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Nonspecific Esterase Activity of Carboxypeptidase A. 
Specificity for the Alcohol Moiety of p-Nitrobenzoate Esters 

John W. Bunting* and Shaikh H. Kabir 
Contribution from the Department of Chemistry, Unii)ersitp of Toronto, 
Toronto, Ontario MSS 1 A I ,  Canada. Receiued July 6, I976 

Abstract: A series of 1 1  p-nitrobenzoate esters (N02C6H4C02CHRCO2H ( 2 ) :  R = H ,  CH3, CHKH2, CH3(CHl)2, 
CH3(CH2)3, (CH,)>CH, (CH,)2CHCH2, C6H5, CsHsCH2, C ~ H ~ ( C H Z ) ~ ,  p-CIC6H4) has been investigated as nonspecific 
ester substrates of bovine pancreatic carboxypeptidase A at pH 7.5, 25 O C .  ionic strength 0.5. The L isomers of all esters except 
2 (R = p-CIC6H4) are hydrolyzed by the enzyme, and k,,, and K ,  have been evaluated. The results indicate a marked prefer- 
ence in both k,,, and K ,  for substrates with hydrophobic side chains (R) provided that R does not become too large (e&, R 
= C6Hs(CH2)2). There is a linear correlation between log K ,  (2) and log K ,  for the competitive inhibitors RCH2CO:-: log 
K ,  = 0.61 log Ki - 0.77. Comparison of 2 with the corresponding series of hippurate esters (C6H5CONHCH2C02CHRC- 
O2H (3)) indicates that  ( k 0 , / K , ) 2 / ( k , , , / K , ) 3  is independent of R within experimental error and suggests a common hydro- 
phobic binding region on the enzyme for the R side chain of the alcohol unit of both specific and nonspecific ester substrates. 
The following species are all competitive inhibitors for the enzymic hydrolysis of 2 (R = C6H~CHr) :  2 ( R  = p-CIC<,H?). D-2 
(R = C6H5), C6HjCH2C02-, C6Hj(CH2)2C02-, C6HsCH(C02-)2, p-N02C&&02-, .l’-chloroacetyl-~-phen~lal~inine. 
Comparison of the reversible inhibition of the nonspecific esterase, specific esterase. and peptidase activities of carboxypepti- 
dase A allows the construction of a schematic diagram for the binding of these three classes of substrates and related reversible 
inhibitors. Although the side chains of the alcohol units of specific and nonspecific ester substrates bind in the same hydropho- 
bic region, the terminal carboxylate ions of these two classes of ester substrate are involved in  dyferenr interactions with the 
enzyme. 

A variety of pH dependences has been observed for the 
hydrolysis of ester and amide substrates by bovine pancreatic 
carboxypeptidase A.l- lZ There are  significant differences in 
the pH dependences of ester and amide hydrolysis by this en- 
zyme, and furthermore, a variety of pH-rate profiles has been 
observed for ester s u b s t r a t e ~ . ~ - ~ % ~ - ’  These differences in p H  
dependence are sufficiently diverse that it has not been possible 
to accommodate all substrates to a common hypothesis for the 
mechanism of enzymic hydrolysis. This problem is further 
exacerbated by the fact that none of the pK, values which have 
been found to control substrate binding and hydrolysis has been 
definitively assigned to any of the ionizable groups which have 
been shown to be present in the active site of this enzyme.’) 

The binding of all peptide substrates studied to date has been 
found from the pH dependence of k,,,/K, to be controlled by 
two ionizable groups on the enzyme with pK, values -6 and 
-9.5,6 Similar pK, values control the binding of depsipeptide 
ester  substrate^^,*,^ I and cinnamate ester  substrate^,^^^^ al- 
though the pH dependence of k,,, for such ester substrates is 
different than for peptide substrates. However, a quite different 
pH dependence for k c a t / K m  has been observed for O-acetyl- 
L-mandelic acid (1, R = CH3)3 and 0-p-nitrobenzoyl-L- 

R-C-OO-CH-CO~H 
I 

C6H5 

II 
0 

1 
mandelic acid (1, R = CsH5).8 Each of these esters displays 
a bell-shaped p H  dependence for k,,,/K, which is consistent 
with the binding of these two substrates to the enzyme being 
controlled by enzymic functional groups of pK, -6.9 and -7.7. 
Thus, there appear to be two quite distinct p H  profiles for 
substrate binding to carboxypeptidase A, and we have sug- 
gested8 that members of this latter class of esters should be 
referred to as nonspecific ester substrates of this enzyme. (The 
pH dependence of substrate binding can then conveniently be 
used to classify substrates as specific and nonspecific sub- 
strates.) Such nonspecific substrates are  structurally different 
from the natural peptide substrates and related depsipeptide 
ester substrates (i.e., specific ester substrates) in that they lack 
any amide bonds in the acyl moiety of the bond susceptible to 
hydrolysis. This classification on the basis of structure is similar 

to that in  general use for substrates of the serine proteases, for 
which amino acid derived substrates are considered to be 
specific substrates, whereas other esters and amides are 
designated as nonspecific substrates (e.g., p-nitrophenyl 
acetate). l 4  

The quite different pH profiles for the hydrolysis of specific 
and nonspecific substrates by carboxypeptidase A are  sug- 
gestive of significant differences in the mechanisms of hy- 
drolysis of these two classes of substrates. It should also be 
noted that evidence has been steadily accumulating recently 
for quite different catalytically productive binding sites on this 
enzyme for specific ester and peptide substrates.” 

