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The biogenesis of multivesicular bodies (MVBs) is topologically equivalent to virion budding. Hence, a
number of viruses exploit the MVB pathway to build their envelope and exit from the cell. By expression of
dominant negative forms of Vps4 and Vps24, two components of the MVB pathway, we observed an impairment
in infectious herpes simplex virus (HSV) assembly/egress, in agreement with a recent report showing the
involvement in HSV envelopment of Vps4, the MVB-specific ATPase (C. M. Crump, C. Yates, and T. Minson,
J. Virol. 81:7380-7387). Furthermore, HSV infection resulted in morphological changes to MVBs. Glycoprotein
B (gB), one of the most highly conserved glycoproteins across the Herpesviridae family, was sorted to MVB
membranes. In cells expressing the dominant negative form of Vps4, the site of intracellular gB accumulation
was altered; part of gB accumulated as an endoglycosidase H-sensitive immature form at a calreticulin-positive
compartment, indicating that gB traffic was dependent on a functional MVB pathway. gB was ubiquitinated in
both infected and transfected cells. Ubiquitination was in part dependent on ubiquitin lysine 63, a signal for
cargo sorting to MVBs. Partial deletion of the gB cytoplasmic tail resulted in a dramatic reduction of
ubiquitination, as well as of progeny virus assembly and release to the extracellular compartment. Thus, HSV
envelopment/egress and gB intracellular trafficking are dependent on functional MVB biogenesis. Our data
support the view that the sorting of gB to MVB membranes may represent a critical step in HSV envelopment
and egress and that modified MVB membranes constitute a platform for HSV cytoplasmic envelopment or that
MVB components are recruited to the site(s) of envelopment.

Multivesicular bodies (MVBs) constitute a central station in
the endocytic-lysosomal pathway. They are responsible for the
biosynthetic delivery of hydrolases to lysosomes as well as for
the sorting of a number of cell surface receptors, destined to
degradation in the lysosome (69). At the ultrastructural level,
early endosomes appear predominantly as tubulovesicular
structures, whereas late endosomes, which are capable of fus-
ing with lysosomes, exhibit a multivesicular aspect and, for this
reason, are named MVBs. The transition between these two
endosomal compartments occurs by involution of the limiting
membrane to form intraluminal vesicles. When the MVBs fuse
with lysosomes, the intraluminal vesicles and their contents are
degraded. Both the lipid and protein compositions of the en-
dosome change along the pathway to lysosomes (75). A major
signal for sorting of cargoes along the MVB pathway is ubig-
uitination (41). In Saccharomyces cerevisiae, MVB biogenesis
requires a total of 17 yeast class E Vps proteins (47). Vps23
and two other class E Vps proteins form a cytosolic complex
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termed ESCRT-I (endosomal sorting complex required for
transport I), which recognizes ubiquitinated endosomal cargo
(41). ESCRT-I activates another soluble class E Vps complex
called ESCRT-II, which in turn is required to initiate the
assembly of the ESCRT-III complex on endosomal mem-
branes (3). ESCRT-III, the core of the apparatus that drives
membrane curvature and MVB vesicle formation, is formed by
four structurally related class E Vps proteins that exhibit ho-
mology to human chromatin modifying proteins (CHMP) (3).
Finally, to enable the recycling of MVB machinery, ESCRT-III
recruits the AAA-type ATPase Vps4, a class E Vps protein
that disassembles and thereby recycles the ESCRT machinery
(3). Overexpression of ATPase-defective Vps4 proteins in-
duces the formation of enlarged endosomes and dysfunctional
MVBs that are defective in the sorting and recycling of endo-
cytosed substrates (“class E” phenotypes) (3). The Vps4 mu-
tants also prevent normal ESCRT protein trafficking, because
these proteins are trapped on the surfaces of the aberrant
MVBs (3). On the other hand, dominant negative forms of the
ESCRT-III component Vps24/CHMP3, essential for vesicle
invagination (47), like Vps24 fused to a bulky tag such as red
fluorescent protein, induce class E-like phenotypes (81).
Numerous enveloped RNA viruses, including retroviruses
(81, 29), rhabdoviruses (36, 45), filoviruses (35, 37, 44), arena-
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viruses (83), and possibly ortho- and paramyxoviruses (82),
hijack the endocytic pathway in particular membranes of
MVB:s as platforms for the assembly of the virion envelope and
for virus egress. Essentially, two mechanisms for the recruiting
of virion proteins to the MVB pathway were highlighted. One
is based on the interaction of ESCRT components with struc-
tural proteins carrying specific amino acidic motifs named late
domains (L-domains), which serve as binding sites for MVB
components, escort the virion proteins to the MVB mem-
branes, and enable envelope formation and virus budding (18,
58). The other mechanism involves the ubiquitination of virion
components. Different riboviruses hijack different MVB pro-
teins and thus enter the MVB assembly pathway at different
steps (18, 35, 58). The best known example is that seen with
retroviruses. Gag proteins typically carry L-domains with one
of the tetrapeptide sequences PTAP, PPxY, and YPDL (58).
In human immunodeficiency virus, the L-domain located in the
pb6 protein is able to recruit TSG101, the mammalian homolog
of the yeast ESCRT-I component Vps23 (29, 49). The simple
recruitment of the ESCRT machinery by p6 is sufficient to
induce membrane curvature and fission and to drive the for-
mation and release of virus-like particles, even in the absence
of viral components other than Gag (29). Viral L-domains are
critical also for exploiting the MVB-linked ubiquitination ma-
chinery. Evidence is particularly compelling in the case of
retroviruses, which incorporate ubiquitin molecules, some of
which are individually linked to Gag (50, 60-62, 72, 80). The
recruitment of ubiquitin ligase activity by L-domains correlates
with virus release (7, 38, 48, 79, 85). In addition, TSG101 is an
ubiquitin-binding protein (70, 71). A proteasome inhibitor that
decreases the levels of free ubiquitin in the cytoplasm blocks
the release of certain retroviruses (61-64, 74, 79).

