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We recently reported that the herpes simplex virus 1 (HSV-1) Us3 protein kinase phosphorylates threonine
at position 887 (Thr-887) in the cytoplasmic tail of envelope glycoprotein B (gB) (A. Kato, J. Arii, I. Shiratori,
H. Akashi, H. Arase, and Y. Kawaguchi, J. Virol. 83:250–261, 2009; T. Wisner, C. C. Wright, A. Kato, Y.
Kawaguchi, F. Mou, J. D. Baines, R. J. Roller and D. C. Johnson, J. Virol. 83:3115–3126, 2009). In the studies
reported here, we examined the effect(s) of this phosphorylation on viral replication and pathogenesis in vivo
and present data showing that replacement of gB Thr-887 by alanine significantly reduced viral replication in
the mouse cornea and development of herpes stroma keratitis and periocular skin disease in mice. The same
effects have been reported for mice infected with a recombinant HSV-1 carrying a kinase-inactive mutant of
Us3. These observations suggested that Us3 phosphorylation of gB Thr-887 played a critical role in viral
replication in vivo and in HSV-1 pathogenesis. In addition, we generated a monoclonal antibody that specif-
ically reacted with phosphorylated gB Thr-887 and used this antibody to show that Us3 phosphorylation of gB
Thr-887 regulated subcellular localization of gB, particularly on the cell surface of infected cells.

The herpes simplex virus 1 (HSV-1) Us3 gene encodes a
serine/threonine protein kinase with an amino acid sequence
that is conserved in the subfamily Alphaherpesvirinae (9, 20,
29). The Us3 kinase phosphorylation target site has been re-
ported to be similar to that of protein kinase A (PKA), a
cellular cyclic AMP-dependent protein kinase (3, 12). Us3
catalytic activity plays important roles in viral replication and
pathogenesis in vivo, based on studies showing that recombi-
nant Us3 null mutant viruses and recombinant viruses encod-
ing catalytically inactive Us3 have significantly reduced viru-
lence, pathogenicity, and replication in mouse models (21, 34).
In contrast, Us3 is not essential for growth in tissue culture
cells (29). Thus, recombinant Us3 mutants grow as well as
wild-type virus in Vero cells and have modestly impaired
growth in a specific cell line such as HEp-2 cells (32, 33). The
catalytic activity of Us3 is, in part, regulated by autophosphor-
ylation of its serine at position 147 (Ser-147), and regulation of
Us3 activity by autophosphorylation of Ser-147 appears to play
a critical role in HSV-1 replication in vivo and in HSV-1
pathogenesis (34). Numerous studies have elucidated the po-
tential downstream effects of Us3, including blocking apoptosis
(18, 26–28), promoting nuclear egress of progeny nucleocap-
sids through the nuclear membrane (24, 32, 33), redistributing
and phosphorylating nuclear membrane-associated viral nu-
clear egress factors UL31 and UL34 (13, 24, 30, 31) and cel-
lular proteins including lamin A/C and emerin (16, 22, 23),
controlling infected cell morphology (12, 27), and downregu-

lating cell surface expression of viral envelope glycoprotein B
(gB) (11).

Two substrates that mediate some of the Us3 functions de-
scribed above have been identified. First, it has been shown
that Us3 phosphorylates Thr-887 in the cytoplasmic tail of gB,
which appears to downregulate cell surface expression of gB
(11). This conclusion is based on the observation that a T887A
mutation in gB (gB-T887A) markedly upregulated cell surface
expression of gB in infected cells: this upregulation was also
observed with a recombinant virus encoding a Us3 kinase-
inactive mutant, whereas a phosphomimetic substitution for gB
Thr-887 restored wild-type cell surface expression of gB (11).
Us3 phosphorylation of gB Thr-887 has also been proposed to
be involved in regulation of fusion of the nascent progeny
virion envelope with the cell’s outer nuclear membrane, based
on the observation that virions accumulated aberrantly in the
perinuclear space in cells infected with a mutant virus carrying
the gB-T887A substitution mutation and lacking the capacity
to produce gH (42). Second, it has been shown that Us3 may
phosphorylate some or all of the six serines in the UL31 N-
terminal region (24). Such phosphorylation might regulate
proper localization of UL31 and UL34 at the nuclear mem-
brane, nuclear egress of nucleocapsids, and viral growth in cell
cultures since the Us3 kinase-inactive mutant phenotype for
nuclear egress (i.e., mislocalization of UL31 and UL34 at the
nuclear membrane, aberrant accumulation of virions within
herniations of the nuclear membrane, and decreased viral
growth in cell cultures) is also produced by replacement of the
six serines in the UL31 N-terminal region with alanines while
phosphomimetic substitutions of the six serines restored the
wild-type phenotype (24).

