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ABSTRACT

Us3 protein kinases encoded by herpes simplex virus 1 (HSV-1) and 2 (HSV-2) play important roles in viral replication and
pathogenicity. To investigate type-specific differences between HSV-1 Us3 and HSV-2 Us3 in cells infected by viruses with all the
same viral gene products except for their Us3 kinases, we constructed and characterized a recombinant HSV-1 in which its Us3
gene was replaced with the HSV-2 Us3 gene. Replacement of HSV-1 Us3 with HSV-2 Us3 had no apparent effect on viral growth
in cell cultures or on the range of proteins phosphorylated by Us3. HSV-2 Us3 efficiently compensated for HSV-1 Us3 functions,
including blocking apoptosis, controlling infected cell morphology, and downregulating cell surface expression of viral envelope
glycoprotein B. In contrast, replacement of HSV-1 Us3 by HSV-2 Us3 changed the phosphorylation status of UL31 and UL34,
which are critical viral regulators of nuclear egress. It also caused aberrant localization of these viral proteins and aberrant accu-
mulation of primary enveloped virions in membranous vesicle structures adjacent to the nuclear membrane, and it reduced viral
cell-cell spread in cell cultures and pathogenesis in mice. These results clearly demonstrated biological differences between
HSV-1 Us3 and HSV-2 Us3, especially in regulation of viral nuclear egress and phosphorylation of viral regulators critical for
this process. Our study also suggested that the regulatory role(s) of HSV-1 Us3, which was not carried out by HSV-2 Us3, was
important for HSV-1 cell-cell spread and pathogenesis in vivo.

IMPORTANCE

A previous study comparing the phenotypes of HSV-1 and HSV-2 suggested that the HSV-2 Us3 kinase lacked some of the func-
tions of HSV-1 Us3 kinase. The difference between HSV-1 and HSV-2 Us3 kinases appeared to be due to the fact that some Us3
phosphorylation sites in HSV-1 proteins are not conserved in the corresponding HSV-2 proteins. Therefore, we generated re-
combinant HSV-1 strains YK781 (Us3-chimera) with HSV-2 Us3 and its repaired virus YK783 (Us3-repair) with HSV-1 Us3, to
compare the activities of HSV-1 Us3 and HSV-2 Us3 in cells infected by viruses with the same HSV-1 gene products except for
their Us3 kinases. We report here that some processes in viral nuclear egress and pathogenesis in vivo that have been attributed
to HSV-1 Us3 could not be carried out by HSV-2 Us3. Therefore, our study clarified the biological differences between HSV-1
Us3 and HSV-2 Us3, which may be relevant to viral pathogenesis in vivo.

Protein kinases are key regulators of various cell functions and
constitute one of the largest and most functionally diverse

gene families (1, 2). By phosphorylating their target (substrate)
proteins, kinases regulate protein enzymatic activity, subcellular
localization, and/or association with other proteins (1, 2). Herpesvi-
ruses commonly encode virus-specific protein kinases (3–5) and uti-
lize them both to regulate viral replication processes and to modify
cellular processes by phosphorylating specific viral and cellular pro-
teins (3–5). The Us3 protein kinases encoded by herpes simplex virus
1 (HSV-1) and 2 (HSV-2) are serine/threonine protein kinases with
amino acid sequences that are conserved in viruses in the subfamily
Alphaherpesvirinae of the family Herpesviridae (6–8).

In vitro biochemical studies identified the consensus target se-
quence of an HSV Us3 homologue encoded by a porcine alpha-
herpesvirus, pseudorabies virus (PRV), 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 (9–11). The
phosphorylation target site specificity of the PRV Us3 homologue
has been reported to be similar to that of other alphaherpesvirus
Us3 homologues, including those of HSV-1, HSV-2, and varicella-
zoster virus (12–15).

It has been reported that HSV-1 Us3, the best-studied alpha-
herpesvirus Us3 homologue, blocked apoptosis (16–19), pro-
moted vesicle-mediated nucleocytoplasmic transport of nucleo-
capsids through nuclear membranes (20–23), promoted gene
expression by blocking histone deacetylation (24–26), controlled
infected-cell morphology (15, 18, 27), modulated host immune
systems (28–35), stimulated mRNA translation by activating
mTORC1 (36), regulated intracellular trafficking of the abundant
virion component UL47 (37) and the essential envelope glycopro-
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tein B (gB) (38, 39), and upregulated the enzymatic activity of viral
dUTPase (vdUTPase) (40). These observations suggested that
HSV-1 Us3 is a multifunctional protein that regulates various cel-
lular and viral functions by phosphorylating a number of cellular
and viral protein substrates.

Vesicle-mediated nucleocytoplasmic transport of nucleocap-
sids through the host cell nuclear membrane is a unique mecha-
nism by which herpesvirus nucleocapsids traverse the inner nu-
clear membrane (INM) and outer nuclear membrane (ONM):
progeny nucleocapsids acquire primary envelopes by budding
through the INM into the perinuclear space between the INM and
ONM (primary envelopment), and the enveloped nucleocapsids
then fuse with the ONM to release de-enveloped nucleocapsids
into the cytoplasm (de-envelopment) (41, 42). HSV-1 proteins
UL31 and UL34, which form a complex designated the nuclear
egress complex (NEC), play a crucial role in this process (3, 41–
45). Us3 has also been reported to regulate viral nuclear egress.
Thus, mutations that abrogate either the expression or catalytic
activity of HSV-1 Us3, Us3 phosphorylation of UL31, or both Us3
phosphorylation of gB and expression of gH induced membra-
nous structures in infected cells that were adjacent to the nuclear
membrane and contained many primary enveloped virions (20–
23, 46). These membranous structures have been thought to indi-
cate that the rate of virion egress from the perinuclear space (de-
envelopment) may have decreased, while the rate of virion
delivery into the perinuclear space (primary envelopment) may
have not changed or not decreased as much. Us3 was also shown
to phosphorylate lamins A and C; phosphorylation of these lamins
leads to dissociation of the nuclear lamina, which may facilitate
virion access to the INM (47–51). Furthermore, it has been re-
ported that mutations that mimic constitutive phosphorylation at
Us3 phosphorylation sites in UL31 impaired primary envelop-
ment (22).

Similar phosphorylation site specificity of alphaherpesvirus
Us3 homologues, as described above, suggested that HSV-1 Us3
functions may be conserved in HSV-2 Us3. In fact, it has been
reported that HSV-2 Us3 regulated apoptosis and cell morphol-
ogy in HSV-2-infected cells similarly to HSV-1 Us3 (27, 52). How-
ever, HSV-2 Us3 did not appear to be involved in regulation of
intracellular trafficking of HSV-2 gB or in vesicle-mediated nucle-
ocytoplasmic transport of nucleocapsids through the nuclear
membrane (27). The kinase-dead mutation in HSV-2 Us3 has
been reported to have no effect on vesicle-mediated nucleocyto-
plasmic transport of nucleocapsids or on cell surface expression of
gB, but the kinase-dead mutation in HSV-1 Us3 induced forma-
tion of membranous structures adjacent to the nuclear membrane
with aberrant accumulations of primary enveloped virions, as de-
scribed above, and increased cell surface expression of gB (21, 39).
In addition, the null mutation in HSV-2 Us3 was reported to
significantly reduce accumulation of UL46 protein in HSV-2-in-
fected cells, but the null mutation in HSV-1 Us3 had no effect on
UL46 accumulation in HSV-1-infected cells (53, 54). These obser-
vations suggested that HSV Us3 kinases may have both conserved
and type-specific functions in infected cells. Differences in Us3
type-specific functions may be due to differences in phosphoryla-
tion of the HSV-1 Us3 and HSV-2 Us3 protein substrates in in-
fected cells, because of differences between HSV-1 Us3 and HSV-2
Us3 kinases in their catalytic activity, protein substrate specificity,
and/or phosphorylation site specificity. In agreement with the
possibility of phosphorylation site differences, the Us3 phosphor-

