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Kaposi’s sarcoma-associated herpesvirus (KSHV), like all herpesviruses, encodes a protease (KSHV Pr), which
is necessary for the viral lytic cycle. Herpesvirus proteases function as obligate dimers; however, each monomer
has an intact, complete active site which does not interact directly with the other monomer across the dimer
interface. Protein grafting of an interfacial KSHV Pr a-helix onto a small stable protein, avian pancreatic poly-
peptide, generated a helical 30-amino-acid peptide designed to disrupt the dimerization of KSHV Pr. The chi-
meric peptide was optimized through protein modeling of the KSHV Pr-peptide complex. Circular dichroism
analysis and gel filtration chromatography revealed that the rationally designed peptide adopts a helical con-
formation and is capable of disrupting KSHV Pr dimerization, respectively. Additionally, the optimized peptide
inhibits KSHV Pr activity by 50% at a ~200-fold molar excess of peptide to KSHV Pr, and the dissociation
constant was estimated to be 300 uM. Mutagenesis of the interfacial residue M197 to a leucine resulted in an
inhibitory concentration which was twofold higher for KSHV Pr M197L than for KSHV Pr, in agreement with
the model that the dimer interface is involved in peptide binding. These results indicate that the dimer
interface, as well as the active sites, of herpesvirus proteases is a viable target for inhibiting enzyme activity.

Herpesviruses are enveloped double-stranded DNA viruses
that are the causative agents of many diseases in humans and
other animals (35). The nine known human herpesviruses have
been classified into three subfamilies: alpha, beta, and gamma.
All herpesviruses express a serine protease late in the viral lytic
cycle; this serine protease processes the assembly protein (AP)
scaffold upon which the immature viral capsid is initially
formed. Processing of the roughly 10> AP molecules contained
in each immature capsid, at a conserved maturation site near
the AP carboxyl terminus, leads to release of the AP scaffold
from the capsid, capsid angularization, and DNA encapsida-
tion (8, 30). A temperature-sensitive mutant of the herpes
simplex virus type 1 protease prevents the virus from forming
mature infectious virions at the nonpermissive temperature,
revealing the necessity of herpesvirus proteases for completion
of the viral lytic cycle and spread of the virus (7, 26).

Herpesvirus proteases exist in a monomer-dimer equilib-
rium in solution; the dimeric protease is the only active species
(5, 6,12, 17, 32). All crystal structures of herpesvirus proteases
show the same overall structure. Each monomer contains a
complete active site with a catalytic triad consisting of a serine
and two histidines instead of the typical Ser-His-Asp triad
found in other serine proteases. Additionally, the active site of
each monomer does not participate in any direct interactions
with the active site of the other monomer across the dimer
interface (3, 13, 27-29, 33, 36). However, dimerization is still
required for activity. Inhibitory molecules that bind the dimer
interface are expected to have high specificity for the protease
due to the unique surfaces and large hydrophobic pockets
which make up the dimer interface.

In addition, inhibitors disrupting dimerization are attractive
agents against herpesvirus proteases because they target a sec-
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ond site, separate from the active site, and because this class of
inhibitors will presumably be able to bind to monomeric forms
of the protease. Binding to the inactive monomeric protease
before the enzyme is able to dimerize and become active would
allow this class of inhibitors to bind to the protease in the
cytoplasm as well as in the nucleus, where it is believed to form
active dimers (34). Binding to the protease before encapsida-
tion would remove the problem of transporting the inhibitor
into both the nucleus and the immature capsid independently
of the target protease. This may increase the local concentra-
tion of the inhibitor at the site of action by changing the
compartments where protease binding can occur and removing
the necessity for the difficult task of targeting molecules to
specific organelles. However, there are no published reports of
dimerization-disrupting inhibitors of herpesvirus proteases,
and therefore the exact effects of dimer disruption are as yet
unknown.

Kaposi’s sarcoma (KS), the most common neoplasm affect-
ing end stage AIDS patients, is caused by a gammaherpesvirus,
KS-associated herpesvirus (KSHV). Like all herpesviruses,
KSHYV expresses and requires a virally encoded protease, KSHV
Pr (24, 25, 29, 37). Like those of other herpesvirus proteases,
the dimer interface of KSHV Pr is composed primarily of helix
a5. The helix o5 of one monomer interacts with residues in the
helix a5 of the other monomer across the dimer interface as
well as with helices a1l and o2 of the opposite monomer,
forming the dimer interface and stabilizing the active dimeric
conformation. In this study, we describe a new class of herpes-
virus protease inhibitors that disrupt KSHV Pr dimerization
and thereby inhibit the activity of the protease.

The peptide inhibitor was rationally designed to mimic the
interfacial helix a5, based on the crystal structure of KSHV Pr.
The KSHV Pr o5 helix was “grafted” onto the scaffold pro-
vided by avian pancreatic polypeptide (aPP) (38) to construct
a stabilized form of the interfacial helix of KSHV Pr. aPP is a
stable soluble protein consisting of an a-helix stabilized by a
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type II polyproline helix. Modeling of the KSHV Pr monomer-
peptide complex followed the protein grafting in order to op-
timize and minimize the peptide sequence. The 30-amino-acid
peptide designed disrupts dimerization and inhibits KSHV Pr
activity, indicating that the dimer interface of herpesvirus pro-
teases is a viable target for the inhibition of herpesvirus pro-
teases and a potential therapeutic target for the treatment of
herpesvirus diseases.

