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ABSTRACT

The phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway plays key roles in diverse cellular activities and promotes cell
growth and survival. It is therefore unsurprising that most viruses modify this pathway in order to facilitate their replication and
spread. Previous work has suggested that the herpes simplex virus 1 (HSV-1) tegument proteins VP11/12 and US3 protein kinase
modulate the PI3K/Akt pathway, albeit in opposing ways: VP11/12 binds and activates Src family kinases (SFKs), is tyrosine
phosphorylated, recruits PI3K in an SFK-dependent fashion, and is required for HSV-induced phosphorylation of Akt on its
activating residues; in contrast, US3 inhibits Akt activation and directly phosphorylates downstream Akt targets. We examined if
US3 negatively regulates Akt by dampening the signaling activity of VP11/12. Consistent with this hypothesis, the enhanced Akt
activation that occurs during US3-null infection requires VP11/12 and correlates with an increase in SFK-dependent VP11/12
tyrosine phosphorylation. In addition, deleting US3 leads to a striking increase in the relative abundances of several VP11/12
species that migrate with reduced mobility during SDS-PAGE. These forms arise through phosphorylation, strictly require the
viral UL13 protein kinase, and are excluded from virions. Taken in combination, these data indicate that US3 dampens SFK-de-
pendent tyrosine and UL13-dependent serine/threonine phosphorylation of VP11/12, thereby inhibiting VP11/12 signaling and
promoting virion packaging of VP11/12. These results illustrate that protein phosphorylation events mediated by viral protein
kinases serve to coordinate the roles of VP11/12 as a virion component and intracellular signaling molecule.

IMPORTANCE

Herpesvirus tegument proteins play dual roles during the viral life cycle, serving both as structural components of the virus par-
ticle and as modulators of cellular and viral functions in infected cells. How these two roles are coordinated during infection and
virion assembly is a fundamental and largely unanswered question. Here we addressed this issue with herpes simplex virus
VP11/12, a tegument protein that activates the cellular PI3K/Akt signaling pathway. We showed that protein phosphorylation
mediated by the viral US3 and UL13 kinases serves to orchestrate its functions: UL13 appears to inhibit VP11/12 virion packag-
ing, while US3 antagonizes UL13 action and independently dampens VP11/12 signaling activity.

Most if not all viruses modulate intracellular signaling path-
ways in order to promote virus replication and dampen host

innate and adaptive immune responses. One commonly targeted
pathway is the phosphatidylinositol-3-kinase (PI3K)/Akt axis,
which plays critical roles in cell survival, growth, proliferation,
gene expression, and metabolism (reviewed in references 1 and 2).
The Akt signaling cascade is typically triggered by activation of cell
surface receptors (including receptor tyrosine kinases, B and T cell
receptors, and G protein-coupled receptors) by extracellular li-
gands such as growth factors, leading to membrane recruitment
and activation of PI3K through interactions between the p85 reg-
ulatory subunit of PI3K and membrane-associated proteins. Once
proximal to its substrate, PI3K converts phosphatidylinositol 4,5-
biphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate
(PIP3). PIP3 then binds Akt and its activator phosphoinositide-
dependent kinase 1 (PDK1) through their pleckstrin homology
domains. Colocalization of Akt and PDK1, along with a confor-
mational change in Akt induced by PIP3, results in phosphoryla-
tion of Akt by PDK1 at threonine 308 (T308) in the activation loop
(3, 4). Full activation of Akt requires a second phosphorylation
event at serine 473 (S473) in the hydrophobic motif by mamma-
lian target of rapamycin complex 2 (mTORC2) (3–5). These phos-
phorylation events stabilize the active conformation of Akt and

potentiate its kinase activity. Akt then phosphorylates numerous
downstream targets, including those involved in apoptosis (NF-
�B, FOXO1, and Bad), cell cycle control (MDM2), glucose metab-
olism (GSK3�), and protein synthesis (mTORC1, 4EBP1, and
p70S6K) (1, 6).

The PI3K/Akt pathway is exploited by viruses to manipulate a
variety of processes, including virus entry, transcription, transla-
tion, and cell survival (reviewed in references 7 and 8). Virtually all
viruses regulate this pathway either positively or negatively in or-
der to create a favorable environment for their survival and
spread. To these ends, viruses use diverse strategies, including
producing proteins that mimic an activated cell surface receptor
(polyoma middle T antigen [9]), directly interact with PI3K
(NSP1 of rotavirus [10]) or Akt (M-T5 of myxoma virus [11]),
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inactivate Akt (vesicular stomatitis virus matrix protein [12]), or
mimic Akt (vAKT from mammalian AKT8 retrovirus [13]).

Herpes simplex virus 1 (HSV-1) is a large double-stranded
DNA virus (152 kb) and a significant human pathogen. The
HSV-1 virion is composed of a DNA-containing icosahedral nu-
cleocapsid enclosed by the tegument, which is in turn surrounded
by a host-derived lipid envelope containing virally encoded glyco-
proteins. The tegument is a proteinaceous layer containing at least
20 viral proteins (14, 15). Tegument proteins are released shortly
after viral entry directly into the cytoplasm of infected cells, allow-
ing the virus to regulate cellular activities prior to immediate early
gene expression. Because tegument proteins are among the first
viral proteins encountered by the host cell, many play key roles in
disabling host cell defenses and regulating host and virus gene
expression.

