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After cell entry, herpes simplex virus (HSV) particles are transported through the host cell cytoplasm to
nuclear pores. Following replication, newly synthesized virus particles are transported back to the cell periph-
ery via a complex pathway including a cytoplasmic phase involving some form of unenveloped particle. These
various transport processes are likely to make use of one or more components of the cellular cytoskeletal
systems and associated motor proteins. Here we report that the HSV type 1 (HSV-1) major tegument protein,
VP22, interacts with the actin-associated motor protein nonmuscle myosin IIA (NMIIA). HSV-1 infection
resulted in reorganization of NMIIA, inducing retraction of NMIIA from the cell periphery and condensation
into a spoke-like distribution around the nucleus along with a second effect of accumulation in a perinuclear
cluster. VP22 did not appear to colocalize with the reorganized cagelike distribution of NMIIA. However, VP22
has been previously reported to localize in a perinuclear vesicular pattern, and significant overlap was observed
between this pattern and the perinuclear clusters of NMIIA. Inhibition of the ATPase activity of NMIIA with
the myosin-specific inhibitor butanedione monoxime impaired the formation of the perinuclear vesicular VP22
accumulations and also the release of virus into the extracellular medium while having much less effect on the
yield of cell-associated virus. Virus infection frequently results in the induction of highly extended processes
emanating from the infected cell, and we observed that VP22-containing particles line up along NMIIA-
containing filaments which run through these protrusions.

The lytic life cycle of herpesviruses involves cell adsorption,
fusion and penetration, capsid transport within the host cyto-
plasm to the nucleus, viral DNA replication, synthesis of viral
components, and subsequent virus assembly followed by cyto-
plasmic transport to the cell periphery and finally release from
the cell. Among the first viral proteins encountering the host
cell after infection are those of the tegument, a proteinaceous
layer assembled between the viral capsid and envelope and
comprising at least 12 virus-encoded proteins (18). Following
fusion of the virus envelope with the cell membrane, these
tegument proteins are immediately involved in a variety of
activities which promote virus infectivity, including, for exam-
ple, shutoff of host protein synthesis (14, 21, 42) or the induc-
tion of transcription of the incoming genome in the nucleus (3,
37, 41). There is limited information on the precise fate of the
tegument proteins after entry and the nature of their associa-
tion with the infecting capsid. Based on electron microscopy
images of herpes simplex virus type 1 (HSV-1) particles during
cell entry, it was suggested that the capsid loses part of its
associated tegument proteins, which remain at the cytoplasmic
surface of the cell membrane (46). Recent reports indicate that
certain tegument proteins are released into the cytoplasm of
the infected cells (32) while a subset remains associated with
the capsid. It has been proposed that this latter class of tegu-
ment proteins may be involved in intracytoplasmic capsid traf-
ficking and docking of capsids to the nuclear pores (2, 38, 46).

Virus particles, particularly in vivo, are unlikely to rely on
simple passive diffusion for transportation through the cyto-

plasm. Early studies using drugs capable of disrupting compo-
nents of the cellular cytoskeleton indicated involvement of at
least some of these networks in herpes simplex virus transport.
For example, nocodazole, which causes depolymerization of
the microtubule (MT) network, and taxol, which stabilizes
MTs, have been reported to inhibit transport of virus particles
within neuronal cells (25, 49). More recent work using immu-
noelectron microscopy of infected cultured neurons has also
indicated a role for the MT network (19, 30, 39). However, in
nonneuronal cells, drugs which affect the MT network showed
little significant inhibition of virus replication (25), suggesting
that while MTs may be important for neuronal transport, ad-
ditional transport mechanisms may be used in nonneuronal
cells. Consistent with this, in Vero cells, addition of nocodazole
or taxol from 4 h onwards had little affect on virion release (1).

Despite the early results showing the lack of an effect of MT
disruption on infectivity (25), cytosolic capsid particles have
been observed in association with microtubules in nonneuronal
cells early during entry (46). Accumulation of virus particles at
the microtubule organizing center, together with the observa-
tion of dynein, a minus-end-directed MT-dependent motor
protein attached to capsid-tegument structures after entry,
lead to the proposal that the MT network and associated mo-
tor proteins may be involved in virus transport to the cell
nucleus (46, 51). Whatever the precise mechanism(s) of trans-
port, it is likely that structural components of the capsid and
tegument will be important for any specific interaction with
cellular transport systems. In this regard there have been few
published reports documenting specific interactions between
viral and cellular components, although it was recently re-
ported that the HSV-1 UL34 gene product interacts with dy-
nein (51). Since it was also shown that UL34 interacts with the
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major capsid protein, ICP5, it was proposed that UL34 could
link the capsid to the dynein motor. However, whether this will
prove to be relevant for entry remains to be determined, since
other workers have demonstrated that at least in pseudorabies,
UL34 is not assembled into the mature virion (23).

