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INTRODUCTION 

The understanding of the mode of action of a number of hydrolytic enzymes has 
advanced greatly in recent years. Tracer techniques and studies of the stereochemistry 
of enzymic reactions have been used to differentiate between some glucosidases in 
which an intermediate compound is formed by group transfer from substrate to 
enzyme and others, whereby the reactants are merely adsorbed onto the molecular 
surface of the enzyme~, z. The action of acetylcholine esterase on a number of sub- 
strates and inhibitors over a wide pH range has led to the concept of two essential 
sites on the enzyme molecule, an "anionic site" with a negative charge attracting 
the quaternary ammonium group of the substrate and an "esteratic site", containing 
an acid and a basic group, responsible for the at tack on the ester a. A particularly 
detailed picture has been obtained for the chymotrypsin catalyzed hydrolysis of 
p-nitrophenyl acetate. In a fast initial reaction, the hydroxyl of a serine residue of 
chymotrypsin is acetylated 4. The enzyme is then reactivated by splitting off the 
acetate in a step catalyzed by the imidazole group of a histidine residue in its basic 
form s . 

A search for model systems exhibiting specific catalytic activity analogous to 
that of enzymes has been carried out by a number of investigators in the hope that  
it may provide information suggestive of possible pathways of enzymic reactionse,7, 8. 
Since the mode of enzyme action may be represented in simplified form by the 
Michaelis-Menten mechanism 9 

E + S ~-,-- ES (~) 

ES ~ E + P (2) 

where E, S, ES and P stand for enzyme, substrate, enzyme-substrate complex and 
the product of the enzymic reaction, respectively, the enzyme models aimed at in 
previous studies would have had to combine several enzyme characteristics, i.e. (I) 
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a h igh  a f f in i ty  for  the  s u b s t r a t c ,  (2) the  a b i l i t y  to act ivate ,  t he  s ens i t i ve  s u b s t r a t t ,  

b o n d  a n d  (3) a low af f in i ty  for t he  r e a c t i o n  p r o d u c t ,  so as to regenera t t ,  t he  c a t a l y s t .  

I t  h a s  been  f r e q u e n t l y  d e n m n s t r a t e d  t h a t  t h e r e  is no  gcnt , ra l  co r ro l a t i on  bt,twt,t.ll 

t h e  a f f in i ty  of a n  e n z y m e  for v a r i o u s  s u b s t r a t e s  ancl the  r a t e s  w i th  wh ich  t he  cor re-  

s p o n d i n g  e n z y m e - s u b s t r a t e  c o m p l e x e s  r eac t  x°. A n  e x t r e m e  examt) ]c  is the. fact  t h a t  

t h e  a f f in i ty  of c h y m o t r y p s i n  for  i ts  specif ic  s u b s t r a t e s  a n d  t h e i r  d - e n i a n t o n T o r p h s  is 

of c o m p a r a b l e  m a g n i t u d e ,  a l t h o u g h  t he  e n z y m e  can  d e c o m p o s e  o n l y  the  / - com-  

p o u n d s  n.  I t  would ,  t he re fo re ,  seem r e a s o n a b l e ,  in c o n s i d e r i n g  e n z y m e  m o d e l  s tud ies ,  

to  i n v e s t i g a t e  first poss ib le  m e c h a n i s m s  of s u b s t r a t e  a c t i v a t i o n  before  a n y  a t t e l n p t  

is m a d e  to m e e t  t h e  e x a c t i n g  r e q u i r e m e n t s  for speci t ic  c o m p l e x  f o r m a t i o n .  Molecules  

c o n t a i n i n g  b o t h  t h e  s e n s i t i v e  b o n d s  c h a r a c t e r i s t i c  of a g iven  class  of s u b s t r a t e s  a n d  

f u n c t i o n a l  g roups ,  such  as  occu r  in p ro t e in s ,  m a y  be  t h o u g h t  of as m o d e l s  of t h e  

e n z y m e - s u b s t r a t e  c o m p l e x .  A s t u d y  of t he  r e a c t i v i t y  of such  c o m p o u n d s  s h o u l d  show 

w h i c h  n e i g h b o r i n g  f u n c t i o n a l  g r o u p s  a re  ab le  to  a c c e l e r a t e  r e a c t i o n s  of t h e  s e n s i t i v e  

b o n d  a n d  w h i c h  r e l a t iw ,  s t e r ic  c o n t i g u r a t i o n  is m o s t  e f fec t ive  in p r o d u c i n g  such  

a c t i v a t i o n .  