I n  order to augment the meager data that are  currently 
available on the details of the nonspecific esterase activity of 
carboxypeptidase A, we now wish to report a study of the hy- 
drolysis of a series ofp-nitrobenzoate esters (2) by this enzyme. 

0 R 
2 

By comparing the enzymic specificity for the R side chain of 
the alcohol uni t  of these nonspecific ester substrates with the 
enzymic specificity for the corresponding substituent in the 
specific hippurate ester substrates (3) we also hoped to gain 

Q-CONKXS -0--CH-CO,H 
I 

0 R 
3 

further insight into the relationship between the binding of 
these two classes of substrates to the enzyme. We have also 
compared the reversible inhibition of the enzymic hydrolysis 
of these two classes of substrates by a variety of carboxylate 
ion inhibitors. 

Experimental Section 
Synthesis of Substrates. All p-nitrobenzoate esters ( 2 )  were syn- 

thesized by the following general route. Pyridine (0.06 mol) was added 
dropwise to a stirred mixture ofp-nitrobenzoyl chloride (0.03 I mol) 
and the appropriate 2-hydroxycarboxylic acidI9 (0.03 mol) in anhy- 
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Table I. p-Nitrobenzoate Esters ( 2 )  

R Isomer MD. "C IH N M R  SDectrum ( C D L O C D q I .  6 Analvsis 

H "  140 4.95 (3 H ,  s), 3.28 (4 H, s) 
CH3 L 137 1.7 (3 H , d ) ,  5.42 ( 1  H , q ) ,  8.45 (4 H , s )  
C H ~ C H Z ) ~  
CHdCH2)3 
( C H 3 h C H  D L  94 1.25(6H,d) ,2 .20-2.60(1,H,m),5.25(l  H , d ) , 8 . 4 5 ( 4 H , s )  
(CH3)zCH- 

DL 
DL 

DL 

115 
102 

115 

1.1 (3 H ,  t), 1.40-2.25 (4 H, m),  5.40 (1 H, t), 8.45 (4, H, s )  
1.05 (3 H, t), 1.3-1.85 (6 H, m), 5.40 (1 H,  t) ,  8.45 (4 H ,  s) 

1.02 (6 H, d) ,  1.65-2.20 (3 H, m),  5.35 ( 1  H. t) .  8.45 (4 H, s) 
C H ?  

DL 
D 
DL 
L 
DL 
DL 
DL 

120 
140 
174 
108 
161 
117 
119 

0.95 (3 H ,  t), 1.10-2.00 ( I O  H, m), 5.35 ( 1  H ,  t) ,  8.40 (4 H, s) 
6.30 (1 H, s), 7.30-7.90 (5 H, m), 8.45 (4 H, s) 
6.30 (1 H ,  s), 7.30-7.90 ( 5  H,  m), 8.45 (4 H, s) 
3.40 (2 H ,  m), 5.55 (1 H, m), 7.30 (5 H,  m),  8.40 (4 H , s )  
3.40 (2 H, m), 5.55 ( I  H, m),  7.30 (5 H, m), 8.40 (4 H, s) 
2.45 (2 H, t), 2.85 (2 H ,  9).  5.35 ( 1  H, t), 7.30 (5 H, s) 8.35 (4 H ,  
6.35 (1 H ,  s) ,  7.40-7.80 (4 H, m),  8.45 (4 H ,  s) 

a Synthesized by Dr. J .  Murphy. 

Table 11. Hydrolysis of p-Nitrobenzoate Esters ( 2 )  by 
Carboxypeptidase Ad 

O L  
0 loo0 2000 3000 

'/S M-' 
Figure 1 .  Lineweaver-Burk plots for the enzymic hydrolysis of selected 
p-nitrobenzoate esters (2). R side chains are indicated on each line: R = 
CH3(CH2)3, C6Hs (left-hand ordinate); R = C6Hs(CH2)2 (right-hand 
ordinate). 

drous tetrahydrofuran (50 mL). The resultant mixture was stirred 
at room temperature for 18 h. Pyridine hydrochloride was filtered off 
and the tetrahydrofuran removed under vacuum to give a viscous oily 
residue. The residue was dissolved in dichloromethane (200 mL), and 
this solution was extracted with ice-cold 3 M hydrochloric acid (35 
mL) .  After drying the organic layer over anhydrous magnesium sul- 
fate, the dichloromethane was removed under vacuum to give the 
crude ester. This crude product was repeatedly recrystallized from 
benzene until pure. Repeated crystallization was necessary to remove 
p-nitrobenzoic acid, and the final yields of purified product were quite 
low (IO-20%). The melting points and IH N M R  spectra of esters 
synthesized in this way are collected in Table I.  

