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A genomic clone encoding the protease (Pr) and the assembly protein (AP) of Kaposi’s sarcoma-associated
herpesvirus (KSHV) (also called human herpesvirus 8) has been isolated and sequenced. As with other
herpesviruses, the Pr and AP coding regions are present within a single long open reading frame. The mature
KSHYV Pr and AP polypeptides are predicted to contain 230 and 283 residues, respectively. The amino acid
sequence of KSHV Pr has 56% identity with that of herpesvirus saimiri, the most similar virus by phylogenetic
comparison. Pr is expressed in infected human cells as a late viral gene product, as suggested by RNA analysis
of KSHV-infected BCBL-1 cells. Expression of the Pr domain in Escherichia coli yields an enzymatically active
species, as determined by cleavage of synthetic peptide substrates, while an active-site mutant of this same
domain yields minimal proteolytic activity. Sequence comparisons with human cytomegalovirus (HCMV) Pr
permitted the identification of the catalytic residues, Ser114, His46, and His134, based on the known structure
of the HCMYV enzyme. The amino acid sequences of the release site of KSHV Pr (Tyr-Leu-Lys-Ala*Ser-Leu-
Ile-Pro) and the maturation site (Arg-Leu-Glu-Ala*Ser-Ser-Arg-Ser) show that the extended substrate binding
pocket differs from that of other members of the family. The conservation of amino acids known to be involved
in the dimer interface region of HCMV Pr suggests that KSHV Pr assembles in a similar fashion. These

features of the viral protease provide opportunities to develop specific inhibitors of its enzymatic activity.

Kaposi’s sarcoma (KS), once considered a rare tumor largely
confined to elderly Mediterranean and African men, has re-
cently reemerged as the most common neoplasm of patients
with AIDS: 15 to 25% of such patients will develop this tumor
in the course of their human immunodeficiency virus (HIV)
infection. While HIV infection is an important risk factor in
KS development (20, 22), epidemiologic studies indicate that it
is not sufficient to explain the etiology of the disease (5, 6). For
example, KS is far more prevalent in AIDS patients who ac-
quire HIV infection by sexual routes than in those who con-
tract HIV by percutaneous inoculation or vertical transmis-
sion. These findings suggest that a second, sexually transmitted
cofactor may be required for KS development. Recently, DNA
sequences of a novel human herpesvirus (KS-associated her-
pesvirus [KSHV], also called human herpesvirus 8 [HHV-§])
have been identified in KS tumors (9). A growing body of
evidence suggests an important role for this virus in KS patho-
genesis: (i) infection precedes tumorigenesis and is associated
with a striking increase in the risk of subsequent KS develop-
ment (43, 68); (ii) the distribution of infection among HIV-
positive patients parallels known KS risk (24, 37); (iii) all forms
of KS, whether HIV-positive or HIV-negative, are strongly
associated with KSHYV infection (2, 9, 11, 33, 44, 57, 61); and
(iv) infection is targeted to the endothelial (spindle) cells,
thought to be central to KS pathogenesis (7). These findings
raise the important possibility that prevention or suppression
of KSHYV infection could reduce the risk of KS development.
Here we report the cloning, expression, and initial biochemical
characterization of a KSHV gene product with the potential to
be a target for specific antiviral therapy.
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Herpesviruses mature through a common assembly pathway,
which is best studied using herpes simplex virus (HSV). Viral
capsids assemble in the nucleus late in infection. Immature
capsids lack DNA but contain an abundant internal polypep-
tide, the assembly protein (AP), that is not found in the ma-
ture, DNA-containing particles (25, 27, 34, 48, 55). This pro-
tein is known to interact, through its carboxy-terminal domain,
with the major capsid protein (32, 69). This interaction is
required for nuclear transport of the major capsid protein (47)
and has also been proposed to act as a scaffold to facilitate the
assembly of the capsid shell. Following immature capsid as-
sembly, AP undergoes proteolytic processing at the so-called
maturation site (M-site) near its carboxy terminus, which re-
moves the last 25 amino acids (26). This proteolysis is mediated
by a virally encoded serine protease (Pr) (40, 52, 67). Herpes-
virus Pr molecules show clear homology, ranging from 90%
amino acid sequence identity among closely related viruses to
30% identity between distantly related viruses. These se-
quences are unrelated to the two major classes of presently
characterized cellular serine Pr’s, the chymotrypsin and sub-
tilisin families (49). The viral enzymes display similar substrate
specificities, preferring an Ala residue at P1, Tyr at P4, and Ser
at P1’ (see reference 58 for nomenclature). Cleavage of AP by
the viral Pr is essential for viral growth; HSV mutants bearing
an inactive Pr accumulate capsids lacking viral DNA (17, 23,
50, 51, 59, 63). Presumably, cleavage of AP is required to allow
its release from the capsid and permit the packaging of newly
replicated viral DNA.

The coding strategy for the Pr and AP is similar in all
well-characterized herpesvirus family members. The Pr and
AP coding sequences are found in a single large open reading
frame (ORF) (Fig. 1) encoding a polyprotein (Pr/AP) whose
amino- and carboxy-terminal domains represent Pr and AP,
respectively. Active Pr excises itself from Pr/AP by cleavage at
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the so-called release site (R-site) and can then cleave AP at the
M-site. Most AP, however, is not generated by Pr/AP cleavage;
rather, a separate mRNA initiated within the ORF directs AP
translation from an internal AUG codon. As expected for
virion structural components, Pr/AP and AP transcripts are
expressed as late viral genes in the lytic cycle and presumably
are not expressed during latent infection.

Recent success with protease inhibitors in antiviral therapy
for HIV provides a precedent for a similar strategy for anti-
KSHV therapeutics (13). Defining the protease target of
KSHYV and its natural substrates is an essential step in achiev-
ing this goal. In this report, we present results of the cloning
and purification of the KSHV Pr as well as a preliminary
investigation of its enzymatic activity. In addition, evidence for
the in vivo expression of Pr and Pr/AP as late viral gene
products is presented, along with an analysis of their relation-
ship to other herpesvirus Pr and precursor Pr/AP gene prod-
ucts.

