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ABSTRACT. D-Cysteine differs from the antiarthritis drugpenicillamine by only two methyl groups on

the f-carbon yet inhibits carboxypeptidase A (CPD) by a distinct mechaniseysteine binds tightly to

the active site zinc, while-penicillamine catalyzes metal removal. To investigate the structural basis for
this difference, we solved the crystal structure of carboxypeptidase A complexed-aygteine p-Cys)

at 1.75-A resolutiono-Cys binds the active site zinc with a sulfur ligand and forms additional interactions
with surrounding side chains of the enzyme. The structure explains the difference in potency between
D-Cys andL-Cys and provides insight into the mechanisnmogdenicillamine inhibition.o-Cys binding
induces a concerted motion of the side chains around the zinc ion, similar to that found in other
carboxypeptidaseinhibitor crystal structures and along a limited path. Analysis of concerted motions of
CPD and CPB-inhibitor crystal structures reveals a clustering of these structures into distinct groups.
Using the restricted conformational flexibility of a drug target in this type of analysis could greatly enhance
efficiency in drug design.

Bovine pancreatic carboxypeptidase A (CPB)one of the C-terminus of a protein substrate. The zinc atom is
the best characterized zinc proteases known. It is a digestivdiganded by three residues, namely, His6®{N Glu72 (@1
enzyme that hydrolyzes C-terminal amino acids from polypep- and G:2), His196 (Ny1), and a water molecule arranged in
tide substrateslj and serves as a paradigm for understanding a distorted tetrahedral coordinatio).(
zinc protease activity. Several other carboxypeptidases have Numerous X-ray crystallographic studies have been con-
been identified and are thought to be involved in diverse ducted on complexes of zinc proteases with zinc-binding
biological processes. These include the coagulation cascadénhibitors, many of which are of CPD (ré&fand references
for carboxypeptidase U2j, control of vasoactive peptide therein and refd0—14). These studies have focused on a
levels by lysine carboxypeptidas®)(and hormone process- class of inhibitors that bind tightly to the protease in a stable
ing as in the case of carboxypeptidase Ml &énd E/H. The ternary complex between the inhibitor, the enzyme, and the
fat mutation in mice, for example, has been mapped to active site zinc, where at least one moiety of the inhibitor
carboxypeptidase E/H5). Carboxypeptidases as well as ligands the zinc atom. Application of this paradigm to drug
another family of zinc proteases, namely, the matrix metal- development has produced several drugs that target zinc
loproteases (MMPs), have also been implicated in cancerproteases involved in the pathogenesis of diseases such as
and inflammation §, 6, 7). CPD is a 307-residue exopep- arthritis, cancer, and hypertensiod5( 16). Moreover,
tidase, contains one atom of zinc bound at its active site, structural work contributes to our understanding of the
and is specific for cleavage of large hydrophobic groups at biochemical mechanisms governing zinc protease catalysis.

Compounds containing thiols R-SH are known to inhibit
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Ficure 1: Chemical Structure af-PEN andp-Cys.

binds to the active site zinc in a stable ternary complex. On
the other handy-PEN removes zinc through an intermediate
complex with the enzyme2@). The rate for zinc removal
by p-PEN is up to 440-fold faster than the spontaneous
releaseZ1). It appears that the two additional methyl groups
on thepg-carbon inb-PEN as compared to-Cys confer a
difference in mechanism between the two inhibitors. In
addition, p-Cys, with aK; of 2.3 £ 1.6 uM, is about 500
times more potent an inhibitor thanPEN @1).

Since b-PEN removes the zinc from CPD rapidly, we
solved the crystal structure ofCys bound to CPD at 1.75-A

resolution and discuss the consequences of adding two

methyl groups to itg3-carbon. We also discuss the effects
of inhibitor stereochemistry on potency. The essential

dynamics method is used to correlate the concerted displace-

ments of atoms in the structure to those of CRiEhibitor
complexes deposited in the Protein Data Bank (PDB). We
find that the conformational change induced byCys
binding can be described in terms of concerted motions of
atoms calculated from all other CPD structures. In addition,
these eigenvectors allow a classification of CPD conforma-
tional states, using only a limited number of variables.
Finally, since metal environments within the zinc protease
family are similar 22), structural interactions betweerCys

and CPD may also be useful in the design of inhibitors for
other family members.

