in which exciting results can be 
expected. On the other hand a great deal of experimental studies have been 
devoted to the effects of heavy water ( ELjO) on various biological systems 
(4), this keen interest being at least partly accounted for by the 
assumption that the replacement of light water by heavy water might disclose 
the contribution of water to various biological processes (5, 6)· However 
no molecular understanding of deuterium isotope effects is so far available; 
large discrepancies and debates continue with respect to the significance of 
certain data (7), and consequently the problem still deserves attention· 
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The study of heavy water effects has been for many years the major concern 
in our Laboratory and the present work is a synthesis of more recent data 
and at the same time of essential aspects disclosed by previous investig
ations and interpreted through a new outlook. 
Starting from the valuable achievements in molecular biology it must not be 
overlooked the inframolecular level of the mechanisms of biological 
processes and therefore it is time to revalue them in the light of the role 
of protons and possibly to speak today about a proton biology· 

2 Our studies regarding H^O-effects revealed deuteriation as an excellent 
non-destructive tool of investigating various membrane functions. As Ho0 -2 - HpO exchange is due to only the diffusional forces, it does not impose 
any stress upon the tissue. The method has a twofold advantage! on the one 

2 hand the investigation of the kinetics of HpO for H20 substitution in the 
tissue can provide data on the distribution and state of water in biological 
systems; on the other, deuteriation modifies all the functions involving 
proton participation or depending on the presence of certain water 
stabilized conformational states of biopolymers and therefore enables to 
elucidate some essential aspects of the role of water and protons in the 
evolvement of the fundamental mechanisms in membrane functioning. 

p We investigated the molecular mechanisms of H20 effects by following up the 
time course of its influence on the function and energy metabolism of 

isolated frog nerves, muscles, heart and retina. 

2H20 PERMSATION INTO TISSUES 

Considering that the discrepancies in the interpretation of data concerning 
2 Hp effects are at least partly due to the igfaorance of the time course of 
its incorporation into each biological object, we investigated the kinetics 

p 
of H^O permeation into tissues (8, 9). A somewhat more detailed analysis 
of kinetic data regarding heavy water intake in tissues, in terms of an 
appropriate model, enabled us to disclose the various tissue water 
compartments too (lo)# Similar investigations were reported on the smooth 
and striated muscles (11, 12) and on frog ovarian eggs (15), but using a 
different technique and/or within a rather different conceptual framework. 
Methods and computations 
The kinetics of ̂ 0 - HpO exchange in tissues was studied by us both gravi-
metrically and by infrared photometry at λ = 1.47jüim. The basic principle of 
the method using infrared photometry is illustrated in Fig. 1% 2 A sample of freshly prepared tissue was immersed in 99·7% H20-Ringer 
solution of volume V*. AtA= 147o nm H~0 has one of its maxima of absorption 

2 while HpO does not absorb at all, so that the extinction E is proportional 
to the water concentration in the external solution, that is: E(t)=2(.w(t)Ark 
where w(t) is the quantity of H20 entering the whole tissue, equal to the 
quantity of H20 leaving the tissues and at is the calibration factor. Ulte 
followed up the extinction increase in time for 60-90 min. on pairs of 
objects taken from the same animal, at different temperatures, usually T 
and T' = T + loK. The optical absorption of the solution was recorded each 
minute exceDt for the first minute needed to handle the tissue and ad.iust 
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the apparatus· 

E=-*-w(t) 
*o 

THERMOSTAT 

Fig. 1. The basic principle and the main experimental 
assembly of the method of following up by infrared photo-2 metry the H20- H20 exchange between tissue and the bathing 
solution. 

The fact that 2H20-Ringer and E^O-Ringer solutions are of different 
densities allowed us to study H20- H20 and H^O-E^O exchanges also by 
Immersion weighing methods, the rate of a change in the apparent tissue 
weight being linearly related to the flows. Parallel experiments performed 
by these two methods show a very close fit of the results, The crude 
experimental data consist In the time course of either the extinction in 
the external solution or the apparent weight of the immersed tissue· These 
data multiplied by the calibration factors are directly converted into the 
values of H^O quantities entering the tissue, w(t). In Fig. 2 one can see 
a typical multiexponential curve indicating the time dependence of the 
experimental values of extinction E(t)· Practically E(t) is accurately 
expressed as a biexponentlal function: 

S(t) = Αχ[ l-expC-o^t)] + A2 [l-exp(-4X2t)] 

whose parameters can be obtained by computer data fitting or by graphical 
analysis. This means that the time-dependence of w(t) is also at least bi-

2 exponential. This multiexponential character of the time increase of HJD 
intake shows the presence of more than one simple process. 

2 
The kinetic parameters A^, A2, 0c f̂ oc2 indicate the rate of H20~ H20 ex
change and of the tissue space accessible to H20. 
With the view of a proper data fitting we used a blcompartmental theoretical 
model for tissue. The basic assumptions of the model are: no electrical 
gradient or chemical coupling is directly involved in water movements; 
2HpO inflow into each compartment is continuously counterbalanced by an 
equal HpO outflow; the various water compartments are defined solely on the 
basis of a "diffusion accessibility1· criterion, this water accessibility 
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t Imin] 

Fig. 2. Extinction increase at A = 1.47 f̂ m in 1.6 ml HpO-
Ringer solution in which 4Jo mg frog muscle was immersed· 

for diffusion exchange being dependent on the height of energy barriers se
parating the compartments,more precisely on the apparent free energy change 
in water passage from one compartment into another (AG*·) · In Fig· 3· a 

Fig· 3· Series array of tissue water compartments and the 
p apparent free energy barriers for 1^0 passage through them. 

