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ABSTRACT

The herpes simplex virus 1 (HSV-1) UL12 protein (pUL12) is a nuclease that is critical for viral replication in vitro and neuro-
virulence in vivo. In this study, mass spectrometric analysis of pUL12 and phosphate-affinity SDS-polyacrylamide gel electro-
phoresis analysis identified tyrosine at pUL12 residue 371 (Tyr-371) as a pUL12 phosphorylation site: Tyr-371 is conserved in
pUL12 homologs in herpesviruses in all Herpesviridae subfamilies. Replacement of Tyr-371 with phenylalanine (Y371F) in
pUL12 (i) abolished its exonuclease activity in HSV-1-infected Vero, HEL, and A549 cells, (ii) reduced viral replication, cell-cell
spread, and pUL12 expression in infected cells in a cell type-dependent manner, (iii) led to aberrant subcellular localization of
pUL12 in infected cells in a cell type-dependent manner, and (iv) reduced HSV-1 neurovirulence in mice. The effects of the
pUL12 Y371F mutation in cell cultures and mice were similar to those of a nuclease-dead double mutation in pUL12, although
the Y371F mutation reduced viral replication severalfold more than the nuclease-dead double mutation in a cell type- and multi-
plicity-of-infection-dependent manner. Replacement of Tyr-371 with glutamic acid, which mimics constitutive phosphorylation,
restored the wild-type phenotype in cell cultures and mice. These results suggested that phosphorylation of pUL12 Tyr-371 was
essential for pUL12 to express its nuclease activity in HSV-1-infected cells and that this phosphorylation promoted viral replica-
tion and cell-cell spread in cell cultures and neurovirulence in mice mainly by upregulating pUL12 nuclease activity and, in part,
by regulating the subcellular localization and expression of pUL12 in HSV-1-infected cells.

IMPORTANCE

Herpesviruses encode a considerable number of enzymes for their replication. Like cellular enzymes, the viral enzymes need to
be properly regulated in infected cells. Although the functional aspects of herpesvirus enzymes have gradually been clarified,
information on how most of these enzymes are regulated in infected cells is lacking. In the present study, we report that the enzy-
matic activity of the herpes simplex virus 1 alkaline nuclease pUL12 was regulated by phosphorylation of pUL12 Tyr-371 in in-
fected cells and that this phosphorylation promoted viral replication and cell-cell spread in cell cultures and neurovirulence in
mice, mainly by upregulating pUL12 nuclease activity. Interestingly, pUL12 and tyrosine at pUL12 residue 371 appeared to be
conserved in all herpesviruses in the family Herpesviridae, raising the possibility that the herpesvirus pUL12 homologs may also
be regulated by phosphorylation of the conserved tyrosine residue.

The herpes simplex virus 1 (HSV-1) UL12 gene encodes a pro-
tein (pUL12) that is phosphorylated in infected cells (1–3).

The UL12 phosphoprotein has both endo- and exonuclease activ-
ities, with an alkaline pH optimum, and is conserved in herpesvi-
ruses in all Herpesviridae subfamilies (3–5). pUL12 has been re-
ported to play a critical role in HSV-1 replication in vitro and in
HSV-1 virulence in vivo, based on studies showing that recombi-
nant UL12-null mutant viruses have 100- to 10,000-fold less viral
growth in cell cultures and about a 1,000-fold reduction in neu-
rovirulence in mice following intracerebral inoculation (6–8).
Since HSV-1 pUL12 has long been recognized primarily as a nu-
clease, most research on pUL12 to date has concentrated on pos-
sible pUL12 functions based on its nuclease activities (5, 9–13).
However, we recently reported that a recombinant HSV-1 strain
carrying a nuclease-dead double mutation in pUL12 that abol-
ished its endo- and exonuclease activities (5) had only a small (i.e.,
severalfold) though consistent reduction in its progeny virus yield
in Vero simian kidney epithelial cells, while a recombinant UL12-
null mutant virus had about a 10,000-fold reduction in its progeny
virus yield (8). In contrast, the recombinant virus with the nu-

clease-dead double mutation in pUL12 showed a 100-fold reduc-
tion in neurovirulence in mice following intracerebral inocula-
tion, while the recombinant UL12-null mutant virus showed
about a 1,000-fold reduction in virulence (8). These observations
suggested that the nuclease activities of pUL12 played a minor but
consistent role in viral replication in cell cultures and that a pUL12
function(s) unrelated to its nuclease activities played a major role
in this process. pUL12 nuclease activities have also been suggested
to be critical for viral neurovirulence in vivo. Thus, pUL12 appears
to have two distinct kinds of activities, nuclease activities and un-
related activities, although the latter are unknown at present.
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While the functional roles of pUL12 have gradually been clari-
fied as described above, information on the mechanism(s) by which
pUL12 is regulated in HSV-1-infected cells is lacking. The intracellu-
lar activity of cellular and viral enzymes is usually tightly regulated:
they can be turned on or off by phosphorylation, the binding of a
regulatory subunit(s), the presence of small molecules, and/or their
subcellular localization. For example, it has been reported that the
catalytic activity of the HSV-1 protein kinase Us3 was tightly regu-
lated by autophosphorylation of its serine 147 residue and that the
regulation of Us3 activity by this autophosphorylation played a criti-
cal role in HSV-1 replication in vivo and in HSV-1 pathogenesis (14).
Therefore, data on both the mechanism(s) by which an enzyme’s
activity is regulated and the downstream effects of the enzyme’s reg-
ulation are necessary for understanding of the overall features of the
enzyme. In the studies presented here, we investigated whether the
enzymatic activity of pUL12 was regulated by phosphorylation in
HSV-1-infected cells. Using liquid chromatography-tandem mass
spectrometry (LC–MS-MS) analysis, we identified three phosphory-
lation sites in pUL12. Of these, we focused on tyrosine at pUL12
residue 371 (Tyr-371), since it is conserved in UL12 homologs in the
herpesviruses of all Herpesviridae subfamilies (5, 13). Our studies of
the effects of pUL12 Tyr-371 phosphorylation showed that it was
essential for the expression of pUL12 exonuclease activity in HSV-1-
infected cells and that it was required for efficient viral replication,
cell-cell spread, and proper steady-state expression and subcellular
localization of pUL12 in a cell type-dependent manner. We also
showed that this phosphorylation was required for efficient viral neu-
rovirulence in mice following intracerebral inoculation. These results
suggested that the nuclease activity of pUL12 was regulated by its

phosphorylation at Tyr-371 and that this regulation played an impor-
tant role in viral replication and pathogenesis.