MATERIALS AND METHODS

Purification and CrystallizationBovine carboxypeptidase
A (Cox) was purchased from Sigma and used without further
purification. Lithium chloride ana-Cysteine p-Cys) were
obtained from Sigma; MES was from Calbiochem. All

reagents were reagent-grade or better in terms of purity.
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Table 1: Details of Data Collectién

temperature room temperature
wavelength (A) 1.54
spacegroup P2;

cell dimensions (A) a=44.40b=57.74;c= 58.19;6 = 101.6F
resolution range (A)  15:061.75 (1.81+1.75)
no. obs reflections 99 346

no. of uniq reflections 28 954 (2679)

redundancy 3.4
Io(l) 14.5 (4.8)
completeness (%) 99.1 (92.9)

0.065 (0.248)
aValues between brackets are for the highest resolution shell.

Rmerge

Table 2: Progress of CPB/CYS Refinement in CNS
R = 0.257;Ryee= 0.282

molecular replacement solution
15.0-35A

model building, zinc ion R=0.232;Rree= 0.271
15.0-2.0 A

model building, water molecules R=0.152;Re= 0.185
15.0-1.75 A

inhibitor, water molecules R=0.144;Ree= 0.178
15.0-1.75 A

model building, alternate conformations R= 0.143;Ree= 0.176
15.0-1.75 A

final model (0.0o cutoff) R=0.138;Re= 0.165

15.0-1.75 A

final model (2.00 cutoff) R=0.133;Ree= 0.159
15.0-1.75 A

no. of atoms 2437 protein; 261 water;

1Zn; 7p-Cys

no. of side chain alternate conformations 11

rmsd bonds (A) 0.011

rmsd angles®) 1.46

protein average B-factor ¢ 14.9

Solution and Refinemerithe b-Cys/CPD structure, with
one model in the asymmetric unit, was solved by molecular
replacement using AMoRe&59) with a CPD structure from
PDB entry 5CPA 8) excluding the zinc as a search model.
Using 8.0-4.0 A data, the sequential rotational and trans-
lational searches gave a single solution withRafactor of
0.276 and a correlation coefficient of 0.791, after rigid body
refinement in AMoRe. Further refinement was performed
with CNS 26) with iterative model building in OZ7). In
the initial Fo—F. map, a strong peak between the metal

Protein concentration was determined based on the absorbinding residues indicated the location of the zinc ion, which

bance at 280 nm, given aps, for carboxypeptidase A (CPD)
of 1.87 mL mg* cm™ (23). CPD was washed three times
with water to remove toluene used in packaging and
dissolved in 1.2 M LiCl. This stock solution of CPD at 40
mg/mL was then diluted to 15 mg/mL in a solution of 1.2
M LiCl, 25 mM MES, pH 6.0, and 0.5 m\-Cys. An aliquot

of this solution was then pipetted into aub glass dialysis
button. A 6-8 kDa molecular weight cutoff membrane
previously washed in water and equilibrated in 0.15 M LiCl

was placed over the button and secured with a rubber O-ring.

The button was then dialyzed against 0.15 M LiCl, 25 mM
MES, pH 6.0, and 0.5 mM-Cys at 18°C. Crystals appeared
overnight on the bottom and edges of the well.

Data Collection.Diffraction data were collected from a

was included in subsequent refinement. Progress of the
refinement is detailed in Table 2. After a few cycles of model
building and placement of some well-defined water mol-
ecules (4 peaks in &,—F; map and at least one hydrogen
bond to the protein), the-Cys inhibitor could be clearly
seen in the=,—F. maps (Figure 2) and was built into the
model. Further rounds of model building and refinement
allowed placement of additional water molecules and assign-
ment of some alternate side chain conformations (Table 2).
Analysis of the Conformational Change Induced by Inhibi-
tor Binding. The structural differences between the uncom-
plexed CPD structure (WT-CPD) and the structure presented
here of CPD withp-cysteine p-Cys/CPD) were analyzed
in terms of concerted displacements of atoms using the

0.7 x 0.7 x 0.1 mm crystal mounted in a quartz capillary essential dynamics metho@8d). With this method, it is
tube at room temperature using a Rigaku-H3R rotating anodepossible to describe protein conformational freedom using
source and an RAXIS-II image plate detector. Diffraction a small number of variables, calculated from an ensemble
data were integrated and scaled with the HKL software of structures (e.g., ref29 and 30). Traditionally, such
package 24). See Table 1 for further details. ensembles of structures have been obtained from computer
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FIGURE 2: Electron density around thecysteine inhibitor. Thé=,—F. map just before including the inhibitor is shown in magenta. The
2F,—F. map after building in the inhibitor and subsequent refinement is shown in eyklvels were 1.0 and 2.5 for thé=g—F. and