Thus, the molecular mechanisms for some of the down-
stream effects of Us3 phosphorylation have been gradually
elucidated. However, it remains to be shown whether the Us3
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functions reported to date are in fact involved in viral replica-
tion and pathogenicity in vivo. In the present study, we focused
on Us3 phosphorylation of gB Thr-887 and examined the ef-
fect(s) of this phosphorylation on viral replication and patho-
genesis in vivo. These studies have shown that replacement of
gB Thr-887 by alanine significantly reduced viral replication in
the mouse cornea and development of herpes stroma keratitis
(HSK) and periocular skin disease in mice, as reported for
infection of mice with a recombinant virus carrying a Us3
kinase-inactive mutant (34). These observations suggested that
Us3 phosphorylation of gB Thr-887 played a critical role in
viral replication in vivo and in HSV-1 pathogenesis. In addi-
tion, we generated a monoclonal antibody that specifically rec-
ognized phosphorylated gB Thr-887 and used this antibody to
directly study the functional consequences of Us3 phosphory-
lation of gB Thr-887 in infected cells. We also present data
showing that Us3 phosphorylation of gB Thr-887 regulated
subcellular localization of gB, particularly gB localization on
the cell surface of infected cells.

MATERIALS AND METHODS

Cells and viruses. Vero and rabbit skin cells were described previously (39).
HSV-1 wild-type strain HSV-1(F) was described previously (39). Recombinant
virus YK511, encoding an enzymatically inactive Us3 mutant in which lysine at
Us3 position 220 was replaced with methionine (Us3-K220M); recombinant virus
YK513, in which the Us3 K220M mutation in YK511 was repaired (Us3-KM-
repair); recombinant virus YK551 with the gB-T887A mutation; and recombi-
nant virus YK553, in which the gB-T887A mutation in YK551 was repaired
(gB-repair), were described previously (Fig. 1) (11, 12). The maintenance of
OriL in YK551 and YK553 was confirmed by a method described previously (39)
(data not shown). Recombinant virus YK604 (ECFPA206K-gB) encoding gB
fused to enhanced cyan fluorescent protein carrying the mutation A206K
(ECFPA206K) was described previously (Fig. 1) (38). Recombinant virus
YK304, the parent virus of the recombinant viruses described above, was recon-
stituted from pYEbac102 containing a complete HSV-1(F) sequence with the
bacterial artificial chromosome sequence inserted into the HSV intergenic region
between UL3 and UL4 (39) (Fig. 1). YK304 has been shown to have the same
phenotype in cell cultures and in mouse models (39). Recombinant virus YK501
(VenusA206K-Us3) encoding Us3 fused to the fluorescent protein Venus with

the A206K mutation (VenusA206K) (Fig. 1) was generated by cotransfection of
rabbit skin cells with transfer plasmid pBS-VenusA206K-Us3 (12) and intact
YK304 viral DNA, purified on 5 to 20% potassium acetate gradients, and
screened for fluorescent plaques as described previously (38).

Antibodies and chemicals. Mouse monoclonal antibodies to gB (1105) and
ICP0 (1112) were purchased from the Goodwin Institute. Mouse monoclonal
antibody to �-tubulin (DM1A) was purchased from Sigma-Aldrich. Rabbit poly-
clonal antibodies to lamin B1, pan-cadherin, and CD71 were purchased from
Abcam. Rabbit polyclonal antibodies to protein disulfide isomerase (PDI), the
�-subunit of eukaryotic initiation factor 2 (eIF-2�), and early endosome antigen
1 were purchased from StressGen, Santa Cruz Biotechnology, and Cell Signaling
Technology, respectively. Anti-phospho-eIF-2� was purchased from StressGen.
Mouse monoclonal antibodies that recognize gB with phosphorylated Thr-887
(gB-T887P) were generated as described previously (34), except that peptides
corresponding to gB residues 881 to 893 (MRKRRNTNYTQVP) with and
without phosphorylated Thr-887 were used (purchased from GL Biochem).
Thapsigargin was purchased from Sigma-Aldrich.

Immunoblotting, immunofluorescence, and immunoprecipitation. Immuno-
blotting was performed as described previously (14), except that Can Get Signal
Immunoreaction Enhancer Solution (Toyobo) was used when membranes were
probed with monoclonal antibody to gB-T887P. The amount of protein in the
bands was quantitated using the Dolphin Doc image capture system with Dol-
phin-1D software (Wealtec). Indirect immunofluorescence was performed as
described previously (1) except that Can Get Signal Immunostain solution A
(Toyobo) was used. Immunoprecipitation was performed as described previously
(34).

Phosphatase treatment. Lysates of HSV-1(F)-infected Vero cells were treated
with � phosphatase as described previously (34).

Purification of virions. Virions were purified as described previously (40).
Animal studies. Female ICR mice were purchased from Charles River. For

intracerebral infection, 3-week-old female mice were infected with 10-fold serial
dilutions of each HSV-1 strain, as described previously (39). Mice were moni-
tored daily, and mortality from 1 to 14 days postinfection was attributed to the
inoculated viruses. The 50% lethal dose (LD50) values were calculated by the
Behrens-Karber method. For ocular infection, 5-week-old female mice were
infected with each HSV-1 strain as described previously (34). The scoring scale
for the severity of HSK and periocular skin disease was described previously (34),
and scoring was done blind. Viral titers in tear films were determined as de-
scribed previously (34). All animal studies were carried out with the approval of
the Ethical Committee for Animal Experimentation at the University of Tokyo.