Substrate Stock Solutions. Stock solutions (0.01 M )  of each ester 
were prepared as follows.2' The ester was dissolved i n  acetone, and 
exactly 1 equiv of aqueous base was added to generate the carboxylate 
anion of the ester. Acetone was completely removed on the rotary 
evaporator, and sufficient sodium chloride was added to give a final 
ionic strength of 0.5. This solution was made up to near the desired 
volume with water and the pH carefully adjusted to 7.5. Further water 
was then added to give exactly the desired volume. 

Enzyme Stock Solutions. Stock solutions of carboxypeptidase A 
were prepared as previously described22 by dialysis of the toluene- 
preserved suspension of the enzyme (Code CoA) prepared by 
Worthington Biochemical Corp. 

Kinetic Studies. The enzymic hydrolysis of each ester was followed 
at a series of substrate concentrations on a Radiometer Corp. pH-stat 
a t  pH 7.5, 25 "C, ionic strength 0.5, using standard 0.01 M KOH 
solution as titrant. Initial velocities a t  each substrate concentration 
were calculated from the recorded curves of volume of titrant against 
time. The data were plotted in the form of Lineweaver-Burk plots (e.g., 
Figure I ) ,  and the linear regions of such plots were fitted to the Mi- 

10-sk,,,/K,, M-' 
R k,, , ,  min-' 104K,, M min-' 

250 
94 
25 
1 1  
7.1 
9.1 

1 1  
15 

16 
3.1 

0.00088 
0.058 
0.44 
1.8 
1.8 
0.64 
1 .1  
0.33 
6.8 
0.045 

At pH 7.5,25 "C, ionic strength 0.5. All data based on concen- 
tration of L isomer of racemic mixtures. Experimental errors in k,, ,  
and K ,  are in the range f2-6%. From ref 27. From ref 22. 

chaelis equation by a computer program based on the nonlinear re- 
gression technique of Wi lk i r~son .~~  Reversible inhibition studies were 
carried out as previously d e s ~ r i b e d ' * . ~ ~ - ~ ~  at  pH 7.5, 25 "C, ionic 
strength 0.2. Over the complete range of work reported herein, enzyme 
concentrations varied in the range 1 X 10-*-2 X 

Results 
Lineweaver-Burk plots for the hydrolysis of several p-ni- 

trobenzoate esters by carboxypeptidase A are shown in Figure 
1 at  pH 7.5,25 OC, and ionic strength 0.5 (NaCl). For all esters 
investigated, such plots are  linear over a considerable range 
of substrate concentrations spanning the K ,  value, although 
in several cases substrate inhibition is apparent a t  the highest 
substrate concentrations investigated. Values of kcat and K ,  
obtained for all p-nitrobenzoate esters amenable to investi- 
gation in the present work are  collected in Table 11, and this 
table also includes data on two other p-nitrobenzoate ester 
substrates that have been studied previously. 

In all cases where racemic esters were used as substrates, 
only 50% of the ester was enzymically hydrolyzed a t  p H  7.5.  
Kinetic parameters obtained from the L and DL isomers of 
0-p-nitrobenzoyl-3-phenyllactic acid (2, R = CbH5CH2) 
agree within experimental error: kcat(L) = 250 min-I, kcat(DL) 
= 270 min-' and K,(L) = 2.9 X M, K,(DL) = 2.8 X 

M (at ionic strength 0.2, assuming only the L ester binds). 
Thus, for this ester only the L isomer is a substrate and the D 
isomer is neither a substrate nor inhibitor over the range of the 
linear Lineweaver-Burk plots. To further check this point, 
0-p-nitrobenzoyl-D-mandelic acid (2, R = C ~ H S )  was syn- 

M. 
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Table 111. Reversible Inhibition of' Carboxypeptidase A Hydrolysesu 
~ __ l___l__l_.___ .__.__._.__I.__.I.I__.-..-...... -__- 

Substrate 
..-..--....~-__._-__l_ll___.__.lll_l___-l__-. 

Inhibitor 2, R = C'bFl5CH2 3, K = C&+5CH2 Peptides 
________._I _I __.___" __I__________I_....._._...___......_. 

