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Herpes simplex virus VP22 is a major tegument protein of unknown function. Very recently, we reported that
the predominant effect of deleting the VP22 gene was on the expression, localization, and virion incorporation
of ICP0. In addition, the A22 virus replicated poorly in epithelial MDBK cells. We have also previously shown
that VP22 interacts with the tegument protein VP16 and the cellular microtubule network. While the majority
of VP22 in infected cells is highly phosphorylated, the nonphosphorylated form of VP22 is the predominant
species in the virion, suggesting a differential requirement for phosphorylation through virus replication.
Hence, to study the significance of VP22 phosphorylation, we have now constructed two recombinant viruses
expressing green fluorescent protein-VP22 (G22) in which the previously identified serine phosphorylation
sites have been mutated either to alanine to abolish the phosphorylation status of VP22 (G22P—) or to
glutamic acid to mimic permanent phosphorylation (G22P+). Localization studies indicated that the G22P—
protein associated tightly with microtubules in some infected cells, suggesting that VP22 phosphorylation may
control its interaction with the microtubule network. By contrast, VP22 phosphorylation had no effect on its
ability to interact with VP16 and, importantly, had no effect on the relative packaging of VP22. Intriguingly,
virion packaging of ICP0 was reduced in the G22P+ virus while ICP0 expression was reduced in the G22P—
virus, suggesting that these two ICP0 defects, previously observed in the A22 virus, were attributable to
different forms of VP22. Furthermore, the A22 virus replication defect in MDBK cells correlated with the
expression of constitutively charged VP22 in the G22P+ virus. Taken together, these results suggest an

important role for VP22 phosphorylation in its relationship with ICP0.

Herpes simplex virus type 1 (HSV-1) is a large DNA virus
composed of a capsid containing the double-stranded DNA
genome that is surrounded by the tegument and an envelope
that contains viral glycoproteins (6, 35). The tegument com-
partment of the virion is poorly characterized in relation to the
function of its individual components, its role in virus entry,
and its mechanism of assembly into the maturing virion. It
contains a number of major structural proteins that are phos-
phorylated to different levels during virus infection (28), but
the significance of these modifications is not yet clear for any of
its components. Nonetheless, it has been suggested that the
phosphorylation of tegument proteins shortly after virus entry
causes their dissociation from the capsid (32).

The major tegument protein VP22 is highly phosphorylated
during HSV-1 infection (15, 25). Studies on the HSV-2 homo-
logue of VP22 have indicated that the protein undergoes
highly regulated, virus-dependent phosphorylation and de-
phosphorylation events in infected cells (18). Moreover, we
and others have shown that the nonphosphorylated form of the
protein is the predominant form present in the virus particle,
suggesting that the level of phosphorylation might regulate the
assembly of VP22 into the virion (15, 18). In support of this, it
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has been shown for the bovine herpesvirus type 1 (BHV-1)
homologue of VP22 that the presence of tyrosine phosphory-
lation sites on the protein are crucial for the efficient assembly
of VP22 into the BHV-1 virion (34).

While the function of VP22 in virus infection has not yet
been definitively established, the protein exhibits a number
of characteristics that may be controlled by differential
phosphorylation. For example, we have previously shown
that VP22 is capable of interacting with another tegument
protein, VP16 (9), an interaction that may provide insights
into the process of tegument assembly. In addition, we have
also shown that VP22 stabilizes the cellular microtubule
(MT) network (11). It has been suggested that phosphory-
lation of VP22 is involved in its targeting to the nucleus late
in infection (33), although in our own studies, we have not
seen such dramatic nuclear localization of VP22 at late
times in infection. In addition, it has recently been reported
that VP22 interacts with the cytoplasmic tail of the envelope
glycoprotein D (gD) (3). Finally, we have very recently re-
ported on the characterization of a VP22 knockout virus in
HSV-1 and have shown that the major effect of deleting
VP22 is on the expression, localization, and virion incorpo-
ration of ICPO (8). This virus also exhibits a cell type-specific
replication defect in epithelial MDBK cells, suggesting that
there may be a differential requirement for VP22 in virus
replication that potentially involves its relationship with
ICPO. While it is not yet clear if this relationship is the result
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of a direct interaction between these two proteins, it is
conceivable that phosphorylation may play a role in its reg-
ulation.

In a previous report, we demonstrated that when expressed
in virus-infected cells or in isolation, HSV-1 VP22 is phosphor-
ylated only on serine residues (15). We have identified the
specific sites that are phosphorylated by mutating individual
serine residues in the VP22 open reading frame and expressing
these proteins by transient transfection (14). These studies
have indicated that the major serine phosphorylation site on
VP22 is a substrate for the cellular kinase casein kinase II.
Furthermore, a minor site at the extreme C terminus of the
protein may be specific for an as yet unidentified cellular
and/or virus-encoded kinase. Previous in vitro studies have
implicated the virus kinase encoded by the UL13 gene in the
phosphorylation of VP22 (4), and a recent report has identified
a specific site in the HSV-2 homologue of VP22 that is phos-
phorylated by HSV-2 UL13 (17).

The construction of a virus lacking the VP22 gene has now
enabled us to introduce point mutations of the serine phosphor-
ylation sites into the VP22 open reading frame and insert these
variant forms back into the virus genome to investigate the re-
quirement for VP22 to be phosphorylated during the HSV infec-
tious cycle. Our results demonstrate that, unlike BHV-1, VP22
phosphorylation is not required for incorporation of this pro-
tein into the virion. However, alterations in VP22 phosphory-
lation resulted in a number of subtle changes in the biology of
HSV-1. In particular, our studies have revealed that the level
of phosphate present on VP22 alters the expression and local-
ization of ICPO0 in the infected cell and affects the replication of
HSV-1 in epithelial MDBK cells. Thus, we believe that the role
of VP22 phosphorylation during HSV-1 infection is not to
dictate the assembly of VP22 into the virus particle but to
regulate its relationship with ICP0 at different stages of infection.