Relative to riboviruses, much less is known about how DNA-
enveloped viruses, including herpesviruses, acquire their enve-
lope. Herpesviridae are large DNA-containing enveloped vi-
ruses that share a number of properties, including basic
mechanisms of virus entry, progeny virus assembly, and exit
from the cell. Herpesviruses enter the cell by direct fusion with
the plasma membrane or endocytic membranes (13, 14). Prog-
eny nucleocapsids are assembled in the nucleus and exit this
compartment by budding at the inner nuclear membrane (51—
54). The subsequent steps in virus assembly and release remain
controversial (12, 14, 54). The currently most credited view
envisions that virions are de-enveloped at the outer nuclear
membrane and that the de-enveloped capsids released into the
cytoplasm undergo a second envelopment (51-54). The site of
cytoplasmic envelopment has not been completely character-
ized. The Golgi apparatus, trans-Golgi network (TGN) mem-
branes, and occasionally endosomes are usually indicated as
platforms for envelopment (1, 6, 14, 34, 46, 54).

Key unanswered questions on herpesvirus envelopment/
egress center on (i) how the curvature of the membrane is
destined to become the envelope attained, (ii) which mem-
branes serve as platforms for secondary envelopment, and (iii)
which molecular interactions between viral and cellular pro-
teins drive virion envelopment/egress. The aims of this study
were (i) to investigate whether components of the MVB bio-
genesis pathway play a role in herpes simplex virus (HSV)
envelopment/egress and (ii) to determine the molecular mech-
anisms that the virus puts in place in order to exploit the MVB

MVBs, gB TRAFFIC, AND HSV EGRESS 11469

membranes as platforms for building its envelope and to
achieve virion egress. While this paper was in preparation, it
was reported that a functional Vps4, the ATPase that releases
ESCRT components from assembled MVBs, is required for
HSV envelopment (17). We report that (i) Vps24/CHMP3, a
component of the ESCRT-III complex essential for vesicle
invagination (69), and Vps4 are critical for HSV envelopment/
egress; (ii) the MVB compartment is modified following HSV
infection; (iii) glycoprotein B (gB) accumulates at MVB mem-
branes, and a functional MVB biogenesis is required for gly-
coprotein trafficking and maturation; (iv) gB is ubiquitinated
particularly by the lysine 63 residue of ubiquitin; and (v) partial
deletion of the gB cytoplasmic tail results in a dramatic reduc-
tion of ubiquitination and progeny virus envelopment and
egress to the extracellular compartment. The results indicate
that MVB membranes serve as platforms for HSV envelop-
ment/egress and that sorting of gB to MVB membranes may
represent a critical step in the envelopment/egress process.

