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The assembly and egress of herpesviruses are complex processes that require the budding of viral
nucleocapsids into the lumen of cytoplasmic compartments to form mature infectious virus. This envel-
opment stage shares many characteristics with the formation of luminal vesicles in multivesicular endo-
somes. Through expression of dominant-negative Vps4, an enzyme that is essential for the formation of
luminal vesicles in multivesicular endosomes, we now show that Vps4 function is required for the
cytoplasmic envelopment of herpes simplex virus type 1. This is the first example of a large enveloped DNA
virus engaging the multivesicular endosome sorting machinery to enable infectious virus production.

The final stage in the assembly of enveloped viruses is the
budding of viral cores across cellular membranes, in an extra-
cellular direction, to allow the newly formed virions to be
released from an infected cell. This release of enveloped vi-
ruses can be achieved either directly by budding across the
plasma membrane into the extracellular space or alternatively
by budding into the lumen of cellular organelles, with luminal
virions released into the extracellular environment via an exo-
cytic mechanism. This assembly process has been studied in
detail for many enveloped RNA viruses, and a common theme
has emerged in the acquisition of viral envelopes: the use of the
cellular multivesicular endosome (MVE) budding machinery.
Particularly through pioneering work with human immunode-
ficiency virus (HIV), it has been demonstrated that these en-
veloped RNA viruses can recruit endosomal sorting complexes
required for transport (ESCRTs) via interaction with late-
domain (L-domain) motifs contained within viral structural
components (3, 6, 25). This step is crucial for these viruses to
complete their budding through cellular membranes and has
set a precedent for the utilization of ESCRT components by
viral pathogens for assembly (3, 6, 25). However, these RNA
viruses are relatively simple in terms of structure and compo-
sition, with only a limited number of viral proteins involved
(e.g., Gag-Pol and Env in retroviruses). When considering the
large enveloped DNA viruses, such as the Herpesviridae, which
also need to bud across cellular membranes, the situation is
significantly more complex, as these viruses are composed of in
excess of 30 virally encoded proteins (24). We therefore posed
the question of whether the use of the cellular ESCRT path-
way for viral budding extends to such large complex viruses
where so many proteins are assembled together.

Herpesviruses are ubiquitous pathogens of vertebrates, and
infections by members of this family are associated with a wide

variety of human and animal diseases (29). Herpesviruses are
some of the most complex viruses known: they are composed
of a double-stranded DNA genome encased in an icosahedral
capsid, a layer of more than 15 different proteins known as the
tegument, and a host-derived envelope containing 10 or more
different viral glycoproteins (23). The assembly of herpesvi-
ruses begins in the nucleus of an infected cell, where newly
synthesized genomes are packaged into preformed capsids.
These nucleocapsids then undergo budding at the inner nu-
clear membrane to form an enveloped particle in the perinu-
clear space, followed by a fusion event at the outer nuclear
membrane, releasing the nucleocapsids into the cytoplasm.
Mature virus particles are then formed by the budding of the
nucleocapsids and tegument into vesicles derived from the
trans-Golgi network (TGN) or endosomes (33). Mature virions
are released from cells by fusion of the vesicles containing
mature virus with the plasma membrane, in a mechanism akin
to exocytosis (reviewed in references 23 and 24). Evidence
from a number of herpesviruses suggests that this assembly
pathway is conserved among the three viral subfamilies Alpha-,
Beta-, and Gammaherpesvirinae (13). Therefore, the mecha-
nisms involved in herpesvirus assembly have been conserved
for at least 400 million years of virus coevolution with host
(21).

This complex assembly regimen for the production and re-
lease of new herpesviruses requires the budding of viral nu-
cleocapsids and tegument proteins into the lumen of cytoplas-
mic organelles, and this remains a poorly understood process
with no known requirement for cellular proteins. Several viral
tegument proteins are thought to play critical roles in cytoplas-
mic envelopment, based mainly on evidence from the pheno-
types of deletion mutants of herpes simplex virus type 1
(HSV-1) and pseudorabies virus (both alphaherpesviruses)
and cytomegalovirus (a betaherpesvirus). These include homo-
logues of the HSV-1 UL11 and UL36 genes (7, 11, 18, 30), the
alphaherpesvirus UL48 and UL51 genes (10, 17, 26, 27), and
the cytomegalovirus UL32 gene (1). In contrast, the role of
viral envelope proteins in cytoplasmic envelopment appears to
be subtle, with little effect of gene deletions unless multiple
envelope proteins are absent (5, 8). Whether any of these viral
proteins can function in a manner equivalent to that of the
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L-domain-containing proteins found in enveloped RNA vi-
ruses, to recruit ESCRT proteins, is unknown.

