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ABSTRACT. gemDimethylsuccinic acid and its higher homolog, 2-methyl-2-ethylsuccinic acid (MESA)
are highly potent inhibitors of both carboxypeptidase A (CPA) and B. The inhibition constant of MESA
for CPA (0.11uM for the racemic mixture) is remarkable considering the relatively simple structure of
the compound. The molecular feature which is crucial for high affinity binding to both carboxypeptidases
appears to be the nonpolgemdialkyl locus. The structure of the complex between MESA and CPA
has been determined by X-ray crystallography to 2.0 A resolution and shovR ¢hantiomer of the
inhibitor to be bound in a generally substrate-like manner. The carboxymethyl group is coordinated to
the Zn ion in the active site, and tlgemdialkyl locus corresponds in position to tlecarbon of the
C-terminal amino acid in a peptide substrate. The methyl group of the inhibitor occupies a cavity in the
enzyme which is apparently not filled upon substrate-binding. We postulate that this cavityrttathyl

hole) is designed to allow the proximal Glu-270 residue to undergo a critical movement during catalysis.
The hydrophobic nature of the above cavity may play a role in modulating the reactivity of this residue.
These results suggest that simit@nophilic(empty-loving) inhibitors may be found for other enzymes.

Bovine pancreatic carboxypeptidase A (CPAas been  corresponding structure of substrates. To understand the
the subject of extensive studies aimed at elucidating its physical basis for the high affinity of these inhibitors, we
structure and mechanism of action [for reviews, see Vallee have determined the X-ray crystallographic structure of the
etal. (1983) and Christianson and Lipscomb (1989)]. These complex between one of these inhibitors and CPA. Our
studies, together with similar work on the analogous en- results suggest the presence of a hydrophobic cavity in the
dopeptidase thermolysin [for a review, see Mathews (1988)], native enzyme which may be required to accommodate a
have produced a detailed description of the active site andmovement of the critical Glu-270 residue during catalysis
some understanding of the functional role of the zinc ion in (Christianson & Lipscomb, 1989). The extra methyl group
these types of proteases. In many of the above investigationsin the inhibitor appears to enhance binding by exploiting
the use of specific inhibitors (Christianson & Lipscomb, potential interactions in this cavity. The deliberate introduc-
1986; Shoham et al., 1988; Kim & Lipscomb, 1990) has been tjon of suchcenophili@ substituents may represent a novel
valuable in determining the mode of substrate binding and approach to the design of high affinity inhibitors.
the interactions which may facilitate catalysis. Potent
inhibitors of zinc proteases are also of practical importance, \JATERIALS AND METHODS
owing to the physiological significance of enzymes such as
the matrix metalloproteinases (Birkedal-Hansen et al., 1990) Source of Enzymes and ReagenBovine pancreatic
and peptidases involved in the regulation of hormone activity carboxypeptidase A (EC 3.4.17.1) and porcine pancreatic
(Skeggs et al., 1956; Malfroy et al., 1978). In particular, carboxypeptidase B (EC 3.4.17.2) were obtained from Sigma
inhibitors of the angiotensin-converting enzyme such as Chemical Co. (St. Louis, MO). The substrates described
captopril (Cushman et al., 1977) and enalapril (Patchett etpelow for enzyme assays as well as Tris and succinic acid
al., 1980), have proven to be clinically effective toward \yere also supplied by Sigma. 2,2-Dimethylsuccinic acid,
hypertension. Consequently, the discovery of new inhibitors yacemic 2-methyl-2-ethyl succinic acid (MESA), and other

for zinc proteases is of considerable interest from both jnpipitors were products of Aldrich Chemical Co. (Milwau-
theoretical and practical perspectives. kee, WI).