ylation site in HSV-1 gB (gB threonine at the position 887 [Thr-
887]), which was reported to be critical for regulation of viral
intracellular trafficking, is not conserved in HSV-2 gB, and HSV-2
Us3 has been shown to be unable to regulate gB intracellular traf-
ficking, as described above (27, 39). In contrast, no direct data for
differences in HSV-1 Us3 and HSV-2 Us3 kinases have been re-
ported thus far. Previous studies compared the phenotypes of sim-
ilar mutations in HSV-1 Us3 and HSV-2 Us3 kinases in HSV-1-
and HSV-2-infected cells in which the cellular substrates of the
kinases were identical, but the viral substrates were not identical.
In addition, at least some of the HSV-1 Us3 and HSV-2 Us3 phos-
phorylation sites in the viral substrates in infected cells were not
conserved, as discussed above for regulation of HSV gB. To investi-
gate this issue in the present study, we generated a recombinant
HSV-1 in which its Us3 gene was replaced with the HSV-2 Us3 gene.
Using this chimera virus together with an HSV-1 Us3 kinase-dead
mutant virus, we investigated whether the phenotype of the HSV-1
Us3 kinase-dead mutant was changed by replacement of HSV-1 Us3
with HSV-2 Us3. This strategy enabled us to directly compare HSV-1
Us3 and HSV-2 Us3 kinases in cells infected by HSV-1 strains with all
the same viral gene products except for their Us3 kinases. The results
of this study indicated that HSV-2 Us3 could compensate only in part
for the HSV-1 Us3 kinase, indicating that there is a biological differ-
ence between HSV-1 Us3 and HSV-2 Us3.

MATERIALS AND METHODS
Cells and viruses. Simian kidney epithelial Vero, human neuroblastoma
SK-N-SH, and rabbit skin cells were described previously (55, 56). Hu-
man keratinocyte HaCaT cells were purchased (CLS Cell Lines Service)
(57) and maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum. The HSV-1 wild-type strain HSV-1(F), HSV-2 wild-
type strain 186 [HSV-2 (186)], recombinant virus YK511 (encoding an
enzymatically inactive Us3 mutant in which lysine at Us3 residue 220 was
replaced with methionine [Us3K220M]), and recombinant virus YK513
(in which the Us3K220M mutation in YK511 was repaired [Us3K220M-
repair]) were described previously (15, 52, 55, 58).

Plasmids. To generate pBS-HSV-2-Us3, the entire HSV-2 Us3 coding
sequence was amplified by PCR from pYEbac356 (27), a full-length infec-
tious HSV-2 (186) clone, and cloned into the NotI and EcoRI sites of
pBluescript II KS(�) (Stratagene). To generate pBS-HSV-2-Us3-KanS,
for generating recombinant HSV-1 YK781 (Us3-chimera) in which the
Us3 gene was replaced with HSV-2 Us3, an I-SceI site, a kanamycin resis-
tance gene, and 60 bp of the HSV-2 Us3 sequence were amplified by PCR
from pEP-KanS (15, 59) with primers 5=-GCCTGCAGCTGACACAGGC
GCGCAGCCTAGGATGACGACGATAAGTAGGG-3= and 5=-GCCTGC
AGGAGATCTTGGCCCAGATGCACAACCAATTAACCAATTCTGAT
TAG-3= and cloned into the PstI site of pBS-HSV-2-Us3.

Mutagenesis of viral genomes and generation of recombinant vi-
ruses. To generate YK780, in which the HSV-1 Us3 gene was replaced
by an MEF tag with myc and Flag epitopes and a tobacco etch virus
(TEV) protease cleavage site (i.e., myc-TEV-flag) (60) (HSV-1�Us3/
MEF-1) (Fig. 1), a two-step red-mediated mutagenesis procedure was
carried out using Escherichia coli GS1783 containing pYEbac102 (55), a
full-length infectious HSV-1(F) clone, as described previously (15, 59),
except using primers 5=-CGGGGCCCGTCGTTCGGGGTGCTCGTTG
GTTGGCACTCACGGTGCGGCGAATGGAGCAAAAGCTCATTTC-3=
and 5=-TCGGGGTCTTTTTGTGCCAACCCGCAAACAGCACCGCCC
CCAGGGGGCGGTCATTTGTCATCGTCGTCCT-3= and pGEM-MEF
(61). Recombinant virus YK781(Us3-chimera), in which the MEF tag in
YK780 (HSV-1�Us3/MEF-1) was replaced by the HSV-2 (186) Us3 gene,
was constructed by the two-step red-mediated mutagenesis procedure
described above, except using primers 5=-GGCCCGTCGTTCGGGGTG
CTCGTTGGTTGGCACTCACGGTGCGGCGAATGGCCTGTCGTAA
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GTTCTGTGG-3= and 5=-TCGGGGTCTTTTTGTGCCAACCCGCAAA
CAGCACCGCCCCCTGGGGGCGGTCACTTAGGGTGAAATAGCG-3=,
pBS-HSV-2-Us3-KanS, and E. coli GS1783 containing the YK780 genome
(Fig. 1). Recombinant virus YK782, in which the HSV-2 (186) Us3 gene in
YK781 (Us3-chimera) was replaced by a foreign cassette (HSV-1�Us3/
MEF-2), was constructed by the procedure used to generate YK780 (HSV-
1�Us3/MEF-1) except using E. coli GS1783 containing the YK781 ge-
nome (Fig. 1). Recombinant virus YK783, in which the foreign cassette in
YK782 (HSV-1�Us3/MEF-2) was replaced by the HSV-1(F) Us3 gene
(Us3-repair), was constructed by the same procedure used to generate
YK781 (Us3-chimera) except using primers 5=-GGCCCGTCGTTCGGG
GTGCTCGTTGGTTGGCACTCACGGTGCGGCGAATGGCCTGTCG
TAAGTTTTGTCG-3= and 5=-TCGGGGTCTTTTTGTGCCAACCCGCA
AACAGCACCGCCCCCTGGGGGCGGTCATTTCTGTTGAAACAGC
G-3=, pYEbac512 (15), and E. coli GS1783 containing the YK782 genome
(Fig. 1). Recombinant virus YK823 encoding Us3 fused to the MEF tag
(MEF-Us3) was generated as described previously (15, 59) except using
primers 5=-CGGGGCCCGTCGTTCGGGGTGCTCGTTGGTTGGCAC
TCACGGTGCGGCGAATGGAGCAAAAGCTCATTTC-3= and 5=-TCC
TTCCTCCTGCCCTGTCCCCCGTAAACGCGACAAAACTTACGACA
GGCATCTTTGTCATCGTCGTCCT-3= and pGEM-MEF (Fig. 1). Re-
combinant virus YK825, in which HSV-2 Us3 in YK781 (Us3-chimera)
was fused to the MEF tag, was generated by the same procedure as used to
generate YK823 (MEF-Us3) except using the primer 5=-TCCTGTCTCTT
GTCGGGTCTACGGTAGACCCCACAGAACTTACGACAGGCATCTT
TGTCATCGTCGTCCT-3= (Fig. 1).

Immunoblotting, immunofluorescence, and determination of
plaque size. Immunoblotting, immunofluorescence, and determination
of plaque size were performed as described previously (62–64).

Antibodies. Rabbit polyclonal antibodies to Us2, Us3, UL12, UL31,
UL34, and vdUTPase were described previously (15, 40, 65–68). Mouse

monoclonal antibody that specifically recognizes gB with phosphorylated
Thr-887 (gB-T887P) was described previously (69). Mouse monoclonal
antibodies to VP5 (3B6), Us4 (7F5), and gB (H1817) were purchased from
Virusys. Mouse monoclonal antibodies to gH (52-S), �-actin (AC15),
lamin A/C (636), and Myc tag were purchased from the American Type
Culture Collection, Sigma, Santa Cruz Biotechnology, and MBL, respec-
tively. Rabbit phospho-protein kinase A (PKA) substrate (100G7) mono-
clonal antibody was purchased from Cell Signaling Technology. Rabbit
polyclonal antibody to lamin B1 was purchased from Abcam.

Induction of apoptosis and measurement of caspase 3/7 activity. In-
duction of apoptosis in HSV-1-infected cells was performed as described
previously (56). Caspase 3/7 activity was assayed using a Caspase-Glo 3/7
assay kit (Promega) as described previously (56).

Detection of gB on infected-cell surfaces by flow cytometry. Cell sur-
face expression of gB in infected cells was detected by flow cytometry as
described previously (38, 39, 69), except that FACSVerse (BD Bioscience)
was used in these experiments.

