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Us3 is a serine-threonine protein kinase encoded by herpes simplex virus 1 (HSV-1). In this study, a large-scale phosphopro-
teomic analysis of titanium dioxide affinity chromatography-enriched phosphopeptides from HSV-1-infected cells using high-
accuracy mass spectrometry (MS) and subsequent analyses showed that Us3 phosphorylated HSV-1-encoded dUTPase (vdUTPase)
at serine 187 (Ser-187) in HSV-1-infected cells. Thus, the following observations were made. (i) In in vitro kinase assays, Ser-187
in the vdUTPase domain was specifically phosphorylated by Us3. (ii) Phosphorylation of vdUTPase Ser-187 in HSV-1-infected
cells was detected by phosphate-affinity polyacrylamide gel electrophoresis analyses and was dependent on the kinase activity of
Us3. (iii) Replacement of Ser-187 with alanine (S187A) in vdUTPase and an amino acid substitution in Us3 that inactivated its
kinase activity significantly downregulated the enzymatic activity of vdUTPase in HSV-1-infected cells, whereas a phosphomi-
metic substitution at vdUTPase Ser-187 restored the wild-type enzymatic activity of vdUTPase. (iv) The vdUTPase S187A muta-
tion as well as the kinase-dead mutation in Us3 significantly reduced HSV-1 replication in human neuroblastoma SK-N-SH cells

at a multiplicity of infection (MOI) of 5 but not at an MOI of 0.01, whereas the phosphomimetic substitution at vdUTPase Ser-
187 restored the wild-type viral replication at an MOI of 5. In contrast, these mutations had no effect on HSV-1 replication in
Vero and HEp-2 cells. Collectively, our results suggested that Us3 phosphorylation of vdUTPase Ser-187 promoted HSV-1 repli-
cation in a manner dependent on cell types and MOIs by regulating optimal enzymatic activity of vdUTPase.

Protein phosphorylation is one of the most common and effec-
tive posttranslational modifications by which a cell or virus
regulates protein activity (1, 2). Many viruses have evolved mech-
anisms to utilize protein modification both for regulation of their
own viral proteins and for establishment of a cellular environment
for efficient viral replication. Phosphorylation in cells infected
with herpesviruses is of particular interest because, unlike most
other viruses, herpesviruses encode a virus-specific protein ki-
nase(s) (3-5).

Herpes simplex virus 1 (HSV-1) is one of the best-character-
ized members in the subfamily Alphaherpesvirinae of the family
Herpesviridae and is the etiologic agent of a variety of diseases in
humans, such as mucocutaneous diseases, keratitis, skin diseases,
and encephalitis (3). HSV-1 encodes at least two protein kinases,
Us3 and UL13 (4-9). HSV-1 Us3 is a serine/threonine protein
kinase with an amino acid sequence that is conserved in the sub-
family Alphaherpesvirinae (6, 7). In vitro biochemical studies char-
acterized the consensus target sequence of an HSV-1 Us3 homo-
logue encoded by pseudorabies virus as RnX(S/T)YY, where “n” is
greater than or equal to 2, “X” can be Arg, Ala, Val, Pro, or Ser, and
“Y” can be any amino acid except an acidic residue (10-12). The
phosphorylation target site specificity of HSV-1 and other alpha-
herpesvirus Us3 kinases has been reported to be similar to that of
the pseudorabies virus homologue and to that of protein kinase A
(PKA), a cellular cyclic AMP-dependent protein kinase (13), and
Akt (14). The Us3 protein and its enzymatic activity have been
suggested to play a critical role in HSV-1 replication and pathoge-
nicity based on studies showing that recombinant Us3-null mu-
tant viruses and recombinant viruses encoding catalytically inac-
tive Us3 (Us3 kinase-dead mutant viruses) have impaired growth
properties in cell cultures and reduced virulence, pathogenicity,
and replication in mouse models (15-19).
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HSV-1 Us3 has been considered to be a multifunctional pro-
tein regulating various aspects of cellular and viral functions by
phosphorylating a number of cellular and viral substrates (4, 5).
However, to date, although more than 15 putative HSV-1 Us3
substrates have been described (14, 20-29), only a few substrates,
including gB, UL31, Us3 itself, UL47, and tuberous sclerosis com-
plex 2, have been shown to be both physiological Us3 substrates in
infected cells and directly linked with Us3 functions in infected
cells (14, 19, 20, 22-24, 30). Therefore, there may be Us3 sub-
strates other than those reported to date, and their identification
and characterization are required to determine Us3 functions and
understand their mechanisms.

As described above and elsewhere (3-5, 31), biological conse-
quences and mechanisms of phosphorylation events in HSV-1-
infected cells have gradually been elucidated. However, our
knowledge of them remains limited and fragmented. In the pres-
ent study, to close the knowledge gap, we carried out a large-scale
phosphoproteomic analysis of titanium dioxide affinity chroma-
tography-enriched phosphopeptides from HSV-1-infected cells
using high-accuracy mass spectrometry (MS). In the phosphory-
lation status of viral and cellular proteins in HSV-1-infected cells
determined by phosphoproteomic analysis, we focused on phos-
phorylation of HSV-1-encoded dUTPase (vdUTPase) at serine
187 (Ser-187) in this study.
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dUTPases catalyze hydrolysis of dUTP to dUMP and pyro-
phosphate (32, 33). Since DNA polymerases are known to readily
misincorporate dUTP into replicating DNA, which causes point
mutations and strand breakage, dUTP hydrolysis by dUTPases is
necessary for accurate replication of DNA genomes (32, 34-36).
dUTPases are present in a wide variety of eukaryotic and prokary-
otic organisms, including mammals, plants, Drosophila melano-
gaster, and Escherichia coli (32, 37). This ubiquity of dUTPase
suggests its importance for DNA replication. Interestingly, dUTPases
are also encoded by a number of viruses, including herpesviruses,
poxviruses, adenoviruses, D-type retroviruses, and African swine
fever virus (ASFV) (37, 38), and it has been suggested that strict
control of dUTPase activity is critical in the replication of many
viruses. HSV-1vdUTPase, encoded by the UL50 gene, is one of the
structural proteins in virion tegument, and its amino acid se-
quence is conserved throughout the Herpesviridae family (39-41).
It has been reported that HSV-1 infection induced a high level of
dUTPase activity in a manner dependent on vdUTPase (42), and
purified recombinant vdUTPases catalyzed the hydrolysis of
dUTP to dUMP and pyrophosphate in vitro (43). In agreement
with findings for other dUTPases, HSV-1 vdUTPase has an an-
timutator function, based on studies showing that the null muta-
tion in HSV-1 vdUTPase increased the mutation frequency in the
viral genomes severalfold in cultured infected cells (44). It has also
been reported that a recombinant HSV-1 virus carrying a null
mutation in vdUTPase was less virulent than wild-type virus, rep-
licated less well in the central nervous system (CNS), and reacti-
vated less efficiently in a mouse model of HSV-1 infection (45),
suggesting that vdUTPase was critical for viral replication and
pathogenicity in vivo. Thus, the functional sequelae of HSV-1
vdUTPase have gradually been elucidated as described above.
However, there is a lack of information on regulation of vdUTPase
enzymatic activity in HSV-1-infected cells.