MATERIALS AND METHODS
Cells and viruses. Vero, 293T, HEL, and A549 cells have been described
previously (8, 15–17). 6-5 cells (6) are permissive for UL12-null mutant
viruses and were kindly provided by S. Weller. The following virus strains
have been described previously: the wild-type strain, HSV-1(F); recombi-
nant virus YK655 (�UL12), a UL12-null mutant virus in which the UL12
gene was disrupted by replacing UL12 codons 70 to 375 with a kanamycin
resistance gene; recombinant virus YK656 (�UL12-repair), in which the
UL12-null mutation in YK655 was repaired; recombinant virus YK665
(UL12G336A/S338A), encoding a nuclease-inactive UL12 mutant in
which the amino acids glycine and serine at pUL12 residues 336 and 338
were replaced with alanine (G336A S338A); and recombinant virus
YK666 (UL12GA/SA-repair), in which the UL12 G336A S338A double
mutation in YK665 was repaired (8, 16) (Fig. 1). All viruses used in this
study were propagated and titrated using 6-5 cells.

Plasmids. To construct pcDNA-MEF-UL12, an expression plasmid
for pUL12 fused to an MEF (Myc epitope–tobacco etch virus [TEV] pro-
tease cleavage site–Flag epitope) tag (18), the entire UL12 open reading
frame (ORF) was amplified by PCR from pBC1012 (19) and was cloned
into pcDNA-MEF (20) in frame with MEF (Fig. 2A). pcDNA-MEF-
UL12Y371F and pcDNA-MEF-UL12G336A/S338A, expression plasmids
for MEF-tagged pUL12 with a phenylalanine replacement of Tyr-371 and
alanine replacements of glycine 336 and serine 338 in the double mutant,
respectively, were generated by amplifying the UL12 ORF by PCR from
the YK660 (UL12Y371F) and YK665 (UL12G336A/S338A) genomes, re-
spectively, which were purified as described previously (16), and cloning
the DNA fragments into pcDNA-MEF in frame with MEF.

Identification of phosphorylation sites in pUL12. 293T cells were
transfected with pcDNA-MEF-UL12 (Fig. 2A) using polyethylenimine as
described previously (21), harvested at 48 h posttransfection, and lysed in
0.5% NP-40 buffer (0.5% NP-40, 120 mM NaCl, 50 mM Tris-HCl [pH
8.0], and 50 mM NaF) containing protease and phosphatase inhibitor
cocktails (Nacalai Tesque). After centrifugation, the supernatants were
immunoprecipitated with an anti-Myc monoclonal antibody, and the im-
munoprecipitates were reacted with AcTEV protease (Invitrogen). After

FIG 1 Schematic of the genome structures of the wild-type virus HSV-1(F)
and the relevant domains of the recombinant viruses used in this study. Line 1,
wild-type HSV-1(F) genome; line 2, domains containing ORFs UL11 to UL13;
line 3, domains containing ORFs UL11, UL12, and UL12.5; lines 4 to 10,
domains in recombinant virus genomes with mutations in UL12.

FIG 2 (A) Schematic of expression plasmid pcDNA-MEF-UL12, carrying UL12
tagged with MEF. (B) 293T cells were transfected with pcDNA-MEF-UL12, har-
vested, and immunoprecipitated with anti-Myc and anti-Flag antibodies. Immu-
noprecipitates were separated in a denaturing gel and were silver stained. The
upper and lower arrows indicate MEF-pUL12 and an immunoglobulin heavy
chain, respectively. Molecular mass markers are indicated on the left.
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another centrifugation, the supernatants were immunoprecipitated with
an anti-Flag monoclonal antibody, and these immunoprecipitates were
electrophoretically separated in a denaturing polyacrylamide gel and were
visualized by silver staining. A protein band corresponding to pUL12 (Fig.
2B) was excised from the denaturing gel, digested in the gel with trypsin,
and analyzed by nano-LC–MS-MS as described previously (22). For this
analysis, we used the QSTAR Elite LC–MS-MS system (AB Sciex) coupled
with the DiNa system (KYA Technologies). Proteins were identified by
analyzing the MS and MS-MS data against the 68,711 protein sequences in
the RefSeq human protein database (National Center for Biotechnology
Information [NCBI]) and the 74 virus protein sequences based on the
complete genome sequence of human herpesvirus 1 strain F (GenBank
accession number GU734771) using the Mascot algorithm (version 2.4.1;
Matrix Science) with the following parameters: variable modifications,
oxidation (Met), protein N-terminal acetylation, pyroglutamination
(Gln), phosphorylation (Ser, Thr, and Tyr); maximum missed cleavages,
2; peptide mass tolerance, 100 ppm; and MS-MS tolerance, 0.5 Da. Pro-
tein identification was based on the criterion of having at least one MS-MS
data signal with a Mascot score that exceeded the threshold (P, �0.05).
The locations of phosphorylated sites in the peptides were determined
using the MD scores (23).

Antibodies, immunoblotting, and immunofluorescence. Rabbit
polyclonal antibodies to VP22 and pUL12 have been described previously
(8, 24). The antibody to pUL12 reacts with pUL12 but not with pUL12.5,
an amino-terminally truncated UL12 protein (4). Commercial mouse
monoclonal antibodies against ICP8 (HB-8180 [ATCC] and 10A3 [Mil-
lipore]), the Flag epitope (M2; Sigma), �-tubulin (DM1A; Sigma), and
Myc (PL14; MBL) were used in this study. The two mouse monoclonal
antibodies against ICP8 (HB-8180 and 10A3) were used for immunoflu-
orescence and immunoblotting, respectively. Immunoblotting and im-
munofluorescence were performed as described previously (19).

Phos-tag SDS-PAGE analysis. Phos-tag (phosphate affinity) SDS-
polyacrylamide gel electrophoresis (PAGE) analysis was performed ac-
cording to the standard protocol of Wako Chemicals as described previ-
ously (25). Briefly, 293T cells were transfected with pcDNA-MEF-UL12,
pcDNA-MEF-UL12G336A/S338A, or pcDNA-MEF-UL12Y371F using
polyethylenimine as described above, harvested at 48 h posttransfection,
solubilized in a buffer for � protein phosphatase (�-PPase) (New England
BioLabs) containing 0.3% NP-40, 1 mM MnCl2, and a protease inhibitor
cocktail (Nacalai Tesque), and analyzed by electrophoresis in denaturing
gels containing 290 �M MnCl2 and 145 �M Phos-tag acrylamide (Wako)
(26). After electrophoresis, the gels were soaked in standard transfer buf-
fer containing 1 mM EDTA for 10 min to remove Mn2�. The separated
proteins in the denaturing gels were then transferred to polyvinylidene
difluoride membranes and were analyzed by immunoblotting.