Electron microscopic analysis. Vero and HaCaT cells infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3KM-repair),
YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3 for 18 h
were examined by ultrathin-section electron microscopy as described pre-
viously (70).

Phos tag SDS-PAGE analysis. Phos tag (phosphate affinity) SDS-
PAGE analyses were performed as described previously (40, 71) except
using denaturing gels containing 100 �M MnCl2 and 50 �M Phos tag
acrylamide.

Phosphatase treatment. Lysates of Vero cells that had been mock
infected or infected with either wild-type HSV-1(F) or YK781 (Us3-chi-
mera) at a multiplicity of infection (MOI) of 3 for 18 h were treated with
alkaline phosphatase, calf intestinal (CIP) (New England BioLabs) as de-
scribed previously (72).

Animal studies. Five-week-old female ICR mice were purchased from
Charles River. For ocular infections, the mice were infected with 1 � 106

PFU of YK781 (Us3-chimera) or YK783 (Us3-repair) per eye as described
previously (37, 69, 70). The scoring scales for the severity of herpes stro-
mal keratitis (HSK) and periocular skin disease were described previously
(37, 69, 70). Virus titers in the tear films of infected mice were determined
as described previously (37, 69, 70). All animal experiments were carried
out in accordance with the guidelines for proper conduct of animal ex-
periments of the Science Council of Japan. The protocol was approved by
the Institutional Animal Care and Use Committee (IACUC) of the Insti-
tute of Medical Science, The University of Tokyo (IACUC protocol ap-
proval numbers PA11-81 and PH12-10).

RESULTS
Characterization of the recombinant viruses generated in this
study. To compare the regulatory effects of HSV-1 Us3 and
HSV-2 Us3 kinases in cells infected by HSV-1 strains with the
same viral gene products except for their Us3 kinases, recombi-
nant virus YK781 (Us3-chimera), in which the HSV-1 Us3 gene
was replaced with the HSV-2 Us3 gene, and its repaired virus
YK783 (Us3-repair) were generated (Fig. 1).

To examine whether cells infected with YK781 (Us3-chimera)
produced HSV-2 Us3, Vero cells infected with wild-type HSV-
1(F), YK781 (Us3-chimera), YK783 (Us3-repair), or wild-type
HSV-2 (186) at an MOI of 3 for 18 h were analyzed by immuno-
blotting (Fig. 2). As described previously (15, 27), anti-Us3 anti-
body reacted with HSV-1 Us3 and HSV-2 Us3 in the lysates of cells
infected with wild-type HSV-1(F) and wild-type HSV-2 (186),
respectively (Fig. 2A). However, the amount of HSV-2 Us3 in the
band from lysates of cells infected with wild-type HSV-2 (186) was
much smaller than that of the HSV-1 Us3 bands from lysates of
cells infected with wild-type HSV-1(F), and HSV-2 Us3 migrated
faster than HSV-1 Us3 in the denaturing gel (Fig. 2A). The result

FIG 1 Schematic diagrams of the genome structure of wild-type 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 encoding the Us3 to Us4 open
reading frames; line 3, domains of Us3 and Us3.5; lines 4 to 11, domains in
recombinant virus genomes with mutations in Us3.

Effects of Replacement of HSV-1 Us3 with HSV-2 Us3
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with cells infected with wild-type HSV-2 (186) was consistent with
that for cells infected with YK781 (Us3-chimera), and the wild-
type HSV-1 Us3 band was restored in cells infected with YK783
(Us3-repair) (Fig. 2A). These results showed that cells infected
with YK781 (Us3-chimera) expressed HSV-2 Us3.

Since the anti-Us3 antibody used in this study was raised
against HSV-1 Us3 protein (15), the reactivity of this anti-Us3
antibody to HSV-2 Us3 could be lower than that to HSV-1 Us3,
causing cells infected with wild-type HSV-2 (186) or YK781 (Us3-
chimera) to appear to produce less Us3 protein than cells infected
with wild-type HSV-1(F) or YK783 (Us3-repair). To address this
issue, two additional recombinant viruses, YK823 (MEF-Us3) and
YK825 (MEF-Us3-chimera), were generated in which HSV-1 Us3
and the replacement HSV-2 Us3, respectively, were tagged with
MEF at their N termini (Fig. 1). YK823 (MEF-Us3) replicated as
efficiently as YK825 (MEF-Us3-chimera) in Vero cells infected at
MOIs of 3 and 0.01 (data not shown). Anti-Myc antibody should
react similarly with MEF-tagged HSV-1 Us3 (MEF-HSV-1 Us3)
and HSV-2 Us3 (MEF-HSV-2 Us3) in lysates of cells infected with
YK823 (MEF-Us3) and YK825 (MEF-Us3-chimera), respectively.
Therefore, the amounts of MEF-HSV-1 Us3 and MEF-HSV-2 Us3
in Vero cells infected with YK823 (MEF-Us3) and YK825 (MEF-
Us3-chimera), respectively, were analyzed by immunoblotting
with the anti-Myc antibody. As shown in Fig. 3, the density of the
MEF-HSV-1 Us3 band in lysates of cells infected with YK823
(MEF-Us3) was comparable to that of the MEF-HSV-2 Us3 band
in lysates of cells infected with YK825 (MEF-Us3-chimera), indi-
cating that these two types of infected cells produced MEF-tagged
Us3 proteins at similar levels. These results suggested that like cells
infected with YK823 (MEF-Us3) or YK825 (MEF-Us3-chimera),
cells infected with YK781 (Us3-chimera) produced Us3 protein at
a level similar to that of cells infected with wild-type HSV-1(F) or
YK783 (Us3-repair). However, we cannot eliminate completely
the possibility that the level of expression of the untagged HSV-2

Us3 in cells infected with YK781 (Us3-chimera) was not similar to
that of the untagged HSV-1 Us3 in cells infected with wild-type
HSV-1(F) or YK783 (Us3-repair), since the tagging of HSV-1 and
HSV-2 Us3 with the MEF tag appeared to change their properties.
Thus, untagged HSV-1 Us3 migrated slightly more slowly in the
denaturing gel than untagged HSV-2 Us3 (Fig. 2A), but MEF-
HSV-1 Us3 migrated apparently more rapidly than MEF-HSV-2
Us3 (Fig. 3). Furthermore, untagged HSV-1 Us3 was detected as

FIG 2 Immunoblots of electrophoretically separated lysates of Vero cells mock infected or infected with wild-type HSV-1(F), YK781 (Us3-chimera), YK783
(Us3-repair), or wild-type HSV-2 (186) at an MOI of 3. The infected cells were harvested at 18 h (A) and 12 h (B) postinfection and analyzed by immunoblotting
with antibodies to Us3, VP5, and �-actin (A) or to Us2, Us4, and UL12 (B).

FIG 3 Immunoblots of electrophoretically separated lysates of Vero cells
mock infected or infected with wild-type HSV-1(F), YK823 (MEF-Us3),
YK781 (Us3-chimera), or YK825 (MEF-Us3-chimera) at an MOI of 3. The
infected cells were harvested at 18 h postinfection and analyzed by immuno-
blotting with antibodies to Myc tag, VP5, and �-actin.
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doublet bands in the denaturing gel (Fig. 2A), but MEF-HSV-1
Us3 was detected as a single band (Fig. 3).