In this paper, we report a novel type of potent inhibitors ’ . .
for carboxypeptidases A and B. These inhibitors are unusual, Enéy{niAA_?q'tprgsayﬁ §a5mples O.f QPAbwe_re diluted
in that they contain @emdialkyl locus not found in the MO O ns-HCI, pH 7.5, containing bovine serum

albumin (0.2 mg/mL) and 0.1 mM Zngland aliquots (final

* Supported by MRC Canada (W.W.-C.C.), NSERC Canada (D.Y.), €NZyme concentration, 0.6 nM) were added to solutions of
and the Canadian Space Agency (D.Y.). the substrate\-(3-[2-furyl]acryloyl)-Phe-Phe in 0.1 M Tris-

* Address correspondence to this author by e-mail to wchan@fhs. HCI, pH 7.5, containing 0.3 M NaCl. Catalytic activity was
mcmaster.ca or fax (905) 522-9033. . L . .

*Present address: Fox Chase Cancer Center, 7701 Burholmedetermmed by monitoring for 2 _mm the decrease in absor-
Avenue, Philadelphia, PA 19111. bance at 335 nm upon hydrolysis of the substrate (Petersen

S Present address: Department of Molecular and Medical Genetics, et al., 1982). For inhibition studies, the substrate concentra-
University of Toronto, Toronto, Ontario, Canada, M5S 1A8. - . .

' Present address: The Rockefeller University, 1230 York Ave., New tion was Va”e_d between 0.04 and 0.2 mM. Carboxypepu
York, NY 10021. dase B was diluted in the same way and assayed in 0.1 M
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Table 1: Crystallographic Data and Refinement Statistics
resolution range 10:02.0 A
measured reflections 67 192
unique reflections 34 415
completeness 98%
Rsynt 8.7%
refinement resolution range —2.0A Vmax[s]_1 _ LS]
no. of non-hydrogen protein atoms 4874 Vi K
no. of inhibitor and Zn atoms 24
no. of water molecules 160
reflections (test set) 28 963 (2896)
R factor Rree) 20.4 (262)
AverageB value 13.25 &
rmsd bond lengths 0.012 A
rmsd bond angles 3.11 ‘ B L ‘ \
rmsd between monomers 0.37A 00 20 40 60 80 100
in the asymmetric urfit [l M
*Rsym= 5 |lobs — lavd/3 lave ° All C-a atoms used. FicuRe 1: Inhibition of carboxypeptidase B tgemdialkyl succinic

acids. The abscissa represents the concentration of the inhibitor
2,2-dimethyl-succinic acidl) or 2-methyl-2-ethylsuccinic acid
(MESA, a). The substrate concentrations for these assays were
inhibition constant;, mM) varied over a 5-fold range in step with the inhibitor concentrations.
A parallel series of activity measurements were made in the absence

Table 2: Inhibition by Succinic Acid Derivatives

derivative cpPB CPA of inhibitor to provide the values foVmax andKy, in the calculation

2,2-dimethyl 0.028t 0.002 0.001 0.0002 of the composite function used in this plot. As explained in the
2-ethyl-2-methyl RS 0.0045+ 0.0004  0.000 1% 0.000 01 Materials and Methods, the linearity of the data indicates a
2-benzyl R) 0.0012-0.008 0.000 43 competitive pattern of inhibition and the slope represents the
2-hydroxy-2-methyl§ 8=+1 0.26+ 0.01 reciprocal of the dissociation constant.

(citramalic acid) S S
2-hydroxy-2-methylR) 17+ 2 1142 inhibition for the two inhibitors tested here. Once Mg
monomethy 4+ 0.6 0.27+ 0.04 andK, values have been determined, Ky&an be estimated
ii’ﬂ'rﬁ?ce;%(meso) Zgii Zi 8-g from the slope of the above plot using only five assays. In

(unsubstituted) : the examples given here, linear regression of the data in

Figure 1 yielded values (4.5+ 0.6 uM for MESA and 29

=+ 4 uM for 2,2-dimethylsuccinic acid) essentially the same
as those obtained by Dixon plots (450.4 uM and 28+

) . 2 uM, respectively, see Table 2), but with lower accuracy
Tris-HCI, pH 7.5, containing 0.5 M NaCl and 6-2 mM as expected from the smaller database. A more extensive
of the substratN-(3-[2-furyl]acryloyl)-Ala-Lys (Plummer  comparison between combination plots and traditional ones
& Kimmel, 1980) at a final enzyme concentration of 12nM.  pased on a family of lines has been reported for multiple

aFrom the work of Zisapel and Sokolovsky (1978):rom the work
of Byers and Wolfenden (1973).