ChHsCH2COz-' 
C ~ H S ( C H ~ ) ~ C O ~ -  
C 6 H  5C H (C02-)2 
p-NO2ChH4C02- 
N-CICH~CON~iCt I (CN2ChH~)CO~-~  Comp ( K ,  = 1.6 mM) Noncornp (Kj  = 0.51 niM)e (Comp)h 

Comp (Kj = 1.1 n iM) 
Comp ( K j  = 0.07 m M )  
Comp ( K i  = 0.25 rnM) 
Conip (K i  = 28 mM) 

Cornp ( K i  = 0 . 5 2  m M ) h  
Conip (ki .= 0.17 I ~ M ) ~  
Coirip (A?, -= 0.16 r ~ i M ) ~  
Noncornp (k, = 22 iriM)" 

Noncomp ( K i  = 0.73 mM)f 
Noncoinp ( k i  = 0.12 I T I M ) ~  
Co I n p p 

__ __ __ ___I__. _..I___I_________.__._ 

" Data for ester substrates a t  pH 7.5, 25 "C, ionic strength 0.2. From ref 21 .  '' FrmI ref 25. From ref'26, From ref 18. f From ref 28. 
P Phenylmalonate dianion has not been examined as an inhibitor of peptidase activity. However, benzylmalonic acid and other malonic acid 
derivatives are  competitive  inhibitor^.^^ N-Chloroacetyl-L-phenylalanine appeals to be a typical peptide qubstrate for carboxypeptidase 
A.5 

thesized and was investigated as  both a substrate and inhibitor 
for carboxypeptidase A.  No measurable enzymic hydrolysis 
of this D ester could be observed, although it was found to 
competitively inhibit the enzymic hydrolysis of 2 (R = 
C ~ F I ~ C H Z )  with Kj = 6.3 X I O - '  M at  pkl 7.5. 25 "C, ionic 
strength 0.2. Thus for 2 (R = C6H5) the Ki value for the D 
isomer is approximately four times larger than ti,,, for the 
corresponding I. isomer (Table 11) derived from the racemic 
ester as substrate. In general. the use of a racemic ester as  
substrate, for which only the I. isonier is enzymically !iydro- 
lyzed while the D isoiner acts as a cornpetitive inhibitor, leads 
to a Michaelis equatiori havirig the parameters. kc,,'!l'rJ = 

and K ,  are  the true parameters for the I .  isomer alorie and K i  
is the inhibition constant for the D isomer. I n  general, provided 
that K,, is smaller than Ki. kCatdPF1 kLLll and Kr,,3Pr' ~w Kn, .  
Also the ratio k,,,/K,,, is independent of the presence or ab- 
sence of the D isorner, arid KnlRPP deduced from the racemate 
must always be equal to or sirialler than the true K,, lor the 1 
isomer. The above data for the ester 2 ( K  = C.:6H5) and 2 (R 
= C6H5CH2) and the following discrission a11 suggest that 
kcnt:lpP and KlnaPP are close to the true k,:,, and K, ,  values for 
all esters in  this study. 

p-Nitrobenzoyl-Di.-pchloromandelic acid (2, R = p -  
CIC6H4) was not hydrolyzed at a significant rate even at  en- 
zyme concentrations as large as 2.0 X I W5 M. I f  this ester is 
hydrolyzed at  all by the erizynie, it is certainly a poorer. sub- 
strate than any of  the other p-nitrobenzoate esters listed i n  
Table 11. However, this ester did competitively inhibit the 
hydrolysis of the I- isomer of 2 ( R  = CGHSCt12) with Ki =: I .9 
X 

Studies of the enzymic hydrolysis of 2 (R = CH3(CH2)5) 
were not attempted since solutions of the anion of this ester at 
concentrations of 0.005 M were quite soapy and so indicated 
significant micelle formation. It was felt that the presence of 
this phenomenon would not allow any confidence in the 
meaning of any kinetic parameters obtained for the enzymic 
hydrolysis of this ester. 

The reversible inhibition of the hydrolysis of 2 (R  = 
ChHsCH2) was studied a t  pH 7.5, 25 O C ,  and ionic strength 
0.2 for a series of carboxylate anions that are  known to be re- 
versible inhibitors of the enzymic hydrolysis of O-hippuryl- 
L-3-phenyllactic acid (3, R = C ~ H S C H ~ ) ,  a specific ester 
substrate. All inhibitors examined displayed competitive in -  
hibition kinetics of the enzymic hydrolysis of this p-nitroben- 
zoate ester substrate. Derived inhibition constants, Ki, are 
collected in Table I l l .  This table also compares the mode of 
inhibition for these same inhibitors in the hydrolysis of 3 (R 
= ('6HsCHz) and peptide substrates. 

Discussion 
From the data  in Table 11, it is clear that in the hydrolysis 

of p-nitrobenzoate esters (2) by bovine carboxypeptidase A. 
both k,,, and K m  display a pronounced dependence on the 

kca t / (  1 + K,,/Ki) atid K.,,,"PP = K rr,/( 1 .t- K , J K i ) ,  where k,,, 

M a t  pH 7 . 5 ,  25 "C, ionic strength 0.2. 