MATERIALS AND METHODS

Cells and viruses. Vero, BHK, MDBK, and Cos-1 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% newborn
calf serum. Viruses were routinely grown in BHK or Vero cells and titrated on
Vero cells. Extracellular virions were purified on Ficoll gradients from the
infected cell medium of 5 X 10® BHK cells as described previously (13). Infec-
tious virus DNA was also produced from extracellular virus as described previ-
ously (13).

The parental virus strain used in this study was strain 17 (s17) of HSV-1. The
recombinant virus expressing green fluorescent protein (GFP)-tagged VP22
(G22v) has been described previously (13). The VP22 deletion mutant (169v)
that expresses GFP in place of VP22 has also been described recently (8). In the
course of studying the VP22 deletion mutant, we isolated a virus that expressed
a nonfluorescing version of GFP due to a single point mutation in the GFP open
reading frame. This new virus, called 169vc, was utilized in the isolation of the
recombinant viruses described below.

Plasmids. Plasmid pGE120 containing 800-bp flanking sequences of HSV-1
ULA49, plasmid pGE155 expressing GFP-VP22 under the control of the human
cytomegalovirus immediate-early (IE) promoter, and plasmid pGE168 express-
ing a mutant VP22 in which the serines at residues 35, 71, 72, 73, 292, and 294
in the VP22 open reading frame had been mutated to alanine residues have been
described previously (13, 14). The plasmid pCP1 encoding GFP-VP22 containing
the mutated serine residues under the control of the human cytomegalovirus
immediate-early promoter was constructed by amplifying the VP22 open reading
frame from pGE168 and inserting it as a BamHI-BglII fragment into plasmid
pEGFP-C1 (BD Biosciences Clontech). To construct a transfer vector for re-
combination into the virus, the Asel-BsrGI fragment from pEGFP-N1 (BD
Biosciences Clontech) was then inserted into Asel-BsrGI-digested pCP1, result-
ing in plasmid pCP2. The BamHI cassette of GFP-VP22P— from pCP2 was
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inserted into the BamHI site of pGE120 to produce pCP3, which consists of
GFP-VP22P— carrying the mutations S35A, S71A, S72A, S73A, S292A, and
S294A, surrounded by the UL49 flanking sequences, and hence driven by the
ULA49 promoter. The plasmid pCP4 carrying the GFP-VP22P+ gene in VP22
flanking sequences was obtained by mutagenesis overlap extension from plasmid
pCP1. The resulting PCR product, consisting of GFP-VP22P+ carrying the
mutations S35A, S71E, S72E, S73E, S292E, and S294E, was inserted into plas-
mid pGE166 as a BsrGI-Kpnl fragment to produce plasmid pCP4 encoding
GFP-VP22P+ surrounded by the UL49 flanking sequences and hence driven by
the UL49 promoter.

Construction of recombinant viruses. To construct the G22P—v and G22P+v
recombinant viruses, subconfluent monolayers of Vero cells were cotransfected
with infectious genomic DNA from 169vc and pCP3 or pCP4, respectively, using
the calcium phosphate precipitation technique modified with BES [N,N-bis
(2-hydroxyl)-2-aminoethanesulfonic acid]-buffered saline in place of HEPES-
buffered saline. The day after, medium was changed and 1% human serum
added. Infected cells were screened 4 days after cotransfection for the presence
of GFP plaques. Isolated G22P—v and G22P+v recombinants were plaque
purified three times on Vero cells and virus stocks prepared. Each virus was
sequenced across the UL49 gene to ensure that the correct mutations had been
introduced.

Antibodies. The rabbit polyclonal anti-VP22 antibody AGV031 has been de-
scribed previously (12). The antibodies against VP16 (LP1) and gD (LP14) were
kindly provided by Tony Minson (University of Cambridge). Mouse monoclonal
anti-GFP antibody was purchased from BD Biosciences. Monoclonal antibodies
against ICP4 and ICP0 were obtained from Virusys. An additional anti-ICP0
monoclonal antibody (11060) was kindly provided by Roger Everett, MRC
Virology Unit, Glasgow, Scotland. The anti-VP5 monoclonal antibody was ob-
tained from Autogen Bioclear. Monoclonal anti-a-tubulin and monoclonal
anti-B-actin were obtained from Sigma and AbCam, respectively.

Virus growth curves. Confluent Vero or MDBK cells grown in a six-well plate
were infected at low multiplicity of infection (0.1 or 0.02 PFU/cell). One hour
postinfection, the inoculum was removed, the cells were washed three times with
phosphate-buffered saline (PBS), and 1 ml of fresh medium was added to each
well. At various times postinfection, either extracellular virus from the cell
medium or intracellular virus from the cells was harvested from one well of
infected cells and scraped into 1 ml of PBS or total virus was harvested
by combining the cells and medium. Each virus sample was then titrated on
Vero cells.

SDS-PAGE and Western blot analysis. Solubilized proteins were subjected to
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and
the gels were either stained with Coomassie blue or transferred to nitrocellulose
filters. The filters were incubated with the appropriate primary antibody, pro-
cessed using horseradish peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies (Bio-Rad), and developed using an enhanced
chemiluminescence kit (Pierce).