The reaction was monitored in a similar way at 2Z5by jnhibitors (Asante-Appiah & Chan, 1996). An attractive
measuring the decrease in absorbance at 345 nm for 2 minfeatyre of the above plot is that the experimental data for
Determination of Inhibition Constants-ollowing normal o or more inhibitors can be conveniently displayed together

Table 2 were determined by four series of assays each withjjjystration of their potency (as demonstrated in Figure 1).
a different substrate concentration. Within each series, five  x_ray Structural Determination Crystals of the enzyme

assays were conducted at inhibitor concentrations which inhipitor complex were obtained by dialysis of a CPA
varied over a 5-fold range. The data for the initial ratg ( soJution (21 mg of protein/mL) containing MESA (43.7 mM)
were analyzed by nonlinear regression using the computeragainst Tris-HCI buffer (20 mM, pH 7.5) containing 1.2 M
program Enzfitter (Leatherbarrow, 1987) to obtain inhibition | jc|, After 6 h atroom temperature, the concentration of
constants and the associated standard errors. In a few jc| was reduced to 0.8 M and then to 0.05 M after another
instances, we have also analyzed similar enzyme inhibition 4, Further dialysis fo4 h yielded needle-shaped crystals.
data using combination plots which have been developedyx.ray diffraction data (see Table 1) were collected at room
recently in this laboratory (Chan, 1995). A particularly temperature on a RAXIS-II area detector (Rigaku RU200
convenient version of these plots (Chan, W. W.-C., manu- with a SUPER double focusing mirror) using CaKadia-
script in preparation) is based on the following linear tion, The crystallographic parameters are= 49.55 A, b
transformation of the rate equation for competitive inhibition: — 70,53 A ¢’ = 48.46 A, 0. = 90.44, 8 = 110.36, andy
= 73.46; space grougPl; and two molecules per asym-
ViadS] . [S]_[1] metric unit. The structure was solved by molecular replace-
vK,, K_m - K ment method using the 1.54 A uncomplexed CPA structure
(Rees et al., 1983) as a search model and refined by rigid-
A plot of the composite function on the left-hand side of Pody, simulated annealing and Powell minimization tech-
this equation versus [I] is presented in Figure 1. It can be Niques using X-PLOR (Brunger, 1988).
seen that all data points for each inhibitor could be accom- RESULTS
modated on a single line even though the concentrations of
both the inhibitor and the substrate were varied over a large  Succinic Acid Deriatives as Probes for Carboxypepti-
range. These results confirm the competitive nature of the dases. The discovery of inhibitors described below came
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His—-196

resembles the more familiar CPA except that its substrate
specificity shows a preference for basic rather than hydro-
phobic amino acids in the C-terminal position (Folk & mu-7z
Gladner, 1958). One type of probe which we studied (Chan

in the course of testing probes for the active site of car- -
boxypeptidase B (CPB). This pancreatic enzyme closely
ﬁ%e 243

><04

& Pfuetzner, 1993) was intended to fit into the specificity xzh

pocket, which in the case of carboxypeptidase B would His—69 2 o A

consist of a base such as guanidine. The other probe was Asn-m v

designed as a strong ligand to the zinc ion in the active site

but interacting at the same time with the recognition site for

the C-terminal carboxyl group (Chan & Pfuetzner, 1993;

Asante-Appiah & Chan, 1996). This type of bifunctional Arg-127 Arg-145

probe is exemplified by derivatives of succinic acid. FiGUrRe 2: Comparison between the structure of the CRAESA

Effect of gem-Dialkyl Substituents on Inhibitor Potency. complex and the native enzyme. The active-site residues in the