(Pji andCp^.. are the net fluxes from one compartment Into 
another, A G ^ · , the apparent free energy changes and V^, the 
volumes of the compartments· 
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series array of water compartments is represented. Only three compartments 
are considered because the experimental data can be confidently resolved 
into two exponentials· The outer solution is the Oth compartment, the most 
accessible tissue water constitutes the 1st compartment, the less accessibly 
the 2nd compartment and the remainder of the tissue water which cannot be 

2 replaced by H20, the 3rd compartment. V, and Vp are the volumes of the two 
experimentally revealed compartments whose sum is smaller than the total 
water content of the tissue (V̂ .) and VQ is the volume of the external 
solution bathing the tissue. In this way the data fitting in terms of the 
model just described discloses the existence of at least 3 distinct aqueous 

p tissue compartments with gradually decreasing HpO accessibility. The 
volumes of these aqueous tissue compartments as well as the apparent free 
energy changes of water passage through them have been calculated from the 
kinetic parameters A-,, Apt <Xp oc2 of the experimental curves recorded on 
pairs of objects at two different temperatures. 
The formulas giving the volumes of the two compartments V, and Vp computed 
within the limits of assuming symmetrical energy barriers separating the 
compartments and the apparent free energy changes for heavy water intake in 
the first tissular compartment from the outer one (AG, Q) and into the 
second compartment from the first one (ACxp^O are those listed below: 

Vl = Vo(Al0cl**'A2^/ (X-A^o^-AgO^ 

v2 = v0XA2(ara2)/[[(at-A1)arA2a2]C9t-ArA2)J 

ETT' (Α,βο ,+Α^) [(*-A')oc'-A'o<t ] 
ΔαΊ n s In — 1 L - *— i d d 

L~u T t _T ( AJot J +A£<xp [ ( a t - Α 1 ) α 1 - Α ^ ] 

ETT» A^o^-o^) ( Α^+Α£ο£) (at-A}-A£) 
α 2-1 T'-T A ^ C o c ^ o c p C A ^ + A ^ X u ^ ^ ) 

In view of inherent differences among biological objects, the fitting 
procedure by computer or graphical analysis has been performed for each 
pair of corresponding curves and only the final values of V^f V2*^Gl-0 8nci 
ΔΦρ Ί have been mediated. 
The time course of water replacement by heavy water is significantly 
expressed by the quasi-saturation timesZ^ defined by the condition* 
1 - exp.C-ô tj,) = 0.95, so that 

Zt = (-In 0.05)/^ i = 1, 2 

Taking into account the uncertainties in assessing the areas of each 
compartment, the permeability coefficients for water diffusion into the 
compartments are defined as the ratios of the fluxes (in each compartment) 
to the tissue mass: 

Pi =*ivt/m i = 1, 2 
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Representative data 
Our data concerning water distribution and state in frog (Rana temporaria) 
nerve, muscle and retina are listed in Table 1· 

TABLE 1· Volumes of tissue water compartments and the 
apparent free energy changes in water passage 
through them 

TISSUE 

Nerve 

Retina 

Muscle 

ml/kg 

763 

900 

798 

Vl 
ml/kg 
(%) 
163 
(21) 
189 
(21) 
18o 
(25) 

V2 
ml/kg 
(%) 
382 
(5o) 
585 
(65) 
258 
(32) 

ικν,+ν,, 

% 

29 

14 

45 

W t A Gl-0 ^ G 2 -0 

kcal/mol kcal/mol 

4.7 2.1 

2.1 5.9 

V. is the volume of the total water obtained by heat drying and 
expressed with respect to the initial fresh weight of tissue· V- and Vp are 
expressed in the same way as V., and also as % of V.. 
Each listed value is the mean of 6-16 determinations and in all cases the 
sample standard deviation lies within ~ 12% of the mean. 
Table 2 contains the values of quasi-saturation times and permeability 
coefficients calculated for the two water compartments whose volumes are 
shown in Table 1· 

TABLE 2. Quasi saturation times and permeability coefficients 
of the faster (τΖρΡ^) and slower (T^tP?) ex~ 
changeable tissue water compartments 

TISSUE 

Nerve 
Retina 

Muscle 

^1 
(min) 
1.4 
4.1 
24.6 
5.6 

τ 2 
(min) 
22.1 
15.4 
147.6 
64.4 

Pl 
(cur/min. 

1.97 
0.81 
0.12 
0.53 

S) 
P2 

(cDr/min.g) 
0.15 
0.24 
0.02a 
0.06b 

Each listed value is the mean of 6 determinations and in all cases the 
sample standard deviation lies within - 25% of the mean· 
Obviously these kinetic parameters strongly depend on the volumes of tissue 
water and on the size of the external compartment· The given values have 
been calculated for a ratio of r = V^/VQ » 0.125 and r = 0.1 in the case of 
nerve and retina respectively, while in that of muscle r = 0.03 for (a) and 
r B 0.5 for (b). 
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Although in our model the tissue water compartments are defined only on the 
basis of the water accessiblity for diffusion exchange, taking into account 
the rapidity of the exchange between the external solution and the first, 
faster exchangeable tissue water compartment, as well as the rather low 

p 
value of the free energy change for H^O intake into it, we can infer that 
this compartment is extracellular, namely that it represents the inter
cellular space· The second, a slower exchangeable tissue water compartment, 
most probably is the intracellular water, more precisely the greatest part 
of it. The third compartment, "invisible" from the viewpoint of our 
technique, may be the water somehow "obstructed" or/and "bond" of the tissue 
including the hydration water of biopolymers too· These conclusions are in 
very good agreement with similar investigations (11) and with certain NMR 
measurements on muscle (14, 15, 16) and nerve (17)· 

p The overall process of H^O permeation into tissue is a rather slow one, 
the deuteriation of various tissue water compartments taking place gradual
ly in time· As a practical indication arises that in the investigation of 2 the physiological effects of H-O on different biological objects, when 
deuteriation is obtained by simple immersion in heavy water, one should not 2 overlook the time period needed until H^O replaces KLO in different 

tissular compartments· 

2H20 EFFECTS ON EXCITABILITY 

Experiments carried out on nerve, muscle, heart and retina showed that the 
substitution of heavy water for light water leads to substantial changes in 
the bioelectrogenesis processes· An alteration of several excitability 
parameters - progressive rheobase, latency and potential duration increase 
and conduction velocity decrease - occurs, the changes observed reaching a 
gradual and partially reversible abolishment of the various physical 
manifestationsaccompaning the excitability processes· 
In spite of a great amount of work in this line, although it is sure that 
heavy water influences almost all the excitation processes, a strictly 
coherent description of its influence could not be elaborated as yet· 

p 
Parallel studies of H20 electrophysiological and energetical effects and 
of its incorporation in tissues are desirable in order that the alteration 
of various functions be correlated with the deuteriation of different 
tissue-compartments or/and with a diminution in the energy pools due to the 
deuteron for proton substitution· 2 iL-,0 effects on nerve """"""*- p 
Researches concerning HpO influence on nerve activity revealed a 20% 
reversible decrease of the conduction velocity in the frog sciatic nerve 
(18) and squid giant axon (19)t modifications of the time course of the 
action potential (AP), a 30-40% increase in the AP anterior and posterior 
fronts and a 30-40% increment of the excitation threshold (2o, 21)· The 
most obvious changes induced by B^O in nerve trunks, observed by us (22, 
23), were the progressive rheobase increase and conduction velocity de
crease as the degree of nerve deuteriation advanced (Fig· 4, 5)· 
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Fig 
2 

