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ABSTRACT: Serine proteases, like serineâ-lactamases, are rapidly and covalently inhibited by suitably
designed phosph(on)ates. The active sites of these enzymes must, therefore, be able to stabilize the
pentacoordinated transition states of phosphyl transfer reactions as well as the tetrahedral transition states
of acyl transfers. It follows that these enzymes should also be inhibited by molecules capable of generating
inert pentacoordinated species. We (J.H.B. and R.F.P.) have previously shown that these enzymes are, in
fact, rapidly and reversibly inhibited by 1:1 complexes of vanadate and hydroxamic acids. In this paper,
we present the first crystal structure of an acyl transferase inhibited by vanadate. The complex of vanadate
and benzohydroxamic acid is a competitive inhibitor ofR-chymotrypsin with aKI value of 16µM. In the
structure, obtained at a resolution of 1.5 Å, the protein is conformationally little different from the
apoenzyme. The vanadium, in a distorted octahedral ligand field, is covalently bound to the active site
serine oxygen group. One oxgen ligand, presumably anionic, is located in the oxyanion hole. Another is
directed roughly in the direction of the acyl transfer leaving group, and a third in the direction of the S2
site. The hydroxamate is bound to vanadium through the hydroxyl oxygen and also, more weakly, through
the carbonyl group, to form a five-membered chelate ring. The effect of this chelation is to place the
phenyl group of the inhibitor into the important S1 specificity site. The hydroxamate oxygen is directed
in line away from the Ser195 Oγ, approximating the direction of departure of a leaving group in phosphyl
transfer. The entire complex can be seen as a reasonable mimic of a phosphyl transfer transition state
where the leaving group is extended into the S1 site.

The study of enzymes has regularly been informed by the
discovery of new inhibitors. With respect to insight into
events at the active site of enzymes, related to catalysis, the
most informative inhibitors have generally been substrate or
product analogues (1), transition state analogues (2-4), or
of the mechanism-based variety (5-8). Depending, to a
considerable degree, on the nature of the mechanism of
catalysis employed by the enzyme concerned and on the class
of inhibitor, the final complex may contain the inhibitor either
covalently or noncovalently attached to the enzyme. In
general, inhibitors that must undergo covalent reaction to
achieve the final complex may reach that state by way of
transition states that differ in structure, i.e., in geometry and/
or charge distribution, from those of the normal enzyme-
catalyzed reaction. If such reactions are unusually rapid,
however, as would be expected to occur in the case of a
particularly effective inhibitor, then the enzyme active site
must be able to stabilize the transition state of the reaction
leading to inhibition. It follows, therefore, that a new class
of inhibitor could be achieved from a stable analogue of this
latter transition state. This situation is shown diagrammati-

cally in the free energy/reaction coordinate diagram of Figure
1 where a good transition state analogue of the enzyme-
catalyzed reaction (ESq

analogue) cannot be achieved by a simple
noncovalent binding reaction, but only by way of a covalent
reaction between E and I that passes through a transition
state EIq, and one that is, in the present example, significantly
stabilized by the enzyme (compare the energies of E+Iq and
EIq).1 Under these circumstances, EIq
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of EIq, and possibly significantly different in structure from
ESq, should also be an effective inhibitor.

Serine proteases have been a traditional testing ground for
enzyme inhibitors and, in particular, of transition state
analogue inhibitors. The central distinguishing feature of an
acyl transfer reaction, such as catalyzed by serine proteases,
is the anionic tetrahedral intermediate and associated transi-
tion states (9). Since serine proteases operate by a double
displacement mechanism with a covalent acyl-enzyme
intermediate (10), the tetrahedral intermediates of acylation
(1: L denotes a leaving group) and deacylation (2) are
covalently bound to the active site serine nucleophile.

Transition state analogue inhibitors, therefore, typically take
the form of tetrahedral anions covalently bound to the active
site serine. Examples are carbonyl adducts,3, phosphonates,
4, boronates,5, and arsonates,6. In each of these instances,
crystal structures have shown the inhibitors placed at the
active site in a conformation that rationally mimics a
tetrahedral intermediate of the enzyme-catalyzed reaction
(11).