nature of the R side chain in the alcohol moiety of 2. For the 
homologous series R = f H ,  c'bi3, Ck13Ct12, CH3(CH2)2, k,,, 
monotonically increases while K,,  decreases. Introduction of 
a further methylene group as in R = CI-I3(CH2)3 then pro- 
duces a significxnt decrease i n  k,,,, and only a slight further 
decrease i n  K,,,.  A similar pattern is apparent when one com- 
pares R = C ~ ~ H . S ,  C'6HgCH2, arid C'f,HS(Ct1?)2. Thus intro- 
duction of the first methylene unit in this latter series produces 
an incre;tse i n  k.,,, and a decrease in  K,,, as seen i n  the above 
:iliphatic seric: H ~ I W C  r. uii going l'ruril K =I C,tl5CHl to R 
= C6H5(C1i2)? there is a iriarked reversal of these trends. with 
k,,, decre:isirig and K,,, iricreasing by lwge amounts. Based on 
the specificity constant, k,,,,/K-,,,, 'he  pheiiyllactic acid de- 
rivative (H := f'c,FiiCkI.) i s  clearly the best p-nitrobenzoate 
ester subdra te for curlwxypeptidase A .  7'he corresponding 
hippui-ate ester (1, R -= C , l - l ~ C H ~ )  i s  :dso the best hippurate 
ester substrate kricm n for  this erizymcLU 

Taken as a wliole, the data in Table I1 indicate a marked 
preference in both k,,, and K,,, for substrates with hydrophobic 
R side chains in the alcohol unit of2, provided that the R group 
does not becoriie too large ( R  = Cfitlj(C:H2)2). Such a result 
suggests that in the  vicinity of the enzymic catalytic site a t  
which these csters are hydrolyzed there is a hydrophobic region 
of limited s i x  which accommodates this R group. While R is 
small enough to fit into this hydrophobic region i n  its ener- 
getica!!y most favorabk conforniation, increases in the size of 
R lead to stronger hydrophobic interactions between enzyme 
and substrate. This is reflected in  a decrease in K,, and also i n  
an increased k,;,, which may be interpreted in terms of a more 
rigid binding of the ester carboxylate group in a more favorable 
orientation for optimal interaction with the catalytically im- 
portant functional group(s) o f  the enzyme. The particularly 
small k,,, for O-p-nitrobenzoylglycolic acid (2, R = H) seems 
to stress the importance of hydrophobic binding of R in as- 
sisting the optimal orientation of the ester functional group for 
maximum catalytic efficiency. Little or no penetration of the 
hydrophobic region would be expected for R = H, and the very 
low k,;,, for this ester is a direct reflection of the lack of hy- 
drophobic bonding to steer the ester functional group into a 
catalytically efficient site. 

When K becomes too large to fit in its energetically most 
favorable conformation into this hydrophobic region, binding 
can only occur by utilizing a higher energy conformation of R.  
Consequently, favorable hydrophobic interactions between 
enzyme and substrate are offset by energetically unfavorable 
nonbonded interactions within a high-energy conformation of 
the R group. 'These offsetting effects lead to a net decrease in 
binding energy compared with a lower homologue which binds 
i n  its lowest energy conformation and,  consequently, to an 
increase in K,,,. The inability of a large R group to fit optimally 
into the hydrophobic region i s  also reflected in a decrease in 
k,,, which presumably results from a displacement of the ester 
functional group into a less than optimal orientation relative 
to the enzymic catalytic functional group(s). 
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Figure 2. Relationship between log K,,  (2) and log K ,  (4). Data for 4 from 
ref 24. Points are identified by the following R groups: I-H, 2-CH3. 3- 
C?H<. 4-CH \(CHz)l, 5-CH3(CH?)I, 6-(CH3):CH, 7-ChH5, S-C(,H<CH?. 
9 -Cr, H i( C H z)?. 

The importance of hydrophobic interactions in the binding 
of small molecules to this enzyme has also been observed for 
hippuric acid esters (3)*O and for the monocarboxylate anions 
(4)24 and dicarboxylate anions (5 )25  which are  competitive 

RCH,CO,- RCH(CO,-), 
4 5 

inhibitors for the hydrolysis of 3. For each of 3,4, and 5, the 
strongest binding, based on K ,  for 3 and K ,  for 4 and 5, is 
observed for n = 2 and 3 in the homologous series R = 
CH3(CH2),; Ki for 4 also passes through a minimum a t  R = 
ChHsCH2 analogous to K ,  for the p-nitrobenzoate esters 2. 
In fact, there is a linear correlation between log K ,  for 2 and 
log K ;  for 4 (Figure 2). For eight R groups, only R = C6H5CH2 
deviates significantly from the correlation line: 

log K,* = 0.61 log Ki4 - 0.77 ( r  = 0.978) 

K ,  for 2 ( R  = CbHsCH2) is 2.5 times smaller than predicted 
by this correlation line. 