EXPF.RIMENT:\I.  

3taterials 

The preparation of copolymer A/Es containing 9 mole % of p-nitrophenyl methacrylate and 
91 mole % acrylic acid has been described previousl.v x~. The preparation of two acid copolymers 
containing p-nitroanilide groups will be reported elsewhere a'~. The first one, designated A/An-I, 
contained 97 mole % acrylic acid and 3 mole % p-nitroacrylylanilide. Copolymer A i A n - ,  was 
derived from a methacrvlic acid copolymer containing one third maleic anhydride residues which 
were partially converted" to the corresponding p-nitroanilide. Mono-p-nitrophenyl glntarate and 
the monn-p-nitroanilides of succinic and glutaric acid were prepared from the corresponding 
anhydride. To synthesize N-p-nitrophenyl succinimide, equimolar proportions of succinic acid, 
p-nitroaniline and potassium hydrogen sulphate were ground together and fused. The thickened 
melt was cooled, extracted with water, dried and recrystallized from glacial acetic acid (m.p. 
, t  t. z12: C, l i terature valuO 4 210 ° ( ') .  

Kinetic  runs 

One volume of solutions of o.ot N copolymer A/l';s in anhydrous dioxanc was added t -  eleven 
volumes of aqueous buffers containing o. l oN  N a ' . T h e  ester hydrolysis was studied at  o ( and 
the reaction was stopped by mixing aliquot samples with an equal volume of o.I N H('I. The 
extent  of the hydrolysis was determined by measuring the optical density at  3-,o mlt (emax = 98oo 
for p-nitrophenol). The hydrolysis t~f copolymer A/An-t was studied in dilute ttCl solutions and 
in acetate and phosphate buffers at 135.4: ('. The pH of the butter solutions wa.s estimated from 
measurements at  25 ~ (" and the relation given by lIAR.NED AND OWEN Is for the temperature 
dependence of the pK of these buffers. Another series of kinetic runs was carried out in solutions 
containing o .ool5N carboxyl belonging to copolymer A/An-x and O.Ol N partially neutralized 
poly(acrylic acid). The solution samples were placed in sealed tubes which were thoroughly 
degassed before sealing to eliminate oxidation. One tube was used for each kinetic point. The 
reaction was quenched by immersing the tube in cold water, the solution "*'as made alkaline by 
mixing with an equal volume of o. 4 N g a O t t  and the optical density was read at  38o mtt (Vmax = 
13,3oo for p-nitroaniline). 

The imidization reaction of copolymer A/An-> at  84.4" C in the pH range 1.95-7.o was 
followed by the decrease of the optical density at  3t5 rot, (emax " i l,7oo for p-nitroanilides) 
and the increase in the optical density a t  -,7 ° rot, (e'max = 95oo for N-p-nitrophenylimides). 

nESULIS .X.~I> DISCt:SSU>N 

T h e  s ec t i ons  of t he  c h a i n  mo lecu le  a d j o i n i n g  t h e  e s t e r  a n d  an i l i de  g roups ,  r e s p e c t i v e l y ,  

in t h e  t h r e e  c o p o l y m e r s  i n v e s t i g a t e d  in t h i s  s t u d y  are  r e p r e s e n t e d  on  Fig.  I. 
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Fig. I. Structure of COlX)lymers investigated. 
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Fig. 2. Hydrolysis of p-nitrophenyl esters at 
o°C. • p-Nitrophenyl pivalate; @ Mono-p- 

nitrophenyl glutarate; O Copolymer A/Es. 
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Fig. 3. Hydrolysis of p-nitroanilides at x35.4°C. 
• p-Nitroanilide of pivalic acid; @ Mono-p- 
nitroanilide of glutaric acid; C) Copolymer 

A/An-I. 

