
Synergistic Inhibition of Carboxypeptidase A
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Zinc ion in solution yields a 560-fold enhancement in
he kinetic inhibition of carboxypeptidase A by the sim-
le heterocycle imidazole, behavior attributed to forma-
ion of a ternary complex of the three species. However,
he effect is partially negated by formation of less-
nhibitory Zn21(C3H4N2)224 coordination complexes, pro-
iding for the enzyme an anomalous profile of catalytic
ate versus imidazole concentration. © 1999 Academic Press

The well-studied prototype of the metalloproteases,
arboxypeptidase A, exhibits many puzzling kinetic
eatures. Among these are various phenomena of
ubstrate-selective stimulation or retardation of catal-
sis rate by exogenous agents (1-7). Because the
hemical-catalytic mechanism of this zinc enzyme re-
ains incompletely resolved (8), elucidation of such

ehavior could potentially reveal mechanistic detail.
everal years ago an observation was made that the
resence in solution of the simple metal-liganding het-
rocycle imidazole (C3H4N2) activated a particular
reparation of carboxy-peptidase A catalytically (9).
e have undertaken a further kinetic study, for benefit

f any mechanistic insight that this phenomenon
ight provide.

ATERIALS AND METHODS

Enzyme and buffers. Bovine pancreatic carboxypeptidase A
ZnCpA,2 EC 3.4.17.1) was obtained from Sigma Chemical Co. (No. C
386). It was recrystallized by dialysis according to established proce-
ures before use (10). Enzyme concentrations were estimated using
278 5 6.42 3 104 M21 cm21. Buffers employed in this work for kinetic
nalysis were (0.05 M each) as follows: 2-(N-morpholino)ethanesulfonic
cid, pH of 5.5-7.0; tris-N-(hydroxymethyl)aminomethane, pH of 7.5-
.5; 2-amino-2-methyl-1,3-propanediol, pH of 9.0-10.0. All enzyme work
as done with solutions 1.0 M in sodium chloride.

1 To whom correspondence should be addressed. Fax: 312 996-
431. E-mail: wlmock@uic.edu.
Abbreviations: ZnCpA, catalytically active carboxypeptidase A

with the normal 1 equivalent of zinc ion ligated at the active site);
m, imidazole (C3H4N2).
239
inely employed the convenient substrate anisylazoformyl-L-phenyl-
lanine (11), reported kcat /Km 5 4.1 3 105 M21 s21 at pH 7.7. The
ortrayed kinetic behavior with imidazoles is not unique to this
ubstrate; a similar pattern was noted with a peptide substrate
furanacryloylphenylalanylphenylalanine) as well as with an ester
ubstrate (chlorocinnamoylphenyllactic acid). Imidazole and
-methylimidazole were commercial materials, purified by recrys-

allization or distillation before use.

Kinetic analysis. Velocity measurements for catalytic hydrolysis
f the substrate were carried out at 25.0 (60.1) °C in buffers previ-
usly listed, with spectrophotometric (350 nm, 2 cm pathlength)
nalysis and the method of initial rates. Stock solutions of the ary-
azoformylamide substrate were shielded from light to avoid cis-
rans isomerization of the azo linkage. Concentration of enzyme in
ssays was maintained well below substrate concentration for ki-
etic parameter determinations in all cases, and substrate concen-
ration was well below Km for competitive Ki measurements. Because
his investigation was concerned exclusively with competitive bind-
ng phenomena, relative rates have been normalized (Figures). The
imiting kinetic parameters were obtained by a nonlinear least-
quares fit of data to appropriate equations, (v)apparent 5 (v)lim /(1 1
I]/Ki) in the case of simple competitive inhibition, or alternatively as
iven in the Figure legend. All pH values in this article are calibrated
H meter readings uncorrected for ionic strength effects. Tolerances
isted are standard errors from least-squares analysis.