While screening various substituted succinic acids as probes! native enzyme are depicted by thin lines while those in the complex
‘and the inhibitor molecule are represented in bold. The numbering

we found unexpectedly thaF the. 2,2-dimethyl derivative system for the atoms of the inhibitor is described in Figure 3.
(Table 2) was a rather potent inhibitor of CPg & 28 uM).
This potency was unusual because the compound had éave found that thgemdimethyl substituted derivatives of
relatively simple structure which lacked the basic side chain both malonic and glutaric acids have little affinity for these
of specific substrates. We were further surprised when the enzymesK; estimated in the millimolar range and not studied
higher homologue 2-methyl-2-ethylsuccinic acid (MESA, as in detail). The above finding of strong and specific affinity
a racemic mixture) showed an affinity for this enzyme which for a highly substituted nonpolar locus in the inhibitor
was more than 6-fold higher. These results strongly sug- molecule would not have been predicted from our current
gested that the same compounds might be particularly knowledge of the structure of the active site and prompted
effective inhibitors of CPA because of the preference of this us to investigate the physical basis for the favorable
enzyme for hydrophobic substrates. Indeed these compoundnteraction.
proved to be strikingly potent inhibitors of CPA (Table 2). Structure of the CPAMESA Complex.The structure of
In the case of MESA, the dissociation constant is even lower the enzyme-inhibitor complex was determined at a resolu-
than that ofL-benzylsuccinic acid, a previously known tion of 2 A and refined to arR-factor value of 0.20 and
inhibitor which was designed to mimic closely the hydrolysis R-free of 0.26 in the 52 A range. The overall structure
products of the reaction (Byers & Wolfenden, 1973). Inthis (Figure 2) is well-ordered and very similar to that of the
connection, it should be pointed out that the dissociation native enzyme (Rees et al., 1983) except for the region
constant reported here for MESA was obtained with the around residues 133136 where deviations from the native
racemic mixture. As shown below, one of the enantiomers structure also occur in other CPAnhibitor complexes
binds preferentially to the enzyme so thatktssalue should (Christianson & Lipscomb, 1986; Shoham et al., 1988; Kim
be significantly lower. & Lipscomb, 1990). There is also a major shift in the

We have not been able to test otlygmmdialkyl succinic position of Tyr-248 upon inhibitor binding which is well
acids because they are not readily available. However, strongdocumented for this enzyme (Lipscomb et al., 1968), and
inhibition appears to require the presence of two nonpolar this conformational change is accompanied by less pro-
substituents on the same carbon atom. Thus, dramaticallynounced movements of some side chains in the active site
lower affinities for the two carboxypeptidases were observed (Figure 2).
when one of the methyl groups in thgemdimethyl The crystals for X-ray analysis were prepared in the
derivative was replaced by a hydroxyl function (as in either presence of a racemic mixture of 2-methyl-2-ethylsuccinic
of the enantiomers of citramalic acid, Table 2). Furthermore, acid (MESA); however, only the R-form of the inhibitor was
in comparison with the monomethyl derivative, it is clear observed in the structure of the enzyniehibitor complex.
that the hydroxyl group had either no effect or a significantly This enantiomer of MESA is related in stereochemistry to
adverse effect on inhibitor binding (depending on the the L-amino acid in the C-terminal position of a typical
stereoisomer). In contrast, the extra methyl group irgtre peptide substrate (Figure 3). If the carboxymethyl group of
position increased affinity by close to 150-fold for both the inhibitor is aligned in the same way as the scissile peptide
enzymes. The significance of tigemdialkyl locus can be bond, then the ethyl group is equivalent in position to the
fully appreciated by noting that compared to unsubstituted side chain (R-Cht) of the C-terminal amino acid (e.g.,
succinic acid the affinities of the above inhibitors are 1000- phenylalanine), in the substrate and the orientation of the
to almost 30000-fold higher. As will be discussed later, the methyl group in the inhibitor would correspond to that of
hydrophobic nature of this binding pocket may have a special the a-hydrogen of this amino acid.
significance for the catalytic mechanism. The molecule of MESA is bound in a fairly extended