Endocytosis of gB assayed by biotinylation in infected cells. Endocytosis of gB
in infected cells was assayed as described previously (19) with minor modifica-
tions. Briefly, Vero cells were infected with wild-type HSV-1(F) at a multiplicity
of infection (MOI) of 1 for 18 h, and the cells were then biotinylated for 15 min

FIG. 1. Schematic diagram of the genome structure of wild-type virus YK304 and the relevant domains of the recombinant viruses in this study.
Line 1, linear representation of the YK304 genome. 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 a bacmid (BAC)
in the intergenic region between UL3 and UL4. Line 2, domains encoding the UL26, UL27 (gB), and UL28 open reading frames. Line 6, domains
encoding the Us2, Us3, and Us4 open reading frames. Lines 3, 4, 5, 7, 8, and 9, schematic diagrams of recombinant viruses YK551, YK553, YK604,
YK511, YK513, and YK501, respectively.
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at 4°C by using cleavable sulfo-NHS-SS-biotin [sulfosuccinimidyl 2-(bioti-
namido)-ethyl-1,3-dithiopropionate; Pierce]. After extensive washes, cells were
incubated at 37°C for 0 or 4 h to allow endocytosis of the biotinylated cell surface
proteins. The cells were then treated twice with freshly prepared reducing solu-
tion (15.5 mg of glutathione/ml, 75 mM NaCl, 0.3% NaOH, 10% calf serum) at
4°C to remove any remaining biotin label from proteins present at the cell
surface. After extensive washes and quenching free sulfhydryl groups with 5
mg/ml of iodoacetamide in phosphate-buffered saline containing 1% bovine
serum albumin, the cells were harvested, solubilized, and immunoprecipitated
with anti-gB or anti-gB-T887P antibody and analyzed by immunoblotting with
streptavidin-horseradish peroxidase or anti-gB antibody.

RESULTS

Effect of the gB-T887A mutation on viral replication and
pathogenesis in mice. To determine the effect of the gB-T887A
mutation on viral replication and pathogenesis in vivo, we
employed two murine models of HSV-1 infection. We recently
reported that mice infected with YK511 (Us3-K220M) exhib-
ited reduced severity of HSK and periocular skin disease com-
pared to mice infected with YK513 (Us3-repair), and that
YK511 (Us3-K220M) replicated significantly less efficiently
than YK513 (Us3-repair) in the tear films of these infected
mice (34). Therefore, in the first series of experiments, 5-week-
old female ICR mice were inoculated ocularly with 1 � 106

PFU/eye of YK551 carrying gB-T887A or of YK553 in which
the gB-T887A mutation in YK551 was repaired (gB-repair).
The inoculated mice were observed daily for development of
HSK and periocular skin disease for 16 days postinfection. In
addition, to examine viral replication at the infection site, tear
film samples were collected at 1 and 5 days postinfection, and
viral titers were determined. In this study, mice infected with
YK551 (gB-T887A) exhibited reduced severity of HSK and
periocular skin disease compared to mice infected with YK553

(gB-repair) virus (Fig. 2). Similar results were obtained when
mice were infected ocularly with 1 � 105 PFU of each of the
viruses (data not shown). In addition, YK551 (gB-T887A) rep-
licated significantly less efficiently than YK553 (gB-repair) in
the tear films of these infected mice, with titers approximately
seven- to eightfold lower than those of the repaired virus (Fig.
3). These results indicated that the Us3 phosphorylation site in
gB (Thr-887) was required for efficient viral replication and for
development of HSK and periocular skin disease in mice.

In the second series of experiments, 3-week-old female ICR
mice were infected intracerebrally with 10-fold-dilutions of
YK511 (Us3-K220M), YK513 (Us3-repair), YK551 (gB-T887A),
or YK553 (gB-repair), and mortality was monitored for 14 days
postinfection. As shown in Table 1, the LD50 of YK511 (Us3-
K220M) was 103-fold less than that of YK513 (Us3-KM-re-
pair), indicating that HSV-1 Us3 kinase activity played a crit-
ical role in HSV-1 virulence in mice following intracerebral
inoculation. These results are in agreement with an earlier
report that an HSV-1 Us3 null mutant was significantly less
virulent than wild-type virus in mice following intracerebral
inoculation (21). In contrast, YK551 (gB-T887A) and YK553
(gB-repair) had similar LD50 values (Table 1). These results
indicated that phosphorylation of gB Thr-887 was not required
for HSV-1 virulence in mice following intracerebral inocula-
tion.

Production and characterization of monoclonal antibodies
to gB-T887P. To directly examine the functional conse-
quence(s) of Us3 phosphorylation of gB Thr-887 in infected
cells, monoclonal antibodies were produced against a synthetic

FIG. 2. Effect of the gB-T887A mutation on HSK and periocular
skin disease in mice. Twelve 5-week-old female ICR mice were in-
fected with 1 � 106 PFU of YK551 (gB-T887A) or YK553 (gB-repair)
by corneal scarification and scored for HSK (A) and periocular skin
disease (B) every other day for 16 days. The data shown are the
averages and standard errors of the observations. A statistically signif-
icant difference between HSK and periocular skin disease scores in
mice infected with YK551 (gB-T887A) and those infected with YK553
(gB-repair) was noted (*, P � 0.01).