MATERIALS AND METHODS

Sequencing studies. A partial KS genome had been previously subcloned from
a pulmonary KS tumor as 10- to 15-kb overlapping segments in A phage (23).
DNA was prepared from a clone known to encode the thymidine kinase (TK)
gene from which a 5.8-kb BamHI-HindIII DNA fragment was subcloned into
Bluescript IT KS (Stratagene). A HindIII-Sacl digest resulted in four KS-specific
DNA fragments of 1.9, 1.5, 1.1, and 0.8 kb. These fragments were subcloned into
Bluescript and sequenced with T3 and T7 primers. The 1.5- and 0.8-kb fragments
contained DNA sequences that encoded a protein that aligned with herpesvirus
saimiri (HVS) Pr sequences. The nucleotide sequences of these fragments were
determined by sequencing both strands of the DNA. Synthetic oligonucleotide
primers were used to generate overlapping sequences of the entire insert. The
primers were synthesized on an Applied Biosystems 391 DNA synthesizer. Au-
tomated DNA sequencing was carried out on an Applied Biosystems 377 Prism
sequencer, and manual DNA sequencing was carried out under standard condi-
tions.

Construction of expression vectors. A linear DNA fragment containing the
KSHYV Pr domain was amplified from the plasmid pBS1.5 (see Fig. 1) by PCR.
The 5" primer for this amplification was 5'-GG GGG TCC GGA CAG GGC
CTG TAC GTC GGA-3', and the 3’ primer was 5'-GG GGG AAG CTT CTA
GGC CTT TAA ATA CAC CGG-3'.

In order to create a bacterial expression vector for KSHV Pr, the product of
the PCR was digested with the restriction endonucleases BamHI and HindIII
prior to ligation into similarly treated pQE30 DNA (Qiagen). This construct
(pHise-KSP), designed to overexpress the wild-type Pr with the amino acid
sequence Met-Arg-Gly-Ser-Hisg-Gly-Ser replacing the initiating Met residue
(Hisg-Pr), allows affinity purification of the His-tagged enzyme by metal chelate
chromatography. This plasmid was propagated in Escherichia coli XL1-Blue
(Stratagene) to alleviate DNA degradation and rearrangement.

The change from Ser114, encoded by TCT, to Ala (GCC) was performed by
PCR-mediated site-directed mutagenesis of the Pr ORF (3). The DNA oligo-
nucleotides 5'-CTC CCG GGG CTG GCC TTA TCG TCC ATA C-3' and
5'-TAT GGA CGA TAA GGC CAG CCC CGG GAG-3', corresponding to the
mutated upper and lower strands, respectively, were used to introduce the sub-
stitutions into the Pr ORF (the mismatched bases are underlined). These PCR
products were gel purified and subjected to a second round of PCR in order to
construct the full-length coding sequence of Hiss-Pr(S114A). The presence of
the correct substitution was verified by DNA sequence analysis subsequent to
insertion into the BarmHI and HindIII restriction sites of pQE30 to construct the
plasmid pHiss-KSP(S114A).

Bacterial growth and protein expression. The above-mentioned plasmids were
separately transformed into E. coli X-90 to afford high-level expression of re-
combinant protease gene products (21). Bacterial cultures were grown at 37°C in
Luria-Bertani medium to an optical density at 600 nm of 0.8, and isopropyl-B-
D-thiogalactopyranoside (IPTG) was added to a concentration of 0.2 mM. Cul-
tures were then grown for 3 h to allow protein expression and were harvested by
centrifugation.

Protein purification. Cell pellets were resuspended in sonication buffer (50
mM Tris-HCI [pH 8.0], 0.5 M KCl, 10% [vol/vol] glycerol, 1 mM B-mercapto-
ethanol) and sonicated on ice. Lysates were then pelleted at 10,000 X g, and the
insoluble matter was resuspended in denaturing buffer (50 mM Tris-HCI [pH
8.0], 100 mM NaCl, 1 mM B-mercaptoethanol) containing 6 M deionized urea,
by slowly stirring on ice for 30 min. The resuspended pellet was then centrifuged
as described above, and the supernatant was incubated with 3 to 4 ml of Ni-
nitrilotriacetic acid agarose (Qiagen) which had been equilibrated in denaturing
buffer-urea by slow stirring on ice for 1 h. This slurry was packed into a column
reservoir and subjected to a 1-liter reverse urea gradient, from 6 to 0 M, in
denaturing buffer. The refolded, Ni-bound proteins were then washed in column
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buffer (50 mM Tris-HCI [pH 8.0], 500 mM KCI, 1 mM B-mercaptoethanol, 10%
glycerol) containing 0.01% (vol/vol) Tween 20 and 10 mM imidazole before the
column was equilibrated in the absence of Tween 20. Bound protein was then
eluted with a 10 mM to 0.5 M imidazole gradient in column buffer. Protein-
containing fractions were pooled and dialyzed against storage buffer (50 mM
Tris-HCI [pH 8.0], 100 mM KCI, 10% glycerol, 0.1 mM dithiothreitol) before
being aliquoted and frozen at —80°C. Protein concentrations were estimated by
using a calculated extinction coefficient at 280 nm of 0.9 ml - mg~' - cm ™.

Antibody production and immunoblot analysis. Polyclonal antiserum against
purified KSHV Hisg-Pr was raised in rabbits (Animal Pharm Services, Inc.,
Healdsburg, Calif.). For immunoblot analysis, protein samples were run on a
10% polyacrylamide-sodium dodecyl sulfate (SDS) gel and transferred to a
nitrocellulose membrane (Schleicher & Schuell). The membrane was treated
with TBST (Tris-buffered saline with 0.1% [vol/vol] Triton X-100) containing 5%
(wt/vol) nonfat dry milk, washed with TBST containing 1% milk, and probed with
a 1:250 dilution of the anti-Pr (a-KSP) polyclonal serum in the same buffer. After
being washed as described above, a 1:5,000 dilution of goat anti-rabbit horse-
radish peroxidase-conjugated serum (Pierce) was then applied in TBST-1%
milk. Antibody-bound protein bands were detected by enhanced chemilumines-
cence (Amersham).