Fo—Fc maps, respectively. Zinc ion is shown as a pink sphere. This figure as well as Figures 3A, 4, 5, and 7 were prepared using Molscript
(63), Bobscript 64) and Raster 3D5, 66).

simulations 81—33). Recently, however, it has been shown resolution. These crystals belong to a different crystal form
that groups of related crystal structures can also yield anthan previously described crystals of CPD with or without
ensemble from which large concerted motions can be inhibitors. The structure was solved by molecular replace-
calculated with essential dynamic34( 35). The essential  ment using the free enzyme and excluding the zinc atom.
dynamics method is based on diagonalization of the atomic The electron density maps (Figure 2) showysteine buried
covariance matrix, yielding a set of eigenvectors and in the active site of the protein and bound to the catalytic
eigenvalues. The eigenvectors describe concerted displacezinc via its sulfur. This is the first crystal structure of a thiol
ments of certain groups of atoms, and the eigenvalues areinhibitor bound to CPD. The thiolate ofCys has replaced
the amplitudes of these motions. Such descriptions of the active site water and coordinates zinc in a distorted
concerted motions have proved useful in linking dynamic tetrahedral geometry, similar to that observed in the crystal
properties of proteins to their functions in a number of cases structure of (2-benzyl-3-mercaptopropanoyganylglyci-
(2931, 36—38). namide, a mercaptan inhibitor, bound to thermolysin, another
Here, we used an ensemble of all zinc-containing CPD zinc protease4d). The Zrit*—S bond distance is 2.2 A,
crystal structures available in the PDB database of protein corresponding to the average distance of 2.1 A between Zn-
structures 39), prepared according to a procedure described (ll) and cysteine for 14 independent structures in the PDB,
before @3). In addition to wild-type CPD (PDB entries: and the @—S—zZn?t angle is 109, also similar to the
5CPA @), 1YME, and 2CTB), the following PDB entries average torsion angle of 11®bserved in this PDB survey
describing CPD complexes with various inhibitors were (45). This is consistent with previous spectroscopic studies
used: 1BAV, 1CBX 40), 1CPS (2), 2CTC, 3CPA 41), that show that the thiolate af-Cys binds to the active site
4CPA @2), 6CPA @43), 7CPA (1) and 8CPA 11). Crystal metal of a cobalt-substituted CPR1j.
structures with more than one molecule per asymmetric unit  In addition to the zinesulfur bond,p-Cys is tethered to
were treated separately. All these structures were superim-the active site by additional contacts, electrostatic and
posed onto the coordinates from 5CPA to remove transla- hydrogen bonded, to protein residues (Figure 3, Table 3).
tional and rotational motion. A set of atoms was selected, The positively charged amino group @fCys interacts with
consisting of the zinc and both primary and secondary proteinthe negatively charged carboxylate of Glu270,(&s—
side chain ligands. A covariance matrix was built from this Oelgz7o 2.85 A). Thep-Cys carboxylate also forms salt
subset of atomic coordinates and diagonalized. The resultingbridges with the guanidinium groups of Arg127 and Arg145
eigenvectors describe concerted conformational changes ofand hydrogen bonds to Asnl144. All of these residues are
residues in the active site. Conformational changes were thenthought to be important in catalysis. Glu270 acts as a general
studied by projecting the crystal structures onto the eigen- base, abstracting a proton from the zinc-bound water to form

vectors. a hydroxyl anion nucleophiledg, 47). Asn144 and Argl45
bind the C-terminal substrate carboxylate, and Argl27
RESULTS stabilizes the oxyanion generated during the transition state.