Two tegument proteins have been shown to modulate PI3K/
Akt activity during HSV-1 infection: the US3 serine/threonine
protein kinase (16) and the VP11/12 protein, encoded by the gene
UL46 (17, 18). Benetti and Roizman showed that HSV-1 infection
leads to activation of Akt in a PI3K-dependent fashion (16), and
Wagner and Smiley later showed that this effect strictly requires
VP11/12 (18), a highly abundant (between 1,000 and 2,000 cop-
ies) tegument phosphoprotein (19, 20). Current evidence suggests
that VP11/12 activates PI3K and Akt by mimicking an activated
growth factor receptor (17): it associates with the plasma mem-
brane in infected cells (21, 22), binds and activates Src family
tyrosine kinases (SFKs) (23), becomes phosphorylated on several
tyrosine-based motifs (17), and recruits the p85 subunit of PI3K in
an SFK-dependent manner (17, 18). The varicella-zoster virus
VP11/12 orthologue also activates PI3K/Akt signaling (24), but
the mechanisms involved remain unknown.

Several downstream targets of Akt are phosphorylated during
HSV-1 infection (18, 25); however, VP11/12 is not required for
this effect (18). This surprising observation can likely be explained
by the finding of Chuluunbaatar et al. that the viral kinase US3
directly phosphorylates at least some Akt targets (including TSC2,
FOXO1, and GSK3) on the same residues as Akt, thus serving as an
Akt mimic (25). These data raise the possibility that HSV-1 exerts
redundant control over the Akt pathway. US3 is a multifunctional
protein that plays diverse roles in virus replication and pathogen-
esis (26, 27). It acts by phosphorylating a number of viral and
cellular substrates, including UL47 (28), UL34 (29), histone
deacetylases 1 and 2 (30–32), lamin A/C (33), and Bad (34). Func-
tions ascribed to US3 include preventing apoptosis (35–41), en-
hancing viral gene expression by inhibiting histone deacetylation
(32, 42, 43), promoting nuclear egress of progeny nucleocapsids
(44–48), stimulating viral cell-to-cell spread (49–51), evading the
immune system (52–55), modulating membrane biosynthesis
(56), and downregulating extracellular signal-regulated kinase
(ERK) activity (57). Relevant to the present report, Akt activation
is enhanced during US3-null infection (16), suggesting that US3
also negatively regulates Akt during HSV-1 infection. The mech-
anism of this downregulation has yet to be established.

The results outlined above suggest that the PI3K/Akt pathway
is subject to complex control during HSV-1 infection and raise the
possibility that the functions of US3 and VP11/12 are intertwined.
Indeed, Matsuzaki et al. have shown that HSV-2 US3 alters the
electrophoretic mobility of VP11/12 and enhances its stability and
virion packaging during HSV-2 infection and that US3 phosphor-
ylates VP11/12 in vitro (58). We therefore examined the effect of

inactivating HSV-1 US3 on VP11/12-dependent signaling, post-
translational modifications, and virion packaging. We present ev-
idence that HSV-1 US3 inhibits phosphorylation of VP11/12 by
both SFKs and HSV-1 UL13, dampens VP11/12 signaling activity,
and promotes its virion packaging.

MATERIALS AND METHODS
Cells and viruses. Vero and Cre-Vero cells (ATCC) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco) supplemented
with 5% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin,
and 100 �g/ml streptomycin. Cre-Vero cells were supplemented with 400
�g/ml hygromycin B (Invitrogen) every fourth passage to maintain the
transgene. Telomerase-immortalized human foreskin fibroblasts (HFF-
Tel12 [59]) were propagated in DMEM supplemented with 10% heat-
inactivated FBS, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100
�g/ml streptomycin. Cell lysates being examined for total and phospho-
Akt (S473) were serum starved (DMEM only) 24 h prior to and during
infection. HSV-1 KOS37 was derived from the KOS37 bacmid (60). The
�UL46 (VP11/12�) and �UL46R (VP11/12 repaired) KOS37-derived
mutants have been described previously (61). The �US3 (US3�), �US3R
(US3 repaired), �UL46�US3 (VP11/12� US3�), and �UL46�US3R
(US3 repaired) mutants were constructed as described below. All virus
stocks were prepared from infected Vero cells. Infections of Vero and HFF
cells were carried out at 37°C at a multiplicity of infection (MOI) of 10
PFU per cell.

Construction of �US3 and �UL46�US3 mutants. HSV-1 mutants
lacking US3 or both US3 and UL46 were generated by bacteriophage �
Red-mediated homologous recombination in Escherichia coli, reviewed in
reference 62, using the E. coli galK gene as the positive and negative selec-
tion marker (63), as described previously (61). All synthetic oligonucleo-
tides were from Integrated DNA Technologies (Coralville, IA, USA). To
generate �US3, we deleted nucleotides 209 to 1068 from the US3 open
reading frame, exactly the same sequences that were removed to construct
the HSV-1 F strain US3 mutant R7041 (64). To this end, the galK gene
flanked by 50 nucleotides (nt) of the US3 sequences upstream and down-
stream of the desired deletion endpoints was amplified by PCR using the
primers �US3galK-F and �US3galK-R (Table 1). The amplified galK cas-
sette was first incorporated into the KOS37 bacmid and then was precisely
removed to generate the desired markerless deletion bacmid KOS37�
US3, using the primers �US3�galK-F and �US3�galK-R (Table 1). As
controls, the US3 loci of KOS37�US3 and KOS37�UL46�US3 were re-
paired by reinserting the galk cassette across the US3 deletion, followed
by excision using a US3 amplimer generated using the primers
�US3Repair-F and �US3Repair-R (Table 1).