The cellular MVE budding machinery consists of the mul-
tiprotein complexes ESCRT-1, -2, and -3 together with several
additional proteins (15), and this machinery is normally re-
sponsible for the sorting of proteins into MVE luminal vesicles
that are destined for degradation in lysosomes (14, 31). As the
budding of herpesvirus nucleocapsids into the lumen of TGN
or endosome-derived vesicles shares similarities with the for-
mation of luminal vesicles in MVEs, it seems possible that these
viruses could have evolved mechanisms to use the ESCRT ma-
chinery in the formation of infectious viruses. Consistent with
this hypothesis is the observation that assembled human cyto-
megalovirus virions have been observed in organelles showing
MVE morphology (9). We now show that inhibition of activity
of Vps4, an enzyme that is crucial for ESCRT function and
MVE luminal vesicle formation (2), causes a severe defect in
the production of infectious HSV-1. Analysis of the different
stages of the viral life cycle demonstrates that functional Vps4
is required for the cytoplasmic envelopment of HSV-1.

MATERIALS AND METHODS

Cell lines, viruses, and antibodies. Cos7 cells were grown in Glasgow minimal
essential medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100
U/ml penicillin, and 100 �g/ml streptomycin. HEK293 cells stably expressing the
ecdysone receptor (EcR-293; Invitrogen), which allow ponasterone A (ponA)-
induced transactivation of target genes under the control of ecdysone response
elements, were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 100
�g/ml streptomycin (complete Dulbecco’s modified Eagle’s medium) with the
addition of 400 �g/ml Zeocin. HSV-1 lacking full-length UL36 expression (HSV-
1�UL36) and a UL36-complementing cell line (HS30) were from P. Desai
(Johns Hopkins University) (7). Antibodies to green fluorescent protein (GFP)
were obtained from Abcam (Ab6556) and Clontech (JL8). Antibodies that rec-
ognize HSV-1 VP1/2 were generously provided by Peter O’Hare (Marie Curie
Research Institute, Oxted, United Kingdom). Antiactin was obtained from
Sigma (AC-40), and anti-VP16 (LP1) has been previously described (22).

Plasmids. pEGFPC-Vps4WT and pEGFPC-Vps4EQ were from P Woodman
(Manchester University) (4). pCR3.1-YFPVps4WT, pCR3.1-YFPVps4EQ, and
pCR3.1-GFP were from J. Martin-Serrano (Kings College London). The en-
hanced GFP (EGFP) open reading frame was excised from pEGFPC2 (Clon-
tech) with NheI and XbaI and ligated into pIND(SP1) (Invitrogen), which had
been cut with the same enzymes, to make pIND-GFP. The Vps4WT and
Vps4EQ coding sequences were excised from pEGFP-Vps4WT and pEGFP-
Vps4EQ, respectively, with BsrGI and BamHI and ligated into pIND-GFP,
which had been cut with the same enzymes, to make pIND-GFPVpsWT and
pIND-GFPVps4EQ, respectively. The 5� end of HSV-1 UL36 was excised from
pSG124 (pBR325 containing EcoRI fragment A of the HSV-1 strain KOS ge-
nome) (12) with HindIII and EcoRI and ligated into pcDNA3 to generate
pcDNA3-UL36-5�end. The 3� end of UL36 was excised from pSG3 (pBR325
containing EcoRI fragment L of the HSV-1 strain KOS genome) (12) with
EcoRI, ligated into pcDNA3-UL36-5�end cut with EcoRI, and screened for
correct orientation. The resulting pcDNA3-UL36 plasmid contained the entire
HSV-1 UL36 open reading frame with 170 bp of 5� genomic sequence and 1,352
bp of 3� genomic sequence.