The slope of 0.61 for this correlation line indicates that hy- 
drophobic interactions a re  less important overall in binding 
p-nitrobenzoate esters than for binding carboxylate ion in- 
hibitors. W e  have previously noted24 that when log Ki (4) are  
plotted as a function of x ,  the Hansch hydrophobicity pa- 
rameter3013’ for R,  there is an unusually steep linear depen- 
dence of log Ki on x .  This dependence is approximately A(AG) 
= 1.4 kcal/mol/CH2 unit and is too large to represent simply 
the transfer of a CH2 group from water to a hydrocarbon en- 
vironment, and hence may also include an inhibitor dependent 
conformational change in the E1 complex upon inhibitor 
binding. The slope of the correlation line in Figure 2 suggests 
that for binding the p-nitrobenzoate esters (2), each additional 
CH2 unit in R is responsible for an increment A(AG) = 0.61 
X 1.4 = 0.85 kcal/mol in binding energy. Such a value is close 
to the usual estimates of the free energy of transfer of a 
methylene group from water to a hydrocarbon environ- 
ment.32.33 

This A(AG) = 0.85 kcal/mol for binding a CH2 unit of the 
alcohol side chain of the nonspecific ester substrates (2) also 
contrasts with A(AG) 1 .5  kcal/mol for binding a CH2 unit 
of the alcohol moiety of the specific hippurate ester substrates 
(3).20 If, as we have suggested, such a large A(AG) is related 
to a conformational change upon binding, then the much larger 
A(AG) for hippurate esters than for p-nitrobenzoate esters 
indicates that induced fit between the enzyme and substrate 
is much more important with specific ester substrates than with 
nonspecific ester substrates. We have previously presented 

Table IV. Comparison of p-Nitrobenzoate Esters (2) and 
Hippurate Esters (3) as Substrates for Carboxypeptidase A . O  

h 
b 
0.01 7 
0.063 
0.024 
0.014 
0.027 
0.0045 
0.0056 

h 
b 

32 
8.3 

9.2 
3.8 

1.25 
1.8 

53 

1.5 x 10-3 
1.9 x 10-3 
2.1 x 10-3 
1 .9  x 10-3 
2.6 x 10-3 
3.8 x 10-3 
5.2 x 10-3 
3.6 x 10-3 
3.1 x 10-3 

At pH 7.5, 25 O C ,  ionic strength 0.5. Data for hippurate esters 
Individual k,,, and K ,  values are not experimentally from ref 20,34. 

accessible for this hippurate 

kinetic data that is simply interpretable in terms of an enzymic 
conformational change upon interaction of the amide unit of 
the hippuryl moiety of hippurate ester substrates with this 
enzyme.1x.22 Thus the induced f i t  of carboxypeptidase A to 
specific esters seems to be the result of the combined interac- 
tions of the acyl moiety and the hydrophobic side chain of the 
alcohol unit of the substrate with the enzyme. The faster rates 
of enzymic hydrolysis of specific esters than of nonspecific 
esters (e.g., k,,, for 3 ( R  = ChHsCH2) is approximately 
200-fold largerZo than k,,, for 2 (R = CbHsCHz)) may reflect 
the importance of induced-fit conformational effects in  se- 
curing optimal orientation of the catalytic enzymic functional 
group(s) toward the hydrolyzed bond in the substrate. 

The close correlation observed in Figure 2 between the 
dissociation constant Ki and K ,  strongly suggests that K ,  is 
the true dissociation constant, K , ,  of the E S  complex, rather 
than being a more complex combination of rate constants. The 
only alternative simple interpretation of such a linear corre- 
lation would be that K ,  is proportional to K ,  rather than equal 
to K , .  Such a situation would require that the ratio k2/kl 
for 

h 

A - 1  
E + S & E S ~ E + P  

should be independent of the nature of the R side chain i n  2. 
This is possible but unlikely in the light of the pronounced 
dependence of k,,, on R.  This correlation also rules out the 
possibility that decomposition of an acyl-enzymc intermediate 
is entirely rate determining in these reactions. The dependence 
of k,,, on R and the apparent requirement for K ,  = K ,  de- 
mand that, if an acyl-enzyme intermediate is involved in these 
reactions, then the rate of acylation must be slower than the 
rate of d e a ~ y l a t i o n . ~ ’  

A comparison of the dependence of the kinetic parameters 
k,,,, K , ,  and k,,,/K,,,  on R for p-nitrobenzoate esters (2) and 
hippurate esters (3) is made in Table IV. Whereas kcat2/kca13 
varies over 14-fold and K , , 2 / K m 3  varies 42-fold, the specificity 
constant ratio ( k c a t / K m ) 2 / ( k c a t / K m ) 3  varies only 3.5-fold for 
individual variations in k , , , / K ,  of 104-fold for both p-nitro- 
benzoate and hippurate esters. Comparisons of individual k,,, 
and K ,  values are always uncertain due to the possibility that 
some nonproductive binding may be represented by these in- 
dividual parameters. This does not seem to be important for 
the p-nitrobenzoate esters in the light of the excellent corre- 
lation in Figure 2; however, a similar correlation attempted for 
hippurate esters is much more scattered and the possibilities 
of nonproductive binding influencing k,,, and K ,  for these 
esters seem to be considerable. It has been definitely estab- 
lished that there are  a t  least two binding sites for hippurate 
esters on carboxypeptidase A.20,34 
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v-' 
The specificity constant ratio is independent of the effects 