Taken together, these experiments confirmed that HSV-1 Us3
was properly replaced with HSV-2 Us3 in YK781 (Us3-chimera).
In addition, the level of expression of the genes on both sides of
Us3, Us2 and Us4 (Fig. 1), in Vero cells infected with YK781 (Us3-
chimera) was comparable to that in cells infected with wild-type
HSV-1(F) or YK783 (Us3-repair) (Fig. 2B), indicating that re-
placement of HSV-1 Us3 with HSV-2 Us3 had little, if any, effect
on expression of the Us3-neighboring genes Us2 and Us4.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on viral
growth in cell cultures. To examine the effect of replacement of
HSV-1 Us3 with HSV-2 Us3 on viral growth in cell cultures, Vero
and HaCaT cells infected with wild-type HSV-1(F), YK511
(Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chi-
mera), or YK783 (Us3-repair) at an MOI of 3 or 0.01 were har-
vested at several times postinfection, and total virus titers in the
infected cells and cell culture supernatants were assayed. In agree-
ment with a previous report (15), 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 in-
fected at an MOI of 3 or 0.01 (Fig. 4A and B). In contrast, YK511
(Us3K220M) grew in HaCaT cells infected at an MOI of 3 or 0.01
much less efficiently than wild-type HSV-1(F) and YK513
(Us3K220M-repair) (Fig. 4C and D), indicating that the kinase
activity of HSV-1 Us3 was required for efficient viral replication in
HaCaT cells. As shown in Fig. 4A to D, the growth curves of YK781
(Us3-chimera) were comparable to those of wild-type HSV-1(F),
YK513 (Us3K220M-repair), and YK783 (Us3-repair) in Vero and
HaCaT cells infected at an MOI of 3 or 0.01. These results indi-
cated that replacement of HSV-1 Us3 with HSV-2 Us3 had little
effect on viral growth in Vero and HaCaT cells.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on cell-
cell spread in cell cultures. To examine the effect of replacement
of HSV-1 Us3 with HSV-2 Us3 on viral cell-cell spread in cell
cultures, we analyzed plaque sizes in Vero and HaCaT cells in-
fected with wild-type HSV-1(F), YK511 (Us3K220M), YK513
(Us3K220M-repair), YK781 (Us3-chimera), or YK783 (Us3-re-
pair) under plaque assay conditions. As shown in Fig. 4E and F,
YK781 (Us3-chimera) produced significantly smaller plaques
than wild-type HSV-1(F) and YK783 (Us3-repair) in Vero and
HaCaT cells, although this chimera virus produced larger plaques
than YK511 (Us3K220M). These results indicated that replace-
ment of HSV-1 Us3 with HSV-2 Us3 impaired viral cell-cell
spread in Vero and HaCaT cells.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on the
profile of phosphorylated proteins in infected cells. We previ-
ously reported that anti-phospho-PKA substrate antibody 100G7,
which reacts with proteins containing a phosphorylated serine or
threonine residue and arginine at residues �3 and �2 (RRXS or
RRXT) (15, 37), was able to detect Us3 phosphorylation of some
Us3 substrates, including gB, UL47, and Us3 itself, in infected cells
(15, 37, 39). These observations together with a previous study
using another anti-phospho-PKA substrate antibody (12, 73) in-
dicated that anti-phospho-PKA antibodies can be used to detect
the protein substrates phosphorylated by Us3. To examine the
effect of replacement of HSV-1 Us3 with HSV-2 Us3 on the profile
of Us3-mediated phosphorylated proteins in infected cells, Vero
cells mock infected or infected with wild-type HSV-1(F), YK511
(Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chi-

mera), or YK783 (Us3-repair) at an MOI of 3 for 18 h were ana-
lyzed by immunoblotting with anti-phospho-PKA substrate anti-
body 100G7. As described elsewhere (12), antibody 100G7 reacted
with a number of bands in the lysates of cells infected with wild-

FIG 4 Growth curves and plaque sizes of the recombinant viruses generated in
this study. Vero (A and B) and HaCaT (C and D) cells were infected at an MOI
of 3 (A and C) or 0.01 (B and D) with wild-type HSV-1(F), YK511
(Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chimera), or YK783
(Us3-repair). Total virus from the cell culture supernatants and infected cells
was harvested at the indicated times and assayed on Vero cells. Vero (E) and
HaCaT (F) cells were infected with wild-type HSV-1(F), YK511 (Us3K220M),
YK513 (Us3K220M-repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at
an MOI of 0.0001 under plaque assay conditions. The diameters of 30 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. Statistical
analysis was performed by one-way analysis of variance (ANOVA) with the Tukey
test. Asterisks indicate statistically significant values (*, P 	 0.001).
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type HSV-1(F), YK511 (Us3K220M), or YK513 (Us3K220M-re-
pair), but the amount of protein in most of the bands that reacted
with the 100G7 antibody in lysates of cells infected with YK511
(Us3K220M) was smaller than in lysates of cells infected with
wild-type HSV-1(F) or YK513 (Us3K220M-repair) (Fig. 5). In
contrast, the pattern of protein bands that reacted with the 100G7
antibody in lysates of cells infected with YK781 (Us3-chimera)
was almost identical to that in lysates of cells infected with wild-
type HSV-1(F) or YK783 (Us3-repair) (Fig. 5). These results indi-
cated that replacement of HSV-1 Us3 with HSV-2 Us3 had little
effect on the profile of the proteins in infected cells phosphory-
lated by Us3 that were detected by the anti-phospho-PKA sub-
strate antibody.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on Us3-
mediated regulation of apoptosis, cell surface expression of gB,
and infected-cell morphology. Three series of experiments were
carried out to investigate whether replacement of HSV-1 Us3 with
HSV-2 Us3 affected some HSV-1 Us3 functions in infected cells,
i.e., regulation of apoptosis, cell surface expression of gB, and
infected-cell morphology (15, 39). In the first series of experi-
ments, SK-N-SH cells were infected with wild-type HSV-1(F),
YK511 (Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-
chimera), or YK783 (Us3-repair) at an MOI of 5, and at 18 h
postinfection, apoptosis was induced by osmotic shock for 2 h.
The infected cells then were incubated for an additional 5 h, har-
vested, and assayed for caspase 3/7 activity. In agreement with a
previous report (70), caspase 3/7 activity in cells infected with
YK511 (Us3K220M) was significantly higher than in cells infected
with HSV-1(F) or YK513 (Us3K220M-repair), probably due to
the lack of HSV-1 Us3-mediated antiapoptotic activity (Fig. 6A).

In contrast, caspase 3/7 activity in YK781 (Us3-chimera)-infected
cells was similar to that in wild-type HSV-1(F)- and YK783 (Us3-
repair)-infected cells, indicating that replacement of HSV-1 Us3
with HSV-2 Us3 had little effect on caspase 3/7 activity in infected
SK-N-SH cells in which apoptosis had been induced. Since up-
regulation of caspase 3/7 activity is a typical indicator of apoptosis,
these results suggested that HSV-2 Us3 in YK781 (Us3-chimera)-
infected cells had antiapoptotic activity at a level similar to that in
cells infected with wild-type HSV-1(F) or YK783 (Us3-repair).

In the second series of experiments, Vero cells infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-
repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI
of 3 were harvested at 6 postinfection, and expression of gB on the
surface of the infected cells was analyzed by flow cytometry. In
agreement with a previous report (39), cell surface expression of
gB in cells infected with HSV-1 YK511 (Us3K220M) was upregu-
lated compared to that in cells infected with wild-type HSV-1(F)
or YK513 (Us3K220M-repair) (Fig. 6B). In contrast, the level of
cell surface expression of gB in cells infected with YK781 (Us3-
chimera) was similar to that in cells infected with wild-type HSV-
1(F) or YK783 (Us3-repair). We confirmed that gB was in fact
phosphorylated at Thr-887 in cells infected with YK781 (Us3-
chimera), like gB in wild-type HSV-1(F)-infected cells, based on
the observations that the monoclonal antibody to gB-T887P re-
acted with gB in Vero cells infected with YK781 (Us3-chimera)
(Fig. 6C), whereas this antibody reacted with gB in cells infected
with wild-type HSV-1(F) but not that in cells infected with YK511
(Us3K220M) (Fig. 6C) as reported previously (69). Furthermore,
the pattern of the localization of gB in Vero cells infected with
wild-type HSV-1(F) for 18 h, detected by immunofluorescence
with the monoclonal antibody to gB, was similar to that in cells
infected with YK781 (Us3-chimera). These results indicated that
replacement of HSV-1 Us3 with HSV-2 Us3 had little effect on cell
surface expression of gB, phosphorylation of gB at Thr-887, and
localization of gB in infected cells and suggested that HSV-2 Us3
in YK781 (Us3-chimera)-infected cells regulated intracellular
trafficking of HSV-1 gB as efficiently as HSV-1 Us3 in cells in-
fected with wild-type HSV-1(F) or YK783 (Us3-repair).