Complementation assay. Cos7 cells were seeded into six-well dishes at 2 � 105

cells per well and transfected with 2 �g pCR3.1-GFP alone or 1 �g pcDNA3-
UL36 together with 1 �g of pCR3.1-GFP, pCR3.1-YFPVps4WT, or pCR3.1-
YFPVps4EQ. After 24 h, cells were infected with HSV-1�UL36 at 10 PFU/cell,
and unabsorbed virus was inactivated by treatment with acid wash (40 mM citric
acid, 135 mM NaCl, 10 mM KCl, pH 3.0). At 16 h postinfection (hpi) samples
were harvested by scraping. Three samples of each condition were sonicated for
20 seconds at 40% amplitude followed by freeze-thawing to liberate cell-associ-
ated virus. Infectious viral titers were determined by plaque assays on HS30 cells
(7). The cells from a fourth sample of each condition were harvested by centrif-
ugation and resuspended in lysis buffer (50 mM Tris, pH 7.9, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate) supplemented with protease inhibitor cocktail
(Roche) and incubated on ice for 20 min. Lysates were clarified by centrifugation

at 13,000 rpm for 20 min at 4°C. Following sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), proteins were transferred to nitrocel-
lulose and the expression levels of VP1/2- and GFP-tagged proteins were deter-
mined using anti-VP1/2 or anti-GFP (JL8) and chemiluminescence detection.

Ecdysone-responsive stable cell lines. EcR-293 cells were transfected with
pIND-GFPVps4WT or pIND-GFPVps4EQ and placed under selection in com-
plete Dulbecco’s modified Eagle’s medium supplemented with 400 �g/ml Zeocin
and 800 �g/ml G418. Single clones were isolated by limiting dilution, and sam-
ples of each clone were screened by fluorescence microscopy and Western
blotting after addition of 1 �M ponA. Clones demonstrating GFP fluorescence
in all cells were maintained. One clone of each cell line showing comparable
levels of inducible expression in the presence of ponA by Western blotting was
chosen for further experiments. 293-Vps4WT and 293-Vps4EQ cells were
treated with or without 1 �M ponA for various times, and cellular proteins were
extracted as described above. Following SDS-PAGE, proteins were transferred
to nitrocellulose and the expression of Vps4 proteins was determined with
anti-GFP (Ab6556) and chemiluminescence detection. Cells grown on glass
coverslips were fixed 16 h after ponA addition and analyzed with an Olympus
IX70 fluorescence microscope. Images were captured using a Reitga 2000R
charge-coupled device camera and ImageQ software and processed using Adobe
Photoshop.

HSV-1 growth assays. 293-Vps4WT and 293-Vps4EQ cells were treated with
or without 1 �M ponA for 16 h and infected with HSV-1 (SC16) at 10 PFU/cell,
and unabsorbed virus was inactivated with acid wash. At various times, samples
were harvested as described above. Infectious viral titers were determined by
plaque assays on Vero cells. The expression levels of GFP-Vps4 proteins, VP16,
and actin in protein extracts from samples at various times postinfection were
analyzed by Western blotting with anti-GFP (JL8), anti-VP16 (LP1), or antiactin
(AC-40) as described above.

Quantitative real-time PCR. 293-Vps4WT and 293-Vps4EQ cells were treated
with or without 1 �M ponA for 16 h and infected with HSV-1 (SC16) at 10
PFU/cell, and unabsorbed virus was removed by acid wash. Cells were harvested
at 16 hpi and treated with 10 mM Tris, pH 8.0, 50 mM EDTA, 0.5% SDS, 0.2
mg/ml proteinase K for 18 h at 37°C. Samples were sonicated three times for 30
seconds each at 40% amplitude, and DNA was extracted with a QIAquick PCR
purification kit (QIAGEN). Real-time PCR was performed using a Rotorgene
(Corbett Research) in triplicate for each sample. Primers and high-pressure
liquid chromatography-purified probes were designed by Tib-MolBiol (Berlin).
A primer set for the detection of HSV-1 genomes was based on the ICP0 gene
promoter region with the following HSV-1 sequence coordinates: forward
primer, 2072 to 2090; reverse primer, 2209 to 2139; and TaqMan probe, 2115 to
2134, where the ICP0 transcription start site is 2115. A primer set for the
detection of cellular genomes was based on the human glyceraldehyde-3-phos-
phate dehydrogenase gene promoter region with the following gene coordinates:
forward primer, 1725 to 1744; reverse primer, 1913 to 1894; and TaqMan probe,
1913 to 1894, where numbers are relative to a transcription start site of 1874
based on comparison of genomic and cDNA sequences (accession no.
AY340484). Results from the real-time PCRs were quantified as copy number
per sample using the Rotorgene software from standard curves that were gen-
erated using known amounts of plasmids containing each of the relevant DNA
regions. The mean of each triplicate data set for ICP0 was divided by the mean
of the triplicate glyceraldehyde-3-phosphate dehydrogenase data set from the
same DNA sample to obtain estimates of HSV-1 genome copies present per cell.