In the present study, the large-scale phosphoproteomic analy-
sis and subsequent analyses showed that Us3 phosphorylated
vdUTPase at Ser-187 in HSV-1-infected cells. Studies of the effects
of Us3 phosphorylation of vdUTPase Ser-187 suggested that this
phosphorylation contributed to efficient HSV-1 replication in a
manner dependent on cell types and multiplicities of infection
(MOIs) by regulating optimal enzymatic activity of vdUTPase.

MATERIALS AND METHODS

Cells and viruses. Simian kidney epithelial Vero, human carcinoma
HEp-2, human neuroblastoma SK-N-SH, and rabbit skin cells were de-
scribed previously (46, 47), as was HSV-1 wild-type strain HSV-1(F) (48).
Recombinant virus YK511, encoding an enzymatically inactive Us3 mu-
tant in which the lysine at Us3 residue 220 was replaced with methionine
(Us3K220M), and recombinant virus YK513, in which the Us3 K220M
mutation in YK511 was repaired (Us3K220M-repair), were described pre-
viously (24).

Purification of virions. Virions were purified as described previously
(47).

Plasmids. To generate a fusion protein of maltose binding protein
(MBP) and a domain of vdUTPase, pMAL-vdUTPase-P1, pMAL-vdUTPase-
P2, and pMAL-vdUTPase-P3 were constructed by cloning the do-
mains of vdUTPase encoded by UL50 codons 1 to 225, 101 to 200, and 201
to 371, respectively, amplified by PCR from pYEbacl02 (46), into
PMAL-c (New England BioLabs) in frame with the MBP. To generate a
fusion protein of MBP and the vdUTPase domain with the S187A muta-
tion, pMAL-vdUTPase-P1-S187A was constructed as described previ-
ously (22). To generate a fusion protein of glutathione S-transferase
(GST) and a domain of UL49A, pGEX-UL49A was constructed by cloning
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the domain encoding UL49A codons 24 to 91 amplified by PCR from
pYEbac102 into pGEX4T-1 (GE Healthcare) in frame with GST.

Mutagenesis of viral genomes and generation of recombinant
HSV-1. The vdUTPase gene in the vdUTPase null mutant virus YK750
(AvdUTPase) was disrupted by insertion of a foreign gene cassette that
contained an I-Scel site, a kanamycin resistance gene, and 37 bp of the
vdUTPase sequence encoding codons 181 to 193 in which Ser-187 was
replaced with alanine. YK750 (AvdUTPase) was generated by the Red-
mediated mutagenesis procedure using E. coli GS1783 harboring
pYEbac102, which contains a complete HSV-1(F) sequence with a bacte-
rial artificial chromosome (BAC) sequence inserted into the HSV-1 inter-
genic region between UL3 and UL4 (46) as described previously (24, 49).
Briefly, linear fragments containing the foreign gene cassette were gener-
ated by PCR using the primers shown in Table 1, with pEPkan-S as the
template. The primers were designed to insert the foreign gene cassette
into the Ser-187 locus of the vdUTPase gene. The linear PCR-generated
fragments were electroporated into E. coli GS1783 containing pYEbac102,
and the foreign cassette was inserted into the vdUTPase locus by induc-
tion of the Red recombination machinery. An E. coli clone (YEbac750)
harboring the mutant HSV-1-BAC (pYEbac750), in which the foreign
cassette was inserted into the vdUTPase locus, was selected in the presence
of kanamycin. pYEbac750 was isolated from YEbac750, and YK750
(AvdUTPase) was generated by transfection of pYEbac750 into rabbit
skin cells. Recombinant virus YK751 encoding vdUTPase with an alanine
substituted for Ser-187 (vdUTPaseS187A) (Fig. 1) was constructed by
excision of a part of the foreign gene cassette including the I-Scel site and
the kanamycin resistance gene in the YK750 vdUTPase gene as described
previously (24, 49). Briefly, part of the foreign gene cassette in pYEbac750
was excised by expressing the I-Scel restriction enzyme in YEbac750, fol-
lowed by induction of Red recombination machinery. A kanamycin-sen-
sitive E. coli clone (YEbac751) harboring the mutant HSV-1-BAC
(pYEbac751) carrying the S187A mutation in the vdUTPase gene was selected
and YK751 (vdUTPaseS187A) was generated as described above. Re-
combinant viruses YK753, encoding vdUTPase with an aspartic acid
substituted for serine at residue Ser-187 (vdUTPaseS187D) (Fig. 1),
and YK759, encoding vdUTPase with an alanine substituted for aspar-
tic acid at residue Asp-97 (vdUTPaseD97A) (Fig. 1), were generated by
the same procedure used to generate YK751 (vdUTPaseS187A) except
that the primers listed in Table 1 were used. Recombinant viruses YK752,
YK754, and YK760, in which the vdUTPaseS187A, vdUTPaseS187D, and
vdUTPaseD97A mutations in YK751, YK753, and YK759, respectively
(Fig. 1), were repaired, were generated by the same procedure used to
generate YK751 (vdUTPaseS187A) except that the primers listed in Table
1 were used.

Production and purification of MBP and GST fusion proteins in E.
coli. A GST fusion protein, GST-UL49A, that had been transformed with
pGEX-UL49A and purified using glutathione-Sepharose resin (GE
Healthcare Life Sciences) as described previously (50) was expressed in E.
coli XL1/blue. The MBP fusion proteins MBP-vdUTPase-P1, MBP-
vdUTPase-P1-S187A, MBP-vdUTPase-P2, MBP-vdUTPase-P3, and
MBP-LacZ were expressed in E. coli XL1/blue that had been transformed
with pMAL-vdUTPase-P1, pMAL-vdUTPase-P1-S187A, pMAL-vdUTPase-
P2, pMAL-vdUTPase-P3, and pMAL-c, respectively, and purified using
amylose resin (New England BioLabs) as described previously (50).

Purification of GST fusion proteins from baculovirus-infected cells.
The GST-Us3 and GST-Us3K220M proteins were purified using glutathi-
one-Sepharose resin (GE Healthcare Life Sciences) from the lysates of Sf9
cells infected with the recombinant baculoviruses Bac-GST-Us3 and Bac-
GST-Us3K220M, respectively, as described previously (51).