In this study we set out to identify cellular proteins which
interact with the HSV-1 tegument protein, VP22, encoded by
the UL49 gene and representing one of the major tegument
proteins, present in approximately 1,500 to 2,000 molecules per
virion (26). To date the precise role(s) of VP22 in the HSV-1
infection cycle remains unclear. Although VP22 is conserved
within the alpha-herpesvirus family, it has been reported that
the intact VP22 protein, at least, is not necessary for virus
replication (40). Whether VP22 is completely dispensable for
HSV replication remains to be established. In addition, VP22
may have more than a structural role, since the protein was
shown to exhibit unusual intracellular properties which could
be involved in some distinct aspect of replication, independent
of assembly (12). Here we show that VP22 interacts with non-
muscle myosin IIA (NMIIA), a motor protein which is re-
cruited to the actin cytoskeleton and has been reported to be
involved in numerous dynamic cellular processes, including
Golgi budding, vesicle secretion, cell spreading, cleavage and
migration, and cell adhesion (for a review, see reference 43).
We show that HSV-1 infection induces the retraction of
NMIIA from the cell periphery and its accumulation in a
spoke-like pattern around the nucleus. NMIIA also accumu-
lates in a perinuclear cluster, colocalizing with VP22 in sites
proposed to be viral assembly compartments. We also ob-
served that HSV infection frequently induces the formation of
long protrusions from the cell, and using a recombinant virus
expressing VP22 fused to the green fluorescent protein (GFP-
VP22), we found that GFP-VP22-containing punctate struc-
tures frequently align along myosin filaments within these pro-
trusions. Finally, blocking myosin ATPase activity significantly
reduces the yield of extracellular virus while having little effect
on cell-associated virus. Based on these observations, we spec-
ulate that myosin may play a role in virus transport during
HSV replication.

MATERIALS AND METHODS

Cell culture, transfections, and infections. Vero cells and BHK cells were
maintained in Dulbecco’s modified minimal essential medium containing 10%
newborn calf serum. Cells were transfected with plasmid DNA using the calcium
phosphate precipitation method with BES [N,N-bis(2-hydroxyl)-2-aminoethane-
sulfonic acid]-buffered saline, as previously described (17). Cells were processed
for immunofluorescence approximately 40 h after transfection. Virus infections
were carried out with HSV-1 strain 17 or HSV-1 strain 166 expressing GFP-VP22
as previously described (13). For examination of protein synthesis in the absence
and presence of butanedione monoxime (BDM), cells were infected (multiplicity
of infection [MOI] of 10), and after incubation for 1 h, the medium was replaced
with medium containing various concentrations of BDM and the cells were
maintained in this medium. One hour before harvesting, labeling medium con-
taining the same concentrations of BDM and supplemented with [35S]methi-
onine (20 �C/ml) was added, and incubation continued for 1 h. The cells were
then washed in phosphate-buffered saline (PBS) and harvested in sodium dode-
cyl sulfate (SDS) lysis buffer. For immunoprecipitation the cells were lysed in
RIPA buffer and clarified by centrifugation at 10,000 � g for 20 min, and extracts
were incubated with the anti-VP22 specific antibody AGV30 (1:150). After
separation by SDS-polyacrylamide gel electrophoresis (PAGE), protein synthesis
was assessed by autoradiography.

Immunofluorescence. Vero cells grown on glass coverslips (either transfected
or infected) were washed twice with PBS and fixed in 4% paraformaldehyde in

PBS at room temperature for 10 min. The fixed cells were permeabilized by 10
min of treatment with 0.5% Triton X-100 followed by three 5-min washes with
PBS. The cells were then blocked in PBS containing 10% calf serum for 10 min
at room temperature. Primary antibodies were added in the same solution and
incubated for 45 min at room temperature. Following two 5-min washes with
PBS, secondary antibodies were added in blocking buffer and incubated for 15
min. After an additional two washes in PBS, the coverslips were mounted in
Mowiol (Sigma) containing 2.5% 1,4-diazabicyclo-2.2.2-octane to reduce bleach-
ing. Samples were examined by confocal microscopy using a Zeiss LSM410
confocal microscope, and images were annotated using Adobe Photoshop soft-
ware. Immunofluorescence of cells with phalloidin-stabilized cytoskeleton was
performed as described previously (48).

Plasmids. The VP22 expression vector pAP85H contains the VP22 open
reading frame under the control of the human cytomegalovirus immediate-early
promoter and has been described previously (8).

Antibodies and reagents. Antibodies used in this study and their dilutions for
immunofluorescence were as follows: polyclonal antibody against bacterially
expressed and purified VP22, AGV30 (1:500); monoclonal antibody to the hem-
agglutinin epitope (1:200) and monoclonal myosin heavy chain (1:100), obtained
from Babco (Richmond, Va.); antibodies against nonmuscle myosin II (1:600),
kindly provided by J. Kendrick-Jones; butanedione monoxime, used at concen-

FIG. 1. Affinity purification of VP22-associated proteins from in-
fected BHK cell extracts. Purified antibody to GST-VP22 was co-
valently coupled to an affinity support. A soluble extract of HSV-1-
infected BHK cells (109 cell equivalents) was clarified and precleared
over a control column. This input material (In) was then passed over
the anti-VP22 column, the unbound material was collected (Un), and
the column was washed in buffer (W). Bound material was then eluted
in several fractions in a low-pH buffer (numbered fractions 1 to 5).
Equal cell equivalents of each of the samples were then analyzed by
SDS-PAGE and total protein staining. Arrows indicate the positions of
bands that were selectively retained on the column. Migration of mo-
lecular size markers is indicated on the right side in kilodaltons. The
asterisk indicates the position of a band migrating at approximately 47
kDa
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trations ranging from 5 to 40 mM, and phalloidin, obtained from Sigma-Aldrich
(Dorset, England).

VP22 affinity chromatography. Purification of VP22-associated proteins was
performed in two ways. In the first approach, VP22-associated proteins were
purified from HSV-1-infected cells on an anti-VP22 antibody column. In the
second approach, VP22 itself was overexpressed in bacteria, purified, and cou-
pled to a solid support. Uninfected cell proteins were then chromatographed on
the VP22 column.