MATERIALS AND METHODS

Mammalian expression plasmids. The pBJ5-Vps4E228Q plasmid encodes the
human Vps4-A protein with a C-terminal FLAG epitope containing an E228Q
mutation. The pBJ5-HA-Ub plasmid expresses a hemagglutinin (HA)-tagged
version of wild-type (wt) ubiquitin, while the pBJ5-HA-UbK48R and pBJ5-HA-
UbK63R constructs encode HA-tagged ubiquitin characterized by the replace-
ment of lysine 48 and lysine 63, respectively, with an arginine. The pDsRed-
Vps24 construct contains the CHMP3/Vps24-encoding sequence inserted into
the pDsRed2-N1 vector (Clontech). All the above-named constructs have pre-
viously been described (80, 81). The pgBwt-MTS plasmid encodes gB of HSV
type 1 (HSV-1) strain F (2). The gB,gs7-MTS plasmid expresses a truncated form
of gB in which the 37 C-terminal amino acids of the C tail are placed downstream
of a stop codon (2). The gH-MTS and gL-MTS plasmids encode gH and gL of
HSV-1 strain F, respectively (2).

Cell lines and viral strains. African green monkey kidney cells (Vero cells,
ATCC number CCL-81; COS-7 cells, ATCC number CRL-1651) and human
kidney cells (293T cells, ATCC number CRL-11268) were grown in Dulbecco’s
modified Eagle’s medium with the addition of 10% heat-inactivated fetal calf
serum (complete medium).

The HSV type 1 (HSV-1) strain F was kindly provided by B. Roizman (Uni-
versity of Chicago, Chicago, IL). Recombinant HSV-1 R8102 was constructed by
N. Markowitz and B. Roizman (University of Chicago) by inserting a cassette
containing a lacZ gene under the control of the ICP-27 promoter (325-bp
BamHI-HinfI fragment from the left end of the HSV-1 BamHI B fragment) at
the UL3-UL4 boundary (5). Viruses were grown and subjected to titer determi-
nation by plaque assay of Vero cells, as previously described (11). 293T cells or
COS-7 cells were infected with HSV-1 at the appropriate multiplicities of infec-
tion (MOI). The viral inoculum was removed after 1.5 h of adsorption, virus
absorbed to cells was inactivated with pH 3 citrate buffer wash, and the cells were
overlaid with Dulbecco’s modified Eagle’s medium containing 2% serum. At
different time points, medium and cells were harvested separately and the virus
was titrated in Vero cells (11). The KAt AgB HSV was previously described (9).

Entry assay. For infectivity determinations, transfected 293T cells (1 X 10°)
were plated in 24-well tissue culture dishes and infected with HSV-1 R8102 at the
MOTI of 3 PFU/cell. After 6 h of incubation, infected cells were visualized using
the B-galactosidase (B-Gal) substrate X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside; GIBCO Laboratories). Briefly, washed cells were fixed (phos-
phate-buffered saline [PBS] containing 2% formaldehyde and 0.2% glutaralde-
hyde), permeabilized (2 mM MgCl, containing 0.01% deoxycholate and 0.02%
Nonidet P-40 [NP-40]), and incubated with buffered X-Gal (0.5 mg/ml). Alter-
natively, infected cells were solubilized in PBS containing 0.5% NP-40 and the
B-Gal substrate ortho-nitrophenyl-B-p-galactopyranoside (3 mg/ml) and the re-
action was quantified by spectrometry (2).