The pH dependence of the hydrolys is  ra tes  of p -n i t ropheny l  pivala te ,  mono- 
p-n i t rophenyl  g lu ta ra te  and  copolymer  A/Es  at  o ° C are shown in Fig. 2, while Fig. 3 
gives a similar  comparison for the hydrolysis  of p-ni t roani l ide  groups in copolymer  
A /An- I  and its low molecular  weight analogs at  135.4 ° C. The pseudo-first  order  ra te  
constants  of the pivalic  acid der ivat ives  are, as would be expected,  given by  ex- 
pressions of the form k 1 ----kn(H +) + koH(OH-) but  the groups a t t ached  to the  poly-  
carboxyl ic  acids behave in a s t r ik ingly  different fashion. Wi th  the ester  groups of 
copolymer  A/Es  the hydrolysis  rate  is constant  between pH 8 and i i ,  bu t  falls off 
a t  lower pH. The react ion was shown to be propor t ional  to the degree of ionizat ion 
of the  carboxyl  groups a t t ached  to the polymeric  chain TM, and the hydrolys is  ra te  
of the glutar ic  acid monoester  depends,  in a similar  fashion, on the degree of ionizat ion 
of the free carboxyl .  This effect, which results in an accelerat ion of ester  hydrolys is  
a round pH 5 by  a factor of about  lO 6, m a y  be accounted for by  the following react ion 
mechanism : 
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The pH dependence of the p-nitroanilidle hydrolys is  of copolymer  A iAn- I  is en t i re ly  
different. Here the ra te  constant  falls with increasing pH to level off to a cons tant  
value over  the pH range 2 to 5-5, to decrease again with a fur ther  pH rise. Very 
significantly,  the mononi t roani l ide  of glutar ic  acid does not behave  like the polymer,  
bu t  follows the simple pa t t e rn  to be expected  from hydrogen and  hydroxy l  catalysis .  
Since the pH es t imate  cannot  be considered precise at the react ion t empera tu re  of 
I35.4° C and the degree of ionizat ion of the polymeric  acid in any  given buffer is 
highly uncerta in ,  a series of runs was also carr ied out  in par t i a l ly  neutra l ized poly-  
acrylic acid solut ion where the fraction of ionized carboxyl  m a y  he assumed to be 
the same in the polyacryl ic  acid and  the copolymer  molecules. The results given in 
Table I show tha t  the anilide t lydrolysis  ra te  of copolymer  A:An- I  remains  about  
cons tant  up to hal f -neut ra l iza t ion  of the  carboxyl  groups, bu t  decreases rap id ly  on 
fur ther  carboxyl  ionization. The evidence seems to suggest t ha t  the copolymer  
hydrolys is  at  pH 2-8 is due to direct  water  a t t a ck  which is not  affected apprec iab ly  
by  the ionizat ion of one neighboring carboxyl ,  but  tha t  the a t t a ck  by  both  water  
and hydroxy l  are effectively inhibi ted  b y  the ionizat ion of both  ca rboxyl  neighbors. 
This inhibi t ion is bel ieved to be due to hydrogen bonding wlfich has been repor ted  
previously  to interfere with hydrolyses  TM. Such an in te rp re ta t ion  is suppor t ed  par t icu-  
la r ly  by  analogy with PINNER'S observat ion  ~7 tha t  the amide  group in methacry l ic  
ac id -me thac ry lamide  copolymers  is not hydro lyzed  even on refluxing wi th  4 N sodium 
hydroxide ,  provided  the amide  group is f lanked by  two carboxyl  neighbors.  The 
exact  analysis  of the exper imenta l  d a t a  ob ta ined  with  copolymer  A /An- I  is rendered 
difficult by  the  fact tha t  the probabi l i t ies  of the ionizat ion of the two carboxyl  groups 
adjo in ing  the anil ide are not independent  of each other,  so tha t  a knowledge of the 
ow~rall degree of ionizat ion is insufficient for the calculat ion of the fraction of anil ide 
groups placed between two ionized carboxyls*.  