[35S]methionine labeling. 293-Vps4WT and 293-Vps4EQ cells were treated
with 1 �M ponA for 16 h and infected with HSV-1 (SC16) at 10 PFU/cell, and
unabsorbed virus was inactivated by acid wash. At 7 hpi, cells were washed and
incubated in methionine-free medium for 1 h followed by [35S]methionine la-
beling for 16 h. Cells were harvested and lysed as described above, and protein
extracts were analyzed by SDS-PAGE and autoradiography.

Electron microscopy (EM). Infected-cell samples were harvested and fixed in
either 2.5% glutaraldehyde and 2% paraformaldehyde in 100 mM sodium caco-
dylate or 4% glutaraldehyde in 100 mM PIPES [piperazine-N,N�-bis(2-ethane-
sulfonic acid); pH 7.4] containing 2 mM CaCl2 for 2 h at room temperature. Cells
were washed in 50 mM Tris (pH 7.4) containing 2 mM CaCl2, treated with 1%
osmium tetroxide for 30 min, and rinsed in distilled water. Samples were then
stained with 2% uranyl acetate for 30 min, rinsed with distilled water, dehydrated
in methanol, infiltrated with Spurr’s epoxy resin over 5 days, and cured at 60°C.
Fifty-nanometer sections were cut using a Leica Ultracut S microtome and
mounted on uncoated copper grids. Samples were counterstained with uranyl
acetate and lead citrate and viewed with a Philips CM100 transmission electron
microscope, and images were recorded on Kodak 4489 cut film. Negatives were
scanned at 1,200 dots per inch and processed using Adobe Photoshop.
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RESULTS

One of the essential proteins for cargo sorting and MVE
luminal vesicle formation is Vps4, a member of the AAA
ATPase family. Vps4 is required to dissociate the ESCRT
proteins from MVE membranes and allow their recycling for
further rounds of vesicle formation (2). Expression of ATPase-
defective (dominant-negative) mutants of either homologue
(Vps4A or Vps4B) where the active site glutamate has been
mutated to glutamine leads to defective MVE sorting and
formation of large membrane structures known as class E
compartments (4, 36). The term class E compartment was
originally used to describe the multilamellar perivacuolar com-
partment found in yeast cells expressing ATPase-defective
Vps4 (2). We decided to analyze the effect of inhibiting Vps4
activity on the envelopment of HSV-1.

Transient expression of nonfunctional Vps4 reduces the
yield of infectious HSV-1. As an initial approach to determine
whether Vps4 plays a role in the assembly of HSV-1 virions,
cells transfected with plasmids expressing wild-type or domi-
nant-negative Vps4 were infected with HSV-1 and the progeny
virus was assayed. To avoid problems associated with variable
transfection efficiencies and replication of HSV-1 in untrans-
fected cells, a complementation assay was used. HSV-1 lacking
the essential gene UL36 (HSV-1�UL36) does not produce
infectious virus unless the defect is complemented through
provision of UL36 expression in trans (7). If the provision of
UL36 expression is through transient transfection, then trans-
fected cells will be the only source of infectious progeny.
Therefore, cotransfection of UL36 and Vps4 expression plas-
mids, followed by infection with HSV-1�UL36, will mean that
the vast majority of progeny virus will have to be produced in
the presence of plasmid-expressed Vps4, and so the effect of
dominant-negative Vps4 can be assessed more reliably.

Cells were transfected with plasmids expressing UL36 to-
gether with wild-type or dominant-negative Vps4 (Vps4WT or
Vps4EQ, respectively) or control plasmids and subsequently
infected with HSV-1�UL36. The virus yields were assayed on
a UL36-complementing cell line to allow plaque formation (7).
The UL36 complementation assay system demonstrated ap-
proximately an 80-fold difference in the production of infec-
tious HSV-1 progeny between cells expressing GFP together
with UL36 in trans and cells expressing GFP alone (with no
UL36) (Fig. 1A). Expression of yellow fluorescent protein
(YFP)-Vps4EQ with UL36 resulted in a reduction in progeny
HSV-1 titer by �50-fold compared to expression of GFP with
UL36. Expression of UL36 with YFP-Vps4WT showed a small
reduction in HSV-1 titer (�2-fold). GFP, YFP-Vps4WT, and
YFP-Vps4EQ were all expressed to similar levels in these
assays, and the expression of UL36 from transfected plasmids
was unaffected by the coexpression of Vps4WT or Vps4EQ
(Fig. 1B). These results are similar to those reported using
HIV: namely, overexpression of wild-type Vps4 gave a minor
dominant-negative effect, resulting in a slightly smaller yield of
HIV, whereas a major dominant-negative effect resulting in a
large reduction in HIV yield was observed in the presence of
Vps4EQ (34). Similar complementation experiments were per-
formed using a glycoprotein-H-null HSV-1 and transfection of
cells with glycoprotein-H-expressing plasmids as previously de-
scribed (35). These experiments generated very similar results,

