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Specifici ty is one of the m o s t  impor tan t  p rope r t i e s  of enzymes ,  dist inguishing them f rom nonbiologi- 
cal ca ta lys ts .  Enzymes  are  capable of "dist inguishing" compounds with different  s t r u c t u r e s  of groups r e -  
mote  f rom the r eac t ion  center  and with different  configurat ions at  the a s y m m e t r i c  cen te rs  and even the 
c o n f o r m e r s  of the subs t ra te .  In the p r e s en t  paper ,  we shal l  consider  the causes  of the speci f ic i ty  of en-  
zymes  with r e s p e c t  to the s t ruc tu re  of the s u b s t r a t e s ,  using as example  the se r ine  p r o t e a s e s  and the m o s t  
studied r ep re sen t a t i ve  of t h e m -  a - ehym ot ryps in .  

The hypothesis  accord ing  to which an enzyme on reac t ing  with its subs t ra t e  fo rms  a sorp t ion  com-  
plex - a Michaelts  complex - which then decomposes  immedia te ly  or  a f te r  a number  of in te rmedia te  s tages  
with the r egene ra t ion  of the enzyme and the fo rmat ion  of the r eac t ion  products  is genera l ly  accepted  [1]. 
In the case of hydrolyt ic  r eac t ion  cata lyzed bychymot ryps in fE) ,  the p r o c e s s  for  s eve ra l  subs t r a t e s  (S) is 
descr ibed  by the t h r e e - s t a g e  scheme [2,7] 

kt /zi Its 
E + S ~ _ _  ~ S ~ E S ' - . E + P 2 ,  

k -  1 Pt  

• where  ES is the Michaelis complex;  ES'  is the acyla ted  enzyme;  and P l  and P~ a r e ,  r e spec t ive ly ,  the a lco-  
holic (amine) and acyl r eac t ion  products .  

This scheme  includes,  together  with the o rd ina ry  Michaelis  complex,  at l e a s t  one other  in te rmedia te  
compound - the acylated enzyme - the product  of the t r a n s f e r  of the acyl moie ty  of the subs t ra t e  to one of 
the ca ta ly t ica l ly  act ive groups of the enzyme.  The hydro lys i s  kinetic p a r a m e t e r s  that en te r  the M i c h a e l i s -  
Menten e x p r e s s i o n  (1) a re  effect ive [2] and are  connected with the p a r a m e t e r s  of the "e l emen ta ry"  s tages  
by expres s ions  (2) and (3): 

kcadel0"[S]0 (1) 
V = K .  (app) + [S]o ; 

k2 - k3 (2 )  
kcat = k~ + k 3 " ' 

k3 k_l 4- k, (3) 
K. (api:, = k: + k~- ' kt ; 

he re  

k _ l  + k., and k - t  Ks. 
kt " = K M k t = 

It would appear  that the bes t  m e a s u r e  of the spec i f ic i ty  of an enzyme is r e p r e s e n t e d  by the constants  
of the individual s tages .  Never the le s s ,  the s i tuat ion is compl ica ted  by the phenomenon of so -ca l l ed  non- 
product ive  binding. Effect ive ca ta lys is  can take place only when the subs t ra t e  group being sp l i t  off is c o r -  
r e c t l y  or iented  in r e la t ion  to the catalyt ic  groups of the enzyme.  For  an a s y m m e t r i c  subs t ra te ,  however ,  
12 types of mutual  or ienta t ion of.the subst i tuents  with r e s p e c t  to the cor responding  sect ions in the enzyme 
a r e  poss ible .  Of these ,  only four r e p r e s e n t  product ive complexes  [8, 9]. It has been  shown [10, 11] that 
nonproductive binding affects  not only the deacylat ion constant  (k 3) but also the ra t io  of the catalyt ic  con- 
stant  to the Michaelis  constant  (kcat/KlVi(app) = k J k 3 ) .  It is jus t  these magnitudes that may  also be taken 

M. M. Shemyakin Insti tute of the Chemis t ry  of Natural  Compounds, Academy of Sciences of the USSR. 
Trans la ted  f rom Khimiya Pr i rodnykh  Soedinenii, No. 5, pp. 581-596, Sep tember -Oc tobe r ,  1972. Original  
a r t ic le  submi t ted  F e b r u a r y  9, 1972. 

0 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West I7th Street, ,'Yew York, N. Y. lO01i. 
No part of this- publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher, t 
copy of this article is available from the publisher for $15.00. 

555 



Fig. 1. T e r t i a r y s t r u c t u r e  of ~ -chymot ryps in .  

as a m e a s u r e  of the kinetic speci f ic i ty  of the enzyme.  
The second magnitude is  in fact  the ra te  constant  of 
the b imolecu la r  reac t ion  between the subs t ra te  and the 
enzyme and re f l ec t s  the speci f ic i ty  of the f ree  enzyme 
for  the subs t ra te .  In this r e s p e c t  it cha r ac t e r i z e s  m o s t  
accura te ly  the capaci ty  of the enzyme for  binding and 
t r ans fo rming  the subs t ra te .  

The binding and t r ans fo rma t ion  of the subs t ra te  
take place in a l imi ted  reg ion  of the enzyme cal led the 
act ive  center .  There  is no doubt that the groups of the 
enzyme "responsible~ for  these two s ides  of the ca t -  
alyt ic  p roce s s  mus t  be spa t ia l ly  adjacent.  Consequently, 
when the ca ta ly t ica l ly  act ive groups have been loca l ized  
in the s t ruc tu re  of  the enzyme it  is poss ib le  to s tate  
that  the binding sect ions  in the act ive cen te r  mus t  be 
at a d is tance f rom these  groups  not g r e a t e r  than the 
dis tance f rom the bond of the subs t r a t e  that  is  being 
c leaved  to those groups  of the subs t ra te  that  a r e  r e -  
sponsible for  i t s  sorpt ion on the enzyme.  In (~-chymo- 
t ryps in ,  as the r e su l t s  of numerous  invest igat ions have 
shown, the ca ta ly t ica l ly  act ive  groups  a re  the hydroxy 
group of se r ine  res idue  195 [12-17] and the imidazole  

res idue  of histidine 57 [18-21]. It is obvious that these groups mus t  be adjacent  in the t e r t i a r y  s t ruc tu re  
of the pro te in  (Fig. 1). In addition, the groups par t ic ipat ing  in the binding of the subs t ra t e  mus t  be local ized 
close to these cata lyt ic  groups.  