0 30 60 
6· Time evolution of the OFF-response latency In 

H20 (·) and control experiments (o). 
The arrow points to the moment when the bathliqg solution Is * 
replaced by normal Ringer· J? Is the average relative 
latency of the OFF-response, that Is the mean of the ratios 
between the latencies at a given moment and those at t=l min. 

t I mini 
Fig· 7· Time evolution of the amplitude of the ON-response 
'V-wave in H^O (·) and control experiments (o). 
The arrow and f * , the average relative amplitude of the 
"a,f-wave, signify the same as in Fig· 6. 
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reversible vanishing has been seen at a constant stimulation level, they 
might be the result of a change in the excitation threshold under deuter-
iation· Further experiments are desirable to be made at various stimulation 
levels in order to check this possible threshold dependence on the deuter-
latlon degree· 

Mb 

4 

I 

1 fc is A t& *m && m &4 1 

20 40 20 40 t [mini 

Pig· 8. Time evolution of the amplitude of the ON-response 
tfb"-wave in HpO (·) and control experiments (o)· 
The arrow and y - , the average relative amplitude of the 
"b^-wave, signify the same as in Fig· 6· 

£■»0 effects on heart 
From experiments performed in vivo and on isolated hearts it appears that 
the cardiac stimulating system is particularly sensitive to deuterium and 2 that acute HpO intoxication death is caused essentially by acute cardiac 
failure (26)· 
Our results (27) disclose TL>0 as a strong inhibitory agent both of bio-
electrogenesis and of contractibillty of Isolated frog heart, it proving to 
be also a factor capable of uncoupling the electrical function from the 
mechanical one· By comparing the modified mechanogramsand electrocardio-

p grams following H20 perfusion of an isolated frog heart a much stronger 
inhibition of the mechanical than the electric activity is observed. Al
though a continuous decrease both in the action potential and in the rhythm 2 of the HgO perfused isolated frog heart is founds the electrical activity 
can still continue for a relatively long time while the mechanical one 
colapses within a much shorter interval (Fig· 9·)· 
The inhibitory effects can be tentatively explained in terms of 
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-Fig· 9. Typical diagram showing the activity of an Isolated 
frog heart perfused with H20· 
- solid line: electrical activity; broken line: mechanical 
activity; PPMt pulse per minute. 

conformational changes caused by H20 in membrane enzymes and in the 
contractile actozayosin system and also in terms of energy pool diminution 
induced by deuterlation· The greater complexity and higher energy require
ment of the contraction function might account for the R^O uncoupling 
effect· 

2H20 EFFECTS ON ENERGY METABOLISM 

In order to check a possible impact of 2H2° o n t h 0 θηθΧ&5Τ metabolism we 
followed up the dynamics of ATP pool in isolated nerves and retina. 

Methods 
ATP concentrations in tissues were measured by Strehlerfs bioluminescence 
method (28) modified by us (29)wlth the view of an increased sensitivity· 
Strahler1 s method is based on the bioluminescence reaotion in fire flies , 
according to which luciferase in the presence of luciferin, oxygen, 
magnesium and ATP catalyzes the synthesis of adenyl-luciferin from ATP and 
luciferin. Adenyl-luciferin is oxidized by the atmosphere oxygen and 
converted into adenyl-oxyluciferin, a process which takes place with light 
emission. After De Luca and McElroy (5o) the reaction scheme now accepted 
is: 

% ♦ + Ξ E · LH2 - AMP + PP Ϊ+"ΙΗ 2* ATP ^ 
- C0o E · LH2 - AMP + 02 £*► P+ - E · AMP *> hi) + products 

where E « luciferase, LH2 s luciferin and P* represents an electronically 
excited reaction-product emitting light. 
ATP determination implies the measurement of the relative intensity of 
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l ight eraitted by luciferase solution a few seconds following the addition of 
ATP solution ( in the presence of sui table quant i t ies of Mg++, oxygen and 
luciferln)L As the in tensi ty of the emitted l igh t depends on the type of 
buffer solution in which luc i fe r in- luc i fe rase extract ion from f i r e f ly 
t a i l s was performed, by modifying the extract ion conditions namely by using 
a glyeyl-glycine buffer the s ens i t i v i t y of the method becomes one order of 
magnitude higher than that of the or ig inal one (Fig. 1 0 . ) . 

I102 

T3 
O 

10 

/ I 

2^S 

1,6.10" ,-7 1,6-KT6 1,6.10~5 I6.1(T* 
ATP concentration [molj 

Fig. 10. Calibration curve: the shift read on the oscillo
scope as a function of the ATP concentration. 
1 - extraction in buffer; 2 - extraction in water. 

We used for our experiments symmetric sciatic nerves taken from the same 
frog and immersed for 90' in %20-Ringer and H^O-Ringer respectively. 
Measurements were made on resting and continuously stimulated (by electric 
pulses with a 50 Hz frequency) nerves (31). The dynamics of ATP pool was 
followed up also on pairs of frog retinae immersed for various time periods 
at dark in 2Hp0-Ringer and H20-Ringer respectively and then continuously 
illuminated with white light for 10' therein (32) . 

Representative data 
In Pigs. 11.and 12#ATP-concentrations in unstimulated (a) and continuously 
stimulated (b) deuteriated nerves in comparison with ATP concentrations in 
control pairs are represented. A decrease of ATP content in the deuteriated 
nerve against control can be observed in both cases, which decrease is more 
pronounced in ceaselessly stimulated nerves, the ratio between the ATP 
concentrations in deuteriated nerves and those in controls being 0.78 for 
unstimulated nerves and 0.65 for those undergoing a continuous stimulation 
for 90' in 2H20-Ringer and H20~Ringer respectively. 
Pig. 13· illustrates the ATP concentration in deuteriated retina (Immersed 
in %20-Ringer 30'at dark and then illuminated 10' therein) as compared to 
the ATP concentration in the control pair. A marked decrease (more than 509Φ 
of ATP pool in the deuteriated retina against control may be seen, the 
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Fig· 11. H20 effect on ce l lu la r ATP content in unstimulated 
nerves. 
In each group of experiments the mean values for 5-7 pa i rs 
of symmetric s c i a t i c nerves (immersed 90 ' in H-O-Ringer and 
HoO-Binger respect ively) are represented. The sample standard 
deviations l i e in a l l cases within - 25%· The f igures on the 
diagram are the population mean values with the i r standard 
e r r o r s . 
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Pig. 12. 2H20 effect on cellular ATP content in stimulated 
nerves. 
In each group de experiments the mean values for 5-8 pairs 
of continuously stimulated symmetric sciatic nerves are re
presented. The sample standard deviations lie in all cases 
within ί 20%. The meaning of the figures on the diagram is 
the same as in Pig. 11. 

