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Summary 

The rates of  hydrolysis of a series of 21 N-acylglycine esters 
(YCONHCH2CO2CH(CH2CH3)CO2H (_~)) by bovine pancreatic carboxy- 
peptidase A (peptidyl-L-amino-acid hydrolase, EC 3.4.12.2) have been studied 
over the substrate concentrat ion range 10-4--10 -~ M at pH 7.5, 25°C, ionic 
strength 0.5. All substrates display substrate inhibition except  Y = CH3, 
CH3CH2 and (CH3)3C for which normal Michaelis-Menten kinetics are observed. 
In all cases substrate inhibition is consistent with the formation of  an ES2 
complex and parameters for  the second-degree rate equation v / E =  (k~PvS + 
kapp~2l~app'~//l,"app Jr S -b ~2/T2-app~ have been evaluated. For  a series of eight 3 ~-J t ~ x S S  ]l~,'txS *-~ / z x S S  ) 

aliphatic groups varying in size between Y = CHs and Y = cyclo-C6Hlt the 
fol lowing linear correlations were observed: --log K~ pv= 0.827r + 1.32 and 
log ~.avv tzravv = 0.717r + 5.81 (Tr is Hansch's hydrophobic i ty  parameter). A ry l  ~ 2  / l x S  

and aralkyl Y moieties deviate f rom these correlation lines. AssWaPP also depends 
on the hydrophobic i ty  of  Y but  no quantitative correlation is obvious. Thus 
the Y unit  of  2 is involved in a hydrophobic  interaction with the enzyme when 
2 binds at both the catalytically productive and inhibitory sites. Parameters for  
the enzymic hydrolysis of the esters YCONHCH2CO2CH(CH2CH(CH3)2)CO2H 
(3_) (Y= C6Hs(CH2), (n = 0, 1, 2)) are also presented. Pronounced non- 
productive 1 : 1 enzyme • substrate complex formation is observed for each of  
2 :  Y = C~Hs(CH2), (n = 2, 3) a n d 3 :  Y = C6Hs(CH2)2. Hippurate anion is shown 
to be an uncompeti t ive inhibitor (K i = 12 mM) for the hydrolysis of  2 :  Y = 
(CH3)3C. Data are now available which can only be interpreted in terms of  at 
least three enzymic sites being available for  hydrophobic  interactions with ester 
substrate molecules. 

Introduction 

It is now well .established [1--3] that  the substrate inhibition which 
complicates the kinetics of the hydrolysis of some esters by bovine pancreatic 
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carboxypeptidase A (peptidyl-L-amino-acid hydrolase, EC 3.4.12.2) is due to 
the formation of a 1 : 2 enzyme • substrate complex (ES2) which is catalyti- 
cally less active than the simple 1 : 1  Michaelis complex (ES). This 
phenomenon is particularly obvious in the hydrolysis of  esters of hippuric acid 
(~_: Y = C6Hs) by this enzyme. 

Y--CNHCH2 COCHCO~ 
II II I 
O O R 

2:  R = CH3CH2 

3: R = (CH3)2CHCH2 

(!) 

In a s tudy [4] in which systematic modifications were made to the structure 
of  the hippuric acid moiety of  the ester 2 : Y = C6H5, it was established that the 
integrity of  the amide unit  (CONH) in 1 is an essential requirement for the 
occurrence of  substrate inhibition in the enzymic hydrolysis of  such esters. In 
addition, it was observed that  substrate inhibition occurs in the enzymic 
hydrolysis of  the esters 2 :  Y = C6Hs and C6HsCH2, but  simple Michaelis- 
Menten kinetics are observed if Y -- CH3 or C6HsCONHCH2. In order to further 
elucidate the specificity of  the enzyme for the Y group in 1 in binding ester 
substrates at both the catalytically productive site and the inhibitory binding 
site, we have now synthesized a series of  21 esters 2 ,  in which Y is either an 
alkyl, aryl or aralkyl group, and have studied the steady-state kinetics of  the 
hydrolysis of  these esters by bovine pancreatic carboxypeptidase A at pH 7.5. 
Analogous data for the hydrolysis of  the es te r s3 :  Y = C6Hs(CH2)n (n = 0, 1, 2) 
are also presented. 