The p rob lem of the de te rmina t ion  of the mutual spat ia l  posi t ion of the binding and catalyt ic  sect ions 
of the active center  m a y  the re fore  be reduced  to the p rob lem of de termining  the conformat ion  of the sub-  
s t r a t e  in the Michaelis complex and in o ther  e n z y m e -  subs t ra te  complexes .  

The following s tage is the loca l iza t ion  of the binding sect ions  in the p r i m a r y  s t ruc tu re  of the enzyme.  
This p rob lem is undoubtedly m o r e  complex and at the p r e s e n t  t ime is solved unambiguously only by x - r a y  
s t ruc tu ra l  analys is .  

Among the methods of studying the connection between the s t ruc tu re  and speci f ic i ty  of an enzyme,  
x - r a y  s t ruc tu ra l  ana lys i s ,  both because  of its in format iveness  and, incidentally,  because  of its complexi ty ,  
occupies  a specia l  place.  However ,  this method,  taken in isolat ion,  is incapable of elucidating all the fea -  
tu res  of e n z y m e - s u b s t r a t e  in terac t ion  in the dynamic aspect .  

His tor ica l ly ,  the f i r s t  method - and by no means  the l a s t  in impor tance  - for  studying the speci f ic i ty  
of enzymes  is the method of kinetic subs t ra te  and inhibitor analys is .  

The natural  subs t r a t e s  of chymot ryps in  a re  peptides with a roma t i c  amino-ac id  res idues  and, to a 
s m a l l e r  extent ,  such  amino acids as leucine,  methionine,  and asparag ine  [22]. Never the les s ,  the o v e r -  
whelming balk of invest igat ions has been p e r f o r m e d  with amides  and e s t e r s  of N-acy la ted  amino acids - 
phenylalanine,  ty ros ine ,  and t ryptophan [23]. The r e su l t s  of a compar i son  of the speci f ic i ty  of chymot ryps in  
for  a number  of acyla ted  amino acids shows that subs t ra t e  p rope r t i e s  a re  p o s s e s s e d  by compounds contain- 
ing a voluminous hydrophobic subst i tuent  in the f~ posi t ion (Table 1). 

The fact  that the binding of an a roma t i c  subst i tuent  in the active center  of chymot ryps in  has a hydro-  
phobic nature follows f rom the exis tence  of a c lear  co r re l a t ion  between the constants  of the inhibition of 
chymot ryps in  by subs t r a t e - l i ke  compounds and also by a r o m a t i c  hydrocarbons  and the dis tr ibut ion coeff i-  
cients of these subs tances  between wa te r  and a nonpolar  phase [24]. 

A p r io r i ,  it can be s ta ted  that a single in te rac t ion  of the a roma t i c  side chain of the subs t ra te  with the 
enzyme is not suff icient  for  the c o r r e c t  or ienta t ion of the group undergoing cleavage of an acylamine acid 
der iva t ive ,  all  the more  since it is incapable of ensur ing  the s t e r eospee i f i c i t y  of the enzymat ic  p rocess .  
In actual  fact ,  the r e p l a c e m e n t  of an acetamido group in a subs t ra t e  by the i so s t e r i c  acetoxy group [25] 
sha rp ly  reduces  the sui tabi l i ty  of the subs t ra te  andthe  s t e reospec i f i c i ty  of the hydrolys is .  

A careful  the rmodynamic  analys is  of the constants for  the deacylat ion of acy lchymot ryps ins  containing 
a l a te ra l  acylamino group and the corrc,~ponding compounds not containing this group pe rmi t s  the conclusion 
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TABLE 1. Some Synthetic Subst ra tes  of ~ - C h y m o t r y p s i n  
R -  CHzCH(R') COX 

Corn- [<cat, ]KM(app), kcat/KM(app)' 
pound e R' x mc't ~mmole mole'l, sec-t 

Indol-'3-yl 
Q.Hs- 
QHLt- 
(CHa)~CH- 
n-C~Hg- 
CoH 5 - 
n-HOC~I-~- 
QHs- 
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N H C O C H  3 
NHC.L~H3 
NHCOCH3 
NHCOCH3 

OODCH3 
N (CH3) COCH3 
NHCOCH 3 

OCH~ 
OCH, 
OCHI 
OCH: 
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NH' 
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Fig. 2. Fig. 3. 

Fig. 2. Graph of the re la t ionship  between the f ree  ene rgy  of hydro lys i s  and 
RT I n  (kcat/KM(app) for  der iva t ives  o face ty lphenyla lan ine :  1) amide;  2) p -  
ni t roanil ide;  3) methjrl e s t e r ;  4) ethyl e s t e r .  

Fig. 3. Poss ib le  ways for  the mutual a r r a n g e m e n t  of the methyl  e s t e r  of 
N-ace ty l -L-pheny la l an lne  and the methyl  e s t e r  of D-3 ,4 -d thydro i soca rbo-  
s t y r y l - 3 - c a r b o x y l i c  acid in the active center  of chymotrypsin .  

that the acy lamino  group does actual ly  make a fundamental  contr ibution to speci f ic i ty ,  this contr ibution 
having an en t ropy  c h a r a c t e r  [26]. The difference in the the rmodynamic  cha rac t e r i s t i c s  of the two groups 
of compounds amounts  to 10 eu; i .e . ,  the change in f ree  ene rgy  is about 3 k c a l / m o l e .  

The introduction of voluminous subst i tuents  into the ~ or the P posi t ion of the subs t ra te  leads  to a 
sha rp  fall in the r a t e  of hydro lys i s  [27, 28]. This fact  is usually in te rpre ted  as an indication of s t e r i c  hin-  
drance in the cor responding  reg ion  of the act ive center  of the enzyme.  However ,  i t  mus t  be obse rved  that 
these and a number  of o ther  modif icat ions of the subs t ra t e  may  change its eonformat ional  s ta te  and, thus, 
influence the capaci ty  of the subs t r a t e  for  binding to the enzyme.  