ESULTS

Inhibition and re-activation. A conspicuous irregu-
arity characterizes the catalytic behavior of car-
oxypeptidase A in the presence of imidazole. Because
f the affinity of imidazole for metal ions in solution,
nitial investigations of its kinetic influence on the
nzyme were conducted with extra Zn21 present. Zinc
as incorporated in order to suppress any potential

tripping of the essential metal ion from the enzyme
ctive site by the added ligand. Although Zn21 in the
M-mM concentration range is known to be inhibitory
y itself as regards carboxypeptidase A (12, 13), con-
urrent formation of zinc-imidazole coordination com-
lexes should exert a buffering action diminishing the
ctual concentration of free metal ion. Figure 1 shows
he anomalous but reproducible variation (which is
ndependent of substrate type) seen to occur in the
pecificity constant kcat /Km in the presence of increas-
ng amounts of imidazole. The peculiar pattern of be-
0006-291X/99 $30.00
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avior exhibited, namely, an initial inhibition followed
y re-activation and then by a subsequent further
ownturn in activity, was not immediately explicable.
ne C3H4N2 ligand seems to bind initially in the

ub-mM concentration range, with loss of enzymic ac-
ivity. This phase of the profile was shown to be com-
etitive in nature (kcat /Km for the substrate was per-
urbed, but evidently not kcat). However, it could not be
etermined for certain whether such inhibition was
artial or complete, because at somewhat higher con-
entrations a second imidazole apparently interacts
ith the initial enzyme complex, reversing the effect of

he first ligand (re-activation). This seeming behavior
s modelled in its simplest form by the dashed lines in
ig. 1. The eventual flagging of catalytic activity with
et greater amounts of imidazole (.0.1 M) requires no
pecial rationalization. A measure of imidazole-
nduced demetalation of the enzyme, or some interfer-
nce with proper protein folding due to the added het-
rocycle might be expected in this higher concentration
ange. But, the catalytic re-activation expressed within
he second phase of the curve in Fig. 1 (with concen-
ration of C3H4N2 ; 25 mM) seemed mechanistically
ignificant, and it called for further investigation.

Protonation. Similar behavior was exhibited by
-methylimidazole, with a less-pronounced re-acti-

ation, but no comparable effect was seen with N,N9-
imethylimidazolium ion (neither significant inhibi-
ion nor activation). Consequently, the unprotonated
nd neutral species (C3H4N2 rather than C3H4N2 z H1)
as surmised to be responsible in the case of imidazole.
his was borne out by an examination of pH depen-

FIG. 1. Normalized velocity of catalysis (kcat /Km) by carboxypep-
idase A as a function of imidazole concentration, in presence of 0.1
M Zn21. Assay substrate was anisylazoformylphenyl-alanine, 0.01
M (!Km, 0.11 mM) (11), in buffered saline solution, pH 8. Empir-

cal curve assumes that one imidazole binds and negates catalytic
ctivity (phase 1), a second binds and restores activity (phase 2), and
dditional imidazoles enter and again extinguish activity (phase 3).
ashed lines deconvolute first and second phases.
240
n the case of N-methylimidazole. As shown in Fig. 2,
inding of heterocycle to carboxypeptidase A seems to
all off markedly on the acidic limb of the pH profile
solid symbols denote apparent pKi values), particu-
arly so for hydronium ion concentrations below the
nown pKa of 7.2 for N-methyl-imidazolium ion in sa-
ine solution (14). However, adjustment for protonation
f the inhibitor yields the upper profile (open circles
epresent corrected pKi values, excluding the cation).
he resulting curve shows only a feeble pH depen-
ence, at best. The simplest explanation is that the
atalytic effect within this inhibitory phase is entirely
ue to unprotonated imidazole. The re-activation
hase persisted at higher pH, but could not be exam-
ned on the acidic limb of the profile.

