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Us3 is a serine-threonine protein kinase encoded by herpes simplex virus 1 (HSV-1). As reported here, we
attempted to identify the previously unreported physiological substrate of Us3 in HSV-1-infected cells. Our
results were as follows. (i) Bioinformatics analysis predicted two putative Us3 phosphorylation sites in the viral
envelope glycoprotein B (gB) at codons 557 to 562 (RRVSAR) and codons 884 to 889 (RRNTNY). (ii) In in vitro
kinase assays, the threonine residue at position 887 (Thr-887) in the gB domain was specifically phosphory-
lated by Us3, while the serine residue at position 560 was not. (iii) The phosphorylation of gB Thr-887 in Vero
cells infected with wild-type HSV-1 was specifically detected using an antibody that recognized phosphorylated
serine or threonine residues with arginine at the �3 and �2 positions. (iv) The phosphorylation of gB Thr-887
in infected cells was dependent on the kinase activity of Us3. (v) The replacement of Thr-887 with alanine
markedly upregulated the cell surface expression of gB in infected cells, whereas replacement with aspartic
acid, which sometimes mimics constitutive phosphorylation, restored the wild-type phenotype. The upregula-
tion of gB expression on the cell surface also was observed in cells infected with a recombinant HSV-1 encoding
catalytically inactive Us3. These results supported the hypothesis that Us3 phosphorylates gB and downregu-
lates the cell surface expression of gB in HSV-1-infected cells.

Phosphorylation is one of the most common and effective
modifications by which a cell or virus regulates protein activity
(9, 28). This modification is mediated by protein kinases that
phosphorylate specific proteins, thereby regulating many cel-
lular functions, such as transcription, translation, cell cycle
regulation, protein degradation, protein intracellular traffick-
ing, and apoptosis (9, 28). Herpes simplex virus 1 (HSV-1)
encodes at least three protein kinases (the Us3, UL13, and
UL39 gene products) and may utilize them both to regulate
their own replication processes and to modify cellular pro-
cesses by the phosphorylation of specific viral and cellular
proteins (21, 46). This report presents studies of the interac-
tion between Us3 protein kinase and HSV-1 envelope glyco-
protein B (gB). The background for these studies is as follows.

(i) gB is conserved throughout the Herpesviridae family (39).
It is an essential envelope glycoprotein for HSV-1 entry into a
cell (54) and, together with HSV-1 glycoprotein gC, mediates
virus attachment by interacting with cell surface glycosamino-
glycans, primarily heparin sulfate (53). gB also induces subse-
quent fusion between the virion envelope, and the host cell

membrane, in cooperation with the HSV-1 glycoprotein het-
erodimer gH/gL, delivers the nucleocapsid into the host cell
(54). Membrane fusion also requires HSV-1 gD binding to one
of its receptors (e.g., herpesvirus entry mediator, nectin-1, and
specific sites on heparin sulfate generated by certain 3-O-sulfo-
transferases [16, 31, 52, 59]) and, probably, gB binding to one
of its receptors, including the newly discovered gB-associated
cellular protein paired immunoglobulin (Ig)-like type 2 recep-
tor (PILR�) (2, 51). In addition to its role in virus entry, gB has
been reported to function in cell-to-cell spread (14, 60) and the
nuclear egress of nucleocapsids (13).

(ii) Us3 is a serine/threonine protein kinase, and its amino
acid sequence is conserved in the subfamily Alphaherpesvirinae
(15, 29, 41). In vitro biochemical studies characterized the
consensus target sequence of an HSV-1 Us3 homologue en-
coded by pseudorabies virus as RnX(S/T)YY, where n is
greater than or equal to 2, X can be Arg, Ala, Val, Pro, or Ser,
and Y can be any amino acid except an acidic residue (25, 26,
40). The phosphorylation target site specificity of HSV-1 and
other alphaherpesvirus Us3 kinases has been reported to be
similar to that of the pseudorabies virus homologue and to that
of protein kinase A (PKA), a cellular cyclic AMP-dependent
protein kinase (3, 8, 10, 18). Antibodies to phosphorylated
sequences of PKA substrates sometimes react with the site
phosphorylated by Us3 (3, 18).

(iii) Based on studies showing that recombinant Us3 mutant
viruses have impaired growth properties in cell cultures and
virulence in mice models (30, 45), it has been concluded that
HSV-1 Us3 is a positive regulator of viral replication and
pathogenicity. Possible Us3 functions related to viral replica-
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tion and pathogenicity have been gradually elucidated; e.g., to
block apoptosis induced by both viral and cellular proteins (27,
34, 35, 37), to regulate the nuclear egress of progeny nucleo-
capsids (44, 45), and to control the morphology of infected
cells (18, 36). Although the critical Us3 substrate(s) that me-
diates its functions has not yet been identified and, therefore,
the molecular mechanisms by which Us3 acts remain largely
unknown at present, these observations suggest that the Us3
protein kinase is a multifunctional enzyme that plays important
roles in viral replication. This hypothesis predicts that there are
many additional Us3 substrates different from those reported
to date, and their identification and characterization are re-
quired to determine the function(s) of Us3 and to understand
their mechanism(s).

In the present study, we identified gB as a physiological
substrate of Us3 in HSV-1-infected cells. We also present
evidence that the Us3 phosphorylation of gB downregulates
the expression of the viral envelope glycoprotein on the cell
surface in infected cells.

MATERIALS AND METHODS

Cells and viruses. Vero, rabbit skin, human embryonic lung fibroblast (HEL),
SK-N-SH, and Spodoptera frugiperda Sf9 cells were described previously (18, 20,
22, 55), as was HSV-1 wild-type strain HSV-1(F) (12, 55). PILR ligand-negative
CHO-K1 cells (51) were maintained in F12 medium supplemented with 10%
fetal calf serum (FCS). Plat-GP cells, from a 293T-derived murine leukemia
virus-based packaging cell line (32), were kindly provided by Toshio Kitamura
and maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS. Recombinant virus YK511, encoding an enzymatically inactive Us3 mutant
in which lysine at position 220 was replaced with methionine (Us3K220M);
recombinant virus YK513, in which a K220M mutation in YK511 was repaired;
and recombinant virus YK333, which expresses enhanced green fluorescent pro-
tein driven by the Egr-1 promoter, were described previously (18, 56). YK333
grew as well as wild-type HSV-1(F) in cell cultures, and only cells infected with
YK333 expressed enhanced green fluorescent protein (56).