Phosphatase treatment. The lysates from 293T cells transfected with
pcDNA-MEF-UL12, prepared as described above, were treated with
�-PPase (New England BioLabs) as described previously (27).

Mutagenesis of viral genomes in Escherichia coli and generation of
recombinant HSV-1. Recombinant virus YK660 (UL12Y371F), carrying
a Y371F mutation in pUL12 (Fig. 1), was constructed by the two-step
Red-mediated mutagenesis procedure using Escherichia coli GS1783 con-
taining pYEbac102, a full-length infectious HSV-1(F) clone (16), as de-
scribed previously (28) except for the use of primers 5=-GACCCCCCTA
GCCTTTTACGAGGTCAAATGCCGGGCCAAGTTCGCTTTCGACCC
CATGGACCCAGGATGACGACGATAAGTAGGG-3= and 5=-CGGA
GGCCGTGGGGTCGCTGGGGTCCATGGGGTCGAAAGCGAAC
TTGGCCCGGCATTTGACCTCAACCAATTAACCAATTCTGATTA
G-3=. Recombinant virus YK661 (UL12Y371F-repair), in which the
pUL12 Y371F mutation in YK660 was repaired (Fig. 1), was generated as
described previously (28) except for the use of primers 5=-GACCCCCCT
AGCCTTTTACGAGGTCAAATGCCGGGCCAAGTACGCTTTCGACC
CCATGGACCCAGGATGACGACGATAAGTAGGG-3= and 5=-CGGAG
GCCGTGGGGTCGCTGGGGTCCATGGGGTCGAAAGCGTACTTGG
CCCGGCATTTGACCTCAACCAATTAACCAATTCTGATTAG-3= and

E. coli GS1783 carrying the YK660 genome. Recombinant virus YK662
(UL12Y371E), encoding pUL12 with a glutamic acid substituted for Tyr-
371 (Fig. 1), was generated as described previously (28) except for the use
of primers 5=-GACCCCCCTAGCCTTTTACGAGGTCAAATGCCGGG
CCAAGGAGGCTTTCGACCCCATGGACCCAGGATGACGACGATA
AGTAGGG-3= and 5=-CGGAGGCCGTGGGGTCGCTGGGGTCCATG
GGGTCGAAAGCGTCCTTGGCCCGGCATTTGACCTCAACCAATTA
ACCAATTCTGATTAG-3= and E. coli GS1783 carrying the YK660 ge-
nome. YK660 (UL12Y371F), YK661 (UL12Y371F-repair), and YK662
(UL12Y371E) were propagated and titrated in 6-5 cells.

Alkaline nuclease assays. Extracts from mock-infected and HSV-1-
infected cells were prepared as described previously (7, 29). Exonuclease
assays were performed as described previously (7, 29).

Determination of plaque size. Vero, HEL, and A549 cells were in-
fected with each of the recombinant viruses at multiplicities of infection
(MOI) of 0.0001, 0.001, and 0.00001, respectively. After adsorption for 1
h, the inoculum was removed, and the cell monolayers were overlaid with
medium 199 containing 1% fetal calf serum and 160 �g pooled human
immunoglobulin (Sigma)/ml. Two days postinfection, 25 plaques pro-
duced by each of the recombinant viruses were analyzed using a micro-
scope equipped with a digital DP80 camera (Olympus) and cellSens soft-
ware (Olympus).

Animal experiments. Three-week-old female ICR mice were pur-
chased from Charles River and were infected intracerebrally with serial
10-fold dilutions of each mutant virus in groups of 3 mice per dilution, as
described previously (16). Mortality was monitored for 14 days postinfec-
tion, and 50% lethal dose (LD50) values were calculated by the Behrens-
Karber method. All animal experiments were carried out in accordance
with the Guidelines for Proper Conduct of Animal Experiments, Science
Council of Japan. The protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) of the Institute of Medical Science,
The University of Tokyo (IACUC protocol approval number 19-26).

RESULTS
Identification of Tyr-371 as a phosphorylation site in pUL12. To
identify phosphorylation sites in pUL12, we used tandem affinity
purification of transiently expressed pUL12 in 293T cells, coupled
with mass spectrometry-based technology (20, 22). As shown in
Fig. 2B, MEF-tagged pUL12 (MEF-pUL12) was copurified with
some cellular proteins, suggesting that pUL12 was tightly associ-
ated with the cellular proteins. Then the purified MEF-pUL12 was
subjected to mass spectrometric analyses, and three phosphoryla-
tion sites in pUL12, at Tyr-371, Thr-474, and Ser-604, were iden-
tified (Table 1). Phosphorylation of pUL12 Ser-604 in HSV-1-
infected cells has been reported previously (30). Of these three
phosphorylation sites, we focused on Tyr-371 because it, but not
Thr-474 or Ser-604, is conserved in pUL12 homologs in herpes-
viruses in all Herpesviridae subfamilies (Fig. 3).

To confirm the phosphorylation of pUL12 at Tyr-371, we
carried out phosphate affinity (Phos-tag) SDS-PAGE analysis of

TABLE 1 pUL12 phosphopeptides and phosphorylation sites identified
by LC–MS-MSa

Phosphorylation
site Peptide sequence

Mascot
score

Y371 pYAFDPMDPSDPTASAYEDLMAHR 65
T474 HpTISPVSWSSGDLVR 49
S604 pSPGPGPAAAETTSSSPTTGR 121
a In the peptide sequences, p indicates phosphorylated amino acid. The Mascot score is
�10 	 log(P), where P is the probability that the observed match was a random event.
A score of 
37 indicated identity or extensive homology
(P, �0.05).
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293T cells transfected with pcDNA-MEF-UL12, pcDNA-MEF-
UL12G336A/S338A, or pcDNA-MEF-UL12Y371F. Phos-tag forms a
specific complex with phosphorylated amino acids and therefore
enables the visualization of some, but not necessarily all, phos-
phorylated proteins as distinct band shifts relative to the unphos-
phorylated protein (26). As shown in Fig. 4A, MEF-pUL12 from
293T cells transfected with pcDNA-MEF-UL12 was detected as
three bands (Fig. 4, bands a, b, and c) with distinct mobility dif-
ferences in Phos-tag-positive [Phos-tag(�)] SDS-PAGE: bands a
and b were dominant, and band c was very faint. After phospha-
tase treatment of the lysate from 293T cells transfected with
pcDNA-MEF-UL12, bands a and b were barely detectable, while
the amount of protein in band c increased dramatically (Fig. 4A).
This result indicated that bands a and b represented phosphory-
lated forms of pUL12 with different numbers of phosphorylated
residues. In contrast, band c appeared to represent the unphos-
phorylated form of pUL12, although we cannot eliminate the pos-
sibility that the pUL12 detected as band c was phosphorylated. As
shown in Fig. 4B, in lysates of 293T cells transfected with pcDNA-
MEF-UL12Y371F and analyzed by Phos-tag(�) SDS-PAGE,
MEF-pUL12Y371F was predominantly in band b, and bands a and
c were barely detectable. In contrast, in lysates of 293T cells trans-
fected with pcDNA-MEF-UL12G336A/S338A and analyzed by
Phos-tag(�) SDS-PAGE, the pattern of MEF-pUL12G336A/
S338A bands was similar to that of MEF-pUL12 bands (Fig. 4B).
Taken together, these results indicated that pUL12 Tyr-371 was
phosphorylated in cell cultures.