of nonproductive binding, and the constancy of this ratio for 
2 and 3 over the series of R groups in Table IV suggests that 
a t  least some important features of substrate binding and/or 
hydrolysis must be common to these two classes of esters. The 
common variable in this comparison is the R group, and the 
importance of the interaction of R with the enzyme in substrate 
binding is established above for p-nitrobenzoate esters and has 
been established previously for hippurate esters.*O The con- 
stancy of the specificity constant ratio when R is varied in these 
two classes of esters then strongly suggests that the same en- 
zymic hydrophobic region is involved in an interaction with R 
in both 2 and 3 and also the carboxylate ion inhibitors 4 and 
5 which are competitive inhibitors for both classes of substrate 
(Table 111). This conclusion is further strengthened by the 
similar effects of a chlorine substituent on the enzymic hy- 
drolysis of 2 (R  = p-ClChH4) and 3 (R = p-CIChH4). Thus 
the lack of observable enzymic hydrolysis of 2 (R = p-CIChH4) 
corresponds to the 900-fold smaller k , , , / K ,  ratio observed for 
3 ( R  = p-CIChHd) relative to 3 ( R  = C6H5). 

It is clear, however, that although the R side chains of the 
alcohol units of both specific and nonspecific ester substrates 
bind in the same region of the active site, there must be sig- 
nificant differences in the other interactions of these two classes 
of substrates with the enzyme. Thus, p-nitrobenzoate anion 
and N-chloroacetyl-[.-phenylalanine are  noncompetitive in-  
hibitors for 3 ( R  = C6HKH2) (Table 111) and so bind at  a site 
which does not overlap with the productive binding site of this 
specific ester substrate. However, these same two inhibitors 
display competitive inhibition for 2 (R = C ~ H S C I - I ~ )  and so 
must either compete directly for a t  least part of the binding site 
for this nonspecific substrate, or alternatively bind a t  quite a 
different site and block subsequent substrate binding either 
by physically preventing passage of the substrate to its pro- 
ductive binding site or alternatively by a conformational 
change in the El complex which blocks or destroys the binding 
site for this substrate. 

I f  one assumes that in all cases competitive inhibition rep- 
resents competition by substrate and inhibitor for a common 
enzymic binding site, then Figure 3 gives a minimal schematic 
representation of the binding of substrates and inhibitors that 
is consistent with the data in Table 111. The minimal require- 
ment is for two sites, A and B, on the enzyme that are able to 
interact with carboxylate anions. A and B are  presumably 
positively charged. While a common hydrophobic binding site 
is required for the R groups of specific ester and nonspecific 
ester substrates, the terminal carboxylate anions of these two 
classes of substrates are assumed to bind to A and B, respec- 
tively (Figures 3a and 3b). Simple carboxylate ions bound as  
in Figure 3c can then competitively inhibit both classes of ester 
substrate. Peptide substrates are  indicated as  binding via in- 
teraction of their terminal carboxylate ions with site B (Figure 
3d) to satisfy the requirement that N-chloroacetyl-r.-phenyl- 
alanine, which appears to be a typical peptide ~ u b s t r a t e , ~  is a 
competitive inhibitor for nonspecific esters, although a non- 
competitive inhibitor for specific esters. This latter requirement 
also indicates that the R side chain of the C-terminal amino 
acid of peptide substrates must interact with a different region 
of the enzyme than the R side chain of the alcohol unit of ester 
substrates. Interaction of the p-nitrobenzoate anion with B 
(Figure 3e) also allows this anion to competitively inhibit 
nonspecific esters while noncompetitively inhibiting specific 
ester substrates. A further test of Figure 3 lies in the prediction 
from Figures 3d and 3e that p-nitrobenzoate anion should be 
a competitive inhibitor for peptide substrates. Competitive 
inhibition of the hydrolysis of both classes of ester substrates 
and also peptide substrates by the dianions of dicarboxylic 
acids (Table 111) can be accommodated via interaction of such 
species with both A and B as  in Figure 3f. 

v-' 
a I b  

0 I d  

Figure 3. Schematic diagram of the binding of substrates and reversible 
inhibitors to carboxqpeptidase A: (a)  specific ester substrates (acyl group 
represented by As[-): (b) nonspecific ester substrates (acyl group repre- 
sented by A\[,); (c) simple carboxylate ions which are competitive i n -  
hibitors of esterase activity and noncompetitive inhibitors of peptidase 
activity; (d) peptide substrates (acyl group represented by Ap): (e) p -  
nitrobenzoate ion which is a competitive inhibitor for nonspecific esters 
but a noncompetitive inhibitor for specific esters; ( f )  malonate dianions 
N hich are competitive inhibitors of specific and nonspecific esterase and 
peptidase activities. 