ratio between the population mean values of the ATP concentrations in 
deuterlated and control retinae being 0.406· Therefore an obvious dlmlnutiaa 
of ATP concentration in the deuterlated tissue as compared to the control 
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appears when both are continuously stimulated in the same way· 
Measurements effected on retina at various time intervals of immersion 
discloses a greater decrease in the ATP concentration when immersion periods 
are longer· Systematic investigations are necessary to check the dependence 
of the ATP pool diminution in the continuously stimulated tissue on the 
degree of tissue deuteriation. 
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m-, >- 0.067 
Λ65 

Fig· 13· H^O effect on cellular ATP content in retina. 
In each group of experiments mean values and sample standard 
deviations for 5 pairs of retina are represented· 

Possible role of protons in bioenergetlcs 
The observed changes in the cellular ATP pool are possible to be accounted 
for by the differences between proton and deuteron quantum properties, 
mostly as concerns the strength of intermolecular forces and the mobilities 

p of ions in EJD and HLO respectively· 
HpO substitution can affect the mechanisms of ATP hydrolysis and its 
production as well· William's idea (33) that ATP synthesis is promoted by a 
relatively "dry" proton offers a clue to explain how deuteriation can 
influence ATP synthesis· Indeed the deuteron keeping more strongly water 
molecules is less "dry" than the proton and consequently leads to a slower 
ATP synthesis· 
On the other hand this pronounced decrease in the ATP concentration could 
be partially explained by a change of the ATP - ~ ADP equilibrium under 
the influence of heavy water· After George et al· (34) the equilibrium 
equation might be written as follows: 

ATP+water 
ADP(aq) + P^aq) — ATP(aq) + 1^0(1) 

where (aq) indicates that the species is in aqueous solution, therefore 
hydrated, and H20 represents water in liquid state· As a function of water 
affinities of the species involved in reaction the equilibrium position, 
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then the reaction sense may be modified (35)* namely by increasing the 
hydration degree the equilibrium is shifted to left, therefore to ATP hydro
lysis· 
By replacing a large part of water in biological systems with heavy water a 
change in the hydration degree of different species occurs; as deuteron 
bond is stronger than hydrogen bond, the hydration degree will increase. 
ADP " ATP equilibrium should correspondingly undergo a marked shift to 
left, then to ATP hydrolysis. 

CONCLUSIONS 

1) The existence in excitable tissues of at least three water compartments 
having different physical properties is revealed by kinetical studies of 

2 HpO- HpO exchange; through these compartments whose size depends on tissue, 
the water passage takes place without surpassing high energy barriers. 

p 2) H20 permeation into tissues is a slow process, the deuteriation of 
different tissue compartments having continuously water accessibility for 
diffusion exchange proceeds gradually. 
3) Deuteriation is an excellent non-destructive method for studying the 
possible role of water and protons in biological systems. 

2 
4) H20 substitution for tissue water modifies the kinetics of excitability processes, namely it causes a substantial slowering in bioelectrogenesis 

p processes· If the excitable tissue is continuously stimulated, the HpO 
substitution leads to a gradual and reversible abolishment of the various 
electric manifestations of excitability processes. 

2 
5) HpO substitution for tissue water induces the transition of biopoly-
mers into a more compact conformation, leads to changes in the membrane 
structure and in active sites of membrane enzymes, thus interfering with 
the tissue energetic mechanisms and increasing the ATP demand· 
6) In view of the differences between proton and deuteron physical 

p properties, HpO substitution may affect the mechanisms of ATP-synthesis. 
7) The changes in the various physical events related to different tissue 
functions may be correlated with the deuteriation of different tissue 
compartments or/and with a diminution in the tissular energy pools also 
caused by deuteriation. 
8) Water protons appear to have a role not only in determining the supra-
molecular architecture of excitable membranes, but also in establishing the 
dynamics of cellular processes by means of the energy-excitation coupling. 
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Abstract - Adhesion of cells to various surfaces is medi-
ated by special active cellular reaction, pseudopodial 
attachment reaction· Only the membrane of pseudopodia and 
not that of other cell parts is able to form specialized 
contact structures· Mechanisms of pseudopodial reactions 
involved in adhesion of normal and neoplastic tissue cells 
and of blood platelets are discussed« 