Virus stocks were generated from bacmids following transfection of
Cre-Vero cells using Lipofectamine 2000 (Invitrogen), followed by three
rounds of plaque purification on Cre-Vero cells (60).

Construction of KDUL13 and KDUL13�US3 mutants. En passant
mutagenesis was used to create a kinase-dead UL13 mutant virus
(KDUL13) and a kinase-dead UL13/US3-null (KDUL13�US3) virus
from the KOS37 bacterial artificial chromosome (BAC) (65). Briefly, the
selection cassette I-SceI-aphAI was amplified from the plasmid pEPkan-S
(66) using primers containing sequences surrounding the desired muta-
tion or deletion. To eliminate kinase activity of UL13, lysine 176 of the
UL13 gene was converted to methionine (primers KDUL13-EP-F and
KDUL13-EP-R; Table 1 [67–71]). US3 nt 209 to 1068 were then deleted to
construct the US3 null derivative of the UL13 kinase-dead mutant (prim-
ers �US3-EP-F and �US3-EP-R; Table 1). The linear DNA containing the
gene-specific sequence, a sequence duplication, I-SceI site, and aphAI was
targeted into the KOS37 BAC. Induction of I-SceI expression resulted in
cleavage of the I-SceI site, allowing recombination between the duplicated
sequences. This recombination event released the aphAI cassette, leaving
behind only the desired sequence.

Antibodies. Antibodies used for primary detection in Western blot-
ting were as follows: phospho-AKT (S473, 1/1,000; Cell Signaling), total
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AKT (1/1,000; Cell Signaling), �-actin (1/5,000; Sigma), HSV-2 US3 (1/
500; kindly provided by Bruce Banfield), HSV-2 UL46 (1/15,000; kindly
provided by Yukihiro Nishiyama), phosphotyrosine (4G10, 1/10,000; Up-
state), HSV1 VP5 (1/50; Santa Cruz), HSV-1 ICP27 (1/3,000; Virusys
Corporation), HSV-1 TK (1/500; kindly provided by William C. Sum-
mer), HSV-1 gC (1/2,000; Virusys Corporation), and HSV-1 VP16 (LP1,
1/50; kindly provided by Tony Minson). Primary antibodies were de-
tected using the following secondary antibodies: Alexa Fluor 680 goat
anti-mouse IgG (1/10,000; Invitrogen), goat anti-rabbit Alexa Fluor 680
(1/10,000; Invitrogen), IRDye 800-conjugated goat anti-mouse IgG (1/
10,000; Rockland), IRDye 800-conjugated goat anti-rabbit IgG (1/10,000;
Rockland), and rabbit anti-rat horseradish peroxidase (1/40,000; Sigma).

Drug treatments. PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyramidine) and its negative control, PP3 (4-amino-7-
phenylpyrazolo[3,4-d]pyramidine), were added to cells 2 h postinfection
and were left on for the remainder of the infection. PP3 was added at a
concentration of 30 �M and PP2 at 20 �M.

Western blotting. Infected cells were washed one time with phosphate-
buffered saline (PBS) and lysed for 20 min in RIPA buffer (150 mM NaCl, 1
mM EGTA, 50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxy-
cholate, cOmplete [EDTA-free] protease inhibitor cocktail [Roche], and
PhosSTOP phosphatase inhibitor cocktail [Roche]) at 4°C. Following lysis,
appropriate amounts of 6� loading buffer (375 mM Tris-HCl [pH 6.8], 30%
glycerol, 10% sodium dodecyl sulfate, 1.43 M �-mercaptoethanol, and 0.03%
bromophenol blue) were added to the samples, and the samples were boiled
for 5 min. Lysates were then separated electrophoretically by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8 to 10%) and were
transferred to a nitrocellulose membrane (Hybond ECL; GE Healthcare).
Membranes were blocked for 1 h at room temperature, and primary antibod-
ies were added overnight at 4°C. Secondary antibodies were added at room
temperature for 1 h. Membranes imaged using chemiluminescence detection
were blocked in 3% bovine serum albumin (BSA) in TBST (50 mM Tris, 150
mM NaCl, and 0.05% Tween 20). Antibodies were incubated in 1% BSA in
TBST, and proteins were visualized using the ECL Plus reagent (GE Health-
care). Membranes imaged using infrared fluorescent detection were blocked
in 1:1 Odyssey blocking buffer (Li-Cor)-TBST. Antibodies were incubated in
1:1 Odyssey blocking buffer-TBST, and proteins were detected using the Od-
yssey Infrared Imaging System (Li-Cor).

Phosphatase treatment. HFF cells infected for 15 h were washed once
in PBS and lysed for 20 min at 4°C in RIPA buffer, including protease
inhibitors or both phosphatase and protease inhibitors. Samples lysed in
RIPA buffer with protease inhibitors only were left untreated or were
treated with 2 U of calf intestinal alkaline phosphatase (CIAP) (Invitro-
gen). The phosphatase reaction mixture was incubated at 37°C for 30 min.
Proteins were then solubilized in loading buffer and visualized using
Western blotting.