Synthesis and chemical characterization of the KSHV M-site synthetic sub-
strate. The KSHV M-site substrate, Mca-yAbu-Asn-Arg-Leu-Glu-Ala-Ser-Ser-
Arg-Ser-Ser-Lys(Dnp)-NH,, was synthesized by using standard amino acids,
7-methoxycoumarin-4-acetyl (Mca), gamma amino butyric acid (yAbu), and 2,4-
dinitrophenyl (Dnp)-Lys. 9-Fluorenylmethoxycarbonyl (Fmoc) amino acids and
Fmoc-amide resin were obtained from Bachem Feinchemikalien (Bubendorf,
Switzerland). The Fmoc-Lys (Dnp)-OH was prepared by the method of Nagase
et al. (46). Peptide synthesis was performed on a semiautomated Labortec
SP4000 synthesizer. All couplings were mediated by dicyclohexylcarbodiimide
and 2 equivalents of 1-hydroxybenzotriazole. Colorimetric analyses (36) of Fmoc
deblocking and acylation steps were routinely performed. 7-Methoxycoumarin
4-acetic acid was coupled as the succinimide ester. Following completion of
solid-phase assembly, the peptide was cleaved from the resin and simultaneously
deprotected with reagent K (38). The product was purified by preparative re-
verse-phase high-performance liquid chromatography on a Rainin Dynamax
octyldecyl silane column. Pure fractions were collected and lyophilized. The
product was characterized as follows by electrospray ionization mass spectrom-
etry: (M+H) = 1701 (observed) (theory, 1701). The amino acid composition was
consistent with theory.

Fluorometric enzyme assays. Pr assays were performed with two fluorogenic
peptide substrates. The first contained the KSHV M-site, Mca-yAbu-Asn-Arg-
Leu-Glu-Ala*Ser-Ser-Arg-Ser-Ser-Lys-(Dnp)-COOH. The second, for compar-
ative purposes, contained its related M-site from human cytomegalovirus
(HCMV), NH,-DABCYL-Arg-Gly-Val-Val-Asn-Ala*Ser-Ser-Arg-Leu-Ala-
EDANS-COOH (Bachem, King of Prussia, Pa.), where DABCYL represents
4-(4'-dimethylaminophenylazo)benzoic acid and EDANS signifies (2'-aminoeth-
ylamino)-naphthalene-1-sulfonic acid. Reaction progress curves were monitored
optically by a Perkin-Elmer LS-5B luminescence spectrophotometer interfaced
with a Macintosh SE-30 computer. Hiss-Pr and Hisg-Pr(S114A) were diluted
roughly 10-fold from storage buffer into assay buffer (50 mM potassium phos-
phate [pH 7.0], 150 mM NaCl,, 25% [vol/vol] glycerol, 1 mM B-mercaptoetha-
nol), equilibrated to 37°C for 5 min in thermostated quartz cuvettes, and man-
ually mixed with substrate. The final KSHV Pr concentrations were 430 nM, and
the substrate concentration range was kept below 25 pM for the HCMV M-site
and 5 pM for the KSHV oligopeptide, due to solubility and inner-filter concerns.
Time-evolved fluorescence enhancement was monitored by exciting the KSHV
M-site peptide at 325 nm and detecting emission at 393 nm; the HCMYV substrate
samples were excited at 355 nm, and their emissions were detected at 495 nm.
Trypsin and its D102N variant (14) were diluted into the same assay buffer to
final concentrations of 1 and 430 nM, respectively, and treated identically to the
KSHV enzymes.

Kinetics. The increase in fluorescence intensity during substrate cleavage was
recorded as a function of time. The initial velocity, measured as fluorescence
intensity per unit time, was calculated from the slope during the linear phase of
cleavage by using Kaleiodograph operating software. The inner-filter effect was
negligible in the range of substrate concentrations used, as measured by the
linearity of fluorescence with respect to substrate concentration. On the basis of
standard compound fluorescence extinction data, initial velocities were con-
verted from fluorescence units to product concentration, and these data were
fitted to the Michaelis-Menten equation to determine specificity constants,
kead/K,n (Where k., is the catalytic constant and K,,, is the Michaelis constant), for
each enzyme-substrate combination.

Northern blot analysis. BCBL-1 cells (54) were treated with phosphoroformic
acid (PFA) at a concentration of 500 wM for at least 3 days prior to induction.
Untreated and PFA-treated cells were then split into identical flasks, at 3 X 10°
cells/ml, and left unstimulated or induced with 12-O-tetradecanoyl phorbol-13-
acetate (TPA) at a concentration of 20 ng/ml. After 48 h, total RNA was
harvested with RNAzol B as recommended by the manufacturer (Tel-Test,
Friendswood, Tex.). To enrich the polyadenylated RNA fraction, 300-pg RNA
samples, uninduced and induced with TPA and with and without PFA treatment,
were affinity purified by the Oligotex mRNA purification system (Qiagen). RNA
was separated on a 1% agarose—17% formaldehyde gel, transferred to a Hy-
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FIG. 1. Schematic of partial genome of KSHV and location of ORF 17.
Arrowheads denote the directions of transcription. Abbreviations: B, BamHI; S,
Sacl; H, HindIIl; a.a., amino acids.

bond-N nylon membrane in 10X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) for 5 h, and UV cross-linked. For the double-stranded Pr/AP
probe, the 1.5-kb insert from pBS1.5 was gel purified and labelled using the
rediPrime random prime kit (Amersham). For the antisense single-stranded
probes, either the plasmid containing the 1.5-kb Sacl fragment or the plasmid
containing the 0.8-kb Sacl fragment was digested with EcoRI and phenol ex-
tracted and RNA was made with T3 RNA polymerase in the presence of radio-
labelled UTP, followed by DNase treatment. Hybridization was performed as
before (54), and the blot was exposed to Kodak XARS film.