The inhibition of serine proteases by phosphyl derivatives
has been studied for many years (12) and, with suitably
specific inhibitors, is a very rapid reaction (13-15). It is
clear, therefore, that the enzyme active site must actively
catalyze this reaction. The transition state of a phosphylation
reaction contains pentacoordinated phosphorus and is thought
to have a trigonal bipyramidal geometry (16). The enzyme,
therefore, must be able to bind and stabilize a species such
as 7 and 8, as well as the classical1-6 (17). From the

arguments made above (Figure 1), a stable pentacoordinated
structure, bound to the enzyme, should also be an inhibitor.
Stable pentacoordinated structures are not common, but
among compounds of biocompatible elements, those of
vanadium stand out. Vanadates have long been employed
as transition state analogue inhibitors of enzymes catalyzing
phosphyl transfer reactions (18-21). Crystal structures of
the inhibitory complexes indeed reveal pentacoordinated
vanadium (22-25).

In view of the above, therefore, we (J.H.B. and R.F.P.)
looked for inhibition ofR-chymotrypsin by complexes of
hydroxamic acids with vanadate, anticipating that complexes
of structure9, analogous to8, might be formed. We indeed
did find inhibition (26), just as we did with another serine
protease, elastase, and with a different class of serine
hydrolase, the class Câ-lactamases (27), but in no case, until
now, was the structure of the inert complex determined. In
this paper, we report the 1.5 Å crystal structure of chymo-
trypsin in complex with vanadate and benzohydroxamic acid.

The structure reveals the inhibitor at the active site and a
novel mode of inhibition.

EXPERIMENTAL PROCEDURES

Materials.Bovine pancreaticR-chymotrypsin was obtained
from Sigma (Type II). Benzohydroxamic acid and sodium
ortho-vanadate (99.99%) were purchased from Aldrich.
These reagents were used as supplied. Stock solutions of
vanadate and benzohydroxamic acid for the kinetics experi-
ments were prepared as described previously (28). Fresh
stock solutions ofR-chymotrypsin (1 mg/mL) were prepared
in 1 mM hydrochloric acid immediately prior to use and kept
on ice for the duration of the experiment.

Kinetics.Steady-state kinetics experiments were performed
at 25°C in 0.1 M Tris buffer at pH 7.8 containing 10 mM
calcium chloride. The substrate employed wasN-succinyl-
alanyl-alanyl-prolyl-phenylalanyl-p-nitroanilide (Sigma); its
hydrolysis, catalyzed by the enzyme, was monitored spec-
trophotometrically at 410 nm. TheKm of the substrate under
these conditions was taken to be 43µM (29). Inhibition of
the enzyme (final concentration 0.2µM) by the vanadate/
benzohydroxamic acid complex was demonstrated by mea-
surement of initial rates of substrate hydrolysis (final
substrate concentration 86µM) at constant total vanadate
concentration (0.3 mM) and various hydroxamic acid con-
centrations (0-1 mM). The inhibition constant of the 1:1
complex was determined from these data, as previously
described (27), employing the program Dynafit (30). The
nature of the inhibition was demonstrated by experiments
where initial rates of substrate hydrolysis were measured at
fixed vanadate and hydroxamic acid concentrations but with
variation of substrate concentration (5-172 µM). This
procedure was repeated at different combinations of vanadate
and benzohydroxamic acid concentrations, with both in the
range of 0.03-1 mM. These data were analyzed by the
method of Cleland (31). The inhibition caused by the
vanadate complex was quantitatively very similar at pH 7.0
to that at pH 7.8.

Crystallization ofγ-Chymotrypsin.γ-Chymotrypsin was
purchased from Sigma (C-4754) as an essentially salt-free
lyophilized powder. The desired amount of enzyme was
dissolved in distilled deionized water to a concentration of
30 mg/mL and the solution stored at 4°C until needed.
γ-Chymotrypsin andR-chymotrypsin are conformational
isomers that are identical in amino acid sequence and solution
kinetics (32) but have different crystal structures, largely
brought about by the presence of a peptide from proteolysis
bound at the active site of the former (33).

Crystals were grown by the hanging drop vapor diffusion
method. Drops consisted of a mixture of enzyme solution,
buffer (10 mM sodium cacodylate pH 6.0, 0.75% saturated
cetyltrimethylammonium bromide, and 45% saturated am-
monium sulfate), and 1 M NaI solution. These were mixed
in the ratio protein:buffer:NaI) 5 µL:4 µL:1 µL. First, the
enzyme solution was pipeted onto a glass cover slip, then
the buffer solution was added, and finally the NaI solution
was added. The order in which the solutions were added
seemed to have a distinct effect on the quality and number
of crystals. The resulting 10µL drop was not mixed mech-
anically but allowed to self-mix by simple diffusion, as mix-
ing also seemed to reduce the number and size of crystals.
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The above procedure produced the most crystals of highest
quality. The well was filled with 700µL of buffer solution.

