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ABSTRACT: Herpesvirus protease is required for the life cycle of the virus and is an attractive target for
the design and development of new anti-herpes agents. The protease belongs to a new class of serine
proteases, with a novel backbone fold and a unique Ser-His-His catalytic triad. Here we report the
crystal structures of human cytomegalovirus protease in complex with two peptidomimetic inhibitors.
The structures reveal a new hydrogen-bonding interaction between the main chain carbonyl of the P5

residue and the main chain amide of amino acid 137 of the protease, which is important for the binding
affinity of the inhibitor. Conformational flexibility was observed in the S3 pocket of the enzyme, and this
is supported by our characterization of several mutants in this pocket. One of the structures is at 2.5 Å
resolution, allowing us for the first time to locate ordered solvent molecules in the inhibitor complex. The
presence of two solvent molecules in the active site may have implications for the design of new inhibitors
against this enzyme. Favorable and stereospecific interactions have been established in the S1′ pocket for
one of these inhibitors.

Members of theherpesViridae family infect most species
throughout the animal kingdom, and nine human herpesvi-
ruses are currently known (1). Herpesviruses are large,
double-stranded DNA viruses that vary greatly in their
biological properties, such as cell tropism, immunological
response, genome size, and genome content. On the basis
of these differences, the viruses are divided into three sub-
families designated asR, â, andγ. The herpes simplex virus
type 1 (HSV-1), HSV-2, and varicellar-zoster virus (VZV)
belong to theR sub-family. Theâ sub-family includes the
human cytomegalovirus (HCMV), human herpesvirus 6A
(HHV6A), HHV6B, and HHV7. Theγ sub-family includes
the Epstein-Barr virus (EBV) and Kaposi-sarcoma associ-
ated herpesvirus (KSHV, also known as HHV8). Herpesvirus
infections in humans cause a variety of disorders ranging in
severity from childhood chickenpox (VZV infection) to
potentially fatal complications of HCMV infection in im-
munocompromised or immunosuppresed patients.

Herpesviruses encode a protease that is essential for the
production of infectious virions (2, 3). This protease catalyzes
the maturational processing of the herpesvirus assembly
protein, which forms a scaffold that enables the assembly
of the herpesvirus capsid. Biochemical studies identified the
protease as a serine protease. Solution studies showed that

the protease exists in a monomer-dimer equilibrium, with
the dimer being the active species (3-5). The first structural
information, on the free enzyme of HCMV protease, revealed
the protease to possess a new polypeptide backbone fold and
a novel catalytic triad (Ser132-His63-His157) (6-10).

Herpesvirus protease is an attractive target for the devel-
opment of new anti-herpes agents (2, 3). A series of
peptidomimetic inhibitors has been developed based on the
substrate preference of HCMV protease (11). A crystal
structure of the protease in complex with one such com-
pound, inhibitor 1 (Figure 1), shows that the inhibitor binds
in an extended conformation, forming an antiparallelâ-sheet
with the protease (12). The catalytic Ser132 residue attacks
the activated carbonyl group (R-ketoamide) in the inhibitor
(Figure 1), forming a (reversible) covalent complex. There
are major conformational changes in the protease upon
inhibitor binding, suggesting that HCMV protease is an
induced-fit enzyme (10, 12-14). HCMV protease shares
26% amino acid sequence identity with that of HSV-1
protease. These enzymes have similar structures and substrate
preferences (2, 3, 10), and structural information obtained
on inhibitor complexes of HCMV protease will be applicable
to the design of inhibitors against HSV-1 protease as well.
To further understand the molecular basis for the observed
structure-activity relationships (SAR) of these compounds,
here we present the crystal structures of HCMV protease in
complex with two other peptidomimetic inhibitors and in
different crystal forms. Our structures demonstrate the
importance of a hydrogen bond from the P5 residue of the
inhibitor and reveal conformational flexibility in the S3

pocket of the protease. In addition, we have performed
mutagenesis, biochemical, and structural studies to assess
the functional roles of residues in the S3 pocket.
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MATERIALS AND METHODS

Preparation of Enzyme.The protease samples used in these
studies contain the A143Q mutation, which eliminates the
auto-proteolysis at this position (15). This mutant maintains
the catalytic activity of the native form of the enzyme, and
protease samples carrying the A143Q mutation will be
referred to as the wild type here. The protease samples were
expressed in theEscherichia colistrain BL21(DE3) pLysS,
and the purification followed the protocol described earlier
(6, 12). Site-directed mutagenesis was performed with the
QuikChange kit (Stratagene), and the presence of the desired
mutation was confirmed by sequencing. The mutants were
expressed and purified following the same protocol as that
for the A143Q sample.