Materials and M e t h o d s  

Synthesis of substrates. Most of  the N-acylglycines were prepared from 
glycine and the appropriate acid chloride by the method of  Ingersoll and 
Babcock [5]. Solid acid chlorides were first dissolved in a minimum volume of 
tetrahydrofuran.  N-Acylglycines bearing simple alkyl Y substituents (4_: Y = 
CH3(CH2)n, n = 1--4) were made by the following general route: 

Sodium (0.2 mol) was weighed in petroleum, washed with ether, dried and 
dissolved in anhydrous methanol  (85 ml). Glycine (0.1 mol) was added, and the 
mixture was boiled under reflux for a few minutes to obtain a clear solution. 
Acid chloride (0.1 mol) was then added to the cooled solution, and the reac- 
tion mixture was refluxed for 3 days. The ether was removed, and the residue 
was dissolved in 5% aqueous NaHCO3 solution. After  ether extraction, the 
aqueous solution was acidified to pH 2. After removal of  the water, the crude 
N-acylglycine was recrystallized several times. 

Racemic esters (_2) were prepared from the appropriate N-acylglycine and 
either benzyl 2-bromobutanoate  or tert-butyl 2-bromobutanoate  by the general 
method previously described [4]. Racemic esters (_3) were similarly prepared 
using tert-butyl 2-bromo-4-methylpentanoate.  Repeated recrystallization gave 
the pure esters in most  cases, although conversion to the sodium or potassium 
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Fig. 1. D e p e n d e n c e  of  initial ve loc i ty  of  e n z y m i c  hydro lys i s  on subs t ra te  c o n c e n t r a t i o n  for  esters  Nos. 2 
a n d  6 (Table  I I )  (pH 7.5,  25°C, ionic s t rength  0.5) .  Curves  are ca lcu la ted  using Eqn.  1 and the 
p a r a m e t e r s  in Table  If. 

salt [4] and recrystallization was occasionally necessary. Detailed melting 
points and proton magnetic resonance (PMR) spectral data for each new ester 
are given in Table I. 

Kinetic studies. Preparation of  enzyme and substrate stock solutions and all 
kinetic details are as previously described [2--4]. All kinetic data are for 
pH 7.5, 25°C and ionic strength 0.5. 

Results 

The initial velocity (v/E) of the enzymic hydrolysis of each of the esters 2 
in Table II was measured at pH 7.5, 25°C, ionic strength 0.5 at a number o-f 
substrate concentrations (S)* in the range of 10-4--10 -1 M in the racemic 
ester. In several cases this range was extended to concentrations as low as 
2 • 10 -s M and as high as 0.5 M. In all cases, only 50% of the racemic ester was 
enzymically hydrolyzed at equilibrium. This is consistent with the general 
observation [2,6--9] that  only the L-isomers of such esters are substrates for 
bovine pancreatic carboxypeptidase A. 

The dependence of v/E on log S for the esters 2 is presented in Figs. 1--3. 
These three figures represent the three different types of substrate concentra- 
tion dependence of the initial velocity that  were observed for the esters 2 in 
the current study. Lineweaver-Burk plots of the data for each ester in Fig. 1 
(_2: Y = CH3CH2 and (CH3}3C) are quite linear over the whole substrate con- 
centration range that  was investigated, and clearly indicate that  normal 
Michaelis-Menten kinetics are applicable to these two substrates. Derived values 
of the parameters kcat and Km are given in Table II. 

* T h r o u g h o u t  this pape.r S refers  to  the  c o n c e n t r a t i o n  of  the  L- i somer  only,  unless o therwise  indica ted .  
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Fig .  2 .  D e p e n d e n c e  o f  in i t i a l  v e l o c i t y  o f  e n z y m i c  h y d r o l y s i s  o n  s u b s t r a t e  c o n c e n t r a t i o n  f o r  es te r s  Nos .  3,  
5 ,  8 a n d  1 2  (Table  II) ( p H  7 .5 ,  25°C ,  ion ic  s t r e n g t h  0 .5 ) .  Cu rves  are c a l c u l a t e d  u s i n g  E q n .  1 a n d  the  
p a r a m e t e r s  in Tab le  II. S imi la r  d e p e n d e n c e s  o f  v/E o n  S are o b s e r v e d  f o r  the  e s t e r s  Nos.  4,  7, 9,  10,  1 3 - -  
16 ,  20 ,  21 .  