Partial purification of virions. Vero cells grown to confluence in a
T150 flask were infected for 18 h with KOS37, �US3, and �US3R viruses
at an MOI of 10. Following infection, medium was collected and cellular
debris was removed from the medium by low-speed centrifugation
(1,500 � g) for 10 min at 4°C. The supernatant was then spun through a
30% (wt/vol) sucrose cushion in TNE buffer (50 mm Tris–HCl [pH 7.4],
100 mm NaCl, and 0.1 mm EDTA) for 60 min at 26,000 rpm in a Beckman
SW40Ti rotor to pellet extracellular virions. The resulting pellet was re-
suspended in 70 �l TNE buffer, and samples were analyzed by Western
blotting.

RESULTS AND DISCUSSION
Deleting US3 drastically alters the electrophoretic mobility of
VP11/12. In order to investigate potential functional links be-
tween US3 and VP11/12 during HSV-1 infection, we examined
the effect of deleting US3 on the electrophoretic mobility, signal-
ing activity, and virion packaging of VP11/12. To this end, we
constructed US3-null and UL46-null/US3-null viruses to use
alongside previously constructed UL46-null (KOS37 �UL46) and
UL46 repair (KOS37 �UL46R) viruses (61). The US3-null and
UL46-null/US3-null viruses were constructed using bacterio-
phage � Red-mediated targeted homologous recombination of an
infectious HSV-1 KOS37 BAC (63). The US3-null mutation
(�US3) removes nt 209 to 1068 from the US3 open reading frame,
the same residues that were deleted to generate the HSV-1 strain F
US3 mutant R7041 (64). Repair viruses in which the US3 gene was
restored were also created (KOS37 �US3R and KOS37
�UL46�US3R). All mutations were confirmed by DNA sequenc-
ing.

We first examined the effects of deleting US3 on the levels and
electrophoretic mobility of VP11/12. HFF cells were mock in-
fected or infected with wild-type KOS37 and the �UL46,
�UL46R, �US3, �US3R, �UL46�US3, and �UL46�US3R mu-
tants for 15 h. Cells were then harvested and examined by Western
blotting with polyclonal antibodies to VP11/12 and US3 (Fig. 1).
The VP11/12 antibody detected a prominent band of ca. 85 kDa
and several less-abundant more slowly migrating species in cells
infected with wild-type KOS37, while US3 migrated as a tight
doublet of ca. 68 kDa. As expected, VP11/12 and US3 were not
detected in samples infected with �UL46 or �US3 virus, respec-
tively, or with the �UL46�US3 double mutant, and expression
was restored in the corresponding repaired viruses (�UL46R,
�US3R, and �UL46�US3R viruses) (Fig. 1). Consistent with the

TABLE 1 Primers used for generating virusesa

Primer name Sequence (5=–3=)
�Us3galK-F CAAACCTTCCCACACCACACCACCCAGCGAGGCCGAGCGCCTGTGTCATCcctgttgacaattaatcatcggca
�Us3galK-R AAGATCACCAGACCGGCGCTCCAAATGTCGACGGTCGTGGTATACGGATCtcagcactgtcctgctcct
�Us3�galK-F CAAACCTTCCCACACCACACCACCCGGCGATGCCGAGCGCCTGTGTCATC/GATCCGTATACCACGACCGTCGACATTTGGAGC

GCCGGTCTGGTGATCTT
�Us3�galK-R AAGATCACCAGACCGGCGCTCCAAATGTCGACGGTCGTGGTATACGGATC/GATGACACAGGCGCTCGGCATCGCCGGGTG

GTGTGGTGTGGGAAGGTTTG
�Us3Repair-F CGGGGCCCGTCGTTCGG
�Us3Repair-R TCGGGGTCTTTTTGTGCCAACCCG
�Us3-EP-F CACACCACACCACCCAGCGAGGCCGAGCGCCTGTGTCATCGATCCGTATACCACGACCGTTAGGGATAACAGGGTAATCGATTT
�Us3-EP-R GACCGGCGCTCCAAATGTCGACGGTCGTGGTATACGGATCGATGACACAGGCGCTCGGCCGCCAGTGTTACAACCAATTAACC
KDUL13-EP-F ATGAGCTCAACGGCAAACCACTCCTTTTCCTTTATGGTCATAACGGCAAGCTTATGTTCGCTAGGGATAACAGGGTAATCGATTT
KDUL13-EP-R GACGTCCAACTGATTCGCGAACATAAGCTTGCCGTTATGACCATAAAGGAAAAGGAGTGGCCAGTGTTACAACCAATTAACC
a HSV-1 sequences are in capitals, galK sequences are in lowercase, I-SceI-aphAI sequences are in italics, mutations are in bold, and locations of deletions are indicated with a slash
(“/”).
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observations made with HSV-2 (58), cells infected with �US3
virus displayed a striking increase in the relative abundance of the
more slowly migrating forms of VP11/12 compared to results with
wild-type infection (Fig. 1), an effect that was eliminated in the
�US3 repair virus (�US3R). However, in contrast to the results of
Matsuzaki et al. (58), the overall abundance of VP11/12 was not
reduced in the absence of US3. These data suggest that HSV-1 US3
influences one or more posttranslational modifications of
VP11/12 without greatly altering its stability.

