
Vol. 5,  1972 CARBOXYPEPTIDASE A 219 

99 

R = M e  and CH2Ph 

0 

- 
LiAIH, 

100 
R = Me and CH,Ph 

101 

bromo amide 99 was cyclized to  the narwedine-type 
compound 100, which was a key intermediate t o  gal- 
anthamine (101).36 

I n  this Account, we have shown simple syntheses 
of several types of isoquinoline alkaloids. Photolysis 
provides novel methods for the total synthesis of natural 
products. The improvements of yield and the avail- 
ability of stereospecificity or stereoselectivity by ap- 
propriate modifications of the reaction provide methods 
of synthesis which are simpler and more elegant than 
classical methods which require many steps and much 
time. 
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The research to be discussed in this Account was di- 
rected toward the mechanistic elucidation of the es- 
terase and peptidase action of the proteolytic enzyme, 
carboxypeptidase A. This enzyme was chosen for study 
for a number of reasons, among which are its moderate 
molecular weight (approximately 34,000), its ready 
availability in a highly pure crystalline form, and the 
inherently interesting fact that  it is a metalloenzyme 
requiring the presence of one Zn2+ ion per molecule a t  
its active site for catalytic activity. Carboxypeptidase 
A catalyzes the hydrolysis of the peptide or ester bonds 
of N-acyl a-amino acids and O-acyl a-hydroxy acids 
adjacent t o  the terminal free carboxyl  group^.^-^ 

Our investigation has concentrated on the kinetic 
analysis of the hydrolysis of selected synthetic sub- 
strates because we feel that only by kinetic studies can 
one measure directly the dynamics of reaction, the 
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principal aspect of enzyme action which any postulated 
mechanism must explain. When we began our studies, 
in 1962, the prospects of interpreting the results of 
kinetic investigations in terms of the structure of car- 
boxypeptidase A were rather limited. No definite in- 
formation was available concerning the nature of the 
Zn2+ binding ligands in the enzyme and only partial 
peptide sequence data were in hand. Before the com- 
pletion of our kinet$ studies not only were electron 
density maps at 2.0-A resolution obtained for carboxy- 
peptidase A and a complex of the enzyme with the 
dipeptide glycyl-L-tyrosinee-8 but also the determina- 
tion of the entire primary amino acid sequence was 
r e p ~ r t e d . ~  Carboxypeptidase A became thus the first 
metalloenzyme for which the high-resolution structure 
and sequence were known. 

From the X-ray and chemical sequence studies, it  is 
known that there are three amino acid ligands from 
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the enzyme which bind the metal ion: His-69, Glu-72, 
and His-196, as well as a water ligand.'O A cysteine 
residuellS'2 which at  one time had been thought to be a 
zinc ligand was found from the X-ray studys to be far 
from the zinc ion. It is joined to the other cysteine 
residue present in the enzyme by a disulfide bridge.*>l3 
The most important structural information from th,e 
mechanistic point of view was obtained from the 2.0-A 
resolution X-ray investigation of the carboxypeptidase 
A-glycyl-L-tyrosine ~ o m p l e x . ~  This study showed that 
the only parts of carboxypeptidase A which are near 
enough to the peptide bond of the substrate to be in- 
volved directly in catalysis are the Zn2+ ion, Glu-270, 
and Tyr-248. The carbonyl group of the peptide bond 
has displaced the water ligand from the zinc ion in the 
coomplex. The only other group of the protein within 3 
A of a functional group of the substrate is Arg-145, 
which binds the terminal carboxyl group present in the 
peptide. 

Clearly, one only gets a static picture of an enzyme 
or enzyme-substrate complex from structure deter- 
minations of the sort just described. It is dangerous 
to draw mechanistic conclusions involving reaction 
dynamics from such a picture alone. In particular, 
glycyl-~-tj~osine is a very poor substrate for carboxy- 
peptidase A, and the enzyme-substrate complex ob- 
served by X-ray diffraction is likely to  be a nonproduc- 
tive one. There are, however, reasons to believe thaf 
the arrangement of the zinc ion, Glu-270, Tyr-248, and 
Arg-145 in the complexes of carboxypeptidase with re- 
active peptide substrates is essentially the same as in 
the case of glycyl-L-tyrosine.6 

In spite of these reservations, it must be acknowl- 
edged that the mechanistic analysis of the kinetic data 
rests heavily upon the X-ray identification of the groups 
comprising the active site of the enzyme. The neces- 
sity of the zinc ion for enzymatic activity has been 
firmly established from chemical studies,14 and there is 
evidence that chemical modification of the Tyr-248 
residue strongly affects the peptidase action of carboxy- 
peptidase A.6516 On the other hand, chemical modifica- 
tion data supporting the involvement of Glu-270 as a 
catalytically essential residue are fragmentary,16~" as 
are results of this type for Arg-145.18 Certainly, there 
is need for further chemical modification investigations 
on carboxypeptidase A. 