For most of the esters 2 that  were investigated in the present study, the 
initial velocity of enzymic hydrolysis increases with increasing substrate con- 
centration at low substrate concentrations. However, v/E reaches a maximum 
value, and at higher substrate concentrations substrate inhibition becomes 
apparent as v/E decreases once again (Fig. 2). This phenomeon is similar to 
that  previously examined and analyzed in considerable detail for hippuric acid 
esters 0_: Y = C6Hs) [1,2]. For hippurate esters, the dependence of v/E on S 
can be fit ted by the four parameter equation 

_ k~PPS + k ~ S  ~/K~F 

E K] p p + S + S  2/K~ pp (1) 

The data for each of the esters in Fig. 2 were fit ted to Eqn. 1 by the iterative 
technique that  has been described previously [10]. 

In all cases acceptable fits were obtained with average differences between 
calculated and experimental initial velocities of  around 5%. This difference is 
similar to the experimental error in the measured velocities. Values of  the four 
parameters evaluated in this way for each ester are given in Table II. 

A third type of dependence of v/E on S was observed for the esters 2 :  Y = 
C6Hs(CH2), (n = 2, 3), and is illustrated in Fig. 3. In these cases, v/E is 
independent  of  S at the lowest substrate concentrations that  are experimentally 
accessible, while at high substrate concentrations substrate inhibition is 
observed. These data can be considered to be modified forms of  the curves in 
Fig. 2, with K~ pp being much smaller than the lowest value of S that  is experi- 
mentally accessible. Using this assumption, Eqn. 1 may be modified to Eqn. 2, 
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Fig .  3.  D e p e n d e n c e  o f  in i t ia l  v e l o c i t y  o f  e n z y m i c  h y d r o l y s i s  o n  s u b s t r a t e  c o n c e n t r a t i o n  f o r  es te r s  Nos .  18 
a n d  19 (Table  II) ( p H  7 .5 ,  25°C,  ion ic  s t r e n g t h  0 .5) .  Curves  are c a l c u l a t e d  us ing  E q n .  1 a n d  the  
p a r a m e t e r s  in Tab le  II. 

which  can be rear ranged  to  the  f o r m  shown in Eqn.  3. 

V k ~  pp  + ~ ' a P P ~ / p ~ a P P  ~ 3  ~o/~tx SS _ _ =  
E 1 + ~/~,~app ~-J/~xSS 

V -- /d'app (k~PP - -  v/E) 
E ~ s s  S 

(2) 

+ ~ P P  ( 3 )  

N o w ,  k~ p" is the  value of  viE in the  p la teau  region of  Fig. 3. Plots  o f  v/E 
against  (k'~ pp - - v /E ) /S  fo r  the  high subs t ra te  c o n c e n t r a t i o n  da t a  in Fig. 3 are 

rrapp have  been  eva lua ted  and  are l inear  and the  p a r a m e t e r s  k ~  p p ,  k ~  p p  a n d - ~ s s  
inc luded  in Table  II .  

We have  also measu red  the  initial ve loc i ty  of  the  e n z y m i c  hydro lys i s  o f  the  
esters  3 : Y = C6Hs(CH2)n (n = 1, 2) as a func t ion  of  subs t ra te  c o n c e n t r a t i o n  a t  

.T•12 
8 

gfl 

- l o g  S 

Fig .  4 .  D e p e n d e n c e  o f  in i t ia l  ve loc i ty  o f  e n z y m i c  h y d r o l y s i s  o n  s u h s t r a t e  c o n c e n t r a t i o n  f o r  3_3: Y = 
C6HsCH 2 (m) and 3 :  Y'= C6Hs(CH2) 2 (o) (pH 7.5, 25°C, ionic strength 0.5). Curves are calculated using 
Eqn. 1 and the parameters  in Table I l l .  



TABLE III  

KINETIC P A R A M E T E R S  FOR THE ENZYMIC H Y D R O L Y S I S  O F  3 

Parameters  for Eqn.  1 ; p H  7.5, 25°C, ionic s t rength 0.5. 