1) Purification of VP22-associated proteins from infected cells. Monolayers of
BHK cells were infected with HSV-1 strain 17, (MOI 0.1), and after �80%
cytopathic effect was observed, a soluble extract was prepared by extraction in a
high-salt buffer consisting of 400 mM NaCl, 20 mM HEPES (pH 7.9), 1 mM
EDTA, 5% (vol/vol) glycerol, 1 mM dithiothreitol, plus the following cocktail of
protease inhibitors: 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.22 mM N�-
p-tosyl-L-lysine chloromethyl ketone, 2 �g of leupeptin/ml, 2 �g of aprotinin/ml,
and 1 �g of pepstatin A/ml. The extracts were clarified by centrifugation at
10,000 � g for 20 min at 4°C. Antibody to VP22, prepared by immunization with
a highly purified glutathione S-transferase (GST)-VP22 fusion protein (12), was
purified on protein A-Sepharose beads, eluted, and then covalently coupled to
activated CnBr-Sepharose beads as described by the manufacturer (Pharmacia).
The soluble infected cell extracts were first diluted to 200 mM NaCl, precleared
over control Protein A-Sepharose beads, and finally incubated with the anti-
VP22 antibody column for 2 h at 4°C. Unbound material was collected, the
column was washed in 0.1 M Tris-HCl, and bound proteins were then eluted in
0.1 M glycine (pH 3.2). Fractions were analyzed by SDS-PAGE, electroblotted
onto polyvinyl difluoride membranes, bands were excised and trypsin digested,
and peptides were fractionated by high-performance liquid chromatography
(HPLC) and microsequenced.

2) Purification of VP22 binding proteins by direct interaction. We first ex-
pressed and purified VP22 protein in bacteria. Numerous attempts to express the
intact protein have been unsuccessful, but expression and purification of the core
conserved domain of VP22 has been achieved. The construction of the prokary-
otic expression vector (pVP24) for the bacterial expression of the conserved core
domain of VP22, amino acids 159 to 301 (VP22.C1) linked to an N-terminal His
tag, has been described previously (34). VP22.C1 was purified by Ni2�-nitrilotri-
acetic acid (NTA) column chromatography exactly as described previously (34)
with the inclusion of an additional step of cation exchange chromatography on a
Mono S HR 5/5 column (Pharmacia). Using a linear gradient of increasing salt
concentration, VP22.C1 eluted at approximately 400 mM NaCl and was purified
as a homogeneous single band (�98% pure). The purified protein (4 mg) was
then rebound to a 2-ml NTA column for the subsequent purification of VP22
binding species. To that end, HeLa cells (approximately 2 � 1010) were sus-
pended in 100 ml of lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl,
1% Nonidet P-40, 0.5 mM (PMSF), and Complete protease inhibitor cocktail
according to the instructions of the manufacturer (Boehringer Mannheim). After
incubation for 45 min on ice with occasional mixing, the lysate was diluted 1:1 in
buffer containing 50 mM Tris (pH 7.0), 50 mM NaCl, and 0.5 mM PMSF.
Insoluble material was removed by centrifugation (30 min, 12,000 rpm). Before
being applied to the VP22 affinity column, clarified lysates were loaded onto a
15-ml NTA column equilibrated in wash buffer containing 50 mM Tris (pH 7.5),
100 mM NaCl, 0.1% NP-40, and 0.5 mM PMSF to remove nonspecific binding
proteins. The unbound flowthrough from this column was adjusted to 20 mM
imidazole (pH 7.0) and 150 mM NaCl and loaded onto the VP22-NTA column
equilibrated in buffer A (50 mM Tris [pH 7.0], 10% glycerol, 0.1% NP-40, 100
mM NaCl, 2.5 mM �-mercaptoethanol, Complete protease inhibitor). After
extensive washing in buffer A, specifically bound proteins were eluted with a
30-ml linear gradient of 100 to 1,000 mM NaCl. Eluted fractions were analyzed
by SDS-PAGE and silver staining. For protein identification, isolated bands were
excised after SDS-PAGE and subjected to trypsin digestion, reverse-phase
HPLC separation of the peptides, and microsequencing. Unambiguous sequence
was obtained and screened against protein databases.

RESULTS

HSV-1 major tegument protein VP22 binds NMIIA. To in-
vestigate aspects of the function of the HSV tegument protein
VP22, we wished to identify cellular proteins with which the
protein may interact, and we pursued two approaches to that
end. We first made an anti-VP22 antibody affinity column in
order to isolate VP22-associated proteins from HSV-infected
cells. The antibody was produced in rabbits against a bacteri-
ally expressed GST-VP22 fusion protein that had been purified
by glutathione affinity chromatography. The antibody, which
reacted against a single band in Western blotting of infected
cell extracts (13), was purified by protein A-Sepharose chro-
matography and then covalently coupled to CnBr-activated
Sepharose. Soluble extracts of HSV-1-infected BHK cells (109

cell equivalents), prepared as described in Materials and Meth-
ods, were precleared over a control column and then passed
over the anti-VP22 antibody column. Unbound material was
collected, the column was washed, and bound material was
eluted with a low-pH buffer. The input material and unbound
and eluted fractions were then analyzed by SDS-PAGE and
total protein staining (Fig. 1).