Although kinetic data for the carboxypeptidase- 
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catalyzed hydrolysis of well over 50 synthetic sub- 
strates have been described in the literature, only a few 
substrates have been examined in sufficient detail to 
provide reliable results on which mechanistic argu- 
ments might be based. Of these, most were found to 
exhibit complex kinetic behavior in their hydrolyses 
catalyzed by carboxypeptidase A, such as substrate 
activation or inhibition and product activation or in- 
hibition. Thus, the hydrolysis of the most thoroughly 
studied peptide N-carbobenzoxyglycyl-L-phenylalanine 
involves substrate activation, product activation by 
N-carbobenzoxyglycine, and product inhibition by 
 phenylal alanine.'^ In the hydrolysis of the ester 0- 
(N-benzoylglycyl) -L-P-phenyllac tate, there is substrate 
inhibition as well as product inhibition by L-/$phenyl- 
lactate.20,21 Fortunately, the kinetic situation for 
carboxypeptidase substrates is not always so complex. 
The only significant complicating factor in the hydroly- 
sis of the peptide N-(N-benzoylglycyl)-L-phenylalanine 
is product inhibition by L-phenylalanine,21 For the 
esters O-acetyl-L-mandelate22 and 0- (trans-cinnamoyl) - 
L-/3-phenyllactate,23 product inhibition by L-mandelate 
and L-P-phenyllactate, respectively, was observed, but 
there was no evidence for either substrate activation or 
inhibition. 

In  the following sections, kinetic observations are 
described which, together with structural data and 
chemical modification results for carboxypeptidase A, 
have led to the formulation of a mechanism for the 
action of this enzyme on esters and peptides. 

Kinetic Schemes 
Those substrates which show neither substrate acti- 

vation nor substrate inhibition in their hydrolytic be- 
havior have been most useful in the mechanistic inves- 
tigations. Typically, the simple Michaelis-Menten 
scheme represented by eq I, complicated only by prod- 
uct inhibition as illustrated by eq 2 ,  is sufficient to 
account for the kinetic data measured. Under condi- 
tions where [SI >> [E], the steady-state rate expression 
which applies is given by eq 3 where K ,  &pp = [E] [SI/ 
[ESI, Ki = [E][P1I/[EP1], and ([SIo - [SI) is the con- 
centration of the inhibitory product PI, at  any time t . 2 2  

(1) E + S e ES+ E + PI 4- Pt 

E + Pi e EPi ( 2 )  

kcat [E IO [S 1 
K m a p p  + [SI + K m a p p ( B 1 0  - [SI)/Kl 

L \ = - - -  -dWI - 
dt 

(3) 
It is important to consider the extension of eq 1 rep- 

resented by eq 4 because one of the mechanisms for 
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carboxypeptidase action which was first suggested by 
L i p s ~ o m b , * ~ ~ ~  on the basis of his comparative studies on 
the structures of the carboxypeptidase-Gly-L-Tyr 
complex and of the enzyme itself, involves the attack 
of the carboxylate group of Glu-270 on the carbonyl 
group of the substrate. This results in the eventual 
formation of a covalent anhydride intermediate, which 
can be represented by ES', a t  the active site of the en- 
zyme. The kinetic parameters of eq 3 are related to 
those of eq 4 as shown in eq 5 and 6. 

kl k2 k3 

12 -1 
E + S e E S + E S ' - - t E  + Pz (4 1 

-+ PI 

where Km = (k-1 + kz)/lcl. 

Elucidation of Structure-Reactivity Relationships 
in the Action of Carboxypeptidase on 
Synthetic Substrates 

The analysis of structure-reactivity relationships in 
carboxypeptidase A catalyzed ester and peptide hy- 
drolysis has been a very useful approach in the de- 
velopment of reaction mechanisms for the action of the 
enzyme. Since kcat can be a complex quantity, reac- 
tivity in enzymatic reactions may be most usefully de- 
fined in terms of the values of kCat/Kmapp which for a 
scheme like that in eq 4 is equal to k2/Km.25 (See equa- 
tions 5 and 6.) 