Plasmids. To generate a fusion protein of maltose binding protein (MBP) and
part of gB, plasmids pMAL-gB-P1 and pMAL-gB-P2 were constructed by am-
plifying the domains encoding gB codons 448 to 628 and 772 to 904, respectively,
by PCR from pCRxgB (51) and cloning the DNA fragments into pMAL-c (New
England BioLabs) in frame with MBP. We note that the gB of HSV-1 F strain
lacks an amino acid in the signal sequence that is found in HSV-1 KOS and 17
strains (38). To avoid confusion, we use the numbering of gB amino acids with
the sequence of the KOS strain here. To generate a fusion protein of MBP fused
to a mutated part of gB in which the threonine at gB position 887 (Thr-887) was
replaced with an alanine (T887A), plasmid pMAL-gB-P2-T887A was con-
structed by amplifying the domain encoding gB codons 773 to 905 by PCR from
pCRxgB using primers 5�-GCGAATTCTCCAACCCCTTTGGGGCGCTGG
C-3� and 5�-GCGTCGACTCACAGGTCGTCCTCGTCGGCGTCACCGTCTT
TGTTGGGAACTTGGGTGTAGTTGGCGTTGCGGCGCTTGCGCATGA-
3�, and cloning the DNA fragments into pMAL-c in frame with MBP. pMxs-
mouse PILR (mPILR)-neo and pMxs-human nectin-1 (hnectin-1)-1-neo were
constructed by cloning a cDNA fragment encoding mouse PILR� (58) and
hnectin-1 (51), respectively, into pMxs-neo (kindly provided by Toshio Kita-
mura).

Mutagenesis of viral genomes in Escherichia coli and generation of recombi-
nant HSV-1. To generate recombinant virus YK551, which carries an alanine
replacement of Thr-887 in gB (gB-T887A) (Fig. 1), the two-step Red-mediated
mutagenesis procedure was carried out using E. coli GS1783 containing
pYEbac102 (55) (a kind gift from Gregory A. Smith and Nikolaus Osterrieder) as
described previously (17, 18), except with primers 5�-CCAAGGTCACCGACA
TGGTCATGCGCAAGCGCCGCAACGCCAACTACACCCAAGTTCCCAA
GGATGACGACGATAAGTAGGG-3� and 5�-GGCGTCACCGTCTTTGTTG
GGAACTTGGGTGTAGTTGGCGTTGCGGCGCTTGCGCATGACCAACC
AATTAACCAATTCTGATTAG-3� (Fig. 1). pYEbac102 contained a complete
HSV-1(F) sequence with the bacterial artificial chromosome (BAC) sequence
inserted into the HSV intergenic region between UL3 and UL4 (55). Recombi-
nant virus YK304, reconstituted from pYEbac102, has been shown to have a
phenotype identical to that of wild-type HSV-1(F) in cell cultures and in a mouse

model (55). As a result of the two-step Red-mediated mutagenesis procedure,
E. coli strain GS1783(YEbac551) containing the mutant HSV-BAC plasmid
pYEbac551, with the T887A mutation in gB (gB-T887A), was obtained. YK551
(Fig. 1) was generated by the transfection of pYEbac551 into rabbit skin cells as
described previously (55). To generate recombinant virus YK553, in which the
T887A mutation in YK551 gB was repaired (gB-TA-repair) (Fig. 1), the proce-
dure to generate YK551 was used, except with E. coli YEbac551 and primers
5�-CCAAGGTCACCGACATGGTCATGCGCAAGCGCCGCAACACCAAC
TACACCCAAGTTCCCAAGGATGACGACGATAAGTAGGG-3� and 5�-G
GCGTCACCGTCTTTGTTGGGAACTTGGGTGTAGTTGGTGTTGCGGC
GCTTGCGCATGACCAACCAATTAACCAATTCTGATTAG-3�. Recombi-
nant virus YK555, which carries an aspartic acid replacement of the Thr-887 in

FIG. 1. Schematic diagram of the genome structures of wild-type
YK304 and relevant domains of the recombinant viruses. Line 1, a
linear representation of the YK304 genome. The unique sequences are
represented as unique long (UL) and short (Us) domains, and the
terminal repeats flanking them are shown as open rectangles with the
designation above each repeat. The YK304 genome has bacmid (BAC)
in the intergenic region between UL3 and UL4. Line 2, domains
encoding the UL26, UL27 (gB), and UL28 open reading frames. Line
3, schema of the UL27 gene product (gB). The shaded area represents
a trans-membrane domain. Lines 4, 6, 8, and 10 show schematic
diagrams of plasmids pYEbac550, pYEbac552, pYEbac554, and
pYEbac556, respectively. Lines 5 to 7, 9, and 11 show schematic dia-
grams of recombinant viruses YK551, YK553, YK555, and YK557,
respectively.
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gB (gB-T887D) (Fig. 1), was constructed by the procedure used to generate
YK551, except with primers 5�-CCAAGGTCACCGACATGGTCATGCGCAA
GCGCCGCAACGACAACTACACCCAAGTTCCCAAGGATGACGACGAT
AAGTAGGG-3 � and 5 � -GGCGTCACCGTCTTTGTTGGGAACT
TGGGTGTAGTTGTCGTTGCGGCGCTTGCGCATGACCAACCAATTAA
CCAATTCTGATTAG-3�. To generate recombinant virus YK557, in which the
T887D mutation in YK555 gB was repaired (gB-TD-repair) (Fig. 1), the proce-
dure to generate YK551 was used, except with E. coli YEbac555, which was
obtained in the procedure to generate YK555 and contained pYEbac555 with a
T887D mutation in gB, and primers 5�-CCAAGGTCACCGACATGGTCATG
CGCAAGCGCCGCAACACCAACTACACCCAAGTTCCCAAGGATGACG
ACGATAAGTAGGG-3� and 5�-GGCGTCACCGTCTTTGTTGGGAACTTG
GGTGTAGTTGGTGTTGCGGCGCTTGCGCATGACCAACCAATTAACC
AATTCTGATTAG-3�.

Production and purification of MBP fusion proteins in E. coli. MBP fusion
proteins MBP-gB-P1, MBP-gB-P2, and MBP-gB-P2-T887A were expressed in E.
coli that had been transformed with pMAL-gB-P1, pMAL-gB-P2, and pMAL-
gB-P2-T887A, respectively, and purified as described previously (19).

Antibodies. Rabbit polyclonal antibody to Us3 was described previously (18).
Phospho-PKA substrate (100G7) rabbit monoclonal antibody was purchased
from Cell Signaling Technology. Mouse monoclonal antibodies to ICP0 (1112),
gB (1105), and ICP4 (H640) were purchased from the Goodwin Institute. Mouse
monoclonal antibody to gD (DL6), nectin-1 (CK8), and HSV VP5 (3B6) were
purchased from Santa Cruz Biotechnology, Zymed Laboratories, and Virusys,
respectively.