Nucleotide sequence accession number. The DNA sequence of the KSHV
Pr/AP has been submitted to GenBank (accession no. AF010430).

RESULTS

Pr/AP coding region of KSHV. The closest known relative of
KSHV is HVS, a T-lymphotropic herpesvirus which infects
monkeys (1). Previous work has shown that the HVS and
KSHV genomes are of similar size and display substantial
regions of colinearity in the organization of ORFs. ORF 17 of
HVS encodes the viral Pr and resides near the TK gene en-
coded by ORF 21. In earlier sequencing of phage \ clones from
a KS-derived genomic library, we identified the KSHV TK
gene within a 13-kb clone (Fig. 1) (70). The high degree of
colinearity between KSHV and HVS genomes in this region
(45) suggested that the gene encoding the KSHV Pr/AP would
likely reside nearby. Subsequent mapping and DNA sequenc-
ing of adjacent fragments from this region identified a KSHV
OREF encoding a protein with striking homology to the HVS
Pr. This presumptive KSHV Pr region resides at the 5’ end of
a larger coding region whose 3’ portion displays evident ho-
mology to the AP gene of HVS, further suggesting that this
ORF is indeed the gene coding for the Pr/AP function of
KSHV.

The DNA sequence of this ORF reveals an Ala-Ser dipep-
tide at a position corresponding to the R-site in other herpes-
viruses. Thus, KSHV Pr is predicted to be a 230-amino-acid
polypeptide when released from the precursor Pr/AP (Fig. 1).
Figure 2 shows the alignment of the putative KSHV Pr se-
quence with those of other herpesviruses. The highest se-
quence identity (56% overall) was observed with HVS Pr. The
seven conserved domains (CDs) previously found in other her-
pesvirus Pr’s were also identified in the KSHV sequence (41,
66). These domains span Leu5 to Serl5 (CD5), Leu40 to Thr55
(CD2), Gly64 to Ser73 (CD4), Trpl09 to His119 (CD3),
Vall35 to Tyrl50 (CD1), Phel6l to Vall64 (CD6), and
Leul96 to Ile222 (CD7). Previous studies of HCMV Pr have
identified Ser132, His63 (18, 28, 31, 66), and His157 (10, 53, 60,
65) as members of the catalytic triad. These amino acid resi-
dues are absolutely conserved among all herpesvirus Pr’s, and
the corresponding amino acids in the KSHV enzyme are
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Ser114, His46, and His134, respectively. The R-site residues
Tyr-Leu-Lys-Ala*Ser-Leu-Ile-Pro of KSHV are identical at
the P4 and P1 positions of all family members, with P1’ being
Ser in all cases except one, infectious laryngotracheitis virus.
The other recognition sites vary significantly in their flanking
positions. The oxyanion stabilization signature sequence con-
taining Gly-Arg-Arg-Xaa-Gly-Thr was identified between res-
idues 136 to 150 in KSHV Pr; this sequence is absolutely
conserved in all 14 known amino acid sequences of herpesvirus
Pr’s (66). This region in KSHV is identical to that in HVS.
These findings suggest that the KSHV gene product has the
sequence features of a functional protease.

The DNA sequence of the AP domain of Pr/AP predicts a
309-amino-acid protein. Unlike that of Pr, the amino acid
sequence of KSHV AP is only weakly homologous to that of
HVS. The predicted M-site is composed of Arg-Leu-Glu-
Ala*Ser-Ser-Arg-Ser (Fig. 2). M-site residues of herpesvirus
APs show more variety than R-site sequences; except for P1
and P1’, none of the other residues of the site is conserved.
Cleavage of AP at the M-site by Pr would release the 283-
amino-acid, mature AP from the 26-amino-acid carboxy-ter-
minal fragment.

Purification of KSHYV protease and specific immunoreactiv-
ity. The portion of the KSHV Pr/AP ORF corresponding to
the viral Pr was subcloned into an E. coli expression vector
transcriptionally regulated by an IPTG-inducible promoter
(see Materials and Methods). An amino-terminal His, tag was
incorporated into the Pr OREF to facilitate purification. A vari-
ant was also constructed in which Ser114 was converted to Ala
(S114A). Following overexpression of Hise-Pr and His,-
Pr(S114A), these proteins were subjected to metal-chelate af-
finity chromatography under denaturing conditions, refolded,
and eluted. Purified protein, as well as samples from through-
out expression and purification, was analyzed by SDS-poly-
acrylamide gel electrophoresis and deemed greater than 90%
pure (Fig. 3). A protein yield of roughly 10 mg from 1-liter
bacterial cultures was obtained.

Expression of KSHV Pr and the S114A variant in E. coli
yielded bands which migrated near 31 kDa, corresponding to
the full-length translated Pr domain, terminating at the puta-
tive R-site alanine residue (Fig. 3). This apparent size, slightly
larger than the expected 27 kDa, is most likely due to incor-
poration of the His, tag. Two faster-migrating proteolytic frag-
ments that may have resulted from autoproteolysis were also
observed. The S114A preparation is significantly more homo-
geneous, perhaps due to lower levels of autoproteolysis (Fig.
3A, lanes 6 and 7). In order to verify that the extra bands are
not contaminating E. coli polypeptides, the products were ex-
amined by immunoblotting with an antibody raised to the re-
combinant, full-length Pr. A control bacterial extract was an-
alyzed on the same immunoblot as the purified Hisg-Pr
material and gave rise to no significant, specific detection of
the same bands in the purified fraction of Hisg-Pr (Fig. 3B).
These results indicate the purity of the protein fractions and
the specificity of the antibody, «-KSP, for KSHV Pr. As a
further control, a parallel immunoblot was assayed with a com-
mercially available monoclonal antibody (Qiagen) directed
against the amino-terminal Arg-Gly-Ser-His, epitope of
Hisq-Pr (data not shown). This experiment yielded essentially
the same set of bands as that with «-KSP. The additional
protein species thus contain the amino-terminal Hisy tag and
have arisen due to either proteolysis during expression and/or
purification by an endogenous bacterial enzyme or autodiges-
tion of KSHV His¢-Pr at as-yet-uncharacterized sites.