Crystals were routinely grown in about 3 days by this
method with dimensions of approximately 0.5× 0.3 × 0.2
mm. The crystals were tetragonal and belonged to symmetry
space groupP42212, a ) b ) 68.0 Å andc ) 95.9 Å.
Crystals could be stored in the drops for months with no
apparent loss of diffraction quality.

Inhibition of Crystals with the Vandate/Benzohydroxamic
Acid Complex.Sodium ortho-vanadate was dissolved in water
to a final concentration of 1 M. The benzohydroxamic acid
was dissolved in DMSO to a final concentration of 1 M.
These stock solutions were used to make a final solution of
1 mM vanadate and 2 mM benzohydroxamic acid in 20 mM
sodium cacodylate (pH 7.4) and 75% saturated ammonium
sulfate. These concentrations of vanadate and benzohydrox-
amic acid were used since they gave the maximal concentra-
tion of the 1:1 vanadate/benzohydroxamic acid complex
[higher concentrations result in the formation of noninhibitory
1:2 complexes (27)]. The pH was necessarily kept near
neutrality to avoid formation of decavanadate at acidic pH
levels.

Crystals of γ-chymotrypsin were placed in 10µL of
soaking solution for anywhere from 1 to 5 days. After 1 day
of soaking, the crystals turned a characteristic reddish-brown
color and appeared opaque. This is interpreted to be due to
localization of vanadate/hydroxamic acid complexes in the
solvent channels of the crystal. This was encouraging as it
suggested that the inhibitor was able to diffuse freely through
the crystal. Crystals could be left in the soaking solution for
several weeks without evidence of dissolution of crystals.
Backsoaking of crystals in 20 mM sodium cacodylate (pH
7.4) and 75% ammonium sulfate lacking inhibitor resulted
in loss of the reddish-brown color and opaqueness. This
indicates that the vanadate compounds can always diffuse
freely through the crystal.

Data Collection and Reduction.For crystals soaked in high
ammonium sulfate concentration, a cryo solution of 22%
PEG 4K and 15% MPD in water was prepared. Crystals were
passed through this solution transiently and then flash cooled
in liquid nitrogen. Data were collected at the Advanced
Photon Source at Argonne National Laboratories on Bio-
CARS beamline 14-BM-C to a final resolution of 1.5 Å.
Exposure times were 5.0 s with an incident wavelength of
1.00 Å and an oscillation sweep of 0.5°. The data were
indexed and integrated using DENZO and scaled using
SCALEPACK (34). The resulting scaled data had an overall
Rmergeof 7.4%. A summary of data statistics is given in Table
1.

CNS Refinement.These data were initially refined in CNS
(35). Phases were derived from a starting model taken from
the Brookhaven Protein Data Bank, call number 2GCH (36).
The refinement was carried out with a maximum likelihood
amplitude-based target function, employing chemical re-
straints (37). Rfree was used as a monitor of refinement. No
inhibitor or waters were included in the initial refinement.
See Table 1 for further information.

The starting model was first subjected to rigid body
refinement. The resulting model was optimized by one round
of simulated annealing torsion angle refinement (38). The
model was further improved with one round each of both
group and individual isotropicB-factor refinement as imple-

mented in CNS. Throughout this process, model quality was
also checked manually in O (39) against electron density
maps with coefficientsFo - Fc and 2Fo - Fc. Maps drawn
at this stage in the refinement showed clear and unambiguous
difference density for the inhibitor in the active site. Maps
also showed little need to adjust the overall protein model,
as it fitted quite well into the observable density. No solvent
molecules were added in CNS. After the individualB-factor
refinement,R ) 26.9% andRfree ) 27.3% and included 236
amino acid residues (residues 1-10, 16-146, and 151-245;
residues 14-15 and 147-148 are cleaved during zymogen
activation and residues 11-13, 149, and 150 are disordered).
Subsequently, all refinement was carried out in SHELX-97-2
(40).