T.\BI,E 1 
H Y D R O L Y S I S  R A T E S  OF C O P O L Y M E R  A/An-I IN P A R T I A L L Y  N E U T R A L I Z E D  

P O L Y A C R Y L I C  ACID .%OLUTIONS AT 1 3 5 . 4  ° C 

Degree o/carbo. tyl  p t f  l o  e k 
~eulralization ct (measured  at 24 ~ C) (sec-~) 

0.045 3.55 29.7 
o . l . o  3 . 9 1  "7 
°.3oS 4.71 "0-7 
o.5Io 5.2" -'7 
o.78o 6.10 14. 5 
o.oo 0.86 4.9 

T An altT'rnative interpretation of the experimental data previously suggested by one of us 
(E. W. \VEsTHEA~, Jr. Ph.D. Thesis, Polytechnic Institute of Brooklyn, 1955) assumes that the 
rate of nitroanilide hydrolysis in the investigated pH range is governed by the attack of an 
unionized neighboring carboxyl group. This interpretation has been recently strengthened by the 
observation (M. l,. BENDER, J . . 4 ~ ? 1 .  Chem. Soc., 79 (I957) I-'58) that the hydrolysis rate of 
phthalamic acid at pH 2-5 is proportional to the fraction of unionized carboxvl. 
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A comparison of copolymer A/An-I and A/An-2 was expected to indicate the 
effect of a variation in the spacing of neighboring carboxyls on the reactivity of 
:h-nitroanilide groups. It  was found that under conditions which led to the hydrolysis 
of copolymer A/An-I, water was rapidly split off from copolymer A/An-2, leading to 
tile formation of a cyclic imide: 
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The nature of the reaction was proved by comparison of the final spectrum with 
that of N-nitrophenyl succinimide. 

The pH dependence of the imidization rate at 84.4° C is shown in Fig. 4, and 
it can be seen that the reaction is fastest 
around pH 5, being inhibited both by acid 
and by base. This behavior, reminiscent of the 
pH dependence of enzymic reactions, clearly 
indicates that the reaction requires one neigh- 
boring carboxyl, participating in the imidiza- 
tion, to be unionized, while a second carboxyl, 
which has presumably some catalytic func- 
tion, has to be ionized. This interpretation is 
supported by the failure of the mono p-nitro- 
anilide of succinic acid to imidize in aqueous 
solution under comparable conditions. 

2O 

.x 10 

0 2 4 6 8 
pH 

Fig. 4. Im i d i za t i on  of copo lymer  A/An-2 
a t  84.4 ° C. 

In considering the various results obtained in this study, no claim is made that 
they parallel the action of any given enzyme. For instance, although the present 
study shows that properly spaced carboxylate may greatly accelerate ester hydrolysis, 
results published since this work was started seem to indicate that imidazole groups 
are commonly involved in the enzymic attack on ester groups 3-5,'s. However, this 
need not be true in all cases. In view of the small number of functional groups which 
can conceivably participate in the activation of enzyme-substrate complexes it 
appears worth while to determine their effect on the stability of various sensitive 
bonds, since such information may, in the future, be useful as a guide in enzyme 
investigations. For instance, the present model studies show that carboxyl groups 
cannot be involved in the decomposition of the ES complex, if the pH dependence 
of the enzymic reaction at high substrate concentration is the same for esters and 
anilides. The results also point to one way in which enzymes could discriminate 
between two types of hydrolyzable substrates whose response to acid-base catalysis 
may be quite similar. Thus, if the ES complex forms only at pH values at which 
an activating carboxyl group is fully ionized, the enzyme would attack esters, but 
would be without effect on anilides. 

The behavior of copolymer A/'An-2 may have particularly interesting implications 
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for  t he  m e c h a n i s m  of e n z y m e  ac t ion .  The  imid iza t ion  reac t ion  of tin, c o p o l y m c r  i-; 

r a t h e r  s imi la r  to c o n d e n s a t i o n  and  g r o u p  t r a n s f e r  r eac t i ons  by  which  var ious  e n z v m c -  

s u b s t r a t e  c o m p l e x e s  are  fo rmed ,  and  the  o b s e r v a t i o n  tha t  the  co t )o lymer  r eac t ion  

is c a t a l y z e d  by  a s u i t a b l y  space.d c a r b o x v l a t e  m a y  be sugges t ive  of tht, m a n n e r  in 

wh ich  s imi la r  resu l t s  are  a t t a i n e d  in e n z y m i c  reac t ions .  The  fact  t h a t  thc  i n t e rpos i t i on  