Kinetic properties of purified KSHV Pr domain variants. To
determine whether the recombinant Pr was catalytically active,
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HSV-1 VALCAIGRRLGTIVTY DTGLDAAIAP FRHL SPASREGARRLAAEAELALSGRTWAPGVEAL. .
vIv VALCVVGRR VGTVVNY DCTPESSIEP FRVL SMESKARLLSLVKDYAG . LNKVWKVSEDKL. . .
ILTV VALCELGRREGTVAIY GATASEAIGA FDDL SAPIKEQLYEIATREKCAEVPRELSRPEI....
EHV VSLCVIGRR VGTIVTY DATPENAVAP FKRL SPSSREELLITAREAQSRLGDAATWHLSEDTL.
188 196 CD7 223 R SITE....//..M SITE
KSHV NFVSPLET LMAKATDASFIRDRLDLLKTDTGVAST LS.DPVYIK A.SQFP RIEA.SSRS
HVS FNIDPHI LMAKAIDAGFIKDRLQLLKTDKGVAKI KK.LTYLK A.SEIG HIDA.SFAQ
EBV ... LTK LIAKATDAGFLRNRVETLRQDRGVANT PA.ESYLKA . SDAP LVQ A.SASG
HHV-6 .FSADLYD LLADSLDTS Y IRKRFPKLQLDKQLCGL .SKCTYIK A.SEPP ILNA.SLAP
HCMY PFRSDSYG LLGNSVDALYIRERLPKLRYDKQLVGV TERESYVK A . SVSP VVNA.SCRL
SCMV PFQSDSYG LLGNSVDALYIQERLPKLRYDKRLVGV TARESYVK A . SVSP VVNA . SCRV
MCMV .FGSDSYG LLASTVDDGYIAERLCRLRYDKRLLGL QSKETYVK A . SELP LVNA.SCEP
HSV-1 ... THT LLSTAVNNMMLRDRWSLVAERRRQAGI AG.HTYLQ A . SEKF LVNA.SSAA
v ... AKV LLSTAVNNMLLRDRWDVVAKRRREAG I MG.HVYLQ A.STGY AVE A.SSKA
ILTV ~ ieees TRV LMKKF IHGAFLMDRG TCLK TRREMAAV IN.PKYLQO A.NEVI TVD A . SMPK
EWW L. TRV LLSTAVNNMLLRNRWNLVARRRREAGIT EG.HTYLQ A.SASF VVAA.STAP

FIG. 2. Alignment of herpesvirus Pr’s and AP maturation sites. The nucleotide sequence for each viral Pr was retrieved from GenBank and used to deduce the
amino acid sequences shown. The order of the proteases is in accordance with the level of similarity to KSHV protease. Conserved active-site histidines and serine,
the arginines implicated in oxyanion stabilization, and the cleavage site alanines and serines are shown in boldface type. The AP is located between the R-site and M-site
(11). Conserved domains CD1 to CD7 are marked and numbered according to the established numbering system (37, 61). The arabic numbers above the top lines are
the KSHV amino acid sequence numbers. Abbreviations: EBV, Epstein-Barr virus; SCMYV, simian cytomegalovirus; MSMV, murine cytomegalovirus; HSV-1, herpes
simplex virus type 1; VZV, varicella-zoster virus; ITLV, infectious laryngotracheitis virus; EHV, equine herpes-virus.

the abilities of the Hiss-Pr and Hisg-Pr(S114A) proteins to
cleave synthetic peptide substrates were examined. The sub-
strates, containing either the KSHV or HCMV Ms-site se-
quences flanked by a fluorogenic donor-acceptor pair, allow
continuous monitoring of peptide hydrolysis due to fluores-
cence enhancement arising from donor-acceptor separation
(30). Since the substrate specificity among the herpesvirus fam-
ily of Pr’s is not strict, we expected KSHV Pr to recognize the
HCMYV M-site substrate. Both substrates contain internal Arg
residues, allowing for cleavage by trypsin, an extremely well-
characterized serine protease. We can thus obtain preliminary
information regarding the KSHV enzyme’s substrate specific-
ity, as well as perform a comparative analysis of its catalytic
efficiency versus those of selected trypsin variants of differing
activity.

There is indeed a difference in proteolysis catalyzed by
KSHV Pr and the active-site variant. Both the KSHV and
HCMYV substrates demonstrate minimal hydrolysis by the
S114A variant over 1 h, perhaps due to some residual proteo-
Iytic activity (for which kinetic parameters were not able to be
resolved in the present assay). On the other hand, while native
KSHYV Pr has a low absolute velocity, the k.,/K,,, values indi-
cated for this enzyme are comparable to those for its related
herpesviral maturational Pr’s (Table 1). Such values have
shown significant enhancement under various conditions for
the HSV Pr (29) and will likely do so for KSHV Pr in further
biochemical studies as well. In addition, our k,/K,, values
could be higher upon the considerations of dimerization and
the fact that we may be slightly below this assembly threshold.
Darke et al., by careful enzymatic analysis, demonstrated ap-
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FIG. 3. SDS-polyacrylamide gel electrophoresis and immunoblot analysis of
KSHYV Pr expression and purification. (A) Coomassie blue-stained, 12.5% poly-
acrylamide-SDS gel. Lane 1 contains molecular size standards, with their masses
(in kilodaltons) annotated to the left. Lane 2 contains a bacterial lysate harvested
prior to IPTG induction. Lane 3 contains a lysate collected at the time of protein
harvest. Lane 4 contains the soluble fraction after sonication of the lysate. Lane
5 contains urea-solubilized inclusion bodies. Lane 6 contains purified KSHV
Hiss-Pr(S114A). Lane 7 contains KSHV His,-Pr. (B) Immunoblot of purified
KSHYV Hisg-Pr (lane 1) and pQE30-transformed, IPTG-induced bacterial lysate
(lane 2). The migration of Pr, noted between the two panels, differs due to
different electrophoresis conditions.

parent HCMV Pr K, values very near our experimental KSHV
Pr concentration (16), and Cole observed slightly higher values
in sedimentation studies (12). In any case, there is specific
cleavage of a KSHV substrate by the purified KSHV Pr as well
as apparent cross-species reactivity with a related HCMYV site.