1 4 9  

Y K~ pp (mM) K~I~ p (mM) k~ pp k~pp ~' app,.,app2 /~S  ~' a p p ,  a p p 2  ,R3 
(103 min  -1 )  (rain-l)  (107 M-1. 

min-1) 

C6H 5 * 0.021 0.78 4.4 160 21 28 
C 6 H s C H  2 0.63 + 0.06 0 .62 + 0.02 41 -+ 2 3600 + 200 6.5 11 
C6H5(CH2)  2 ~0 .05  ~ 3 0  ** 1.65 + 0.05 ~600  ** ~3.3 ~3 

* Data f rom ref. 2. 
** Data  is no t  available at sufficiently high subst ra te  concen t ra t ions  to  allow an accurate es t imate  of k~ pp  

and K~P 

pH 7.5. The data for these two esters are given in Fig. 4. Parameters for Eqn. 1 
for these two esters were evaluated as described above, and are collected in 
Table III, and compared with data for 3: Y = C6Hs which was studied earlier 
[2]. 

The reversible inhibition of the enzymic hydrolysis of 2 : Y = (CH3)3C by the 
hippurate anion (C6HsCONHCH2CO~) has been investigated and compared with 
the previously reported [11] inhibition of the hydrolysis of 1 : Y = C6Hs, R = 
C6HsCH2 by the same anion. Lineweaver-Burk plots for the hydrolysis of 2: 
Y = (CH3)3C in the presence and absence of hippurate anion are parallel. Such 
parallel double-reciprocal plots are typical of uncompetitive inhibition in which 
the inhibitor only binds to the ES complex and not  to the free enzyme 
(Scheme I). Scheme I generates a Michaelis equation 

+I 
E+S~-- - -ES~ ESI 

KS ~ k2Ki  

E+P~  +P2 

S c h e m e  I 

having r~catLaPP = k2/(1 + I/Ki) and ~apP.~m = Ks/(1 + I/Ki) at inhibitor concentra- 
tion I. Calculation of Ki from /~app derived from the current data gives K i i~ca t = 

1.2 • 10 -2 M at pH 7.5, 25°C, ionic strength 0.2, which is in agreement w i th  
K i  ~ 1.0 • 10 -2 M observed fo r  this anion as an uncompet i t ive  inh ib i to r  o f  1 : 
Y = C6Hs, R = C6HsCH2 under  the same condi t ions [11 ] .  

Discussion 

We have previously investigated [2] a series of hippurate esters, including 2 :  
Y = C6Hs and 3 :  Y = C6Hs, that  display substrate inhibition of  their enzymic 
hydrolysis of the same form as that  shown in Fig. 2. For hippurate esters it 
was established that  Eqn. 1 is consistent with the kinetic mechanism shown in 
Scheme II, where SD and SL represent the D and L isomers of  the ester, 
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respectively, and Kn (n = 1--7) are dissociation constants. Detailed 

SL k 3 
S L E ~ SL ESL -+ 

S L K2 

E . " E S  L -+ E 
K1 

SDE ~ S D E S L  -~ 

Scheme II 

E + SL + products 

+ products 

E + SD + products 

investigation of the influence of the D-isomer of the ester indicated that:  (a) it 
was not  enzymically hydrolyzed; (b) it competed with the L-isomer for binding 
at a catalytically non-productive site (i.e. SLE and SDE in Scheme II); (c) K3 = 
K6; K2, Ks >>  K1, K6 and k3 ~ k4 ~ k2; and (d) the formation of SLES L and 
SDESL closely approximates ordered binding in all cases. Under these condi- 
tions it can be shown that  for hydrolysis of the racemic ester, the parameters of 
Eqn. 1 are defined by 

K~ pp = KI (4) 

k~ pp = k2 (5)  

Kapp = K3/2 = K6/2 (6) SS 

k~ pp = k 3 (7) 