SHELX-97 Refinement.The CNS model was refined in
SHELX using a conjugate gradient least-squares minimiza-
tion against an intensity based residual target function.
Stereochemical and displacement parameters were used.
Waters were added after one round of refinement. After
another round of refinement with waters, the inhibitor was
added. A coordinate file for the inhibitor was generated by
ChemDraw and WebViewer Lite. Refinement parameters
were derived for SHELX from CSD coordinate file
KEFNUE.pdb (41). More waters were added on subsequent
rounds, generally 50 at a time. Between all rounds of
refinement, adjustments in the protein model and solvent
model were made by hand in O. Upon addition of more
waters, difference density for alternate conformations ap-
peared in both the protein and the inhibitor. It should also
be noted that there are significant regions of connected
difference density in solvent accessible regions, especially

Table 1: Data Collection and Refinement Statistics

Crystal Data
space group P42212
unit cell parameters (Å) a ) 69.0

b ) 69.0
c ) 95.9

Data Processing
no. of reflections, observed 1 054 360
no. of reflections, unique 38 061
cutoff (I/σ) 0
Rmerge

a (overall) (%) 7.4
completeness, overall (%) 98.9
highest resolution shell (Å) 1.55-1.50
Rmerge

a (outer shell) (%) 46
completeness, outer shell (%) 94.8

Model Refinement
resolution range (Å) 50-1.5
cutoff (F/σF) 0
R-factorb (%) 20.0
no. of reflections 63183
Rfree (for 2053 reflections; %) 24.3
no. of protein atoms 3290
no. of vanadium ions 1
no. of sodium ions 1
no. of sulfate ions 1
no. of water molecules 276
no. of other non-protein atoms 13
B factor model individual
rmsd from ideality:

bond lengths (Å) 0.007
bond angles (deg) 1.7
improper angles (deg) 1.0
dihedral angles (deg) 22.7

a Rmerge ) ∑|Iobs - Iavg|/∑Iavg. b R-factor ) ∑|Fobs - Fcalc|/∑|Fobs|.
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near the active site, that appear to be portions of peptide
density. These are most likely self-cleavage products, as it
is known thatγ-chymotrypsin cleaves itself during formation
of crystals. These regions of difference density were not
modeled as resolution precluded definite identification of
sequence and inclusion of a poly-alanine model (three
residues) did not significantly improve eitherR or Rfree. In
addition to the inhibitor molecule, a sulfate molecule was
modeled. At the end of SHELX-97 refinement, the finalR
) 20.0% andRfree ) 24.3%. A summary of final refinement
statistics is given in Table 1. Coordinates and structure factors
have been deposited in the RCSB Protein Data Bank as entry
2P8O.

RESULTS

Hydroxamic acids form coordination complexes with
vanadate at neutral pH. At concentrations below millimolar,
1:1 complexes dominate (28). Such a mixture of benzohy-
droxamic acid and vanadate inhibitedR-chymotrypsin in a
fast and reversible fashion (Figure 2). Neither the hydroxamic
acid nor vanadate alone affected the enzyme activity at these
concentrations. The data of Figure 3 show that the inhibition
was of the competitive type; this was also true at 1 mM
vanadate (data not shown). Analysis of the data of Figure 3
was performed by means of the previously employed (27)
Scheme 1. In this scheme, VH and VH2 represent the 1:1
and 1:2 vanadate-hydroxamic acid complexes, V2 and V4

are divanadate and tetravanadate, respectively, EVH is the
inhibitory complex, and S is the peptide substrate turned over
by the enzyme E to product P. It is also assumed that the
inhibitor is the 1:1 VH complex. This was proven to be true
for a serineâ-lactamase (27) and is confirmed in the present
case by the structure obtained (see below). The constants
K1-K4 were independently determined as previously de-
scribed (27, 28), and thusKI could be obtained from the data
of Figures 2 and 3.

The KI value for the benzohydroxamic acid/vanadate
complex was (14( 1) µM. Values for the vanadate
complexes ofp-nitro- andp-methoxy-benzohydroxamic acids
(data not shown) were (6.0( 0.5) µM and (38( 1) µM.
The electrophilicity of vanadium, increased by electron
withdrawing substituents on the benzohydroxamate ligand,
may therefore be important in enhancing the inhibitory power

of the vanadate complex. A51V NMR spectrum of the
vanadate/benzohydroxamic acid/chymotrypsin ternary com-
plex [a mixture of 1 mM total vanadate, 2 mM benzohy-
droxamic acid, and 1 mMR-chymotrypsin was prepared at
pH 7.5 and its NMR spectrum obtained as described pre-
viously (27)] (not shown) exhibited sharp peaks for vanadate
monomer (-559 ppm) and the free VH complex (-509 ppm)
and a broad resonance around-500 ppm which can be
assigned to the E‚VH complex. A similar resonance (-498
ppm) in the analogous complex of theEnterobacter cloacae
P99â-lactamase was interpreted to indicate the presence of
5- or 6-coordinated vanadium in the complex (27). This, too,
is in accord with the structure described below.