Crystallization, Data Collection, and Data Processing.
Crystals were grown at 21°C using the hanging-drop vapor
diffusion method from a solution containing 1µL of 7 mg/
mL protein in 20 mM HEPES (pH 7.0), 80 mM Na2SO4, 40
mM NaCl, 2 mM DTT, 2 mM EDTA, and 2 mM of inhibitor
in DMF (2.5% final concentration in protein solution) and 1
µL of the reservoir solution (16-18% PEG 4000, 0.1 M
HEPES (pH 7.0), 10-12% glycerol, 0.3 M NaCl, 5 mM
spermine-HCl, 2 mM DTT, and 2 mM EDTA). The
protease-inhibitor mixture was incubated for 40 min prior
to crystallization setup. For inhibitor 2, both orthorhombic
and tetragonal crystals were obtained (Table 1). Crystals were
flash-frozen in liquid propane for data collection at 100 K.
X-ray diffraction data up to 2.5 Å resolution were collected
at synchrotron radiation sources, including National Syn-
chrotron Light source (NSLS) beam lines X4A and X12C
and Advanced Photon Source (APS) beam line 19BM (Table
1). The diffraction images were processed with the HKL
package (Table 1) (16).

Structure Determination and Refinement.The structures
of the protease-inhibitor complexes were determined, when
necessary, by molecular replacement with the COMO
program (17), using the structure in complex with inhibitor
1 as the search model (12). The molecular replacement
solution was subjected to rigid-body refinement using
reflections between 5.0 and 3.5 Å resolution. Structure factors
were calculated for all reflections to the highest resolution
of the observed data using the atomic model after rigid-body
refinement, and the calculated phases were applied to the
observed structure factor amplitudes. The phase information
was improved by 4-fold noncrystallographic symmetry
averaging for the orthorhombic structures and 2-fold non-
crystallographic symmetry averaging for the tetragonal
structure with the program DM (18). The atomic model was
rebuilt against the resulting electron density map with the
program O (19). The structure refinement was carried out
with the program CNS (20). The crystallographic information
is summarized in Table 1.

Kinetic Measurements.The kcat and Km values for each
enzyme were measured by monitoring the hydrolysis of an
internally quenched peptide substrate (Bachem) at 30°C (λex

) 355 nm andλem ) 495 nm) (21). The reaction mixture
was composed of 100 mM MOPS (pH7.2), 0.5 M Na2SO4,
10% glycerol, 10 mM DTT, and 2 mM EDTA. The
fluorescence signal of the cleaved peptide was monitored
using a spectrofluorimeter (Photon Technologies Inc.). The
parameters for the wild type, E31S, and R137E enzymes
were obtained from classical Michaelis-Menten kinetics.
However, the E31R mutant exhibited a significantly reduced
catalytic activity, and enzyme concentrations up to 1µM
were required for reliable measurements of the reaction rates.
Therefore, a different protocol was used to obtain the kinetic
parameter of this mutant (4, 22). The kinetic parameters were
extracted from the experimental observations using nonlinear
least-squares fitting, with the program Origin (Microcal
Software, Inc.)

RESULTS AND DISCUSSION

OVerall Structures.Crystal structures of HCMV protease
(A143Q mutant) in complex with the peptidomimetic inhibi-
tor 2 (Figure 1) have been determined in an orthorhombic
and a tetragonal crystal form at 2.7 Å resolution (Table 1).
For inhibitor 3, the structure of the complex in the orthor-
hombic crystal form has been determined at 2.5 Å resolution
(Table 1). The diffraction data set for this inhibitor complex
is of sufficient quality to allow the placement of ordered
solvent waters in the active site region of the protease (see
below). Finally, we have also determined the crystal structure
of inhibitor 3 in complex with the E31R mutant of the
protease at 2.6 Å resolution. This mutant is among several
that are studied here to characterize the functional contribu-
tions of residues lining the S3 pocket (see below).