Due to its low velocity, the proteolytic activity of this newly
identified Pr was compared with those of trypsin and trypsin
D102N (15). Trypsin has an extremely high rate of catalytic
turnover and has served as a paradigm for the understanding
of site-specific enzyme-directed peptide hydrolysis. Trypsin
D102N, in which the active-site Asp residue has been replaced
with Asn, has a catalytic efficiency orders of magnitude lower
than that of trypsin, depending on solution conditions (in our
assay, roughly 10,000-fold lower). We reasoned that these two
proteases would provide a sound basis for comparison with the
KSHYV Pr, which lacks an Asp within its catalytic triad. Indeed,
1 nM trypsin hydrolyzes both substrates at a much higher rate
than 430 nM KSHYV Pr, indicating that trypsin is substantially
more active than the KSHV enzyme (Table 1). On the other
hand, trypsin D102N and KSHV Pr have similar kinetic pro-

TABLE 1. k., /K, values for herpesviral Pr’s and trypsins

kea/Kyy (M min™ 1)

Enzyme

KSHV HCMV Related herpesvirus
M-site M-site processing site(s)"
KSHV Pr* 165 590
KSHV PrS114A  ND’ ND
Trypsin D102N“ 457 2,162
Trypsin“ 3.7x10° 23X 10°
HSV-1 Pr <100-2,200,° 27-27,000
HCMV Pr¢ 110-4,000
HHV-6 Pr¢ 3,000-17,000

“ Values determined in this study.

> ND, not detectable in this assay.

¢ Values from reference 18.

4 Values from reference 29.

¢ Values from reference 64.

/ See individual references for exact substrates used.
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files at identical enzyme concentrations (Table 1). Thus, the
lack of an active-site Asp, with conservation of the other two
catalytic triad members, His and Ser, results in similar rates of
peptide hydrolysis by two unrelated serine proteases, whether
engineered, as in trypsin, or naturally occurring, as in KSHV
Pr.

In vivo transcription of KSHV AP and Pr/AP mRNAs during
the viral life cycle. To examine the transcription of the KSHV
Pr/AP and AP genes in lytic infection, the KSHV-infected
B-cell line, BCBL-1, was employed. This line harbors the viral
genome in latent form, and treatment of these cells with TPA
induces lytic replication (54). Equivalent amounts of poly(A)-
enriched RNA from uninduced or induced BCBL-1 cells in the
presence or absence of PFA were separated on a formalde-
hyde-agarose gel, transferred to a membrane, and hybridized
to a probe made from the 1.5-kb fragment containing the
Pr/AP ORF of KSHV (Fig. 4A). A band migrating at approx-
imately 950 bases, the expected size of the AP transcript, hy-
bridizes weakly to the probe in lane 1, which contains RNA
from uninduced cells; production of this species is strongly
inhibited by PFA, an inhibitor of herpesviral DNA replication,
as noted by its absence in lane 2, which contains RNA isolated
from uninduced, PFA-treated cells. The band in lane 1 is
presumably due to the small amount of spontaneous lytic re-
activation in the BCBL-1 cells (54). This RNA species is not
present when a single-stranded antisense probe specific to the
Pr domain (i.e., that does not contain the AP transcript) is
hybridized to RNA from either induced or uninduced BCBL-1
cells (Fig. 4C, lanes 1 and 2) but hybridizes strongly to the
1.5-kb single-stranded antisense probe for Pr/AP (Fig. 4C,
lanes 3 and 4). Expression of the AP transcript is strongly
upregulated upon lytic induction of KSHV (Fig. 4A, lane 3);
after induction there is also a very weak band migrating around
1.8 kb, a size consistent with what would be expected from the
transcript encoding the Pr/AP ORF. This species hybridizes to
a single-stranded probe specific for the Pr domain (Fig. 4C,
lane 2), indicating that this RNA species is the Pr transcript.
There are also slower-migrating species (roughly 3 and 4 kb)
that have the same temporal induction pattern as the Pr tran-
script; the origin of these RNAs is unclear, but they may
emanate from read-through into flanking viral sequences. In-
deed, there is a canonical poly(A) signal approximately 2 kb
downstream from the predicted Pr/AP poly(A) site. The strong
band observed at approximately 3 kb is presumably read-
through of the AP transcript, since it does not hybridize to the
Pr-specific single-stranded probe. The roughly 4-kb, weaker
signal may represent the read-through of the Pr/AP transcript.
Both the 950-bp and 1.8-kb bands are inhibited in the presence
of PFA upon TPA induction, as are the slower-migrating
bands, indicating that they are late transcripts made primarily
after viral DNA replication.

DISCUSSION

In this report, we present the sequence of the Pr/AP coding
region of KSHV and demonstrate that the translated Pr do-
main is catalytically active. The similarity of the genomic cod-
ing organization of the KSHV Pr/AP region to those of other
herpesviruses strongly suggests that the functional role of the
KSHV Pr in lytic replication mirrors that described for its
cognates in the related viruses. We also identify the abundant
AP transcript and the low-abundance Pr transcript as late
genes, strongly upregulated by TPA and inhibited in the pres-
ence of PFA, a viral replication inhibitor.