OVerall Structure.The overall fold and crystal packing
of the enzyme is identical to that of previous structures of
γ-chymotrypsin. Solvent boundaries are well defined and all
regions of protein density are clear except for residues 11,
12, 13, 149, and 150, which are traditionally disordered in
γ-chymotrypsin structures (32, 42). Areas near the trypsin
and chymotrypsin cleavage sites display weak density,
particularly the area near residues 145 and 146 where
placement of arginine 145 was not possible.

At the high resolution achieved, there seems to be evidence
of only minimal decarboxylation of aspartate and glutamate
side chains on the surface of the protein, a phenomenon
characteristic of synchrotron radiation. There is also signifi-
cant difference density (>2.5 σ) around certain internalâ
strands (e.g., residues 211-214), consistent with small
displacement of the peptide backbone. There is little or no
corresponding difference electron density for the side chains.
Modeling of the backbone into the difference electron density
followed by energy minimization refinement yielded electron
density maps with significant difference electron density

FIGURE 2: Inhibition of turnover ofN-succinyl-alanyl-alanyl-
prolyl-phenylalanyl-p-nitroanilide byR-chymotrypsin in the pres-
ence of 0.3 mM total vanadate and 0-1 mM benzohydroxamic
acid.

FIGURE 3: Double-reciprocal plots of the activity ofR-chymotrypsin
againstN-succinyl-alanyl-alanyl-prolyl-phenylalanyl-p-nitroanilide
in the absence of vanadate and benzohydroxamic acid (O), in the
presence of 0.1 mM total vanadate and 0.03 mM benzohydroxamic
acid (0), and of 0.1 mM total vanadate and 0.1 mM benzohydrox-
amic acid (4). These plots show the inhibition by vanadate and
benzohydroxamic acid to be competitive.

Scheme 1
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corresponding to the former position of the backbone. This
seems to indicate that theseâ strands have alternate positions
in the crystal. Due to concerns with resolution, these alternate
positions were not modeled. All the disulfide bonds present
in the protein have nearby residual difference electron
density. This would indicate that there is some degree of
reduction of the disulfides, probably X-ray induced. The
greatest degree of reaction seems to have occurred at the
Cys 42-Cys 58 disulfide bond, which is proximal to the
active site. It is possible that vanadium might facilitate redox
reactions at sulfur. A sulfate molecule resides in a part of
the solvent-accessible regions of the crystal making hydrogen-
bonding contacts with the backbone amide nitrogen of serine
92 and the Nú of lysine 36 of a symmetry related protein
molecule as well as nearby water molecules.

The ActiVe Site.The active site region is well defined and
has a conformation similar to the active sites of other
chymotrypsin-inhibitor complexes. Initial maps drawn using
the atomic coordinates from Cohen et al. (36) showed clear
difference electron density in the active site for the vanadium/
hydroxamate adduct. The inhibitor is bound covalently to
the vanadium ion through a covalent bond with Ser 195Oγ
(Figure 4). The aromatic ring of the benzohydroxamic acid
moiety points into the hydrophobic S1 pocket of the enzyme.
The initial difference electron density indicated an octahedral
geometry about the vanadium atom with the carbonyl and
hydroxyl of the benzohydroxamic acid, the Ser 195Oγ and
three other oxo ligands all coordinating to the vanadium
center (see the schematic Figure 5). Of the three oxo ligands,
ligand O1 is oriented into the oxyanion hole and makes
hydrogen bonds with backbone amide nitrogens of residues
195 and 193. Ligands O2 and O3 point out toward solvent
and make minimal contacts with the protein.