of a s ingle  m e t h y l e n e  g r o u p  in the  spac ing  of the  ani l ide  a n d  its n e i g h b o r i n g  c a r b o x v l  

p r o f o u n d l y  a l te r s  t he  course  of the  r eac t ion  f rom the  hyd ro ly s i s  of e o p o l y m e r  A % n - I  

to  t he  i m i d i z a t i o n  of  c o p o l y m e r  A/An-2 ,  i l lus t ra tes  in a p a r t i c u l a r l y  s t r i k ing  m a n n e r  

t he  inf luence  w h i c h  the  re la t ive  spac ing  of f imc t iona l  g r o u p s  on the  mo lecu la r  su r face  

of an e n z y m e  m a y  h a v e  on the  t y p e  of r eac t i ons  in which  t h e y  pa r t i c ipa t e .  

SUMMARY 

Polycarboxylic acids containing a small number of p-nitrophenyl ester or p-nitroanilide groups 
were prepared and the plI  dependence of their hydrolysis rates was investigated. The ester 
hydrolysis was found to be strongly catalyzed bv an ionized carboxyl attached to the y-carbon, 
resulting in an acceleration of the hydrolysis rate (~y a factor of about xo 6 at pH 5-6. The hydrolysis 
of p-nitroanilide groups was apparently affected little by one carboxylate in the 7 position, but 
it was effectively inhibited when the carboxyls attached to both y-carbons were ionized. 

When a p-nitroanilide group was placed between two carboxyls attached to the fl-carbons, 
no hydrolysis was observed in the pH range 1.95-7.6, but instead a cyclic imide was formed. 
The pH dependence of this reaction had a bell-shaped form similar to that  characteristic of enzyme 
reactions, indicating that  one neighboring carboxvl had to be ionized and the other unionized 
for imidization to occur. 

It is believed that  studies on model systems such as those investigated may indicate the 
possible role of the functkmal groups of proteins in the activation of enzyme-substrate complexes. 

REFERENCES 

i D. E. KOSHLAND, Discussions Faraday Soc., 2o (I055) 142. 
2 1). •. KOSHLANI), in \V. D. MCELROY AND B. GLASS, The 3,1echamsm o/ Enzyme .4ction, Johns 

Hopkins Press, Baltimore, 195.t, p. t)o& 
3 i. 13. WiLson, Discussions Faraday Sot., 20 (I955) i I9. 
4 B. S. I-IARTLEY AND ]~. A. K1LBY, Biochem. J., 50 ( t952) b72; 50 (I954) 2ss .  
,5 H.  (}UTFREUND AND J..'~1. STURTEVANT, ltiochem. J., 03 (195t)) 656. 
* W. LANGENBFCK, .:]du. Enzymol., 14 (t953) t63. 
v F.. b;. SNELl., J. Am. Chem. Soc., 67 0045) 194. 
t¢ C. G. ~gVA|N AND J. F. BROWN. Jr., J..-tin. Chem. Soc., 74 (I952) "538. 
9 L. ~]~ICHAELIS AND M. L. MENTEN, Biochem. Z., 40 (1913) 333. 
i0 If. H. WEBER AND R. AMMON, Biochem. Z., 2o 4 (1929) 197. 
It H.  T. HVANG, R. J.  }COSTER AND C. NIEMANN, j .  Am. Chem. Soc., 74 (I9.52) 1o5. 
x2 tt. MORAWETZ AND P. E. ZIMMERING, j .  Phys. Chem., 58 (19,54) 7.53. 
13 E. ~,V. \VESTHEAD, J r .  AND H. MORAWETZ, in p r epa ra t i on .  
14 j .  MAIER, Ann., 327 (I003) I 7. 
15 H. HARNED AND B. OWEN, Physical Chemistry o/ Electrolytic Solutions. bleinhold Publ. Co., 

New York, 195 o, p. 512, 583 . 
x6 C. A. (;ROB, IIelv. Chim. Acta, 36 (I953) 37. 
17 S. H. I>I.~NER, J.  Polymer Sci., 1o (1951) 379- 
l~ H. (;UTFREUXD, Trans. Faraday Sot., 5 t (1955) 44 t. 

Rece i v ed  F e b r u a r y  2nd,  1957 