There is a general similarity of the values for the parameters for the esters 2 
in Table II and the parameters for the hippurate ester 2 : Y = C6Hs. It therefore 
seems reasonable to assume that  the above general features a--d also apply to 
the other esters 2. Exceptions to this general conclusion may be necessary for 
2 : Y = C6Hs(CH2)n (n = 2, 3) which display the unusual profiles of Fig. 3. Thus 
for the majority of the data in Table II, K~ pp, k~ pp and k] pp seem to represent 
real equilibrium and rate constants, while ~xssT'~aPP bears a very simple relation- 

~ 3  

r 
I 110 8 II 

O I 2 3 

TT 

Fig. 5. D e p e n d e n c e  o f  log K~ pp f o r 2  on  Hansch's  r -parameter .  Esters  are indicated  by  the  numbers in 
Table  II. Esters  Nos. 11--13 are n o t  included in the corre lat ion line. 
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ship to the dissociation constant  for L- or D-ester molecules bound at the 
inhibitory site. 

For  related ester substrates which do not  display substrate inhibition, there 
is independent  evidence that  the kinetic parameter  Km does represent the true 
dissociation constant  of  the catalytically productive Michaelis complex [12].  
Our general conclusion that K~ pp (=Km) is equal to K, in Scheme II is also 
consistent with this result, and is even further strengthened by the linear 
relationship in Fig. 5 between log K~ pp for 2 and Hansch's ~-parameter which is 
a quantitative measure of  the hydrophobic i ty  of  Y [13,14].  This linear correla- 
tion covers all Y up to and including Y = cyclohexyl,  and can be represented by 
the least-squares correlation line (corr. coeff.  = 0.968): 

- - l o g  K~ pp = 0.82 Ir + 1.32 (8) 

While the data for Y = 4-CH3C6H4 and 4-C1C6H4 are in the vicinity of  this corre- 
lation line, the hippurate ester (Y = C6Hs) shows a significant deviation. In 
general, log K~ pp shows little dependence on structure for aryl Y moieties. 

A linear correlation also exists between log ~PP/W~PP ,~ /,~s (= log kcat/Km) for the 
same Y substituents as were considered in Fig. 5. The least-squares correlation 
line in this case is given by Eqn. 9 (corr. coeff. = 0.978) 

log(k~PP/K~ pp) = 0.71 7r + 5.81 (9) 

Eqn. 8 indicates that  the Y-substituent of  an ester substrate _2 is bound in a 
hydrophobic  region of  the enzyme active site when 2 is bound in a catalyti- 
cally productive manner. The deviations from Eqn. 8 which are observed for 
large Y substi tuents presumably indicate the limited size of  this hydrophobic  
region. Increases in K~ p" between Y = C6Hs and C6HsCH~ for both 2 and 3 
(Tables II and III) and Y = C6H1, a n d  C6H,,CH2 for 2 seem to indicate that  
this hydrophobic  region is no t  sufficiently large to adequately accommodate  
the larger groups, although it should be noted that this increase in K~ pp is 
accompanied by an increase in k~ "p of  approximately the same magnitude. The 
unexpected decrease in K~ vp upon further homologation of  Y in both  the 
phenyl and cyclohexyl  series will be considered separately below. 

The fact that  k~ pp and K~ pv for 2 show quite different dependences on Y, 
while K~ pp and ~app/~t'app '~2 '''S show similar Y dependences, further supports our 
interpretation of kinetic parameters in terms of Eqns. 4--7. For the most 
general solution to the rate Eqn. 1 according to Scheme II, the ratio k~PP/ 
K~ pp is equal to the true specificity constant k2/K~. However, k~ pp and K~ pp are 
independently given by Eqns. I0 and 11 for racemic ester substrates [2]. 

k2 
k~ pp -- (10) 

1 + (K , /K2)  + (K1/Ks)  

K~pp = K ,  
1 + (K , /K2)  + ( K , / K s )  (11) 

Clearly, the relationships observed in this work for the Y dependence of  k~ pp, 
K~ pp and /~app/]F'app ,~2 1-~s are most simply reconciled with K2, Ks >> K, as has been 
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previously established [ 2] for hippurate esters. 
For the esters 2 :  Y = C6Hs(CH2)2 and C6Hs(CH2)3 and 3 :  Y = C6Hs(CH2)2, 

K~ pp becomes so small (Figs. 3 and 4) that  it is not  directly measureable by the 
current techniques and only an upper limit, equal to the lowest substrate con- 
centration investigated, can be set. Such parallel decreases in both K~ pp and 
k~ pp are often indicative of the formation of non-productive 1 : 1 enzyme .  
substrate complexes. Significantly, the values of the ratio/~app/tFapp for these ~ 2  / zxS  
three esters seem to be about the same size as for their lower homologs, and the 
values for k] v" appear to be "normal" .  