The slowly migrating forms of VP11/12 arise through phos-
phorylation. VP11/12 is highly phosphorylated (19, 72, 73) on
serine (74), tyrosine (61), and perhaps threonine residues, and it
therefore seemed possible that the more slowly migrating species
observed in the absence of US3 might arise through differential
phosphorylation. Indeed, Murphy et al. reported that the more
slowly migrating forms of VP11/12 present in wild-type-infected
cells are converted to the most rapidly migrating form by in vitro
phosphatase treatment (21). To test this possibility, HFF cells were
mock infected or infected with wild-type KOS37, �US3, and
�US3R virus. At 15 h postinfection, cells were harvested and ly-
sates were incubated in the presence or absence of phosphatase
inhibitors or treated with calf intestinal alkaline phosphatase
(CIAP), and the mobility of VP11/12 was assessed by Western
blotting (Fig. 2A). In the extracts prepared from cells infected with

�US3 virus, the abundance of the slowly migrating forms of
VP11/12 was severely reduced after incubation in the absence of
phosphatase inhibitors and was further reduced by the addi-
tion of CIAP, while the relative abundance of the most rapidly
migrating species was increased by these treatments. Similar
reductions were also observed for the (much less abundant)
slowly migrating species present in cells infected with KOS37
and �US3R virus, in agreement with the findings of Murphy et
al. (21). Comparable results were obtained with extracts pre-
pared from infected Vero cells (data not shown). These data
suggest that the more slowly migrating forms of VP11/12 that
accumulate in the absence of US3 arise through phosphoryla-
tion. Additional evidence supporting this conclusion is pre-
sented below.

Increased tyrosine phosphorylation of VP11/12 in the ab-
sence of US3. In order to determine whether US3 affects tyrosine
phosphorylation of VP11/12, mock-infected and infected HFF
cells were harvested as described above and analyzed by Western
blotting using antibodies directed against VP11/12 and phospho-
tyrosine (pTyr) (Fig. 2B, left and right panels, respectively). As
described above, deletion of US3 caused a marked increase in the
abundance of the more slowly migrating forms of VP11/12 rela-
tive to results with KOS37 infection (Fig. 2B, left panel). Strik-
ingly, the antiphosphotyrosine antibody reacted predominately
with a cluster of bands that comigrate with these slowly migrating
species in extracts of both KOS37- and �US3 virus-infected cells
(Fig. 2B, right panel). Previous work has shown that these ty-
rosine-phosphorylated species correspond to VP11/12 (17, 18,
61). In addition, the �US3 sample produced a stronger VP11/12
pTyr signal than did the KOS37 sample. Similar results were ob-
tained with Vero cells (data not shown). These data indicate that
most of the tyrosine-phosphorylated VP11/12 molecules migrate
more slowly than the bulk of VP11/12. In addition, the tyrosine-
phosphorylated forms increase in abundance in the absence of
US3. It is important to note that although these results show that
most of the tyrosine-phosphorylated VP11/12 molecules display

FIG 1 Deletion of US3 induces an electrophoretic mobility shift in VP11/12.
HFF cells were mock infected or infected with the indicated viruses for 15 h.
Cell extracts were prepared and subjected to Western blot analysis using anti-
bodies directed against VP11/12 and US3.

FIG 2 US3 inhibits phosphorylation of VP11/12. (A) The electrophoretic mobility shift is due to phosphorylation. HFF cells were infected with the indicated
viruses at an MOI of 10. At 15 h postinfection, cells were harvested in lysis buffer containing protease and phosphatase inhibitors, or lysis buffer containing
protease inhibitors with or without subsequent CIAP treatment. Cell lysates were subjected to SDS-PAGE and Western blotting with anti-VP11/12 antibodies.
(B) HFF cells were infected for 15 h, and lysates were then assessed for total VP11/12 and tyrosine phosphorylation by Western blotting. (C) Vero cells were
infected as for panel A. At 2 h postinfection, the SFK inhibitor PP2 was added to cells at a concentration of 20 �M and the PP2 negative control PP3 was added
at a concentration of 30 �M. Total protein was isolated 8 h later and analyzed by immunoblotting with the indicated antisera. �-Actin and VP16 were used as
controls for loading and viral infection, respectively.
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reduced electrophoretic mobility, they do not establish whether
tyrosine phosphorylation itself causes the mobility shift. This issue
is addressed below.

The VP11/12 mobility shift is not due to tyrosine phosphor-
ylation. SFKs are membrane-associated nonreceptor tyrosine ki-
nases that regulate a large number of intracellular signaling path-
ways, including the PI3K-Akt pathway (reviewed in references 75
and 76). VP11/12 binds and activates SFKs, and SFK activation is
required for efficient VP11/12 tyrosine phosphorylation and
downstream PI3K/Akt activation (17, 18, 23, 61). In order to de-
termine whether SFK activity is required for the VP11/12 mobility
shift, Vero cells were mock infected or infected with KOS37 or the
�UL46, �US3, or �UL46�US3 virus. Two hours postinfection,
the cells were treated with the SFK inhibitor PP2 or the inactive
analog PP3 as a negative control. Cells were harvested 8 h later and
analyzed by immunoblotting using antibodies directed against
VP11/12 and phosphotyrosine. VP16 served as a control for virus
infection, and �-actin was used as a loading control (Fig. 2C). PP2
had only a relatively minor effect on the overall levels of VP11/12
in both KOS37 and �US3 virus-infected cells and did not obvi-
ously alter the mobility shift observed in the absence of US3 (Fig.
2C, upper panel). In contrast, the drug essentially eliminated the
tyrosine-phosphorylated forms of VP11/12 (Fig. 2C, pTyr), as
previously described (17, 18, 61). These data indicate that the
mobility shift is not due to tyrosine phosphorylation and raise the
possibility that phosphorylation by one or more cellular or viral
serine/threonine kinases is involved. Additional evidence sup-
porting this conclusion is presented below.