Following an approach similar to that employed in 
the case of a-chymotrypsinjZ5 the interaction between 
carboxypeptidase and its substrates can be represented 
by the following diagram where R1 is the group at- 
tached to the carbonyl moiety of the acyl portion of the 
substrate, R, is the side chain of the a-hydroxy or a- 
amino acid portion, and X is either 0 or NH. The 

H 
0 I 

plane represents the surface of carboxypeptidase A 
where a represents the binding site for the substrate 
carboxylate group, b, the binding site for R2, and c, the 
catalytic site. -4 form of the TaftZ6 equation which can 
be applied to the carboxypeptidase catalyzed reactions 

(24) G. N. Reeke, J. A.  Hartsuck, M.  L. Ludwig, F. A. Quiocho, 
T .  A.  Steitz, and W. N. Lipscomb, Proc. Nat. Acad. Sci. U. S., 58, 
2220 (1967). 

(25) M. L. Bender and F. J. KBsdy, Annu. Rev. Bwchem., 34, 49 
(1965). 

(26) R. W. Taft, Jr., in "Steric Effects in Organic Chemistry," M. 
S. Newman, Ed., Wiley, New York, N. Y., 1956, p 556. 

of esters and peptides which have simple kinetic be- 
havior is 

pX*gX* -1 X R ,  + X R 2  (7) 
Here px* is the reaction constant, UX* is the Taft sub- 
stituent constantz6 for the group X, and S R 1  and X R 1  

are factors which account for the influence of the sub- 
stituents R1 and Rz on substrate reactivity.27 The re- 
sults of kinetic measurements on ester and amide de- 
rivatives of cinnamate and furylacrylate are compared 
in Table I. The esters are almost 5000 times more re- 

Table I 
Influence of X on Carboxypeptidase A Reactions 

[kCat/K, [I,-p-phenyllactate derivatives] 
[koat/Kmapp] [ L-phenylalaninate derivatives] 

Cinnamoyl F'urylacryloyl 

Ratio ester/amidea 4720 4710 
5 These ratios were calculated from the data of W. 0. 

McClure, Ph.D. Thesis, University of Washington (1964). 

active than the corresponding peptides to carboxy- 
peptidase A catalyzed hydrolysis. This ratio is com- 
parable with the ratio of the rate constants found for 
the hydroxide ion catalyzed hydrolysis of methyl ace- 
tate us. acetamide which is 55OOz5 and indicates that  the 
effect of the variation in the group X on kcat/Km 
appears only to reflect electronic influences of X and 
does not involve productive binding of X to the en- 
zymeS2? 

Table I1 gives data for the influence of R1 on carboxy- 

Table I1 
Influence of R1 on Carboxypeptidase A Reactions" 

p-Nitro- 
Furylacryloyl/ cinnamoyl/ 

Rioe RlO 

L-p-Phenyllactate 1.14 5 . 6  
L-Mandelate 4 . 5  
ko~[RicOzCzH~] /ko~[RioCOzCzH~] O.@ 13d 

a The kinetic constants for the enzymatic reactions are listed 
in Table 12 of B. L. Kaiser, Ph.D. Thesis, University of Chicago, 
1970. M-1 sec-1 
at  25", extrapolated from data collected in 60% acetone-water 
(Nu t .  Bur. Stand. Circ., No. 510 (1951)).  OH for furylacryloyl 
ethyl ester is 9.8 x M-lsec-1 at  25", p = 1, 2.5% ethanol- 
water (J. F. Kirsch and E. Katchalski, Biochemistry, 4, 884 
(1965)). d This value is based on the rate constants measured in 
60y0 acetone-water (]Vat. Bur. Stand. Circ., No. 510, Suppl. I 
(1956)). e RIO, cinnamoyl. 

b k o ~  for the cinnamoyl ethyl ester is 12 X 

peptidase A catalyzed hydrolysis reactions. Ratios 
found for the difference between the cinnamoyl, furyl- 
acryloyl, and p-nitrocinnamoyl derivatives in the L-P- 
phenyllactate and L-mandelate series are to be com- 

(27) We emphasize that our discussion here of substrate reactivity 
is limited to those substrates in which RI contains no amide linkages. 
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pared with the ratios of the second-order rate constants 
for hydroxide ion catalyzed hydrolysis of the corre- 
sponding ethyl esters. The similarity between the 
ratios of the rate constants for the enzymatic and non- 
enzymatic reactions indicates that  R1 exerts only an 
electronic influence on the rate of the enzymatic reac- 
tion. 