All the atomic structures have goodR factors and geo-
metric parameters. The crystallographic information is sum-
marized in Table 1. The atomic coordinates have been de-
posited at the Protein Data Bank (accession numbers 1NJU,
1NJT, 1NKK, and 1NKM).

Binding Mode of Inhibitor 2 in the Orthorhombic Crystal
Form. The orthorhombic crystal form of the inhibitor 2
complex is isomorphous to that of the inhibitor 1 complex
reported by us earlier, with two dimers in the crystallographic

FIGURE 1: Chemical structures of peptidomimetic inhibitors of
HCMV protease. The residues are identified from P5 to P1′, and
the inhibitory potencies are indicated as well.
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asymmetric unit (12). The overall structure of the protease
and the binding mode of the inhibitors are similar between
the two complexes. The rms distance between equivalent CR
atoms of any pair of monomers of the two complexes is 0.4
Å. Similarly, the rms distance between equivalent CR atoms
of the two dimers is also 0.4 Å, suggesting that the
organization of the two dimers are similar as well.

Inhibitor 2 is one of the most potent peptidomimetic
inhibitors against HCMV protease, with IC50 of less than 50
nM (below the detection limit) (Figure 1) (11), whereas
inhibitor 1 has an IC50 of about 300 nM (12). Structure-
activity relationship (SAR) studies with the inhibitors suggest
that the presence of the des-amino lysine residue at P5

produces a significant enhancement in potency. In addition,
the introduction of an ethyl substituent in the P1′ moiety is
also beneficial for the inhibitory activity of inhibitor 2 as
compared to inhibitor 1 (Figure 1) (11).

The crystal structure of the inhibitor 2 complex provides
an explanation at the molecular level for the additional
binding affinity of this inhibitor. The bound conformation
of the inhibitor is clearly defined by the electron density map
(Figure 2A). Like inhibitor 1, inhibitor 2 is complexed to
the protease in an extended conformation, forming an
antiparallelâ-sheet with strandâ5 of the protease (Figure
3A), with hydrogen bonds from the P3 (amide and carbonyl)
and P1 (amide) residues of the inhibitor (Figure 3B). In
contrast to inhibitor 1, inhibitor 2 shows an additional
hydrogen bond to the protease, between the P5 carbonyl and
the main chain amide of Arg137 (Figure 3B). On the other
hand, the side chain of the P5 Lys residue is mostly
disordered in the structure (Figure 2A) and has essentially
no interaction with the protease. Therefore, the structural
analysis shows that the enhancement in potency by the
introduction of the P5 residue is due mostly to the formation
of the additional hydrogen bond to the protease. It has been
estimated that an additional backbone hydrogen bond in a
protease-inhibitor complex can donate approximately-1.5
kcal/mol of binding energy (23).

SAR observations showed that introducing a P6 residue
only marginally increases the potency of inhibitors (11). On
the basis of our current structure model, there is a sharp
change in the direction of the polypeptide in the protease
after Arg137, and it is unlikely for the main chain of the P6

residue to establish hydrogen-bonding interactions with the
protease.

The other difference between inhibitor 2 and inhibitor 1
is the introduction of an ethyl group at the P1′ position of

inhibitor 2 (Figure 1), which results in a 2-fold increase in
the inhibitory activity (11). The structural analysis shows
that this ethyl group is in van der Waals contact with residues
Cys161, Ser162, and Ile231 of the protease (Figure 3C),
producing about 70 Å2 of buried surface area and therefore
explaining the beneficial effect of this group. The structure
also clearly indicates that the ethyl substituent is stereospe-
cific. The other stereoisomer at this position would not only
point the ethyl group into the solvent, but it will also cause
steric hindrance between the ethyl group and the oxygen
atom of the P1′ amide group (Figure 3C). SAR studies
showed that introduction of the other stereoisomer at this
position caused an 18-fold loss in the activity of the inhibitor
(11).