Preparation of monoclonal antibody. Rat monoclonal antibody to mouse
PILR� (153) was generated as described previously (51), except that rats were
immunized with mouse PILR�-Ig fusion protein.

In vitro kinase assays. MBP fusion proteins were captured on amylose beads
(New England BioLabs) and used as substrates for in vitro kinase assays with
0.34 �g (3.7 pmol) purified glutathione S-transferase (GST)-Us3 and GST-
Us3K220M, as described previously (19). MBP fusion proteins were used as
substrates for in vitro kinase assays, as described previously, with 0.45 �g (11.9
pmol) purified PKA, which was purchased from Invitrogen (18).

Immunoblotting and immunofluorescence. Immunoblotting and indirect im-
munofluorescence assays were performed as described previously (24).

Immunoprecipitation. Immunoprecipitation was performed as described pre-
viously (18, 23), except HSV-1(F), YK511, YK513, YK551, YK553, and anti-gB
antibodies were used.

Phosphatase treatment. MBP fusion proteins after in vitro kinase assays and
immunoprecipitates were treated with phosphatase as described previously (19).

Chemical treatments. PKA inhibitor 6-22 amide was purchased from Calbio-
chem and used at a final concentration of 52 nM as described previously (23).

Purification of virions. Virions were purified as described previously (57).
Generation of recombinant retroviruses and establishment of cell lines stably

expressing mPILR� and hnectin-1. Plat-GP cells (kindly provided by Toshio
Kitamura) in a 24-well microplate were transfected by Lipofectamine (Invitro-
gen) with 0.5 �g pMxs-neo, pMxs-mPILR-neo, or pMxs-hnectin-1-neo and 0.5
�g pMDG (62), which expressed vesicular stomatitis virus envelope gG (kindly
provided by Didier Trono). At 48 h posttransfection, culture supernatants were
harvested. PILR ligand-negative CHO-K1 cells were transduced by infection
with retrovirus-containing supernatants of transfected Plat-GP cells and selected
with 0.5 mg G418 (Nacarai Tesque) per ml in maintenance medium. Resistant
cells transduced by pMxs-neo-derived retrovirus were designated CHO-neo cells.
Single colonies transduced by pMxs-mPILR-neo- and pMxs-hnectin-1-neo-de-
rived retrovirus were isolated after 1 to 2 weeks and screened by infection with
YK333, which led to the identification of CHO-mPILR� and CHO-hnectin-1
cells, respectively. The expression of hnectin-1 and mPILR� was confirmed by
flow cytometry with antibodies to nectin-1 and PILR� (data not shown).

Flow cytometry. To analyze the cell surface expression of viral glycoproteins,
infected adherent Vero or HEL cells were detached in phosphate-buffered saline
(PBS) containing 0.02% EDTA and washed once with PBS supplemented with
2% FCS (washing buffer). To analyze the total expression of gB, infected Vero
cells were detached as described above, fixed in 4% paraformaldehyde in PBS,
and then permeabilized with 0.1% Triton X-100 in PBS. Cells with or without
fixation were incubated with mouse monoclonal antibodies to gB or gD in wash
buffer on ice for 30 min. After the cells were washed with washing buffer, they
were further incubated with anti-mouse IgG conjugated to Alexa Flour 488
(Invitrogen). After the cells were washed again, they were analyzed with a
FACSCalibur with Cell Quest software (Becton Dickinson).

RESULTS

Identification of the Us3 phosphorylation site of gB in vitro.
We previously identified a physiological autophosphorylation
site of Us3 by a combination of bioinformatics prediction, in
vitro kinase assays for Us3, and the detection of phosphoryla-
tion in infected cells with anti-phospho-PKA substrate anti-
body 100G7, which detects proteins containing a phosphory-
lated serine or threonine residue with an arginine at positions
�3 and �2 (RRXS or RRXT) (18). In the present study, we
applied this system to identify the previously unreported Us3
substrate and its phosphorylation site(s). Based on the Us3
phosphorylation site consensus sequence, we identified two
putative Us3 phosphorylation sites in gB, at codons 557 to 562
(RRVSAR) and codons 884 to 889 (RRNTNY) (Fig. 2A). To
confirm that gB Ser-560 and/or Thr-887 are in fact the Us3
phosphorylation sites in vitro, we generated and purified chi-
meric proteins consisting of MBP fused to peptides encoded by
gB codons 448 to 628 (MBP-gB-P1) and codons 772 to 904
(MBP-gB-P2) (Fig. 2A). The MBP fusion proteins were cap-
tured on amylose beads and used as substrates for in vitro
kinase assays with purified wild-type GST-Us3 and the kinase-
negative mutant GST-Us3K220M. As shown in Fig. 2C, MBP-
gB-P2 was labeled with [�-32P]ATP in kinase assays using
GST-Us3 (Fig. 2C, lane 3), while MBP-gB-P1 was not (Fig. 2C,
lane 1). When the kinase-negative mutant GST-Us3K220M
was used, none of the MBP fusion proteins were labeled (Fig.
2C, lanes 2 and 4). To confirm that MBP-gB-P2 labeling by
GST-Us3 was due to phosphorylation, the labeled MBP-gB-P2
was treated with �-phosphatase (�-PPase). As shown in Fig.
2E, MBP-gB-P2 labeling by GST-Us3 was eliminated by phos-
phatase treatment, indicating that MBP-gB-P2 was labeled by
phosphorylation. The presence of each MBP fusion protein
and the radiolabeled MBP-gB-P2 band were verified by Coo-
massie brilliant blue (CBB) staining (Fig. 2B and D). These
results indicated that Us3 specifically and directly phosphory-
lated the gB peptide encoded by codons 772 to 904 in vitro.

We then generated and purified a mutated version of MBP-
gB-P2 (MBP-gB-P2-T887A) in which alanine was substituted
for Thr-887 (Fig. 2A) and tested it with in vitro kinase assays
to examine if gB Thr-887 was the Us3 phosphorylation site in
vitro. As shown in Fig. 2G, MBP-gB-P2 was labeled with
[�-32P]ATP in kinase assays using GST-Us3 (Fig. 2G, lane 1),
while MBP-gB-P2-T887A was not (Fig. 2G, lane 3). When the
kinase-negative mutant GST-Us3K220M was used, none of
the MBP fusion proteins were labeled (Fig. 2G, lanes 2 and 4).
The presence of each MBP fusion protein and the radiolabeled
MBP-gB-P2 band was verified by CBB staining (Fig. 2F).
These results indicated that gB Thr-887 was the in vitro Us3
phosphorylation site.