A modif ica t ion of the group that  is spl i t  off main ly  affects  the e lec t rophi l ic i ty  of the e s t e r  or  amide 
carbonyl .  A good co r r e l a t i on  ex is t s  between the ra te  of hydro lys i s  of acylamino acid der iva t ives  differing 
in the nature of the bond undergoing cleavage and the Hammet t  or  Taft  constants  of the depart ing groups 
[23]. Moreover ,  d i f ferences  in the r a t e s  of enzymat ic  hydro lys i s  of e s t e r s  and amides  of one and the s ame  
acylamino acid a re  due main ly  to d i f ferences  in the f ree  ene rgy  of hydro lys i s  of these compounds,  s ince a 
good co r r e l a t i on  is obse rved  between these  magnitudes (Fig. 2) [29]. 

Consequently,  in the act ive center  of chymotryps in ,  in addition to the cata lyt ic  center  there a re  two 
binding regions  - a hydrophobic sec t ion  and an acy lamino-group-b ind ing  sec t ion  which, as may  be assumed ,  
is a group acting as a hydrogen-bond acceptor .  

The cata lyt ic  and binding sect ions  in chymot ryps in  a re  s epa ra t ed  spa t ia l ly  and a r e  apparent ly  inde- 
pendent.  Thus,  it has been  shown that the se lec t ive  modif icat ion of the cata lyt ic  s e c t i o n -  namely ,  the me th -  
ylat ion of the N ~ a tom of the ca ta ly t ica l ly  act ive his t idine-57 res idue  - while comple te ly  depriving the en-  
zyme of cata lyt ic  p rope r t i e s  does not af fec t  the capaci ty  of the enzyme for  binding the subs t ra t e  at all [30, 31]. 
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T A B L E  2. C y c l i c  S u b s t r a t e s  a n d  I n h i b t t o r s  o f  C h y m o t r y p s i n  

/X  

Corn- Config- 
pound z x r R uration ~at/KM(app )' kcat, 

$ (M(app), k~ 
(sign of sec'l nmole  mole -1 • sec-I mmole 
rotation) 

9 c a ,  NH c o  ca3 o 12.1 0,7 0,13×10, - 
10 C H 2 0  CO CH s D 35,0 0,7 5,0 X~0~ -- 

CO NH CaH~ 0,08 1,92 0,42XI02 
CO CHs 11 ca'  ) 75 12 CH~ . -- -- 

13 CH~ CH CHs -- _ , _ 14 NH Co s L  - o . o × I o ,  G 

• Conditions [44]: pH 7.2; 25°C; 4 vol. % of CH3CN. 
Substrate:  methyl es te r  of acety1-L-phenylalanine.  

The spatial separa t ion of the catalytic and hydrophobic sections of the active center  of chymotrypsin  
appears c lear ly  in an investigation of the proper t ies  of so-ca l led  bifunctional inhibitors. These inhibitors 
include alkaneboronic acids [32-35]. The boric  acid residue in these compounds forms a complex with the 
imidazole group of the histidtne-57 residue and with the hydroxy group of the ser tne-195 residue,  and the 
alkyl group is capable of interacting with the hydrophobic sect ion [32]. It has been found that the constant 
of the inhibition of chymotrypsin  by alkaneboronic acids depends s t rongly on the length of the alkyl chain, 
while the contribution of the aliphatic residue appears at values of n of f rom 3 to 6. F r o m  this it may be 
concluded that the hydrophobic sect ion is at a distance of not less  than two methylene groups f rom the cat-  
alytic sect ion and has an extent of the o rde r  of four methylene groups. This agrees  well with the dimen- 
sions of the subst ra tes .  Similar resul ts  have been obtained in a study of the ra tes  of deacylation of acyl -  
chymotrypsins with alkyl chains of different lengths [36]. 

Never theless ,  these conclusions have only a relat ive value, since in no case is the conformation of a 
substrate  or  an inhibitor in the active center  of the enzyme known. To investigate this question it is very  
useful to use subst ra tes  and inhibitors with a l imited conformational mobility. This type of substrate  was 
f i r s t  proposed by Hein and Niemann [37] in 1960. It was establ ished that 3-methoxycarbonyl -3 ,4-d ihydro-  
i socarbos tyry l  (9} - a cyclic analog of an e s t e r  of N-acetyl -L-phenyla lanine  - is hydrolyzed by chymotryp-  
sin as effectively as the la t ter ,  but the enzyme is specific for the D form of this compound (Table 2). 

Since these two subst ra tes  compete with one another,  and also with indole, because of the active cen- 
ter  of the enzyme [38], it may be assumed that the cyclic substrate  is bound to the same sect ion of the ac-  
tive center  as acetylphenylalanine. In recent  yea r s ,  a large number of subst ra tes  of this type have been 
synthesized [27, 39-44] (see Table 2). It has been found that they are  all hydrolyzed in the D form. It is 
charac te r i s t i c  that in cont ras t  to l inear  subs t ra tes ,  the replacement  of a lac tam group by a lactone group 
(compound 10) does not affect the substrate  proper t ies  of the cyclic analogs. However, compounds of the 
same type have been found which possess  poor substrate  proper t ies  or  do not undergo enzymat ic  hydrolysis  
at all (compounds 12 and 14). 

The s imi lar i ty  of the kinetic pa rame te r s  of the enzymat ic  hydrolysis  of D-methoxycarbonyldthydroiso-  
carbos tyry l  and of that of the e s t e r  of N-acetyl -L-phenyla lanine  permits  the assumption that the react ion 
conformation of the la t ter  must  be s imi la r  to a cer ta in  extent to the conformation of the cyclic compound. 