The data for ~app • ~ss as a function of Y in Table II indicate that  there is a 
requirement for a hydrophobic Y substituent to allow substrate binding at the 
inhibitory site. Whereas 2 :  Y = CH3, CH3CH2 and (CH3)aC do not  display 
substrate inhibition, this phenomenon is apparent for the larger aliphatic Y 
units that  were examined. There does not  appear to be any simple quantitative 
relationship between "~ss~aPP and the size or hydrophobici ty of Y, although 
substrate binding at the inhibitory site does appear to display a preference for 
cyclic Y groups rather than acyclic Y groups. 

YCONHCH2CO{ 

For substituted phenyl groups there is a reasonable correlation (Table IV) 
between K3 (=2K~ p ) for 1 and Ki for the corresponding N-acylglycine anions 
(4), which have been established previously [ 11] to be uncompetitive inhibitors 
o-f the enzymic hydrolysis of O-hipuryl-L-3-phenyllactic acid (1: Y = C6Hs, R = 
C6HsCH2). Thus the conclusion [11] that  4 bind to the same enzymic site as 
inhibitory substrate molecules seems secure. The interpretation of uncom- 
petitive inhibition by 4 as ordered binding of substrate followed by inhibitor, 
reinforces the conclusion that  substrate molecules bind in an ordered manner 
to the catalytically productive and inhibitory sites on the enzyme; i.e. K2, 
Ks >>  KI, wh ich  is consistent with the assumptions in the derivation of 
Eqns. 4--7. 

The value of K3/Ki for Y = C6Hs(CH2)2 in Table IV is significantly different 
from the other values for this ratio in this table. The reason for this difference 
can be traced to the unusually large value for -~ssWaPP for _2: Y = C6Hs(CH2)2 in 

T A B L E  IV 

I N H I B I T I O N  O F  T H E  H Y D R O L Y S I S  OF  --1 BY U N C O M P E T I T I V E  I N H I B I T O R S  (4)  A N D  SUB-  

S T R A T E S  (2)  

Y K i ( m M )  * K 3 ( m M )  ** Ka/K i 

C6H5 I 0  2.4 0 .24  

4 -CIC6H 4 8.2 2.4 0 .29 
4 - N O 2 C 6 H 4  63 7.8  0 .12  

C 6 H s C H  2 19 9 .8  0 .52  
C 6 H5 (CH2)2  4.3 42  9.8 

* D a t a  f~om ref .  11.  
~ . , a p p  

** F z o m  Tab le  II ,  K 3 = z ~ S S  . 
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Table II. As pointed out  above, this ester seems to be particularly prone to 
forming non-productive 1 : 1 enzyme • substrate complexes. 

It has been noted previously [2] that  for hippurate esters (1: Y = C6Hs) the 
ratio ~2~aPP~,~31~aPP ~ 25 and is essentially independent of  the side-chain R of the 
alcohol moiety.  Perusal of  the ,~2~PP~,~3/~aPP ratios in Table II shows that  this ratio 
does display some dependence on the nature of Y in 2. While there appears to 
be a tendency for this ratio to vary inversely with K ~p~ ss , no overall correlation 
with this or any other parameter is apparent. When significant non-productive 
binding of substrate occurs (_2: Y = C6Hs(CH2),, (n = 2, 3)), the ratios ,~PP/2 , 
k~ pp will not  be directly comparable with the other values in Table II, since 
such non-productive binding artificially reduces the value of k~ pp. 