Sample preparation for mass spectrometry (MS). HEp-2 cells were
infected at a multiplicity of infection (MOI) of 10 with wild-type HSV-
1(F), harvested at 24 h postinfection, and suspended in 8 M urea contain-
ing PhosSTOP phosphatase inhibitor cocktail (Roche Diagnostics) and
Benzonase nuclease (Novagen). The mixture was kept on ice for 1 h, and
cellular debris was then pelleted by centrifugation at 15,000 rpm for 30
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TABLE 1 Primer sequences for construction of recombinant viruses

Phosphorylation of vdUTPase by Us3 Protein Kinase

Mutation Sequence

AvdUTPase and vdUTPaseS187A  5'-AAGCGTGACTCCGGCCCTACCGGCGCGACGCCGAGGGCGGGCCCTCGTCTATGCCGGCGAAGGATGACGAC

GATAAGTAGGG-3'

5-GTTCCGTCTGAACCGGCGTCAGCTCGCCGGCATAGACGAGGGCCCGCCCTCGGCGTCGCGCAACCAATTAA

CCAATTCTGATTAG-3’

vdUTPaseS187D
GATAAGTAGGG-3'

5'-AAGCGTGACTCCGGCCCTACCGGCGCGACGCCGAGGGCGGGACCTCGTCTATGCCGGCGAAGGATGACGAC

5-GTTCCGTCTGAACCGGCGTCAGCTCGCCGGCATAGACGAGGTCCCGCCCTCGGCGTCGCGCAACCAATTAA

CCAATTCTGATTAG-3'

vdUTPaseA/SA-repair and

vdUTPaseS187D-repair GATAAGTAGGG-3'

5"-AAGCGTGACTCCGGCCCTACCGGCGCGACGCCGAGGGCGGTCCCTCGTCTATGCCGGCGAAGGATGACGAC

5'-GTTCCGTCTGAACCGGCGTCAGCTCGCCGGCATAGACGAGGGACCGCCCTCGGCGTCGCGCAACCAATTAA

CCAATTCTGATTAG-3'

vdUTPaseD97A
GATAAGTAGGG-3’

5'-GCTATCCAGCCCAGGGCACCACGTAATACTGGGTCTTATCGCTTCGGGGTACCGCGGAACAGGATGACGAC

5'-GCGCTACGACCACGGCCATAACGGTTCCGCGGTACCCCGAAGCGATAAGACCCAGTATTACAACCAATTAA

CCAATTCTGATTAG-3'

vdUTPaseD97A-repair
GATAAGTAGGG-3'

5'-GCTATCCAGCCCAGGGCACCACGTAATACTGGGTCTTATCGACTCGGGGTACCGCGGAACAGGATGACGAC

5'-GCGCTACGACCACGGCCATAACGGTTCCGCGGTACCCCGAGTCGATAAGACCCAGTATTACAACCAATTAA

CCAATTCTGATTAG-3'

Us2 Us3 Us4
YK513 (Us3K220M-repair) — s e s 12
Us2 Us3 Us4
YK511 (Us3K220M) . o E— S|
20
K->M
Us2 Us3 Us4
10
YK304 (Wild-type) 1
UL49A UL50 (vdUTPase) uL51
2
UL49A ULS50 (vdUTPase) uL51

YK750 (AvdUTPase)

—dam | Kan® G 3

UL49A UL50 (vdUTPase) uL51
YK751 (vdUTPaseS187A)
157
S»>A
UL49A UL50 (vdUTPase) UL51
YK752 (vdUTPaseA/SA-repair)
UL49A UL50 (vdUTPase) UL51
YK753 (vdUTPaseS187D)
187
S-»D
UL49A UL50 (vdUTPase) ULS51
YK754 (vdUTPaseS187D-repair)
UL49A  UL50 (vdUTPase) uL51
YK759 (vdUTPaseD97A)
97
DA
UL49A UL50 (vdUTPase) UL51

YK760 (vdUTPaseD97A-repair)
UL50
(vdUTPase)

FIG 1 Schematic diagrams of the genome structure of wild-type and recom-
binant viruses used in this study. Line 1, Wild-type HSV-1(YK304) genome
carrying a bacmid (BAC) in the intergenic region between UL3 and UL4. Line
2, domain carrying the UL49A, UL50 (vdUTPase), and UL51 open reading
frames. Lines 3 to 9, recombinant viruses with a mutation in the UL50 (vdUTPase)
gene. Line 10, domain carrying the Us2, Us3, and Us4 open reading frames.
Lines 11 and 12, recombinant viruses with a mutation in the Us3 gene.
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min. The cell lysate was reduced with 1 mM dithiothreitol (DTT) for 90
min and then alkylated with 5.5 mM iodoacetamide (IAA) for 30 min.
After digestion with lysyl endopeptidase (Lys-C) (1:50 [wt/wt]) (Wako) at
37°C for 3 h, the resulting peptide mixtures were diluted with 10 mM
Tris-HCI (pH 8.2) to a final urea concentration of <2 M and then digested
with modified trypsin (1:50 [wt/wt]) (sequencing grade; Promega) at
37°C for 3 h. An equal amount of trypsin was then added for an overnight
digestion. Phosphopeptides were enriched by using a Titansphere Phos-
TiO kit (GL Sciences) according to the manufacturer’s instructions.
Briefly, after equilibration of the column, the peptide mixtures from HSV-
1-infected cell lysates were applied to Spin Tips, mixed with buffer con-
taining 2-hydroxypropanoic acid, and centrifuged. After the columns
were washed, the captured peptides were eluted with a 5% ammonium
solution and a 5% pyrrolidine solution. The enriched phosphopeptide
solutions were acidified with 10% trifluoroacetic acid (TFA), desalted
with ZipTip C, ¢ resins (Millipore), and centrifuged in a vacuum concen-
trator.

Mass spectrometric analysis, protein identification, and determina-
tion of phosphorylated sites. Shotgun proteomic analyses of the Titans-
phere eluates were performed by using a linear ion trap-orbitrap mass
spectrometer (LTQ-Orbitrap Velos; Thermo Fisher Scientific) coupled
with a nanoflow liquid chromatography (LC) system (Dina-2A; KYA
Technologies). Peptides were injected into a 75-m reversed-phase C
column at a flow rate of 10 wl/min and eluted with a linear gradient of
solvent A (2% acetonitrile and 0.1% formic acid in H,O) to solvent B
(40% acetonitrile and 0.1% formic acid in H,O) at 300 nl/min. Peptides
were sequentially sprayed from a nanoelectrospray ion source (KYA
Technologies) and analyzed by collision-induced dissociation (CID). The
analyses were carried out in the data-dependent mode, switching auto-
matically between MS and tandem MS (MS/MS) acquisition. For CID
analyses, full-scan MS spectra (from m/z 380 to 2,000) were acquired in
the orbitrap with a resolution of 100,000 at m1/z 400 after ion count accu-
mulation to the target value of 1,000,000. The 20 most intense ions at a
threshold above 2,000 were fragmented in the linear ion trap with a nor-
malized collision energy of 35% for an activation time of 10 ms. The
orbitrap analyzer was operated with the “lock mass” option to perform
shotgun detection with high accuracy (52). Protein identification was

jviasm.org 657


http://jvi.asm.org

Kato et al.