FIG. 3. Effect of the gB-T887A mutation on virus growth in the
tear film of mice following corneal infection. In the experiment de-
scribed in the legend of Fig. 2, viral titers in the tear films of infected
mice at 1 and 5 days postinfection were determined by standard plaque
assays. Each data point represents the titer in the tear film of one
mouse. The horizontal bars and figures in the parentheses show the
averages for each group. A statistically significant difference in viral
titers between mice infected with YK551 (gB-T887A) and YK513
(gB-repair) was noted (*, P � 0.05).

TABLE 1. LD50 values of HSV-1 recombinant viruses in mice
following intracerebral inoculation

Virus LD50 (PFU)a

YK511 (Us3-K220M) ....................................................................104.5

YK513 (Us3-repair) ......................................................................101.5

YK551 (gB-T887A) .......................................................................101.0

YK553 (gB-repair).........................................................................101.2

a Three-week-old female ICR mice were inoculated intracerebrally with serial
10-fold dilutions of each virus in groups of six per dilution and monitored for 14
days. LD50 values were determined by the Behrens-Karber method.
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phosphopeptide corresponding to gB residues 881 to 893 (M
RKRRNTNYTQVP) in which Thr-887 was phosphorylated.
Three hybridoma clones (1.46.20, 2.41.22, and 2.75.3) that se-
creted antibodies that reacted with the phosphopeptide but not
with unphosphorylated peptide were identified by enzyme-
linked immunosorbent assay and isolated. Of the three clones,
clone 2.75.3 was characterized further. As shown in Fig. 4,
monoclonal anti-gB-T887P antibody reacted with wild-type
HSV-1(F) gB but not with YK551 gB, which carries a T887A
mutation, in immunoblots of infected Vero cell lysates. Immu-
noblots of lysates of Vero cells infected with YK553, in which
the gB-T887A mutation in YK551 was repaired, showed res-
toration of the reactivity of the antibody with gB. These results
indicated that the antibody recognized a gB epitope con-
taining gB Thr-887. Furthermore, reactivity of monoclonal
anti-gB-T887P antibody with wild-type gB was dependent on
phosphorylation of gB Thr-887, based on the observation
that phosphatase treatment of lysates of Vero cells infected
with HSV-1(F) abolished the anti-gB-T887P antibody reac-
tivity. Taken together, these results indicated that the anti-gB-
T887P antibody was able to specifically detect gB-T887P in
HSV-1-infected cells.

As we observed previously in Us3 immunoprecipitation as-
says with anti-phospho-Us3 antibody (34), the anti-gB-T887P

antibody efficiently precipitated gB from lysates of Vero cells
infected with HSV-1(F) but not from lysates of Vero cells
infected with HSV-1(F) treated with phosphatase or lysates of
Vero cells infected with YK551 (gB-T887A) (data not shown),
indicating that the anti-gB-T887P antibody efficiently and spe-

cifically precipitated gB-T887P from infected cell lysates. Fur-
thermore, the efficiency of immunoprecipitation of gB from
infected Vero cell lysates with anti-gB monoclonal antibody
(1105) was not affected by phosphatase treatment of the lysates
or by a gB-T887A mutation (data not shown), indicating that
the anti-gB monoclonal antibody precipitated both phosphor-
ylated and unphosphorylated gB proteins from infected cell
lysates with similar efficiencies.

Characterization of gB-T887P in infected cells. We previ-
ously demonstrated that phosphorylation of gB Thr-887 in
infected cells was largely dependent on Us3 kinase activity, as
shown by experiments using anti-phospho-PKA antibody to
detect phosphorylated Thr-887 in gB purified from infected
cells by immunoprecipitation (11). To confirm this result, Vero
cells were mock infected or infected with wild-type HSV-1(F),
YK511 (Us3-K220M), or YK513 (Us3-repair). At 18 h postin-
fection, infected cell lysates were analyzed by immunoblotting
with anti-gB-T887P or anti-gB antibody. In agreement with our
previous study using anti-phospho-PKA substrate antibody,
the amount of phosphorylated gB detected by anti-gB-T887P

antibody in the present study was dramatically reduced in YK511
(Us3-K220M)-infected cells compared to wild-type HSV-1(F)-
and YK513 (Us3-repair)-infected cells (Fig. 5A). In our earlier
report, we noted that phosphorylation of gB Thr-887 was
slightly, but consistently, detected by the anti-phospho-PKA
substrate antibody in the absence of Us3 kinase activity, sug-
gesting that a kinase(s) other than Us3 might also phosphor-
ylate gB Thr-887 in infected cells (11). However, in the present
study, phosphorylated gB Thr-887 was not detectable by anti-
gB-T887P antibody in YK511 (Us3-K220M)-infected cells (Fig.
5A). Since anti-gB-T887P antibody specificity for phosphory-
lated gB Thr-887 should be greater than that of anti-phospho-
PKA substrate antibody, these results raised the possibility that
phosphorylation of gB Thr-887 may be solely mediated by Us3
in infected cells.