Effect of pUL12 Tyr-371 phosphorylation on UL12 expres-
sion. To investigate the effect of Tyr-371 phosphorylation on
UL12 expression in HSV-1-infected cells, we generated recombi-
nant virus YK660 (UL12Y371F), encoding a mutant pUL12 in
which Tyr-371 was replaced with phenylalanine, its repaired virus
YK661 (UL12Y371F-repair), and YK662 (UL12Y371E), encoding

a mutant pUL12 in which Tyr-371 was replaced with glutamic acid
(Fig. 1). Replacement of the phosphorylation site with an acidic
amino acid, such as glutamic acid or aspartic acid, is a phospho-
mimetic mutation (a mutation that mimics the negative charges
produced by phosphorylation) (31–33). We first inquired
whether phosphorylation of pUL12 Tyr-371 had an effect on
UL12 expression in HSV-1-infected cells. For these experiments,
Vero cells, HEL human lung fibroblasts, and A549 human lung
epithelial cells were either mock infected or infected with either
wild-type HSV-1(F), the UL12-null mutant virus YK655
(�UL12), its repaired virus YK656 (�UL12-repair), YK660
(UL12Y371F), its repaired virus YK661 (UL12Y371F-repair),
YK662 (UL12Y371E), the UL12 nuclease-dead double mutant vi-
rus YK665 (UL12G336A/S338A), or its repaired virus YK666
(UL12GA/SA-repair) at an MOI of 3. At 12 h postinfection, cell
lysates were analyzed by immunoblotting. As shown in Fig. 5, HEL
cells infected with YK660 (UL12Y371F) produced much less
pUL12 than HEL cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair), but HEL cells infected with YK662
(UL12Y371E) produced pUL12 at a level similar to that of HEL
cells infected with wild-type HSV-1(F). These results indicated
that an amino acid at pUL12 residue 371 that was negatively
charged, due either to Tyr-371 phosphorylation or to the phos-
phomimetic Y371E substitution, was required for efficient expres-
sion of pUL12 in infected HEL cells.

In contrast, the levels of pUL12 expression in Vero and A549
cells infected with YK660 (UL12Y371F) were almost identical to
those in these cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair) (Fig. 5). In agreement with our previous re-

FIG 3 Sequence alignment of motif III of pUL12 homologs conserved in
members of the three herpesvirus subfamilies. HSV-1 pUL12 Tyr-371 and the
corresponding residues of other herpesviruses are boxed and indicated by an
arrow. pUL12 and pUL12 homolog sequences are labeled with their NCBI
gene identification numbers and virus names. HSV-2, herpes simplex virus 2;
VZV, varicella-zoster virus; BHV-1, bovine herpesvirus 1; EHV-1, equine her-
pesvirus 1; PRV, pseudorabies virus; HCMV, human cytomegalovirus;
HHV-6, human herpesvirus 6; HHV-7, human herpesvirus 7; EBV, Epstein-
Barr virus; KSHV, Kaposi’s sarcoma-associated herpesvirus; HVS, herpesvirus
saimiri; EHV-2, equine herpesvirus 2; GHV-2, gallid herpesvirus 2. HSV-1,
HSV-2, VZV, BHV-1, EHV-1, and PRV are in the subfamily Alphaherpesviri-
nae; HCMV, HHV-6, and HHV-7 are in the Betaherpesvirinae; and EBV,
KSHV, HVS, EHV-2, and GHV-2 are in the Gammaherpesvirinae.

FIG 4 Phosphorylation of pUL12 Y371 in cell cultures. (A) 293T cells were
transfected with plasmid pcDNA-MEF-UL12 (diagramed in Fig. 2A), har-
vested at 48 h posttransfection, and lysed. The lysates were either mock treated
(lanes 1) or treated with �-PPase (lanes 2), analyzed on a Phos-tag(�) (left) or
a Phos-tag(�) (right) SDS-PAGE gel, and immunoblotted with an anti-Myc
antibody. (B) 293T cells were transfected with plasmid pcDNA-MEF-UL12
(lanes 1), pcDNA-MEF-UL12G336A/S338A (lanes 2), or pcDNA-MEF-
UL12Y371F (lanes 3), harvested at 48 h posttransfection, and lysed. The lysates
were analyzed on a Phos-tag(�) (left) or a Phos-tag(�) (right) SDS-PAGE gel.
The gels were immunoblotted with an anti-Myc antibody. The pUL12 bands
detected in the Phos-tag(�) SDS-PAGE gels are labeled a, b, and c.
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port (8), the UL12 nuclease-dead double mutation (UL12G336A/
S338A) had no effect on UL12 expression in any of the cell types
tested (Fig. 5). These results indicated that phosphorylation of
UL12 at Tyr-371 was required for proper steady-state expression
levels of pUL12 in HSV-1-infected cells in a cell type-dependent
manner.

Effect of Tyr-371 phosphorylation on pUL12 enzymatic ac-
tivity. To examine whether the enzymatic activity of pUL12 was
regulated by Tyr-371 phosphorylation in HSV-1-infected cells, we
assayed exonuclease activity in Vero, HEL, and A549 cells that
were either mock infected or infected at an MOI of 3 with either
wild-type HSV-1(F), YK655 (�UL12), YK656 (�UL12-repair),
YK660 (UL12Y371F), YK661 (UL12Y371F-repair), YK662
(UL12Y371E), YK665 (UL12G336A/S338A), or YK666 (UL12GA/
SA-repair). Exonuclease activity was measured in lysates of the
infected-cell cultures at 12 h postinfection. In agreement with pre-
vious reports (6–8), Vero cells that were mock infected or infected
with YK655 (�UL12) or YK665 (UL12G336A/S338A) did not
contain a significant amount of exonuclease activity, but there was
considerable exonuclease activity in cells infected with wild-type
HSV-1(F), YK656 (�UL12-repair), or YK666 (UL12GA/SA-re-
pair) (Fig. 6A). In Vero cells infected with YK660 (UL12Y371F),
exonuclease activity was significantly lower than that in cells in-
fected with wild-type HSV-1(F) or YK661 (UL12Y371F-repair).