conducted by analyzing the MS and MS/MS data against the RefSeq hu-
man protein (38,963 protein sequences) and nonredundant virus protein
(1,034,534 protein sequences) databases (National Center for Biotechnol-
ogy Information) by Mascot (Matrix Science). Carbamidomethylation of
cysteine residues was set as fixed modifications, whereas methionine oxi-
dation, protein N-terminal acetylation, pyroglutamination for N-termi-
nal glutamine, and phosphorylation (Ser, Thr, and Tyr) were set as vari-
able modifications. A maximum of two missed cleavages was allowed in
the database search. The tolerance for mass deviation was set to 3 ppm for
peptide masses and 0.8 Da for MS/MS peaks, respectively. In the process
of peptide identification, we conducted decoy database searching by Mas-
cot and applied a filter for a false-positive rate of <1%. Determination of
phosphorylated sites in the peptides was performed using the software
program Proteome Discoverer, version 1.3 (Thermo Fisher Scientific).

Phos tag SDS-PAGE analysis. Phos tag (phosphate affinity) SDS-
PAGE analysis was performed, following the standard protocol of
Wako Chemicals. Briefly, Vero cells were mock infected or infected with
HSV-1(F), YK750 (AvdUTPase), YK751 (vdUTPaseS187A), YK752
(vdUTPaseA/SA-repair), YK511 (Us3K220M), or YK513 (Us3K220M-
repair) at an MOI of 5 for 18 h or with HSV-1(F) at an MOI of 0.01 for 60
h and then harvested, solubilized, and analyzed by electrophoresis in a
denaturing gel containing 200 pM MnCl, and 100 pM Phos tag acryl-
amide (Wako). After electrophoresis, gels were soaked in standard trans-
fer buffer (53) with 1 mM EDTA for 10 min to remove Mn>". The sepa-
rated proteins in the denaturing gels were then transferred to
nitrocellulose membranes and analyzed by immunoblotting as described
below.

Immunoblotting and immunofluorescence. Immunoblotting and
immunofluorescence were performed as described previously (47, 53).
The amount of protein in immunoblot bands was quantitated using the
Dolphin Doc image capture system with Dolphin-1D software (Wealtec).

Invitro kinase assays. MBP fusion proteins were captured on amylose
beads (New England BioLabs) and used as substrates in in vitro kinase
assays with purified GST-Us3 and GST-Us3K220M as described previ-
ously (51).

Phosphatase treatment. After in vitro kinase assays, MBP fusion pro-
teins were treated with N protein phosphatase (A\-PPase) (New England
BioLabs) as described previously (51). Lysates of HSV-1(F)-infected Vero
cells were treated with alkaline phosphatase (CIP) (New England Bio-
Labs) as described previously (51).

dUTPase enzyme assay. dUTPase activity was determined as de-
scribed previously (45, 54), with minor modifications. Briefly, Vero cells
in 6-well plates were mock infected or infected with each of the indicated
viruses at an MOI of 5 for 18 h and then harvested and lysed in 200 pl
NP-40 buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, and 1.0% Non-
idet P-40 [NP-40]). After a brief centrifugation, 0.4 pl of each supernatant
was mixed with 200 pl reaction buffer (50 mM Tris-HCI [pH 8.0], 2 mM
B-mercaptoethanol, 1 mM MgCl,, 0.1% bovine serum albumin, 2 mM
p-nitrophenylphosphate, and 0.24 nM [’H]dUTP [28.8 Ci/mmol;
PerkinElmer]). The reaction was allowed to proceed for 30 min at 37°C
and then terminated by spotting the reaction mixture onto DE81 circle
discs (Whatman). The discs were washed three times for 5 min each with
washing solution (1 mM ammonium formate and 4 M formic acid), fol-
lowed by one wash with 95% ethanol for 3 min. The discs were air-dried
and counted for radioactivity using an LS3801 scintillation counter (Beck-
man).

Antibodies. To generate mouse polyclonal antibody to vdUTPase or
HSV-1 UL49A, BALB/c mice were immunized once with purified MBP-
vdUTPase-P2 and MBP-vdUTPase-P3 or with GST-UL49A with Titer-
Max Gold adjuvant liquid (TiterMax USA, Inc.), respectively. The sera of
the immunized mice were used as anti-vdUTPase or anti-UL49A mouse
polyclonal antibody. To generate rabbit polyclonal antibody to vdUTPase,
rabbits were immunized with purified MBP-vdUTPase-P2 and MBP-
vdUTPase-P3, following the standard protocol at MBL (Nagoya, Japan).
Mouse monoclonal antibodies to gB (H1817) and VP5 (3B6) were pur-
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chased from Virusys. Rabbit polyclonal antibodies to UL49 and UL51
were described previously (55).

Statistical analysis. Differences in relative dUTPase activities were
statistically analyzed using the two-tailed Student # test.

RESULTS

Identification of phosphorylation sites on viral and cellular pro-
teins in HSV-1-infected cells. To analyze the large-scale phos-
phorylation status of viral and cellular proteins in HSV-1-infected
cells, we carried out a phosphoproteomic analysis of titanium di-
oxide affinity chromatography-enriched phosphopeptides from
HSV-1-infected cells by high-accuracy MS. Briefly, HEp-2 cells
were infected at an MOI of 10 with wild-type HSV-1(F), harvested
at 24 h postinfection, denatured, alkylated, and digested in-solu-
tion with a combination of endoproteinase Lys-C and trypsin.
Resulting peptide mixtures were subjected to phosphopeptide en-
richment, using titanium dioxide affinity chromatography, and
enriched samples were analyzed using a high-accuracy LTQ-Or-
bitrap mass spectrometer. Peptide spectra were searched in se-
quence databases and validated as described in Materials and
Methods. Using this approach, we detected 81 species of unique
phosphopeptides with 65 unique phosphorylation sites on 25 dis-
tinct viral proteins from HSV-1(F)-infected cells. In addition to
the phosphorylation sites in viral proteins, we also detected 655
species of unique phosphopeptides with 542 unique phosphory-
lation sites on 398 distinct cellular proteins from HSV-1(F)-in-
fected cells.