In vivo radiolabeling assay. Confluent monolayers of Vero cells in 6-cm-
diameter dishes were infected at a multiplicity of infection of 10 PFU per cell and
incubated at 37°C. One hour postinfection, the inoculum was removed and cells
were washed twice with phosphate-free DMEM (ICN) and starved for phos-
phates by incubating them in phosphate-free DMEM supplemented with 10%
dialyzed calf serum for 1 h at 37°C. Radioactive labeling was conducted by the
addition of 100 wCi of [**PJorthophosphate (Amersham) per dish, and the cells
were incubated at 37°C for a further 13 h. After washing off the unincorporated
label with PBS, proteins were extracted with 1 ml of radioimmunoprecipitation
assay buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% SDS, 1% Na
deoxycholate, 0.5% Triton X-100) containing protease inhibitors (Miniprotease
inhibitors; Roche Diagnostics Ltd.). Proteins from the soluble fraction were
immunoprecipitated with the anti-VP22 polyclonal antibody AGV031, and after
extensive washing of the protein A Sepharose beads (Amersham), proteins were
analyzed by SDS-PAGE and autoradiography.

Live-cell microscopy analysis. Vero cells for live analysis of GFP expression
were plated into two-well Lab-Tek coverglass chambers (Quadrachem Labora-
tories), infected with HSV-1 at a low multiplicity of infection (0.1 PFU/cell), and
examined using a Zeiss LSM 410 inverted confocal microscope. Images were
collected every 2 h for 24 h after infection and processed using Adobe Photoshop
software.

Immunofluorescence. Vero cells were grown on 16-mm coverslips in the indi-
vidual wells of a six-well plate. Cells were fixed for 10 min in 100% methanol, or
20 min in 4% paraformaldehyde followed by permeablization for 5 min with
0.1% Triton X-100. The fixed cells were blocked by incubation for 30 min in PBS
containing 10% newborn calf serum. Primary antibody was added in block
solution for 1 h. Following extensive washing in PBS, Texas Red-conjugated
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FIG. 1. Phosphorylation variants of VP22 as GFP-VP22 fusion proteins. (A) Line drawing of the GFP-VP22 (G22) open reading frame showing
GFP (black box) and the 301 amino acids of the VP22 WT (white box). The serine (S)-to-alanine (A) or S-to-glutamic acid (E) substitutions present
in the plasmids expressing the GFP-VP22P— (G22P—) or GFP-VP22P+ (G22P+) mutant are shown. These substitutions were introduced by PCR
mutagenesis. (B) Live transfected Cos-1 cells expressing either the G22, G22P—, or G22P+ proteins, examined by confocal microscopy 24 h

posttransfection.

anti-mouse immunoglobulin G (Vector Labs) was added in block solution and
the mixture was incubated for a further 45 min. The coverslips were washed in
PBS and mounted in Vectashield (Vector Labs). Images were acquired using
aZeiss LSM 410 inverted confocal microscope and processed using Adobe
Photoshop.

RESULTS

Construction of recombinant viruses expressing phosphor-
ylation variants of VP22. We have previously shown that VP22
expressed by transient transfection colocalizes with cellular
MTs, resulting in their reorganization and stabilization in bun-
dles (11). Furthermore, this phenotype is maintained in a GFP-
VP22 fusion protein (10). To determine if the phosphorylation
status of VP22 had any effect on MT bundling, we constructed
two variants of GFP-VP22 for analysis by transient transfec-
tion: one in which the previously identified serine phosphory-
lation sites had been replaced with alanine residues in order to
abolish the phosphorylation of VP22 (G22P—) and one in
which the serines had been replaced with glutamic acid resi-
dues in an attempt to mimic a permanent phosphorylation
status of VP22 (G22P+) (Fig. 1A). These plasmids were trans-
fected into Cos-1 cells, and the localization of the VP22 vari-
ants was compared to that of wild-type (WT) GFP-VP22 (G22)
(Fig. 1B). Live-cell analysis of cells expressing each variant of
VP22 indicated that they both localized to the characteristic
cytoplasmic bundles observed for GFP-VP22, suggesting that
the mutation of the phosphorylation sites had little effect on
the subcellular localization of VP22 when expressed in isola-
tion (Fig. 1B).

We next constructed recombinant viruses expressing each of
these VP22 variants as GFP fusion proteins. Plasmids encoding

the GFP-VP22 variants in the background of the UL49 flank-
ing sequences were cotransfected into Vero cells with genomic
viral DNA purified from cells infected with our VP22 deletion
mutant. The cells were incubated for 4 days until plaques had
formed and were screened for GFP fluorescence to identify
recombinant viruses. One fluorescent plaque for each cotrans-
fection was chosen, and the recombinant viruses were each
plaque purified three times to obtain the recombinant virus
G22P—v expressing a phosphorylation-deficient variant of
GFP-VP22 and the recombinant virus G22P+v expressing a
constitutively charged GFP-VP22.

Phosphorylation status of the GFP-VP22 variant proteins.
To ensure that G22P—v and G22P+v were correctly express-
ing the phosphorylation variants of GFP-VP22, we first ana-
lyzed the expression of GFP-VP22 in cells infected with the
three viruses. Vero cells infected at a high multiplicity of in-
fection were harvested 10 h after infection, and total cell ex-
tracts were analyzed by Western blotting with an anti-VP22
antibody. The results show that both phosphorylation variants
express VP22 at levels similar to those of the GFP-VP22 virus
(Fig. 2A). Interestingly, the P— version of VP22 ran with a
faster mobility than WT VP22, confirming that this protein was
less negatively charged than the protein expressed in a WT
infection (Fig. 2A). In addition, the P+ version of VP22 ran
with the same mobility as parental VP22, suggesting that the
correct charge in this protein had been maintained by intro-
duction of the glutamic acid residues in place of serines (Fig.
2A).