MATERIALS AND METHODS

Materials. A 16-amino-acid peptide (PLETLMAKAIDAGFIR) was synthe-
sized by solid-phase peptide synthesis using the 9-fluorenylmethoxy carbonyl
(Fmoc) strategy and was purified with a reversed phase-C,g column. The amino
terminus of the peptide was acetylated. A 30-amino-acid peptide (PSQPTYPG
DDAPLEDLMAFAIDLSFYLGVYV) was purchased from the Biomolecular Re-
source Center at the University of California San Francisco. The 16- and 30-
amino-acid peptides are referred to here as the o5 peptide and the KSDD
(KSHV Pr dimer disrupter) peptide. A variant of the KSDD peptide (PSQPT
YPGDDAPLEDLLAFAIDLSFYLGVV) was also purchased and is referred to
as KSDD MI17L. The identities and purity of these peptides were verified by
matrix-assisted laser desorption ionization mass spectrometry (Precision Biosys-
tems, Framingham, Mass.) and high-preformance liquid chromatography with an
analytical C, column. The calculated and observed masses were 1,788.1 and
1,791.0 for the o5 peptide, 3,265.7 and 3,266.7 for the KSDD peptide, and 3,247.6
and 3,250.0 for the KSDD MI17L peptide, respectively.

KSHYV Pr variants. Mutations encoding the amino acid substitutions S114A,
M197L, M197F, A203S, A203E, and S204D were introduced into the KSHV Pr
S204G gene by using the QuikChange mutagenesis kit (Stratagene). Residues
S114, M197, A203, and G204 are shown in the crystal structure of KSHV Pr
S204G in Fig. 2B. The integrity of the KSHV Pr open reading frame and the
presence of the mutations were verified by DNA sequencing. KSHV Pr S204G
(referred to here as KSHV Pr) and its variants were expressed and purified as
described previously (24).

CD analysis. Circular dichroism (CD) spectra were collected on a JASCO
spectrapolarimeter. Fifty micromolar solutions of the peptides in 25 mM potas-
sium phosphate were placed in a 0.1-cm-pathlength cuvette, and CD spectra
were measured from 185 to 250 nm. The spectra were normalized by using a
buffer solution without peptide. An a-helix content was calculated by a Kohonen
neural network with a 2-dimensional output layer (1).

Gel filtration. Size exclusion chromatography was performed with a Super-
dex-75 HR column (Pharmacia). Samples (100 wl) were loaded in 25 mM po-
tassium phosphate (pH 7.0), 150 mM NaCl, 0.1 mM EDTA, 1 mM B-mercap-
toethanol at room temperature. The concentration of KSHV Pr was 5 pM, and
that of the a5 or KSDD peptide was 500 pM, resulting in a 100-fold excess of
peptide over KSHV Pr. In mixing experiments with KSHV Pr and the o5 or
KSDD peptide, samples were loaded after overnight incubations at 4°C.

Protease activity. KSHV Pr activity assays were performed by using either a
synthetic oligopeptide substrate containing a fluorescent donor-quencher pair
connected by the native KSHV R-site sequence as described previously (referred
to below as the R-site substrate) or 7-amino-4-carbamoylmethyl coumarin
(ACC) attached to a peptide with the sequence Tyr-tert-butylglycine-Gln-Ala or
Tyr-Val-Glu-Ala; these were identified as substrates from a substrate library (11,
18). Only the Tyr-tert-butylglycine-Gln-Ala-ACC substrate results are shown in
Fig. 1 and 5; however, the profiles obtained for the R-site and Tyr-Val-Glu-Ala-
ACC substrates were identical to those determined by using the ACC substrate.
The assay buffer used consisted of 25 mM potassium phosphate (pH 8.0), 150
mM KCl, 0.1 mM EDTA, and 1 mM B-mercaptoethanol. Assays were performed
at 30°C in 0.2 ml of assay buffer on a Microplate spectrofluorometer (Molecular
Devices) as described previously (25). The concentration of KSHV Pr was 2 uM
throughout the experiments, except that 0.5 uM KSHYV Pr was used in the mixing
experiment with KSHV Pr S114A. The concentrations of KSHV Pr S114A and
the peptides were varied as shown in Fig. 1 and 5. Activity assays of mixtures
containing KSHV Pr with either KSHV Pr S114A or one of the peptides were
monitored after overnight incubations at 4°C. In order to estimate the inhibitory
reaction rate of the KSDD peptide, assays were performed 0.08, 0.52, 0.92, 1.4,
1.9, 2.4, 3.1, 4.4, and 6.0 h after mixing of 2 uM KSHV Pr with 800 uM KSDD
peptide.
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FIG. 1. Dependence of KSHV Pr (WT) specific activity on the
relative concentration of KSHV Pr S114A. Experimental concentra-
tions of KSHV Pr are 2 (open diamonds) and 0.5 (filled circles) wM.
Theoretical curves for the relative specific activities are shown at
KSHYV Pr concentrations of 2 (thin lines) and 0.5 (thick lines) wM. If
the heterodimer of KSHV Pr and KSHV Pr S114A is active (dashed
lines) or inactive (solid lines), the specific activity is expected to in-
crease or decrease, respectively. The experimental data are in agree-
ment with the heterodimer being active. Note that specific activity at
5.5 M, which is the highest concentration of KSHV Pr S114A in this
experiment, was not detectable, verifying that KSHV Pr S114A does
not display any activity at these concentrations.