The level of exonuclease activity in Vero cells infected with YK660
(UL12Y371F) was about the same as that in cells that were mock
infected or infected with YK655 (�UL12) or YK665 (UL12G336A/
S338A). In contrast, exonuclease activity in Vero cells infected
with YK662 (UL12Y371E) was similar to that in cells infected with
wild-type HSV-1(F) (Fig. 6A). Immunoblotting showed no

FIG 5 Effects of mutations in UL12 on steady-state expression levels of pUL12
and ICP8 in infected cells. Vero, HEL, and A549 cells were either mock infected
(lanes 1) or infected with either wild-type HSV-1(F) (lanes 2), YK655 (�UL12)
(lanes 3), YK656 (�UL12-repair) (lanes 4), YK660 (UL12Y371F) (lanes 5),
YK661 (UL12Y371F-repair) (lanes 6), YK662 (UL12Y371E) (lanes 7), YK665
(UL12G336A/S338A) (lanes 8), or YK666 (UL12GA/SA-repair) (lanes 9) at an
MOI of 3, harvested at 12 h postinfection, lysed, and analyzed by immunoblot-
ting with antibodies to pUL12, ICP8, VP22, and �-tubulin.

FIG 6 Effects of mutations in pUL12 on exonuclease activity in infected cells.
(A, C, and E) Vero, HEL, and A549 cells were either mock infected or infected
with either wild-type HSV-1(F), YK655 (�UL12), YK656 (�UL12-repair),
YK660 (UL12Y371F), YK661 (UL12Y371F-repair), YK662 (UL12Y371E),
YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair) at an MOI of 3,
harvested at 12 h postinfection, lysed, and assayed for exonuclease activity.
Each value is the mean � standard error of the results of triplicate experiments.
Data are representative of three independent experiments. (B, D, and F) Im-
munoblots of the lysates prepared for the assays in panels A, C, and E, respec-
tively. The cell lysates were analyzed by immunoblotting with an anti-pUL12
antibody. Data are representative of three independent experiments.
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pUL12 band in mock- or YK655 (�UL12)-infected Vero cell ly-
sates but strong bands with similar amounts of pUL12 in all the
other infected-cell lysates (Fig. 6B).

Results similar to those observed in Vero cells were also found
in infected HEL and A549 cells, except that the amount of pUL12
in YK660 (UL12Y371F)-infected HEL cell lysates was less than
that in the other infected-cell lysates (Fig. 6C to F). This finding
was in agreement with the data presented above (Fig. 5) showing
that HEL cells infected with YK660 (UL12Y371F) produced less
pUL12 than HEL cells infected with the wild-type virus or the
other recombinant viruses. Taken together, these data suggested
that phosphorylation of pUL12 at Tyr-371 was critical for the
exonuclease activity of pUL12 in HSV-1-infected cells.

Effect of Tyr-371 phosphorylation on the subcellular local-
ization of pUL12. To examine whether phosphorylation of
pUL12 at Tyr-371 regulated the subcellular localization of pUL12
and of ICP8, which interacts with pUL12 (34), in HSV-1-infected
cells, Vero, HEL, and A549 cells were infected with either wild-
type HSV-1(F), YK660 (UL12Y371F), YK661 (UL12Y371F-re-
pair), or YK662 (UL12Y371E) at an MOI of 10 and were analyzed
by immunofluorescence at 12 h postinfection. In agreement with
previous reports (1, 35), pUL12 was localized diffusely through-
out the nucleus, and ICP8 was detected as numerous punctate
dots in the nucleus, in all of the cell types infected with wild-type
HSV-1(F) or YK661 (UL12Y371F-repair) (Fig. 7). In contrast, the
subcellular localization of pUL12 and ICP8 in Vero cells infected
with YK660 (UL12Y371F) was significantly different from that in
Vero cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair). In Vero cells infected with YK660 (UL12Y371F),
pUL12 was detected as globular structures in the nucleus, and the
ICP8 punctate dots appeared to be in aggregates in the nucleus
(Fig. 7A). However, the localization of pUL12 and ICP8 in YK662
(UL12Y371E)-infected Vero cells was restored to the pattern in
wild-type HSV-1-infected Vero cells (Fig. 7A).

In A549 cells infected with YK660 (UL12Y371F), the subcellu-
lar localization of pUL12 and ICP8 was similar to that in A549 cells
infected with wild-type HSV-1(F) (Fig. 7C). In agreement with
our observation above that the Y371F mutation in pUL12 reduced
steady-state expression levels of pUL12 in HSV-1-infected cells,
the fluorescence intensity of immunostained pUL12 in HEL cells
infected with YK660 (UL12Y371F) was lower than that in HEL
cells infected with wild-type HSV-1(F) or YK661 (UL12Y371F-
repair) (Fig. 7B). However, the subcellular localization of pUL12
in HEL cells infected with YK660 (UL12Y371F) appeared to be
similar to that in cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair) (Fig. 7B). In addition, the fluorescence in-
tensity of immunostained ICP8 and its subcellular localization in
HEL cells infected with YK660 (UL12Y371F) were similar to those
in HEL cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair) (Fig. 7B). The pUL12 nuclease-dead double
mutation (UL12 G336A S338A) had no effect on the localization
of pUL12 and ICP8 in any of the cell types tested (data not shown).
Taken together, these observations suggested that phosphoryla-
tion of pUL12 Tyr-371 was required for proper localization of
both pUL12 and ICP8 in HSV-1-infected cells in a cell type-de-
pendent manner.