Comparison of the sequence of KSHV Pr with those of other
herpesviral Pr’s allows instructive inferences to be made about
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FIG. 4. Northern blots of BCBL-1 RNA hybridized to probes from Pr or
Pr/AP. (A) Total RNA (300 pg) from BCBL-1 cells that were uninduced (lane
1), uninduced in the presence of PFA (lane 2), induced with TPA (lane 3), or
induced with TPA in the presence of PFA, was poly(A) enriched, separated on
a 1% agarose—formaldehyde gel, and transferred to a nylon membrane. The
membrane was hybridized to a probe made from sequences in Pr/AP (see
Materials and Methods) and exposed to Kodak XARS film. (B) Same blot as
shown in panel A, but hybridized to an actin probe. (C) Poly(A)-enriched RNA
from uninduced BCBL-1 cells (lanes 1 and 3) and TPA-induced BCBL-1 cells
(lanes 2 and 4) was hybridized to single-stranded antisense probes to the Pr
domain alone (lanes 1 and 2, probe from the 0.8 kb Sacl fragment described
earlier) and exposed to film for 2 days or was hybridized to the Pr/AP probe and
exposed for 5 h (lanes 3 and 4). The bottom arrow indicates a transcript corre-
sponding to the predicted size of the AP transcript, and the top arrows indicate
RNA species corresponding to the predicted size of the Pr/AP transcript. Values
adjacent to the gels are molecular sizes (in kilobases).

the KSHV enzyme. With HCMYV, affinity labelling experiments
using diisopropyl fluorophosphate identified Ser132 as the pu-
tative active-site nucleophile of its Pr (18). Replacing Ser132
with an alanine abolished proteolytic activity, supporting this
identification. His63 was shown to be the second member of
the catalytic triad by mutagenesis studies. The three-dimen-
sional structure of HCMV Pr confirmed the identities of
Ser132 and His63 as catalytic residues and suggested His157 as
the third member of the triad (10, 53, 60, 65). KSHV Pr has a
serine at position 114 in CD3, a histidine at position 46 in CD2,
and a histidine at position 134 in CD1; these are presumably
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the corresponding catalytic residues (Fig. 2). The assignment
of Serl14 as the active-site nucleophile is supported by our
kinetic analysis of the S114A-substituted KSHV Pr.

The high sequence identity, 45%, between the KSHV and
HCMYV Pr’s suggests that the two enzymes have similar three-
dimensional structures. The unique fold of proteases of the
herpesvirus family creates a Ser-His-His catalytic triad in con-
trast to the Ser-His-Asp active site of other serine proteases
such as trypsin, subtilisin, and yeast carboxypeptidase (49). The
latter, digestive enzymes are significantly more active, exhibit-
ing peptide hydrolysis rates 3 to 5 orders of magnitude greater
than those of the viral Pr’s. A trypsin variant in which the
active-site aspartic acid has been replaced with an asparagine,
trypsin D102N, exhibits an activity on synthetic peptide sub-
strates that is similar to that of the KSHV Pr (Table 1). Trypsin
D102H, not yet expressed or characterized, would perhaps
present a more accurate comparison but is not necessary to
draw conclusions regarding the loss of Asp within the catalytic
triad. The instructive value of D102H versus D102N is likely to
be subtle, although it is an issue which may deserve further
experimental consideration.

A less active protease can be understood in the context of
the more selective processing activity associated with the her-
pesvirus life cycle. Indeed, the slightly higher &, /K, value for
KSHV Pr directed toward the HCMYV substrate may be indic-
ative of this. Perhaps it is favorable for the KSHV M-site to be
processed slightly more slowly than other sites. It is also pos-
sible that the difference in M-site composition between the two

ATG GCA CAG GGC CTG TAC GTC GGA GGG TTT GTA GAT GTT GTG TCC TGC CCC AAG CTG GAG
CAA GAG CTC TAT CTC GAT CCG GAT CAG GTG ACG GAT TAT CTC CCA GTC ACAGAACCC CTT
CCA ATA ACA ATC GAA CAC CTA CCA GAG ACA GAA GTG GGC TGG ACACTG GGTCTATTT CAA
GTGTCC GAC GGT ATT TTC TGC ACC GGA GCC ATC ACG TCG CCA GCC TTC CTA GAGCTGGCA
TCC AGG CTG GCG GAC ACC TCC CAC GTG GCC AGA GCC CCC GTG AAA AAT CTC CCT AAG GAA
CCACTG TTG GAG ATA CTC CAC ACG TGG CTC CCG GGG CTG TCT TTATCG TCC ATA CAT CCC
CGC GAG TTATCC CAG ACT CCC AGC GGT CCC GTG TTT CAA CAC GTATCACTATGC GCCCTG
GGG CGC CGA CGC GGC ACA GTG GCC GTG TAC GGA CAC GAC GCC GAG TGG GTG GTT TCCAGA
TTCTCATCAGTATCT AAG TCG GAG CGC GCC CAC ATC CTC CAG CAC GTAAGT AGC TGC AGG
CTG GAG GAC CTT TCC ACA CCA AAT TTC GTC AGT CCC CTG GAG ACC TTAATG GCAAAA GCT
ATA GAT GCC AGC TTC ATA CGG GAC CGC CTC GAC CTATTG AAA ACT GAC AGA GGT GTG GCC
AGC ATATTG AGC CCG GTG TAT TTAAAG GCC AGC CAA TTC CCG GCC GGC ATC CAA GCC GTC
ACA CCA CCC AGA CCA GCC ATG AAC AGC TCT GGT CAA GAG GAT ATC ATATCC ATC CCC AAA
TCC GCC TTC CTG AGC ATG CTA CAA AGC AGC ATC GAT GGA ATG AAG ACC ACA GCG GCA AAA
ATG TCA CAT ACA CTT TCA GGG CCA GGC CTAATG GGG TGT GGG GGC CAGATG TTC CCC ACC
GAC CAT CAC CTA CCT TCG TAT GTT TCA AAC CCA GCG CCA CCA TAC GGC TAC GCT TAC AAG
AAC CCA TAC GAT CCA TGG TAT TAC TCG CCA CAG CTG CCT GGA TAT AGG ACG GGG AAG CGC
AAG CGC GGC GCA GAG GAC GAC GAA GGA CAC CTC TTT CCA GGA GAG GAG CCG GCG TATCAC
AAG GAT ATC TTG TCC ATG TCA AAG AAC ATA GCG GAA ATA CAG TCT GAA CTC AAA GAGATG
AAACTG AAC GGT TGG CAC GCA GGG CCA CCG CCG TCC TCC TCT GCA GCA GCA GCC GCAGTA
GAT CCA CAC TAC AGG CCC GAC GGG AAT TCA GCG GCC CCG TGT CAATTC CCG ACAATG AAG
GAG CAC GGA GGA ACC TAC GTA CAC CCA CCC ATT TAC GTG CAG GCG CCAGAC GGTCAG TTC
CAG CAA GCG GCG CCC ATC CTT TTT GCT CAG CCA CAT GTG AGC CAC CCG CCAGTG TCT ACA
GGA CTC GCG GTA GTT GGC GCA CCA CCC GCT GAACCC ACC CCC GCC TCC AGC ACG CAGAGC
ATG CAACAA CAG GCA CCG GAG ACC ACG CAT ACA CCA TGC GCG GOG GTG GAG AMA GAC GCT
CCT ACG CCG AAC CCT AGA TCG AAC CGC CTT GAA GCC AGC AGT CGC TCT AGT CCAAAATCT
AAAATT CGC AAG ATG TTC TGC GAG GAG CTC CAG CTT TTG GTT CCC TTT AGT GAG GGT TAA