RESULTS

Increase in KSHYV Pr activity in the presence of the defective
mutant. The ability of a catalytically inactive protease variant
to stabilize or destabilize wild-type KSHV Pr is shown in Fig.
1. To allow comparisons on the same scale at the different
enzyme concentrations, the activities in Fig. 1 are plotted as
the relative values divided by those of 2 and 0.5 puM KSHYV Pr
without KSHV Pr S114A, respectively. The competition of the
variant for binding to the substrate is negligible, because the
substrate concentration (160 pM) is >29-fold higher than the
protease concentration. At the highest total protease concen-
tration used in this experiment, no activity was observed for
KSHYV Pr S114A alone, which lacks the nucleophilic serine
residue (data not shown). However, the activity of KSHV Pr
increased in the presence of increasing amounts of KSHV Pr
S114A. At concentrations of 2 and 0.5 puM KSHYV Pr in assay
buffer, the protease is in equilibrium between the monomer
and the dimer, with only the dimer having activity. The in-
crease in KSHV Pr specific activity in the presence of increas-
ing amounts of KSHV Pr S114A indicates that the KSHV Pr
monomer is capable of forming an active heterodimer with the
inactive KSHV Pr S114A when the two proteins are mixed.
The increase in the specific activity at 0.5 uM KSHV Pr was
higher than that at 2 wM, since the dimer fraction, without
KSHYV Pr S114A, at 0.5 pM KSHV Pr is less than that at 2 puM
KSHYV Pr. Heterodimer formation increases the concentration
of the active form of KSHV Pr, leading to the increased spe-
cific activity of KSHV Pr in the presence of the inactive variant.
This result is consistent with the results of a related experiment



VoL. 78, 2004

on the human cytomegalovirus protease, a member of the
family of herpesvirus proteases (16).

Theoretical curves were generated from equations 7 and 8
(see Appendix) for the KSHV Pr specific activity depending on
the KSHV Pr S114A concentration (Fig. 1). If the activity of
the KSHV Pr-KSHYV Pr S114A heterodimer is exactly half that
of the KSHV Pr dimer, the specific activity is expected to
increase, which is in agreement with the experimental data at
both 2 and 0.5 uM KSHYV Pr. In contrast, if the heterodimer is
inactive, decreased specific activity should be observed. Com-
parison of experimental data with the theoretical curves for 0.5
and 2 uM KSHYV Pr suggests that KSHV Pr and the defective
protease form an active heterodimer, and one active site is
sufficient for protease activity. The defective monomer is pre-
sumably able to stabilize the active conformation of KSHV Pr.

Design of the helical inhibitory peptide. Both homodimeric
and heterodimeric formations stabilize the active conforma-
tion of KSHV Pr. A minimal interface containing the major
structural element for dimerization, a5, but lacking the a1 and
a2 helices was constructed (Fig. 2B). A 16-amino-acid peptide
was designed to disrupt dimerization and inhibit KSHV Pr
activity by interfering with interactions across the dimer inter-
face. The KSHV Pr interfacial o5 helix amino acid sequence
used for the peptide includes a naturally occurring autolysis
site. Autolysis of the protease was attenuated through the
S$204G mutation (24), and the corresponding S13G mutation
was included in the peptide to provide stability against prote-
olysis by KSHV Pr, resulting in the a5 peptide (Fig. 2A). Since
the o5 peptide lacks the other elements of the KSHV Pr
interface which may contribute to helix formation, we consid-
ered a strategy that would stabilize the helix. Formation of the
a5 helical structure present in the KSHV Pr dimer, free in
solution, would remove the necessity for helix folding upon
binding to KSHV Pr and should improve the binding affinity of
the peptide.

Protein grafting was used as a method of designing a stabi-
lized a-helix that would mimic the interfacial helix of KSHV
Pr. aPP was chosen as the scaffold for protein grafting because
it is a small, well-folded protein consisting of an a-helix stabi-
lized by hydrophobic interactions with a type II polyproline
helix (9). Only residues on one face of the aPP «-helix are
required for stabilizing the helical structure (38). Solvent-ex-
posed residues on the opposite face of the o-helix can be
replaced with amino acids from the KSHV Pr a5 helix that are
critical for the recognition of the complementary face of the
dimer interface. Inspection of the crystal structure of KSHV Pr
reveals nine residues in the o5 helix of one monomer of KSHV
Pr that interact with the second monomer of KSHV Pr. Align-
ment of the aPP and o5 helix sequences shows that any amino
acid position that is needed for stabilization of the a-helix in
the aPP structure is independent of the amino acids used for
recognition of the KSHV Pr dimer interface. It is therefore
possible to design a peptide incorporating all amino acids nec-
essary for both helix stability and KSHV Pr interface recogni-
tion without any conflicts or loss of functionally important
residues. This initial fusion peptide is referred to as KSaPP.