However, the cyclic analog of acetylphenylalanine does not have a completely r igid conformation - 
there is a f reedom of conformational  transit ions of the methoxycarbonyl  group f rom the equatorial  or ienta-  
tion into the axial. Consequently, before comparing the conformations of a cyclic and l inear  compound a 
choice between these two possibil i t ies must  be made. The axial conformation appeared more  at tractive 
since in this case a g rea te r  difference existed in the orientations of the L-  and D- i socarbos tyry l s  [40, 45]. 
There is also indirect  information in favor of the equatorial  conformation [46, 47]. This question could be 
answered by comparing the conformational state of a number of cyclic compounds in solution with their sub- 
strafe propert ies .  An investigation by the N-MR method of a number of cyclic analogs of chymotrypsin  sub- 
s t ra tes  has shown [48] that in the major i ty  of cases the equatorial  conformation is p re fe r red  both in non- 
polar  solvents and in aqueous solutions. However, a compound with the equatorial  conformation is not nec-  
e s sa r i l y  a good substrate.  On the other hand, compounds with the axial conformation are  not hydrolyzed 
by the enzyme. Consequently, the equatorial  conformation is a necessa ry ,  but not sufficient, condition for 
high substrate  proper t ies  of cyclic compounds of the type considered. 
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TABLE 3. State Constants of  the 
Enzymat ic  Hydro lys i s  of the Meth-  
yl E s t e r  of N - A c e t y l - L - p h e n y l a l -  
anine (1) and of D - 3 - M e t h o x y c a r -  
bonyl -3 ,4-d ihydro iso  ca rbos ty ry l  
(9) [50]. 

~'~ 

12,0 10,7 
5,6 1,6 

ir / z .  /~. 

' o 

*Condit ions:  pH 6.0; 25°C; 0.1 N 
phosphate buffer .  

log ~" u~ 
20 

/6 

/0 

O5 

0 

/ 

° i 

I I I I I I I I I 

f,O ~,,5 2,o ~e 3,o ~5 4,0 ~,~ 5,o 
log kcatJKM(app) 

Fig. 4. Graph of the re la t ionship  between 
the constants  of enzymat ic  and alkaline hy-  
dro lys is .  

An independent conf i rmat ion  of the equator ia l  con- 
fo rma t ion  follows f r o m  the behavior  of the ni trophenyl 
e s t e r s  of c i s -  and t r a n s - c i n n a m i c  acids .  It has beenshown 
that  the c i s - c innamic  e s t e r ,  which is conformat ional ly  
s i m i l a r  to the subs t ra t e  in the axial  conformat ion,  r e ac t s  
with the enzyme seve ra l  o r d e r s  of magnitude more  slowly 
than the t r a n s - e i n n a m i c  e s t e r  [49]. 

Thus, it might  be just i f iably a s s u m e d  that the cycl ic  
subs t r a t e  of chymot ryps in  is bound to the enzyme in the 
equator ia l  conformation.  Since it is imposs ib le  comple te ly  
to superpose  the L and D enan t iomers ,  two poss ib i l i t i e s  
a r i s e :  e i ther  in the act ive cen te r  both s u b s t r a t e s  a r e  
bound by the a roma t i c  groups  to one and the s ame  locus 
of the enzyme,  in which case  the amide  and the l ac t am 
groups  m u s t  be  or iented  different ly ,  o r  both s u b s t r a t e s  
or ient  t he i r  NIt groups  s imi la r ly ,  and then the posi t ions  
of the a roma t i c  groupings  mus t  be different .  

Consequently, two bas ica l ly  poss ib le  mutual  o r i en t a -  
tions of cycl ic  and l i nea r  s u b s t r a t e s  a r i s e  (Fig. 3). Even 
on the bas i s  of informat ion on the compet ing inhibition 
of the hydro lys i s  of a cycl ic  subs t r a t e  by indole and 
a lso  that  given above on the d imens ions  of the sorpt ion s e c -  
t ion of chymot ryps in  it m a y  be cons idered  that  the second 
scheme  is unlikely.  In o rde r  to exclude this  poss ib i l -  
ity comple te ly ,  it was n e c e s s a r y  to show that the l a c t a m  
group of i soca rbos ty ry l  does not take p a r t  in binding with 
the enzyme;  i .e . ,  it is or iented  different ly f r o m  the NH 
group of acetylphenylalanine.  The behavior  of methoxy-  
ca rbonyld ihydro i socoumar in  [27] is a conf i rmat ion  of 
this ;  however ,  it does not exhaust  the p r o b l e m s ,  since 
o ther  analogs modif ied in the l a c t a m  group and posses s ing  
low subs t ra t e  p r o p e r t i e s  ex i s t  (see Table 2). 

If the cycl ic  subs t r a t e ,  unlike the l inea r  subs t r a t e ,  
does not take pa r t  in the fo rmat ion  of a H bond with the 

enzyme,  d i f ferences  m u s t  be expected  in the spec i f ic i ty  of the enzyme for  these two subs t r a t e s  at  different  
s tages  of the enzymat ic  p r o c e s s .  At the acyla t ion s tage ,  when the cycl ic  subs t r a t e  is bound "by a single 
point" - only by its a r o m a t i c  group - the c o r r e c t  or ien ta t ion  of the group being spl i t  off m u s t  be hindered,  
and at  this s tage the enzyme will p e r f o r m  ca ta lys is  l e s s  effect ively.  However ,  in the case of the l i nea r  sub-  
s t r a t e  binding by "two" points (a romat ic  group and NH group),  ca ta lys is  should be substant ia l ly  m o r e  e f fec -  
tive. At the deacylat ion s tage ,  these d i f ferences  should be apprec iab ly  l e s s ,  s ince here  the cyclic  subs t ra t e  
is fixed m o r e  r ig id ly  by an additional covalent  bond with the enzyme.  

The r e su l t s  of the de te rmina t ion  of the s tage ra te  constants  for  the hydro lys i s  of l i nea r  and cyclic  
subs t r a t e s  have shown [50] that it is jus t  this s i tuat ion that is actual ly  r ea l i zed  (Table 3). The acyla t ion 
constants  of the two subs t r a t e s  differ  by a fac tor  of 15 and the deacylat ion constants  by a fac tor  of approx i -  
ma t e ly  5. 