About 660 Å2 of the surface area of inhibitor 2 is buried
at the interface with the protease. The majority of the surface
burial is accounted for by the interactions at the P3, P1, and
the P1′ positions with the protease (Figure 3D), corroborating
the importance of these residues for inhibitor binding. The
P4 and P2 residues are exposed to the solvent and make only
small contributions to this burial.

Table 1: Summary of Crystallographic Information

inhibitor 2 2 3 3

protease wild-type (A143Q) wild-type (A143Q) wild-type (A143Q) E31R (A143Q)
crystal form orthorhombic tetragonal orthorhombic orthorhombic
cell parameters (a, b, c) (Å) 105.5, 213.5, 52.3 73.9, 73.9, 216.4 107.1, 213.3, 52.8 105.3, 215.2, 52.3
maximum resolution (Å) 2.7 2.7 2.5 2.6
number of observations 143 394 66 771 182 204 103 436
Rmerge(%)a 7.0 6.3 6.0 9.9
resolution range for refinement 20-2.7 20-2.7 20-2.5 20-2.6
number of reflections 27 260 13 923 37 470 30 941
completeness (%) 82 81 88 83
R/freeR factorb (%) 22.3/27.1 23.6/29.8 22.8/27.3 23.3/28.0
rms deviation in bond lengths (Å) 0.007 0.008 0.007 0.007
rms deviation in bond angles (deg) 1.3 1.4 1.3 1.3

a Rmerge ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑iIhi. b R ) ∑h|Fh
o - Fh

c|/∑hFh
o.

FIGURE 2: Observed electron density for inhibitors. Final 2Fo -
Fc electron density map for (A) inhibitor 2 in the orthorhombic
crystal form at 2.7 Å resolution and (B) inhibitor 3 at 2.5 Å
resolution. The contour level is at 1σ. Produced with Ribbons (26).
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Binding Mode of Inhibitor 3.As compared to inhibitor 1,
inhibitor 3 contains an acetyl group as a mimic for the P5

residue, a valine as the P4 residue, a dimethyl aspartic acid
residue at the P3 position, and a trifluoromethyl ketone
(TFMK) as the activated carbonyl group (Figure 1). Crystals
of HCMV protease in complex with this inhibitor are also
in the orthorhombic form, isomorphous to that of the inhibitor
1 and inhibitor 2 complexes described earlier. The overall
conformation of the protease and the inhibitors are similar
among these different complexes. The binding mode of the
inhibitor is clearly defined by the electron density map
(Figure 2B). The acetyl group forms a hydrogen bond with
the main chain amide of Arg137, equivalent to that from
the P5 residue of inhibitor 2 (Figure 3B).

The TFMK group is on the surface of the protease, with
one of its fluorine atoms making a hydrogen bond with His63
(Figure 4C), the second member of the catalytic triad, similar
to that from the carbonyl oxygen of the P1′ group in inhibitor
2 and inhibitor 1 (Figure 3B). Inhibitors containing the
TFMK group are about 5-fold weaker as compared to those
with theR-ketoamide group as in inhibitor 2 (Figure 1) (11).
Part of this loss in potency is likely because of the absence
of interactions observed for the phenyl ring in theR-keto-
amide P1′ group (Figure 3C). In addition, the TFMK exists
mostly as a hemiketal in solution, which is inactive as it
is not susceptible to the attack by the catalytic Ser132
residue (11).

However, the introduction of the dimethyl aspartic acid
residue at the P3 position caused a significant conformational
change in the S3 binding pocket (Figure 4A). The side chain
of this residue is bound such that the three carbon atoms are