The location of the methyl group in the inhibitor molecule conformation with the oxygen atoms of fiscarboxyl group
also seems to be highly specific since the 2,3-dimethyl (O3 and O4, Figure 4) coordinated to the Zn atom of the
derivative showed extremely weak binding (weaker in fact enzyme. The similar and relatively short distances between
than unsubstituted succinic acid). As already indicated from the metal ion and the above two oxygen atoms (Table 3)
previous work (Byers & Wolfenden, 1973), the distance suggests the presence of particularly strong interactions. By
between the two carboxyl groups is also important for comparison, the coordination distances in the complex with
favorable interaction with the carboxypeptidases. Thus, we L-benzylsuccinic acid vary over a considerable range (Man-
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Ficure 3. Stereochemistry of MESA in relation to that of the
C-terminal residue of a peptide substrate. (a) The enantiomer of
MESA illustrated here is the R-form found in the enzynighibitor
complex. The carbon and oxygen atoms have been given a
numbering system (in superscript) which will be referred to
throughout this paper. (b) A typical substrate containing-amino

acid at the C-terminus is aligned with the scissile peptide bond in
the same position as the carboxymethyl group of MESA since both
these groups are coordinated to the Zn of the enzymecodtabon
atoms of the C-terminal and the penultimate residues are marked

o anda’, respectively.
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Glu-270

OE1

His—196 /%"243

,-"c62

! NH2
NH1

Arg—145

Arg—-127

Ficure 5: Interactions between CPA and MESA in the complex.
The broken lines illustrate the coordination of O3 and 04 t&Zn
and hydrogen bonds to various residues. The hydrogen bonds of
the a-carboxyl group and the van der Waals interactions of C5
and C7 in MESA are similarly depicted.

Table 4: Potential Hydrogen-Bond Formation between Enzyme and
Inhibitor

P . . . participating ) )
Ficure 4. The coordination sphere of Znin the active site. group in the side chain distances (A) in the complex
inhibitor in the enzyme MESACPA* LBSA—CPA
Table 3: Zn Coordination Distances (A) a-carboxylate
inhibitor bound to CPA o1 Arg-127 (NH2) 2.829 3.5
coordinating atom none MESA LBSA 8; ﬁ:giig g“ﬂ% %330 22.87
p-carboxylate (O3) 2.3 2.3 02 Asn-144 (ND2) 27238 2.8
pB-carboxylate (0O4) 23 2.1 2.6 p-carboxylate
His-69 (ND1) 21 2.3 2.0 03 His-69 (ND1) 2629 3.3
His-196 (ND1) 21 2.3 2.0 03 Arg-127 (NH2) 3.63.2 4.0
Glu-72 (OE1) 2.2 2.2 2.0 04 His-196 (ND1) 2.6 3.1
Glu-72 (OE2) 2.3 2223 2.8 04 Glu-270 (OE2) 3.233 3.0
04 Glu-72 (OE1) 3.33.6 4.0

aThe ligand in this case is a water molecUl&lightly different

values were obtained for the two molecules in the asymmetric unit.

aWhere differences are observed in the two molecules of the
asymmetric unit, the range of values is given here.

gani et al., 1992) so that the interactions appear to be less

than optimal. The above carboxyl oxygen atoms (O3 and Table 5: Environment of the Carbon Atoms in MESA

O4) are also located at favorable distances to form hydrogen atom nearest total no. of

bonds with His-69 and His-196 as well as with Glu-72  in side chain van der Waals buriedness
(Figure 5 and Table 4), and these residues are themselved/=5A" of CPA (<4 A) contacts GV
coordinated to the Zn (Table 3). Thecarboxyl group also Cl  Arg-127, Asn-144, Arg-145 4 4.6
forms numerous hydrogen bonds, especially with Arg-127 g% S0 g 1g4
and Arg-145 (Figure 5). In addition, there are many van  c4  His-69, Glu-72, Arg-127, 6 105
der Waals contacts, particularly between the carbon atoms His-196, Glu-270

of the inhibitor and various side chains in the enzyme (Table C5  Glu-270, Asn-144 2 43

5). Of special interest is the location of the methyl group g? o3 f gg.e

which is within 3.6 A from both Glu-270 and Asn-144

(Figure 5). The carbon atom of this group and the terminal

aFor the numbering of the carbon atoms in MESA, see Figure 3.

carbon of the ethyl group (C5 and C7 respectively, Figure

3) are highly buried (Table 5) within the more hydrophobic from this type of structures.

area of the active site in the neighborhood of lle-243.
Comparison with Other Enzyménhibitor Complexes.
The overall orientation of MESA is similar to that of other