D-Cysteine Interaction with CPDlhe crystal structure of ~ Upon p-Cys binding, the side chains of three of these
the complex ob-cysteine with CPD was solved to 1.75-A  residues, Arg127, Arg145, and Glu270 move toward the
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addition,b-Cys is engaged in hydrogen bonding interactions
with three water molecules (W502, W740, and W761) via
its amino group (Figure 3A). Similar interactions with active
site residues Glu270, Arg127, and Arg145 have been previ-
ously reported for other CPD inhibitors (reviewed in 48)

No significant changes are observed for protein ligands
to the zinc uporo-Cys binding. In several CPBinhibitor
complexes, the active site zinc is observed to move in the
direction of Argl127. This change is attributed to the flexi-
bility of the interaction between the zinc and the protein
ligand Glu72 @, 12) since motion of the active site zinc
toward Arg127 is coordinated with a change in Glu72 bind-
ing from a bidentate to a monodentate metal ligation. How-
ever, in theo-Cys/CPD complex, Glu72 remains a bidentate
ligand, and the zinc atom does not move. The active site
zinc and its protein ligands are also well-ordered and have
low B-factors of 10.8 and 7.6 Ain average, respectively.

Tyr248 is thought to play an important role in substrate
binding during CPD catalysis4f). In structures of CPD
bound to transition-state analogue inhibitors, Tyr248 is
observed to swivel by 12 A to donate a hydrogen bond to
the inhibitor carboxylate. The scale of this movement was
presented as evidence in support of the “induced fit”
hypothesis of enzyme actiob( 51). However, there is an
orthorhombic crystal form of native CPD in which Tyr248
is positioned inside the active site similar to its conformation
when a substrate is boun@2). Although Tyr248 swivels
8.4 A around the @—Cg bond in thep-Cys/CPD complex
structure as compared to native CPD, this rotation does not
bring it into the active site in position to interact with the
D-Cys carboxylate. Rather, this rotation brings the tyrosine
side chain to a position about halfway between the two
FIGURE 3: (A) Details of interaction between the protein active Cconformations, approximately perpendicular to both. In the
site residues and the inhibitor. The protein backbone is shown in hative monoclinic structure, this tyrosine is involved in
ribbons representation (cyan). Active site residues and zinc ligandscrystal packing contacts, mostly through nonpolar contacts

are ShOWt” gsting SéiCkSH CO'Orad cti)y atombtypo‘f' ‘é"atter mot'ﬁC‘!'eﬁgtrebut also hydrogen bonding through a water molecule to a
represented by red spheres. Hydrogen bonds between the inhibitor,
and protein/water are shown by dotted white lines. (B) Electrostatic symmetry-related molecule. In tiheCys/CPD structure, the

surface potential in the active site. GRASE7) electrostatics ~ packing environment is different; however, Tyr248 is also
calculations were performed using the appropriate full charges involved in crystal contacts through water molecules. The
2;8&9&? t/g ﬁqscﬂécGJ?/érLgﬁ'rfggg ergsazgl gufaﬁgagﬁoczﬁlotrgz ) absence of the interaction with the inhibitor in this case may
electrostatic potential from red<Q0.0kgT) to blue (=20.0kgT). Y _be _a_factor in the highek; of p-Cys as compared to CPD
The inhibitor structure is shown in a stick representation. inhibitors that hydrogen bond to Tyr248. Indeed, mutation

of Tyr248 to phenylalanine increases tl of potato
Table 3: Distances ab-Cys/CPD Interactions carboxypeptidase inhibitor by 70-fold without affecting the
catalytic constantk.., toward peptide substrates3).

enzer]e or water atom p-Cys atom distance (A) Beyond the active site, there is little difference in the

é‘?c S 2.2 p-Cys/CPD complex structure as compared to native CPD,
u270 &1 amino N 2.9*% . o .

Asn144 Nb2 carboxylate O1 30 with a root-mean-square (RMS) deviation between this
Arg145 Nyl carboxylate O1 2.8* complex and 5CPAg) of 0.35 A for Co. atoms. Even though
Arg145 Nyl carboxylate O2 35 our crystals were grown overnight in a 0.5 mMCys
ﬁ:gig? wg gg:ggg:gﬁg 83 gii solution, the disulfide bond between Cys138 and Cys161
Ouwater 502 amino N 3.3+ remains intact, and no reduction is observed. This crystal
Ouwater 740 amino N 3.2% structure represents a new crystal form for CPD. The absence
Ouwater 761 amino N 3.0 of conformational changes outside the active site suggests
Owater 761 carboxylate 02 3.5 that aside from Tyr248 discussed above, the crystal packing

2Atoms that form a hydrogen bond as judged by distance and forces for this new crystal form do not affect secondary and

geometric criteria are denoted by an asterisk (*). tertiary structure.