To examine whether gB-T887P was incorporated into viri-
ons, purified wild-type HSV-1(F) and YK551 (gB-T887A) viri-
ons were analyzed by immunoblotting with anti-gB-T887P and
anti-gB antibody. The results (Fig. 5B) showed that gB-T887P

was specifically detected in wild-type virions, indicating that
gB-T887P was incorporated into virions.

To estimate the relative amounts of total gB and gB-T887P

in infected cells, Vero cells were infected with wild-type HSV-
1(F), YK551 (gB-T887A), or YK553 (gB-repair); cells were
harvested at 18 h postinfection, solubilized, and immunopre-
cipitated with anti-gB-T887P or anti-gB antibody. As described
for the studies above, anti-gB-T887P immunoprecipitated gB-
T887P and anti-gB immunoprecipitated phosphorylated gB,
unphosphorylated gB, and gB-T887A equivalently in infected
cell lysates. To obtain approximately equal amounts of immu-
noprecipitated gB for each of the antibodies in these experiments,
fourfold dilutions of cell lysates were immunoprecipitated with
anti-gB antibody and compared to the immunoprecipitates
with anti-gB-T887P antibody. The immunoprecipitates were
then divided into two aliquots. Each aliquot was separated in a
denaturing gel and analyzed by immunoblotting with anti-gB
and anti-gB-T887P antibody. When approximately equal
amounts of total gB from HSV-1(F)- and YK553 (gB-repair)-
infected cells were immunoprecipitated with anti-gB-T887P

and anti-gB antibody, the anti-gB-T887P immunoprecipitates,

FIG. 4. Immunoblot of electrophoretically separated lysates from
Vero cells infected with YK551 (gB-T887A), YK553 (gB-repair), or
HSV-1 (F) at an MOI of 1. The infected Vero cells were harvested at
18 h postinfection and solubilized. The HSV-1(F)-infected Vero cell
lysates were mock treated (lane 3) or treated with � phosphatase
(�-PPase; lane 4). The infected cell lysates were then analyzed by
immunoblotting with anti-gB-T887P monoclonal antibody (upper
panel) or anti-gB monoclonal antibody (lower panel).
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containing only gB-T887P, had much more gB-T887P than the
anti-gB immunoprecipitates, which contained both phosphory-
lated and unphosphorylated gB Thr-887 (Fig. 5C). Quantita-
tion of these results showed that only about 14 to 15% of total
gB protein was phosphorylated at Thr-887 in cells infected with
either wild-type HSV-1(F) or YK553 (gB-repair) (Fig. 5D).

The accumulation of gB-T887P was compared to that of total
gB in infected cells by infecting Vero cells with wild-type HSV-
1(F) and analyzing cell lysates harvested every 3 h from 3 to
24 h postinfection by immunoblotting with anti-gB-T887P and
anti-gB antibody. There was no significant difference in the
rates of accumulation of gB-T887P and total gB in HSV-1(F)-
infected cells (data not shown).

Intracellular localization of gB-T887P in infected cells. To
investigate the localization of gB-T887P in infected cells, Vero
cells were infected with HSV-1(F), YK551 (gB-T887A), or
YK553 (gB-repair) and analyzed at 18 h postinfection by im-
munofluorescence with anti-gB-T887P and anti-gB antibody.
As shown in Fig. 6, the distribution of total gB detected by
anti-gB antibody was different from that of gB-T887P detected
by anti-gB-T887P antibody.

Cadherin, lamin B1, and PDI are markers for the plasma
membrane, nuclear envelope, and endoplasmic reticulum
(ER), respectively (8, 17, 37). CD71 (transferrin receptor) has
been reported to be internalized in HSV-1-infected cells and to
be a marker for early and recycling endosomes (2, 10). There-
fore, to better resolve gB localization, wild-type HSV-1(F)-
infected cells stained with anti-gB-T887P or anti-gB antibody
were also stained with anti-cadherin, anti-lamin B1, anti-PDI,
or anti-CD71 antibody. In these experiments, total gB proteins
colocalized with cadherin, lamin B1, and PDI while gB-T887P

colocalized with lamin B1 and PDI but not cadherin (Fig. 7).
As reported previously (2), CD71 was well colocalized with
total gB throughout the infected cells. In contrast, gB-T887P

was colocalized with CD71 at nuclear membrane and near
perinuclear areas but not on the cell surface (Fig. 7). In addi-
tion, the frequency of CD71 colocalization with gB-T887P in
the cytoplasmic structures was lower than that with total gB.
No specific staining of gB-T887P was detected in YK551 (gB-
T887A)-infected cells, and wild-type staining of gB-T887P was
restored in YK553 (gB-repair)-infected cells (Fig. 6). These
results indicated that, unlike total gB, gB-T887P was not able to
be transported to and/or retained at the plasma membrane in
infected cells.