PKA phosphorylation of gB Thr-887 in vitro. An earlier
report has shown that Us3 and PKA phosphorylate the same
target protein site in vitro (3, 18). This observation led us to
test whether PKA also phosphorylates gB Thr-887 in vitro. As
shown in Fig. 3B, MBP-gB-P2 was labeled with [�-32P]ATP in
kinase assays using purified PKA (Fig. 3B, lane 2), while MBP-
gB-P1 was not (Fig. 3B, lane 1). MBP-gB-P2 labeling by PKA
was eliminated by phosphatase treatment (Fig. 3D), indicating
that MBP-gB-P2 was labeled by phosphorylation. This phos-
phorylation was due to PKA based on the observation that
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MBP-gB-P2 was not phosphorylated in the presence of a spe-
cific inhibitor of PKA, 6-22 amide (Fig. 3F). Furthermore,
MBP-gB-P2 was phosphorylated by PKA (Fig. 3H, lane 1),
while MBP-gB-P2-T887A was not (Fig. 3H, lane 2). The pres-
ence of each MBP fusion protein and the radiolabeled MBP-
gB-P2 band was verified by CBB staining (Fig. 3A, C, E, and
G). These results indicated that PKA phosphorylated Thr-887
of gB in vitro.

Us3-dependent phosphorylation of gB Thr-887 in infected
cells. To investigate whether gB Thr-887 was phosphorylated
in infected cells, we constructed recombinant viruses YK551,
in which gB Thr-887 was replaced with alanine, and YK553, in
which the mutation was repaired (Fig. 1). The genotypes of
YK551 and YK553 were confirmed by PCR analyses and se-
quencing (data not shown). Vero cells were infected with wild-
type HSV-1(F), YK551 (gB-T887A), and YK553 (gB-TA-re-
pair) at a multiplicity of infection (MOI) of 3, harvested at 18 h
postinfection, solubilized and immunoprecipitated with an-
ti-gB antibody, and analyzed by immunoblotting with anti-
phospho-PKA substrate antibody or anti-gB antibody as de-
scribed previously (18). As shown in Fig. 4, anti-phospho-PKA
substrate antibody reacted with wild-type gB purified from
HSV-1(F)-infected Vero cells by immunoprecipitation (Fig.
4A, lane 6, and C), while there was little reaction with gB-
T887A purified from YK551-infected Vero cells (Fig. 4A, lane
7, and C). The wild-type phenotype was restored in cells in-
fected with recombinant virus YK553, in which the T887A
mutation in gB was repaired (Fig. 4A, lane 8, and C). To
confirm that the wild-type gB detected by the anti-phospho-
PKA substrate antibody was due to phosphorylation, wild-type
gB purified by immunoprecipitation was treated with �-PPase.
As shown in Fig. 4E, the reactivity of wild-type gB with anti-
phospho-PKA substrate antibody was eliminated by phos-
phatase treatment, confirming that the anti-phospho-PKA sub-

FIG. 2. (A) Schematic diagram of the genome of wild-type HSV-
1(F) and the location of the UL27 (gB) gene. Line 1, linear represen-
tation of the HSV-1(F) genome. Line 2, the structure of the genome
domain containing the UL26, UL27, and UL28 open reading frames.
Line 3, the structure of the UL27 (gB) open reading frame. The

shaded area represents a trans-membrane domain. Line 4, the domain
of the UL27 (gB) gene encoding gB residues 448 to 628, which were
used in these studies to generate the MBP-gB-P1 fusion protein. Line
5, the amino acid sequence of gB residues 545 to 569. Sites with the
consensus sequence for phosphorylation by Us3 are underlined. Line
6, the domain of the UL27 (gB) gene encoding gB residues 772 to 904,
which were used in these studies to generate the MBP-gB-P2 fusion
protein. Line 7, the amino acid sequence of gB residues 874 to 896.
Sites with the consensus sequence for phosphorylation by Us3 are
underlined. Line 8, the domain of the Us3 gene encoding gB residues
772 to 904 with the T887A mutation used in these studies to generate
the MBP-gB-P2-T887A fusion protein. (B) Purified MBP-gB-P1 (lanes
1 and 2) and MBP-gB-P2 (lanes 3 and 4) incubated in kinase buffer
containing [�-32P]ATP and purified GST-Us3 (lanes 1 and 3) or GST-
Us3K220M (lanes 2 and 4), separated on a denaturing gel, and stained
with CBB. A molecular mass marker (in kilodaltons) is shown on the
left. (C) Autoradiograph of the gel in panel B. (D) Purified MBP-
gB-P2 incubated in kinase buffer containing [�-32P]ATP and purified
GST-Us3 and then either mock treated (lane 1) or treated with
�-PPase (lane 2), separated on a denaturing gel, and stained with CBB.
A molecular mass marker (in kilodaltons) is shown on the left. (E)
Autoradiograph of the gel in panel D. (F) Purified MBP-Us3-P2 (lanes
1 and 2) and MBP-Us3-P2-T887A (lanes 3 and 4) incubated in kinase
buffer containing [�-32P]ATP and purified GST-Us3 (lanes 1 and 3) or
GST-Us3K220M (lanes 2 and 4), separated on a denaturing gel, and
stained with CBB. A molecular mass marker (in kilodaltons) is shown
on the left. (G) Autoradiograph of the gel in panel F.
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strate antibody had reacted with phosphorylated wild-type gB.
These results indicated that the anti-phospho-PKA substrate
antibody specifically recognized phosphorylated Thr-887 in gB
and that gB Thr-887 was phosphorylated in infected cells.

We next examined whether the phosphorylation of gB Thr-

887 is dependent on Us3 kinase activity in infected cells.
Therefore, Vero cells were infected at an MOI of 3 with wild-
type HSV-1(F); YK511, which encodes the kinase-inactive Us3
mutant; Us3K220M, in which methionine replaces the lysine
codon at position 220 (Lys-220) in Us3; or YK513, in which the
methionine replacement of Lys-220 in Us3 of YK511 had been
repaired (18). Cells were harvested at 18 h postinfection, sol-
ubilized and immunoprecipitated with anti-gB antibody, and
analyzed by immunoblotting with anti-phospho-PKA substrate
antibody or anti-gB antibody. As shown in Fig. 4B, the phos-
phorylation of gB Thr-887 was significantly impaired in YK511
(Us3K220M)-infected cells compared to that of gB in wild-type
virus-infected cells (Fig. 4B, lanes 6 and 7, and D). The wild-
type phenotype was restored in cells infected with recombinant
virus YK513, in which the K220M mutation in Us3 was re-
paired (Fig. 4B, lane 8, and D). These results indicated that
Us3 protein kinase mediated the phosphorylation of gB Thr-
887 in infected cells. We noted that gB Thr-887 was slightly
phosphorylated in the absence of Us3 kinase activity in in-
fected cells (Fig. 4B, lane 7, and D), indicating that a protein
kinase(s) other than Us3, probably a cellular protein kinase(s),
mediates the phosphorylation of gB Thr-887 in infected cells.