It is clear from Eqns. 8 and 9 that  the productive 1 : 1 enzyme • substrate 
complex for the esters 2 is the same, irrespective of whether or not  the ester 
displays substrate inhibition at high substrate concentrations. As a further 
check on this point  we investigated the reversible inhibition of the enzymic 
hydrolysis of 2 :  Y = (CH3)3C by hippurate anion ~_: Y = C6Hs). This inhibitor 
displayed uncompetitive inhibition of the enzymic hydrolysis of the ester 2 :  
Y = (CH3)3C, which does not  display substrate inhibition, just as it does for 
hippurate ester substrates which are subject to substrate inhibition. The K i 

values for this inhibitor with both types of substrate are quite similar, and so 
there can be little doubt  that,  irrespective of the substrate present, hippurate 
anion is binding to the same site of the productive ES complex. 

It has been established previously [ 11] that  it is likely that  a conformational 
change in the enzyme upon formation of the productive ES complex produces 
a binding site that  is accessible to the uncompetitive inhibitors 4 and also to 
inhibitory substrate molecules. The integrity of the amide functional group of 
the ester substrates 1_ was established [4,11] as a prerequisite for this confor- 
mational change. The current data indicate that  the nature of  Y has little, if 
any effect on this conformational  change and on the resulting accessibility of  
the inhibitory binding site. Taken in conjunction with the pronounced 
dependence of  ~rapp "~ss on Y, this gives a clear indication that  the interactions with 
the enzyme of  the Y moieties of  1 are quite independent for substrate mole- 
cules bound at the productive and inhibitory sites. 

General consideration of substrate binding 

There is now strong evidence that  at least three hydrophobic regions in each 
carboxypeptidase A molecule are available for the accommodation of hydro- 
phobic groups of N-acylglycine ester substrates. The importance of hydro- 
phobic interactions between the R side-chain of the alcohol moiety of 1 and 
the enzyme for the formation of  the productive ES complex has been clearly 
demonstrated previously [2]. This interaction will be referred to below as 
involving site D of  the enzyme. The current work shows that  the Y substituent 
of  1_ is also involved in a hydrophobic interaction with the enzyme (site E) in 
this same productive ES complex (Eqns. 8 and 9). Another hydrophobic inter- 
action between Y and the enzyme (at site F) seems to be predominantly 
responsible for substrate binding at the inhibitory site to produce the catalyti- 
cally less active ES: complex. Sites D and E must  clearly be hydrophobic areas 
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of the same general active site region of  the enzyme. Site F may possibly be 
relatively remote from the active site, since it appears that  a conformational  
change in the enzyme is necessary in order to make site F accessible for binding 
Y of the inhibitory substrate molecules. 

Interaction with site D would be expected to be common to all esters that  
are productively bound to carboxypeptidase A. We have recently established 
[15] that  the R side-chains of  ester substrates as diverse as hippurate ( ! :  Y = 
C6Hs) and p-nitrobenzoate (5} esters are bound in the same hydrophobic  region 
of  the enzyme active site (i.e. site D). 

CO-co -cH-co  ® 
R 

Interaction with site E would be expected to be specific for N-acyl amino 
acid ester substrates. This site may also be important  for binding larger depsi- 
peptide ester substrates 6 bearing hydrophobic  R1 substituents. The only ester 
substrates of  this 

--CONHCHCONHCH2 CO2--CHCO{ 6(_6) 

R, R 

type for which data are currently available appear to be N-acylglycylgiycine 
derivatives (_6:R1 --' H) [12],  so that  it is no t  possible to test this hypothesis on 
the basis of  current literature data. 

There is some evidence that  a hydrophobic  interaction at site F is alone 
responsible for binding uncompeti t ive inhibitors or inhibitory substrate mole- 
cules. The D- and L-isomers of  the ester substrates ! bind equally well at this 
site [2] and structural modifications in inhibitors related to hippurate anions 
have little effect  on Ki for uncompeti t ive inhibition [ 11]. 

The identification of  sites D, E and F with specific regions of the enzyme 
molecule does no t  seem to be possible at the present time. The relationship of 
each of  these sites to binding sites for peptide substrates is also unclear in view 
of the recent conclusions in favour of  quite different productive binding sites 
for ester and peptide substrate molecules [9,11,12,15,16].  At tempts  have been 
made [ 17,18] to systematically study structural effects in peptide substrates on 
substrate binding and rate of  enzymic hydrolysis. However, no simple relation- 
ships are apparent between substi tuent effects in peptide substrates and the 
substi tuent effects reported for ester substrates in the present study. 
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