To ensure that we had targeted all the potential phosphor-
ylation sites in VP22, we next analyzed the in vivo phosphor-
ylation levels of VP22 expressed from our parental virus (s17),
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FIG. 2. Characterization of VP22 expressed in G22, G22P— or
G22P+ virus infections. (A) Monolayers of Vero cells were infected
with G22v, G22P—v, or G22P+v at a multiplicity of infection of 10,
and total cell lysates were harvested after 10 h. Equal amounts of lysate
were analyzed by SDS-PAGE followed by Western blotting with an
antibody against VP22. (B) Vero cells were infected at a multiplicity of
infection of 10 with the WT viral s17, GFP-VP22 expressing G22v, or
the recombinant viruses G22P—v and G22P+v and incubated in a
labeling medium containing [**Plorthophosphate. Protein cell lysates
were immunoprecipitated using an antibody directed against VP22 and
then analyzed by Western blotting using an antibody directed against
GFP. (C) SDS-PAGE analysis of the immunoprecipitated proteins and
autoradiography. The positions of VP22 (0) and GFP-VP22 () are
shown.

the GFP-VP22-expressing virus (G22v), and the two phosphor-
ylation variants (G22P—v and G22P+v). Vero cells infected
with these viruses were labeled in vivo with [**P]orthophos-
phate, cell extracts were prepared, and immunoprecipitations
were carried out with the anti-VP22 antibody (Fig. 2B and C).
Western blotting of the immunoprecipitated extracts with an
anti-GFP antibody demonstrated that both phosphorylation
variants of the GFP-VP22 protein were precipitated in approx-
imately similar amounts to the G22 protein (Fig. 2B). Never-
theless, while [>?P]phosphate was efficiently incorporated into
WT untagged and GFP-tagged VP22, there was no detectable
phosphate present in the phosphorylation variant proteins
G22P— and G22P+ (Fig. 2C). While we cannot rule out the
possibility that a poorly utilized, and therefore undetectable,
phosphorylation site was still present in these variants of VP22,
we nonetheless interpret these results to mean that neither of
the GFP-VP22 variants is phosphorylated during infection and
that we have successfully mutated all the major utilized phos-
phorylation sites.

Live-cell analysis of infected cells. We have previously
shown that incorporation of the GFP-VP22 protein into the
virus particle does not alter the growth properties of the virus,
allowing us to use this virus to monitor the trafficking of VP22
in living cells (13). To investigate if there is any requirement
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for VP22 to be phosphorylated during virus infection for its
correct subcellular targeting, we compared the localization of
the phosphorylation variant G22P— and G22P+ proteins with
the parental GFP-VP22 protein. Vero cells were infected with
G22v, G22P—v, or G22P+v at a low multiplicity of infection
(0.1 PFU/cell), and representative images were collected at §,
12, 16, and 20 h postinfection. As previously described, the
GFP-VP22 protein exhibits a complex and sequential localiza-
tion within the infected cell (13, 21). It appeared initially in a
diffuse cytoplasmic pattern as early as 6 h after infection at a
low multiplicity of infection (data not shown). Over the next
hours, the cytoplasmic fluorescence increased in intensity while
the GFP-VP22 accumulated in a Golgi-like pattern (Fig. 3A).
Slightly later, a minor population of GFP-VP22 appeared in
discrete dots within the nucleus, as described previously (21),
while the cytoplasmic population took on a strong vesicle-like
localization (Fig. 3D and G). At later stages of infection, GFP-
VP22 accumulated at the cell periphery (Fig. 3J). In a similar
manner to GFP-VP22, the two phosphorylation variants were
first observed in a diffuse cytoplasmic pattern with an accumu-
lation in a Golgi-like position (Fig. 3B and C). The localization
of the G22P+ protein throughout the infectious cycle pro-
ceeded in a manner similar to that of the WT protein with the
exception that VP22-containing nuclear dots could not be de-
tected in cells infected with this virus (Fig. 3, compare panel F
with panels D and E). However, a striking difference was ob-
served in cells infected with the G22P— virus whereby VP22
was easily detectable in cytoplasmic filamentous bundles that
we presume to be MTs from our previous results (Fig. 3E, H,
and K). Nonetheless, vesicle-like structures containing VP22
were also often observed within the cytoplasm of these cells
and at the cell periphery at later times, suggesting that the
G22P— protein has the capacity to localize in a pattern similar
to that of the WT protein.

On further examination of a large number of cells infected
with the G22P— mutant virus, it became clear that in a small
population of cells, the filamentous localization of VP22 was
particularly obvious (Fig. 4A) and resembled the localization
of VP22 observed in transfected cells. To confirm that the
G22P-containing bundles were indeed associated with MTs, we
next carried out indirect immunofluorescence of infected cells
with an anti-a-tubulin antibody. The resulting images show
that the majority of the GFP-VP22-containing bundles colo-
calized with cellular MT bundles in G22P—v-infected cells
(Fig. 4B), and while some of the bundles appear green rather
than yellow in this image, this simply reflects the presence of a
high concentration of VP22 compared to tubulin.

The nonphosphorylated form of VP22 interacts efficiently
with VP16 and relocalizes it to MT bundles. We have previ-
ously shown that VP22 interacts directly with a second tegu-
ment protein, VP16 (9), an interaction that we and others have
suggested may be involved in the process of tegument assembly
(30). Hence, to determine whether our VP22 phosphorylation
variants were capable of interacting with VP16 as efficiently as
parental VP22, we carried out coimmunoprecipitation assays
from infected cell extracts. VP22 was first immunoprecipitated
with a polyclonal antibody against VP22 and the efficiency of
precipitation determined by Western blotting with a monoclo-
nal antibody against GFP (Fig. 5A, anti-GFP). These results
indicated that all three VP22 proteins had been precipitated to
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FIG. 3. Live-cell analysis of the VP22 phosphorylation variants in infected cells. Monolayers of Vero cells grown in coverslip chambers were
infected with G22v (A, D, G, and J), G22P—v (B, E, H, and K), or G22P+v (C, F, I, and L) at a multiplicity of infection of 0.1 and were examined
by confocal microscopy for GFP fluorescence every 2 h up to 20 h postinfection (h.p.i.). Representative images taken at 8 (A to C), 12 (D to F),