Phosphorylation of gB Thr-887 and cell surface expression
of gB. Most envelope glycoproteins, such as gB and gD, are
known to be expressed on the surface of infected cells (7). To
examine the role of gB Thr-887 phosphorylation on the cell
surface expression of gB in infected cells, Vero cells were
infected with wild-type HSV-1(F), YK551 (gB-T887A), or
YK553 (gB-TA-repair) at an MOI of 3 and harvested at 6 h
postinfection. The expression of gB on the cell surface or the
total accumulation of gB in infected cells was analyzed by flow
cytometry. As shown in Fig. 5A, graph a, and B, the cell surface
expression of mutant gB-T887A in Vero cells infected with
YK551 (gB-T887A) was upregulated compared to that of wild-
type gB in wild-type HSV-1(F)-infected cells. The wild-type
phenotype was restored in Vero cells infected with recombi-
nant virus YK553, in which the gB T887A mutation was re-
paired (Fig. 5A, graph b, and B). The total accumulation of
gB-T887A mutant protein in Vero cells infected with YK551
(gB-T887A) was similar to that of wild-type gB protein in Vero
cells infected with wild-type HSV-1(F) or the repaired virus
YK553 (Fig. 5B). In contrast, the cell surface expression of gD
in Vero cells infected with YK551 (gB-T887A) was similar to
that of Vero cells infected with wild-type HSV-1(F) (Fig. 5A,
graph c). Similar results were obtained at 18 h postinfection
with Vero cells infected with each of the viruses (data not
shown). Furthermore, the upregulation of the cell surface ex-
pression of the gB-T887A mutant also was observed with HEL
cells (data not shown). Taken together with the observation
described above that gB Thr-887 was a physiological Us3 phos-
phorylation site, these results suggested that the Us3 phosphor-
ylation of gB Thr-887 caused the downregulation of gB
expression on the surface of infected cells.

To confirm this hypothesis, two additional sets of experi-
ments were performed. In the first set of experiments, we
examined the effect of the gB-T887D mutation on gB cell
surface expression or gB total accumulation in infected cells. It
is known that the replacement of the target phosphorylation
site with an acidic amino acid, such as glutamic acid or aspartic
acid, sometimes mimics the negative charges produced by

FIG. 3. (A) Purified MBP-gB-P1 (lane 1) and MBP-gB-P2 (lane 2)
incubated in kinase buffer containing [�-32P]ATP and purified PKA
(lanes 1 and 2), separated on a denaturing gel, and stained with CBB.
A molecular mass marker (in kilodaltons) is shown on the left. (B) Au-
toradiograph of the gel in panel A. (C) Purified MBP-gB-P2 incubated
in kinase buffer containing [�-32P]ATP and purified PKA and then
either mock treated (lane 1) or treated with �-PPase (lane 2), sepa-
rated on a denaturing gel, and stained with CBB. A molecular mass
marker (in kilodaltons) is shown on the left. (D) Autoradiograph of the
gel in panel C. (E) Purified MBP-gB-P2 incubated in kinase buffer
containing [�-32P]ATP and purified PKA in the absence (lane 1) or in
the presence of the PKA inhibitor (PKI) (lane 2), separated on a
denaturing gel, and stained with CBB. A molecular mass marker (in
kilodaltons) is shown on the left. (F) Autoradiograph of the gel in
panel E. (G) Purified MBP-gB-P2 (lane 1) and MBP-gB-P2-T887A
(lane 2) incubated in kinase buffer containing [�-32P]ATP and purified
PKA (lanes 1 and 2), separated on a denaturing gel, and stained with
CBB. A molecular mass marker (in kilodaltons) is shown on the left.
(H) Autoradiograph of the gel in panel G.
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phosphorylation (10, 61). Therefore, we generated two addi-
tional gB mutant viruses, YK555 (encoding the gB-T887D
mutant) and YK557 (encoding its repaired codon, gB-TD-
repair). The YK555 and YK557 genotypes were confirmed by
PCR analyses and sequencing (data not shown). The expres-
sion of the predicted proteins was confirmed by infecting Vero
cells with each of the recombinant viruses and assaying in-
fected cells for the appropriate proteins by immunoblotting
(Fig. 6, lanes 6 and 7). The results also indicated that the gB
T887D mutation had no effect on the total accumulation of gB
protein detected by immunoblotting in infected cells. As shown
in Fig. 5A, graphs d and e, and B, the level of cell surface
expression of gB-T887D or that of the total accumulation of
gB-T887D in Vero cells infected with YK555 (gB-T887D) was
almost identical to that of wild-type gB in cells infected with
HSV-1(F) or YK557 (gB-TD-repair). Furthermore, the gB
T887D mutation had no effect on the cell surface expression of
gD in infected cells (Fig. 5A, graph f). Similar results were
obtained at 18 h postinfection with Vero cells infected with
each of the viruses as well as with HEL cells (data not shown).

In the second set of experiments, we tested whether the Us3
kinase activity controls the expression of gB on the cell surface
of infected Vero cells. As described above (Fig. 4B), we
showed that the phosphorylation of gB Thr-887 was dependent
on Us3 kinase activity in infected cells. Therefore, if the cell
surface expression of gB proteins is downregulated by the Us3
phosphorylation of gB Thr-887 in infected cells, it might be
upregulated in the absence of Us3 kinase activity, as observed
with the gB-T887A mutant in cells infected with YK551 (gB-
T887A). As expected, the expression of gB on the surface of
Vero cells infected with YK511 (Us3K220M) apparently was
upregulated compared to that of wild-type HSV-1(F)-infected
cells (Fig. 5A, graph g, and B). The wild-type phenotype was
restored in Vero cells infected with recombinant virus YK513,
in which the K220M mutation in Us3 was repaired (Fig. 5A,
graph h, and B). The total accumulation of Us3K220A mutant
protein in Vero cells infected with YK511 (Us3K220M) was
similar to that of wild-type gB protein in Vero cells infected
with wild-type HSV-1(F) or the repaired virus YK513 (Fig.