While the majority of proteins were found in the unbound
fraction (Fig. 1), several bands peaking in the elute fraction 2
were highly enriched on the anti-VP22 antibody column. Note
that several species in the eluted fractions appeared to repre-
sent the trailing off of nonspecifically bound proteins which
had not been completely removed from the column and were
seen in the wash fraction (Fig. 2). Nevertheless, clear enrich-
ment of several proteins was observed. Among the prominent
bands, the bands migrating at approximately 38 and 65 kDa
likely represent VP22 and VP16, and indeed we have previ-

FIG. 2. Direct affinity purification of VP22-associated proteins
from uninfected HeLa cell extracts. (A) Cell extracts (2 � 1010 cells)
were passed over a VP22 affinity column, constructed as described in
Materials and Methods. Lanes: M, molecular size standard; In, input
(2 � 104 cell equivalents); Un, unbound (2 � 104 cell equivalents); El,
600 mM NaCl elution fraction (108 cell equivalents). Proteins were
separated by SDS-PAGE and detected by silver staining. While the
vast majority of proteins were not retained on the column, a high
degree of enrichment of four species was observed (numbers indicate
molecular mass in kilodaltons). (B) The elution fraction was trans-
ferred to nitrocellulose and reacted with anti-nonmuscle myosin II
antibody. Elution fraction arrows indicate a large species of approxi-
mately 225 kDa in the bound fraction eluting at 600 mM NaCl.

VOL. 76, 2002 HSV VP22 INTERACTS WITH NONMUSCLE MYOSIN II 3473



3474 VAN LEEUWEN ET AL. J. VIROL.



ously shown that VP22 copurifies with VP16 in immunopre-
cipitation experiments using anti-VP16 monoclonal antibody
(10). The band migrating at approximately 47 kDa is likely to
be actin (Fig. 1), but its appearance in the wash fraction may
indicate that this represents nonspecific binding of a relatively
abundant cell species (but see below). The most prominent
species retained on the column, migrating at approximately
225 kDa, did not appear in the wash fraction and was highly
enriched. This was the only protein obtained in sufficient
amounts to facilitate identification by amino acid sequencing.
The fraction was transferred to a polyvinylidene difluoride
membrane, the 225-kDa species was isolated from the blot and
trypsin digested, and the peptides were purified by HPLC.
Sequencing of several peptides followed by database searching
identified a perfect match to rat (and human) myosin heavy
chain, which it is reasonable to assume would be identical to
the sequence of the hamster homologue (not yet in the data-
base), considering that the extracts were made from infected
baby hamster kidney cells. Myosin heavy chain has a predicted
size of 225 kDa, consistent with the migration of the purified
band.

Several considerations make it unlikely that the purification
of myosin heavy chain was due to a nonspecific interaction.
First, the extract was precleared, and myosin heavy chain was
not observed to bind to control Sepharose columns. Second,
the anti-VP22 antibody was made against highly purified GST-
VP22 that was purified from bacteria, which do not contain
myosin. Third, the anti-VP22 antibody was highly specific and
showed no cross-reaction to other species, e.g., on Western
blots of infected cell lysates (13). Nevertheless, in parallel we
pursued an alternative approach to the identification of VP22-
associated species, by the overexpression and purification of
VP22 itself, and the chromatography of, in this case, unin-
fected cell extracts on a VP22 affinity column.

Numerous attempts to express intact VP22 in bacteria were
unsuccessful, but expression and purification of the core con-
served domain of VP22 has been achieved as described previ-
ously (34). VP22.C1 (amino acids 159 to 301 containing an
N-terminal His tag) was purified by Ni2�-NTA column chro-
matography as described in Materials and Methods, and the
purified protein (�98% pure) was recoupled to a fresh NTA
column. Soluble extracts of HeLa cells (2 � 1010 cells), first
precleared over uncoupled NTA columns to remove nonspe-
cific NTA-binding proteins, were then passed over the VP22
column. Unbound material was collected, the column was
washed extensively, and bound proteins were then eluted by
increasing salt concentration (Fig. 2A). The majority of pro-
teins in the input sample (In) were not retained on the column,
with the flowthrough sample (Un) appearing virtually identical

to the load (Fig. 2A). However we observed selective binding
and a high degree of enrichment of four cellular proteins,
including a large species of approximately 225 kDa in the
bound fraction eluting at 600 mM NaCl (Fig. 2A). Each of
these proteins was purified for identification by microsequenc-
ing of HPLC-purified peptides, obtained after trypsin digestion
of the isolated bands. (None of the proteins was retained on
the control columns used for preclearing the extracts). Two
proteins (Fig. 2A, 41 and 39 kDa) were identified as template
activating factor Ia and Ib (33), involved in nucleosome assem-
bly and in microtubule dynamics, possibly through association
with cyclins (22). The smallest VP22-associated protein (Fig.
2A, 28 kDa), was identified as mapmodulin, which has been
reported to enhance transport of Golgi vesicles in a microtu-
bule- and dynein-dependent manner (50). It is possible that
these species were also bound in the first approach on the
antibody column, but in that case insufficient quantities were
obtained for sequencing, and their identification will await
development of specific antibodies. The possible role of bind-
ing of VP22 to these proteins is currently under investigation
and will be pursued elsewhere.

With respect to the identity of the large 225-kDa VP22-
associated protein, a database search of an amino acid se-
quence obtained from this band (KVSHLLGINVTDFTRG)
showed that it unequivocally corresponded to the amino acid
sequence present in the human protein NMIIA (45). NMIIA is
one of the two vertebrate nonmuscle myosin heavy chains (the
other being NMIIB) and is expressed, with a few exceptions, in
most cell types (43). NMIIA has a predicted molecular weight
of 225 kDa, consistent with the migration of the VP22 binding
protein. The identity of the protein was further pursued by
Western blotting of the VP22 bound protein fraction with a
polyclonal antibody specific for nonmuscle myosin II species
(kindly supplied by John Kendrick-Jones), showing a single
225-kDa reactive band (Fig. 2B). There are no reports of the
additional proteins identified above interacting with myosin,
and together with the data from the independent approach on
the antibody column, our results provide strong evidence for a
direct interaction between VP22 and NMIIA. It remains for-
mally possible that the NMIIA-VP22 association is indirect, via
NMIIA interaction with one of the other bound species.