US3 inhibits VP11/12-dependent Akt activation. As de-
scribed in the introduction, US3 and VP11/12 appear to play op-
posing roles in modulating the host Akt signaling pathway during
HSV-1 infection. Benetti and Roizman (16) showed that Akt is
phosphorylated early during wild-type HSV-1 infection and that
the levels of phosphorylated Akt diminish at later times. In con-
trast, high levels of phosphorylated Akt are observed throughout

the course of infection with a US3 null mutant, indicating that
US3 negatively regulates Akt phosphorylation (16). Because
VP11/12 is required for Akt activation by wild-type HSV-1 in
human fibroblasts (18), we asked whether US3 negatively regu-
lates the activity of VP11/12. If this is indeed the case, then one
predicts that enhanced Akt phosphorylation during US3-null in-
fection would be eliminated by deleting VP11/12. To test this pre-
diction, serum-starved HFF and Vero cells were mock infected or
infected with KOS37, �UL46, �US3, and �UL46�US3 virus.
Samples were then subjected to Western blot analysis using anti-
bodies directed against phosphorylated (S473) and total Akt (Fig.
3). The signals obtained with the two antibodies were quantified
using an infrared imager, and the signal obtained for Akt phos-
phorylated on S473 was normalized to the total Akt levels and
adjusted to �-actin levels (not shown). The results were then ex-
pressed as fold increases over the mock-infected values (Fig. 3).
The leaky late protein VP16 was used as a control for viral infec-
tion.

Consistent with the observations of Benetti and Roizman (16),
HFF cells infected with �US3 virus displayed enhanced Akt phos-
phorylation relative to those infected with KOS37 at all time
points, with the difference increasing at later times (Fig. 3A). As
expected (18), �UL46 virus did not stimulate Akt phosphoryla-
tion, and the enhanced Akt phosphorylation observed during
�US3 virus infection was abrogated for the �UL46 �US3 double
mutant (Fig. 3A). These data indicate that VP11/12 is required for
HSV-1-induced Akt phosphorylation in HFF cells in both the
presence and absence of US3.

Broadly similar results were obtained with Vero cells: �US3
virus displayed elevated levels of Akt phosphorylation relative to
KOS37 over the course of the infection (Fig. 3B), and deleting
VP11/12 reduced Akt phosphorylation at all time points in both
the presence and absence of US3. However, in contrast to the
results obtained with HFF cells, Akt phosphorylation peaked
around 6 h postinfection and declined somewhat later for both

FIG 3 US3 negatively regulates VP11/12-induced Akt activation. Serum-deprived HFF and Vero cells were infected as in Fig. 1. Cells were then harvested,
solubilized, and subjected to Western blot analysis using antibodies against total and phospho-AKT (S473). (A) HFF cells were harvested at 3-h intervals for a
total of 15 h. (B) Vero cells were harvested at 2-h intervals for a total infection time of 12 h. Fold increase: the infrared signals acquired from the phospho-Akt
antibody were divided by the infrared signal from the total Akt antibody and normalized to �-actin. The results are expressed relative to those for mock-infected
cells.

US3 Inhibits VP11/12 Phosphorylation and Akt Signaling

July 2014 Volume 88 Number 13 jvi.asm.org 7383

http://jvi.asm.org


KOS37 and �US3 virus. In addition, deleting VP11/12 did not
entirely eliminate Akt activation at the 4- and 6-h time points,
raising the possibility that an HSV-1 function other than VP11/12
may contribute to Akt activation at early times postinfection in
Vero cells. Further studies will be required to test this hypothesis
and identify the relevant gene product(s).

Taken in combination, the data presented in this section show
that VP11/12 is required for the enhanced Akt phosphorylation
observed during US3-null infection, supporting the idea that US3
inhibits Akt activation by antagonizing the activity of VP11/12.
This hypothesis is fully consistent with the observation that US3
also antagonizes tyrosine phosphorylation of VP11/12 (Fig. 2B).

The HSV-1 UL13 protein kinase is essential for the produc-
tion of the slowly migrating forms of VP11/12. Matsuzaki et al.
(58) and Murphy et al. (21) found that VP11/12 expressed in the
absence of other HSV gene products migrates as a single band
during SDS-PAGE, while more slowly migrating forms accumu-
late following HSV superinfection. These observations suggest
that one or more HSV gene products other than US3 induce the
mobility shift. Given that the mobility shift is due to phosphory-
lation (21), we examined whether the HSV-1 UL13 protein kinase
plays a role. UL13 is a serine/threonine kinase that is packaged
within the tegument and phosphorylates diverse cellular and viral
targets during infection, including US3 (70, 77–86). We used two
UL13 mutants to examine the role of UL13: d13LacZ (82), an
HSV-1 strain KOS1.1 mutant bearing a lacZ cassette inserted
across a 780-nt deletion of UL13 coding sequences, and KDUL13
(see Materials and Methods), a KOS37-derived kinase-dead UL13
mutant bearing a mutation that converts UL13 amino acid residue
lysine 176 to methionine (67–70). We also constructed and ana-
lyzed a KOS37-derived UL13 kinase-dead/US3� null doubly mu-
tant virus (KDUL13�US3; see Materials and Methods).