Effect of the phosphorylation of pUL12 Tyr-371 on viral rep-
lication. To examine the effect of the phosphorylation of pUL12
Tyr-371 on viral replication in cell cultures, we analyzed progeny
virus yields in Vero, HEL, and A549 cells infected with wild-type

HSV-1(F), YK655 (�UL12), YK656 (�UL12-repair), YK660
(UL12Y371F), YK661 (UL12Y371F-repair), YK662 (UL12Y371E),
YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair) at an
MOI of 0.01 for 48 h (Fig. 8A to C) or at an MOI of 3 for 24 h (Fig.
8D to F). As shown in Fig. 8A, the progeny virus yield in Vero cells

FIG 7 Effects of mutations in pUL12 on the subcellular localization of pUL12
and ICP8 in infected cells. (A and B) Vero (A) and HEL (B) cells were infected
with wild-type HSV-1(F), YK660 (UL12Y371F), YK661 (UL12Y371F-repair),
or YK662 (UL12Y371E). (C) A549 cells were infected with wild-type HSV-1(F)
or YK660 (UL12Y371F). All cells were infected at an MOI of 10, fixed at 12 h
postinfection, permeabilized, stained with an anti-pUL12 or anti-ICP8 anti-
body, and examined by confocal microscopy. Since the number of globular
structures of pUL12 and the level of aggregation of ICP8 in the nucleus were
different among cells infected with YK660 (UL12Y371F), two fields of these
infected cells are shown here as examples of the aberrant localization observed.
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FIG 8 Effects of mutations in pUL12 on progeny virus yields. Vero (A and D), HEL (B and E), and A549 (C and F) cells were infected with either wild-type
HSV-1(F), YK655 (�UL12), YK656 (�UL12-repair), YK660 (UL12Y371F), YK661 (UL12Y371F-repair), YK662 (UL12Y371E), YK665 (UL12G336A/S338A), or
YK666 (UL12GA/SA-repair) at an MOI of 0.01 (A to C) or 3 (D to F). Total virus from the cell culture supernatants and infected cells was harvested at 48 h (A
to C) or 24 h (D to F) postinfection and was assayed on 6-5 cells. Each data point is the mean � standard error of results for triplicate samples and is representative
of three independent experiments.
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infected with YK655 (�UL12) at an MOI of 0.01 was 11,000-fold
less than that in Vero cells infected with wild-type HSV-1(F) and
3,700-fold less than that in Vero cells infected with YK656
(�UL12-repair). In contrast, the progeny virus yield in Vero cells
infected with YK665 (UL12G336A/S338A) at an MOI of 0.01 was
21-fold less than that in Vero cells infected with wild-type HSV-
1(F) and 6.7-fold less than that in Vero cells infected with YK666
(UL12GA/SA-repair) (Fig. 8A). Similar results were obtained with
Vero cells infected with each of these viruses at an MOI of 3 (Fig.
8D). Thus, in agreement with our previous report (8), although
the pUL12 nuclease-dead double mutation (UL12G336A/S338A)
consistently reduced viral replication in Vero cells, the double
mutation had much less effect than the UL12-null mutation on
viral replication in Vero cells. Similarly, the pUL12 nuclease-dead
double mutation (UL12 G336A S338A) had much less effect than
the UL12-null mutation on viral replication in HEL and A549 cells
at MOIs of 0.01 and 3; indeed, the nuclease-dead double mutation
barely reduced viral replication in these cells (Fig. 8B, C, E, and F).

In Vero cells infected with YK660 (UL12Y371F) at an MOI of
0.01, the progeny virus yield was 130- or 33-fold lower than that
in Vero cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair), respectively (Fig. 8A). The Y371F mutation
in pUL12 had more effect than the pUL12 nuclease-dead double
mutation (UL12 G336A S338A) on viral replication in Vero cells
infected at an MOI of 0.01. The progeny virus titer in Vero cells
infected with YK660 (UL12Y371F) was 6.4-fold lower than that in
Vero cells infected with YK665 (UL12G336A/S338A) (Fig. 8A).

In results similar to those for Vero cells infected at an MOI of
0.01, the progeny virus yields in HEL cells infected with YK660
(UL12Y371F) at MOIs of 0.01 and 3 were 8.0- to 11-fold lower
than those in HEL cells infected with wild-type HSV-1(F) or
YK661 (UL12Y371F-repair) and 5.0- and 4.8-fold lower than
those in HEL cells infected with YK665 (UL12G336A/S338A), re-
spectively (Fig. 8B and E). In contrast, the progeny virus yield in
A549 cells infected with YK660 (UL12Y371F) at an MOI of 0.01
was 7.9- or 3.0-fold lower than that in A549 cells infected with
wild-type HSV-1(F) or YK661 (UL12Y371F-repair), respectively,
but was similar to that in A549 cells infected with YK665
(UL12G336A/S338A) (Fig. 8C). Similar results were obtained
with A549 cells infected with each of these viruses at an MOI of 3
(Fig. 8F).

In Vero cells infected with YK660 (UL12Y371F) at an MOI of
3, the progeny virus yield was 12- or 7.2-fold lower than that
in Vero cells infected with wild-type HSV-1(F) or YK661
(UL12Y371F-repair), respectively, but was similar to that in cells
infected with YK665 (UL12G336A/S338A) (Fig. 8D).

The progeny virus yields in HEL, Vero, and A549 cells infected
at MOIs of 0.01 and 3 with YK662 (UL12Y371E), carrying a phos-
phomimetic mutation in pUL12 Tyr-371, were similar to those in
these cells infected with wild-type HSV-1(F) or the repaired vi-
ruses YK656 (�UL12-repair), YK661 (UL12Y371F-repair), and
YK666 (UL12-GA/SA-repair) (Fig. 8). These results indicated that
phosphorylation of pUL12 Tyr-371 was required for efficient
HSV-1 replication in cell cultures but that the effect of phosphor-
ylation on viral replication differed with the cell type and MOI. In
addition, the Y371F mutation in pUL12 had more effect on viral
replication than did the G336A S338A double mutation in pUL12,
in a cell type- and MOI-dependent manner.

Effect of the phosphorylation of pUL12 Tyr-371 on cell-cell
spread. To examine the significance of the phosphorylation of

pUL12 Tyr-371 for viral cell-cell spread in cell cultures, we ana-
lyzed plaque sizes in Vero, HEL, and A549 cells infected with ei-
ther wild-type HSV-1(F), YK655 (�UL12), YK656 (�UL12-re-
pair), YK660 (UL12Y371F), YK661 (UL12Y371F-repair), YK662
(UL12Y371E), YK665 (UL12G336A/S338A), or YK666 (UL12GA/
SA-repair) using plaque assay conditions. In Vero cells, YK660
(UL12Y371F) produced plaques smaller than those for wild-type
HSV-1(F) and YK661 (UL12Y371F-repair), similar in size to
those for YK665 (UL12G336A/S338A), and larger than those for
YK655 (�UL12) (Fig. 9A). The wild-type plaque size was restored
in Vero cells infected with YK662 (UL12Y371E), carrying the
phosphomimetic mutation in pUL12 Tyr-371 (Fig. 9A).