Intracellular localization of total gB, gB-T887P, and Us3 in
the same infected cells. To observe the localization of total gB,
gB-T887P, and Us3 in the same cells simultaneously, Vero cells

FIG. 5. (A) Immunoblots of electrophoretically separated lysates
from Vero cells mock infected or infected with wild-type HSV-1(F),
YK511 (Us3-K220M), or YK513 (Us3-repair) at an MOI of 1. Infected
cells were harvested at 18 h postinfection and analyzed by immuno-
blotting with anti-gB-T887P antibody (upper panel) or anti-gB anti-
body (lower panel). (B) Immunoblots of electrophoretically separated
virions of wild-type HSV-1(F) (WT) or YK551 (gB-T887A) were pu-
rified by sucrose gradient centrifugation and reacted with anti-gB-
T887P antibody (upper panel) or anti-gB antibody (lower panel).
(C) Immunoblots of electrophoretically separated gB immunoprecipi-
tates from Vero cells infected with wild-type HSV-1(F) (lanes 1 and 2),
YK551 (gB-T887A) (lanes 3 and 4), or YK553 (gB-repair) (lanes 5 and
6) at an MOI of 1. Infected Vero cells were harvested at 18 h postin-
fection, solubilized, and immunoprecipitated with anti-gB (lanes 1, 3,
and 5) or anti-gB-T887P antibody (lanes 2, 4, and 6). The immunopre-

cipitates (IP) were then divided into two aliquots. The aliquots of the
immunoprecipitate were separated in a denaturing gel and analyzed by
immunoblotting with anti-gB (upper panel) and anti-gB-T887P anti-
body (lower panel). (D) Amount of gB-T887P protein in the upper blot
of panel C relative to the amount of total gB protein in the lower blot
of panel C. In the left graph, the data were normalized to the relative
amount for immunoprecipitates with anti-gB-T887P antibody for cells
infected with HSV-1(F) shown in lane 2 of panel C. In the right graph,
the data were normalized to the relative amount for immunoprecipi-
tates with anti-gB-T887P antibody for cells infected with YK553 (gB-
repair) shown in lane 6 of panel C. �, anti.
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were coinfected with YK501 encoding VenusA206K-Us3 and
YK604 encoding ECFPA206K-gB; cells were fixed, treated
with anti-gB-T887P, and examined by confocal microscopy.
YK501 (VenusA206K-Us3) grew as well as wild-type virus at
MOIs of 5 and 0.01 in Vero cells (data not shown). It had been
noted in similar previous studies in this and other laboratories
that the anti-Us3 antibodies used in those studies had a con-
sistent background fluorescence in the cytoplasm of cells in-
fected with HSV-1 Us3 null mutants in immunofluorescence
assays (12, 32), making it difficult to draw conclusions about
the exact localization of Us3. Therefore, in this study we used
YK501 (VenusA206K-Us3) to examine the localization of Us3
in infected cells. YK604 (ECFPA206K-gB) has been shown to
exhibit wild-type growth properties in cell cultures and intra-

cellular localization similar to wild-type gB in infected cells
(38). As shown in Fig. 8, in Vero cells coinfected with YK501
(VenusA206K-Us3) and YK604 (ECFPA206K-gB), ECFPA
206K-gB localized at the nuclear membrane, in cytoplasmic
structures, and at the plasma membrane while gB-T887P local-
ized at the nuclear rim and in cytoplasmic structures but not at
the plasma membrane, which is in agreement with the local-
ization of total gB and gB-T887P in wild-type HSV-1(F)-in-
fected cells described above (Fig. 6 and 7). VenusA206K-Us3
was detected throughout the cytoplasm, especially at the nu-
clear membrane, in cytoplasmic structures, and at the plasma
membrane. The localization of VenusA206K-Us3 at the nu-
clear and plasma membranes observed in this study is consis-
tent with the immunofluorescence studies of wild-type HSV-
1-infected cells reported previously (32, 33). VenusA206K-Us3
localized with a uniform distribution at the nuclear membrane
and colocalized with both ECFPA206K-gB and gB-T887P.
Similarly, VenusA206K-Us3 colocalized with both ECFPA206K-
gB and gB-T887P in some of the cytoplasmic structures. At the
cell surface, VenusA206K-Us3 concentrated at several do-
mains where ECFPA206K-gB also concentrated (Fig. 8).
These results indicated that both total gB and gB-T887P colo-
calized with Us3 at the nuclear membrane and in cytoplasmic
structures while only unphosphorylated gB colocalized with
Us3 at the cell surface in infected cells.

Phosphorylation of internalized gB from the cell surface in
infected cells. To examine whether endocytosed gB was phos-
phorylated at Thr-887 in infected cells, the cell surface proteins
of Vero cells infected with wild-type HSV-1(F) at an MOI of 1
for 18 h were biotinylated with cleavable biotin. After incuba-
tion at 37°C, the cells were treated with glutathione, harvested,
and solubilized, and internalized biotinylated gB was purified
by immunoprecipitation with anti-gB or anti-gB-T887P anti-
body from cells and detected with streptavidin. In agreement
with a previous report (2), biotinylated immunoprecipitates
with anti-gB antibody from the lysate of cells incubated at 37°C
for 4 h after biotinylation were detected, whereas no signal was
observed with the anti-gB immunoprecipitates from cells that
were treated with glutathione immediately after biotinylation
(Fig. 9, lanes 1 and 2). Similar results were obtained with the
anti-gB-T887P immunoprecipitates (Fig. 9, lanes 3 and 4).
These results indicated that endocytosed gB from the cell sur-
face was phosphorylated at Thr-887 in infected cells.