16 (G-I), or 20 (J to L) h.p.i. are shown.

similar levels. Next, the same samples were blotted with a
monoclonal anti-VP16 antibody to determine the ability of
each variant of VP22 to interact with VP16 (Fig. 5A, anti-
VP16). Once again, the results showed that VP16 interacted
efficiently with all three variants of VP22, suggesting that the
charge on VP22 does not significantly affect its ability to inter-
act with VP16. Furthermore, immunoprecipitation with an ex-
tract from cells infected with our A22 virus demonstrated that
there was no nonspecific association of VP16 with the anti-
VP22 antibody (Fig. 5A, A22 lanes).

Because the phosphorylation-deficient version of VP22 was
able to interact with VP16, we next investigated the localiza-
tion of VP16 in cells infected with this virus. Indirect immu-
nofluorescence of Vero cells infected with either the G22-
expressing virus or the G22P-expressing virus was carried out
with an anti-VP16 antibody. In cells expressing G22, cytoplas-
mic VP16 was clearly concentrated in the VP22-containing
vesicles that in the example cell are localized close to the
nucleus (Fig. 5B, G22v). Furthermore, in cells expressing the
P— version of VP22, in which MT bundles had been formed,
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FIG. 4. The G22P— protein forms MT bundles in infected cells.
Vero cells infected with G22P-v at a multiplicity of infection of 0.1
were examined live at 20 h postinfection (A) or were fixed with meth-
anol and processed for immunofluorescence with an anti-a-tubulin
antibody. (B) Cells were examined by confocal microscopy for GFP-
VP22 (green) and a-tubulin fluorescence (red). Right-hand panels
show magnified images of the region in the white box.

VP16 was also concentrated at the major site of VP22 local-
ization within the cytoplasmic bundles (Fig. 5B, G22P—v). Thus,
these results show that MT-bound VP22 can recruit VP16 into
the MT bundles, suggesting that the VP22-MT interaction may
be dominant over the VP22-VP16 interaction in infected cells.

VP22 phosphorylation levels affect ICP0 expression and lo-
calization. In light of our recent observation that virus grown
in the absence of VP22 displays a delay in the initiation of viral
protein synthesis, especially for the immediate-early protein
ICPO (8), we next wished to investigate the role that VP22
phosphorylation might play in such a phenotype. Thus, we
examined the kinetics of expression of a range of virus-en-
coded proteins in cells infected with the three GFP-VP22-
expressing viruses. Vero cells infected at a high multiplicity of
infection were harvested at various times after infection, total
cell extracts were analyzed by Western blotting with a range of
antibodies against virus-encoded proteins, and an anti-B-actin
antibody was used as a loading control (Fig. 6A). Interestingly,
the results show that while there is a very slight reduction in the
kinetics of expression of the late proteins VP16, gD, and VP22
itself in both variant viruses (Fig. 6, VP16, gD, and GFP and
compare G22P— and G22P+ with G22), there was a clear
difference in the expression of ICPO that was specific to the
G22P-v infection (Fig. 6A, ICPO and compare G22P— with
G22 and G22P+). Thus, while ICPO was expressed in the
G22P+v-infected cells in the same manner as G22v-infected
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cells, the level of ICPO present in G22P—v-infected cells was
clearly reduced. Taken together with our previous observation
that ICPO levels are also reduced in cells infected with a VP22
deletion virus (8), this suggests that it is specifically the phos-
phorylated version of VP22 that is required to allow optimal
levels of ICPO to be present during HSV-1 infection. In addi-
tion, there was no apparent difference in the expression levels
of ICP4 between the three viruses, whereas cells infected with
the VP22 deletion virus also exhibit a reduction in the levels of
this IE protein.

In our previous studies on the VP22 deletion mutant, we
have shown that the absence of VP22 affects the cytoplasmic
localization of ICPO and subsequently its incorporation into
the virion. Hence, we next addressed the localization of ICPO
in cells infected with our VP22 phosphorylation mutants. Vero
cells infected with the three GFP-VP22-expressing viruses at a
multiplicity of infection of 10 were fixed 6 h after infection, and
immunofluorescence was carried out with an ICPO antibody
(Fig. 6B). As we have shown before, at this time in a WT
infection, ICPO shifts from the nucleus into the cytoplasm,
where it colocalizes with VP22 (8) (Fig. 6B, Wt). Interestingly,
ICPO expressed in the G22P— virus-infected cells had also
shifted to the cytoplasm by this time, where it was also colo-
calized with the G22P— protein in spite of the much lower
level of ICPO in infected cells (Fig. 6B, P-ve). By contrast, there
was a dramatic alteration in the localization of ICP0 expressed
in the G22P+-virus-infected cells, with the protein being lo-
cated entirely in the nucleus, where it was present in multiple
intense speckles (Fig. 6B, P+ve). This apparent retention of
ICPO in the nucleus was also maintained at later times in
infection (data not shown), demonstrating that the effect was
not simply a delay in ICPO translocation from the nucleus to
the cytoplasm.