NMIIA has been reported to be involved in a number of
cellular processes, including Golgi budding, vesicle secretion,
cell spreading, cleavage, and migration (7, 20, 29). In view of
the possibility that tegument proteins make reasonable candi-
dates for involvement in transport of virus particles within
cells, the observation of a motor protein, associated with a
cytoskeletal network, binding specifically to a VP22 affinity
column was intriguing. We therefore undertook a series of

FIG. 3. Alterations in nonmuscle myosin II localization patterns in infected cells. (A) Nonmuscle myosin II retracts from the cell edge during
virus infection. Mock-infected (Mock) or HSV-1-infected Vero cells were fixed and stained with antibody against nonmuscle myosin II at 7 and
10 h p.i. as indicated. Nonmuscle myosin II staining was reduced at the cell periphery (no. 1 arrows) and was accompanied by condensation into
a spoke-like pattern (no. 2 arrows) and frequent perinuclear clustering (no. 3 arrows). (B to D) Alterations in nonmuscle myosin II localization
patterns in infected cells. Vero cells were infected with HSV-1 166v which expressed GFP-VP22, fixed, and stained, and the distribution of
anti-myosin II (red) or GFP-VP22 (green) was examined. Merged images are shown in the right panel. Arrowheads in panel B indicate perinuclear
clusters. Arrow no. 1 indicates a cell not yet expressing GFP-VP22, in which NMIIA exhibits the more typical cytoplasmic staining; arrows 2 to
4 indicate cells expressing GFP-VP22, in which NMIIA staining has become more intense. Arrows in panel C indicate the condensed spoke-like
pattern of nonmuscle myosin II in infected cells. Arrows in panel D indicate accumulation of NMIIA at cell-cell junctions. Several features of the
alteration in nonmuscle myosin II and GFP-VP22 are shown in each of the panels as discussed in the text.
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experiments to further examine the interaction between
NMIIA and VP22. (Note that the antibody employed in the
studies below does not discriminate between NMIIA and
NMIIB, but for the sake of simplicity we have indicated the
target protein as NMIIA.)

We first attempted to establish any colocalization between
the two components in Vero cells transfected with a VP22
expression vector and stained for NMIIA and VP22. NMIIA
exhibited a dispersed cytoplasmic staining frequently showing a
mesh-like pattern, together with localization in close proximity
to the plasma membrane (Fig. 3A). In transfected cells, VP22
appears mostly in a diffuse cytoplasmic pattern (11). This dif-
fuse pattern showed some, but incomplete, colocalization with
NMIIA (data not shown). Generally, notwithstanding the re-
sults showing a biochemical association between the two pro-
teins, it was difficult from the transfection experiments to draw
a conclusion that the overlap in diffuse heterogeneous local-
ization reflected a direct interaction.

Multiple effects of HSV-1 infection on NMIIA distribution.
We therefore next examined NMIIA localization in HSV-1
infected cells. Vero cells infected with HSV-1 (MOI of 10) or
mock infected were fixed at different times after infection and
stained for NMIIA (Fig. 3). Several significant alterations in
the appearance of NMIIA were observed in the infected cells.
While NMIIA normally exhibited cytoplasmic staining with
significant accumulation at the cell periphery, (Fig. 3A, Mock),
in infected cells NMIIA appeared to retract from the cell edges
(Fig. 3, 10 h, no. 1 arrows). Concomitant with this, NMIIA
appeared to concentrate in a distinct spoke-like pattern more
around the nucleus (Fig. 3A, 10 h, and 3C). NMIIA also
accumulated in a perinuclear cluster which was more readily
observed when the cluster appeared over the nucleus (Fig. 3A,
10 h, and 3C). These effects on myosin were observed between
5 and 7 h after infection and were pronounced by 10 h after
infection (Fig. 3A).

To examine further NMIIA and VP22 localization, we next
made use of a recombinant HSV-1 strain, 166v, containing the
VP22 gene fused to the GFP gene, facilitating visualization of
particles and compartments containing VP22 (13). Parallel ex-
amination of VP22 by GFP fluorescence and of NMIIA by
immunofluorescence revealed several points, as illustrated in
Fig. 3B to D. Thus, as previously described, we observed a
pronounced concentration of VP22 in small punctate vesicular
structures throughout the cell, with frequent perinuclear clus-
ters (Fig. 3B, GFP-VP22). These perinuclear clusters have
been proposed to be possible sites of incorporation of VP22
into assembling virions (13). The alteration in the appearance
of NMIIA during infection can be seen by comparing a cell not
yet expressing GFP-VP22 (Fig. 3B, NMIIA, arrow 1) in which
NMIIA exhibits the more typical cytoplasmic staining, with
cells expressing GFP-VP22 in which NMIIA staining has be-
come more intense, with pronounced condensation around the
nucleus (Fig. 3B). However, we did not note any distinct co-
localization with the condensed spoke-like pattern of NMIIA
and GFP-VP22. Conversely, where we observed a distinct pe-
rinuclear cluster of GFP-VP22, significant colocalization with a
subpopulation of NMIIA could be observed (Fig. 3B, GFP-
VP22 arrowhead, NMIIA no. 4 arrow). The alteration in
NMIIA and its relationship with VP22 localization can be
more clearly seen in the higher-magnification image of an
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infected cell (Fig. 3C). The spoke-like pattern of NMIIA which
was usually observed together with concentration encircling
the nucleus can be clearly seen, but with no obvious colocal-
ization with VP22. GFP-VP22 clustering to one side of the
nucleus (and in this image lying over the nucleus), exhibited
significant colocalization and overlap with NMIIA clustering
(Fig. 3C, GFP-VP22, NMIIA, and merged image). NMIIA
typically appeared to encompass the GFP-VP22 clusters. An
additional feature of NMIIA localization in infected cells is
shown in Fig. 3D. In these cells, abundant particulate GFP-
VP22 material could be observed accumulating at the cell-cell
contacts (Fig. 3D, GFP-VP22), possibly reflecting cell-to-cell
spread of virus particles (see Discussion). Interestingly, distinct
accumulation of NMIIA also occurred at these junctions (Fig.
3D), appearing yellow in the merged image. Since myosins are
proposed to be involved in organelle transport, the colocaliza-
tion of GFP-VP22-containing compartments with a population
of NMIIA may reflect a role of NMIIA in transport of virus
compartments or particles during virus egress.