The influence of Rz on reactivity may be determined 
by comparing values of k,,t/K, &pp for 0-acyl esters of 
L-@-phenyllactate with those for the corresponding 
derivatives of L-mandelate as shown in Table 111. To 

Table 111 
Influence of Rz on Carboxypeptidase A Reactions 

p-Nitro- 
Cinnamoyl cinnrtmoyl 

L-P-Phenyllactate/L-Mandelate 316 400 

separate out the electronic effect which R2 may exert 
on the enzymatic reactions, the ratios listed in Table I1 
can be compared with the ratio of rate constants for 
the hydroxide ion catalyzed hydrolysis of @-phenylethyl 
acetate and benzyl acetate, where the respective leaving 
groups are related to the R2 groups for the L-P-phenyl- 
lactate and L-mandelate series. We have calculated 
that  OH [P-phenylethyl a c e t a t e ] / k ~ ~  [benzyl acetate] 
= 0.6.26 Since the k, , t /K,  agp ratios recorded in Table 
I11 are much higher than this number and since this 
behavior is similar to that found for groups showing 
marked hydrophobic interactions in the chymotrypsin 
case,25 it is concluded that the RZ moiety in carboxy- 
peptidase substrates influences reactivity through 
strong hydrophobic bonding with the enzyme. The 
X-ray crystallographic results on the carboxypeptidase 
A-Gly-L-Tyr complex are consistent with this con- 
clusion. 

If the choice of hydroxide ion catalyzed reactions as 
a model is a valid one, then the similarity found for the 
effects of R1 and X on the enzymatic and nonenzymatic 
reactions is consistent with the hypothesis that the 
mechanism for carboxypeptidase A catalyzed hydrolysis 
reactions is a nucleophilic one, involving the formation 
of a tetrahedral intermediate. 

pH Dependence of the Reactions of Synthetic 
Substrates with Carboxypeptidase A 

Arguments have been p r e ~ e n t e d ~ ~ , ~ ~  that the pH de- 
pendence of the quantity kOat/Kim app for the hydrolysis 
of two ester substrates, 0-acetyl-L-mandelate and 0- 
(trans-cinnamoy1)-L-@-phenyllactate, reflects the ioniza- 
tion of groups in the free enzyme which affect its reac- 
tivity. The pK,, values of about 6.5 * 0.4 obtained 
for these esters correspond well with those found for 
dipeptide and tripeptidez9 substrates. If Lipscomb’s 
assignmentss of the amino acid functions involved in 

(28) F. II?. Carson and E. T. Kaiser, J .  Amer. Chem. Soc., 88, 1212 
(1966). 

(29) D. S. Auld and B. L. Vallee, Biochemistry, 9, 4352 (1970), 
and earlier references cited therein. 

enzymatic peptide hydrolysis are accepted, then these 
pK,, values can be attributed to  the ionization of the 
carboxyl group of Glu-270. In  other words, in the re- 
active form of carboxypeptidase A, Glu-270 has its free 
carboxyl group ionized. 

The pK,, value (-9.4) observed in the hydrolysis of 
0- (trans-cinnamoy 1) -L-@-phenyllacta te is similar t o  
those measured recently for t r i p e p t i d e ~ . ~ ~  That for the 
hydrolysis of O-acetyl-L-mandelateZ8 ( -7 .5)  is con- 
siderably lower. The pK,, values reported in the litera- 
ture for dipeptide hydrolysis by carboxypeptidase are 
variable, presumably because of the complex kinetic 
behavior of these compounds which generally has been 
incompletely analyzed. 