FIG. 4. (A) Immunoblots of electrophoretically separated gB im-
munoprecipitates (IP) from Vero cells mock infected (lanes 1 and 5) or
infected with wild-type HSV-1(F) (lanes 2 and 6), YK551 (gB-T887A)
(lanes 3 and 7), or YK553 (gB-TA-repair) (lanes 4 and 8) at an MOI
of 3. The infected Vero cells were harvested 18 h postinfection and
immunoprecipitated with anti-gB antibody (�-gB). The immunopre-
cipitates were separated on a denaturing gel, transferred to a polyvinyl
difluoride membrane, and analyzed by immunoblotting with anti-gB

antibody (left) or anti-phospho-PKA substrate antibody (right). A mo-
lecular mass marker (in kilodaltons) is shown on the left. (B) Immu-
noblots of electrophoretically separated gB immunoprecipitates from
Vero cells mock infected (lanes 1 and 5) or infected with wild-type
HSV-1(F) (lanes 2 and 6), YK511 (Us3K220M) (lanes 3 and 7), or
YK513 (Us3-repair) (lanes 4 and 8) at an MOI of 3. The infected Vero
cells were harvested 18 h postinfection and immunoprecipitated with
the anti-gB antibody. The immunoprecipitates were separated on a
denaturing gel, transferred to a polyvinyl difluoride membrane, and
analyzed by immunoblotting with anti-gB antibody (left) or anti-phos-
pho-PKA substrate antibody (right). A molecular mass marker (in
kilodaltons) is shown on the left. (C and D) Quantitation of the
relative amounts of phosphorylated gB proteins detected with anti-
phospho-PKA substrate antibody, normalized to that of total gB pro-
teins detected with anti-gB antibody shown in panels A and B, respec-
tively. (E) Immunoprecipitates prepared as described for panel A,
either mock treated (lanes 1) or treated with �-PPase (lanes 2), sep-
arated on a denaturing gel, transferred to a polyvinyl difluoride mem-
brane, and analyzed by immunoblotting with anti-gB antibody (left) or
anti-phospho-PKA substrate antibody (right). A molecular mass
marker (in kilodaltons) is shown on the left.
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FIG. 5. (A) Detection of gB molecules on the surface of infected cells by flow cytometry using anti-gB (a, b, d, e, g, h and j) and anti-gD antibody
(c, f, I, and k). Vero cells were mock infected or infected with wild-type HSV-1(F), YK551 (gB-T887A), YK553 (gB-TA-repair), YK555
(gB-T887D), YK557 (gB-TD-repair), YK511 (Us3K220M), or YK513 (Us3-repair) at an MOI of 3. At 6 h postinfection, infected cells were
incubated with anti-gB or anti-gD antibody and then analyzed by flow cytometry. Each panel shows the cell surface expression of gB or gD in cells
infected with one of the two indicated viruses. (B) Quantitation of the cell surface expression of gB (white bars) and the total accumulation of gB
(black bars) in infected cells. Vero cells were infected with each of the indicate viruses and analyzed by flow cytometry as described for panel A.
The mean fluorescent intensity (MFI) for mock-infected Vero cells was subtracted from the MFI for Vero cells infected with each of the viruses,
and the relative MFI are shown as values relative to those of wild-type HSV-1(F). The results represent the averages from three independent
experiments, and the standard deviations are presented.
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5B). In contrast, the upregulation of the cell surface expression
of gD was barely detected in Vero cells infected with YK511
(Us3K220M) (Fig. 5A, graph i). Similar results were obtained
at 18 h postinfection for Vero cells infected with each of the
viruses (data not shown). Furthermore, the upregulation of the
cell surface expression of gB also was observed with HEL cells
infected with YK511 (Us3K220M) (data not shown).

Taken together, these observations support the hypothesis

that the cell surface expression of gB was downregulated by the
Us3 phosphorylation of gB Thr-887 in infected cells.

Phosphorylation of gB Thr-887 and virus replication. To
investigate the role(s) of gB Thr-887 phosphorylation on viral
replication in cell cultures, three sets of experiments were
performed. In the first set of experiments, growth curves of
YK551 (gB-T887A) and wild-type HSV-1(F) were analyzed by
infecting Vero cells with each virus at an MOI of 3 or 0.01,
harvesting total virus from the infected cells and cell culture
supernatants at several times postinfection, and assaying each
sample for PFU on Vero cells. As shown in Fig. 7, the growth
curves of YK551 (gB-T887A) and wild-type HSV-1(F) on Vero
cells at both MOIs were essentially identical. We also noted
that plaques produced by both YK551 (gB-T887A) and wild-
type HSV-1(F) were of similar size on Vero cells (data not
shown). In the second set of experiments, Vero cells were
infected with YK551 (gB-T887A) or HSV-1(F) at an MOI of 3
or 0.01, and secreted extracellular virus and cell-associated
virus were harvested separately and assayed for PFU. These
results showed that the growth curves of cell-associated and
extracellular YK551 (gB-T887A) viruses were almost identical
to those of wild-type HSV-1(F) (data not shown). In the third
set of experiments, HEL or SK-N-SH cells were infected with

FIG. 6. (A) Immunoblots of electrophoretically separated lysates
of Vero cells mock infected (lane 1) or infected with wild-type HSV-
1(F) (lane 2), YK511 (Us3K220M) (lane 3), YK551 (gB-T887A) (lane
4), YK553 (gB-TA-repair) (lane 5), YK555 (gB-T887D) (lane 6), or
YK557 (gB-TD-repair) (lane 7) at an MOI of 3. Infected Vero cells
were harvested 18 h postinfection and analyzed by immunoblotting
with antibody to gB (upper) or Us3 (lower). Molecular masses (in
kilodaltons) are shown on the left. (B) Digital confocal images showing
the localization of gB. Vero cells were infected with HSV-1(F) (a) or
YK551 (b) at an MOI of 10 for 12 h and then fixed, permeabilized,
stained with antibody to gB, and examined by confocal microscopy.
(C) Immunoblots of electrophoretically separated virions of wild-type
HSV-1(F) (lane 1) or YK551 (gB-T887A) purified by sucrose gradient
centrifugation and reacted with antibody to gB (upper) or VP5
(lower). Molecular masses (in kilodaltons) are shown on the left.

FIG. 7. Growth curves of wild-type and recombinant viruses. Vero
cells were infected with wild-type HSV-1(F) (open circles), YK551
(gB-T887A) (filled squares), or YK555 (gB-T887D) (filled triangles) at
an MOI of 3 (A) or 0.01 (B). For each experiment, total virus from
infected cells and cell culture supernatants was harvested at the indi-
cated times and assayed on Vero cells.
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YK551 (gB-T887A) or HSV-1(F) at an MOI of 3 or 0.01. For
cells infected at an MOI of 3, extracellular and cell-associated
viruses were harvested separately at 24 h postinfection,
whereas for cells infected at an MOI of 0.01, extracellular and
cell-associated viruses were harvested separately at 24 and 48 h
postinfection. The results showed that the yields of extracellu-
lar and cell-associated viruses for infection with YK551 (gB-
T887A) in HEL and SK-N-SH cells were almost identical to
those for wild-type HSV-1(F) at MOIs of 3 and 0.01 (data not
shown). These results indicated that gB with either Thr-887 or
phosphorylated Thr-887 was not required for optimal virus
replication in cell cultures.