Serum-starved Vero cells were mock infected or infected with
KOS37, �UL46, �US3, �UL46�US3, d13lacZ, KDUL13, and
KDUL13�US3 viruses for 10 h, and then cell lysates were analyzed
by immunoblotting using antibodies against VP11/12, phospho-
tyrosine, and phospho-AKT (S473) (Fig. 4). HSV ICP27, TK,
VP16, and gC were also examined to assess possible defects in viral
gene expression. Strikingly, cells infected with both UL13 mutants
displayed a single VP11/12 band, which comigrated with the most
rapidly migrating species produced during wild-type infection
(Fig. 4). Similar results were obtained when UL13 was inactivated
in the US3-null background (Fig. 4, compare the �US3 and
KDUL13�US3 samples). Overall, these data demonstrate that
that UL13 is required for the mobility shift and imply that US3
inhibits UL13-dependent phosphorylation of VP11/12 in addi-
tion to dampening its SFK-dependent tyrosine phosphorylation.
Further studies are required to determine if VP11/12 is a direct
substrate of UL13. It is important to note that these findings pro-
vide no information about whether UL13 is required for tyrosine
phosphorylation of VP11/12, a question that is addressed below.

UL13 is not required for VP11/12 tyrosine phosphorylation
or Akt activation. As shown in Fig. 4, cells infected with d13lacZ
and KDUL13 both displayed a prominent pTyr signal that mi-
grated between the most rapidly migrating form of VP11/12 and
the UL13-dependent species detected with the VP11/12 antibody.
We interpret this species as arising from tyrosine-phosphorylated
VP11/12 molecules that have not been subjected to the UL13-
dependent serine/threonine phosphorylation events that lead to
the major mobility shift. Consistent with this interpretation, this

pTyr signal was significantly enhanced in cells infected with
KDUL13�US3, although the total amount of VP11/12 was if any-
thing reduced relative to that with d13lacZ and KDUL13. These
data indicate that VP11/12 is tyrosine phosphorylated in both the
presence and absence of UL13 and that in both cases such tyrosine
phosphorylation is increased in the absence of US3. Consistent
with these observations, both UL13 mutants activated Akt to the
same extent as wild-type KOS37 (Fig. 4), indicating that UL13
plays little if any role in downstream signaling by VP11/12.

US3 enhances virion packaging of HSV-1 VP11/12. Murphy
et al. (21) showed that only the most rapidly migrating form of
VP11/12 is packaged into virions, and similar data were reported
by Matsuzaki et al. for HSV-2 (58). Matsuzaki et al. also docu-
mented that deleting US3 dramatically reduces the amount of
VP11/12 packaged into HSV-2 virions (58). To determine if this is
also the case for HSV-1, Vero cells were mock infected or infected
with wild-type KOS37, �US3, and �US3R virus. Eighteen hours
postinfection, the medium was collected and cleared of debris,
and extracellular virions were pelleted through a 30% sucrose
cushion. The presence of VP11/12 was then determined by West-
ern blotting (Fig. 5). The data confirmed that only the most rap-
idly migrating form of VP11/12 is packaged into extracellular
wild-type KOS37 virions and demonstrated that this is also the
case for �US3 virus (Fig. 5A). Moreover, the amount of VP11/12

FIG 4 The VP11/12 electrophoretic mobility shift requires the UL13 protein
kinase. Serum-starved Vero cells were mock infected or infected with wild-
type KOS37 or �UL46, �US3, or �UL46�US3 virus, the UL13 deletion virus
d13lacZ, the kinase-dead UL13 virus KDUL13, or the kinase-dead UL13, US3
knockout virus KDUL13�US3. Ten hours postinfection VP11/12 expression,
tyrosine phosphorylation, and Akt activation were assessed by Western blot-
ting using the indicated antibodies. Cell lysates were analyzed for viral gene
expression using antibodies against the HSV-1 proteins ICP27, TK, VP16, and
gC. �-Actin was used as a loading control.
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present in �US3 virions was substantially reduced relative to that
with KOS37 and �US3R virus, although similar levels of the major
capsid protein VP5 (UL19) were detected (Fig. 5B). Comparable
results were obtained with HFF cells (data not shown). Thus, US3
is required for optimal packaging of VP11/12 into HSV-1 virus
particles, consistent with the previous observations made with
HSV-2 (58). As discussed further below, an interesting possibility
is that US3 promotes virion incorporation of VP11/12 by damp-
ening its UL13-dependent phosphorylation.

Conclusions and potential mechanisms. Herpesvirus tegu-
ment proteins play dual roles during the viral life cycle, serving
both as structural components of the virus particle and as modu-
lators of cellular and viral functions in the infected cells. How
these two roles are coordinated during infection and virion assem-
bly remains a fundamental and largely unanswered question. Our
results illustrate that in the case of HSV-1 VP11/12, protein phos-
phorylation mediated by the viral US3 and UL13 kinases serve to
coordinate these functions.