We noted during the course of our analysis using HSV 166v
the frequent observation that in live infected cells, extended
processes could be readily observed extending from the plasma
membrane and penetrating into adjacent cells. Such extensions
are thin and could extend up to several cell lengths, and they
were not readily observed in conventional immunofluores-
cence studies, probably due to their fragility during fixation
conditions. A typical example of this is shown in Fig. 4A, where
several protrusions are seen extending from one cell to make
contact with adjacent cells. Note that the punctate GFP-VP22

material indicated by the thin arrows over cells labeled 2 and 3
actually originate from cell 1. Fluorescent GFP-VP22-contain-
ing spots could be observed progressing along these extensions
and accumulating at the extremities contacting the adjacent
cells. From this and additional time-lapse microscopy, it ap-
pears that the formation of these extensions is not a simple
consequence of a cytopathic effect. Rather, we believe their
formation, and the accumulation of GFP-VP22-containing ves-
icles within them, is an active process likely to be relevant to
cell-to-cell spread of the virus. Since formation of cellular
extensions is a process which is known to involve the actin/
myosin system, we wished to examine any association between
NMIIA and VP22 in these structures.

Cells were treated with phalloidin just prior to fixation in
order to stabilize the actin cytoskeleton and were examined at
high magnification for the distribution of NMIIA and GFP-
VP22. Filaments containing NMIIA could be detected running
through the protrusions (Fig. 4B, left panel). Within the pro-
trusions there was a significant degree of association with GFP-
VP22 foci along these filaments (Fig. 4B, right panel). Outside
the protrusions themselves, as indicated above, colocalization
was not seen throughout the cytoplasm, being restricted to the
perinuclear clustering described above (Fig. 3). But within the
extensions, GFP-VP22 foci were frequently observed in tracks,
and these tracks represented filaments containing NMIIA.

The GFP-VP22-containing fluorescent spots could represent
some form of intermediate in virus assembly: vesicles contain-
ing intermediates or secretory vesicles containing enveloped
virions in transit to the periphery of the extension.

FIG. 5. BDM inhibits formation of perinuclear virus assembly complexes. Vero cells were incubated in the absence (A) or presence (B) of 10
mM BDM and then infected with HSV-1 166v (MOI 50). Cells were then fixed immediately or 5 or 10 h p.i. as indicated, and the pattern of intrinsic
fluorescence of GFP-VP22 was examined. BDM induced the retention of input material at the cell periphery, as indicated by arrowheads in panel
B (0 h). The perinuclear accumulation of GFP-VP22 observed during the normal time course of infection (indicated by arrows in panel A, 5 h)
was significantly reduced in the presence of BDM.
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Blocking myosin ATPase activity inhibits perinuclear accu-
mulation of GFP-VP22 clusters. To provide additional evi-
dence on the possible involvement of myosin in virus assembly
or transport, we made use of the cell-permeable drug BDM.
While it is not specific to the NMIIA class, BDM is the most
selective myosin inhibitor available and effectively inhibits my-
osin activity by slowing the release of phosphate from the
myosin head after ATP hydrolysis (7). Vero cells were infected
with HSV-1 (166v), and localization of GFP-VP22 was exam-
ined in living cells at various times after infection in the pres-
ence and absence of BDM (10 mM). Immediately after infec-
tion (Fig. 5, 0 h), punctate cell surface material representing
the total inoculum was observed. This material had largely
disappeared by 5 h, by which time de novo synthesized GFP-
VP22 was now seen in a diffuse cytoplasmic pattern, together
with commencement of perinuclear vesicular clustering as de-
scribed above (Fig. 5A). By 10 h postinfection (p.i.), intense
fluorescent perinuclear distribution was observed together
with abundant punctate and vesicular accumulation through-
out the cytoplasm. In contrast, in the presence of BDM, we
found that progression of infection was retarded, and several

changes were observed compared to the control infections
(Fig. 5B). Immediately after infection, a pronounced effect was
observed in that the input fluorescent inoculum was present in
a more obviously peripheral distribution (Fig. 5B, 0 h). In the
presence of BDM, this peripheral material was maintained
longer than in the absence of BDM (Fig. 5B, 5 h). Further-
more, while diffuse cytoplasmic GFP-VP22 was observed, no
prominent perinuclear vesicular accumulation was observed
(compare Fig. 5, � BDM and � BDM, 5 and 10 h). Since the
diffuse cytoplasmic VP22 pattern reflects newly synthesized
protein rather then incoming virus-associated VP22 (12),
BDM did not appear to affect entry of that population of
infectious virions which results in the progressive protein syn-
thesis. To confirm this, we examined infected cell protein syn-
thesis under identical conditions. Infected or mock-infected
cells were incubated in the presence of BDM (10 mM) and
pulse labeled with 35S-methionine for 1 h before harvest. Total
protein synthesis was then assessed after SDS-PAGE of the
cell lysates and autoradiography (Fig. 6A), while expression of
VP22 was assessed by immunoprecipitation (Fig. 6B). Neither
the kinetics nor the accumulation of herpesvirus proteins, in-
cluding VP22, was significantly affected by the presence of
BDM (Fig. 6A and B, compare � BDM and � BDM at each
time point). Thus, despite the accumulation of fluorescent
material at the cell periphery in the presence of BDM, our
results suggest that entry and release of the viral genomes into
the nucleus, at least as judged by subsequent virus protein
synthesis, were not significantly affected by the drug (see Dis-
cussion).