Us3 phosphorylation of vdUTPase Ser-187 in vitro. Among
the MS-identified phosphorylation sites, phosphorylation sites in
4 viral and 19 host proteins completely or almost completely
matched the consensus sequence of the Us3 phosphorylation site,
and we focused on Ser-187 in HSV-1 dUTPase in this study. To ex-
amine whether HSV-1 Us3 can directly phosphorylate vdUTPase
Ser-187 in vitro, we generated and purified a chimeric protein
consisting of MBP fused to a peptide encoded by vdUTPase
codons 1 to 225 (MBP-vdUTPase-P1) (Fig. 2A) and tested it as a
substrate in in vitro kinase assays with purified wild-type GST-Us3
and the kinase-negative mutant GST-Us3K220M (51). As shown
in Fig. 2B to G, MBP-vdUTPase-P1 (Fig. 2A) was labeled with
[y-**P]ATP by purified Us3 fused to glutathione S-transferase
(GST) (GST-Us3), while mutant MBP-vdUTPase-P1-S187A, in
which alanine was substituted for Ser-187 (Fig. 2A), and MBP-
LacZ were not labeled. When the kinase-dead mutant GST-
Us3K220M, in which the invariant lysine at Us3 residue 220 was
replaced with methionine (Us3K220M), was used, none of the
MBP fusion proteins were labeled (Fig. 2B to E). Furthermore,
MBP-vdUTPase-P1 labeling by GST-Us3 was eliminated by phos-
phatase (A\-PPase) treatment, confirming that MBP-vdUTPase-P1
was labeled by phosphorylation (Fig. 2F and G). These results
indicated that Us3 specifically and directly phosphorylated
vdUTPase Ser-187 in vitro.

Us3-dependent phosphorylation of vdUTPase Ser-187 in in-
fected cells. To examine whether Us3 mediated phosphorylation
of vdUTPase Ser-187 in infected cells, we carried out phosphate
affinity SDS-polyacrylamide gel electrophoresis (Phos tag SDS-
PAGE) analyses of cells infected with wild-type and mutant
HSV-1 viruses (Fig. 1). Phos-tag SDS-PAGE enables visualization
of the phosphorylation status of a protein as a distinct band shift
(56). For these analyses, we constructed the vdUTPase-null mu-
tant virus YK750 (AvdUTPase), recombinant virus YK751
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FIG 2 Us3 directly phosphorylated vdUTPase Ser-187 in vitro. (A) Schematic
diagram of vdUTPase. Line 1, structure of the vdUTPase open reading frame. Line
2, domain of the vdUTPase gene encoding vdUTPase residues 1 to 225, which were
used in these studies to generate the MBP-vdUTPase-P1 fusion protein. Line 3,
amino acid sequence of vdUTPase residues 178 to 193. The site with the consensus
sequence for phosphorylation by Us3 is underlined. Line 4, domain of the UL50
(vdUTPase) gene encoding vdUTPase residues 178 to 193 with the S187A muta-
tion used in these studies to generate the MBP-vdUTPase-P1-S187A fusion pro-
tein. (B) Purified MBP-vdUTPase-P1 (lanes 1 and 2) and MBP-LacZ (lanes 3 and
4) incubated in kinase buffer containing [y-**P]ATP and purified GST-Us3 (lanes
1 and 3) or GST-Us3K220M (lanes 2 and 4), separated on an SDS-PAGE gel, and
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FIG 3 Growth curves of recombinant viruses in Vero cells used in this
study. (A to F) Vero cells were infected at an MOI of 5 (left figures) or 0.01
(right figures) with wild-type HSV-1(F), YK750 (AvdUTPase), YK751
(vdUTPaseS187A), and YK752 (vdUTPaseA/SA-repair) (A and B) or wild-
type HSV-1(F), YK759 (vdUTPaseD97A), and YK760 (vdUTPaseD97A-re-
pair) (Cand D) or wild-type HSV-1(F), YK753 (vdUTPaseS187D), and YK754
(vdUTPaseS187D-repair) (E and F). Total virus from the cell culture superna-
tants and infected cells was harvested at the indicated times and was assayed on
Vero cells. Data are representative of three independent experiments.

(vdUTPaseS187A), encoding a mutant vdUTPase in which vdUTPase
Ser-187 was replaced with alanine, and their repaired virus, YK752
(vdUTPaseA/SA-repair) (Fig. 1). The viral growth curves of
YK750 (AvdUTPase) and YK751 (vdUTPaseS187A) were similar

stained with Coomassie brilliant blue (CBB). (C) Autoradiograph of the gel in
panel B. (D) Purified MBP-vdUTPase-P1 (lanes 1 and 2) and MBP-vdUTPase-
P1-S187A (lanes 3 and 4) incubated in kinase buffer containing [y-**P]ATP and
purified GST-Us3 (lanes 1 and 3) or GST-Us3K220M (lanes 2 and 4), separated on
an SDS-PAGE gel, and stained with CBB. (E) Autoradiograph of the gel in panel D.
(F) Purified MBP-vdUTPase-P1 incubated in kinase buffer containing [vy-
*2P]ATP and purified GST-Us3 and then either mock treated (lane 1) or treated
with A-PPase (lane 2), separated on an SDS-PAGE gel, and stained with CBB. (G)
Autoradiograph of the gel in panel F. A molecular mass marker (in kilodaltons) is
shown on the left.
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FIG 4 Us3 mediated phosphorylation of vdUTPase Ser-187 in infected cells.
(A) Vero cells were either mock infected (lane 1) or infected with wild-type
HSV-1(F) (lane 2), YK750 (AvdUTPase) (lane 3), YK751 (vdUTPaseS187A)
(lane 4), or YK752 (vdUTPaseA/SA-repair) (lane 5) at an MOI of 5, harvested
at 18 h postinfection, and analyzed on a Phos tag(+) SDS-PAGE gel (top) or
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to those of their repaired virus YK752 (vdUTPaseA/SA-repair)
and wild-type HSV-1(F) in Vero cells infected at an MOI of 5 (Fig.
3A) or 0.01 (Fig. 3B). We have previously reported that the Us3
kinase-dead mutant virus YK511 (Us3K220M) grew as well as its
repaired virus, YK513 (Us3K220M-repair), and wild-type HSV-
1(F) in Vero cells (24). In addition, we noted that the null muta-
tion in vdUTPase had no effect on expression of the neighboring
UL49, UL49A, and UL51 genes (data not shown).