pointed toward the bottom of the pocket (Figure 4B), in a
conformation that is essentially the same as that of thetert-
butyl side chains of inhibitor 2 and inhibitor 1 (Figure 4A).
The carboxylic oxygens of the side chain are pointed toward
the rim of the S3 pocket, formed by ion-pair interactions
among Arg165, Glu31, and Arg137 (Figure 4B) (12). The
carboxylic oxygens of the P3 side chain in inhibitor 3 cause
a conformational change in the side chain of Glu31, because
of steric and charge repulsions, such that it now only interacts
with that of Arg165. Possibly as a consequence, the side
chain of Arg137 becomes disordered in the inhibitor 3
complex. (The main chain remains ordered, as it is stabilized
by the hydrogen bond to the P5 residue). This creates an
opening in the side of the S3 pocket in the inhibitor 3 complex
as compared to the inhibitor 2 complex, and the P3 side chain
becomes accessible to solvent (Figure 4A,B). Surprisingly,
this compound has only about a 14-fold loss in potency as
compared to an inhibitor withtert-butylglycine at the P3
position (see discussion below) (11). In addition, residues
139-143 are disordered in this complex, whereas they are
partly ordered in the inhibitor 1 and inhibitor 2 complexes.

Two Water Molecules in the ActiVe Site of the Protease.
The X-ray diffraction data for the inhibitor 3 complex extends
to 2.5 Å resolution, allowing us for the first time to locate
ordered solvent molecules in such complexes. The structure
reveals the presence of two water molecules in the active
site (Figure 4C), at positions similar to those observed earlier
in the free enzyme structures (6), the di-isopropyl phosphate
(DIP) complex of HSV-2 protease (24), and the phenyl-
methylsulfonate (PMSF) complex of HCMV protease (22).
These two waters are part of the oxyanion hole of the

FIGURE 3: Crystal structure of the inhibitor 2 complex in the orthorhombic crystal form. (A) Schematic drawing of the structure of HCMV
protease in complex with inhibitor 2. The inhibitor is shown in green. Produced with Ribbons (26). (B) Schematic drawing of the hydrogen-
bonding interactions between inhibitor 2 and HCMV protease. (C) Stereo diagram showing the interactions of the P1′ residue of inhibitor
2 (in green) and the protease. The P1′ group of inhibitor 1 is shown (in cyan) for comparison. Produced with Grasp (27). (D) Contribution
of the P5 to P1′ groups of the inhibitors to the buried surface area at the interface with the protease.
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protease, which stabilizes the developing negative charge on
the scissile amide carbonyl during the nucleophilic attack.
The oxyanion is stabilized by a direct hydrogen bond to the
main chain amide of Arg165 and an indirect hydrogen bond
to the side chain guanidinium group of Arg166 through the
two water molecules (Figure 4C). Arg166 is strictly con-
served among the herpesvirus proteases, and the R166A
mutant has 1500-fold loss in thekcat of the enzyme (25).
These two water molecules are located at the bottom of the
S1 pocket. Inhibitors that are capable of replacing them may
have significantly improved potency against the protease,
as was observed when an ordered water molecule in the
active site of HIV protease is replaced by the inhibitor (10).

Binding Mode of Inhibitor 2 in the Tetragonal Crystal
Form. We have also obtained crystals of HCMV protease
in complex with inhibitor 2 in the tetragonal crystal form
that is isomorphous to that of the free enzyme crystals
reported by us earlier (6). The inhibitor is bound to only
one of the two protease molecules in the asymmetric unit.
Interestingly, in this binding mode, the side chain of Arg137
is also disordered, similar to that observed in the inhibitor 3
complex. As a consequence, there is an opening in the side
of the S3 pocket (Figure 5A), even though the P3 side chain
is only atert-butyl group in this inhibitor. Structural studies
in this crystal form, and on the inhibitor 3 complex, therefore
suggest that the S3 pocket may have a significant degree of

FIGURE 4: Crystal structure of the inhibitor 3 complex. (A) Molecular surface of HCMV protease in complex with inhibitor 2, colored
according to electrostatic potential. The inhibitor is shown in the stick model. (B) Molecular surface of HCMV protease in complex with
inhibitor 3. (C) Stereo diagram showing the binding of the P1 (Ala) residue and the TFMK group of inhibitor 3 to the protease. Also shown
are the two ordered water molecules in the active site (in cyan) at the bottom of the S1 pocket. Panels A and B were produced with Grasp
(27), and panel C was produced with Ribbons (26).