In the third series of experiments, Vero cells were infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-
repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI
of 3 and the cytopathic effects (CPEs) in the infected cells were
examined at 24 h postinfection. In agreement with a previous
report (15), infection of cells with wild-type HSV-1(F) or YK513
(Us3K220M-repair) efficiently induced cell rounding, while
YK511 (Us3K220M) infection did so only partially (Fig. 7). In
contrast, YK781 (Us3-chimera) infection induced cell rounding
as efficiently as infection with wild-type HSV-1(F) or YK783
(Us3-repair). These results indicated that replacement of HSV-1
Us3 with HSV-2 Us3 had little effect on induction of a wild-type
CPE and suggested that HSV-2 Us3 in YK781 (Us3-chimera)-
infected cells regulated infected-cell morphology as efficiently as
HSV-1 Us3 in cells infected with wild-type HSV-1(F) or YK783
(Us3-repair).

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on in-
tracellular localization of UL31 and UL34. To investigate
whether replacement of HSV-1 Us3 with HSV-2 Us3 affected in-
tracellular localization of UL31 and UL34, Vero and HaCaT cells
were infected with wild-type HSV-1(F), YK511 (Us3K220M),
YK513 (Us3K220M-repair), YK781 (Us3-chimera), or YK783

FIG 5 Detection of phosphorylated proteins in Vero cells mock infected or
infected with wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-
repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3. The
infected cells were harvested at 18 h postinfection and analyzed by immuno-
blotting with anti-PKA substrate antibody 100G7.
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(Us3-repair) at an MOI of 3 for 12 h and localization of UL31 and
UL34 in infected cells was analyzed by immunofluorescence using
confocal microscopy. It has been reported that localization of
HSV-1 UL34 and UL31 in infected cells was regulated by Us3
activity and, in the absence of Us3 protein or its catalytic activity,
these viral proteins accumulated aberrantly in punctate structures
adjacent to the nuclear membrane in HSV-1-infected cells (15, 21,
43, 56).

In agreement with previous reports (15, 21, 27, 43, 74), in Vero
cells infected with wild-type HSV-1(F) or YK513 (Us3K220M-
repair), UL34 and UL31 proteins colocalized smoothly along the
nuclear rim, and in Vero cells infected with YK511 (Us3K220M),
UL34 and UL31 colocalized in punctate structures adjacent to the
nuclear rim (Fig. 8). However, in Vero cells infected with YK781

FIG 6 (A) Caspase 3/7 activity of infected SK-N-SH cells after induction of
apoptosis by osmotic shock. SK-N-SH cells were infected with wild-type HSV-
1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chi-
mera), or YK783 (Us3-repair) at an MOI of 5. At 18 h postinfection, the
infected cells were exposed to sorbitol for 2 h, incubated for an additional 5 h,
harvested, and assayed for caspase 3/7 activity. Each value is the mean �
standard error of the results of triplicate experiments. Data are representative
of three independent experiments. (B) Cell surface expression of gB in Vero
cells infected with wild-type HSV-1(F), YK511 (Us3K220M), YK513
(Us3K220M-repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI
of 3. At 6 h postinfection, the infected cells were harvested and analyzed by flow
cytometry. The relative mean fluorescence intensity for gB expression on the

surface of cells infected with the indicated virus is shown as the fluorescence
intensity of virus-infected cells relative to that of YK513 (Us3K220M-repair)-
infected cells. Each value is the mean � standard error of the results of three
independent experiments. (C) Phosphorylation of gB at Thr-887 in Vero cells
infected with wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-
repair), or YK781 (Us3-chimera) at an MOI of 3. At 18 h postinfection, the
infected cells were harvested and analyzed by immunoblotting with the mono-
clonal antibody to gB-T887P and gB. (D) Localization of gB in Vero cells
infected with wild-type HSV-1(F) or YK781 (Us3-chimera) at an MOI of 3. At
18 h postinfection, the infected cells were permeabilized, stained with anti-gB
and anti-lamin B1 antibodies, and examined by confocal microscopy.

FIG 7 Images of the CPE in Vero cells mock infected or infected at an MOI of
3 with wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair),
YK781 (Us3-chimera), or YK783 (Us3-repair). Live cells were examined at 24
h postinfection by confocal microscopy. Digital interference contrast images
are shown.
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(Us3-chimera), although UL31 and UL34 colocalized smoothly
along the nuclear rim in a majority of cells, they colocalized in
punctate structures adjacent to the nuclear rim in a significant
fraction (37.7%) of cells (Fig. 8 and 9A). We noted that the sizes of
the UL34 and UL31 stained speckles in Vero cells infected with
YK781 (Us3-chimera) appeared to be smaller than those in YK511
(Us3K220M)-infected cells (Fig. 8). The UL31 and UL34 punctate
structures at the nuclear rim seen in YK781 (Us3-chimera)-
infected cells were not found in cells infected with YK783 (Us3-
repair), in which UL31 and UL34 colocalized smoothly along
the nuclear rim, as found in wild-type HSV-1(F)-infected cells
(Fig. 8).

Unlike in HSV-1(F)- and YK513 (Us3K220M-repair)-infected
Vero cells in which UL34 and UL31 proteins colocalized smoothly
along the nuclear rim in almost all cells, in HSV-1(F)- and YK513
(Us3K220M-repair)-infected HaCaT cells, although UL34 and
UL31 proteins colocalized smoothly along the nuclear rim in a
majority of cells, they also colocalized in punctate structures ad-
jacent to the nuclear rim in a significant fraction of infected cells
(25.3 and 32.0%, respectively) (Fig. 9B and 10). In HaCaT cells
infected with YK511 (Us3K220M), as in Vero cells infected with

YK511 (Us3K220M), UL34 and UL31 colocalized in punctate
structures adjacent to the nuclear rim. In YK781 (Us3-chimera)-
infected HaCaT cells, as in YK781 (Us3-chimera)-infected Vero
cells, UL31 and UL34 colocalized smoothly along the nuclear rim
in some cells and in punctate structures adjacent to the nuclear
rim in other cells (51.3%): the fraction of YK781 (Us3-chimera)-
infected HaCaT cells with punctate structures (51.3%) was greater
than the fractions of HSV-1(F)- and YK783 (Us3-repair)-infected
HaCaT cells (25.3% and 27.7%, respectively) with punctate struc-
tures (Fig. 9B).

Collectively, these results indicated that replacement of HSV-1
Us3 with HSV-2 Us3 produced an aberrant localization of UL34
and UL34 in a significant fraction of YK781 (Us3-chimera)-in-
fected cells.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on
HSV-1 nuclear egress. To investigate the effect of replacement of
HSV-1 Us3 with HSV-2 Us3 on HSV-1 nuclear egress, Vero and
HaCaT cells were infected with wild-type HSV-1(F), YK511
(Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chimera),
or YK783 (Us3-repair) at an MOI of 3, and viral morphogenesis in
the infected cells was investigated by electron microscopy 18 h
postinfection. In agreement with a previous report (21), in Vero
and HaCaT cells infected with YK511 (Us3K220M), membranous
structures containing primary enveloped virions, formed by in-
vaginations of the INM into the nucleoplasm, were readily ob-
served adjacent to the nuclear membrane (Fig. 11 and 12). These
membranous invagination structures were barely detectable in
Vero cells infected with wild-type HSV-1(F) or YK513 (Us3-
K220M-repair) but were observed with low but consistent fre-
quency in HaCaT cells infected with wild-type HSV-1(F) or

FIG 8 Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on localization of
UL31 and UL34 in infected Vero cells. Vero cells were infected with wild-type
HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-
chimera), or YK783 (Us3-repair) at an MOI of 3, fixed at 12 h postinfection,
permeabilized, stained with anti-UL34 and anti-UL31 antibodies, and exam-
ined by confocal microscopy. Each image in the far right column is the mag-
nified image of the boxed area in the image to its left. Since two different
patterns of UL31 and UL34 localization were observed in cells infected with
YK781 (Us3-chimera), images of two of these infected cells are shown here as
examples of UL31 and UL34 localization in these infected cells.