It may  be concluded f r o m  this that me thoxycarbony ld ihydro i soca rbos ty ry l  does not r e a c t  by its NH 
group with the hydrogen-bond accep tor  in the enzyme and that the re la t ive  or ien ta t ion  of l i nea r  and cycl ic  
subs t r a t e s  m a y  be r e p r e s e n t e d  by fo rmula  A (see Fig. 3). 

Why, then, do cycl ic  subs t r a t e s  with a modif ied l a c t a m  grouping that a re  s lowly hydrolyzed by  chymo-  
t ryps in  e x i s t ?  The answer  to.this quest ion is c lea r  for  compounds pos se s s ing  the axial conformat ion  in  
solution, while for compounds with the equator ia l  conformat ion  it follows f r o m  the r e su l t s  of a compar i son  
of the ra te  constants  of enzymat ic  and alkaline hydro lys i s .  For  cycl ic  subs t r a t e s  of chymot ryps in ,  a good 
co r r e l a t i on  has been  obse rved  between these two p a r a m e t e r s  (Fig. 4) [44]. Thus, the d i f ferences  in the 
r a t e s  of enzymat ic  hydro lys i s  a re  due to e l ec t ron ic  affd s t e r i c  f ac to r s  of the subs t r a t e s  themse lves  and not 
to any difference in the nature of the i r  binding to the enzyme.  It is in teres t ing  to obse rve  that  the l inear  
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TABLE 4. Constants of the Enzymat ic  Hydrolys is  of the 
Methyl E s t e r  of N-Acetylphenylalanine (1) and of 3 -Benzy l -  
morphol ine-2 ,5 -d tene  15) 

Com- kcat~* KM(app ) C =.kcat/KM(app) , kOH-, 
pound CstY M "l • ~ C ' I  S e C "  ram M "~" S(~C 'A  

1-L ' 1 1 9 , 3  / 345  5,6X10 a 5,6X 10a 3,3 
1-D INot hydrdlyze~t _ _ 

15-L [ 124 I I,')5 1,0X l05 1,9XI0~ 179- 
15-D [Not hydrolyzed -- -- -- 

• Conditions: pH 7.2; 25°C; 20 vol. % of d imethyl formamide .  
~f The value of C has been c o r r e c t e d  for  the difference inthe 
ra te  of hydro lys i s  under nonenzymatic  conditions. 

TABLE 5. Results  of a Compar i son  of Con- 
format ions  (degrees) 

Parameter 

Conformations Most suitable 
fo"~~-imvl-L- l conformation 

i a.ccordinutc trypt~phan, I of N-acetv.l-L- 
kmenc su°b- from x-ray I phenylalafime 

' strate analy ~tructural [ methylamide 
sis (Fig. 6) analysis[55]] acc. tocalc. [56] 

+ ( c ~ -  c ' )  
(c~ - N) 

~, (C, -- q ) 
~= (C, -- C~ ) 

130--140 
40 

300 
150 (--3O) 

180 
118 
308 
170 

120 
43 

300 
85 

subs t ra t e  of chymot ryps in  depar ts  f r o m  this cor re la t ion .  
This becomes  understandable  if one cons iders  that in 
solution the methyl  e s t e r  of N-ace ty l -L-pheny la lan ine  
p o s s e s s e s  f ree  internal  ro ta t ion  around the C ~ - N  and 
C a -  Cp bonds which does not exis t  in its cycl ic  analog. 
Because of this ,  the ra te  of its alkaline hydro lys i s  is low. 
Bonding with the enzyme l imi t s  f ree  internal  ro ta t ion  and 
thereby  the intr insic  r eac t iv i ty  of the subs t r a t e ,  i .e . ,  the 
r eac t iv i ty  to a nucleophfiic agent as s t rong as the hy- 
droxyl ion, is increased .  The inc rease  in the in t r ins ic  
r eac t iv i ty  of the subs t r a t e  on sorp t ion  by the enzyme may  
be one of the r easons  for  the high eff ic iency of enzymat ic  
ca ta lys i s .  

Before s u m m a r i z i n g  the r e su l t s  of an analys is  of the conformat ion  of the subs t r a t e  In the act ive cen-  
te r  of the enzyme ,  we mus t  dwell on another  question: on the conformat ion  of its acylamino group. A mod-  
if icat ion of this group does not affect  the capaci ty  of the subs t ra t e  for  binding with the enzyme but s t rongly  
affects  the cata lyt ic  constant.  Start ing f rom this E r l a n g e r  [52], and then Knowles [51], suggested that the 
enzyme binds the amide group not in the usual t rans  conformat ion  but in the cis conformat ion.  Then the 
fact  that the f ree  ene rgy  of binding is independent of the capaci ty  of the subs t ra t e  for  being the donor of a 
hydrogen bond in the e n z y m e - s u b s t r a t e  complex becomes  understandable ,  s ince the difference in the f ree  
energ ies  of the cis and t rans  con fo rmer s  can compensate  the ene rgy  of the hydrogen bond. Invest igat ions 
of a new type of subs t ra t e  of chymot ryps in  with l imi ted  conformat ional  mobi l i ty  - namely  3 - b e n z y l m o r -  
pho l ine -2 ,5 -d iones  (15) - have shoran that chymot ryps in  is capable of d i sc r imina t ing  between the L and D 
fo rms  of subs t r a t e s  containing fixed c i s -acy lamino  groups (Table 4) [53]. The hypothesis  of the cis con- 
fo rmat ion  of the acylamino group of the subs t ra t e  encounters  a ce r ta in  difficulty because  of the v e r y  high 
b a r r i e r  to the t r a n s - c i s  t rans i t ion  in amides ,  which is about 20 k c a l / m o l e  [54]. Consequently, it may  be 
s ta ted that  the enzyme is incapable of "select ing"  cis i s o m e r s  f r o m  a solution. In this case ,  the l imi t ing  
stage would be t r a n s - c i s  i somer iza t ton .  However ,  it m a y  be sugges ted  that the enzyme binds the subs t ra t e  
in the t r ans  form,  but in the f i r s t  Michaelis  complex definite s t e r i c  in teract ions  a r i s e  which lower  the b a r -  
r i e r  to the t r a n s - c i s  t ransi t ion,  and i somer i za t i on  to the cis f o r m  takes place  actual ly  within the complex.  
Thus, the question of the conformat ion  of the acylamino group in the e n z y m e - s u b s t r a t e  complex cannot yet  
be cons idered  as solved,  but it is obvious that the f i r s t  s tage consis ts  in an in te rac t ion  between the enzyme 
and the subs t r a t e  with the t rans  conformat ion  of the amide group. 