FIGURE 5: Flexibility of the S3 binding pocket. (A) Molecular surface of HCMV protease in complex with inhibitor 2, in the tetragonal
crystal form, colored according to electrostatic potential. The inhibitor is shown in the stick model. (B) Molecular surface of the E31R
mutant of HCMV protease in complex with inhibitor 3, in the orthorhombic crystal form. Produced with Grasp (27).
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flexibility and plasticity. This is consistent with SAR results,
which showed that side chains as large as the adamantyl
group can be tolerated at the P3 position with only a 3-fold
loss in the potency of the inhibitor (11).

Inhibitor SAR as well as substrate studies consistently
show that a hydrophobic side chain is preferred at the P3

position (3, 11). However, the crystal structure shows that
the S3 pocket is rather hydrophilic in nature (Figure 4A).
The observation of Arg166 at the bottom of the S3 pocket
prompted the synthesis of compounds with Asp, Glu, and
homo-Glu residues at the P3 position, in an attempt to
establish ionic interactions with this Arg residue. Surpris-
ingly, all of these compounds showed significant reductions
in inhibitory activity. Inhibitor 3 is one of the few active
compounds that contain an acidic group at the P3 position.
Our structural analysis showed that the carboxylate group is
pointed away from the Arg166 side chain, and the binding
mode more closely mimics that of thetert-butyl side chain
(Figure 4B). The molecular basis for the requirement of a
hydrophobic residue at the P3 position is currently not
understood.

Mutagenesis Studies of Residues Forming the S3 Pocket.
Of the residues that form the S3 pocket, only Arg166 is
strictly conserved among the herpesvirus proteases, and
mutation of Arg166 to Ala leads to a 1500-fold loss in the
kcat of the enzyme (25). Arg165 is conserved in most
herpesvirus proteases, and the structures show that its
guanidinium group is hydrogen bonded to the P2 carbonyl
oxygen (Figure 3B). Surprisingly, the R165A mutation has
only a minor impact on the activity of the protease (25).
The other residues in this pocket are not conserved. For
example, although the Glu31 residue is generally maintained
among theR- andâ-subfamilies, it shows variation to Val,
Cys, and other residues in theγ-subfamily. Similarly, the
Arg137 residue is poorly conserved in theγ-subfamily, where
changes to His and Cys are observed. Interestingly, murine
CMV, a â-herpesvirus, contains an Arg at residue 31 and a
Ser at residue 137.

The structural analysis showed that the Glu31 and Arg137
residues help form the S3 binding pocket (Figure 4A). To
characterize the functional importance of these two residues
in the catalysis by HCMV protease, we have created single-
site mutants at these positions and determined their kinetic
parameters (Table 2). These mutants (E31R, E31S, and
R137E) were made in an attempt to disrupt the ion-pair
interactions that form the side of the S3 pocket (Figure 4A),
through charge repulsion or reduction in the bulk of the side
chain.

Our kinetic data showed that these mutations have only
minor effects on the catalysis by the protease, roughly a

5-fold loss in thekcat/Km of the enzyme for the E31S and
R137E mutants (Table 2). The small effect of the R137E
mutation is consistent with our structural observations
showing that this side chain can be disordered in the binding
of inhibitor 3 (Figure 4B) and inhibitor 2 (Figure 5A). As
compared to the E31S mutation, the E31R mutation has a
somewhat larger effect on the activity of the enzyme, with
a 45-fold loss in thekcat/Km (Table 2). Overall, mutations of
the Glu31 and Arg137 residues are generally tolerated by
the enzyme, which is consistent with the sequence variability
and structural flexibility of the S3 pocket.

To understand the molecular basis for the effect of the
E31R mutation, we have determined the crystal structure of
this mutant in complex with inhibitor 3 at 2.6 Å resolution
(Table 1). The crystal is in the orthorhombic form, isomor-
phous to that of the complex with wild-type protease. The
mutation did not introduce any significant structural change
in the protease, and the interactions of the inhibitor with the
mutant enzyme is similar to that of the wild-type complex.
Specifically, the side chain of the Arg137 residue is
disordered in all four molecules (Figure 5B). The newly
introduced Arg31 side chain is ordered in only two of the
four molecules, where they have little interaction with the
inhibitor (Figure 5B). Overall, the structural observations are
in agreement with the small effects of the mutations in the
S3 pocket on the catalysis by the enzyme.
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