FIG 9 Quantitation of infected Vero (A) and HaCaT (B) cells with aberrant
punctate structures of UL31 and UL34 adjacent to the nuclear rim. The exper-
iments were done as described for Fig. 8 and 10, and the percentage of cells with
aberrant punctate structures at the nuclear rim was determined. Each value is
the mean � standard error of the results of three independent experiments.
Statistical analysis was performed by one-way ANOVA with the Tukey test.
Asterisks indicate statistically significant values (*, P 	 0.001; **, P 	 0.01).
n.s., not statistically significant.
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YK513 (Us3-K220M-repair) (Fig. 11 and 12 and Table 1). In Vero
and HaCaT cells infected with YK511 (Us3K220M), 63.8 and
54.6% of enveloped virions, respectively, were in the perinuclear
space and invagination structures, but in Vero and HaCaT cells
infected with wild-type HSV-1(F), 28.5 and 17.4% of enveloped
virions, respectively, were in these compartments (Table 1).
Results similar to those with wild-type HSV-1(F) were also
obtained with YK513 (Us3K220M-repair)-infected Vero and
HaCaT cells (Fig. 12B and Table 1). These results indicated that
primary enveloped virions accumulated aberrantly in YK511
(Us3K220M)-infected cells. Similar to the results with YK511
(Us3K220M)-infected HaCaT cells, membranous invagination
structures containing primary enveloped virions were readily ob-
served adjacent to the nuclear membrane in HaCaT cells infected
with YK781 (Us3-chimera), with 43.0% of the enveloped virions
in the perinuclear space and invagination structures. In contrast,
in HaCaT cells infected with wild-type HSV-1(F) or YK783 (Us3-
repair), 17.4% and 22.6%, respectively, of primary enveloped vi-
rions were in the perinuclear space and invagination structures.
However, in Vero cells infected with YK781 (Us3-chimera), in
addition to the invagination structures observed in Vero cells in-
fected with YK511 (Us3K220M), membranous structures con-
taining numerous primary enveloped virions, formed by evagina-
tions of the ONM into the cytoplasm, were also induced. In YK781
(Us3-chimera)-infected Vero cells, 57.6% of enveloped virions
were in the perinuclear space and membranous invaginations, but
in Vero cells infected with wild-type HSV-1(F) or YK783 (Us3-
repair), 28.5% and 36.1%, respectively, were in the perinuclear
space and membranous invaginations. Collectively, these results
indicated that replacement of HSV-1 Us3 with HSV-2 Us3 in-
duced membranous invaginations and/or evaginations contain-
ing primary enveloped virions adjacent to the nuclear membrane
in infected cells and that primary enveloped virions accumulated
aberrantly in the perinuclear space and membranous invagination
and/or evagination structures.

We noted that the phenotype in viral nuclear egress observed
with replacement of HSV-1 Us3 with HSV-2 Us3, as shown above
(Fig. 11 and 12), was quite similar to that with mutations that
abrogate the expression of both gB and gH, as reported previously
(46). Mutations in both gB and gH induced invagination struc-
tures containing primary enveloped virions adjacent to the nu-
clear membrane in infected HaCaT cells, but these mutations in-
duced both invagination and evagination structures in infected
Vero cells (46). Therefore, to examine whether replacement of
HSV-1 Us3 with HSV-2 Us3 affected expression of gB and gH in
infected cells, Vero cells were infected with wild-type HSV-1(F),
YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3 for
18 h and expression of gB and gH was analyzed by immunoblot-
ting. As shown in Fig. 13, cells infected with YK781 (Us3-chimera)
produced gB and gH at levels similar to those in Vero cells infected
with wild-type HSV-1(F) or YK783 (Us3-repair). Therefore, re-

FIG 10 Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on localization
of UL31 and UL34 in infected HaCaT cells. HaCaT cells were infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair),
YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3, fixed at 12 h
postinfection, permeabilized, stained with anti-UL34 and anti-UL31 antibod-
ies, and examined by confocal microscopy. Each image in the far right column

is the magnified image of the boxed area in the image to its left. Since different
patterns of UL31 and UL34 localization were observed in cells infected with
HSV-1(F), YK513 (Us3K220M-repair), YK781 (Us3-chimera), and YK783
(Us3-repair), images of two of the HSV-1(F)-, YK513 (Us3K220M-repair)-
and YK783 (Us3-repair)-infected cells and three of the YK781 (Us3-chimera)-
infected cells are shown here as examples of UL31 and UL34 localization in
these infected cells.
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placement of HSV-1 Us3 with HSV-2 Us3 did not indirectly affect
viral nuclear egress by downregulating expression of gB and gH.

Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on phos-
phorylation status of UL31 and UL34. To investigate whether
replacement of HSV-1 Us3 with HSV-2 Us3 affected the phos-
phorylation status of UL31 and UL34, we used phosphate affinity
SDS-polyacrylamide gel electrophoresis (Phos tag SDS-PAGE)
analysis, which enables the phosphorylation status of a protein to
be visualized as a distinct band shift (40, 71). Vero cells were in-
fected with wild-type HSV-1(F), YK511 (Us3K220M), YK513
(Us3K220M-repair), YK781 (Us3-chimera), or YK783 (Us3-re-
pair) at an MOI of 3, harvested at 18 h postinfection, and analyzed
on Phos tag(�) SDS-PAGE or Phos tag(�) SDS-PAGE gels. UL31
proteins from Vero cells infected with wild-type HSV-1(F),
YK513 (Us3K220M-repair), or YK783 (Us3-repair) were detected
as at least eight bands with mobility differences in the Phos tag
SDS-PAGE(�) gel (Fig. 14A). After phosphatase treatment of the
lysate from wild-type HSV-1(F)-infected cells, at least six of the
slower migrating UL31 bands disappeared, two faster-migrating
bands remained, and two distinct slower bands appeared in the
Phos tag SDS-PAGE(�) gel (Fig. 14B). In YK511 (Us3K220M)-
infected Vero cells, the three slowest of the six slower UL31 bands
were not present and the amount of protein in the three fastest of
the six slower UL31 bands decreased compared to findings with
wild-type HSV-1(F)- and YK513 (Us3K220M-repair)-infected
cells. These results indicated that the six slower UL31 bands were
phosphorylated forms of UL31 with different amounts of phos-
phorylation; i.e., Us3 regulated phosphorylation of UL31 to
produce proteins with different numbers of phosphorylated
sites in infected cells. These results were in agreement with
previous reports (22, 72) that Us3 phosphorylated UL31 in
infected cells and that UL31 contained multiple phosphoryla-
tion sites. As shown in Fig. 14A, in cells infected with YK781
(Us3-chimera), the amount of protein in the slowest-migrating
UL31 band in the Phos tag SDS-PAGE(�) gel decreased signif-
icantly compared to that in cells infected with wild-type HSV-
1(F) or YK783 (Us3-repair).

UL34 proteins from Vero cells infected with wild-type HSV-
1(F), YK513 (Us3K220M-repair), or YK783 (Us3-repair) were de-
tected as at least three bands with mobility differences in the Phos
tag SDS-PAGE(�) gel (Fig. 14C), with the upper and middle
bands being the dominant bands (Fig. 14C). After phosphatase
treatment, the upper and middle bands were not seen (Fig. 14D).
In Vero cells infected with YK511 (Us3K220M), the upper UL34
band was not seen, and relative to the HSV-1(F) Phos tag SDS-
PAGE(�) gel pattern, the amount of protein in the middle UL34
band decreased and the amount of protein in the lower UL34 band
increased (Fig. 14C, upper image). These results indicated that the
two slower-migrating UL34 bands were phosphorylated UL34
proteins, with different amounts of phosphorylation, and the fast-
est-migrating UL34 band was unphosphorylated UL34. There-
fore, Us3 regulated the UL34 phosphorylation status in infected

FIG 11 Ultrastructural analysis of the effect of replacement of HSV-1 Us3
with HSV-2 Us3 on viral nuclear egress in Vero cells. Vero cells infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair),
YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3 were fixed at 18
h postinfection, embedded, sectioned, stained, and examined by transmission
electron microscopy. Bars, 200 nm. N, nucleus.
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cells. These results were in agreement with previous reports (21,
72, 75) that Us3 phosphorylated UL34 at multiple sites in infected
cells. As shown in Fig. 14C, in cells infected with YK781 (Us3-
chimera), the amount of protein in the lower and middle UL34
bands in the Phos tag SDS-PAGE(�) gel increased compared to
the corresponding UL34 bands from cells infected with wild-type
HSV-1(F) or YK783 (Us3-repair). In contrast, the amount of pro-
tein in the upper UL34 band from cells infected with YK781 (Us3-
chimera) remained relatively constant compared to the corre-
sponding band from cells infected with wild-type HSV-1(F) or
YK783 (Us3-repair).