In contrast, YK660 (UL12Y371F) produced plaques similar in
size to those produced by wild-type HSV-1(F), YK661
(UL12Y371F-repair), and YK665 (UL12G336A/S338A) in HEL
and A549 cells (Fig. 9B and C). The effect of the nuclease-dead
double mutation in pUL12 on cell-cell spread in Vero, HEL, and
A549 cells was in agreement with our previous report (8). These re-
sults indicated that phosphorylation of pUL12 Tyr-371 was required
for efficient cell-cell spread in a cell type-dependent manner.

Effect of the phosphorylation of pUL12 Tyr-371 on neuro-
virulence in mice. To examine the effect of the phosphorylation of
pUL12 Tyr-371 on HSV-1 pathogenesis in vivo, 3-week-old fe-
male mice were infected intracerebrally with 10-fold serial dilu-
tions of YK655 (�UL12), YK656 (�UL12-repair), YK660
(UL12Y371F), YK661 (UL12Y371F-repair), YK662 (UL12Y371E),
YK665 (UL12G336A/S338A), or YK666 (UL12GA/SA-repair); mor-
tality was monitored; and LD50 values were calculated (Table 2). In
agreement with our previous report (8), the LD50 values of YK655
(�UL12) and YK665 (UL12G336A/S338A) were 2,500- and 100-fold
greater than those of YK656 (�UL12-repair) and YK666 (UL12GA/
SA-repair), respectively. The LD50 of YK660 (UL12Y371F) was 200-
fold greater than that of YK661 (UL12Y371F-repair) and similar to
that of YK665 (UL12G336A/S338A). In addition, the LD50 of YK662
(UL12Y371E), carrying the phosphomimetic mutation in pUL12,
was 100-fold lower than that of YK660 (UL12Y371F) and was similar
to those of repaired viruses YK656 (�UL12-repair), YK666
(UL12GA/SA-repair), and YK661 (UL12Y371F-repair). Similar LD50

values were also obtained for YK660 (UL12Y371F), YK661
(UL12Y371F-repair), and YK662 (UL12Y371E) in repeated experi-
ments (data not shown). These results indicated that phosphoryla-
tion of pUL12 Tyr-371 was critical for viral neurovirulence in mice
following intracerebral inoculation.

DISCUSSION

The enzymatic activities of cellular nucleases are often regulated by
phosphorylation. The activity of cellular nuclease Mus81–Mms4,
which plays an important role in the maintenance of genomic integ-
rity in eukaryotic cells, has been reported to be regulated by phos-
phorylation in a cell cycle-dependent manner (36). In addition, the
activity of Exo1, a cellular 5=-to-3= exonuclease that regulates mis-
match repair, double-strand break (DSB) repair, meiosis, and the
response to stalled replication forks and uncapped telomeres, has
been shown to be regulated by phosphorylation during the DNA
damage checkpoint pathway (37). Although the HSV-1 alkaline nu-
clease pUL12 has long been known to be a phosphoprotein (1, 2), the
biological significance of pUL12 phosphorylation in HSV-1-infected
cells remained to be elucidated.

In the present study, LC–MS-MS analysis identified Tyr-371 as
one of the phosphorylation sites in pUL12, and Phos-tag SDS-
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PAGE analysis confirmed this result. Studies with recombinant
viruses in which pUL12 Tyr-371 was mutated then showed that
the Y371F mutation in pUL12 abolished the phosphorylation of
pUL12 Tyr-371 and pUL12 exonuclease activity in HSV-1-in-
fected cells and that a phosphomimetic mutation at pUL12 Tyr-
371 restored wild-type pUL12 exonuclease activity. From these
observations, we concluded that phosphorylation of pUL12 Tyr-

371 was essential for the pUL12 nuclease activity in HSV-1-in-
fected cells. We noted that Tyr-371 is conserved in pUL12 ho-
mologs in herpesviruses in all Herpesviridae subfamilies (5, 13),
suggesting that the exonuclease activity of herpesvirus pUL12 ho-
mologs may be regulated by phosphorylation of the conserved
tyrosine residues. In support of this hypothesis as well as our con-
clusion, the crystal structures of the pUL12 homologs of Epstein-
Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus
(KSHV) revealed that the tyrosines that correspond to HSV-1
pUL12 Tyr-371 were located in linker regions close to the catalytic
sites (38, 39). Therefore, it is reasonable that structural change
mediated by phosphorylation of these tyrosines affects the cata-
lytic activities of the pUL12 homologs.

Our results appeared to contradict a previous report by Hen-
derson et al. (13) that the Y371F mutation in pUL12, which was
generated in that study by in vitro translation using rabbit reticu-
locyte lysates, had no effect on the exonuclease activity of pUL12.
This discrepancy may be due to the lack of a protein kinase(s) or
kinase activity to phosphorylate pUL12 Tyr-371 in rabbit reticu-
locyte lysates. In support of this possibility, it has been noted (13)
that in vitro-translated pUL12 was consistently observed to mi-
grate slightly faster in denaturing gels than pUL12 from lysates of
HSV-1-infected baby hamster kidney cells, probably due to the
lack of phosphorylation in the in vitro-translated pUL12.

We reported recently that pUL12 nuclease activities were re-
quired for efficient viral replication and cell-cell spread in cell cultures
in a cell type-dependent manner and were critical for viral neuroviru-
lence in mice following intracerebral inoculation (8). In agreement
with that report, we have shown here that the Y371F mutation in
pUL12, which abolished its exonuclease activity in HSV-1-infected
cells, had effects on viral replication, cell-cell spread in infected-cell
cultures, and viral neurovirulence in mice following intracerebral in-
oculation similar to those of the nuclease-dead double mutation in
pUL12. However, the effect of the Y371F mutation on viral replica-
tion was sometimes greater than that of the nuclease-dead double
mutation in a cell type- and MOI-dependent manner. Furthermore,
we showed that the reductions in viral replication, cell-cell spread in
cell cultures, and viral neurovirulence in mice mediated by the Y371F
mutation in pUL12 were reversed by a phosphomimetic mutation at
pUL12 residue 371. From these observations, it seems reasonable to
conclude that phosphorylation of pUL12 Tyr-371 promoted HSV-1
replication, cell-cell spread in cell cultures, and HSV-1 neuroviru-
lence in mice mainly by upregulating the enzymatic activity of
pUL12.