Synergism. An ultimate resolution of the inhibition
nd re-activation kinetic phenomenon only became ap-
arent when the influence of concurrent variation
ithin the concentrations of both imidazole and zinc

on was investigated. Figure 3 provides a graphic illus-
ration of the catalytic kinetic consequences from si-
ultaneously co-varying the amount of each of these

pecies available to the enzyme. As has been previously
eported, Zn21 alone is a competitive inhibitor for car-
oxypeptidase A. The value of the inhibition constant
hat we find, KZn 30 6 3 mM at pH 7.8 (curve depicted
n left rear wall of Fig. 3), agrees with previous find-
ngs, Ki ; 15 mM (12). On the other hand, imidazole by
tself only weakly inhibits carboxypeptidase A, KIm

2 6 13 mM at pH 7.8 (right rear wall of Fig. 3,
xtrapolated value). However, the presence of rela-
ively low concentrations of Zn21 (1-10 mM) greatly
nhances the inhibition by imidazole. This effect may

FIG. 2. Dependence upon pH for apparent value of pKi (2log Ki)
or N-methylimidazole and carboxypeptidase A, in presence of 0.1
M Zn21. Filled symbols correspond to uncorrected inhibition by

(Me)Im]t (i.e., both methylimidazole plus methylimidazolium ion).
pen circles correspond to inhibition resulting from unprotonated
ethylimidazole only. Empirical curve for latter symbols (solid line)

ssumes slightly tighter binding at intermediate pH, although a
traight horizontal line might be equally acceptable (see Discussion).
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e seen within the grid depicted in Fig. 3, in the form of
valley near the left rear wall. The steep declination in

he grid lines passing into that crease in the projected
urface (correlating with increasing concentration of
3H4N2) indicates a strong synergistic effect: A low

oncentration of zinc ion greatly enhances the potency
f imidazole in its inhibition of carboxypeptidase A.
owever, this is a transitory phenomenon. Yet more

midazole relaxes the inhibitor expression (velocities
scending from the valley), as was previously depicted
n Fig. 1 for nearly saturating amounts of Zn21. A
robable explanation for this pattern follows.

ISCUSSION

Quantification. The variation in the specificity con-
tant kcat /Km depicted in Fig. 3 suggests a synergistic
nhibition phenomenon, involving zinc ion and imida-
ole. It has been known for some time that excess Zn21

n solution inhibits carboxypeptidase A (12, 13). A crys-
al structure of the Zn-inhibited enzyme has been pre-
ented (15, 16). That foreknowledge supplies an inter-
retive point of departure. For brevity in analyzing the
ynergism, some shorthand notations will henceforth
e employed: “Im” for imidazole, “Zn” for zinc ion, and
ZnCpA” for native carboxypeptidase A (catalytically
unctional, with a single active-site zinc ion). It now
ppears that the ternary complex ZnCpA z Zn z Im is
onsiderably more favored thermodynamically than ei-

FIG. 3. Catalytic consequences (kcat /Km) of simultaneous varia-
ion in concentration of both Zn21 and imidazole with carboxypepti-
ase A. Grid lines correspond to least-squares global fit for following
quation (from Scheme 1 mechanism): (v)apparent 5 (v)lim /{1 1 [Im]t /KIm

(1 1 ([Im]t /aKIm) z (1 1 [Im]t /a9KIm 1 ([Im]t /a9KIm)2)) z ([Zn]t /KZn)/
1 1 [Im]t /K1 1 [Im]t