with coexpression of YFP-Vps4EQ leading to a significant
decrease in infectious HSV-1 (�10-fold). These data suggest
that the inhibition of HSV-1 growth in the presence of
Vps4EQ is independent of which complementation system is
used. Therefore, functional Vps4 appears to be required for
the production of infectious HSV-1 particles.

Stable cell lines expressing dominant-negative Vps4 demon-
strate a decreased growth of HSV-1. To further investigate the
role of Vps4 in HSV-1 assembly, stable cell lines expressing
Vps4WT or Vps4EQ were constructed to overcome the limi-
tations of transient transfection. Although there were no tox-
icity issues during the time frame of the experiments in this
publication, we have observed that long-term expression of
dominant-negative Vps4EQ, but not Vps4WT, is eventually
toxic to cells (unpublished observations). Therefore, an induc-
ible system was deemed necessary for the production of such

FIG. 1. The effect of transient Vps4EQ expression on the produc-
tion of infectious HSV-1. Cells transfected with a UL36 expression
plasmid in the presence of GFP, YFP-Vps4WT, or YFP-Vps4EQ
expression plasmids or cells transfected with a GFP expression plasmid
alone were infected with HSV-1�UL36. (A) Progeny viral titers were
determined by plaque assay on a UL36-complementing cell line. Bars
represent mean PFU/ml, and error bars represent 1 standard deviation
from the mean of triplicate samples. (B) Protein extracts were ana-
lyzed by Western blotting with VP1/2- and GFP-specific antibodies.
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stable cell lines. HEK293 cells harboring the ecdysone receptor
were transfected with expression plasmids encoding GFP-
Vps4WT or GFP-Vps4EQ, under control of the ecdysone re-
sponse element, and a constitutively expressed selectable gene.
GFP-tagged Vps4 proteins were used for ease of selection and
detection. Stable clones were selected and isolated by limiting

dilution. One clone of each cell line that showed comparable
levels of protein expression after addition of ponA was used
for all subsequent experiments, although any effects on viral
replication were confirmed with independent clones (unpub-
lished data). No Vps4 protein expression was observed in the
cells in the absence of ponA, and expression increased steadily

FIG. 2. Single-step growth curves of HSV-1 in Vps4WT- and Vps4EQ-expressing cell lines. Clonal 293 cell lines expressing GFP-Vps4WT or
GFP-Vps4EQ under the control of the ecdysone response element were isolated. (A) Cells were treated with 1 �M ponA for various times, and
protein extracts were analyzed by Western blotting with a GFP-specific antibody. Fluorescence microscope images were collected at 16 h after
ponA addition. Numbers at left are molecular masses in kilodaltons. (B) Cells were treated with or without ponA for 16 h and infected with HSV-1,
and progeny virus was harvested at various times. Infectious viral titers were determined by plaque assay. Data represent mean PFU/ml, and error
bars represent 1 standard deviation from the mean of triplicate samples. (C) Protein extracts were harvested from infected cells at various times
postinfection and analyzed by Western blotting with GFP-, VP16-, and actin-specific antibodies.
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over time after induction (Fig. 2A). Fluorescence microscopy
showed GFP-Vps4WT to be localized in a diffuse pattern
throughout the cytoplasm, whereas GFP-Vps4EQ was found
associated with large swollen membrane structures (Fig. 2A).
These observations are similar to previous reports, which have
demonstrated that expression of GFP-Vps4EQ sequesters
wild-type Vps4 and causes the formation of large vacuoles in
mammalian cells (4, 36).