The r e su l t s  of an invest igat ion of the subs t r a t e  p rope r t i e s  of the morphol inediones  (i5) a lso  enables  
us to gain an idea of the or ien ta t ion  of the carbonyl  group undergoing cleavage in a typical  subs t ra t e  (type 1). 
Because of the nonplanar s t ruc tu re  of the he te rocyc le  in the morphol ine  diones (15), the C a -  C' dihedral  
angle in these compounds is about 140 °. It  is obvious that the cor responding  angle ¢ in the subs t ra t e  will 
a lso be close to this f igure.  This ag rees  with the angle ~ in indoly lacry loylchymotryps in ,  calculated on the 
bas i s  of the resu l t s  of x - r a y  analys is  [65]. 

Summar iz ing  what has been s ta ted  above, the conformat ion  of the methyl  e s t e r  of N - a c e t y l - L - p h e n y l -  
alanine may  be r e p r e s e n t e d  in the act ive center  of chymot ryps in  as is shown in Fig. 5. 
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~ C  

H 0 H 

C~ CHIO raH 

Fig. 5. Reaction conformation of the methyl 
e s t e r  of N-acetyl -L-phenyla lanine .  

L~5 ~ 19f 

Fig. 6. Active center  of ~-chymotryps in .  

It is interest ing to compare  this conformation de- 
duced as the resu l t  of a kinetic subst ra te  analysis ,  with, 
in the f i r s t  place,  the most  p r e f e r r e d  conformations in 
solution and with, in the second place,  the conformation 
of a subs t ra te- l ike  inhibiter - N- fo rmyl -L- t ryp tophan  - 
obtained by Steitz et  al.,  by x - r a y  s t ruc tura l  analysis 
(Table 5). 

On comparing the conformational pa ramete r s  of 
the e s t e r  of acetyl -L-phenylalanine in the active center  
of the enzyme and the pa ramete r s  of an ace ty l -L-pheny l -  
alanine derivative in solution, obtained both by theoret ical  
conformational  analysis  [56] and by NMR spec t roscopy  
[57], it can be seen that the enzyme binds the substrate  
in a conformation differing f rom the energet ical ly  mos t  
suitable conformation by the value of the angle × 2 and 
by a small  change in the angle ¢.  The react ion conforma-  
tion of the subst ra te  differs in enthalpy f rom this mos t  
favorable conformation by ~3 kca l /mo le  [56]. This value 
is substantial ly lower than the change in the enthalpy of 
the sys tem in the format ion of Michaelis complex (for 
the ethyl es te r  of N-acetyl -L- t ryptophan, .  AH ° = - 9 . 9  
k c a l / m o l e  [58]). It may be imagined that the binding of 
the substrate  in the active center  of chymotryps in  is ac -  
companied by a rotat ion of the benzene ring by approxi-  
mately 60 ~ and by a rotat ion of the carbonyl group around 
the C a - C' bond by 10-20 ~, and par t  of the energy of the 
e n z y m e - s u b s t r a t e  interact ion is consumed in this. 

8o far  as concerns the conformation of N- fo rmyl -  
L- t ryptophan obtained on the basis of x - r a y  s t ruc tura l  
analysis ,  the differences here  are somewhat  more  sub- 
stantial.  They relate to the orientat ion of the carboxy 

group which, because of the presence  of a negative charge,  cannot be ar ranged in the same way as es te r  or  
amide groups of the subst ra te ,  and to the orientation of C ~ - N  bond. The la t te r  is apparently due to fea-  
tures of the c rys ta l  packing of the enzyme,  which has a bimolecular  cell in which the two molecules are 
in contact in a region close to the active center  [59]. Consequently, the formylamino group of the inhibitor 
differs f rom the posit ion which it occupies in the true e n z y m e - s u b s t r a t e  complex. 

As can be seen, the resul ts  of the x - r a y  s t ruc tura l  analysis nevertheless  largely  agree with the r e -  
sults of the kinetic analysis ,  and the observed differences are explained ra ther  by the deficiencies of the 
f i r s t  method. A compar i son  of the two methods obviously gives the best  approximation to reali ty.  

X - r a y  s t ructura l  analysis  gives the mos t  complete information on the s t ruc ture  and s t e r eochemis t ry  
of the active center  of the enzyme. For  ~ -chymot ryps in  this information has become available thanks to 
the work of Blow's group at Cambridge [59-62]. 

It has been found that near the catalyt ical ly active Ser-195 residue in chymotrypsin  there is a region 
of reduced e lec t ron  density, the so-ca l led  "tosyl hole," formed by the residues of the amino acids 189-195 
and 213-220 of chain C of chymotrypsin.  The catalyt ical ly active hydroxy group of ser ine-195 and imidazole 
group of histidine-57 are  located,  as it were ,  in this hole (Fig. 6). The hole is formed mainly by res idues  
of nonpolar amino acids with small  side chains, the side chains being, as a rule,  located outside this hole. 
The dimensions of the hole cor respond to the dimensions of the tryptophan side chain. Even the side chain 
of p-iodophenylalanine is not accommodated in this cavity and the corresponding substrate  is not hydrolyzed 
by the enzyme. 

The hydroxy group of Ser-195,  the n i t rogen  atoms of the imidazole ring of His-57,  and the carboxy 
group of the residue of Asp-102 located in the immediate vicinity of this r ing form a single sys t em of hydro-  
gen bonds i.e.,  a charge " re lay  sy s t em w [63]. This sys tem ensures  a high nucleophilicity of the hydroxyl of 
Set-195,  in view of the fact that the Asp-102 residue is local ized in a hydrophobic pocket and, apparently,  
possesses  an anomalously high value of pK a. 
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Apart  f rom the catalyt ical ly active groups mentioned, the N-terminal  amino group of the Ile-16 r e s i -  
due, the carboxy group of the Asp-194 residue,  and the side chain of the  Met-192 residue are important  for 
the functioning of ~-ohymotrypsin .  Chemical modification of these groups s t rongly affects the activity of 
the enzyme [64]. 