The schematic representation of Figure 3 is consistent with 
a large body of evidence that is most simply interpreted i n  
terms of distinct binding sites for specific ester and peptide 
substrates.l5-l8 On the basis of a large amount of experimental 
evidence collected by Vallee, Riordan, Auld, and co-workers, 
and on consideration of the structure of the enzyme determined 
by x-ray c r y ~ t a l l o g r a p h y , ~ ~ . ~ ~  it is tempting to conclude that 
A represents the zinc ion and B represents the guanidinium 
group of Arg-145. However, an assignment of A and B in this 
way would seem on the basis of the x-ray crystal structure of 
the enzyme to place the binding of specific esters and peptides 
too close together for them to be truly bound in a nonin- 
teracting fashion. I n  particular, the requirement for two dif- 
ferent hydrophobic regions is not easily reconciled with this 
assignment. It should be noted that the guanidinium groups 
of Arg-7 1 and Arg- 124 are also located in the active site in the 
vicinity of the zinc ion,35,36 and we feel that a t  the present time 
it is not possible to rule out these guanidinium groups as being 
possible candidates for A and/or B in Figure 3. It is especially 
intriguing that Tyr-198 and Phe-279 are located in the vicinity 
of Arg-7 1, and this region could provide a suitable hydrophobic 
environment to accept the R side chain of a substrate bound 
via its terminal carboxylate ion in an electrostatic interaction 
to Arg-71. We tentatively suggest that the vicinity of Tyr-I98 
and Phe-279 and the hydrophobic pocket that has been shown 
by x-ray crystallography to be present in the vicinity of the zinc 
ion should be considered as the most likely candidates for the 
two distinct hydrophobic regions represented in Figure 3. 
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Intramolecular Catalysis of Acylation and Deacylation in 
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Abstract: A series o f  peptides having various arrangements o f  cysteine and histidine was synthesized to determine the potential 
o f  th io l - imidazole intramolecular systems for catalysis o f  hydro ly t i c  reactions. W i t h  substituted phenyl acetates as substrates. 
n o  cooperative effect o f  h ist id ine was observed for the acylat ion o f  the cysteine residue. In the deacylation o f  the S-acylated 
peptides, again the intramolecular histidine had l i t t le  or n o  effect. However, in  the presence of the th io l  specific reagents. 5 .5 ' -  
dithiobis(2-nitrobenzoic acid) (Ellman's reagent) and N-ethylnialeimide, the rates o f  appearance o f  free SH f rom S-acyluted 
peptides were m u c h  greater than the observed deacylation rates in the absence o f  these reagents. For the peptide N - A c - G l y -  
Arg-Phe-Cys(Ac)-Phe-His-Gly-COOH, the rate constant for  the appearance o f  free SH ir i  the presence o f  Ellman's reagent 
was 3.1 X IO-* inin-' under conditions for wh ich  the observed deacylation rate was 3.2 X m i n - I  (pH 8.1, 25 "C). This 
trapping effect was not observed for cysteine peptides lack ing  histidine o r  for mixtures of N,,T-diacetylcysteirie and imidazole 
free i n  solution. These observations indicate the existence of a rapid, reversible intramolecular transfer o f  the acetyl group be- 
tween the cysteine and histidine residues which greatly favors cysteine. A mechanism inh ib i t ing  back-at tack b y  cysteine o f  the 
acyl  histidine would al low ef f ic ient  deacylation to  occur through intramolecular nucleophil ic catalysis by  the i inida7ole group. 
The cysteine proteases m a y  have evolved such a mechanism. 

There exists i n  nature a homologous series of proteolytic 
enzymes having cysteine and histidine a t  their active sites. In 
these enzymes, such as  papain, the thiol group of cysteine 
serves as the primary nucleophile, cleaving the acyl linkage of 
the substrate with the resultant formation of an acyl-thiol 
intermediate. The imidazole moiety of histidine is thought to 
assist in this process as well as in the deacylation of the acyl- 
enzyme required to regenerate the catalyst.' 

A number of model thiol-imidazole intramolecular systems 
have been studied previously in efforts to  demonstrate the 
catalytic ability of this combination for hydrolytic reactions. 
With cysteine-histidine peptides,2-h little or no assistance by 
imidazole has been found for the nucleophilic attack of the SH 
group on p-nitrophenyl acetate. With the same substrate, only 
a sixfold increase in rate was observed6 for the reaction with 
4-(2-mercaptoethyl)imidazole over that with glutathione. 

For the deacylation step the largest acceleration reported 

was 30-fold, found for S-Ac-c)iclo-(Cys-His) compared with 
ethyl thiolacetate.h However, as shown below, when compar- 
isons are made to more appropriate models lacking imidazole, 
little i f  any o f  this effect can be attributed to the imidazole 
group. 

Thus, there has yet to be demonstrated any significant co- 
operative effect in the catalysis of hydrolytic processes by 
thiol-imidazole intramolecular systems as is thought to occur 
in the cysteine proteases. Since in certain of these model sys- 
tems the imidazole and S H  groups are in extremely close 
proximity, interactions with other functional groups must be 
required for the imidazole moiety to exert its catalytic effects. 
With this in mind we studied a series of cysteine--histidine 
peptides having other functional groups, looking not only for 
overt catalytic efficacy, but also for potential catalytic effects 
with thiol-specific trapping reagents. Our  results show the 
nature and magnitude o f  the intramolecular effects that do 
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