Vero cells were infected with wild-type HSV-1(F), YK750
(AvdUTPase), YK751 (vdUTPaseS187A), YK752 (vdUTPaseA/
SA-repair), YK511 (Us3K220M), or YK513 (Us3K220M-repair)
atan MOI of 5, harvested at 18 h postinfection, and analyzed on a
Phos tag-positive [Phos tag(+)] SDS-PAGE or Phos tag negative
[Phos tag(—)] SDS-PAGE gel (Fig. 4A and C). vdUTPase proteins
from Vero cells infected with wild-type HSV-1(F), YK752
(vdUTPaseA/SA-repair), and YK513 (Us3K220M-repair) were
detected as two bands with large mobility differences in the Phos-
tag(+) SDS-PAGE gel (Fig. 4A, upper panel, lanes 2 and 5, and C,
upper panel, lanes 2 and 4). After phosphatase treatment of the
lysate from wild-type HSV-1(F)-infected cells, the slower-migrat-
ing dUTPase band disappeared (Fig. 4B). The disappearance of
the slower-migrating band after phosphatase treatment was also
observed with vdUTPase proteins from Vero cells infected with
YK751 (vdUTPaseS187A) (Fig. 4A, upper panel, lane 4) and
YK511 (Us3K220M) (Fig. 4C, upper panel, lane 3). Taken to-
gether, these results indicated that the slower band was vdUTPase
phosphorylated at Ser-187 and the faster band was vdUTPase un-
phosphorylated at Ser-187 and that Us3 mediated phosphoryla-
tion of vdUTPase Ser-187 in infected cells.

We noted that about the same amounts of vdUTPase were
detected in each of the two vdUTPase bands from wild-type HSV-
1(F)-infected cells (Fig. 4A to C). Therefore, since almost all the
vdUTPase protein from purified virions was in the faster-migrat-
ing band (Fig. 4B, upper panel, lane 1), vdUTPase with unphos-
phorylated Ser-187 was selectively packaged into virions. How-
ever, phosphorylation of vdUTPase Ser-187 in infected cells
appeared to have no effect on vdUTPase packaging into virions,
since the amount of vdUTPaseS187A incorporated into YK751
(vdUTPaseS187A) virions, produced in cells with no phosphory-
lated vdUTPase Ser187, was similar to amount of vdUTPase in-
corporated into wild-type HSV-1(F) virions, produced in cells
with both phosphorylated and unphosphorylated vdUTPase
(Fig. 5).

Effect of phosphorylation of vdUTPase Ser-187 on its enzy-
matic activity in infected cells. To examine whether the enzy-
matic activity of vdUTPase in infected cells was regulated by phos-
phorylation of vdUTPase Ser-187, we constructed recombinant

Phos-tag(—) SDS-PAGE gel (center and bottom). The gels were immuno-
blotted with anti-vdUTPase mouse polyclonal antibody (top and center) or
anti-gB mouse monoclonal antibody (bottom). (B) HSV-1(F) virions (lane 1)
and lysates of Vero cells that were infected with wild-type HSV-1(F) (lanes 2
and 3). The infected Vero cell lysates were either untreated (lane 2) or treated
with CIP (lane 3). The virion and cell lysates were then analyzed on a Phos
tag(+) SDS-PAGE gel (top) or Phos-tag(—) SDS-PAGE gel (bottom) and
immunoblotted with anti-vdUTPase mouse polyclonal antibody. (C) Vero
cells were either mock infected (lane 1) or infected with wild-type HSV-1(F)
(lane 2), YK511 (Us3K220M) (lane 3), or YK513 (Us3K220M-repair), ana-
lyzed on a Phos tag(+) SDS-PAGE gel (top) or Phos-tag(—) SDS-PAGE gel,
and immunoblotted with anti-vdUTPase mouse polyclonal antibody. The ex-
periments were performed as described for Fig. 4A.
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FIG 5 Incorporation of vdUTPase proteins into purifying virions. Immuno-
blots of electrophoretically separated virions of wild-type HSV-1(F) (lane 1),
YK750 (AvdUTPase) (lane 2), YK751 (vdUTPaseS187A) (lane 3), or YK752
(vdUTPaseA/SA-repair) (lane 4) purified by sucrose gradient centrifugation
and blotted with either anti-vdUTPase mouse polyclonal antibody or anti-VP5
mouse monoclonal antibody. A molecular mass marker (in kilodaltons) is
shown on the left.

viruses YK759 (vdUTPaseD97A), encoding a mutant vdUTPase
in which vdUTPase Asp-97 was replaced with alanine, YK753
(vdUTPaseS187D), encoding a mutant vdUTPase in which
vdUTPase Ser-187 was replaced with aspartic acid, and their re-
paired viruses, YK760 (vdUTPaseD97A-repair) and YK754
(vdUTPaseS187D-repair) (Fig. 1). Asp-97 in HSV-1 vdUTPase is
highly conserved in various dUTPases and has been reported to be
crucial for dUTPase enzymatic activity (57). Replacement of the
phosphorylation site with an acidic amino acid, such as glutamic
acid or aspartic acid, mimics the negative charges produced by
phosphorylation (20, 22, 23, 30). The growth curves of YK759
(vdUTPaseD97A) and YK753 (vdUTPaseS187D) were similar to
those of their repaired viruses, YK760 (vdUTPaseD97A-repair)
and YK754 (vdUTPaseS187D-repair), and of wild-type HSV-1(F)
in Vero cells infected at an MOI of 5 (Fig. 3C and E) or 0.01 (Fig.
3D and F).

We then assayed the dUTPase activity in Vero cells mock
infected or infected with each of these viruses (Fig. 6A). As
reported previously (45, 54), infection of Vero cells with
wild-type HSV-1(F), YK752 (vdUTPaseA/SA-repair), or YK760
(vdUTPaseD97A-repair) produced a similar high level of dUTPase
enzymatic activity compared to findings for mock-infected
cells (Fig. 6A). In contrast, there was little dUTPase enzymatic
activity in cells infected with YK750 (AvdUTPase) or YK759
(vdUTPaseD97A) (Fig. 6A), confirming that the D97A mutation
in vdUTPase abolished its enzymatic activity in infected cells. In
cells infected with YK751 (vdUTPaseS187A), dUTPase enzymatic
activity was significantly reduced compared to that in cells in-
fected with wild-type HSV-1(F) or YK752 (vdUTPaseA/SA-re-
pair) (Fig. 6A), indicating that vdUTPase Ser-187 was required for
optimal vdUTPase activity in infected cells. In contrast, dUTPase
enzymatic activity in cells infected with YK753 (vdUTPaseS187D)
was similar to that in cells infected with wild-type HSV-1(F) or
YK754 (vdUTPaseS187D-repair) (Fig. 6A), indicating that a neg-
atively charged amino acid at vdUTPase Ser-187, due to either
phosphorylation of Ser-187 or an S187D substitution, was re-
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FIG 6 Us3-mediated phosphorylation of vdUTPase Ser-187 upregulated its en-
zymatic activity in infected cells. (A) Vero cells were mock infected or infected with
wild-type HSV-1(F), YK750 (AvdUTPase), YK751 (vdUTPaseS187A), YK752
(vdUTPaseA/SA-repair), YK759 (vdUTPaseD97A), YK760 (vdUTPaseD97A-re-
pair), YK753 (vdUTPaseS187D), YK754 (vdUTPaseS187D-repair), YK511
(Us3K220M), or YK513 (Us3K220M-repair) at an MOI of 5. At 18 h postinfec-
tion, the cells were solubilized and assayed for dUTPase activity. Each value is the
mean * standard error of the results of triplicate experiments and is expressed
relative to the mean value of dUTPase activity in mock-infected cells, which was
normalized to 100%. “P” represents the statistical significance value according to
the two-tailed Student ¢ test. n.s., not significant. Data are representative of three
independent experiments. (B) Immunoblot of lysates prepared for the assays in
panel A. The cell lysates were analyzed by immunoblotting with anti-vdUTPase
mouse polyclonal antibody. A molecular mass marker (in kilodaltons) is shown on
the left. Data are representative of three independent experiments.