To test whether the phosphorylation of gB Thr-887 regu-
lated the total accumulation and intracellular localization of
gB proteins in infected cells, Vero cells were infected with
HSV-1(F) or YK551 and analyzed by immunoblotting and
immunofluorescence with confocal microscopy. The results
showed that the expression levels (Fig. 6A, lanes 2 and 4) and
intracellular localization (Fig. 6B) of gB-T887A mutant pro-
tein in Vero cells infected with YK551 were similar to those of
wild-type gB protein in Vero cells infected with wild-type
HSV-1(F). These results indicated that gB with either Thr-887
or phosphorylated Thr-887 was not involved in the regulation
of total gB accumulation, as determined by immunoblotting,
and of intracellular gB localization, as determined by immu-
nofluorescence in fixed cells. These results are consistent with
those shown in Fig. 5B. We next compared the incorporation
of gB-T887A mutant protein into YK551 virions to that of
wild-type gB into wild-type virions by purifying virions and
analyzing them by immunoblotting with anti-gB antibody. The
results (Fig. 6C) showed that the amount of gB-T887A protein
in YK551 virions was similar to that of wild-type gB in wild-
type virions, indicating that gB with Thr-887 or phosphorylated
Thr-887 does not regulate the efficiency of gB packaging into
virions.

Finally, we analyzed the entry of YK551 and wild-type HSV-
1(F) viruses into cells via the PILR� gB receptor (51). For this
study, we generated PILR ligand-negative CHO-K1 cells stably
expressing mouse PILR� to facilitate monitoring PILR�-de-
pendent virus entry. In agreement with a previous report (51),
the stable expression of PILR� on PILR ligand-negative
CHO-K1 cells resulted in a significant increase in YK333 in-
fection (Fig. 8A), as was observed with the stable expression of
a gD receptor, nectin-1, on PILR ligand-negative CHO-K1
cells. As shown in Fig. 8B, the efficiency of the infection of the
PILR�-expressing CHO-K1 cells with YK551 at an MOI of 10
and detected by ICP0 expression (58% of cells) was similar to
that of wild-type HSV-1(F) (62% of cells). Similar results were
obtained with infected cells at different MOIs (Fig. 8C). These
results indicated that gB with Thr-887 or phosphorylated Thr-
887 is not required for virus entry into cells via PILR�.

FIG. 8. (A) Digital fluorescent microscopic images showing infec-
tion of CHO-neo (a and b), CHO-mPILR� (c and d), or CHO-hnec-
tin-1 cells (e and f) with YK333 at an MOI of 50. At 10 h postinfection,
live infected cells were examined by fluorescence microscopy. Fluores-
cent (a, c, and e) and phase-contrast images (b, d, and f) of infected
cells are shown. (B) Digital confocal images showing the infection of
CHO-mPILR� cells with wild-type HSV-1(F) (a and c) or YK551
(gB-T887A) (b and d) at an MOI of 10. At 12 h postinfection, infected
cells were fixed, permeabilized, stained with anti-ICP0 antibody, and
then examined by confocal microscopy. Fluorescence (a and b) and
differential interference contrast (c and d) images of infected cells are

shown. (C) Proportion of CHO-mPILR� cells infected with wild-type
YK304 (closed square) or YK551 (gB-T887A) (open circle) at the
indicated MOIs. At 12 h postinfection, infected cells were fixed, per-
meabilized, stained with anti-ICP4 antibody, and then examined by
flow cytometry.
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DISCUSSION

To determine the precise and direct molecular mecha-
nism(s) by which a viral protein kinase acts in infected cells, the
kinase’s physiological substrate(s) and its phosphorylation
site(s) must be identified. This can involve the observation that
altered phenotype(s) observed in cells infected with a mutant
virus lacking protein kinase activity also is detected in those
with a mutant virus in which the substrate’s phosphorylation
site(s) has been modified by mutation(s). In general, the iden-
tification of the physiological substrate of a viral protein kinase
and its phosphorylation site(s) requires the demonstration that
the substrate and its phosphorylation site(s) are specifically
and directly phosphorylated by the kinase in vitro, and that the
phosphorylation of the substrate phosphorylation site(s) is al-
tered in cells infected with a mutant virus lacking protein
kinase activity. Although more than 15 potential HSV Us3
substrates have been reported to date, only several substrates
have been reported to fulfill the requirements for Us3 physi-
ological substrates in infected cells (19, 33, 35, 42, 43). Fur-
thermore, among the physiological substrates of Us3, physio-
logical Us3 phosphorylation sites have been identified only in
UL34 (Thr-195 and Ser-198) (19, 43, 48). UL34 is a critical
regulator of the primary envelopment of nucleocapsids at the
nuclear membrane (44, 47) and, therefore, it has been assumed
that Us3 regulates the nuclear egress of nucleocapsids by phos-
phorylating UL34. However, it has been reported that the lack
of UL34 phosphorylation, due to mutations in the phosphory-
lation sites, is not likely to be responsible for the nucleocapsid
nuclear egress phenotype observed in cells infected with Us3
mutant viruses (48). Therefore, there is a lack of information
on the mechanism by which Us3 functions through the phos-
phorylation of its reported substrates and its yet-to-be deter-
mined substrates. In the present study, we identified gB as a
physiological substrate of Us3 and demonstrated that the Us3
phosphorylation of gB downregulated gB expression on the
cell surface of infected cells. To our knowledge, these are the
first data demonstrating a direct linkage between Us3 function
and the phosphorylation of a Us3 substrate in infected cells.
The conclusions based on the experimental results reported
here are as follows.