Furthermore, while there was only a minor effect on levels of
virus protein synthesis, recruitment and formation of VP22 in
vesicular perinuclear compartments were significantly retarded
by BDM.

Effect of blocking myosin ATPase on release of virus parti-
cles. From the immunofluorescence studies above, NMIIA ap-
peared to form a cluster around perinuclear sites containing
GFP-VP22, which may be associated with virus assembly, and
BDM, an inhibitor of myosin activity, retarded the vesicular
accumulation of GFP-VP22. These results suggested the pos-
sible involvement in virus assembly or egress. To gain addi-
tional evidence for this possibility, we examined the effects of
inhibiting myosin at late stages of infection on the production
of extracellular and cell-associated virus. Although BDM ap-
peared to have little gross cytopathic effect over the time
course of the experiments described above, we wished to min-
imize any effect of the inhibitor on the cells per se. Therefore,
in examining the effect of BDM on the production of infectious
virus, the inhibitor was added to cells at 12 h p.i., and virus
yield was assayed 8 h later, at 20 h p.i. Vero cells (106 cells)
were infected with HSV-1 (MOI of 10), and at 12 h after
infection, BDM was added at a range of concentrations. Incu-
bation was continued for a further 8 h, after which time the
extracellular medium was collected and the yield of virus was
determined (Fig. 7). The results show that addition of BDM at
a 10 mM concentration inhibited the release of infectious virus
by approximately 20-fold. Higher concentrations of BDM did
not block release more efficiently. The reduction in virus re-
lease typically ranged from 20- to 50-fold, and while moderate
compared to, e.g., inhibition by acycloguanosine, the effect of
BDM was greater than any previously observed with inhibitors

FIG. 6. BDM has no significant effect on ongoing virus protein
synthesis. (A) Vero cells were mock infected (M) or infected with
HSV-1 (MOI of 10), and after 1 h (t � 0), medium was replaced with
medium containing no BDM (�) or 10 mM BDM (�). Labeling
medium containing 35S-methionine (including BDM where appropri-
ate) was added to cells at the indicated times, and incubation contin-
ued for 1 h. Cells were then harvested and analyzed by SDS-PAGE and
autoradiography. Asterisks indicate the position of major infected cell-
specific proteins. (B) As for panel A, except that the cells were ex-
tracted in RIPA buffer and VP22 was immunoprecipitated using a
specific polyclonal antibody. The two bands represent differentially
phosphorylated forms of VP22.
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which act upon cytoskeletal organization. In parallel measure-
ments, at doses which had a significant effect on the production
of extracellular virus, BDM had very little effect on the yield of
cell-associated virus (Fig. 7). In addition, no morphological
cytopathic effect was observed (data not shown), nor, as shown
above, was there any significant effect on virus or cellular
protein synthesis (Fig. 6). These results indicate that the effect
of BDM on production of extracellular virus was a specific one.

DISCUSSION

Replication of HSV at the cellular level requires vectoral
transport of particles within the cytoplasm to and from the
nucleus. At a different but related level, one main aspect of
pathogenesis in humans involves vectoral transport of virus
from the site of infection along axons to the sensory neurons
which harbor latent virus and conversely from these neurons
back to the periphery. Initial examination of intracellular
transport mechanisms involved in virus assembly or egress
largely revolved around ultrastructural analysis and the effect
of drugs such as nocodazole, Taxol, or cytochalasins on virus
release (25, 28, 36, 49). More recent studies have included
more refined immunoelectron-microscopic analysis within
neurons in culture and examination of capsids interacting spe-
cifically with the microtubule network (19, 30, 46), but the
detailed mechanisms involved in vectoral transport of HSV
remain poorly understood. For example, with one exception
(see below), there have been no reports of HSV structural
proteins interacting specifically with the motor proteins or

other transport components which would be candidate targets
for movement on the cytoskeletal networks. The data to date
suggest an involvement of the microtubule network in virus
transport. Here we report several lines of evidence which in-
dicate that the HSV-1 major tegument protein, VP22, associ-
ates with NMIIA, an actin-associated motor protein, and that
this interaction may be relevant for virus transport or egress.
We first used affinity chromatography to identify cellular VP22
binding proteins within soluble extracts of HeLa cells and
observed a high degree of enrichment and selective binding of
four proteins, including NMIIA. While the relevance of the
additional VP22-associated proteins is currently under inves-
tigation, there are no reports of these proteins interacting with
myosin, and we believe that the VP22-myosin association is a
direct one. Tegument proteins clearly represent strong candi-
dates as viral proteins which may be involved in interactions
with cellular transport systems.