D-Cysteine-Induced Concerted Conformational Changes.
charged groups of the inhibitor. TleCys inhibitor as well Previous studies of concerted motions on the basis of
as the active site residues interacting with the inhibitor are molecular dynamics computer simulatio29,30, 36), NMR
well-ordered with an average B-factor of 17.6 for the ensembles3g, 54, 55), and crystal structure84, 35) have

inhibitor atoms and 11.5 Afor the active site residues. In  shown that such motions may play a role in protein function.
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Ficure 4. Conformational changes in the active site. WT-CPD ‘ i
andp-Cys/CPD structures were superimposed using tieiarbons L
04 L—1— .— — —_—

shown in the same orientation as in Figure 3A. Th€ys/CPD 0.4 02 5‘0
backbone is shown in ribbon representation (cyan). Primary and ' .
secondary zinc ligands are shown 8€ys/CPD (colored by atom

02 0.4
translation along eigenvector 1 (nm)

type) and WT-CPD (green). Ficure 6: Projection of CPD crystal structures on the first two
eigenvectors. Structures pfCys/CPD (triangle), WT-CPD (square),
A and the those mentioned in Materials and Methods (circles) were

projected on eigenvector 1 and 2 calculated from the ensemble of
crystal structures and labeled. Inner products resulting from this
projection indicate how much the conformation has changed along
these eigenvectors starting from the average crystal structure and
are then combined in this two-dimensional scatter plot. Labels are
as follows: (1) 1BAV (complex with 2-benzyl-3-iodo-propionate)
— molecule 1; (2) 1BAV— molecule 2; (3) 1BAV— molecule 3;
(4) 1BAV — molecule 4; (5) 1CBX (complex with-benzylsuc-
cinate); (6) 1CPS (complex with a sulfodiimine); (7) 1YME (native
with mercury); (8) 2CTB (native); (9) 1CTB (complex with
L-phenyl lactate); (10) 3CPA (complex with glycydtyrosine); (11)
4CPA (complex with potato inhibitor); (12) 5CPA (native); (13)
6CPA (complex with Bz-Ala-Ala-PO-Phe); (14) 7CPA (complex
with Bz-Phe-Val-PO-Phe); (15) 8CPA (complex with Bz-Ala-Gly-
PO-Phe).
interesting to see how this movement compares to that
observed in other CPD structures. Using the procedure
outlined in Materials and Methods, the zinc as well as
primary and secondary zinc ligand residues were extracted
from CPD crystal structures in the PDB, a covariance matrix
was built, and eigenvectors/values were calculated by di-
agonalization. Each eigenvector describes an independent
motion consisting of concerted displacements of atoms. The
motions along eigenvectors 1 and 2 (those with the two
largest eigenvalues) show that the motions of residues in the
active site are highly correlated (Figure 5). Especially
Ficure 5: Motion along eigenvector 1 (A) and eigenvector 2 (B) Arng?, A.rgl45, and GIuZ?O show Igrge mOtlon.S similar .to
calculated from the ensemble of crystal structures. For each those in Figure 4. In fact, if a normalized vector is drawn in
eigenvector, two structures are superimposed: the structure withconfigurational space between the WT-CPD andut@ys/
the lowest projection (least transparent) and the highest projectionCPD structures, this vector has an inner product of 0.625
(most transparent). with the first eigenvector calculated from the crystal struc-
tures. Note that these structures include WT-CPD but not
In CPD, one might expect to observe concerted motions of the b-Cys/CPD structure described here. This indicates that
active site residues involved in substrate binding and catal- the conformational change necessary to move from WT-CPD
ysis. Here, we attempt to describe all active site conforma- to p-Cys/CPD is already described by the crystal structures
tions possible using a few variables, rather than large setsin the database. Thus, this conformational change can, for a
of Cartesian coordinates, by analysis of crystal structureslarge part, be captured by a single variable rather than by
using the “essential dynamics” technique. A straightforward lists of Cartesian coordinates, namely, the translation along
comparison of WT-CPD and-Cys/CPD structures reveals eigenvector 1. This description allows study and classification
that several active site residues change conformation (Figurecarboxypeptidase structures by their position along the first
4). As mentioned above, Arg127, Arg145, and Glu270 move or the first few eigenvectors. The projections along eigen-
toward the charged groups on tleCys inhibitor. It is vector 1 and eigenvector 2 are shown in Figure 6. It is worth
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Ficure 7: Steric clashes introduced by inclusion of two extra methyl groups oo-tebon ofb-Cys. Atoms in the active site are colored
from blue (-5 A distance to either of the extra methyl groups) to red (2.1 A distance to either of the extra methyl greDps)is shown
in gray, except for the methyl groups (green) and sulfur (yellow).