The fusion peptide was further refined through protein mod-
eling of the KSHV Pr-KSaPP complex, formed by one mono-
mer from the X-ray crystal structure of the KSHV Pr dimer
and a second KSHV Pr monomer in which helix o5 had been
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FIG. 2. Strategy for the design of the KSDD peptide. (A) Sequence
alignment of aPP and the o5 helix in KSHV Pr, and designed se-
quences of the KSaPP and KSDD peptides. Specific residue numbers
are given above peptide sequences, and the corresponding residue
numbers in KSHV Pr are given in parentheses. The nine residues in
the 5 helix of one monomer of KSHV Pr that interact with the second
monomer of KSHV Pr are shown in red. Residues in the aPP sequence
that are required for stabilizing the helical structure are shown in
green. Based on the model structure of the KSHV Pr-KSaPP complex
(panel C), conflicting or functionally unnecessary residues in KSaPP
are shown in yellow. The mutation site for attenuation of autolysis is
G13 in the o5 peptide. (B) Dimer interface in the crystal structure of
KSHV Pr. Residues in the dimer interface are shown in red and
purple, and those in the catalytic triad are shown in orange. (C) A
model structure of the KSHV Pr-KSaPP peptide complex was con-
structed by replacing the a5 helix in one monomer of KSHV Pr with
aPP. Formation of the hydrophobic aPP core requires residues on only
one face of the a-helix (shown in green in panel A). The opposite,
solvent-exposed face of the o-helix is available for recognition of
KSHYV Pr; these residues (shown in red) interact with the other mono-
mer. A combined sequence was generated and referred to as KSaPP.
The wild-type KSHV Pr serine residue was reintroduced at the posi-
tion of G13 in the KSaPP peptide because the autolysis site present in
KSHYV Pr and the a5 peptide no longer exists in KSaPP. The KSDD
peptide was finally designed by replacing N29 with a glycine and by
removing G1 and T32 through Y36.
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FIG. 3. CD spectra of the KSDD and a5 peptides. Spectra were
acquired by scanning 10 times at 20°C and were normalized by using a
buffer solution without peptide.

replaced with aPP. Because the main chain trace of the a-helix
in KSaPP was virtually superimposable on the o5 helix in
KSHV Pr, the docked model was considered to be a good
representation of the desired interaction between KSaPP and
KSHYV Pr. The model of the KSaPP-KSHV Pr complex re-
vealed steric clashes between the side chains of N29, T32, and
the C-terminal residues in KSaPP and residues in KSHV Pr. In
addition, it has been reported that the C-terminal residues in
the aPP structure are disordered (9). We hypothesized that
neither G1 in the N terminus nor the C-terminal residues of
KSaPP are necessary either for interaction with KSHV Pr or
for formation of the a-helix. Therefore, because of potential
steric clashes between KSaPP and KSHV Pr, N29 in the
KSaPP sequence was replaced with a glycine, G1 in the N
terminus was removed, and T32 through Y36 in the C terminus
were removed. These additional modifications to KSaPP re-
sulted in a 30-amino-acid peptide (the KSDD peptide) de-
signed to disrupt the KSHV Pr dimer.

Peptide secondary-structure determination. CD experi-
ments were performed to characterize the secondary structure
of the a5 and KSDD peptides (Fig. 3). The CD spectrum of the
a5 peptide did not possess characteristics representative of
a-helical structure, suggesting that this peptide sequence in
itself does not form a stable a-helix. In contrast, CD analysis of
the KSDD peptide revealed that it has a helical conformation,
showing the expected spectral minimums at 208 and 222 nm,
characteristic of a-helices. Although the KSDD peptide con-
tains 10 substitutions and truncations at the N and C termini
relative to the aPP sequence, the retained residues that stabi-
lize the helical conformation appear to be sufficient to preserve
its scaffold.

The secondary-structure analysis program calculated an
a-helical content of 40% for the CD spectrum of the KSDD
peptide. The helicity calculated for aPP from the CD spectra
was previously determined to be 40% (22). For neuropeptide
Y and peptide YY, which are in the same PP-fold family, the
helicities were determined to be 28% (23) and 42% (15),
respectively. The helicity of the KSDD peptide, which includes
truncation at the disordered C-terminal end, was expected to
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be slightly higher than that of aPP. However, our result is
consistent with the range of helicity. The helicity of the trun-
cated peptide is expected to be between 34 and 51%, based on
the previously reported helicities for the PP-fold family. This
result suggests that the aPP structure is maintained in the
KSDD peptide.

Disruption of KSHV Pr dimerization. To examine the dis-
ruption of KSHV Pr dimerization by the peptides, the mono-
mer-dimer equilibrium of KSHV Pr was analyzed in the pres-
ence of the a5 or KSDD peptide. At a KSHV Pr concentration
of 5 uM, gel filtration chromatography shows that the protease
is in equilibrium between the monomer and the dimer, with
virtually equal amounts of the monomeric and dimeric species
(Fig. 4A). In the presence of a 100-fold molar excess of the o5
peptide (500 wM), the gel filtration profile was quite similar to
that without the peptide, except that the a5 peptide was in the
later fraction (data not shown). This result shows that KSHV
Pr dimerization was not disrupted by the a5 peptide. In con-
trast, in the presence of a 100-fold molar excess of the KSDD
peptide (500 wM), the ratio of the KSHV Pr dimer to the
KSHV Pr monomer is dramatically reduced, indicating that
protease dimerization is disrupted by the KSDD peptide. So-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis verified the lack of dimeric protease in the
presence of the KSDD peptide compared to the uninhibited
protease (Fig. 4B). The results showed that the peaks of inter-
est are KSHV Pr and that addition of the KSDD peptide
perturbs the dimerization of KSHV Pr. A high-molecular-
weight species also eluted from the gel filtration column at 8 ml
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FIG. 4. (A) Perturbation of the dimerization of KSHV Pr by the
KSDD peptide. The thick black line represents 5 uM KSHYV Pr, show-
ing the equilibrium between monomer and dimer. The amounts of the
two fractions are almost equal at this concentration. The thin black line
represents 5 uM KSHYV Pr in the presence of 500 puM KSDD peptide,
showing that dimerization is disrupted by the KSDD peptide. (B) SDS-
PAGE of each fraction in the gel filtration chromatography experi-
ments. KSHV Pr was observed in the dimer fraction (d) in the absence
of the KSDD peptide but was almost completely absent in the presence
of the KSDD peptide.
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FIG. 5. (A) Peptide concentration dependence of KSHV Pr specific activity. The KSDD peptide inhibits KSHV Pr (filled circles) or KSHV Pr
M197L (filled diamonds) activity by 50% at a ~200- or 400-fold molar excess of peptide over KSHV Pr or KSHV Pr M197L, respectively. The
inhibitory concentrations of the KSDD M17L peptide for KSHV Pr (open circles) and KSHV Pr M197L (open diamonds) were shifted lower than
those of the KSDD peptide with the corresponding protease. In contrast, the a5 peptide did not inhibit KSHV Pr activity at concentrations up to
400-fold higher than KSHV Pr concentrations (open triangles). (B) Time dependence of KSDD peptide inhibition, assayed 0.08, 0.52, 0.92, 1.4,
1.9,2.4,3.1,4.4, and 6.0 h after the mixing of 2 uM KSHV Pr with a 400-fold excess of the KSDD peptide, the highest concentration used in panel A.