One-step growth analysis of HSV-1 was performed in the
Vps4 stable cell lines. Untreated cells or cells treated with
ponA were infected with HSV-1. At various times postinfec-
tion, samples were harvested and the titer of infectious HSV-1
progeny was determined. HSV-1 replicated efficiently in 293-
Vps4WT cells irrespective of ponA-induced protein expression
(approximately 3.5-log growth; Fig. 2B). However, 293-
Vps4EQ cells showed substantially reduced HSV-1 replication
in the presence of ponA (approximately a 2-log reduction),
suggesting that Vps4EQ expression inhibits the replication of
HSV-1 (Fig. 2B). Surprisingly 293-Vps4EQ cells also demon-
strated reduced HSV-1 replication in the absence of ponA
(approximately 1-log reduction). However, when protein sam-
ples were analyzed by Western blotting, it was apparent that
infection of these cell lines with HSV-1 caused transactivation
of the ecdysone-responsive Vps4 genes (Fig. 2C). The expres-
sion of Vps4 proteins in the absence of ponA was observed at
8 to 12 hpi. Surprisingly, Vps4EQ expression was induced to a
greater level by HSV-1 infection than that of Vps4WT, al-
though the reason for this is unclear. Nevertheless, “unin-
duced” 293-Vps4EQ cells were in fact expressing high levels of
Vps4EQ within 8 h of HSV-1 infection, explaining the reduc-
tion of HSV-1 growth observed under these conditions. Irre-
spective of the induction of Vps4 expression by HSV-1 infection,
these data demonstrate that the expression of dominant-neg-
ative Vps4EQ causes a �100-fold reduction in the production
of infectious HSV-1.

The effect of dominant-negative Vps4 on viral genome and
protein synthesis. Although Vps4EQ inhibits ESCRT-medi-
ated membrane budding, the inhibition of HSV-1 replication
could potentially be due to secondary effects on other aspects
of the virus life cycle, rather than a specific effect on cytoplas-
mic envelopment of nucleocapsids. As a first step to identify
the stage of HSV-1 infection that is inhibited in these cells, the
viral genome load was analyzed. Cells were treated with or
without ponA and then infected with HSV-1. DNA was iso-
lated from each sample at 16 hpi, and the HSV-1 and cellular
genome copy numbers were determined by real-time PCR.
Induction of Vps4EQ appeared to have a minor effect on viral
genome synthesis (�3-fold reduction; Fig. 3A), but this is un-
likely to account for the large reduction in infectious virus
yield.

To determine whether viral protein synthesis was affected by
Vps4EQ expression, cells were treated with ponA, infected
with HSV-1, and then metabolically labeled with [35S]methi-
onine from 8 to 24 hpi to monitor the total accumulation of
viral proteins. HSV-1 infection results in a potent shutdown of
host cell protein synthesis, and so virtually all de novo protein
expression during HSV-1 infection is of viral origin (32). No
significant difference was observed in the pattern or levels of
protein synthesis during HSV-1 infection of Vps4WT- or
Vps4EQ-expressing cell lines, and all major viral gene products

could be identified at equivalent levels (Fig. 3B). Furthermore,
no significant difference was observed in the rate of synthesis of
VP16 in either Vps4WT- or Vps4EQ-expressing cell lines in
the presence or absence of ponA (Fig. 2C).

Taken together, these data demonstrate that expression of
Vps4EQ has little or no effect on viral genome synthesis, the
overall accumulation of viral proteins, or the rate of expression
of a major viral protein, VP16. Therefore, Vps4EQ expression
does not appear to inhibit viral entry or the production of the
viral structural components.

Dominant-negative Vps4 inhibits the production of envel-
oped virus particles. To determine the effect of Vps4EQ ex-

FIG. 3. HSV-1 genome and protein synthesis. 293-Vps4WT and
293-Vps4EQ cells were treated with 1 �M ponA or not and infected
with HSV-1. (A) DNA samples were harvested at 16 hpi, and the copy
numbers of HSV-1 and cellular genomes were determined by real-time
PCR. Data are shown as mean numbers of HSV-1 genome copies per
cell. (B) Infected cells were labeled with [35S]methionine, and protein
samples were harvested at 24 hpi. Radiolabeled proteins were detected
by autoradiography following SDS-PAGE. The positions of various
viral proteins, as expected from previous publications, are shown.
Numbers at left are molecular masses in kilodaltons.
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pression on HSV-1 assembly at the ultrastructural level, cells
expressing Vps4WT or Vps4EQ were infected with HSV-1 and
analyzed by EM. In Vps4WT-expressing cells, all stages of
HSV-1 assembly could be visualized: nucleocapsids in the nu-
cleus and extracellular virions (Fig. 4A), perinuclear enveloped
particles (Fig. 4B), and fully enveloped virions contained
within vesicles and some unenveloped capsids in the cytoplasm
(Fig. 4C). In Vps4EQ-expressing cells nucleocapsids in the
nucleus and perinuclear enveloped particles could be identi-
fied at a frequency similar to that in Vps4WT cells (Fig. 4D and
E). However, no extracellular virus particles were observed,
and only unenveloped capsids were present within the cyto-
plasm with an almost complete absence of any fully enveloped
virions (Fig. 4F to J). Interestingly, cytoplasmic capsids within