noting that the crystal structures are spread out along thewere to bind to CPD in the same orientationta€ys, the
individual eigenvectors, indicating that these eigenvectors two added methyl groups would clash with His196, Glu270,
are not simply describing the transition from one conforma- and the zinc ion (Figure 7). Thus, it seems th&EN would
tional state to another. However, it is possible to classify significantly perturb active site residues if it bound in this
CPD structures according to their translations along theseorientation. On the other hand,ofPEN were to bind in a
eigenvectors. For instance, the three native CPD structuredifferent orientation, favorable interactions between the
seem to cluster around a similar position along both charged groups on-PEN with Arg127, Argl45, Asnl44,
eigenvector 1 and eigenvector 2 (around the WT, 5CPA and Glu270 would probably be lost (Figure 3).
position). The structures of transition-state analogue inhibitors
the phosphonate, ZAF [Bz-Ala-At0)-Phe], FVF [Bz-Phe- DISCUSSION
Val?(0)-Phe], and AGF [Bz-Ala-GF(O)-Phe] (6CPA, 7CPA,
and 8CPA, respectively)l(, 43) and inhibitors mimicking D-Cys is a CPD inhibitor that binds to the active site metal
the products of peptide hydrolysisbenzylsuccinate and via a thiol ligand. The crystal structure pfCys complexed
L-phenyllactate (1CBX and 2CTC, respectivel#0Y are with CPD reveals many other interactions that are involved
scattered around the CRBCys structure reported here in binding. b-Cys takes advantage of the electrostatic and
(Figure 6). Between these latter structures and native CPDhydrogen-bonding interactions in the CPD active site along
structures lie complexes of CPD with BIP (2-benzyl-3-iodo- with a complementary steric fit to effect inhibition. To
propanoic acid)6), glycyl-L-tyrosine @1), and the potato =~ accommodate-Cys binding, four active site residues change
inhibitor (42) (1BAV, 3CPA, and 4CPA, respectively), which conformation to optimize electrostatic interactions (Figure
do not mimic intermediates along the carboxypeptidase 4). In effect, the active site residues become secondary
substrate hydrolysis reaction. The amount of concerted ligands to the zinc through their interactions withCys.
motion along eigenvector 1 describing the translation from Their contribution to the avidity ofb-Cys binding is
the wild-type CPD structure to the transition state analogue analogous to the effect of secondary ligands in orienting
and product inhibitors is similar to that observed from CPD protein side chains for optimal ligation to the metal. Several
to D-Cys/CPD. This suggests that bindingmCys to CPD inhibitors take advantage of the specificity of CPD for
induces a conformational change in active site residuesaromatic or branched aliphatic side chains C-terminal to the
similar to that observed for transition-state analogue and scissile bond position (the Sposition) of a substrate{,
product inhibitors. Thus, structures with similar properties 49). Althoughp-Cys lacks an aromatic or aliphatic side chain
have more or less similar translations along the eigenvectors,at P1 and does not bind to the Sdocket, it has a relatively
yet the spread is large enough to permit calculation of the high affinity for CPD, with aK; 20-fold lower thanb-Phe,
eigenvectors. for example §9). The interactions between the carboxylate
Possible Implications for CPA Interaction witb+PEN. and amino groups ob-Cys andp-Phe and the active site
As mentioned earlien-PEN inhibits CPD by catalyzing zinc  Glu270 and Arg145 are simila#9), although thep-Cys
dissociation from the enzyme active si@l). This occurs carboxylate forms additional hydrogen bonds with Arg-127
with crystalline CPD as well, thus complicating crystal- and Asn-144. It appears that the metal-binding properties of
lographic studies of an intermediate in this reaction. To gain the thiol group together with the hydrogen bonding network
insight into the mechanism of inhibition ferPEN and the in the active site compensate for lack of favorable interactions
reasons underlying the differences with the mechanism of betweernp-Cys and the Slpocket of the enzyme.
D-Cys, we used the-Cys/CPD complex structure to study As mentioned, several active site residues move upon
the putative effects of adding two methyl groups toth@ys inhibitor binding. Our analysis of concerted motions in the
f-carbon. Using standard tetrahedral geometry, two methyl CPD active site for this structure and other CPD inhibitors