(Fig. 4A). SDS-PAGE revealed only small amounts of KSHV
Pr in this fraction, suggesting that the main part of the peak is
from the aggregated KSDD peptide.

In Fig. 4A, KSHV Pr was observed as a monomer-dimer
equilibrium in the absence of the peptide. The equal amounts
of the monomeric and dimeric species observed in the chro-
matogram under these experimental conditions are in agree-
ment with the K, of KSHV Pr dimerization. The K, was
previously reported to be 1.7 = 0.9 uM by sedimentation
equilibrium analysis in an assay buffer containing 25% glycerol
(24). The presence of glycerol has been shown to decrease the
K, of this class of enzymes in all human herpesviruses studied
(10). Additional experiments monitoring the specific activity of
KSHYV Pr in a high-salt assay buffer as the concentration of
protease was varied resulted in a K, of 585 = 135 nM (25). The
5 uM concentration of the sample used in the gel filtration
experiment is slightly higher than these previously reported
K,’s. However, the results of the size exclusion chromatogra-
phy are consistent with these values, considering the protein
concentration, the presence of glycerol, and the salt conditions.
This is because the sample used for gel filtration chromatog-
raphy is diluted in the column, and the dimerization affinity of
KSHYV Pr is reduced due to the lower salt and glycerol buffer
concentrations.

The KSDD peptide contains two tyrosine residues whose
absorbance can be readily monitored at 280 nm. The peptide
was observed at two retention volumes (14 and 15.5 ml) by gel
filtration (Fig. 4A). These two peaks were also observed when
the identical gel filtration chromatography experiment was
conducted in the absence of KSHV Pr. The intensity ratio of
the two KSDD peptide peaks varies with the concentration of
the KSDD peptide, indicating that the two peaks are due to
dimeric and monomeric fractions of the KSDD peptide (data
not shown). This result is consistent with those of previous
studies showing that members of the family of peptides includ-

ing aPP, neuropeptide Y, and peptide YY form dimers in the
micro- and millimolar concentration ranges (14, 20).

Inhibition of KSHV Pr activity. Inhibition of KSHV Pr ac-
tivity by the o5 and KSDD peptides was investigated by mon-
itoring the hydrolysis of protease substrates. Inhibitory curves
were generated using relative specific activities at constant
protease and substrate concentrations, while the peptide con-
centration was varied. Traditional inhibition analysis was not
attempted, since binding of the peptide to the KSHV Pr mono-
mer leads to inhibition by actually changing the concentration
of the dimeric enzyme. Peptide binding to a KSHV Pr mono-
mer is expected to be a competition between the peptide and
other monomers in solution. The concentration of KSHV Pr
used in all experiments was 2 wM, and that of the substrate was
160 wM, while the concentration of the peptides was varied as
shown in Fig. SA. The a5 peptide was incapable of inhibiting
KSHYV Pr activity even at concentrations 400-fold higher than
the KSHV Pr concentration. In contrast, the specific activity of
KSHV Pr was reduced as the concentration of the KSDD
peptide increased, indicating that the KSDD peptide inhibits
KSHYV Pr activity by 50% at approximately a 200-fold molar
excess of peptide over KSHV Pr under this experimental con-
dition. Based on the inhibitory concentration and equation 10
(see Appendix), the dissociation constant was estimated to be
300 wM. This result shows that stabilization of the «-helical
conformation of the KSDD peptide by the aPP scaffold is
crucial to its inhibitory capability.

Estimation of the KSDD peptide inhibitory rate was con-
ducted by measuring protease activity 0.08, 0.52, 0.92, 1.4, 1.9,
2.4,3.1, 4.4, and 6.0 h after mixing of 2 uM KSHV Pr with a
400-fold excess of KSDD peptide (Fig. 5B). The KSDD pep-
tide concentration was the highest ratio of peptide to enzyme
used in specific activity measurements (Fig. SA). The observed
activities decayed exponentially, reaching a plateau at approx-
imately 15% of full activity. This reduction in activity is con-
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sistent with the inhibition in the steady state experiments,
where protease activity was monitored after overnight incuba-
tion at 4°C. The KSDD peptide inhibition rate at 2 uM KSHV
Pr was 0.13 = 0.012 min~ " under these conditions, and ap-
proximately 3 h of preincubation was necessary for maximum
inhibition.