It has been reported that vdUTPase proteins in Vero cells in-
fected with wild-type HSV-1(F) or YK513 (Us3K220M-repair)
were detected as two bands with mobility differences in Phos

tag SDS-PAGE(�) gels, with the slower-migrating band being
vdUTPase phosphorylated by Us3 and the faster-migrating band
being unphosphorylated vdUTPase (40). In agreement with these
results, the slower-migrating vdUTPase band was not seen in
YK511 (Us3K220M)-infected cells (Fig. 14E). In cells infected
with YK781 (Us3-chimera), the amount of protein in the two
vdUTPase bands in the Phos tag SDS-PAGE(�) gel was similar to
that in cells infected with wild-type HSV-1(F) or YK783 (Us3-
repair) (Fig. 14E), indicating that HSV-2 Us3 efficiently replaced
HSV-1 Us3 and phosphorylated vdUTPase in YK781 (Us3-chime-
ra)-infected cells.

Taken together, these results indicated that replacement of
HSV-1 Us3 with HSV-2 Us3 specifically changed the phosphory-
lation status of UL31 and UL34 in infected cells.

FIG 12 Ultrastructural analysis of the effect of replacement of HSV-1 Us3 with HSV-2 Us3 on viral nuclear egress in HaCaT cells. (A) HaCaT cells infected with
wild-type HSV-1(F), YK511 (Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3 were fixed at 18 h
postinfection, embedded, sectioned, stained, and examined by transmission electron microscopy. (B) Area of some cells infected with wild-type HSV-1(F),
YK513 (Us3K220M-repair), or YK783 (Us3-repair) showing the invagination structures. Bars, 200 nm. N, nucleus.
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Effect of the replacement of HSV-1 Us3 with HSV-2 Us3 on
viral growth and pathogenesis in mice. Us3 has been reported to
play critical roles in HSV-1 pathogenesis in experimental animals
(27, 70, 76–79). To determine the effect of replacement of HSV-1
Us3 with HSV-2 Us3 on viral growth and pathogenesis in vivo,
mice were ocularly infected with YK781 (Us3-chimera) and its
repaired virus YK783 (Us3-repair) and observed daily for 14 days
postinfection for development of herpes stromal keratitis (HSK)
and periocular skin disease. In addition, to examine viral growth
at the infection site, tear film samples were collected at 1 and 5 days
postinfection and viral titers were assayed. As shown in Fig. 15A
and B, mice infected with YK781 (Us3-chimera) exhibited signif-
icantly reduced severities of HSK and periocular skin disease com-
pared to those of mice infected with YK783 (Us3-repair). In addi-
tion, YK781 (Us3-chimera) replicated significantly less efficiently
than YK783 (Us3-repair) in the tear films of these infected mice,
with titers approximately 3.4- and 16.0-fold lower than those of
YK783 (Us3-repair) at 1 and 5 days, respectively (Fig. 15C). These

results indicated that replacement of HSV-1 Us3 with HSV-2 Us3
significantly reduced viral growth and pathogenicity in the mu-
rine HSK model.

DISCUSSION

In this study, we generated recombinant viruses YK781 (Us3-chi-
mera) and its repaired virus YK783 (Us3-repair) to compare the
activities of HSV-1 Us3 and HSV-2 Us3 in cells infected by viruses
with the same viral gene products except for their Us3 kinases.
With these recombinant viruses, wild-type HSV-1(F), the HSV-1
Us3 kinase-dead mutant YK511 (Us3K220M), and its repaired
virus YK513 (Us3K220M-repair), we investigated whether the
phenotypes observed with the HSV-1 Us3 kinase-dead mutant
YK511 (Us3K220M) could be compensated for by replacement of
HSV-1 Us3 with HSV-2 Us3. The results of this study showed that
replacement of HSV-1 Us3 with HSV-2 Us3 was able to almost
completely compensate for the protein phosphorylation activity
that was lost in the HSV-1 Us3 kinase-dead mutant. This sug-
gested that HSV-2 Us3 in YK781 (Us3-chimera)-infected cells was
able to carry out most of the phosphorylation processes catalyzed
by HSV-1 Us3 in HSV-1-infected cells. In support of this hypoth-
esis, we showed that replacement of HSV-1 Us3 with HSV-2 Us3
was able to compensate for functional defects due to the HSV-1
Us3 kinase-dead mutation, i.e., defects in (i) viral growth in
HaCaT cells, (ii) blockage of apoptosis induced by osmotic shock,
(iii) downregulation of cell surface expression of gB, and (iv) in-
duction of infected-cell rounding.

However, we also showed that the defects in viral nuclear egress
induced by the HSV-1 Us3 kinase-dead mutation were only par-
tially compensated for by replacement of HSV-1 Us3 with HSV-2
Us3, i.e., defects such as (i) aberrant localization of UL31 and
UL34 at the nuclear membrane, (ii) formation of membranous
invagination structures containing primary enveloped virions ad-
jacent to the nuclear membrane, and (iii) aberrant accumulation
of primary enveloped virions in the perinuclear space and the
induced invagination structures. Interestingly, in infected Vero
cells, replacement of HSV-1 Us3 with HSV-2 Us3 induced not
only invaginations of the INM containing primary enveloped vi-
rions into the nucleus but also evaginations of the ONM contain-
ing numerous primary enveloped virions into the cytoplasm;
these were not observed with the kinase-dead mutation. Further-
more, the effects of replacement of HSV-1 Us3 with HSV-2 Us3 on

TABLE 1 Electron microscopic localization of enveloped virions in infected Vero and HaCaT cells

Cells Virus

No. of enveloped virions in compartment (mean � SE)a

Total no. of enveloped
virions/cells

Intranuclear
invaginations Perinuclear space Cytoplasm Extracellular

Vero HSV-1(F) 0.8 � 0.4 (1.3) 16.4 � 2.6 (27.2) 13.6 � 1.7 (22.6) 29.3 � 2.9 (48.6) 2,716/45
YK511 (Us3K220 M) 29.6 � 2.4 (59.9) 1.9 � 0.4 (3.9) 1.3 � 0.6 (2.7) 11.5 � 1.1 (23.2) 2,222/45
YK513 (Us3KM-repair) 1.7 � 0.7 (4.1) 9.7 � 2.1 (23.4) 7.0 � 1.4 (16.9) 22.6 � 1.9 (54.7) 1,861/45
YK781 (Us3-chimera) 9.7 � 2.2 (16.9) 23.4 � 3.3 (40.7) 6.9 � 1.1 (12.1) 15.6 � 1.7 (27.1) 2,586/45
YK783 (Us3-repair) 1.0 � 0.5 (2.3) 14.6 � 2.6 (33.8) 8.0 � 1.3 (18.5) 19.3 � 2.1 (44.8) 1,936/45

HaCaT HSV-1(F) 12.8 � 2.2 (9.8) 10.0 � 1.0 (7.6) 18.4 � 3.1 (14.0) 87.8 � 7.1 (67.1) 5,885/45
YK511 (Us3K220 M) 46.1 � 3.5 (52.9) 1.5 � 0.3 (1.7) 2.9 � 0.6 (3.3) 28.7 � 3.1 (33.0) 3,921/45
YK513 (Us3KM-repair) 12.6 � 2.1 (9.5) 11.0 � 1.0 (8.3) 22.5 � 3.8 (17.0) 84.0 � 7.1 (63.6) 5,947/45
YK781 (Us3-chimera) 42.1 � 4.9 (35.7) 8.6 � 1.0 (7.3) 7.2 � 1.3 (6.1) 54.2 � 5.1 (46.0) 5,305/45
YK783 (Us3-repair) 18.1 � 5.0 (13.8) 11.6 � 1.7 (8.8) 21.8 � 4.2 (16.7) 77.6 � 4.8 (59.3) 5,890/45

a Numbers in parentheses are the percentages of enveloped virus particles in compartments.