FIG. 5. DNA sequence of KSHV Pr/AP.
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synthetic substrates (P5-P6’ for KSHV and P6-P5’ for HCMV)
is responsible for this difference, a fact that has been observed
with HSV Pr, for which peptide substrates containing positions
P9-P8’" were required for optimal hydrolytic activity (19). In
addition, the different fluorophore moieties could contribute
to altered subsite binding properties; indeed, trypsin and tryp-
sin D102N appear to discriminate between the two substrates
as well. The absence of the aspartic acid in the active site of the
viral Pr, while reducing the enzyme’s velocity, also results in
less sensitivity to standard serine protease inhibitors such as
phenylmethylsulfonyl fluoride and tosyl lysyl chloromethyl ke-
tone (8, 14, 39, 62, 66). This was similarly observed for trypsin
D102N (15). Hence, subsequent inhibitor design for this new
class of serine proteases must take into account the highly
reduced nucleophilicity of the active-site serine and may, in
fact, be aided by parallel investigations of this issue with trypsin
D102N or D102H.

The prospect for specific inhibitor design is now enhanced
by the availability of KSHV Pr. The bacterially expressed,
Hisg-tagged Pr molecule is capable of catalyzing peptide bond
hydrolysis of related viral processing sites. Preliminary analysis
of the KSHV Pr reaction products by mass spectrometric
methods (data not shown) indicates that three sites within the
11-amino-acid KSHV M-site peptide are cleaved by KSHV Pr
(Ser6-Ser7, AlaS-Ser6, and Arg8-Ser9) and that two sites
within the 11-amino-acid HCMV M-site peptide (Ala6-Ser7
and Ser7-Ser8) are hydrolyzed by the enzyme. The expected
Ala*Ser bond is cleaved in both cases. The basis for the relaxed
proteolytic specificity of KSHV Pr toward these substrates is
currently under investigation, as is a more complete kinetic
characterization of the enzyme. This will allow direct compar-
ison of the kinetic behavior of members of the herpesvirus
family of maturational Pr’s with that of the now-identified
KSHYV enzyme. Results of this ongoing study will aid in the
understanding of the molecular recognition and chemical-
mechanistic properties of KSHV Pr.

Although the various Pr members of the herpesvirus family
are highly similar in their primary structure, there are several
differences, especially with regard to their individual substrate
specificities. This can be seen in the kinetic analysis of various
synthetic substrates (64), as well as differences in the amino
acid sequences of the release sites of the viral Pr’s. In partic-
ular, amino acid differences between the P3, P2, P2’, P3’, and
P4’ sites of KSHV Pr and the R-sites of other members of the
family can be seen (Fig. 2). These differences may permit the
design of specific inhibitors of the KSHV protease. Further-
more, the prospect of achieving antiviral specificity with lim-
ited host cell toxicity may be enhanced by the fact that herpes-
virus Pr’s have no known cellular homologs.

Finally, the three-dimensional structure of the HCMV Pr
reveals a dimeric assembly stoichiometry, consistent with both
sedimentation studies (12) and the concentration dependence
profile of its enzymatic activity (16). Not unexpectedly, this
assembly requires an extensive interface between its constitu-
ent promoters. A major component of this interface is an
a-helix composed of residues 217 to 230 as well as residues
from CD7. This region is conserved in its entirety in KSHV Pr
and strongly suggests a linkage between dimerization and en-
zymatic activity for this newly identified enzyme as well. This
likely feature of the KSHV protease provides the opportunity
to develop KSHV-specific or more broadly active antiherpes-
viral agents, through disruption of Pr or Pr/AP homodimer
formation. This strategy, using small-molecule or dominant-
negative inhibitors of dimerization, has proven to be effective
in inhibiting the HIV Pr (4, 35, 42). Such inhibitors can be used
to dissect the role of the Pr in the KSHYV viral life cycle and to

J. VIROL.

examine the impact of antiviral therapy on the natural history
of KSHYV infection.

APPENDIX

During the preparation of this manuscript, the genomic se-
quence of KSHV was published (56). Comparison of our
KSHYV Pr DNA sequence and that published showed a differ-
ence at codon 217, resulting in a Thr in the sequence presented
in this manuscript and an Arg in the above-mentioned publi-
cation. This difference could be due to strain differences, clon-
ing artifacts, or sequencing errors. The sequence we obtained
is provided here (Fig. 5).
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