The phenyl ring of the hydroxamate fits neatly into the
S1 binding pocket. Theπ-cloud of the phenyl ring makes
several interactions with peptide backbone. The phenyl ring
is sandwiched between twoâ strands and theπ-cloud of the
ring makes a stacking-type interaction with the delocalized
π electrons in the peptide bonds of the protein backbone.
The phenyl ring extends only part way into the pocket, not

quite as far as tryptophan would, for example, with the rest
of the pocket being occupied by several water molecules.
The ring is slightly mobile, with some motion in the plane
of the ring, judging by a slight elongation of the density on
either side of the phenyl ring. There does not, however, seem
to be any motion of the ring perpendicular to the plane of
the ring, judging by the electron density.

The residues of the catalytic triadsSer 195, His 57, and
Asp 102sare well ordered with lowB-factors. They are
hydrogen bonded together in the usual fashion for serine
proteases with Ser 195Oγ-His 57Nε2 and His 57Nδ1-Asp
102Oδ1 distances of 2.6 Å. These values are typical for
acyl-enzyme and transition state analogue complexes of
these enzymes and emphasize, particularly, the tight hydro-
gen bond between His 57 and Asp 102 that would be
expected of reactive complexes and their analogues (e.g.,
see refs42-44).

Coordination around Vanadium.The coordination about
the vanadium in the difference electron density is close to
octahedral. Figure 5 shows the bond lengths for the vanadium/
benzohydroxamic acid ligand. The vanadium-oxygen dis-

FIGURE 4: Two-paneled figure of the active site showing the vanadate/benzohydroxamic acid complex covalently attached toγ-chymotrypsin.
In panel A, the initial difference electron density (coefficientsFo - Fc) before refinement of the inhibitor in SHELX is shown in green,
rendered at 2.5σ. Panel B shows the electron density removed and with appropriate labels added. The vanadium ion is rendered in chrome,
and the oxygens are numbered as in the text. The residues of the oxyanion hole are also shown with pertinent distances in angstroms. Only
the side chains of His 57 and Ser 195 are rendered.

FIGURE 5: A chemical representation of the structure shown in
Figure 4 with pertinent distances in angstroms. The protonation
states of the oxygen species are not indicated, as definite knowledge
of the protonation states cannot be determined at this resolution.
The oxygens are numbered as discussed in the text.
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tances are generally 1.8-2.0 Å, which agrees well with data
from small molecule studies. The bond angles are also
consistent with those seen in small molecule structures
with most of them being within 15° of their expected ideal
values. The average deviation from ideal octahedral geometry
is 5.5°. The 2005 version (5.27) of the Cambridge Structural
Database lists 14 structures including 17 individual hydrox-
amates coordinated to VV; all are approximately octahedral
complexes (41, 45-51). The average distances relevant to
vanadium coordination of the hydroxamate are V-O5, 1.88
( 0.03 Å; O5-N1, 1.37( 0.02 Å; N1-C1, 1.32( 0.02 Å;
C1-O4, 1.25( 0.02 Å; and O4-V, 2.15 ( 0.07 Å. These
are in excellent agreement with those determined in the
chymotrypsin complex. The reference compounds also
contain examples of complexes ofN-aryl hydroxamic acids
which have bond lengths in the ranges noted above. This
supports the assignment of the reference structures as
hydroxamates rather than hydroximates. The C1-O4 and N1-
C1 distances would also be longer and shorter, respectively,
if the latter were true (52). The resolution of the present
structure is insufficient to decide between hydroxamate and
hydroximate, but, based on the cited precedents, the present
structure was modeled as a hydroxamate.

It is noticeable that the O4-V distance appears to be
somewhat shorter in the chymotrypsin complex than in the
reference compounds (2.0 vs 2.15 Å). This may relate to
another point. All of the reference complexes contain one
oxygen ligand which is 1.59( 0.03 Å from the vanadium,
connected to it by what is generally described as a vanadium
oxygen double bond. Distribution of the double bond
character among the three oxygen ligands of the chymo-
trypsin complex (none of the model compounds has more
than one oxygen) would certainly lead to longer V-O bonds;
the V-O (usually three) bond lengths reported for penta-
coordinate vanadate complexes of phosphoryl transfer en-
zymes, for example, appear to vary rather widely from 1.5
Å to 2.0 Å. Another contributing factor to the longer V-O
bonds may be the shorter V-O4 distance in the complex
than in the reference compounds, which may be enforced
by the fit of the phenyl group in the P1 site. The shortest
V-O bond in the complex corresponds to the oxygen in the
oxyanion hole. Although it is not easy to directly determine,
at the resolution achieved, whether a particular oxygen exists
in the structure as oxide, hydroxide, or water, it seems likely,
because of the functional role of the oxyanion hole in
catalysis, that O1, at least, is anionic. The shorter bond length
is perhaps not unexpected for a site that is designed to
accommodate an even shorter C-O- moiety.