KSDD peptide inhibition of a dimer interface mutant. To
verify the binding site of the KSDD peptide, several dimer
interface variants were generated and the inhibitory capability
of the peptide for these mutants was compared with wild-type
inhibition. Residues M197, A203, and S204 were originally
chosen for mutagenesis of the dimer interface with the intent
of improving the binding affinity between the monomers for
the purpose of testing the dimer disruption capabilities of the
KSDD peptide against an altered dimer interface. M197, which
interacts with the M197 of the other monomer across the
dimer interface, was replaced with a leucine or a phenylalanine
in an effort to increase the hydrophobic interactions across the
dimer interface. In contrast, A203 was mutated to a serine or
a glutamate, while S204 was replaced with an aspartate for the
purpose of creating new hydrogen bonding interactions (Fig. 2B).

All KSHV Pr variants were expressed and purified by the
same protocol used for the purification of KSHV Pr. KSHV Pr
M197L behaved similarly to KSHV Pr during the purification
process, and its K, was approximated by using gel filtration
chromatography. At a protease concentration of 5 pM, KSHV
Pr M197L formed a significantly larger fraction of dimers than
KSHYV Pr, demonstrating that the binding affinity between the
monomers of KSHV Pr M197L had increased (Fig. 6A). In
contrast, the dimer fractions of the M197F, A203S, A203E,
and S204D KSHYV Pr variants were dramatically smaller than
that of KSHV Pr (data not shown). Under identical size ex-
clusion conditions, the monomers of these mutants were the
dominant species, and the fractions of dimers were less than
5%, indicating that their binding affinities were more than
36-fold lower than that of KSHV Pr. These results suggest that
the dimer interface is finely developed and sensitive to pertur-
bations.

The dependence of the specific activity of wild-type and
mutant KSHV Pr on the protease concentration is shown in
Fig. 6B. Specific activities were measured between 0.24 and 8
M total enzyme with a large excess (500 wM) of the substrate.
This analysis yielded a K, of 1.3 £ 0.24 uM for KSHV Pr,
which is consistent with previous measurements (24, 25), and a
K, of 0.40 £ 0.12 uM for KSHV Pr M197L, showing that the
binding affinity between the monomers of KSHV Pr M197L is
3.3-fold higher than that for the wild type. This is consistent
with the presence of a larger population of KSHV Pr M197L
active dimers, as shown by the gel filtration experiments.

The inhibition by the KSDD peptide of KSHV Pr M197L
was compared with that of KSHV Pr by monitoring protease
substrate hydrolysis (Fig. SA). The specific activity of KSHV Pr
M197L was reduced in the presence of the KSDD peptide in
a concentration-dependent manner. However, the inhibitory
concentration for the variant was shifted approximately two-
fold higher than that for KSHV Pr, indicating that the dimer
interface is involved in peptide binding. This result suggests
that the KSDD peptide binds in the dimer interface and that it
inhibits protease activity through dimer disruption.
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specific activity
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FIG. 6. (A) Comparison of the gel filtration profiles of 5 pM
KSHYV Pr (thick line) and KSHV Pr M197L (thin line). The dimeriza-
tion affinity of KSHV Pr M197L is higher than that of KSHV Pr.
(B) Stimulation of the specific activities of KSHV Pr (filled circles) and
KSHV Pr M197L (open diamonds) upon dimerization (25). Assays
were performed with 500 wM total substrate and 0.24 to 8 uM total
enzyme. The best-fit K;’s for KSHV Pr and KSHV Pr M197L are 1.3 =
0.24 and 0.40 = 0.12 wM, respectively, as shown by the dashed lines.

KSDD M17L peptide. The KSDD M17L peptide, in which
residue 17 corresponds to M197 of KSHV Pr (Fig. 2), was
designed to allow assessment of the effect of the M17L muta-
tion on inhibitory activity. KSHV Pr M197L has a higher bind-
ing affinity between monomers, and M17 of the KSDD peptide
is expected to interact with M197 of KSHV Pr. Therefore, the
KSDD M17L peptide should have an altered binding affinity.
The inhibition of KSHV Pr and KSHV Pr M197L by the
KSDD M17L peptide was monitored as described above (Fig.
5A). The inhibitory concentrations of the KSDD M17L pep-
tide were shifted lower than those of the KSDD peptide for the
corresponding protease. These profiles show that the binding
affinity of the KSDD M17L peptide is higher than that of the
original peptide and that M17 of the KSDD peptide is involved
in binding to KSHV Pr. This result suggests that the binding
site in the KSDD peptide is located in the a-helix, which is
consistent with the model structure of the complex in Fig. 2.

DISCUSSION

Although enzyme active sites are attractive targets for inhi-
bition, a shallow substrate cleft such as that of KSHV Pr is
particularly challenging. The possibility of cross-reactivity with
other enzymes, particularly proteases, becomes a concern in
developing selective inhibitors. To compound the problem,
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viral enzyme targets are prone to the rise of resistant muta-
tions. Identification of a unique site other than the substrate
binding pocket could provide exquisite inhibitor selectivity.
Furthermore, new and complementary inhibitor binding sites
on the same enzyme would allow simultaneous two-site inhi-
bition of the enzyme of interest, reducing the probability of
resistance development. Herpesvirus proteases are strictly reg-
ulated by their monomer-dimer equilibrium, which relies upon
the interaction of a large, unique dimer interface comprised of
many diverse interactions, including large hydrophobic pock-
ets. Molecules which bind to this surface, disrupting dimeriza-
tion and inactivating the enzyme, are expected to possess high
specificity due to the unique nature of the interfacial surface.
All mutations to the dimer interface, with the exception of
KSHV Pr M197L, but including KSHV Pr L196A, M197D, and
M197K, which have been reported previously (25), result in a
reduction of at least 1 order of magnitude in the binding
affinity between monomers. This suggests that the dimer inter-
face is finely developed and sensitive to perturbations, which in
turn greatly affect the activity of the enzyme. These mutagen-
esis studies show that the dimer interface is a highly effective
site through which to alter the enzyme’s catalytic activity by
using specific inhibitors designed against herpesvirus pro-
teases.