quired for optimal vdUTPase enzymatic activity in infected cells.
Furthermore, dUTPase activity in cells infected with YK511
(Us3K220M) was significantly reduced compared to that in cells
infected with wild-type HSV-1(F) or YK513 (Us3K220M-repair)
(Fig. 6A), indicating that Us3 kinase activity was required for op-
timal vdUTPase enzymatic activity in infected cells. The amount
of vdUTPase protein was also measured by immunoblotting,
which showed no vdUTPase in mock- and YK750 (AvdUTPase)-
infected cell reaction mixtures and a similar amount of vdUTPase
in all other infected cell reaction mixtures (Fig. 6B). Taken to-
gether with the results above, that Us3 mediated phosphorylation
of vdUTPase Ser-187 in infected cells, these data indicated that
Us3 phosphorylated vdUTPase Ser-187 to regulate its enzymatic
activity in infected cells.

Effect of phosphorylation of vdUTPase Ser-187 on HSV-1
replication in SK-N-SH and HEp-2 cells. To investigate a role of
phosphorylation of vdUTPase Ser-187 on HSV-1 replication in
cell cultures, two sets of experiments were performed. In the first set of
experiments, SK-N-SH or HEp-2 cells were infected with wild-type
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HSV-1(F), YK750 (AvdUTPase), YK751 (vdUTPaseS187A),
YK752 (vdUTPaseA/SA-repair), YK759 (vdUTPaseD97A), YK760
(vdUTPaseD97A-repair), YK753 (vdUTPaseS187D), or YK754
(vdUTPaseS187D-repair) at an MOI of 5, and viral titers were
assayed at 36 h postinfection. As shown in Fig. 7A, the progeny
virus titers of all the recombinant viruses tested were similar to
that of wild-type HSV-1(F) in HEp-2 cells. In contrast, the
virus titers of YK750 (AvdUTPase), YK751 (vdUTPaseS187A),
and YK759 (vdUTPaseD97A) in SK-N-SH cells were significantly
lower than those of their repaired viruses and wild-type HSV-
1(F). Furthermore, the wild-type viral titer was restored in SK-
N-SH cells infected with YK753 (vdUTPaseS187D) carrying a
phosphomimetic mutation in vdUTPase Ser-187 (Fig. 7B). In
agreement with findings for YK751 (vdUTPaseS187A), the titer of
virus in cells infected with YK511 (Us3K220M) was significantly
reduced compared to that in cells infected with wild-type HSV-
1(F) or YK513 (Us3K220M-repair) (Fig. 7C), indicating that Us3
kinase activity was also required for efficient viral replication. In
the second set of experiments, growth kinetics of each of the
recombinant viruses in SK-N-SH cells at an MOI of 5 or 0.01
was analyzed. In agreement with results shown in Fig. 7B,
YK750 (AvdUTPase), YK751 (vdUTPaseS187A), and YK759
(vdUTPaseD97A) replicated in SK-N-SH cells less efficiently
than wild-type HSV-1(F), YK753 (vdUTPaseS187D), or their re-
pair viruses at an MOI of 5 (Fig. 8A, C, and E). In contrast, the
growth curves of wild-type HSV-1(F), YK750 (AvdUTPase),
YK751 (vdUTPaseS187A), YK753 (vdUTPaseS187D), YK759
(vdUTPaseD97A), and their repaired viruses were similar in SK-
N-SH cells at an MOI of 0.01 (Fig. 8B, D, and F). YK511
(Us3K220M) replicated in SK-N-SH cells less efficiently than
wild-type HSV-1(F) or its repair virus at both MOIs (Fig. 8G and
H). Taken together with results shown in Fig. 3, these results in-
dicated that phosphorylation of vdUTPase Ser-187 and enzymatic
activity of vdUTPase were required for efficient viral replication in
SK-N-SH cells at an MOI of 5 but not in SK-N-SH cells at an MOI
of 0.01 or HEp-2 and Vero cells at both MOIs and suggested that
regulation of vdUTPase enzymatic activity by Us3 phosphoryla-
tion of vdUTPase at Ser-187 contributed to efficient HSV-1 rep-
lication in a manner dependent on cell types and MOls.

Effect of phosphorylation of vdUTPase Ser-187 on its local-
ization in infected cells. It has been reported that Us3 phosphor-
ylation of known HSV-1 substrates, including UL31, UL47, and
Us3 itself, was required for their proper localization in HSV-1-
infected cells (20, 23, 24). To examine whether Us3 phosphoryla-
tion of vdUTPase at Ser-187 regulated localization of vdUTPase in
HSV-1-infected cells as well, Vero cells were infected with wild-
type HSV-1(F) or YK751 (vdUTPaseS187A) at an MOI of 5 and

FIG 7 Effect of phosphorylation of vdUTPase Ser-187 on HSV-1 replication in SK-
N-SH and HEp-2 cells. (A and B) HEp-2 (A) or SK-N-SH (B) cells were infected with
wild-type HSV-1(F), YK750 (AvdUTPase), YK751 (vdUTPaseS187A), YK752
(vdUTPaseA/SA-repair), YK759 (vdUTPaseD97A), YK760 (vdUTPaseD97A-repair),
YK753 (vdUTPaseS187D), or YK754 (vdUTPaseS187D-repair) at an MOI of 5. To-
tal virus from the cell culture supernatants and infected cells was harvested at
36 h postinfection, and virus titers were assayed. Each value is the mean *+
standard error for six experiments. (C) SK-N-SH cells were infected with wild-
type HSV-1(F), YK511 (Us3K220M), or YK513 (Us3K220M-repair) at an
MOI of 5. The experiments were performed as described for panel B. Each
value is the mean =* standard error for three experiments. “P” represents the
statistical significance value according to the two-tailed Student’s ¢ test. Data
are representative of three independent experiments.
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FIG 8 Growth curves of recombinant viruses in SK-N-SH cells used in this
study. (A to H) Human neuroblastoma SK-N-SH cells were infected at an
MOI of 5 (left figures) or 0.01 (right figures) with wild-type HSV-1(F),
YK750 (AvdUTPase), YK751 (vdUTPaseS187A), and YK752 (vdUTPaseA/
SA-repair) (A and B), wild-type HSV-1(F), YK759 (vdUTPaseD97A), and
YK760 (vdUTPaseD97A-repair) (C and D), wild-type HSV-1(F), YK753
(vdUTPaseS187D), and YK754 (vdUTPaseS187D-repair) (E and F), or wild-
type HSV-1(F), YK511 (Us3K220M), and YK513 (Us3K220M-repair) (G and
H). Total virus from the cell culture supernatants and infected cells was har-
vested at the indicated times and was assayed on Vero cells. Data are represen-
tative of three independent experiments.
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12hpi