Another interesting feature is the apparent length of the
Ser 195Oγ-V bond (2.0 Å). Normally, V-OR bonds are
1.75-1.80 Å (Cambridge Structural Database), but, when
protonated, for example in the structures described by
Maurya et al. (53), the V-O bond exceeds 2.0 Å in length.
With respect to the present structure, the partial protonation
provided by the strong hydrogen bond donated by His 57Nε

may be responsible for the bond extension.
After refinement of the octahedral vanadium/benzohy-

droxamic acid complex against the data, a small amount
(e5%) of residual difference electron density appeared
between atoms O2 and O3. This was interpreted as being
consistent with a small amount of a trigonal bipyramidal
coordination around the vanadium center. In this putative

trigonal bipyramidal structure, the benzohydroxamic acid
moiety, the vanadium center, and O1 all retain the same
position as in the octahedral form, but O2 and O3 are
replaced by an intermediary oxygen, giving a roughly trigonal
plane around the vanadium. Refinement of only this trigonal
bipyramidal form showed very poor occupancy for the
intermediary oxygen position, indicating that the penta-
coordinated form of the inhibitor is present to a much lesser
degree than the octahedral form, probably around 5% or so
of the total occupancy. Due to concerns with resolution, the
pentacoordinated form has not been included in the current
model and only an octahedral form is refined here.

DISCUSSION

Serine acyl hydrolases are susceptible to inhibition by
vanadium (V)/hydroxamic acid complexes (26). Chymo-
trypsin, for example, forms a complex with vanadate and
benzohydroxamic acid with a dissociation constant (referring
to dissociation of a 1:1 vanadate/benzohydroxamate complex
from the enzyme) of 16µM. The inhibition appears to be
competitive (Figures 2 and 3). Inhibition may occur, as with
other examples of “enzyme-assembled” or “target-induced”
inhibitors (54-57), either by stepwise binding of the ligands,
vanadate and benzohydroxamic acid in this case, or by
interaction with a preformed complex of the ligands in
solution. Since vanadate and benzohydroxamic acid, indi-
vidually, do not inhibit at the concentrations employed, and
the 1:1 complex does occur in solution (28), the latter path
is perhaps more likely in this case. The X-ray crystal structure
of the inhibitory complex has now been determined; it has
been described above and will be discussed below in terms
of the catalytic mechanism and substrate specificity of
chymotrypsin.

As described in the introduction, serine acyl hydrolases
such as chymotrypsin catalyze the hydrolysis of carboxylic
acid derivatives by means of a double displacement mech-
anism. After noncovalent binding of substrate to enzyme,
the reaction is initiated by nucleophilic attack by the active
site serine hydroxyl group on the acyl carbonyl group of the
substrate, to form, initially, the tetrahedral intermediate10.

This structure shows the oxyanion hole (backbone NH groups
of Gly 193 and Ser 195), the S1 and S2 subsites accom-
modating the P1 and P2 side chains of the substrate, and the
leaving group L. A phosphonate inhibitor, designed to take
advantage of chymotrypsin specificity(see, for example, ref
14), would react by way of the pentacoordinated intermediate
11. Again, L is a leaving group, but, as stereoelectronically
required in a phosphyl transfer transition state (16), is in line
with the SerOγ-P bond rather than adjacent as in10. After
departure of L,11would, in principle, yield the acyl transfer
transition state analogue structure12.
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If the vanadate complex formed a direct analogue of11,
one would expect the structure13. It is noticeable, however,
that in 13, neither the S1 nor the S2 sites appear to be
optimally, or even suboptimally, filled [chymotrypsin has a
preference for bulky aliphatic residues in S2 (58)]. Further,

in complexes of peptide analogues with chymotrypsin, the
P1-P2 amide connector usually only interacts with the protein
via a single hydrogen bond to Ser 214 (42, 59). Thus it is
perhaps not surprising, in retrospect, that the observed
structure does not resemble13. In serineâ-lactamases, where
an aromatic side chain and an amide group of a substrate
interact more favorably with the enzyme, the result may be
different, although no structure is yet available to demonstrate
this.