Mechanism of cell adhesion to various surfaces is a major unresolved pro
blem of molesular and cellular biology. A number of data suggests that 
adhesion is a result of active cellular reaction involving surface move
ments of the two types: alteration of shape of the whole cell surface and 
movements of plasma membrane receptors within the plane of the membrane· 
An active cellular reaction leading to adhesion, so called pseudopodial 
attachment reaction (Refs#1,2) consists of the three stages: 
a) The contact of the cell membrane with another surface induces an exten
sion of pseudopodium in the nearby area of the surface· 
b) The membrane of pseudopodium forms specialized contacts with another 
surface. 
c) Alteration of eubmembraneoue cortical layer, especially, formation of 
the bundle of actin microfilaments leads to development of centripetal 
tension acting on the contact. 
Two groups of facts obtained in the experiments with cultured epithelial 
and fibroblastic cells (see review in Ref»2) support the suggestion that 
pseudopodia play special role in the formation of cell contacts with 
other cells and with the non-living supporting substrata of the culture: 
1) Cultured epithelia of various types form coherent cellular sheets in 
culture· Pseudopodia are formed only on lateral surfaces of these sheets 
but not on their upper surfaces. Inert particles such as carmine particles, 
red blood cells etc are easily attached to the surfaces of marginal pseudo
podia but not to the inactive upper surface. Formation of contacts with 
homologous epithelial cells is also observed only in the marginal areas. 
2) Pibroblasts and epithelial cells contacting non-living substrates 
(glass, plastics etc) spread on these substrata. Numerous focal cell-sub
strate attachments are formed in the course of this spreading. Analysis 
of this process shows that cell contact with the substrate induced forma
tion of pseudopodia on the cell surface· Focal attachments with associ
ated bundles of microfilaments are formed only in the pseudopodia. 
These experiments suggest that specialized cell contacts with other struc
tures can be formed only by the surface of pseudopodia but not by the 
surface of other cell parts. What are possible mechanisms of special 
adhesion properties of pseudopodia? 
Besides their different adhesiveness, active and non-active parts of the 
cell surface have also different ability to be cleared from the membrane 
receptors cross-linked by external ligands· This was shown in the experi
ments with mouse kidney epithelium treated with different ligands such as 
Concanavalin A or cationized ferritin (Refs*1,3)· Initial distribution of 
the receptors of these ligands on the surface of epithelial cells was 
diffuse· Treatment of living cells with one of the ligands induced redi
stribution of corresponding receptors. In epithelial cells, like in other 
cell types (Refs.1,3;f redistribution of cross-linked surface receptors 
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had two components; collection of these receptors into microscopically 
visible groups (patching) and selective removal of the patched receptors 
from certain parts of the surface (capping or clearing)· Patching was 
observed on all the parts of the upper surfaces of epithelial sheets· 
In contrast, only the pseudopodia and lamellar cytoplasm of the marginal 
cells of the sheets were cleared from patched receptors; clearing was not 
observed on the upper surface of the inactive central cells of the sheets. 
Selective clearing of pseudopodia from cross-linked surface receptors was 
also observed in other cell types (Refs.1 ,3-7)· Patching is usually regar
ded as a passive aggregation of molecules diffusing in a fluid lipid bi-
layer. In contrast, capping is an active energy-requiring process. Several 
theories of the mechanism of this process had been proposed. One plausi
ble suggestion (Ref.4) is that the capping is a result of anchoring of 
the patched receptors to some cortical structures, eg., to microfilaments; 
these cortical structures may then actively translocate the patches in 
the plane of themembrane. Developing this hypothesis we (Ref.1) assumed 
that anchoring of the patches can take place only in active parts of the 
cell surface. This suggestion explains not only selective clearing of the 
patched receptors from these parts of the surface but also their special 
adhesive properties. Formation of adhesive structure between the cell mem
brane and another surface may be somewhat similar to patching and capping. 
The contact structure may be regarded as a group of membrane receptors lin
ked from the outside to the molecules of the other surface directly or via 
some intermediate molecules. This group of receptors is equivalent to a 
patch formed by external ligand. Specific ligands and receptors forming 
different types of contact structures are still to be indentified. The 
"contact patch" will be unstable in a sense that it may be easily dis
placed in the plane of the fluid membrane or even detached from this mem
brane. This displacement and detachment can be caused by the tension from 
the contacting cell (Refs.8,9) or by any other mechanical stress acting 
from the contacting surface. The anchoring of the patched membrane molecu
les to the underlying cortical structures may stabilize the contact. 
Non-adhesiveness of inactive epithelial and endothelial sheets may be due 
to the inability of their surface to anchor adequately the membrane re
ceptors attached to the external ligands. 
The facts and hypotheses summarized above provided the basis for planning 
of a number of new experiments. In particular, two series of experiments 
recently performed by our group should be mentioned: experiments testing 
adhesiveness of epithelial surface for blood platelets and experiments 
testing adhesiveness of the surfaces of artificial lipid films for blood 
platelets and fibroblasts. 
Our experiments had shown that upper surface of cultured mouse kidney epi
thelium is non-adhesive not only for tissue cells and for inert particles 
but also for rabbit blood platelets: the average number of platelets at
tached to epithelial surface was 8-12 times less than that attached to 
the same area of the glass within the same culture (Ref.10). 
The endothelial sheet covering the internal surface of the blood vessels 
is similar in structure to the epithelia sheets. Therefore, these expe
riments give reason to think that non-adhesiveness of endothelium and of 
epithelium may have similar mechanisms, that is, in both cases non-adhe
siveness may be due to the absence of pseudopodial activity on the upper 
surface of these sheets (Ref.11). Non-adhesiveness of endothelium for 
platelets is essential for prevention of blood clotting in the vessels; 
therefore its mechanism certainly deserves further study. 
Adhesive properties of articial lipid membranes are interesting because 
their surfaces may imitate to some degree the surfaces of cell membranes. 
Fibroblasts and blood platelets cannot attach themselves to the surfaces 
of the films made from phospholipids which are in a liquid-cristalline 
state at 37°C. In contrast, the cells of both types are attached to the 
surface of the lipids which ere a cristalline state at that temperature 
(Refs.12,13). As suggested by Maroudas (Ref.9) non-adhesiveness of the 
fluid lipid films may be due to their inability to withstand tension from 
contacting cellular pseudopodia· According to our hypothesis presented 
above non-adhesiveness of the inactive cellular surface may have similar 
explanation. 
Another very important aspect of the studies of cell adhesiveness is an 
analysis of the mechanisms of deficient attachment reactions of neoplastic 
cells. Deficiency of spreading on the non-living substrates is a charac
teristic feature of neoplastic transformed cells in culture; formation of 
cell-cell adhesions is also deficient in the cultures of these cells (see 
review in Ref.2). Several types of molecular alterations may be respon-

http://Ref.11
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sible for the deficiency of pseudopodial attachment reactions of neoples-
tic cells: 
a)deficient formation of extracellular ligands participating in the cell-
cell and cell-substrate adhesion. The major glycoprotein of the fibroblas-
tic cell surface (so called LETS or fibronectin) may possibly play a role 
of such ligand; the quantity of this glycoprotein in the cultures of fibro-
blasts often decreases considerably after neoplastic transformation (Refs. 
14-16). 
b) deficiency of cellular receptors participating in adhesion, especially, 
deficient formation of the carbohydrate portions of these receptors. 
c)deficient anchoring of the membrane receptors by cortical components; 
absence of microfilament bundles in the substrate-attached neoplastic 
fibroblasts (Refs.17,18) may be a morphological manifestation of this 
deficiency. 
d)abnormality of the lipid layer leading to alterations of receptor mo
vements. 
Further studies are necessary before we be able to select between these 
possibilities. 
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Abstract - The paper describes a theory for constructing 
electrocatalysts based on immobilized enzymes. High-rate enzyma
tic electron-transfer reactions in solutions and heterogene
ous are analyzed. Macrokinetics of electrocatalysis with en
zymes anchored to equiaccessible surface electrodes is dis
cussed, and a number of expressions interrelating electrode 
potential and current output on the one hand, and kinetic and 
microkinetic characteristics of the system on the other, are 
derived. 
Electron transfer from the enzyme active center to the con
ducting matrix is discussed. Two mechanisms are considered: 
the direct electron transfer mechanism and the mechanism in
volving intermediate carriers (mediators). 
The technological potential of immobilized enzyme electroca
talysis is surveyed (bioelectrochemical converters, biophoto-
lysis of water, specific electrosynthesis, biochemical sen
sors) . 
INTRODUCTION 