TABLE 2 LD50 values of recombinant HSV-1 strains in mice following
intracerebral inoculation

Virus

LD50 (PFU)a

Expt 1 Expt 2

YK655 (�UL12) 105.2

YK656 (�UL12-repair) 101.8

YK665 (UL12G336A/S338A) 103.5 103.5

YK666(UL12GA/SA-repair) 101.5 101.5

YK660 (UL12Y371F) 103.8

YK661 (UL12Y371F-repair) 101.5

YK662 (UL12Y371E) 101.8

a Three-week-old female ICR mice were infected intracranially with 10-fold serial
dilutions of each of the indicated viruses in groups of 3 per dilution; mortality was
monitored for 14 days; and LD50 values were calculated.

FIG 9 Effects of mutations in pUL12 on virus plaque size. Vero (A), HEL (B),
and A549 (C) cells were infected with either wild-type HSV-1(F), YK655
(�UL12), YK656 (�UL12-repair), YK660 (UL12Y371F), YK661 (UL12Y371F-
repair), YK662 (UL12Y371E), YK665 (UL12G336A/S338A), or YK666
(UL12GA/SA-repair) at an MOI of 0.0001, 0.001, or 0.00001, respectively,
under plaque assay conditions. The diameters of 25 single plaques for each of
the indicated viruses were measured 48 h postinfection. Each data point is the
mean � standard error of the measured plaque sizes and is representative of
three independent experiments.
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We reported recently that a yet-to-be-defined pUL12 func-
tion(s), unrelated to its nuclease activities, played a major role in
viral replication in cell cultures (8). In this study, we found that the
Y371F mutation in pUL12 consistently reduced viral replication
in Vero and HEL cells infected at an MOI of 0.01, and in HEL cells
infected at an MOI of 3, severalfold more than the nuclease-dead
double mutation in pUL12. In contrast, the Y371F mutation had
effects similar to those of the nuclease-dead double mutation on
viral replication in Vero and A549 cells at an MOI of 3 and in A549
cells at an MOI of 0.01. These results suggested that phosphoryla-
tion of pUL12 Tyr-371 regulated both the nuclease activity of
pUL12 and a pUL12 function(s) unrelated to its nuclease activity
in a cell type- and MOI-dependent manner. We have also shown
that the Y371F mutation led to aberrant subcellular localization of
pUL12 and ICP8, which interacts with pUL12 (34), in Vero cells
and reduced steady-state expression levels of UL12 in HEL cells.
However, the phosphomimetic mutation at pUL12 residue 371
restored wild-type localization of pUL12 and ICP8 in Vero cells
and steady-state expression of UL12 in HEL cells, suggesting that
pUL12 phosphorylation at residue 371 was required for proper
subcellular localization of pUL12 and ICP8 and for the expression
of UL12 in a cell type-dependent manner. These cell type-depen-
dent effects of phosphorylation of pUL12 Tyr-371 may be re-
quired for pUL12 to efficiently express a function(s) unrelated to
its nuclease activities, which may promote viral replication in cell
cultures. In contrast, since the Y371F mutation had effects on viral
cell-cell spread in cell cultures and on viral neurovirulence in mice
similar to those of the nuclease-dead double mutation, the cell
type-dependent effects of pUL12 Tyr-371 phosphorylation ap-
peared to play no role in these processes.

The HSV-1 UL12 gene encodes both full-length UL12 and
UL12.5, an amino-terminally truncated protein that initiates at
UL12 codon 127 (4, 40). Although pUL12 is localized in the nu-
cleus, pUL12.5 is localized predominantly in mitochondria and
can trigger mitochondrial DNA degradation, but the biological
significance of mitochondrial DNA degradation in HSV-1-in-
fected cells remains to be elucidated (41, 42). When expressed in a
baculovirus expression system, pUL12.5 has pUL12 nuclease and
strand exchange activities in vitro (4, 43). Since pUL12.5 contains
the pUL12 Tyr-371 residue (Fig. 1), this Tyr residue may also be
phosphorylated in pUL12.5, and the activities and/or function(s)
of pUL12.5 may be regulated by this phosphorylation in HSV-1-
infected cells. It has been assumed that the role of pUL12.5 in viral
replication in cell cultures is negligible, based on observations that
pUL12.5 was expressed much less than pUL12 in HSV-1-infected
cells (4). Also, a recombinant virus expressing pUL12.5 at the
wild-type level, but incapable of expressing pUL12, showed levels
of nuclease activity, viral replication, and cell-cell spread in cell
cultures almost identical to those of the UL12-null mutant virus
(4). These observations suggested that the phenotype of the
pUL12 Y371F mutation in cell cultures observed in this study
resulted mainly from the loss of phosphorylation of pUL12, not
from the loss of phosphorylation of pUL12.5. In contrast, the role
of pUL12.5 in viral pathogenesis in vivo has not been elucidated
thus far. Therefore, we cannot eliminate the possibility that the
reduced viral neurovirulence in mice due to the Y371F mutation
in pUL12 resulted from the loss of phosphorylation of both
pUL12 and pUL12.5.

In conclusion, the data presented here have shown that the
exonuclease activity of pUL12 was regulated by phosphorylation

of the tyrosine residue that is conserved in herpesviruses and that
this regulation played an important role in viral replication and
pathogenesis. Thus far, studies of most herpesvirus enzymes have
concentrated on the downstream effects of the enzymes. The pres-
ent study showed that regulation of HSV-1 pUL12 by phosphor-
ylation was critical for viral pathogenesis in vivo, indicating that in
order to understand the overall features of a viral enzyme, data
both on the mechanism of regulation of the viral enzyme in in-
fected cells and on the downstream effects of enzyme regulation
are needed. We are currently carrying out experiments to identify
the cellular protein kinase(s) that phosphorylates pUL12 Tyr-371
in infected cells, so as to further clarify the mechanism of phos-
phorylation-mediated regulation of pUL12. Studies to investigate
whether the conserved tyrosines in herpesvirus pUL12 homologs
are phosphorylated in infected cells and whether this phosphory-
lation regulates the nuclease activities of pUL12 homologs, viral
replication, and pathogenesis are also of interest. Since, as shown
in the present study, the loss of phosphorylation of pUL12 Tyr-
371 significantly reduced viral neurovirulence in vivo, the tyrosine
kinase responsible for the phosphorylation of pUL12 Tyr-371 may
be a novel therapeutic target for HSV and other herpesvirus infec-
tions, if the effects of phosphorylation of the conserved tyrosines
in pUL12 homologs in other herpesviruses on viral replication
and virulence are also conserved.
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