We next analyzed NMIIA in infected cells by using a GFP-
VP22-expressing HSV-1 strain to examine VP22 colocaliza-
tion. We observed that NMIIA retracted from the cell edges as
infection progressed and accumulated frequently in a spoke-
like fashion in the cytoplasm of infected cells. Alterations in
the microtubule network (1) and intermediate filament net-
works (35) have been previously reported. In addition, previ-
ous work has indicated that actin-containing microfilaments
are reorganized during HSV infection (4, 36). While it may not
be surprising that NMIIA localization is altered, we also ob-
served a population of NMIIA which colocalized with GFP-
VP22 in and surrounding perinuclear clusters which we previ-

FIG. 7. Effect of BDM on the yield of infectious virus. Monolayers of Vero cells (106) were infected with HSV-1 strain 17 (MOI of 10), and
BDM was added at a range of concentrations at 12 h p.i. At 20 h p.i., medium (circles) or cell-associated virus (triangles) was collected, and the
numbers of released was viruses determined by plaque assay. Results are plotted as a percentage of the yields of virus in the absence of drug, which
were 1.1 � 105 for released virus and 0.5 � 105 for cell-associated virus.
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ously proposed to be associated with the Golgi apparatus and
to represent compartments relevant to the virus assembly path-
way (13). Furthermore late in infection we observed accumu-
lation of GFP-VP22-containing particles at the junctions be-
tween adjacent cells, likely reflecting aspects of cell-to-cell
spread of assembled virus, and here too distinct colocalization
with NMIIA could be observed.

Additional evidence for a role of myosin in virus replication
was obtained using the drug BDM, which inhibits the ATPase
activity of myosins. BDM added at a relatively late stage of
infection (12 h), when viral protein synthesis and DNA repli-
cation were well under way, resulted in a significant reduction
in virus release. Interestingly, BDM added at the initiation of
infection did not severely inhibit entry of infectious virus (as
judged by subsequent levels of protein synthesis), but subse-
quent formation of the distinct perinuclear assembly structures
was significantly reduced. We believe that the inhibition of
myosin affects recruitment and formation of the perinuclear
clusters and that this results in reduction or retardation of the
release of infectious virus.

We noted that despite the lack of an effect on early de novo
protein synthesis, addition of BDM at the beginning of infec-
tion nevertheless resulted in the peripheral retention of GFP-
VP22-containing particles immediately after infection. This
material normally began to disappear immediately after infec-
tion and was largely lost from the surface by 4 to 5 h after
infection. An explanation consistent with the BDM-induced
peripheral retention of input material could be related to the
known inhibition of myosin-dependent endocytosis by BDM
(9, 15). Thus, if a population of input material, possibly that
population not infectious by the normal route of fusion, was
taken up by endocytosis, then addition of BDM may prevent or
retard the endocytic fate of such material. Since the normal
physiologically relevant route of HSV entry does not rely on
endocytosis for cell entry, this would be consistent with the
absence of a significant effect on de novo protein synthesis.
Further work with purified virions should help clarify this point
and whether these observations are related, e.g., to estimation
of particle/PFU ratios.

The family of myosins currently comprises at least 16 classes
of motor proteins, and it is becoming increasingly clear that
many members of the myosin family play a role(s) in the
transport of intracellular organelles and vesicles (43). Non-
muscle myosin II appears to be the only member of the myosin
super-family with the ability to form polymeric molecular as-
semblies (6). In conjunction with filamentous actin, it plays a
role in cell shape changes during the cell cycle, division, and
spreading (29). Although myosin II has not yet been reported
to be involved in long-range vesicular transport, additional
roles that have been reported for NMIIA include receptor
capping, driving neurite outgrowth, neurotransmitter release
at synaptic membranes (31), and budding of trans-Golgi trans-
port vesicles (20), although this latter role is debated (44).
NMIIA also takes part in the assembly of a network of actin
filaments supporting the plasma membrane of eukaryotic cells,
the actin cortex (16, 27, 47). At cell junctions, rapid structural
reorganizations of the actin cytoskeleton results in expansion
of the intercellular contact and the formation of myosin II arcs
at boundaries, indicating a role for this protein in the forma-
tion of such junctions (16, 24). Thus, currently the VP22-

myosin interaction could be relevant at any of a number of
different stages of assembly and egress, and further work will
be necessary to identify the role of the interaction in detail.
However, we believe the results provide evidence for an inter-
action with a network other than the microtubule/dynein sys-
tem.

Furthermore, we found that infected cells frequently form
very pronounced plasma membrane protrusions which estab-
lish intimate contact with adjacent cells. This behavior was not
a passive effect of a virus-induced cytopathic effect but an
active process induced by infection that may be relevant for
cell-to-cell spread. While further characterization of these
events is under way, we observed that GFP-VP22-containing
particles line up in these protrusions with actin-based myosin II
filaments. It is possible that the punctate GFP-VP22-contain-
ing foci may represent intermediates in assembly, wherein non-
muscle myosin II present on actin cables could bind directly to
VP22. It is conceivable that some features of transport within
induced extensions in culture may reflect certain aspects of the
specialized transport in vivo, and further work is under way to
examine this.

In summary, our observations on the interaction between a
herpesvirus tegument protein and an actin-based myosin mo-
tor protein together with the effects of BDM suggest that the
myosin-actin network could play a role in virus transport. Pre-
vious proposals that transport of virus particles may occur on
microtubules (30, 46) do not exclude actin from participating
in transport. An accepted concept is that long-range movement
of vesicles occurs on microtubules and short-range movement
occurs on actin filaments, with actin filaments bridging the gaps
and arranging the local delivery. For example, nerve ends con-
tain few MTs, and synaptic vesicles are thought to travel on
actin cables at the periphery, beyond the reach of MTs (5).
Further experiments are now under way on examination of the
VP22-myosin interaction combined with, e.g., real-time visual-
ization of transport in GFP-VP22-infected cells and neurons
after addition of myosin inhibitors to clarify the role of the
actin-myosin network in virus assembly and/or transport.
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