Much progress has been made in the last decade in the development of cata
lysts, especially for hetero-catalytic, homogenous catalytic, and enzymic 
reactions· However, catalytic electrochemical transformations have not been 
well studied· Theoretical and experimental studies in this field have been, 
as a rule, confined to the simplest possible systems, such as electrochemi
cal hydrogen oxidation or oxygen reduction. 
A variety of redox reactions, which involve electron transport in biological 
systems, are ensured by a set of redox enzymes and protein electron carri
ers and proceed at very high rates· Therefore by combining electrode and 
enzymatic processes, the study of enzyme properties in electrochemical sys
tems becomes a challenge because of the high specificity and catalytic ac
tivity· Recently it was discovered that enzymes can act as the catalysts of 
electrochemical reactions· 
Electrocatalysis by enzymes is very attractive from the practical point of 
view· 
Enzymes as catalysts of electron transport may be useful in chemical-to-
-electrical energy converters· Biochemical fuel cell research can proceed 
along two lines (Ref. 1)· 
(a) the use of enzymes for oxidation of organic substrates such as alcohols 
and carbohydrates may lead to electrocatalysts for oxidation of organic 
fuels; 
(b) the development of electrochemical enzyme converters of highly specific 
characteristics and power output may be possible if certain macrokinetic 
problems can be overcome. 
Hydrogenases, enzyme systems which oxidize methane and methanol, glucoseoxi-
dase, and dehydrogenases seem promising· 
A biocathode may be developed through studies of enzymes which activate mo
lecular oxygen· Especially promixing is cytochrome C-oxiiase, which cataly
zes the reaction of organic compounds with oxygen in aerobic respiration, 
and laccase, a similar enzyme of microbic origin. These enzymes catalyze 
four electron oxygen reduction without peroxide intermediates. 
Enzymes and electron carriers are rather effective catalysts of electron 

467 



468 Bioelectrocatalysis as a New Phenomenon 

transports. The rates of enzymatic reactions as functions of substrate con
centrations are usually represented as an equation of the form 

kcatEoSo 
K M + So 

(1) 

where k . is the rate constant of the limiting process stage, and K.„ is the 
Michaeli! constant. 
Statistical analysis of the rates of various redox processes with enzyme ca
talysts reveals that processes where k . is about 2 x 102 sec"1 are rather 
widespread. The maximum enzyme distribution density that has been found is 
compatible with such high reaction rates (Refs 7,6), If an enzyme whose high 
but quite feasible concentration is 5 x 10~3 M is introduced into a process 
with the enzyme saturated with substrate (S » K™) the process goes at a rate 
of 1 mole/liter·sec· This rate of electron transport processes is associated 
with intermolecular microcurrents totaling about 10? ampere/liter. If the 
process could be made macrokinetic and if the electrochemical potential dif
ference of two electrodes amounted to one volt, then the total power of this 
energy converter would be approximately 100 kW/liter, an extremely high 
value. Obtaining one per cent of that value would be major contribution to 
energy converter theory and development. These estimates stimulate bioelect-
rocatalysis research. 
Making good use of the electrosynthetic potential of immobilized enzymes 
would also be an important step. The development of reversible immobilized 
enzyme-based electrodes could entail electrosynthesis. A number of compounds 
synthesizable with energy consumption (carbohydrates, aminoacids, and ste
roids) can in a number of cases be obtained by using immobilized enzymes and 
electric power. Another problem of this kind is electrochemical cofactor re
generation (Refs 2-5). 
The high specificity of enzymes makes it possible to develop detectors of 
various compounds for quantitative analysis. The use of bioelectrocatalytic 
effects produced by direct electron transport from the enzyme active center 
to the electrode may significantly simplify the development of such systems 
and lead to miniature sensors which would be efficient because of the high 
rates of enzymatic reactions. 
The promise of immobilized enzyme-based electrocatalysts is obvious; and 
the fundamentals now are under study. The subsequent discussion in this pa
per will be devoted to analysis of the fundamental problems in this field 
and approaches to their solution. 

THE KINETIC THEORY OP BIOELECTROCATALYSIS 
Any analysis of acceleration of electrode processes by enzymes should first 
of all account for the heterogenous nature of the system. Thus in one idea
lized model (Ref. 8), the enzyme was assumed to be uniformly distributed 
over the electrode surface with a surface concentration of Eg (moles/cm*). 
The rate limiting step was assumed to be the reaction of ES in the enzymatic 
reaction sequence 

E + S :ES cat E(ne)- -E + ne (2) 
where ES is the enzyme-substrate complex and E(ne) is the state of the enzy
me active center which has accepted (or lost) the electrons. The surface 
with the immobilized enzyme was assumed equiaccessible. With due regard for 
the existence of a diffusion layer of thickness δ . at the solid-moving li
quid interface, the specific current may be written: 

1 58 _ . 
n F kcat Es 

1 +< 
f-- (1 +Θ) Γ * 

s - d 

4 

+ Θ) 
? 

. + 

s 
s 
KM 

(3) 

Θ is a dlmensionales parameter found through the equation 
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Θ _ kcat Es§ K M D (4) 

where D is the substrate diffusion coefficient, S is the substrate concen
tration in the fluid volume· 
The detailed analysis of these equations are given in Ref. 8 ♦ 
The parameter Θ and the ratio S /K^ determine whether the system will act 
under diffusion or kinetic control. Depending on these parameters the ra
tio S°/S^ can be either near or very much smaller than unity. 0 

c 
In the extreme case, with saturating substrate concentrations, S ?> % the 
current from the electrode is 

i c a t =- nP k . E0 
1 max cat 8 (5) 

The maximal specific diffusion current 
L d i f f -- nP DS /Sd (6) 