According to the resul ts  of x - r a y  s t ructura l  analysis  [60], in the region of neutral  pH values the f i rs t  
two of the groups mentioned form an ion pair  the presence of which is possibly responsible for the optimun 
pH of the catalytic activity of the enzyme. The side chain of the Met-192 residue in the free enzyme i s  
screened in solution and does not interfere with the access  of the substrate  to the hydrophobichole.  Further ,  
in the acylated enzyme its orientat ion changes in such a way that it sc reens  the side chain of the substrate  
f rom contact with water  [65]. It is interesting to note that in the region of the active center  there is a spe-  
cial type of conformation of the peptide chain with a hydrogen bond between peptide bonds separated by two 
res idues  [61]. This type of hydrogen bond is possible only "with a hairpin bend," and for it to be rea l ized 
the third amino acid must  be glycine. Apparently,  the presence  in many serine proteases  of glycine in a 
position adjacent to the catalyt ical ly active ser ine is connected with this. This conformation ensures  the 
rigidity of the peptide chain and the accurate  positioning of the functionally important  residues in the active 
center.  In the free enzyme,  the hydrophobic hole is occupied by four molecules of water ,  which are dis-  
placed from this hole on the binding of substra tes  or  inhibitors. The x - r a y  s t ruc tura l  analysis of the com-  
plex of chymotrypsin  with N- fo rmyl -L- t ryp tophan  shows that on the one side the a romat ic  group of this 
quasisubstrate  interacts  with the 190-191 and 191-192 peptide bonds and, on the other side, the indole r ing 
interacts  with the 215-216 bond. Although direct  information on the acceptor  group of the hydrogen bond 
with the substrate  is not given by x - r a y  s t ructural  analysis ,  there are never theless  weighty arguments  in 
favor of the assumption that this group is the carbonyl group of the Set-214 residue.  This residue,  by its 
OH group, is connected by a hydrogen bond with one of the oxygen atoms of the Asp-102 residue,  in con- 
quence of which the carbonyl group of Ser-214 is r igidly fixed with r e spec t  to the catalytic groups Ser-195 
and His-57. Finally, the carboxy group of the pseudosubstrate  interacts  with the peptide NH groups of the 
Gly-193 and Ser-195 residues.  Some arguments  in favor of the hypothesis of the t r a n s - c i s  i someriza t ion 
of the e n z y m e - s u b s t r a t e  complex have already been given. Yet another considerat ion in favor of this hy-  
pothesis follows f rom an analysis of a spatial model of the active center  of the enzyme. It is known that 
the rate of cleavage of polypetides depends on the configuration of the residue connectedwith the bond under-  
going cleavage [67,68]. It has been shown, for example,  that this secondary  s tereospecff ic i ty  of the enzyme 
is very  c lear ly  expressed  in the case of enant iomeric  pairs  of tripeptide subst ra tes  (for L - V a l - L - T y r -  
Gly-NH2, K M =7.82 mM and kcat =1.45 sec -1, while D - V a l - L - T y r - G l y - N H  2 is an inhibitor with K1=26 mM 
[69]). The fact that enant iomers  containing a N-terminal  amino-acid  residue in the D form are inhibitors 
shows that the binding of this residue prevents  the co r r ec t  orientation of the bond to be cleaved. If we com- 
pare  the mutual orientation of the D - V a l -  Tyr and L - V a l -  Tyr  residues in the active center  of the enzyme,  
then in the case of a trans am[de bond between Val and Tyr no fundamental obstacles whatever to the cleav-  
age of the D-Val residue are found. However, in the cis conformation the L residue is cleaved sa t i s fac to-  
r i ly,  and the D residue cannot be cleaved because of the s te r ic  hindrance created  by the side chain of Met- 
192. 

Let us dwell fur ther  on the question of the conformational changes of chymotrypsin  taking place in the 
binding and t ransformat ion  of a substrate.  According to the resul ts  of a Four ie r  differential synthesis of 
chymotrypsin,  its complex with a quastsubstrate  - formyltryptophan - [55], and the acyl enzyme indolylacryl-  
oylchymotrypsin [65], the binding of the quasisubstrate  does not change the conformation of the active center  
at all, and in the acylation of the enzyme considerable changes in the position of the individual groups in 
this sect ion of the protein molecule are observed. Thus, the oxygen atom of the ser ine  hydroxyl is displaced 
by about 2.5 /~, and the imidazole group is displaced by 0.3 ~, in the direct ion of the solvent. A shift in the 
sulfur atom of the Met-192 residue by 1 K and of the Cys -191-220  SS bridge by 0.35 A is also observed.  
The methionine side chain is shifted, hiding, as it were,  the side chain of the substrate  f rom contact with 
water  and forming a peculiar  "lid" for the hydrophobic sect ion [65]. 

Thus, at the stage of the formation of the Michaelis complex no fundamental conformational changes 
whatever in the enzyme are observed,  and all the changes at the stage of the formation of the aeyl enzyme 
are apparently due to a change in the covalent state of the substrate  and of the ser ine  hydroxyl of the en- 
zyme. They are  possibly a consequence of a disturbance of the charge " re lay  sys tem ~ on acylation. This 
is supported by the fact that chymotrypsin  select ively methylated at the N e atom of the histidine-57 r e s i -  
due exhibits, on x - r a y  s t ruc tura l  analysis,  prac t ica l ly  the same conformational changes as indolylacryloyl-  
chymotrypsin  [70]. The sys tem of hydrogen bonds between the Asp-102, His-57, and Ser-195 residues pos-  
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sibly plays the role of a pecul iar  " t r igger"  for the conformational  changes of chymotrypsin.  It has been 
shown [71] that the enzyme methylated at the N ~ atom of His-57 is substantial ly less  res i s tan t  to denatura-  
tion by urea than native chymotrypsin ,  the difference in the free energies  of uncoiling of the proteinglobule 
of the native and the methylated enzyme amounting to about 4-5 k c a l / m o l e ,  which is close to the energy of 
a hydrogen bond. 