Vps4EQ cells were usually associated with membranes, with
some virions almost completely enveloped but not fully sur-
rounded by membrane (Fig. 4H to J; arrowheads indicate the
membrane edges). These data demonstrate two points: firstly,
inhibition of Vps4 function appears to have no effect on capsid
assembly or nucleocapsid egress from the nucleus, and sec-
ondly, expression of Vps4EQ inhibits HSV-1 final envelop-
ment in the cytoplasm, and this inhibition of cytoplasmic en-
velopment can occur at late stages of assembly.

As individual electron microscope images can be subjective
and represent only a snapshot of events in a very small section
of any given cell, these data were quantified by counting large
numbers of particles at various stages of viral assembly from
several cells. Thirty cells from each cell type were viewed, and

FIG. 4. EM analysis of infected cells. 293-Vps4WT and 293-Vps4EQ cells were induced with ponA and infected with HSV-1. At 15 hpi, cells
were fixed, processed, and analyzed by transmission EM. Bars, 500 nm (A) or 200 nm (B to J).
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all the viral particles were scored as either capsids located in
the nucleus, unenveloped capsids in the cytoplasm, fully envel-
oped virions in the cytoplasm (contained in membrane vesi-
cles), and extracellular enveloped virus. These data show very
little difference in the numbers of capsids in the nucleus or
unenveloped capsids in the cytoplasm between cells expressing
Vps4WT and those expressing Vps4EQ (Table 1). However, a
large difference in the number of fully enveloped virus particles
was observed: enveloped particles could be readily identified in
the cytoplasm and extracellular space of Vps4WT cells, but
virtually no enveloped particles were observed in Vps4EQ cells
(Table 1). Even the very low number of enveloped cytoplasmic
virions that were scored in the cytoplasm of Vps4EQ cells may
have been capsids that were almost fully enveloped (such as
those shown in Fig. 4H to J) but sectioned in a different plane.
The majority (�80%) of unenveloped cytoplasmic capsids ob-
served in both cell lines were physically close to membranes,
suggesting that they were partially assembled. Interestingly, of
these membrane-associated capsids, very few appeared almost
fully enveloped (as in Fig. 4H to J) in Vps4WT cells, whereas
many membrane-associated capsids (�12%) in the cytoplasm
of Vps4EQ cells demonstrated this type of morphology. Taken
together, these EM data suggest that the assembly of infectious
HSV-1 requires Vps4 activity for the successful budding of
virions at cytoplasmic membranes.

DISCUSSION

It is now well accepted that many families of enveloped
RNA viruses (including the Retroviridae, Filoviridae, Rhab-
doviridae, Arenaviridae, and Paramyxoviridae) require ESCRT
proteins for viral budding at the plasma membrane or into the
lumen of cytoplasmic compartments (3, 6, 25, 28). Such com-
mon usage of the ESCRT proteins by completely unrelated
virus families demonstrates the importance of this cellular
membrane budding machinery for enveloped viral pathogens
and how convergent evolution has occurred in these virus fam-
ilies to engage this cellular machinery for the common goal of
budding newly synthesized infectious virus out of the cyto-
plasm of cells. The first demonstration of an involvement of
ESCRT proteins in assembly of small DNA viruses has re-
cently been shown for hepatitis B virus (16). Our data now
demonstrate that the replication of a large, complex DNA
virus, HSV-1, is inhibited by the expression of dominant-neg-
ative Vps4, an ATPase that is essential for the function of
ESCRT proteins. These results may be best explained by a
direct involvement of Vps4 in HSV-1 budding. To our knowl-
edge, these data are the first observation that ESCRT protein
function may be required for the membrane budding of a large,
complex, enveloped DNA virus.