The observed structure must be represented as14 rather
than13 but can be interpreted in terms of11. The chymo-
trypsin has bound the hydroxamate oxygen in a position
roughly equivalent to that of the leaving group (L) in the
pentacoordinated intermediate structure11. Then, by virtue

of the hydroxamate structure, the remainder of the ligand
has become organized to place the phenyl group in the
important S1 site, and the carbonyl coordinated to the
vanadium in a chelated fashion as found in small molecule
complexes of vanadate and hydroxamic acids. The vanadium,
perhaps because of the weak interaction with the hydrox-
amate carbonyl, has achieved coordination saturation by
means of another hydroxyl/water ligand directed in the empty
S2 direction. The maneuvering of the phenyl group into the
S1 site can be appreciated in Figures 6 and 7 that show
overlaps of the vanadate complex with structures of com-
plexes of the acyl transfer transition state analogue phenyl-
ethane boronic acid (44) and of a peptide substrate in the
acyl-enzyme form (42).

Overall, the ligands around vanadium in the observed
structure form a distorted octahedron but, as indicated above,
one can see in them an analogue of the pentacoordinated

FIGURE 6: Overlapped structures showing the resemblance between
the positioning of ligands in the vanadate complex and the
phenylethane boronic acid complex (44). The vanadate/hydroxy-
mate/γ-chymotrypsin complex is rendered with carbons in black
and the vanadium ion in chrome. The phenylethane boronic acid/
γ-chymotrypsin complex is rendered with carbons in gray and the
boron in bronze. The side chain of histidine 57 is included for
perspective as is the oxyanion hole consisting of the backbone
amides from serines 193 and 195. Only side chains for His 57 and
Ser 195 are rendered.

FIGURE 7: A wall-eyed stereoview of overlapped structures showing the resemblance between the positioning of ligands in the vanadate
complex and aγ-chymotrypsin/peptide acyl enzyme (43). The vanadate/hydroxamate/γ-chymotrypsin complex is rendered with carbons in
black, the vanadium ion in chrome, and the oxygens bonded to the vanadium ion in purple. Theγ-chymotrypsin/peptide acyl enzyme is
rendered with carbons in gray. Blue dashed lines represent pertinent hydrogen bonds. All side chains except those for histidine 57 and
serine 195 and the P1 tyrosine of the peptide have been removed for clarity.
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complex11; the latter, in this case, is unusual in having an
extended leaving group enabling it to reach into the S1 site.
To some extent, the structure could also be seen as an
analogue of a tetrahedral structure10, but the higher
vanadium coordination seems to make it appear closer to
11.

Other than by structural considerations, a semiquantitative
estimate of the ability of the vanadate complex to mimic a
chymotrypsin transition state may be obtained from theKI

value of the vanadate complex (14µM). The corresponding
values for two generally acknowledged small molecule
sources of tetrahedral transition state analogues, phenylethane
boronic acid (44) andN-acetyl-L-phenylanyl trifluoromethyl
ketone (60), are 40µM and 20 µM, respectively; small
molecule substrates bind considerably more weakly (61). The
vanadate complex, therefore, is a quite effective inhibitor
and, perhaps, as discussed above, a phosphylation transition
state analogue.

The structure obtained and described in this paper, the first
of a vanadium inhibitor of an acyl transfer enzyme, does
indicate that, as would be expected, an enzyme should be
able to bind an analogue of a transition state of a catalyzed
reaction, even if the reaction is not the one the enzyme has
evolved to facilitate (Figure 1). This idea may expand the
possibilities of inhibitor design, particularly for covalent
inhibitors. In the present case, by analogy with other
transition state analogue inhibitors of serine proteases (58,
60, 61), one might speculate that a peptide hydroxamate,
designed for optimal occupancy of the S2 rather than the S1
site, e.g., anN-acyl-leucine hydroxamic acid, might form a
tight binding vanadate complex resembling13 with chy-
motrypsin. Unfortunately, peptide hydroxamates do not form
as stable complexes with vanadium in solution as do aryl
hydroxamates (27, 62). Further, chymotrypsin specificity is
dominated by the S1 site; an enzyme with more significant
extended specificity might be a better target for this approach.
It is also intriguing to note that14 has two remaining
exchangeable oxygen sites at vanadium which could be
displaced by enzyme-specific ligands.
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