18hpi

FIG 9 Digital confocal microscope images showing the localization of
vdUTPase. Vero cells were infected with wild-type HSV-1(F) or YK751
(vdUTPaseS187A) at an MOI of 5. Infected Vero cells were fixed at the indi-
cated times postinfection, permeabilized, stained with an anti-vdUTPase rab-
bit polyclonal antibody, and examined by confocal microscopy.

analyzed by immunofluorescence with confocal microscopy. As
shown in Fig. 9A and C, vdUTPase localized predominantly in the
nucleus of Vero cells infected with wild-type HSV-1(F) at 12 h
postinfection. At 18 h postinfection, although still present in
the nucleus, vdUTPase also became detectable in the cyto-
plasm, especially, in punctate structures in wild-type HSV-1(F)-
infected Vero cells (Fig. 9E and G). In cells infected with YK751
(vdUTPaseS187A), the patterns of localization of vdUTPase at 12
and 18 h postinfection were similar to those in cells infected with
wild-type HSV-1(F) (Fig. 9B, D, F, and H), indicating that phos-
phorylation of vdUTPase Ser-187 was not required for proper
localization of vdUTPas in infected cells.

DISCUSSION

The striking feature in this study was that vdUTPase was a novel
physiological substrate of Us3, and this phosphorylation appeared
to promote HSV-1 replication in a manner dependent on cell
types or MOIs by regulating optimal enzymatic activity of
vdUTPase in infected cells. This conclusion was based on the fol-
lowing series of observations: (i) MS analysis identified vdUTPase
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Ser-187 as a phosphorylation site; (i) in vitro kinase assays showed
that the Ser-187 in the vdUTPase domain was directly phosphor-
ylated by Us3; (iii) phosphorylation of vdUTPase Ser-187 in in-
fected cells was detected in Phos tag SDS-PAGE analysis and was
dependent on Us3 kinase activity in infected cells; (iv) the S187A
mutation in vdUTPase and kinase-dead mutation of Us3 signifi-
cantly impaired the enzymatic activity of vdUTPase in infected
cells and viral replication; and (v) a phosphomimetic mutation at
the phosphorylation site in the vdUTPase restored wild-type
vdUTPase activity and viral replication. From these observations,
it seems reasonable to conclude that Us3 phosphorylation of
vdUTPase at Ser-187 promoted HSV-1 replication by upregulat-
ing enzymatic activity of vdUTPase. However, there is an alterna-
tive interpretation of the data in this study. Based on the accumu-
lating evidence suggesting that HSV-1 proteins thoroughly
investigated so far turned out to perform multiple functions, there
is a possibility that vdUTPase performs an entirely different func-
tion(s) unrelated to its enzymatic activity, probably in conjuga-
tion with a cellular and viral partner(s). Therefore, Us3 phosphor-
ylation of vdUTPase at Ser-187 may not just alter the enzymatic
activity of vdUTPase but may affect a vdUTPase function(s) un-
related to its enzymatic activity, such as its interaction with a cel-
lular and/or viral partner(s). We noted that the S187A mutation in
vdUTPase reduced viral replication in SK-N-SH cells atan MOI of
5 but not in SK-N-SH cells at an MOI of 0.01 or in HEp-2 and
Vero cells at both MOIs, suggesting that the effect of Us3 phos-
phorylation of vdUTPase Ser-187 on viral replication was depen-
dent on cell types and MOls.

Us3 phosphorylation of vdUTPase Ser-187 was not essential
for vdUTPase activity but appeared to optimize vdUTPase activity
in infected cells, since the S187A mutation reduced vdUTPase
enzymatic activity in infected cells only to 68% of that in wild-type
virus-infected cells. In contrast, the data in this study indicated
that this phosphorylation was required for efficient viral replica-
tion in SN-N-SH cells at an MOI of 5 but not at an MOI of 0.01.
These results suggested that vdUTPase enzymatic activity in in-
fected cells was tightly regulated by Us3 phosphorylation of
vdUTPase Ser-187 and this strict regulation was involved in effi-
cient viral replication in a specific cell type(s) and at a specific
MOI(s). At present, the mechanism by which Us3 phosphoryla-
tion of vdUTPase Ser-187 is required for efficient HSV-1 replica-
tion only in the specific cell type (human neuroblastoma SK-
N-SH cells) and at the specific MOI remains to be elucidated. It
has long been assumed that viruses encode a dUTPase to compen-
sate for low cellular dUTPase activity if that is the situation in their
host cells, e.g., in resting and differentiated cells, such as neurons
and macrophages, where cellular dUTPase activity has been sug-
gested to be low (3, 58). In support of this hypothesis, it has been
reported that replication of recombinant ASFV and D-type retro-
viruses (e.g., equine infectious anemia virus, feline immunodefi-
ciency virus, and caprine arthritis encephalitis virus) carrying mu-
tations in each of the viral dUTPases was severely affected in
nondividing cells in vitro, whereas replication in actively dividing
cells was only minimally decreased (58—62). In agreement with the
hypothesis, HSV-1 vdUTPase was reported to be required for ef-
ficient viral replication and pathogenicity in the CNS as described
above (45). Thus, there is a possibility that HSV-1 vdUTPase en-
zymatic activity may be upregulated by phosphorylation of vdUT-
Pase Ser-187 by viral Us3 kinase to compensate for the low cellular
endogenous dUTPase activity in SK-N-SH cells for efficient viral
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replication. The observation that the null, S187A, or D97A muta-
tion in vdUTPase significantly impaired viral replication in SK-
N-SH at an MOI of 5 but not at an MOI of 0.01 appeared to
support this possibility, since it was conceivable that viral replica-
tions of the recombinant viruses carrying the mutations in
vdUTPase at an MOI of 5 required much more cellular endogenous
dUTPase activity than those at an MOI of 0.01. The cellular endoge-
nous dUTPase activity in SK-N-SH cell may be too low to support
optimal viral replications of the vdUTPase mutant viruses at an
MOI of 5, whereas it may be sufficient for their efficient viral
replication at an MOI of 0.01. By extension, this phosphorylation-
mediated regulation of HSV-1 vdUTPase enzymatic activity
might play a role in viral pathogenicity in the CNS in vivo. Further
studies will be needed to clarify this subject and are in progress in
this laboratory.
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