Incorporation of the VP22 phosphorylation variants into
virus particles. We have previously shown that during infec-
tion, the nonphosphorylated form of VP22 is the predominant
species to be incorporated into the virus structure (15). To
determine if the incorporation of GFP-VP22 is affected by the
phosphorylation status of the protein, we analyzed extracellu-
lar virions from all three GFP-VP22-expressing viruses by
SDS-PAGE, followed by Coomassie blue staining or Western
blotting with equal amounts of the virion preparations loaded
according to their VP5 content (Fig. 7A). The results clearly
demonstrate that both phosphorylation variants of VP22 are
packaged into virions in amounts similar to the WT VP22, as
seen in the virion profiles (Fig. 7A). This result was confirmed
by Western blotting of the same virion preparations with an
antibody against VP22 (Fig. 7B). Comparison of the Coo-
massie blue-stained virion profiles revealed no major differ-
ences in the virion content of the major structural proteins
for the two variant viruses, and in particular, there was no
difference in the levels of VP16 (Fig. 7A and B). Interest-
ingly, however, we detected a reduction in the levels of the
envelope gD in the G22P+ virions as determined by West-
ern blotting (Fig. 7B, gD) and a reduction in the levels of gB
as determined by Coomassie blue staining (Fig. 7A, gB). We
have recently shown that virus particles assembled in the
absence of VP22 also exhibit a similar reduction in glyco-
protein levels, in particular, of gD (8), and hence the results
presented here suggest that efficient incorporation of the
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FIG. 5. The phosphorylation variants of VP22 interact with VP16. (A) Monolayers of Vero cells were either mock infected or infected at a
multiplicity of infection of 10 with G22v, G22P—v, G22P+v, or the A22 virus (169v) and lysed in radioimmunoprecipitation assay buffer 15 h
postinfection. Cell lysates were immunoprecipitated using an antibody directed against VP22 and then analyzed by SDS-PAGE and Western
blotting with antibodies against GFP and VP16. (B) Monolayers of Vero cells were infected with either G22v or G22P—v at a multiplicity of
infection of 0.1. At 20 h postinfection, the cells were fixed with methanol and processed for immunofluorescence with an anti-VP16 antibody. Cells
were examined by confocal microscopy for GFP-VP22 (green) and VP16 (red) fluorescence.

glycoproteins may require the nonphosphorylated form of
VP22. Finally, our previous data on VP22-deficient virions
have indicated that VP22 is absolutely required for the
incorporation of the two immediate-early proteins, ICP0
and ICP4, into the virus. Because we have shown above that
expression of the G22P+ version of VP22 has a dramatic

effect on the localization of ICP0O while the G22P— version
has an effect on the levels of ICPO in the infected cell, we
wished to determine the relative packaging of ICPO into the
corresponding virions. The relative charge of VP22 does not
seem to play a role in the assembly of ICP4 into the virion,
as both phosphorylation variant viruses were able to pack-
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FIG. 6. ICPO expression and localization in cells infected with the VP22 phosphorylation mutants. (A) Monolayers of Vero cells were infected
with G22v, G22P—v, or G22P+v at a multiplicity of infection of 10, and total cell lysates were harvested every 5 h after infection up to 20 h. Equal
amounts of total cell lysates were analyzed by SDS-PAGE followed by Western blotting with antibodies against GFP, ICP4, ICP0, VP16, gD, and
cellular B-actin. (B) Monolayers of Vero cells were infected with G22v, G22P—v, or G22P+v at a multiplicity of infection of 10 and fixed 7 h later
in 4% paraformaldehyde. The cells were then processed for immunofluorescence with a monoclonal anti-ICP0 antibody and examined by confocal
microscopy for GFP-VP22 (green) and ICPO fluorescence (red). Note that the ICP0O image for G22P—v was imaged using 10-fold more laser power
because of its weak expression in infected cells.
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FIG. 7. Incorporation of the phosphorylation variants of VP22 into
virions. Approximately equivalent amounts of purified G22v, G22P—v,
and G22P+v virions were solubilized and analyzed by SDS-PAGE
followed by either Coomassie blue staining (A) or Western blotting
with antibodies directed against VP22, VP16, gD, ICP0, and ICP4 (B).
(C) Equivalent amounts of purifed G22v, G22P—v, and three different
preparations of G22P+v virions were analyzed by Western blotting for
ICPO and VP5.

age ICP4 to the levels of WT virus (Fig. 7B, ICP4). Likewise,
ICPO was packaged efficiently into G22P— virions, suggest-
ing that although the levels of ICPO were reduced in cells
infected with this virus, the fact that it colocalized with VP22
in the cytoplasm was indicative of its assembly into the
virion. By contrast, we detected a clear reduction in the
levels of ICPO present in the G22P+ virions (Fig. 7B) that
correlated with the lack of cytoplasmic ICPO in cells infected
with this virus. Moreover, this effect was reproducible, with
three separate virion preparations of G22P+ virus particles
exhibiting the same reduction in ICPO content (Fig. 7C).
VP22 phosphorylation level affects HSV-1 replication. We
have previously shown that the HSV-1 VP22 deletion mutant
grows efficiently in Vero cells but displays reduced replication
in MDBK cells. Thus, we next assessed the rate of virus rep-
lication of our VP22 phosphorylation variants by conducting
low multiplicity time courses of infection in both Vero and
MDBK cells. Our results indicate that, as for the VP22 dele-
tion mutant, both phosphorylation mutant viruses grew as ef-
ficiently as the WT virus on Vero cells (data not shown). In
addition, the G22P— virus grew as efficiently as WT virus in
MDBK cells (Fig. 8A). By contrast, however, the G22P+ virus
exhibited a clear reduction in replication efficiency in MDBK
cells that was comparable to that observed for the VP22 dele-
tion mutant (A22) (Fig. 8A). To confirm that the trends in
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FIG. 8. HSV-1 expressing the P+ version of VP22 displays a
growth defect in MDBK cells. (A) Monolayers of MDBK cells were
infected with WT, A22 G22P—, or G22P+ viruses at a multiplicity of
infection of 0.02. At various times after infection, total virus was
harvested by combining the cells and medium and the samples were
titrated on Vero cells. (B) Monolayers of MDBK cells were infected
with A22, G22, G22P—, or G22P+ viruses at a multiplicity of infection
of 10. At various times after infection, total cell extracts were made
from infected cells and analyzed by Western blotting for VP22 and
1CPO.