A helical peptide was designed, as a dimerization disruptor
of KSHV Pr, to mimic the «5 helix in KSHV Pr and was
grafted onto the aPP scaffold. The PP-fold has been shown
previously to maintain integrity in protein-grafting experiments
(4, 21, 38). In these previous studies, peptides were designed
purely by sequence alignment with aPP and the domain of
interest. In this study, the main chain traces of aPP and the a5
helix of KSHV Pr are superimposable, suggesting that the
exposed residues in aPP can be replaced with KSHV Pr o5
helix residues in order to form an interfacial helix mimic. After
protein grafting was conducted based on sequence alignment,
the model structure of the complex was constructed in order to
optimize the peptide sequence. The binding affinity of the
inhibitory peptide was expected to be equivalent to or less than
that of another KSHV Pr molecule because the peptide lacks
other areas of the dimer interface which may be important for
binding. Since the binding of the peptide to a KSHV Pr mono-
mer is a competition between the KSDD peptide and other
monomers in solution, this optimization of the peptide is cru-
cial for the effectiveness of the KSDD peptide. The optimized
KSDD peptide, containing 10 substitutions derived from aPP,
has a helical conformation revealed by CD analysis, suggesting
that the aPP structure is maintained in the KSDD peptide.

The ability of the KSDD peptide to disrupt KSHV Pr dimer-
ization was shown in gel filtration experiments where the
dimeric fraction of KSHV Pr was greatly reduced in the pres-
ence of the inhibitory peptide. Size-exclusion chromatography
also revealed that the KSDD peptide itself preferentially
dimerizes at the concentrations used in the experiment and
elutes mainly as a 7-kDa species. In agreement with the dimer
formation of the KSDD peptide, members of the family of
small proteins such as pancreatic polypeptide, neuropeptide Y,
and peptide Y'Y have a propensity to form dimers at the micro-
and millimolar concentrations. The nuclear magnetic reso-
nance structure of neuropeptide Y revealed that the mono-
meric and dimeric forms of the oligopeptide expose the same
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side of the a-helix to the solvent (20). The solvent-exposed face
of both the monomer and dimer of neuropeptide Y is the side
of the a-helix which was mutated to mimic the interfacial a5
helix of KSHV Pr. Therefore, both the monomer and the
dimer of the KSDD peptide are expected to bind to the KSHV
Pr interface. A high-molecular-weight species also eluted in
the void volume of the gel filtration column (Fig. 4A). SDS-
PAGE revealed only small amounts of KSHV Pr in this frac-
tion, indicating that the main constituent of this fraction is
aggregated KSDD peptide. The KSDD peptide alone does not
form this high-molecular-weight species (data not shown);
therefore, perhaps the presence of KSHV Pr causes the pep-
tide to partially aggregate. The KSDD peptide inhibits KSHV
Pr activity by 50% at approximately a 200-fold molar excess of
peptide over KSHV Pr, and the dissociation constant was es-
timated to be 300 wM. In addition, binding of the KSDD
peptide to the KSHV Pr dimer interface is indicated by an
increase in the inhibitory concentration for the interface mu-
tant M197L.

The crystal structure of KSHV Pr shows the two M197
residues in the dimer interacting with each other across the
dimer interface. The M197L protease variant, which has a
higher binding affinity between monomers, was successfully
produced for the purpose of identifying dimer disruptors. This
variant, which increases the binding affinity between the mono-
mers of a herpesvirus protease, will be useful for studying the
structure and activity of the dimer. The higher-affinity dimer
variant may facilitate studies of the dimeric protease, given the
difficulties in studying the wild-type dimeric enzyme, which is
equilibrated with the monomer in solution even at micromolar
concentrations (18). In addition, this variant has proved useful
in determining the mechanism of inhibition of the KSDD pep-
tide. The interaction of the KSDD peptide with KSHV Pr
M197L will use a leucine-methionine interaction rather than
the wild-type dimer interaction of two methionines. The inhi-
bition of KSHV Pr and KSHV Pr M197L by the KSDD and
KSDD MI17L peptides was monitored by hydrolysis of the
protease substrate (Fig. SA). The inhibitory concentration for
KSHV Pr M197L was shifted approximately twofold higher
than that for KSHV Pr, and the concentrations of the KSDD
M17L peptide necessary for equivalent inhibition were lower
than those of the KSDD peptide. These results suggest that the
binding site in the KSDD peptide is located in the a-helix,
which includes M17, and that a higher concentration of the
KSDD peptide may be necessary for binding to KSHV Pr
M197L. This may be because KSHV Pr M197L forms a more
stable dimer than the wild-type enzyme.