In experiments demonstrating a reduction in infectious virus
yields it is always important to determine whether the observed
reduction is due to the failure to assemble virus particles or
due to the assembly of particles that have reduced infectivity.
Our data show that the inhibition of Vps4 function does indeed
inhibit viral assembly: EM quantification demonstrates an al-
most total lack of enveloped virus when Vps4 activity is inhib-
ited. A further question that is difficult to answer unequivocally
is whether defects in viral assembly that are caused by inhib-
iting membrane traffic pathways (such as ESCRT protein
inhibition) are due to a direct inhibition of the membrane
budding mechanism or arise from secondary effects of mislo-
calizing a subset of viral components to the incorrect compart-
ment(s) so that they are not available to participate in assem-
bly. Our EM observations indicate that envelopment of HSV-1
can initiate in Vps4EQ cells and can proceed almost to com-
pletion. These “partially enveloped” virions are otherwise mor-
phologically similar to those observed in normal cells. It ap-
pears, therefore, that in Vps4EQ cells all the viral proteins that
are necessary for the interaction of capsids and tegument with
membranes to drive envelopment to late stages must be
present on these structures, but envelopment cannot be com-
pleted. The obvious interpretation is that functional Vps4 is
directly involved in completion of the envelopment (i.e., bud-
ding) process of HSV-1. It is also possible that inhibition of
certain membrane traffic pathways could result in a block of
secretion, thereby interfering with the release of HSV-1 from
cells. However, it seems unlikely that expression of dominant-
negative Vps4 is reducing HSV-1 titer simply by inhibiting the
release of enveloped virions via secretion; otherwise, similar or
even greater numbers of enveloped virions contained within
cytoplasmic vesicles would be expected, whereas we observe a
dramatically reduced number of enveloped virions in the cyto-
plasm (�20-fold). Furthermore, previous reports have demon-
strated that the expression of dominant-negative Vps4 does
not affect the localization of secretory pathway proteins, in-
cluding markers of the endoplasmic reticulum, Golgi compart-
ment, and TGN (4, 36).

Enveloped RNA viruses recruit the ESCRT machinery to
sites of viral budding through the interaction of viral L-domain
motifs with ESCRT proteins. At least three classes of L-do-
main motifs have been identified: P-T/S-A-P motifs, Y-P-x-L
motifs, and P-P-x-Y motifs (3, 6, 25). The majority of these
RNA viruses express proteins that contain one or two L-do-
main motifs that are necessary and sufficient for the recruit-
ment of ESCRT proteins. The situation with herpesviruses is
likely to be more complex. All three classes of L-domain motifs
are present in several HSV-1 structural proteins including ma-
jor capsid protein (VP5), the tegument protein VP16, the very
large tegument protein VP1/2, the cytoplasmic domain of gly-
coprotein E, and at least three additional tegument proteins.
This frequency of L-domain motif occurrence in HSV-1 virion
components may signify the importance of engaging ESCRT
proteins for the assembly of infectious virions and may also
reflect the functional redundancy of different proteins in her-
pesvirus assembly (24). Such redundancy of function may allow
for the loss of any one or more L-domain motifs without
inhibiting virus production but complicates the analysis of the
role of such motifs by mutagenesis. Interestingly, of all the
HSV-1 tegument and envelope proteins containing potential

TABLE 1. Quantification of HSV-1 particles in Vps4WT and
Vps4EQ cells

Cell line
No. of
nuclear
capsids

No. of
unenveloped
cytoplasmic

capsids

No. of
enveloped

cytoplasmic
virions

No. of
extracellular

virus
particles

Vps4WT 812 385 113 48
Vps4EQ 1,003 379 5 0
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L-domain motifs, VP1/2 is the only one conserved throughout
all alpha-, beta-, and gammaherpesviruses, and mutants lack-
ing VP1/2 are defective in cytoplasmic envelopment (7, 11).
The VP1/2 protein of HSV-1 contains all three classes of L-
domain motifs that could potentially interact with ESCRT
proteins, and at least one L-domain motif appears to be
present in all VP1/2 homologues analyzed, an observation of
some significance given that the respective genes diverged in
evolution approximately 400 million years ago (21). It is there-
fore tempting to speculate that VP1/2 may function in part by
recruiting ESCRT components to sites of herpesvirus envel-
opment.

In summary, it appears that the ESCRT pathway provides
the budding machinery for a wide variety of enveloped
viruses, which we suggest include HSV-1, where the inter-
actions of a large number of virus-specific proteins are in-
volved in assembly and envelopment. In some cases, bud-
ding of viruses has been observed at MVEs, the normal sites
of action of the ESCRT machinery (9, 19), but in other cases
it is clear that viruses can recruit ESCRT components to
alternative compartments, such as the plasma membrane
(20). In the case of herpes simplex virus it is apparent that
the budding compartment lacks the morphological charac-
teristics of MVEs, but the precise nature of the compart-
ment remains unknown.
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