2 /K2 1 [Im]t
3 /K3 1 [Im]t

4 /K4)}. Parameters: (v)lim

.00 6 0.02 (normalized), KIm 82 6 13 mM, KZn 30 6 3 mM, a 0.0018 6

.0004, a9 0.11 6 0.02, K1-K4 literature values (see Discussion). Cross
arks symbolize data points, which have a standard deviation of 8%

relative velocity) with respect to the fitted surface.
241
xpressed equivalently, ligand Im binds to ZnCpA z Zn
ome 560-fold more tightly than to ZnCpA itself, ac-
ording to a numerical analysis subsequently to be
resented. However, it is well known that the ligands
midazole and zinc ion by themselves also form a series
f coordination complexes: Zn z Im, Zn z Im2, Zn z Im3,
nd Zn z Im4 (17). From the quantitative interpretation
hich ensues, a conclusion follows that Zn z Im inhibits
y anomalously firm binding to ZnCpA as just sug-
ested (behavior indistinguishable from tight ligation
f imidazole to ZnCpA z Zn), but that the higher com-
lexes Zn z Im2, Zn z Im3, and Zn z Im4 are much less
nhibitory, so that as Zn z Im becomes depleted at
igher imidazole concentrations due to Zn z Im2-4 for-
ation, an effective re-activation of the enzyme occurs

n consequence. Such a formulation offers the simplest
xplanation for the pattern of kinetic behavior exhib-
ted in the previous Figures.

Justification of that interpretation comes from the
urface depicted by the grid in Fig. 3, which corre-
ponds to a nonlinear least-squares fit of relative ve-
ocity data to an equation derived for Scheme 1. Values
or the binary dissociation constants as previously
iven, for zinc (KZn) and imidazole (KIm), are readily
scertained from the corresponding limiting hyperbolic
nhibition profiles, as determined individually for the
espective ligands (rear walls of Fig. 3). To quantify the
nhibitory synergism shown by these species jointly, it
as necessary to limit the number of adjustable pa-

ameters. Consequently, the concentrations of the var-
ous zinc-imidazole species [Zn z Imn] in solution were
ndependently set during the surface-fitting exercise,
rom known binding constants (17). This is permissible
ince the concentration relationship among the kinet-
cally pertinent species is [Im]t @ [Zn]t $ [ZnCpA]t for
ll relevant ternary points on the grid of Fig. 3 (i.e., any
igation involving the enzyme does not seriously de-
lete the total amount of Zn and Im available). The
ollowing dissociation constants were used in assigning
oncentrations for complexes [Zn z Imn]: K1 0.753 mM,

2 2.286 (mM)2, K3 21.88 (mM)3, K4 912 (mM)4, as
efined in Scheme 1. These numbers had been previ-
usly secured for solutions 3 M in potassium chloride
17), but they should be sufficiently accurate to employ
n conjunction with our kinetic data obtained in 1 M
odium chloride (the counter-ion dependence of Zn21-
igation by Im was shown to be slight). Upon inserting
hese constants as nonadjustable parameters in the
ppropriate equation as given in the legend to Fig. 3,
he desired quantification of inhibitory synergism may
e obtained, by a multidimensional least-squares fit of
elocity data to that formula. The purpose of the exer-
ise is to secure the coefficient designated in Scheme 1
s a, which relates the dissociation constants for the
ernary enzyme complex (ZnCpA z Zn z Im) to that for
inary complexes (ZnCpA z Zn or ZnCpA z Im). In the
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resent instance its fitted value of 0.0018 6 0.0004
ndicates just how much more tightly imidazole at-
aches to the binary complex ZnCpA z Zn than to the
atalytically active form of the enzyme ZnCpA; i.e,
pon ligation of a second zinc ion to the enzyme, the
pparent dissociation constant for imidazole and the
nzyme drops from a value of 83 mM to a value of 0.15
M (aKIm), a factor of 560-fold. Logically, however, and

n order to satisfactorily accommodate all of the data in
ig. 3, it was necessary to assume that additional in-
ibitory enzyme complexes of stoichiometry ZnCpA z
n z Im2 and ZnCpA z Zn z Im3 also form, albeit repre-
enting relatively weaker incremental imidazole affin-
ty than seen within the ternary species ZnCpA z Zn z
m. It was not possible to separate analytically the
ffinities of these two higher-order adducts, and so
hey are accommodated with a mutually applicable
econd coefficient, designated a9 (mean value), which is
llowed to apply to both ZnCpA z Zn z Im2 and ZnCpA z
n z Im3 (Scheme 1). The additional coefficient has a
tted magnitude of only 0.11 6 0.02, indicating that
econd and third imidazoles each bind about 60-fold
ess tightly to ZnCpA z Zn z Im, versus the prefatory
ssociation between imidazole and ZnCpA z Zn giving
nCpA z Zn z Im. In summary, the valley in the surface
epicted in Fig. 3 arises from an exceptional affinity of
n z Im for the enzyme. However, with increasing im-