ICPO expression levels in these infections were similar in
MDBK cells and in Vero cells, we examined the kinetics of
expression of ICPO in cells infected with the three GFP-VP22-
expressing viruses compared to cells infected with the A22
virus. MDBK cells infected at a high multiplicity of infection
were harvested at various times after infection, and total cell
extracts were analyzed by Western blotting with antibodies
against VP22 and ICPO0. In both cases, comparable results were
obtained in MDBK cells compared to Vero cells. Hence, there
was little effect on VP22 expression in cells infected with the
phosphorylation mutants compared to WT VP22, but ICP0
levels were greatly reduced in cells infected with the G22P—
virus compared to cells infected with the G22P+ virus or WT
virus (Fig. 8B). Furthermore, the reduced ICPO levels in the
G22P— virus-infected cells were still higher than those ob-
tained in A22 virus-infected MDBK cells, suggesting that for
this feature at least, the G22P— virus had an intermediate
phenotype compared to the WT and the deletion virus. In
summary, the reduced replication efficiency in MDBK cells
correlates with the altered localization and assembly of ICPO
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observed in G22P+ virus-infected cells and not the reduced
levels of ICPO observed in G22P mutant virus-infected cells.

DISCUSSION

Protein phosphorylation is a fundamental regulatory mech-
anism within the cell, with the level of phosphate on a protein
dictating the activity of that protein, its cellular location, and/or
its interaction with other proteins. Many virus-encoded pro-
teins are phosphorylated, and in some cases, these proteins are
known to be substrates of cellular kinases (26, 27). Many vi-
ruses are also known to encode their own kinases so that they
have the potential to regulate the phosphorylation status of
their own proteins, and several have been shown to package
kinases (either cellular or virus encoded) into the structure of
the virus particle, thereby ensuring that the kinase is delivered
to the cell at the site of virus entry (1, 20, 22, 29, 31). This may
be important for virus-induced alteration of the local cellular
environment (for example, rearrangement of the actin cy-
toskeleton) or for the regulation of proteins involved in early
virus gene expression. In the case of alphaherpesviruses, the
two virus kinases encoded by the UL13 and US3 genes are
packaged into the virion (5, 19, 36). Although the exact role of
these virion-associated kinases is not yet clear, it is noteworthy
that the UL13 gene is conserved throughout the alpha-, beta-,
and gammaherpesvirus families (24), suggesting that it plays an
intrinsic role in virus replication.

One of the viral substrates of HSV-1 ULI13 is the major
tegument protein VP22 (4), which is also known to be an
efficient substrate for the cellular kinase casein kinase II (14).
VP22 is highly phosphorylated in cells but not in the virus
particle (15), confirming the potential for phosphorylation of
VP22 at virus entry. However, the exact role of VP22 in virus
infection is not yet clear and hence the significance of VP22
phosphorylation is difficult to establish. Nonetheless, phos-
phorylation of the BHV-1 homologue of VP22 has been shown
to be critical for assembly of this protein into the virus, imply-
ing a role for phosphorylation in the assembly process (34). In
this report, we have investigated the role of VP22 phosphory-
lation in HSV-1 by generating viruses in which the phosphor-
ylation sites within the open reading frame of VP22 have been
mutated to either noncharged residues to generate a nonphos-
phorylated protein or negatively charged residues to mimic a
permanent phosphorylation status. Although HSV-1 appears
to preferentially package the nonphosphorylated form of VP22
when presented with both forms in a WT infection, our results
show that both phosphorylation variants of VP22 examined in
this study are able to be packaged in equivalent amounts,
suggesting that there is no absolute requirement for either
form of VP22 for its assembly into the tegument. We cannot
rule out the possibility that the P+ variant of VP22 did not
successfully mimic permanent phosphorylation, and hence, we
cannot state definitively that phosphorylation of VP22 does not
inhibit its assembly into the virion. Nonetheless, our results
with the P— variant demonstrate unequivocally that unlike the
situation in BHV-1 (34), HSV-1 VP22 does not require phos-
phorylation for efficient assembly into the tegument.

The UL13-specific phosphorylation site in HSV-2 VP22 has
been mapped to serine 35, one of the serines targeted in the
mutagenesis of HSV-1 VP22 performed here. Hence, we have
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probably mutated phosphorylation sites for both cellular and
viral kinases in our P— variant of VP22. It has been proposed
that UL13 is involved in the phosphorylation of the tegument
at virus entry, thereby releasing tegument proteins into the
cytosol and revealing the capsid structure for transport to the
nucleus (32). However, although in vitro studies have shown
that UL13 is required for the major tegument proteins to
dissociate from the tegument in a biochemical assay (32), it has
not yet been definitively shown to have the same effect in cells.
As we have now constructed a virus expressing a variant of
VP22 that is no longer able to be phosphorylated (by cellular
or viral kinases), the premise that VP22 is phosphorylated by
UL13 at virus entry in order to be released from the tegument
should now be testable, in particular, because we have tagged
VP22 with GFP.

Recruitment of tegument proteins into the maturing virion is
likely to involve specific interactions with other virus compo-
nents and/or cellular structures. A potential mechanism for
recruitment of VP22 is through its interaction with another
tegument protein, VP16 (9). Our results presented here show
that both phosphorylation variants of VP22 bind efficiently to
VP16, and hence, phosphorylation is not required for these
two tegument proteins to form a complex. Interestingly, our
virion profiles indicate that there is a clear reduction in the
level of envelope gD and gB in the virus expressing the P+
version of VP22. This result extends our own recent observa-
tion that virions grown in the absence of VP22 also exhibit a
reduction in glycoprotein content, in particular, gD (8), and
the recent demonstration by others that VP22 can interact with
the C terminus of gD in vitro (3). Intriguingly, this may suggest
that the gD-VP22 interaction requires that one or another of
the VP22 phosphorylation sites is unmodified for efficient
binding between the two proteins. In the pseudorabies virus
system, it has been shown that the C terminus of VP22 inter-
acts with the cytoplasmic tails of gE and gM (16), and there-
fore, by extrapolation, the gD-VP22 interaction in HSV-1 may
also involve the C-terminal region of VP22, encompassing one
of its previously identified phosphorylation sites (14).