The above analysis of the model leads to several conclusions: 
(a) The maximum catalytic current which is expected with Θ «1 depends on 
the surface concentration of the enzyme and the effectiveness of the enzyme 
catalytic action. With a monomoleeular layer of medium size protein molecu
les covering the electrode surface, the enzyme surface concentration would 
be about 1 x 10~11 moles/cm^. If the limiting rate constant of the enzy
me catalyzed conversion was about 103 sec"1, then the maximum catalytic cur
rent would be 1 milliamp/cra^. Under kinetic control no concentration polari
zation occurs. 
(b) Equation (6) can be used to estimate the value of the maximum diffusion 
current. Assume that the diffusion layer permeability is 10-3 cm/sec, the 
maximum diffusion current which should be^observed with the electrode ope
rating under diffusion control ( Θ >;>1 , S <£ KM) is 0.1 milliamp/cm? (with S*~10""3 moles/1). This estimate emphasizes the importance of macrokinetic 
electrode characteristics. 
Analysis of the macrokinetic model of enzymatic action in an electrochemical 
system shows that high current densities can be used. The most important re
quirement is that no concentration polarization occurs under the catalytic 
control· The electrode characteristics can be considerably improved by using 
macrokinetic factors. High porosity carbon carriers of specific surface 
about 100 m2/g may make it possible to have electrodes featuring very favou
rable electrochemical parameters. 

ELECTRON TRANSPORT PROM THE ENZYME ACTIVE CENTER TO THE ELECTRODE 
The most important assumption in bioelectrocatalysis is that the active cen
ter of enzyme can have a fast exchange of electrons with the electrode. This 
process is a prerequisite for obtaining electrocatalytic effects by using 
enzymes. Two essentially different active center-to-electrode transport me
chanisms are possible: 
(a) Use of a mobile low molecular weight electron carrier or mediator. In 
Ref. 9 have been formulated a set of basic requirements for the mediator to 
be maximally effective. The mediator should be a reasonably specific subst
rate of the enzyme and electrolytically active at an electrode of a given 
material. The redox potential should be nearly that of the fuel or the oxi-
dant. The mediator should be resistant to possible destructive processes. 
The mediator mechanism of transport is extensively used in enzymatic elect
rochemical reactions. Suzuki et al.( Ref. 10) described an electrochemical 
process with lactatedehydrogenase, flavinmononucleotide and phenasinmeta-
eulphate being used as mediators. Peroxidase activated by manganese ions in 
the presence of quinone-hydroquinone can catalyze the oxygen reduction on 
carbon electrodes (Ref. 11). Varfoloraeev et al. (Ref. 8) have analyzed in 
detail the mediator properties of raethylviologen and its use in electroche
mical hydrogen ionization caused by bacterial hydrogenases. 
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(b) Experimental studies of recent years have revealed that enzymatic pro
cesses without the use of a mobile mediator are possible. Thus, in an oxygen 
atmosphere and in the presence of Poluporos versicolor adsorbed on electro
des of different materials, a potential is established which is close to 
the thermodynamic potential of oxygen. Also, laccase catalyzes the electro
chemical four-electron oxygen reduction through electron transfer from the 
electrode to the active center (Ref. 12). 

CONDUCTING AND SEMICONDUCTING ORGANIC MATRIXES FOR IMMOBILIZED 
ENZYMES 

One general approach to provide direct electron transfer from the enzyme ac
tive center to the electrode is by using conducting and semiconducting mat
rixes for enzyme immobilization. Enzyme introduction into a polymeric mat
rix featuring high electric conductivity may ensure conditions for electron 
transport and electron transfer to the electrode having a low activation 
barrier. Ways to immobilize enzymes with electrically conducting carriers 
are now available. One of most promising materials for immobilized enzyme-
based electrocatalysts is carbon. 
Organic polymeric semiconductors represent a large class of potential carri
ers for bioelectrocatalysts. Electric conductivity of semiconducting poly
mers can vary from 10-1.5 0hm""1 cm-1 to 10^ 0hm""1 cm""' and approach that of 
metals (Ref. 13)·' Chemical modification of organic semiconductors leads to 
carriers of very high capacities, as far as the amount of immobilized enzy
me is concerned. Enzymes can be attached to polymer semiconductors either 
by enzyme polymer bonding or by adsorbing the enzyme into a semiconducting 
water impermeable organic gels. Let us consider two examples. 
Thermal anaerobic treatment may make polyacrylonitryl a conductor because of 
formation of poly-conjugated naphtiridine domains form. By the proper selec
tion of the treatment temperature the size of the domains can be optimized 
and the resulting polymer conductivity may be made as high as 10~4 OhnT̂ cm""; 
For immobilization the polymer was oxidized by concentrated nitric acid, 
treated by hydrazine-hydrate and reduced by tin dichloride. The amino gro
ups, which formed, were bonded to the enzymes by a standard procedure invol
ving glutaraldehyde. The capacity of the electron conducting carrier was 
10-100 mg of protein per gram of the polymer. 
Varfolomeev et al. (Ref. 14 ) showed that enzymes can be immobilized in a con
ducting water impermeable organic "metals". The enzymes were immobilized by 
co-precipitation with poly-1-propargylpyridinium bromide and the semi-redu
ced form of tetracyanoquinodimethane (TCNQ). The mediator capacity was 500 
mg of protein per gram. In this case the conductivity was obtained both by 
electron transport along the conjugation chain of poly-1-propargylpyridinium 
bromide and by transport between TCNQ molecules in the charge transfer comp
lex. 

IMMOBILIZED HYDROGENASE-BASE HYDROGEN ELECTRODE 
Hydrogen electrodes, which ensure electrochemical ionization of hydrogen, 
are model systems which were used in developing many basic concepts of 
today1 s theoretical electrochemistry,. Hydrogen electrodes are of consider
able theoretical and applied interest. Their catalysts are chiefly platinum 
or metals of Group VII, Therefore studies of a hydrogenase-based hydrogen 
electrode is a promising line of research. 
In Ref. 8 has been studied electrochemical hydrogen ionization under the 
action of hydrogenase from Thiocapsa reseopersicina. The electrode and 
electrochemical processes were coupled using methylviologen (MV^+) as media
tor. Methylviologen is a classical substrate of hydrogenases. The equilibri
um and kinetics of its electrode reactions on carbon electrodes were studi
ed. The normal redox potential of the pair MV2+/MV+ is 0.011 volts, which is 
nearly the equilibrium potential of a hydrogen electrode. The electrode pro
cess is completely reversible; in other words, both electrochemical reduc
tion and oxidization of the reduced methylviologen form can be observed. The 
electrochemical process 

MV+· -MV 2 + + e (7) 
was studied by using a rotating disc electrode; and oxidation-reduction of 
this compound was shown to proceed reversibly under diffusion control with 
the disc electrode rotating at rates up to 600 radians/sec. Electrochemical 
oxidation-reduction of this mediator is independent of the nature of the 
electrode used and is equally effective with platinum, amalgamated gold, 
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and pyrographite. The kinetics and mechanism of hydrogenase action with me-
thylviologen (MV"2+) as the electron acceptor was studied in Refs 8,16 . 
The overall process sequence can be represented as 

Enzymatic reaction 

He + E EH. 