The fact that changes in the active center  lead to the destabil ization of the whole molecule of the en-  
zyme is obviously connected with the s imi la r  general  and local (in the region of the active cen~er) confor-  
mational stabil i t ies of chymotrypsin.  This has been shown by a compar ison  of the ra tes  of change of a n u m -  
be t  of pa rame te r s  charac ter iz ing  the state of the whole globule (ORD) on heat denaturation and on denatura-  
tion by urea with pa rame te r s  charac te r iz ing  the state of the active center  (the sorpt ion of proflavine, ca t -  
alytic activity) [72, 73]. 

The conclusion of the conformational  r igidity of the active center  of chymotrypsin  is in apparent  con- 
tradict ion to the known labili ty of the prote in  under very  different influences. It can be seen f rom the dia- 
g ram of state of chymotrypsin  that even in the region of neutral pH values and ord inary  tempera tures  this 
block exists in two thermodynamical ly  different s ta tes ,  A b and Af [74]. Some conformational transit ions in 
chymotryps in  can be connected with a change in complete definite sections of the molecule. Thus, for  ex- 
ample, it has been shown [75] that chymotrypsin  modified by nitrat ion at the Tyr-146 and 171 residues pos-  
sesses  luminescent proper t ies  and in a study of the polar izat ion of the luminescence as a function of the pH, 
two pH-dependent conformational  transit ions in the acid and neutral regions have been found, which may be 
connected with a change in the state of the C-terminal  f ragment  of chain B of the protein, which contains 
the luminescent  label. 

However,  under fixed conditions the enzyme apparently does not change its state on forming the en-  
z y m e - s u b s t r a t e  complex. It is obvious that the ~recognltion ~ of the substrate  by the enzyme will be the 
more  effective the more  rigid the conformation of the enzyme is. The considerable conformational changes 
taking place in the acylation of the enzyme by the subst ra te  apparently have functional importance as well. 
The second step of the catalytic reac t ion  - deacylat ion - requires  the par t ic ipat ion of a new nucleophile - 
water .  F rom the resul ts  obtained by Henderson [65] f rom an x - r a y  s t ructura l  analysis of indolylacryloyl-  
chymotryps in  it follows that it is just  the conformational  change in the position of the hydroxy group o f s e r -  
ine and of the imidazole ring of hist idine-57 that permits  the water  molecule to be oriented accura te ly  with 
respec t  to the group of the acyl enzyme that is being split  off. 

Thus, summar iz ing  the causes of the substrate  specif ici ty of chymotryps in  we may emphasize cer ta in  
features of the s t ruc ture  of its active center.  

1. In the active center  there is a hole with dimensions sufficient for fixing the side chain of the r e s i -  
dues of the a romat ic  amino acids of the substrate .  This hole is hydrophobic in nature and is capable of r e -  
mining a lyophilic side chain. 

2. There is a r igidly fixed carbonyl group of a Ser-214 residue,  which is an acoeptor  of the hydrogen 
bond of an acylamino group of the substrate .  

3. The subst ra te  is bound to a prote in  with only a slight change of its optimum conformation in aque- 
ous solution. It is not excluded, par t icu lar ly  for polypeptide subs t ra tes ,  that af ter  the format ion of the com-  
plex t r a n s - c i s  i somer iza t ion  of the acylamino residue of the substrate  takes place through secondary  in ter -  
actions. 

4. The binding of the residues of L-amino acids in the manner  descr ibed above accura te ly  orients 
the group undergoing cleavage with respec t  to the nucleophilic group of the enzyme - the hydroxy group of 
ser ine-195 - and the departing group is a r ranged in such a way that the proton f rom the imidazole N atom 
is capable of being t r ans fe r r ed  to this departing residue.  

5. The binding of the substrate  does not cause any conformational r ea r rangements  in the enzyme 
whatever.  The s t ra in  of the active center  of the enzyme is e lect ronic  and not conformational.  Such e lec -  
tronic strain,  brought about by the charge " re lay  sys tem,"  leads to a high nucleophilicity of the ser ine 
hydroxyl. The same sys tem apparently stabil izes the conformation not only of the active center  but of the 
whole protein globule. 

6. The t rans fe r  of the acyl residue of the subst ra te  to the enzyme is accompanied by conformational 
changes permit t ing a water  molecule effectively to at tack the carbonyl group of the acylated enzyme. In 
this p rocess  imidazole takes par t  as a common base. 
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It may  be assumed that the conclusions presented  for  chymotryps in  are  also applicable to other  s e r -  
i re pro teases  ve ry  s imi l a r  to it  - in par t icu la r ,  t ryps in  and e las tase .  

The mos t  important  difference between these three enzymes consists  in thei r  different  subst ra te  spec-  
ificit ies.  As is well-known, t ryps in  is specif ic  for  basic amino acids and e las tase  for  amino-acid  residues 
having small  side chains of the type of alanine [23]. It is obvious that these differences must  have their  
s t ruc tura l  explanations. In actual fact,  it has been shown that in t ryps in  in place of the Set-189 res idue,  
which, as it were ,  closes the hydrophobic hole of chymotrypsin ,  there  is an aspar t ic  acid res idue [75]. The 
in teract ion of the posi t ively charged side chain of the subst ra te  with the carboxy group of this res idue en-  
sures  the requi red  specif ici ty.  In e las tase ,  in place of the same residue there is a val i re  res idue ,  the side 
chain of which fills the sorpt ion sect ion and permi t s  binding only with a small  subst ra te  of the type of a la-  
nine [76]. 

Thus, an accurate  s t e reochemica l  correspondence  of the substra te  and the groups of the active cen-  
ters  of enzymes at each stage of the enzymat ic  p rocess  ensures  the maximum degree of productive binding 
and a high eff ic iency of enzymat ic  catalysis .  
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