dazole concentrations that species becomes depleted
elative to higher-order complexes Zn z Imn, which are
onsiderably less inhibitory, so that the enzyme ap-
ears to re-activate.
The pH profile for inhibitor binding (Fig. 2), deter-
ined for carboxypeptidase A with N-methyl-imid-

zole, merits brief comment. To a first approximation,
Ki appears independent of pH after correction for
nhibitor protonation, with perhaps a slightly higher
ffinity of the heterocycle for the enzyme near neutral-
ty. The pattern suggests that binding has been per-
urbed only marginally by enzymic ionizations. How-
ver, this data was collected with excess zinc ion
resent (0.1 mM). Because zinc inhibition by itself
anifests a strong pH dependence (pH 6.5, Ki ' 0.25
M; pH 7.5, Ki ' 0.0025 mM; pH 8.5, Ki ' 0.0025 mM)

12), the exhibited profile probably subsumes both bi-

SCH
242
ary (KIm) and ternary (aKIm) complexes, according to
H. It does not seem feasible to separate them analyt-
cally, with such little variation in apparent pKi. Fur-
hermore, the extreme acidic limb of the profile may
lso reflect some enzyme degradation, as suggested by
ig. 1 for relatively high imidazole concentration. Con-
equently, no additional interpretation will be provided.

Conclusion. A reason for the much greater affinity
f imidazole toward ZnCpA z Zn than toward the native
nzyme ZnCpA by itself is difficult to surmise. It seems
ikely that the tightly-bound imidazole ligates to the
xtrinsic (added) metal ion, rather than to the catalytic
intrinsic) zinc ion. According to previous crystallo-
raphic evidence (15, 16), the extrinsic zinc ion enters
he active site of ZnCpA and links the hydroxide ligand
f the catalytic zinc in the native enzyme (18-20) with
he side-chain carboxylate of enzymic residue Glu 270.
he pH dependence of Zn21 binding, which indicates a
oncurrent loss of a proton, is consistent with forma-
ion of such an (enzyme-ligand)3Zn—O—Zn—O2C(Glu)
ridge (12). Within the published structures of that
nCpA z Zn complex there does not appear to be an

ncipient ligation position available on the catalytic
inc ion, but the extrinsic zinc ion retains solvent
nd/or halide species within its coordination sphere,
hich could become displaced by imidazole. It might
lternatively be imagined that an imidazolate ring in-
erts between the catalytic and extrinsic Zn ions (with
ring-nitrogen coordinated to each, replacing the oxide
ridge), but N-methylimidazole seems to show the
ame synergistic binding phenomenon, which disfavors
uch an explanation.
Finally we note that, on account of thermodynamic

eciprocity, saturating amounts of imidazole must also
nhance binding of zinc ion to ZnCpA, and by the same
actor a. In other words, the dissociation constant KZn

ecomes diminished to an apparent value of ;50 nM
aKZn at pH 7.8) in the presence of excess C3H4N2. This
ould be of practical significance, for if an imidazole
nalogue or derivative could be found with favorable
nzymic specificity arising from an intrinsic affinity for
he non-zinc portion of the active site of ZnCpA, it
ight usefully induce metal-ion inhibition of the en-

E 1
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ions of Zn21, a stratagem recently advanced ably for
he serine proteases (21). This would represent a new
pproach to metalloprotease inactivation, and one
hich harbors potential for general applicability.
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