In particular, the succinate

backbone of MESA is in a fairly equivalent position to that
of L-benzylsuccinic acid (LBSA) with the carbon atom
bearing thegemdialkyl groups only 0.3 A from the corre-

substrate-analog inhibitors whose complexes with the enzymesponding position of thex-carbon in LBSA (Figure 6).
have been studied by X-ray crystallography. The above Comparison of the two structures demonstrates clearly that
layout corresponds generally to what may be regarded asthe site occupied by the methyl group of MESA is vacant in
the substrate-binding mode in so far as it can be extrapolatedthe LBSA complex (and in all other CPANhibitor com-
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% Glu-270
Tle-243

c7

His-196

Tyr-248

o

1
Arg-145

Ficure 6: Comparison between the binding of MESA and that of
L-benzylsuccinic acid (LBSA) to the active site of CPA. As in
Figure 2, the active-site residues and the inhibitor in the EPA
MESA complex are represented in bold. The thin lines in this case
depict the corresponding features of the CRBSA complex as
determined previously (Mangani et al., 1992). For the sake of clarity,

Arg-127

the side chain of Asn-144 has been omitted in these structures.

The orientation of this residue can be observed in Figure 2.

plexes available through the Protein Data Bank). The methyl
substituent is, of course, also absent in all known substrates
Thus, there is apparently a small cavity in the native enzyme
which remains unoccupied upon substrate binding. As will

be discussed later, the existence of this putative cavity, which

has not been recognized previously, may have an interestingp

functional significance.

The similarity between the two above enzymiehibitor
complexes extends to the orientation of the side chains in
which the ethyl group of MESA is pointed in the same
direction as the benzyl moiety in LBSA. The enzyme
residues lining the binding pocket are also in analogous
conformations in the two complexes with the exception of
Tyr-248, which has moved to a lesser extent upon the binding
of MESA. This difference probably reflects the smaller size
of the ethyl group which is unable to interact fully with the
aromatic side chain of that residue.

DISCUSSION

Hydrophobic Caity. In our current understanding of

Asante-Appiah et al.

o-methyl hole. It is surprising that the enzyme should
accommodate so readily the extra bulk of a methyl group in
a location which contains only a hydrogen in all known
substrates. The rationale for this unusual structural feature
will be considered below.

As shown by the structureactivity relationships of various
inhibitors tested, the above cavity appears to have a strong
preference for the nonpolar methyl group. The crystal
structure of the complex also indicates a distinctly hydro-
phobic character for this cavity except for the presence of
the catalytically important Glu-270. The rather unnatural
environment for this polar residue suggests a special
significance which is discussed later.

Possible Significance for the Catalytic Mechanisin.the
mechanism proposed for CPA which has been fairly broadly
accepted (Christianson & Lipscomb, 1989), the Glu-270
residue has been assigned the critical role of removing a
proton from the Zn-bound water molecule and enhancing
its nucleophilic character. The above mechanism also
postulates that this proton is subsequently delivered to the
nitrogen of the scissile peptide bond in order to facilitate
the breakdown of the tetrahedral intermediate. This dual role
assigned to Glu-270 requires the carboxyl group of this
residue to undergo a significant movement. It is therefore
tempting to suggest that the cavity found in this work in
fact serves to accommodate the above movement. Since this
movement of Glu-270 must occur rapidly (and possibly a
second time to generate the ionized forms of the products)
within the catalytic cycle, a more extensive conformational
change of the protein might be kinetically undesirable. Thus,
in the evolution of proteins, it may often be expedient to
rovide active-site cavities wherever such movements of side
chains become integral parts of the mechanism. If the above
cavity is indeed essential for catalysis, then our results would
imply that peptides which incorporategemdialkyl locus
at the a-carbon of the C-terminal amino acid would not
undergo hydrolysis although they might bind well to the
enzyme.