groups were added Cys to generate a-PEN structure, found in the PDB, shows that the residues participating in
which was energy-minimized using PRODRG7) and substrate binding and catalysis move through strongly
GROMOS87 58) and superimposed onto-Cys in the correlated motions. We show that active site conformational
D-Cys/CPD complex structure. For this analysis, we con- substates could be captured using only one or two parameters,
sidered distances of 3.5 A between nonbonded atoms, which can be used for classification of inhibitors. Starting
which cannot hydrogen bond, as steric clashe®-FEN from the native CPD structures, different inhibitors induce
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conformational change to a different extent but always along p-PEN has been used to treat rheumatoid arthritis for the
a path enforced by the protein structure and captured in ourpast 35 years. Rapid-scanning stopped-flow spectroscopy
essential dynamics eigenvectors. Three clusters of structuresndicatesp-PEN binds to Ce-CPD differently tharp-Cys
were identified by similar eigenvector projections (Figure (21). No cobalt-sulfur bond is formed in the intermediate
6): native CPD, CPD complexed to transition state or product that is formed within the mixing time of the instrument.
analogues, and “others”. While the latter are chemically Cobalt is then released from the enzyme with a half-life of
unrelated, they are distinct from the other two groups. The 0.5 s. The results of model buildingtPEN complexes of
potato inhibitor (4CPA) is a protein that binds to the active CPD are consistent with these resultsp{PEN bound to
site zinc through a C-terminal carboxylate, as well as through CPD in the same orientation asCys, it is apparent from
extensive proteifrprotein interactions; 2-benzyl-3-iodopro- model building thab-PEN would disrupt active site residues
pionate (1BAV) is an irreversible inhibitor that forms a crucial for effective chelation of zinc by the enzyme and
covalent ester linkage with Glu2786); the peptide glycyl- thus reduces the inherent affinity of the protein for zinc
L-tyrosine (3CPA) is a slowly hydrolyzed substrate. Interest- (Figure 7). The putative steric clash between th@EN
ingly, the active site conformation af-Cys/CPD appears methyl groups and the zinc ligand His196, the secondary
to fall near the cluster of transition state analogues. It appearsJigand Glu270 and zinc itself would disrupt the coordination
therefore, thab-Cys induces a conformational state of the sphere resulting in zinc dissociation. To minimize the steric
active site similar to that observed for transition state ana- clash between Glu270 and tlmePEN methyl groups, the
logues (Figure 6). Using the limited conformational flexibility —active site zinc may move toward Arg127 and change Glu72
of a drug target, as shown here with CPD, could greatly assistligation to monodentate. This motion and the change in
in enhanced drug design capabilities, by allowing such Glu72 binding are observed in other CPMhibitor struc-
flexibility, without an enormous penalty in computation time. tures and could reduce protein metal affinit9).(Steric

The greater potency of zinc-binding ligands with hindrance of the extra methyl groups may fore®EN to
stereochemistry has been noted for inhibitors of many zinc bind zinc in the active site in a somewhat different orienta-
enzymes including carboxypeptidase, angiotensin convertingtion, and the lack of favorable contacts observedofdys
enzyme, and thermolysirl®). In these inhibitor families,  could cause-PEN to dissociate with the zinc. Thus even
the lower potency of-enantiomers is attributed to subop- though two zinc-binding inhibitors may be similar in
timal interaction with the enzyme active site. TheCys/ chemical structure, basic substituency can have pronounced
CPD structure reported here extends this observation toand unexpected effects on mechanism and potency.
L-Cys. If L-Cys binds zinc with its thiol as-Cys does, at
least one ofythe favorable interactions with an active site ACKNOWLEDGMENT
residue is lost. Specifically, the-enantiomer cannot form We are grateful to Dr. David Auld for comments and
electrostatic and hydrogen bond interactions with both advice and thank him and Dr. Douglas Rees for critical
Glu270 and the asparagine and two arginine residues at theeading of the manuscript. We also thank the members of
same time. This loss raises theCys K; by 150-fold as the L.J. group for fruitful discussions.
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