Although acetylation of tyrosine residues in carboxy- 
peptidase A, including Tyr-248, presumably abolishes 
activity toward O-acetyl-L-mandelate,30 it has no sig- 
nificant effect on K ,  app for 0-(trans-cinnamoy1)-L-@- 
phenyllactate and only reduces koat for this reactive 
ester by a factor of ~ w o . ~ ~  It is unlikely, therefore, that  
the group whose ionization affects the reactivity of the 
enzyme with the L-@-phenyllactate compound in alka- 
line solution is Tyr-248. A more likely candidate as the 
ionizing group the pK, of which is measured hero as 
pKa, is the water ligand attached to the Zn2+ 
This assignment is in accord with the X-ray studies 
xhich suggest8 that the water ligand must be displaced 
from the Zn2+ ion by the carbonyl of the substrate 
when complex formation takes place, a process which 
would be more difficult if ionization to the Zn2+ hy- 
droxide species occurred. 

Tentatively, the pKa,value of -7.5 seen for O-acetyl- 
L-mandelate is ascribed to the ionization of the phenolic 
hydroxyl of Tyr-248. While this is consistent with the 
acetylation results mentioned above, further experi- 
ments are needed to test this hypothesis and to  estab- 
lish the mechanistic role of the hydroxyl group. 

Inhibition of the Carboxypeptidase A Catalyzed 
Hydrolysis of a Specific Ester Substrate by a 
Nonspecific Ester 

When the considerable differences in reactivity be- 
tween 0-acyl derivatives of L-mandelate and L-@- 

phenyllactate due to the differences in the structure of 
the Rz groups are considered, it seems reasonable to 
classify the L-mandelate species as nonspecific ester 
substrates. To investigate the possibility that dis- 
tinctly different sites on the enzyme are involved in the 
reactions of the two types of esters, the extent of in- 
hibition of the hydrolysis of a specific ester substrate 
by a nonspecific one was examined. 

An excellent correspondence was found between the 

(30) Unpublished results of Dr. F. Quiocho, quoted in ref 6. 
(31) Unpublished results of Dr. P. L. Hall: see P. L. Hall, Ph.D. 

Thesis, University of Chicago, 1967. 
(32) I n  agreement with this assignment, nmr dispersion experi- 

ments indicate that there is no proton ionization from the hydration 
shell of manganese carboxypeptidase A in the pH range from 8 t o  9. 
It seems probable that the ionization of a water ligand hound to  
MnZ+ in the enzyme occurs only above pH 9: F. 8.  Quiocho, J. F. 
Studehaker, R. D. Brown, S. H.  Koenig, and W. N. Lipscomb, t o  be 
published (private communication). 
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inhibition constant, Ki,  measured for 0-(trans-cinnam- 
oy1)-L-mandelate as an inhibitor for the hydrolysis of 
O-(tmns-p-nitrocinnamoyl)-~-0-phenyllactate1 and the 
K ,  app value measured from the turnover kinetics of 
the hydrolysis of the L-mandelate ester. This indicates 
that the binding sites for a nonspecific and a specific 
ester are similar, if not the same. Proceeding one step 
further, however, and considering the possibility that  
eq 4, which was discussed earlier and which postulates 
that a covalent intermediate ES' is formed in the cata- 
lytic action ot carboxypeptidase A, applies to  the hy- 
drolysis of esters, these findings can be interpreted to  
indicate that for 0-(trans-cinnamoy1)-L-mandelate k3 

>> l ~ ~ . ~ ~  In  agreement with this conclusion, careful 
spectrophotometric studies on 0-(trans-cinnamoy1)-L- 
mandelate34 have not revealed any evidence for the ac- 
cumulation of an ES' species under the conditions we 
used. 

Deuterium Oxide Kinetic Solvent Isotope Effects 
A significant difference between the deuterium oxide 

kinetic solvent isotope effects in the carboxypeptidase- 
catalyzed hydrolysis of the peptide substrate N - ( N -  
benzoylglycy1)-L-phenylalaninate and the specific ester 
substrate 0-(trans-cinnamoy1)-~-P-phenyllactate has 
been observed.35 A change in solvent from HZO to 
DzO can give rise to several complicating effects, such 
as conformational changes in the protein, differences in 
the solvation of the transition state for reaction, or a 
change in the activity of a nucleophile in the enzyme.36 
Such possible complications must be kept in mind when 
the kinetic results are interpreted, although some dif- 
ficulties could be eliminated from consideration by 
appropriate cxperiments. 

For the carboxypeptidase A catalyzed hydrolysis of 
the peptide there is no kinetic solvent isotope effect on 
the value of kcat/Km Bpp,  and the effect on kcat (kcatH20/ 
IcCatD2O = 1.33 =t 0.15) is small compared with the effect 
expected for a reaction in which proton transfer occurs 
in a rate-determining step. 