The hydrophobic nature of the cavity may also be
important for the role of Glu-270 in the catalytic mechanism.
In order to act as a general base, thearboxyl group of
this side chain must initially exist in the deprotonated state
and must therefore have &p (in the native enzyme)
significantly lower than the pH of the reaction medium.
However, once the substrate is bound and water is excluded
from active site, it would be catalytically advantageous to
raise the effectivel§, so that the carboxylate group becomes

enzyme action, it is generally assumed that the active sitea stronger base. This, of course, can be accomplished by

will be complementary to the structure of the transition state
(Pauling, 1946). As a corollary to this principle, it is

providing a hydrophobic environment for Glu-270 upon
binding of the substrate. We have previously postulated on

expected that those parts of the substrate molecule whichthe basis of the synergistic binding of inhibitors to zinc

remain unchanged in the transition state will fit well into
the binding site. Indeed, most structural models of the

proteases that suckerophilic shiftsmight occur in these
enzymes (Chan & Pfuetzner, 1993). In the case of Glu-

complex between an enzyme and its substrate-analog indicat@70, the shift in K, might occur simply as the residue

a close fitting of the two molecules with little unoccupied alternates between its two possible positions. Thus, the
space between them. In this respect, our results are surprisresults reported here are consistent with our earlier hypothesis
ing because they suggest the presence of a cavity distal tcand suggest specifically one residue that might be involved.
the reaction center which is not filled by substrate binding.  Implications for Inhibitor Design.Although MESA is an
Thus the X-ray crystallographic structure shows the inhibitor excellent inhibitor of CPA, it is likely that further work will
MESA to be bound in a substrate-like manner with gleen- lead to even more potergemdialkyl inhibitors for this
dialkyl locus occupying the position of thee-carbon in the enzyme. For example, it remains to be seen whether the
C-terminal residue of peptide substrates. Because of itscavity discussed above can accommodate a larger entity than
location, we suggest that the above cavity be called the the methyl group. It should also be worthwhile to replace
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the ethyl group with a substituent (e.g., benzyl) which REFERENCES
resembles more closely the side chain of optimal subs_tr_a;es.Asante_Appiah' E.. & Chan, W. W.-C. (199jochem. J. 320
In the case of CPB, it is clear from the substrate specificity * ~17_5¢
that a basic functional group instead of the ethyl substituent Bjrkedal-Hansen, H., Werb, Z., Welgus, H., & Van Wart, H., Eds.
might increase the potency of the inhibitor considerably. In  (1990)Matrix metalloproteinases and Inhibitgr&ustav Fischer
this connectionit would be useful to develop a convenient _ Verlag, Stuutgart, West Germany . _
synthetic route forgemdialkyl derivatives in order to E;Lérr'gft_AE')'T&(ﬁgﬁéﬁéﬁ%M&g‘;@{gﬁggg'& 122070
facilitate such structure and function studies 2078.

In addition to derivatives of succinic acids, many kinds Chan, W. W.-C. (1995Biochem. J311, 981—985.
of inhibitors for carboxypeptidases have been described in Chan, W. W.-C., & Pfuetzner, R. A. (1998ur. J. Biochem. 218
the literature (Ondetti et al., 1979; Sugimoto & Kaiser, 1978; _ ©29-534.

Kam et al., 1979). In general, the various types of inhibitors Ch{ggagfgféfélw" & Lipscomb, W. N. (1986) Am. Chem. Soc.

differ in those functional groups which act as zinc ligands christianson, D. W., & Lipscomb, W. N. (198%cc. Chem. Res.
but otherwise retain the essential structural features of 22 62—69. _
specific substrates. It may therefore be highly interesting Cushman, D. W., Cheung, H. S., Sabo, E. F., & Ondetti, M. A.

; ; ; ; ; (1977)Biochemistry 165484-5490.
to investigate whether the introduction of a methyl group in Dixon. M. (1953)Biochem. J. 55170-171.

a similar location would increase the potency of these py j E.'g Gladner, J. A. (1958). Biol. Chem. 231379-391.
inhibitors. In theory, at least, it would appear thggm Kam, C. M., Nishino, N., & Powers, J. C. (197BjJochemistry 18
dialkyl thiols, phosphonates, and hydroxamates might prove = 3032-3038. _ _

as effective as the corresponding succinic acid derivatives. Kim, H., & Lipscomb, W. N. (1990Biochemistry 295546-5555.
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