We have reached five major conclusions based on our results and
previously published data. First, VP11/12 is subject to at least two
distinct sets of phosphorylation events during HSV-1 infection: SFK-
dependent phosphorylation of tyrosine residues, leading to down-
stream PI3K/Akt signaling, and UL13-dependent serine/threonine
phosphorylation, producing the major electrophoretic mobility shift.
Second, these two classes of phosphorylation events can be function-
ally uncoupled, since SFK activity is not required for the UL13-de-
pendent mobility shift (Fig. 2C) and UL13 is not required for
VP11/12 tyrosine phosphorylation (Fig. 4). Nevertheless, they appear
to be at least partially correlated, since most of the tyrosine-phos-
phorylated VP11/12 molecules present in infected cells display the
UL13-dependent mobility shift (Fig. 2B). Third, US3 inhibits both
SFK- and UL13-dependent phosphorylation of VP11/12. Fourth,
US3 is required for efficient packaging of VP11/12 into HSV-1 virions

(Fig. 5), as previously observed for HSV-2 (58). Fifth, the UL13-mod-
ified forms of VP11/12 are excluded from virions (Fig. 5).

The finding that UL13 is essential for the accumulation of de-
tectable levels of the slowly migrating forms of VP11/12 raises the
possibility that VP11/12 is a direct target of UL13. Alternatively,
UL13 could indirectly promote the phosphorylation events lead-
ing to the electrophoretic mobility shift by stimulating the activity
of a cellular protein kinase. The finding that US3 suppresses these
UL13-dependent events implies that US3 directly or indirectly
inhibits the activity of UL13 or downstream kinase or alters the
conformation and/or subcellular localization of VP11/12. In or-
der to help distinguish between these and other possibilities, it will
be essential to determine if VP11/12 is a direct target of UL13 and
if US3 also inhibits phosphorylation of other direct UL13 targets,
such as ICP22, UL41, and UL49 (87). In addition, US3 is a known
substrate of UL13 (86), and it will therefore be important to de-
termine if UL13 also regulates US3 activity.

The slowly migrating UL13-dependent forms of VP11/12 are
completely absent from virions (Fig. 5), even when these represent
the majority of the VP11/12 molecules present in the infected cell
(as during US3-null infection). This striking finding carries three
implications. First, it strongly suggests that UL13-dependent
phosphorylation prevents incorporation of VP11/12 into virions.
Perhaps UL13-dependent phosphorylation disrupts some of the
protein-protein interactions that are used to assemble the tegu-
ment. Consistent with this hypothesis, UL13 has been previously
implicated in the dissolution of the tegument in vitro (88). It will
therefore be important to determine if the UL13-modified forms
of VP11/12 retain the ability to interact with its known tegument
binding partners VP16 and VP22 (89). Alternatively, it is possible
that the UL13-dependent modifications divert VP11/12 from the
virion assembly pathway by altering its subcellular trafficking.
Second, VP11/12 and UL13 are both components of the tegu-
ment. Therefore, if VP11/12 is indeed a direct UL13 substrate,
then one or more mechanisms likely exist to restrain UL13 action
on VP11/12 during virion assembly. Third, the finding suggests
that tyrosine-phosphorylated forms of VP11/12 are also largely
absent from virions, since these molecules display the UL13-de-
pendent mobility shift.

If, as seems likely, the UL13-dependent modifications inhibit
virion packaging of VP11/12, then the ability of US3 to antagonize
such modification could provide a simple explanation of how US3
enhances packaging. According to this view, the reduced levels of
VP11/12 packaging during US3-null infection stem from the
overall depletion of the most rapidly migrating form due to exag-
gerated UL13 activity (Fig. 4). However, it is possible that US3 also
plays a positive role in enhancing VP11/12 packaging, for exam-
ple, by binding VP11/12 or indirectly altering its subcellular traf-
ficking.

It will be important to learn how US3 inhibits SFK-dependent
tyrosine phosphorylation of VP11/12 and downstream Akt acti-
vation. Possible mechanisms include directly or indirectly inhib-
iting SFK activity, modulating the conformation and/or subcellu-
lar localization of VP11/12, direct binding of US3 to VP11/12, or
channeling VP11/12 into the virion assembly pathway. It is also
possible that US3 modulates one or more cellular components of
the PI3K/Akt axis downstream of VP11/12, such as the PH do-
main leucine-rich repeat protein phosphatase (PHLLP) or the
lipid phosphatase PTEN (90, 91), in addition to its inhibitory

FIG 5 VP11/12 incorporation into virions is enhanced by US3. (A) Vero cells
were mock infected or infected with KOS37, �US3, or �US3R virus at an MOI
of 10. At 18 h postinfection, medium was collected and cleared of debris, and
virions were pelleted through a 30% sucrose cushion. Cell lysates and virions
were then analyzed by Western blotting with an anti-VP11/12 antibody. (B)
Aliquots of virion preparations shown in panel A, containing approximately
equivalent amounts of the capsid protein VP5, were analyzed by Western
blotting for VP11/12 and VP5.
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effects on VP11/12. Further studies are required to distinguish
between these possibilities, which are not mutually exclusive.

The finding that US3 downregulates tyrosine phosphorylation
of VP11/12 and dampens VP11/12-dependent Akt activation is
very intriguing, given that US3 phosphorylates certain cellular Akt
targets on the same residues as Akt and thus serves as an Akt
mimic (25, 92). These observations suggest that VP11/12-depen-
dent PI3K/Akt signaling may assume particular importance in
situations where US3 activity is limiting. Future studies are re-
quired to delineate the relative importance of VP11/12- and US3-
dependent manipulation of Akt targets in a wide range of cell types
and in vivo situations.
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