The values of K ,  app for the ester substrate O-(trans- 
cinnamoy1)-L-p-phenyllactate and K,, the inhibition 
constant for the inhibitory hydrolysis product L-0- 
phenyllactate, are nearly unaffected by the change in 
solvent from H20 to D20. However, the kOatHso/ 

kcatD20 ratio for the reaction of the ester is approxi- 
mately 2, suggesting that a catalytic step involving 
proton transfer is important in the carboxypeptidase A 
catalyzed hydrolysis of this c~mpound.~ '  

Proposed Mechanisms for the Carboxypeptidase 
A Catalyzed Hydrolysis of Synthetic Substrates 

In  Figure 1 the mechanism proposed for the action 

(33) B. L. Kaiser, Ph.D. Thesis, University of Chicago, 1970. 
(34) G. Tomalin, B. L. Kaiser, and E. T. Kaiser, J .  Amer. Chem. 

(35) B. L. Kaiser and E. T. Kaiser, Proc. ,Vat. Acad. Sci. U .  S., 64, 

(36) W. P. Jencks, Annu. Rev. Biochem., 32, 657 (1963). 
(37) A similar finding was made in the hydrolysis of the very reac- 

tive ester 0-(N-benzoylglycyl)-~-p-phenyllactate (unpublished re- 
sults of Dr. F. A.  Quiocho, quoted in ref 8 ) .  

Soc., 92 ,  6046 (1970). 

36 (1969). 

Figure 1. Proposed mechanism of action of carboxypeptidase 
A as an esterase and a peptidase. The 0 in an ester is replaced 
by an NH group in a peptide. A single positive charge is shown 
for the zinc ion because the other positive charge is neutralized by 
a carboxylate ligand from the enzyme. For those substrates 
where modification of tyrosine residues appears to alter carboxy- 
peptidase reactivity significantly, it is still unclear whether the 
binding or catalytic steps are affected. 

of carboxypeptidase A on esters and peptides is illus- 
trated for esters. According to this mechanism, the 
carboxylate group of Glu-270 acts as a nucleophile, at- 
tacking the carbonyl group of the scissile ester (or pep- 
tide) bond in the substrate. The zinc ion a t  the active 
site of the enzyme serves to orient the carbonyl group 
of the substrate and perhaps to polarize it, facilitating 
attack by Glu-270. The tetrahedral intermediate 
formed breaks down to give an anhydride species with 
concomitant formation of the a-hydroxy acid product 
from the C-terminal portion of the substrate. Finally, 
the anhydride species decomposes, regenerating the 
free enzyme. 

We will consider now how this mechanism accommo- 
dates the data which have been discussed. First, it  is 
clear that the conclusions drawn from the examination 
of structure-reactivity relationships for carboxypepti- 
dase A substrates in the hydrolysis of both esters and 
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peptides are consistent nitli the mechanism of Figure 1. 
Furthermore. from the pH-rate profile studies de- 

scribed for the carboxypeptidase A catalyzed hydrolysis 
of esters and peptides, it xas  suggested earlier that  in 
tlie reactive state of the enzyme the free carboxyl 
group of Glu-270 must be in its anionic form and the 
water ligand bound to  the active site ZnZ+ should be 
un-ionized. This is in accord with the mechanism of 
Figure 1. 

The observation that  0-(trans-cinnamoy1)-L-mandel- 
ate, a nonspecific ester substrate, binds at  a site similar 
to that  occupied by the specific ester 0-(tmns-p-nitro- 
cinnamoy1)-L-8-phenyllactate supports the hypothesis 
that both nonspecific and specific ester substrates hy- 
drolyze Lia the mechanism of Figure 1. 