DISCUSSION

We previously reported that gB Thr-887 is a physiological
Us3 phosphorylation site in infected cells and that this phos-
phorylation appears to regulate proper expression of gB on the
cell surface and may promote nuclear egress of nucleocapsids
through the nuclear membrane in infected cells (11, 42). How-
ever, we have also shown that blocking gB Thr-887 phosphor-
ylation by alanine substitution for Thr-887 had no effect on
virus growth, viral cell-to-cell spread, and virus excretion to the
extracellular space in cell cultures (11). Therefore, the signif-
icance of Us3 phosphorylation of gB Thr-887 and its potential
effects on HSV-1 infection were uncertain. The major finding
of the studies reported here is that the gB-T887A mutation
significantly reduced HSV-1 replication in the mouse cornea
and HSK and periocular skin disease in mice following ocular

FIG. 6. Digital confocal images showing the localization of gB-
T887P. Vero cells were infected with wild-type HSV-1(F), YK551 (gB-
T887A), or YK553 (gB-repair) at an MOI of 5. The infected cells were
fixed at 18 h postinfection, permeabilized, stained with anti-gB-T887P

(images in right column) or anti-gB antibody (images in left column),
and examined by confocal microscopy. DIC, differential interference
contrast. �, anti.
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FIG. 7. Digital confocal images showing the localization of gB-T887P. Vero cells were infected with wild-type HSV-1(F) at an MOI of 5. The
infected cells were fixed at 18 h postinfection, permeabilized, stained with anti-gB-T887P or anti-gB antibody in combination with anti-cadherin
(A), lamin B1 (B), PDI (C), or CD71 (D) antibody and examined by confocal microscopy. Single-color images were captured separately and are
shown in frames a to d. Frames e and f show simultaneous acquisitions of the two colors. Scale bar, 10 �m. �, anti.
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infection. Similar observations were also obtained when mice
were ocularly infected with YK511 encoding a Us3 kinase-
inactive mutant (11). From these observations, we conclude
that the effects of Us3 phosphorylation of gB Thr-887, includ-
ing regulation of proper cell surface expression of gB and
promotion of nuclear egress of nucleocapsids, are probably
critical for HSV-1 replication and pathogenesis in vivo. How-
ever, we cannot completely eliminate the possibility that the
gB-T887A mutation impairs gB function directly in vivo rather
than by acting to block the Us3-mediated site of phosphoryla-
tion. For instance, it has been reported that gB is involved in
the regulation of eIF-2� phosphorylation, probably by associ-
ation with the eIF-2� kinase PERK (25). Although we ob-
tained evidence that the level of phosphorylation of eIF-2� in
Vero cells infected with wild-type HSV-1(F) in the absence or
presence of thapsigargin, which inhibits the activity of resident
Ca2�-dependent chaperons in the ER and thereby induces the
unfolded protein response (41), was similar to that in cells

infected with YK551 (gB-T887A) (data not shown), the gB-
T887A mutation might affect a reported and/or previously
unreported function(s) of gB that is independent of gB phos-
phorylation at Thr-887.

At present, the mechanism by which Us3 phosphorylation of
gB Thr-887 contributes to viral replication and pathogenesis in
vivo remains unclear. It has been reported that gB on the cell
surface is a potent inducer of the immune response in vivo (4,
5, 35, 36). In fact, lysis of HSV-1-infected cells by natural killer
cells has been demonstrated to correlate with cell surface ex-
pression of gB (5). However, cell surface expression of gB has
been shown to be critical for viral cell-to-cell transmission (6,
15). Therefore, strict regulation of gB expression on the cell
surface of infected cells may be necessary for efficient virus
replication in the presence of the host immune system. Us3
phosphorylation of gB Thr-887, which can control cell surface
expression of gB in infected cells, may be important for proper
cell surface expression of gB, and this regulation may lead to
immune evasion by infected cells in vivo. In support of this
hypothesis, the studies reported here have shown differences in
virus replication and pathogenesis in mice following peripheral
(ocular) infections with YK551 (gB-T887A) and YK553 (gB-
repair). HSV-1 virulence in mice following peripheral (ocular)
infection has been considered to be significantly affected by the
host immune response (7).

The molecular mechanisms by which Us3 phosphorylation
of gB and UL31 affects viral infection have been investigated
by mutagenesis of the Us3 substrate phosphorylation sites (11,
24). Although it is well established that mutagenesis is an
effective method for investigating the functional consequences
of phosphorylation of a kinase’s substrates, interpretation of
these results must consider the possibility that the amino acid
substitution(s) might also produce a conformational change in
the target protein so that the mutant’s phenotype may be due
to the loss of the phosphorylation site and/or to steric hin-
drance caused by the mutation. Therefore, a probe(s) that
specifically detects the phosphorylation site(s) in the Us3 sub-
strate in infected cells is necessary to directly determine the
functional consequences of Us3 phosphorylation of its sub-
strates in infected cells. In the present study, we developed a

FIG. 8. Digital confocal images showing the localization of gB-T887P. Vero cells were coinfected with YK501 (VenusA206K-Us3) and YK604
(ECFPA206K-gB) at an MOI of 5. The infected cells were fixed at 18 h postinfection, permeabilized, stained with anti-gB-T887P, and examined
by confocal microscopy. Single-color images were captured separately and are shown in frames a, b, and c. Frame d shows the simultaneous
acquisition of the three colors. VenusA206K-Us3 concentrated at several domains where ECFPA206K-gB also concentrated (arrows). Scale bar,
10 �m.