The VP22 knockout virus that we described in a very recent
publication (8) exhibits a clear delay in the onset of virus
protein synthesis, and although we do not yet have a definitive
explanation for this phenotype, it does suggest that VP22 plays
arole at early times in infection, one that could be either at the
level of capsid transport to the nucleus or at the level of IE
gene expression. Interestingly, we have shown that the levels of
the IE protein ICP0O were greatly reduced in cells infected with
the A22 virus, and although not so dramatic, we now show a
corresponding decrease in the intracellular levels of ICPO
present in cells infected with the virus expressing the P— vari-
ant of VP22. This implies that efficient involvement of VP22
with ICPO at this stage of infection requires the phosphorylated
form of VP22. Further studies must be done to determine if
the reduction of ICPO in cells infected with either of these
VP22 mutant viruses is due to reduced expression rates or
reduced stability of the ICPO protein. An additional result of
deleting the VP22 gene from HSV-1 was the abrogation of
ICPO incorporation into the virus particle, suggesting the in-
volvement of VP22 in recruiting this IE protein to the tegu-
ment of the virion (8). In this current study, we have shown a
clear but not complete reduction in the levels of ICP0 assem-
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bled into the virions purified from cells infected with the
P+-variant-expressing virus, suggesting that, unlike the re-
quirement for VP22 at early stages of infection, this process
requires the nonphosphorylated form of VP22. Interestingly,
this lack of ICPO assembly into the virion correlates with an
altered localization of ICPO in the infected cell. In both WT-
and A22-infected cells, ICPO has been shown to translocate to
the cytoplasm at 4 to 5 h after infection (8). In the case of WT
virus, the ICPO then localizes to VP22-containing complexes
that we believe to be involved in assembly. However, in the
case of the A22 virus, ICPO remains diffuse in the cytoplasm
and is not packaged into the virion. By contrast, ICPO in
G22P+-infected cells fails to translocate to the cytoplasm and
is retained in the nucleus, where it localizes to subtly different
nuclear structures than those present in WT-infected cell nu-
clei. While we believe the reason for the reduction in ICPO
content in the virion is due to this failure of ICP0 to move into
the cytoplasm, the mechanism of such nuclear retention re-
mains unclear, in particular, because VP22 is predominantly
cytoplasmic. However, the fact that the behavior of ICPO is
quite different in the presence of a mutant version of VP22
than in the complete absence of VP22 implies that the P+
variant of VP22 has a dominant-negative activity on ICPO.
Furthermore, the presence of the VP22P+ protein reduces
HSV-1 replication efficiency in MDBK cells to the level of the
A22 virus, suggesting that the defect in virus replication ob-
served in these cells correlates with a failure in the localization
and packaging of ICPO rather than the reduction in ICPO levels
detected in VP22P—-expressing cells.

An additional interaction of VP22 that appears to be af-
fected by its phosphorylation status is its association with cel-
lular MTs, a relationship that we initially demonstrated in cells
transiently expressing VP22 (11). Indeed, enhanced binding of
the P— version of VP22 to MTs in the infected cells shown
here is the first definitive demonstration that such a virus-cell
interaction occurs during infection. It is possible that the in-
creased association of this variant of VP22 with MTs is due
simply to its increased basic charge, allowing it to bind more
tightly to the negatively charged MTs. However, phosphoryla-
tion is a modification known to regulate the binding of many
cellular MT-associated proteins (2, 7, 23), and hence, this may
be an important mechanism that the virus uses to control the
interaction of VP22 with MTs in the infected cell. Although all
three forms of VP22 exhibit the same MT localization when
expressed in transient transfection, further studies such as in
vitro MT binding assays would be required to measure the
relative affinity of each VP22 variant for polymerized MTs in
the absence of other virus proteins. However, in the case of
infected cells where VP22 is likely to be involved in multiple
interactions, the existing balance between the VP22-MT inter-
action and, for instance, the VP22-VP16 interaction would
prevent WT VP22 from assembling onto cellular MTs in an
uncontrolled fashion. If this balance were altered such that the
MT interaction was stronger than the VP16 interaction, it
might be expected that VP22 would assemble onto MTs even
during infection and bring VP16 and other potential interact-
ing proteins with it. Indeed, this turned out to be true when we
examined VP16 localization in cells infected with the G22P—
virus. Hence, while the role of the VP22-MT interaction during
infection has yet to be determined, it would seem that phos-
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phorylation may play an important role in ensuring that this
interaction is not dominant over the other activities of VP22
during infection.

In summary, our results would suggest that VP22 phosphor-
ylation is a subtle mechanism utilized by the virus to maintain
a balance between the various activities of VP22 during the
virus replication cycle. Importantly, we have shown that the
main consequence of abolishing phosphorylation occurs during
early times of the replication cycle, when it is known that VP22
is phosphorylated, while the major consequence of mimicking
phosphorylation occurs in the assembly of the virus particle
that usually contains predominantly nonphosphorylated VP22.
Nonetheless, as is the case for mutations in so many virus
proteins, the true biological consequences of shifting the bal-
ance of VP22 activities may become apparent only when in-
vestigating the growth of these mutant viruses in an animal
model.
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