FIG 13 Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on expression of
gB and gH. Vero cells mock infected or infected with wild-type HSV-1(F),
YK781 (Us3-chimera), or YK783 (Us3-repair) at an MOI of 3 were harvested at
18 h postinfection and analyzed by immunoblotting with antibodies to gB, gH,
and �-actin.
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viral nuclear egress were dependent on cell types. Thus, the evag-
ination structures induced by replacement of HSV-1 Us3 with
HSV-2 Us3 in Vero cells were not observed in HaCaT cells, and
replacement of HSV-1 Us3 with HSV-2 Us3 tended to accumulate
primary enveloped virions in the perinuclear space in Vero cells

but in intranuclear invagination structures in HaCaT cells. Theses
cell-type-dependent effects on viral nuclear egress might reflect
the cell type difference(s) in the structural flexibility of the ONM
and/or the INM. These results suggested that HSV-2 Us3 phos-
phorylated regulatory proteins for HSV-1 nuclear egress differ-
ently than those of HSV-1 Us3, resulting in improper functioning
of these regulatory proteins. In agreement with this hypothesis, we
showed that the pattern of UL31 and UL34 proteins with different
numbers of phosphorylated sites in cells infected with YK781
(Us3-chimera) was different from that in cells infected with wild-
type HSV-1(F) or YK783 (Us3-repair). We should note that we

FIG 14 Phosphorylation status of UL31, UL34, and vdUTPase in infected
cells. Vero cells were mock infected or infected with wild-type HSV-1(F),
YK511 (Us3K220M), YK513 (Us3K220M-repair), YK781 (Us3-chimera), or
YK783 (Us3-repair) at an MOI of 3, harvested at 18 h postinfection, and
analyzed on a Phos tag(�) SDS-PAGE gel (top) or Pho tag(�) SDS-PAGE gel
(bottom) (A to E). The gels were immunoblotted with anti-UL31 (A and B),
anti-UL34 (C and D), or anti-vdUTPase (E) antibody. The infected cell lysates
were also either left untreated or treated with CIP (B and D). Asterisks indi-
cates bands in which the amount of protein was affected in YK781 (Us3-
chimera)-infected cells compared to that in cells infected with wild-type HSV-
1(F) or YK783 (Us3-repair).

FIG 15 Effect of replacement of HSV-1 Us3 with HSV-2 Us3 on viral patho-
genesis and replication in mice following ocular infection. (A and B) Five-
week-old female ICR mice were ocularly infected with YK781 (Us3-chimera)
or YK783 (Us3-repair) and scored for HSK (A) and periocular skin disease (B)
daily for 14 days (d). Each data point is the mean � standard error of the
scores. Asterisks indicate statistically significant values (*, P 	 0.05) according
to the two-tailed Student t test. (C) Tear films of infected mice at 1 and 5 days
postinfection in the experiments shown in panels A and B were harvested, and
virus titers were assayed. Each data point is the virus titer in the tear film of one
mouse. The horizontal bars mark the means for the groups. P shows statisti-
cally significant values according to the two-tailed Student t test.
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have no data, at present, on the relationship between the pattern of
phosphorylated UL31 and UL34 in YK781 (Us3-chimera)-in-
fected cells and the defects in viral nuclear egress in cells infected
with YK781 (Us3-chimera). However, it has been reported that
many of the effects of HSV-1 Us3 on viral nuclear egress involved
phosphorylation of UL31 and that strict and dynamic regulation
of Us3 phosphorylation of UL31 was required for proper HSV-1
nuclear egress (22). Therefore, it seems likely that the changed
phosphorylation pattern of UL31, and probably UL34 as well,
induced by replacement of HSV-1 Us3 with HSV-2 Us3 may im-
pair the NEC function in HSV-1 nuclear egress. Alternatively,
HSV-2 Us3, unlike HSV-1 Us3, may not have been able to mediate
proper phosphorylation of other cellular and HSV-1 regulatory
proteins for viral nuclear egress. The NEC has recently been re-
ported to form a complex(es) with HSV-1 UL47, Us3, and ICP22
and cellular proteins p32, CD98 heavy chain, and �1 integrin (67,
74, 80, 81), suggesting that the NEC is a high-order complex con-
sisting of these viral and cellular regulatory proteins and probably
some not-yet-identified proteins. Among the regulatory proteins,
UL47, Us3, and ICP22 are known to be substrates for Us3 (15, 37,
72, 82), and p32 has been reported to contain multiple sites similar
to Us3 target consensus sequences (74, 83). Therefore, differences
in the phosphorylation of HSV-1 and infected-cell regulatory pro-
teins for viral nuclear egress, due to the replacement of HSV-1 Us3
with HSV-2 Us3, may have impaired the function of the high-
order NEC, leading to defects in viral nuclear egress. These obser-
vations implied that HSV-1 nuclear egress was tightly and dynam-
ically regulated by the phosphorylated status of the regulatory
proteins involved in this process. Thus, although HSV-2 can phos-
phorylate most of the HSV-1 Us3 substrates as described above,
there was a clear biological difference between HSV-1 Us3 and
HSV-2 Us3, especially in their effects on specific substrates in-
volved in viral nuclear egress. In agreement with this conclusion,
we showed that replacement of HSV-1 Us3 with HSV-2 Us3 sig-
nificantly reduced viral cell-cell spread in cell cultures and viral
growth in the mouse cornea and pathogenic manifestations of
HSK and periocular skin disease in mice. These observations not
only suggested that HSV-1 Us3 and HSV-2 Us3 phosphorylated
Us3 substrates involved in viral cell-cell spread and pathogenesis
differently but also indicated that the regulatory role of HSV-1
Us3 in viral nuclear egress, which was missing in HSV-2 Us3, was
important for HSV-1 cell-cell spread and pathogenesis. In addi-
tion, we cannot exclude the possibility that a currently unidenti-
fied HSV-1 Us3 regulatory function(s), other than in viral nuclear
egress, is involved in HSV-1 cell-cell spread and pathogenesis but
is missing in HSV-2 Us3.

The amino acid sequences of HSV-1 Us3 and HSV-2 Us3 show
that their C-terminal domains (amino acids [aa] 152 to 481) con-
taining the kinase domains are well conserved, with 84% sequence
identity, but the 151 amino acids of their N-terminal domains are
less well conserved, with 54% sequence identity. Therefore, the
differences in the activity and/or substrate specificity between
HSV-1 Us3 and HSV-2 Us3, shown in this study, may be due to
the difference in their N-terminal domains. In support of this
hypothesis, it has been reported that the N-terminal domain of
HSV-1 Us3 was important for expression of specific HSV-1 Us3
functions (84). It should be noted that the HSV-1 Us3 gene en-
codes not only full-length Us3 but also Us3.5, a truncated amino-
terminal protein that initiates at Us3 codon 77 (Fig. 1) (84). It is
interesting that similar to the case with HSV-2 Us3, the range of

substrates phosphorylated by HSV-1 Us3.5, detected by the anti-
PKA substrate antibody, was reported to be similar to the sub-
strates phosphorylated by HSV-1 Us3, but Us3.5 did not regulate
viral nuclear egress and apoptosis (84). These observations sug-
gested that HSV-1 Us3 and Us3.5 phosphorylated regulatory pro-
teins for viral nuclear egress and apoptosis differently, and these
differences may have been due to the N-terminal domain of Us3
that is missing in Us3.5.

The results in this study showing that replacement of HSV-1
Us3 with HSV-2 Us3 completely compensated for the defect in
downregulation of gB in cells infected by the HSV-1 Us3 kinase-
dead mutation indicated that HSV-2 Us3, like HSV-1 Us3, regu-
lated gB intracellular trafficking in HSV-1 (Us3-chimera)-in-
fected cells. However, despite this HSV-2 Us3 activity in HSV-1
(Us3-chimera)-infected cells, HSV-2 Us3 has been reported to
have no effect on downregulation of cell surface expression of gB
in HSV-2-infected cells, since the Us3 phosphorylation site in
HSV-1 gB is critical for gB intracellular trafficking and is not con-
served in HSV-2 gB (39). Therefore, evolution of the HSV-1 Us3
phosphorylation site in gB may have been related to regulation of
gB intracellular trafficking. These observations raised the interest-
ing possibility that the phosphorylation sites in viral proteins may
have evolved to enable viral kinases to acquire new functions in
viral protein regulation, and they may provide new insight into the
evolution of viral protein kinases and their substrates. In agree-
ment with this possibility, an autophosphorylation site in HSV-1
Us3 which was reported to regulate optimal catalytic activity of
HSV-1 Us3 (15, 70) is not conserved in HSV-2 Us3 (15, 27). Since
all herpesviruses are known to have at least one protein kinase, this
might also be the case in other herpesviruses.
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