Lastly, the absence of a deuterium oxide solvent iso- 
tope effect on k,,t:lK,n in the carboxypeptidase A 
catalyzed hydrolysis of iV-(A7-benzoylglycy1)-~-phenyl- 
alanine is also consistent with the mechanism of Figure 
1. The observation of a significant effect would not be 
expected if anhydride formation were rate controlling, 
Hon ever, a deuterium oxide kinetic solvent isotope ef- 
fect of 2 on the value of the first-order rate constant has 
been found for the spontaneous hydrolysis of acetic an- 
hydride at 25°.3a This indicates that in tlie carboxy- 
peptidase A catalyzed hydrolysis of tlie specific ester 
substrate 0-(trans-cinnamoyl)-L-P-phenyllactate the 
finding of a similar kinetic solvent isotope effect can be 
rationalized by postulating rate-controlling hydrolytic 
brealidon-n of an anhydride intermediate. Failures to  
detect the buildup of such  intermediate^^^ in the hy- 
drolysis of ester substrates can be understood in this 
case in terms of the reversibility of the anhydride 
formation step of Figure 1. Presumably, the overall 
equilibrium betwen tlie starting materials (enzyme and 
substrate) and the anhydride intermediate plus a- 
hydroxy acid lies t o  the side of the starting materials 
in this case,39 and the intermediate does not accumulate 
in solution. 

Model System Studies 
iln organic model system reletTant t o  the mechanism 

proposed in Figure 1 for the action of carboxypeptidase 
is the hydrolysis of 3,5dinitroaspirin which involves 
rate-controlling breakdon-n of an anhydride intermedi- 
ate, exhibiting a deuterium oxide kinetic solvent isotope 
effect of 2.40 The mechanism proposed for this reaction 
is given in eq 8. The equilibrium between the starting 
material and the anhydride intermediate lies t o  tlie side 
of the starting material, and the concentration of the 

(38) -%. R. Butler and C. Gold, J .  Chem. Soc., 2305 (1961). 
(39) Although an attempt to  detect carboxypeptidase A catalyzed 

transesterification was not successful in the case of 0-(trans-cinnam- 
oy1)-L-p-phenyllactate this does not rule out the reversibility of the 
anhydride formation step of Figure 1 (P. L. Hall and E. T. Kaiser, 
Biochem. Biophys .  Res .  Commun.. 29, 205 (1967)). I t  may mean 
simply that the rate of binding of free L-P-phenyllactate from solu- 
tion to  the anhydride species is slow compared to the hydrolysis of 
this intermediate. Perhaps only the enzymatically bound L-3- 
phenyllactate generated by the anhydride formation step reverses 
this step appreciably. 

(40) A .  R.  Fersht and A.  J. Kirby, J .  Amer. Chrm.  Soc., 90, 5818 
(1968). 
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anhydride intermediate does not build up to  a spectro- 
photometrically detectable level. The rate of the hy- 
drolysis of tlie starting ester is controlled by the break- 
down of the anhydride intermediate although the latter 
species is present a t  a very low concentration. This 
behavior is similar to  \That v-e postulate occurs in the 
carboxypeptidase-catalyzed hydrolysis of 0-(trans-cin- 
namoyl) -L-P-phenyllactate. 

Few model system studies on zinc ion catalysis have 
been reported and, in general, relatively small catalytic 
effects due to  this metal ion have been seen in ester4l 
or peptide hydrolysis. Additional studies on model 
systems designed to  simulate the basic features of car- 
boxypeptidase action would obviously be an aid in 
furthering the understanding of the efficiency of catal- 
ysis by this enzyme. 

Conclusion 
In  conclusion, we would stress that the mechanism 

proposed is the simplest one we can devise to  account 
for the data now available on the carboxypeptidase ,4 
catalyzed hydrolysis of synthetic ester and peptide 
substrates which do not exhibit complex kinetic be- 
h a ~ i o r . ~ ~  We are continuing to  test this mechanistic 
hypothesis and to  examine further the complex phe- 
nomena of substrate activation and i n l i i b i t i ~ n . ~ ~  
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(41) R. Breslow and D. Chipman, i b id . ,  87, 4195 (1965). 
(42) At the present time, however, an alternative fairly simple 

hypothesis which was considered earlier cannot be ruled ont.35 Ac- 
cording to that  hypothesis, the carboxylate of Glu-ZiO might act as a 
nucleophile in the hydrolysis of peptides like S-(S-Bx-G1y)-L-Phe 
and as a general base catalyst in the hydrolysis of some esters like 0- 
(trans-cinnamoyl) -L-p-phenyl1 actate. 

(43) NOTE ADDED IN PROOF. Since the submission of this Account, 
chemical modification studies have been reported which are in accord 
with the assignment made here of pKal t o  the ionization of the car- 
boxyl group of Glu-270: G. AI.  Hass and H. Neurath, Biochemistr~,  
10, 3541 (1971), and references therein. 