FIG. 9. Endocytosis of gB in infected cells assayed by biotinylation.
Vero cells infected with wild-type HSV-1(F) at MOI of 1 for 18 h were
biotinylated with sulfo-NHS-SS-cleavable biotin, incubated at 37°C for
0 or 4 h, treated with glutathione, harvested, solubilized, and immu-
noprecipitated with anti-gB (lanes 1 and 2) or anti-gB-T887P antibody
(lanes 3 and 4). The immunoprecipitations (IP) were subjected to
immunoblotting (IB), and the biotinylated gB was detected with
streptavidin. �, anti.
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monoclonal antibody (anti-gB-T887P antibody) that specifi-
cally recognized gB-T887P, and this antibody together with
anti-gB antibody enabled us to compare localization of gB-
T887P with that of total gB in infected cells. A striking differ-
ence in localization between gB-T887P and total gB was ob-
served: gB-T887P was not detectable on the cell surface of
infected cells while a considerable amount of total gB was
detected on the cell surface. Therefore, these studies with
anti-gB-T887P antibody presented direct evidence that Us3
phosphorylation of gB at Thr-887 regulated cell surface local-
ization of gB in infected cells by inhibition of gB transport to
and/or gB retention on the cell surface. This conclusion is in
agreement with our previous observations that blocking phos-
phorylation of gB at Thr-887 by replacing gB Thr-887 with
alanine upregulated expression of gB on the cell surface of
infected cells (11). This agreement suggested that the gB-
T887A mutation blocked phosphorylation of Thr-887 in gB
without causing steric hindrance of the envelope protein, fur-
ther supporting our conclusion, based on the studies reported
here of mice infected with a recombinant virus carrying a
gB-T887A mutation, that Us3 phosphorylation of gB Thr-887
played a critical role in HSV-1 replication and pathogenesis in
vivo. In addition, localization of gB-T887P at the nuclear mem-
brane and ER and in endocytic compartments, as detected by
anti-gB-T887P antibody, suggested that gB-T887P functions in
these subcellular organelles. In particular, the localization of
gB-T887P at the nuclear membrane may support the proposal
(42) that phosphorylation of gB at Thr-887 may be involved in
promotion of nuclear egress of nucleocapsids through the nu-
clear membrane.

Immunofluorescence assays of cells coinfected with YK501
encoding VenusA206K-Us3 and YK604 encoding ECFPA206K-gB
using the anti-gB-T887P antibody showed simultaneous local-
ization of gB-T887P, total gB, and Us3 in the same cells. It was
of particular interest that total gB colocalized with Us3 in
specific domains on the cell surface at which gB-T887P was not
detectable. These observations suggested that Us3 phosphory-
lated gB Thr-887 at the cell surface but that this phosphoryla-
tion promoted rapid internalization of the phosphorylated pro-
tein, resulting in a barely detectable level of gB-T887P at the
cell surface. In support of this possibility, it has been reported
that cell surface expression of gB in infected cells is in part
regulated by endocytosis mediated by a gB tyrosine-based
YTQV motif at codons 889 to 892 in its cytoplasmic tail (2).
Since the Us3 phosphorylation site in gB (Thr-887) is located
very close to the YTQV motif, phosphorylation of gB Thr-887
might affect the role of the YTQV motif in endocytosis. Fur-
thermore, we presented evidence in the present study that
internalized gB from the cell surface was, in fact, phosphory-
lated at Thr-887 in infected cells. However, we cannot elimi-
nate the possibility that phosphorylation of gB Thr-887 inhibits
transport of gB to the cell surface since Us3 colocalized with
total gB and/or gB-T887P in cytoplasmic structures in infected
cells.

The anti-gB-T887P antibody generated in these studies also
enabled us to estimate the relative amounts of total gB and
gB-T887P in wild-type HSV-1(F)-infected cells. These experi-
ments showed that only about 14 to 15% of total gB purified
from wild-type HSV-1(F)-infected cells was phosphorylated at
Thr-887. One hypothesis to explain this observation is that only

a small fraction of gB Thr-887 is phosphorylated at any one
time in infected cells; another is that there is considerable
phosphorylation of gB, but this phosphorylation is transient
due to rapid dephosphorylation of gB by certain phospha-
tase(s) and/or rapid degradation of gB with phosphorylated
Thr-887 in infected cells. We prefer the latter hypothesis since
loss of phosphorylation of gB Thr-887 resulted in considerable
upregulation of cell surface gB expression in infected cells (11).
Thus, Us3 phosphorylation of gB at Thr-887 appeared to be
tightly regulated in infected cells.
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