Human immunodeficiency virus type 1 protease (HIV Pr) is
also a viral protease which functions only as a dimer; however,
HIV Pr is an obligate dimer because each monomer donates
one catalytic aspartate residue to the shared active site of the
enzyme. Inhibitors that target the active site of HIV Pr have
been developed to destabilize or disrupt dimerization by bind-
ing at the dimer interface. Dominant-negative HIV Pr variants
that form inactive heterodimers with wild-type HIV Pr and
thus inhibit protease activity have also been reported (2, 19,
31). The active sites in herpesvirus proteases are not present in
the dimer interface. This class of enzymes still requires dimer-
ization for activation even though both monomers have sepa-
rate, complete active sites. Mixing experiments of KSHV Pr
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with inactive KSHV Pr S114A resulted in an increase in the
specific activity of KSHV Pr. This result shows that only one
active site is sufficient for protease activity. Additionally, the
retention and increase in the specific activity of KSHV Pr in
the presence of KSHV Pr S114A, but not when KSHV Pr is
mixed with the KSDD peptide, suggests the necessity of other
components of the dimer interface for the stabilization of the
active conformation. The KSDD peptide, which contains the
a5 helix but does not include the pocket formed by helices al
and o2 (Fig. 2B), inhibits protease activity instead of activating
the monomer. This shows that the interaction between the two
o5 helices at the dimer interface is not sufficient for protease
activation.

In conclusion, an inhibitor has been designed which is capa-
ble of disrupting dimerization through mimicry of the natural
interactions present in the dimeric protease without activating
the resulting bound monomeric protease. By using this inhibitor,
it has been shown that the dimer interfaces as well as the active
sites of KSHV Pr and potentially other herpesvirus proteases
are attractive targets for the inhibition of protease activity. Dis-
rupting the dimerization of herpesvirus proteases has the po-
tential to inhibit the viral lytic cycle in a highly selective fash-
ion, providing a new avenue for blocking the spread of the virus.

APPENDIX

Theoretical curves. The measured specific activity, A, at experi-
mental concentrations is proportional to the concentration of the
KSHYV Pr dimer, [Pr,], which is related to the K, and the total exper-
imental KSHV Pr concentration, E, (i.., E,, = [Pr] + 2[Pr,]). [Pr,]
can be calculated from E,, and K, as shown in equation 1 (25).

1 1+38 Ey
B * Kd

4/K, M

2[Pr,] = E,, +

In the presence of KSHV Pr S114A, five species are expected to exist
in solution. Their concentrations are shown as follows: [Pr]g,, KSHV
Pr monomer; [Pr,]g4, KSHV Pr dimer; [SAJg,, KSHV Pr S114A
monomer; [SA,]sx, KSHV Pr S114A dimer; [Pr-SA]g,, KSHV Pr-
KSHYV Pr S114A heterodimer. The concentrations of the KSHV Pr
dimer, 2[Pr,]ga or 2[Pry]so + [Pr-SA]sa, can be calculated from the
total experimental KSHV Pr S114A concentration, oF,,, which is
expressed as the relative concentration of KSHV Pr. This is because
the ratio of the dimers (the [Pr,]ga:[Pr-SA]sa:[SA,]sa ratio) is ex-
pected to be 1:2a:a% Note that the K,;’s of the KSHV Pr dimer, the
KSHYV Pr S114A dimer, and the heterodimer are hypothesized to be
equal. £ is the total KSHV Pr plus KSHV Pr S114A concentration.

E,=00+ O’-)Epr (2)
1
[Pr,]s4 = T+a? ([Pra]sa + [Pr + SAJsa + [SAs]sa) (3)

20
[Pr-SAlsa = aT+ay ([Pro]sa + [Pr-SAJsa + [SAs]sa) 4)

Combining equations 2 through 4 with equation 1 yields equations 5
and 6.

E[OI
1 1— 41+ 8K
d
2[Prysa + [Pr-SAJss = a+a E + 4K, (5)
EIO[
1 1-4/1+8 K
d
2[PI‘Z]SA - (] + O()2 Elol + 4/Kd (6)
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If the heterodimer is active or inactive, the relative specific activities,

Aactive/Aspev or Ainuctive/Aspew are given by equations 7 and 8.
Aaclive _ 2[Pr2]SA + [Pr—SA]SA
Agpee 2[Pr,]
1+ o)E,
1—4/1+38 A+ 2)Ey
1+ Q)E, + K
A+ ay \( T OE 7K
- - ™
_ pr
. 1 \/1 +8 X,
pr + T
Anactive B 2[Pr2]5A
Aspcc B Z[Prz]
1+ a)E,
N R e
At ap\( Tt 4K,
- - ®)
_ pr
. 1 \/1 + 8 K,
pr T WK,

Based on these equations, the theoretical curves for the relative
specific activities were generated (Fig. 1) fora K, of 1.3 uM and an E
of 2 or 0.5 pM; K, was the value calculated in Fig. 6B.

Estimation of the dissociation constant, K;. If a molecule, [I], binds
in the dimer interface of KSHV Pr, the dissociation constant (K;) of the
molecule is shown in the scheme below, where [Pr-1] is the complex of
the KSHV Pr monomer and the KSDD peptide.

(Pro] + 1]
N Ky
[Pr]+ [Pr] +[]] =

i

[Pr-I] + [Pr]

If K, is much smaller than K, the total concentration of the inhib-
itor, [/,.], becomes almost equal to that of the free inhibitor. Under
this condition, the concentration of the inhibited KSHV dimer,
2[P15]innins 18 given by equation 9.

E,
1- [1+8—F——"-—5

. ©)
[IK]> i

2[P1s)innip = Epe +

4/Kd<1 +

Using the experimentally determined percentage of inhibited dimer,
the K; can be calculated as shown in equation 10. In this equation, the
[ICs,] is the concentration of inhibitor necessary to inhibit KSHV Pr
activity by 50%.

1 1+8 Eo
1+ 0Cd 2
¢ K;

Epr + 4 K ] N [ICSO])z
2[Pr2]inhih _ K Ki _ - 10
Pr] £ =3 (0

1- 4/1+8-7

[ S}

pr 4/K,
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