EH. 

EH" + MV' 

EH 

2+ 
± : E H + H T 

=±nEH + MV+e 

±rE + H' 

(8) 

E + MV ■2+. ^ΜΥ + , + Ε 
where EHp, EH", EH and E" are intermediate electron states of the enzyme 
active center. 
The following reaction proceeds electrochemically 

MV" +· 
fast 

MV 2+ (9) 
(pyrographite electrode) 

The sequence (8) - (9) results in electrochemical ionization of hydrogen. 
With high enzyme concentrations the reaction changes to diffusion control 
with a current density of 0.4 mA per square centimeter of smooth surface, 
which is close to the theoretical maximum. Hydrogen ionization proceeds at 
equilibrium conditions on carbon electrodes, on which the reaction proceeds 
with great overvoltage if there is no enzyme. 
Yaropolov (Ref. 16) studied the process of immobilization of hydrogenase on 
carbon black and the possibility of developing a porous gas diffusion elect
rode in this way. 
It would be of e 
rogen electrode, 
meev et al. (Ref 
in a gel made of 
quinodimethane. 
hydrogen evoluti 
was greatly acce 
organic "metalM. 
zed in such a ge 
tion. Further st 
ted the promise 

ssential importance to demonstrate the feasibility of a hyd-
operating without a diffusionally mobile mediator. Varfolo-
14) described electrocatalysis by hydrogenase immobilized 

polypropargyl pyridine and the lithium salt of tetracyano-
Suspension electrodes were used to study the reaction of 
on with anodic polarization of the electrode. The process 
lerated by hydrogenase immobilized in this semiconducting 
The specific hydrogenase activity for an enzyme immobili-
1 was approximately five times that of the enzyme in solu-
udy of enzyme properties in TOTQ-based gels have demonstra-
of this method in development of high-porosity electrodes. 

IMMOBILIZED LACCASE-BASED OXYGEN ELECTRODE 
The development of biochemical fuel cells is dependent on the oxygen elect
rode for those cells where oxygen reduction is the cathodic reaction. The 
creation of reversible oxygen electrode is one of the most important prob
lems in traditional electrochemistry. The equilibrium potential of the oxi
dation-reduction pair 02/Η2^οί 1.23 volts is obtainable only on specially 
treated platinum and in especially pure solutions fRefs 17,18). Exchange 
currents on platinum are as low as 10-11 amp/cm^. 
There are a few enzymes which smoothly reduce oxygen to water via 
a four electron mechanism without hydrogen peroxide formation as an inter
mediate. These enzymes include cytochrome C-oxidase,ceruloplasmine, ascor-
batoxidase, and laccase. For bioelectrocatalytic purposes these'enzymes may 
be regarded as potential catalysts of cathode oxygen reduction. Yaropolov 
et al. (Ref. 11) and Berezin et al. (Ref. 19) have described systems where 
peroxidase and cytochrome C-oxidase were the catalysts of oxygen reduction. 
Mediators transfered electrons from the electrode to active centers. The 
electrode potential, equal in this case to the ratio of the reduced and oxi
dated mediator forms, was 0.6-0.8 volts, below the equilibrium oxygen poten
tial. 
Berezin et al. (Ref. 12) studied an oxygen electrode where electrons were 
directly exchanged with the active center. The catalyst was Poluporos ver-
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sicolar laccase a sample of which was kindly supplied by Professor B.Malm-
strom (Sweden, Göteborg). 
Electroreduction of oxygen in neutral or weakly acid solutions considerably 
shifts the stationary potential towards positive values and accelerates 
electroreduction of oxygen* 
Electrochemical measurements were made on electrodes of carbon black, pyro-
graphite, carbon glass, or gold, laccase was adsorbed directly on the elect
rode that has been kept in the enzyme solution for 24 hours· The electrode 
potential increased in the presence of oxygen and laccase. The maximal poten
tial value of 1*207 volts near equilibrium, was obtained on carbon black 
electrodes that had been kept in a 10~5M laccase solution for 24 hours* 
Enzyme adsorption on electrodes may be practically irreversible* Following 
the immobilization of the enzyme, the electrode retains catalytic properti
es in the absence of laccase in the solution, The enzymic nature of electro-
catalysis was proved by specific inhibition of electrocatalytic effects by 
fluoride ion, by heat inactivation, by comparison of pH dependence of elect
rocatalytic effects, and by catalytic activity in the oxidation of the fer-
ricyanide ion by oxygen* The electrode stationary potential depends on the 
partial oxygen pressure and pH. To ascertain the nature of the stationary 
potential on an electrode with immobilized laccase,γΒ± was studied as a 
function of the partial oxygen pressure (P0o) an<3 t h e solution pH. It was found that 9rst/ lgpop amounts to 10-12 mV and 3*fW B pH, to 60 mV* 
These results were close to coefficient values for the Nernst equation for 
the O2/H0O system. In a special experiments on a rotating disc electrode no 
detectable hydrogen peroxide was found in the solution in the case of elect
rochemical oxygen reduction by immobilized laccase. All available experimen
tal data suggest that the observed stationary potential on an electrode with 
immobilized laccase is determined by the four electron oxygen reduction to 
water. The current output with a specified potential depended on the amount 
of immobilized laccase and attained a limiting value as predicted by the ki
netic theory of biocatalysts. The above results suggest the feasibility of 
enzymatic electrocatalysis of oxygen reduction using direct electron trans
port without mediators along the electrode - active center - oxygen molecu
le chain. 

CONCLUSIONS 
An attempt has been made to formulate basic problems that face the use of en
zymes for power generation. The attention is focused on a new phenomenon -
bioelectrocataljrsis - acceleration of electrode processes by enzymes. The 
use of enzymes makes it possible to formulate and theoretically solve the 
problem of chemical energy conversion into the electric pov/er. There are 
some model systems which have been experimentally tested and are being opti
mized. On the other hand, only theoretical approaches to engineering imple
mentation of these processes are now available. However the basic research 
completed thus far gives hope that new biocatalytic power units will become 
a reality. 
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