(i) Several experiments showed that gB Thr-887 was phos-
phorylated in vitro and in infected cells. Bioinformatics anal-
ysis predicted two putative Us3 phosphorylation sites in gB
at codons 557 to 562 (RRVSAR) and codons 884 to 889
(RRNTNY). In vitro kinase assays confirmed that Us3 phos-
phorylated the Thr-887 putative phosphorylation site. We also
demonstrated that anti-PKA substrate antibody, which recog-
nizes phosphorylated Ser or Thr residues in the context of
sequences RRXS and RRXT, specifically reacted with wild-
type gB but not with the gB-T887A mutant from infected cells.
Furthermore, the reactivity of the antibody with gB was mark-
edly decreased in the absence of Us3 kinase activity in infected
cells. Therefore, gB Thr-887 fulfills the requirements of a phys-
iological Us3 phosphorylation site in infected cells. In the ab-
sence of Us3 kinase activity in infected cells, the low but con-
sistent phosphorylation of gB Thr-887 was detected, indicating
that a protein kinase(s) other than Us3 also phosphorylated gB
Thr-887 in infected cells. In agreement with this, we showed
that PKA also phosphorylated gB Thr-887 in vitro. However, it

is unknown at present whether PKA phosphorylates gB Thr-
887 in infected cells, because some protein kinases are flexible
in their choice of substrate(s) in vitro given sufficient reaction
time and enough substrate. In addition, we cannot exclude the
possibility that a serine or threonine residue(s) in gB other
than Thr-887 is phosphorylated in a Us3-dependent manner in
infected cells, because we detected only the phosphorylation of
gB by the anti-PKA substrate antibody, which does not seem to
react with all Us3-mediated phosphorylation sites (18).

(ii) Several experiments showed that the cell surface expres-
sion of gB was downregulated dependently on the phosphory-
lation of gB Thr-887 and the Us3 kinase activity. We have
shown that gB from recombinant virus YK551 carrying the
gB-T887A mutation failed to be correctly expressed on the cell
surface. In addition, the cell surface expression of the gB-
T887A mutant apparently was upregulated in cells infected
with YK551 compared to that of wild-type gB expression in
cells infected with wild-type virus. Consistently with the obser-
vation that gB Thr-887 phosphorylation in infected cells was
dependent on Us3 kinase activity, the cell surface expression of
gB in cells infected with YK511 encoding a kinase-inactive Us3
mutant also was upregulated. Furthermore, a phosphomimetic
substitution at gB Thr-887 (T887D), which sometimes mimics
constitutive phosphorylation (10, 61), restored the wild-type
phenotype. From these observations, it seems reasonable to
conclude that the Us3 phosphorylation of gB Thr-887 is the
event that downregulates gB expression on the surface of in-
fected cells.

It has been reported that gB is transported to the cell surface
and subsequently internalized by endocytosis (7). The endocy-
tosis of membrane proteins is, in general, mediated by consen-
sus tyrosine-based YXX� or dileucine motifs localized within
the proteins’ cytoplasmic domains, which are recognized by
subunits of clathrin adaptor protein (AP) complexes that are
essential for endocytotic vesicle formation (6). gB contains two
functional endocytosis motifs at codons 889 to 892 (YTQV)
and 871 to 872 (LL) in its cytoplasmic domain (Fig. 9), like
other herpesvirus glycoproteins (7). In fact, recently it has been
reported that mutations in gB motifs impaired viral growth in
cell cultures and affected gB internalization and/or the intra-
cellular trafficking of gB in infected cells (1). Therefore, the
cell surface expression of gB appears to be regulated in part by
the cellular endocytosis pathway. In this study, we have pre-
sented data showing that the Us3 phosphorylation of gB Thr-

FIG. 9. Sequence alignment of the carboxyl-terminal domain of gB
protein homologues of HSV-1(F), HSV-1(17), HSV-1(KOS), HSV-
2(HG52), and HSV-2(333) strains. In the last line, residues conserved
in the sequences are shown as asterisks. gB Thr-887 of HSV-1(F) and
the corresponding residues of other HSV strains are shown by an
arrow. The conserved tyrosine-based YXX� and dileucine motifs are
shown in a dotted box.
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887 also regulated the cell surface expression of gB. It is un-
known at present how gB phosphorylation by Us3 controls the
cell surface expression of gB. It may be that gB phosphoryla-
tion mediated by Us3 regulates one or more of the following
steps: the direct sorting of newly synthesized gB to the cell
surface, the internalization of gB by endocytosis, and the re-
cycling of internalized gB to the cell surface. Since Thr-887 is
very close to the YTQV motif (residues 889 to 892) (Fig. 9), a
conformational change in gB mediated by the Us3 phosphor-
ylation of gB Thr-887 might affect the recognition of the en-
docytosis motif by AP complexes. This interpretation might
also argue for the possibility that the phenotype observed for
recombinant virus with mutations in gB Thr-887 is due to the
steric hindrance of gB caused by the amino acid replacements,
rather than being due to the prevention and mimicry of gB
Thr-887 phosphorylation, leading to an effect on the endocy-
tosis motif; the cell surface expression of gB could be upregu-
lated. However, this possibility is less likely, based on the
observation that the effect of the K220M mutation in Us3,
which greatly impaired the phosphorylation of gB Thr-887, on
the cell surface expression of gB was identical to that of the gB
T887A mutation, which prevented the phosphorylation of Thr-
887. Furthermore, the effect of the gB-T887D mutation, which
was predicted to mimic the phosphorylation of Thr-887, was
different from that of T887A in gB, and the phenotype of the
gB-T887D virus was identical to that of wild-type virus.

It has been reported that gB on the cell surface is a potent
inducer of the immune response in vivo (4, 5, 49, 50), and it has
been speculated that the downregulation of the cell surface
expression of gB by endocytosis could involve immune evasion
(7). In fact, the lysis of HSV-1-infected cells by natural killer
cells correlates with the cell surface expression of gB (4). The
Us3 phosphorylation of gB, which decreases the number of gB
molecules on the cell surface exposed to the immune system,
may make it difficult for infected cells to be recognized and
attacked by the immune system in vivo. Therefore, it is of
interest to examine whether YK551 (gB-T887A) infection is
attenuated in animal models as it is in Us3 deletion mutant
viruses (30), and these studies are in progress in this labora-
tory. Furthermore, our observations raise the interesting pos-
sibility that Us3 also downregulates other cell surface mole-
cules in infected cells that might be involved in immune
evasion. In agreement with this possibility, a Us3 homologue
(ORF66) in varicella-zoster virus has been reported to mediate
the downregulation of the cell surface expression of a class I
major histocompatibility complex (11). Finally, we note that gB
Thr-887 is conserved among HSV-1 strains but not among
other alphaherpesvirus gB homologues. Even HSV-2 gB pro-
tein lacks a comparable threonine residue (Fig. 9). This sug-
gests that the Us3 phosphorylation of gB Thr-887 and its rel-
evance for the regulation of cell surface gB expression are
specific to HSV-1. In agreement with this, we previously re-
ported that a physiological autophosphorylation site in Us3
that regulates the proper localization of the viral kinase and
the morphology of infected cells is not conserved among other
alphaherpesviruses, including HSV-2 (18). These observations
suggest that HSV-1 evolved unique strategies to modify the
functions of gB and Us3 and, possibly, yet-to-be-reported viral
proteins. These possibilities might be significant for under-

standing the pathological differences between HSV-1 and
HSV-2.
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