HSV-1 glycoprotein immunoprecipitation and Western blot analysis. The cells
were lysed in PBS* (PBS containing 1% NP-40 and 1% deoxycholate) containing
protease inhibitors (0.1 mM Na-p-tosyl-L-lysine chloromethyl ketone-0.1 mM
tosylsulfonyl phenylalanyl chloromethyl ketone). Immunoprecipitations were
carried out with the appropriate antibodies from lysates of infected or trans-
fected cells, as previously described (32). The immunocomplexes were harvested
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with protein A-Sepharose (Sigma). Proteins separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred to a Hy-
bond ECL nitrocellulose membrane (GE Healthcare) and detected with appro-
priate antibodies and enhanced-chemiluminescence reagents (GE Healthcare).
Anti-gB antibody H1817 (Rumbaugh-Goodwin Institute for Cancer Research,
Plantation, FL) or anti-gH 53S (31) was used for the immunoprecipitation, while
anti-HA antibody HA.11 (Covance), anti-gH antibody H12 (66), antiubiquitin
antibody (Sigma), anti-HSV-1 polyclonal antiserum (DAKO), enhanced-chemi-
luminescence anti-mouse immunoglobulin G-horseradish peroxidase (GE Health-
care), and enhanced-chemiluminescence anti-rabbit immunoglobulin G-horseradish
peroxidase (GE Healthcare) were used for Western blotting analysis. The mem-
brane used for ubiquitin immunoblot analysis was autoclaved in deionized water for
30 min as described previously to expose latent antigenic sites on ubiquitin prior to
the incubation with the antibody (55, 56).

Nucleic acid extraction, real-time PCR, and reverse transcription-PCR (RT-
PCR) assays. DNA extraction was performed as follows. The cells were incu-
bated in 250 wl lysis buffer (0.1% Triton X-100, 0.1% SDS, 20 mg/ml proteinase
K, 10 mM Tris-HCl-1 mM EDTA) at 56°C for 1 h and boiled for 10 min.
Quantitative PCR testing was performed on 5-pl aliquots. Briefly, the extracted
DNA was assayed with a sequence detector system (ABI PRISM 7700) in 25 .l
of PCR mixture containing 12.5 pl TagMan universal master mix, 15 pmol of
each primer, and 10 pmol of the probe. The primers amplified a fragment of the
HSV UL30 gene (forward primer, 5'-ACATCATCAACTTCGACTGG-3";
reverse primer, 5'-CTCAGGTCCTTCTTCTTGTCC-3"). The fluorogenic
probe sequence was 5'-FAM-ATGGTGAACATCGACATGTACGG-TAMR
A-3', where FAM is 6-carboxyfluorescein and TAMRA is 6-carboxytetra-
methylrhodamine. Thermal cycling conditions were one cycle of 95°C for 10
min and 40 cycles of 95°C for 15 s and 60°C for 1 min. A standard curve was made
by six serial dilutions (from 5 X 10° to 50 copies) of a control plasmid containing
the region amplified by the primers. The detection threshold was 10 genomic
copies per reaction. The HSV genomic copy number of the samples was calcu-
lated automatically with 7700 ABI PRISM SDS software and then expressed as
numbers of viral DNA copies per cell. The number of cells present in the PCR
mix was determined by real-time quantitative-PCR amplification of a B-globin
sequence gene (Applied Biosystems), as recommended by the manufacturer.

[**S]methionine labeling. 293T cells transfected with the appropriate con-
struct were infected with HSV-1(F) at the MOI of 10 PFU/cell. At 8 h postin-
fection, the cells were washed and incubated in methionine-free medium for 1 h,
followed by [**S]methionine labeling for 15 h. Cells were harvested and lysed in
radioimmunoprecipitation assay buffer (140 mM NaCl, 8 mM Na,HPO,, 2 mM
NaH,PO,, 1% NP-40, 0.5% sodium deoxycholate, 0.05% SDS). Protein extracts
were analyzed by SDS-PAGE and autoradiography.

Immunofluorescence analysis. 293T cells (1.5 X 10°) were grown on glass
coverslips. When required, the cells were either infected with HSV-1 or trans-
fected with the appropriate constructs by using the Lipofectamine 2000 reagent
(Invitrogen). The cells were then fixed at different time points with either 4%
paraformaldehyde for 10 min at room temperature and then with 0.1% Triton
X-100 in PBS or acetone-methanol (1:1, vol/vol) for 5 min at —20°C. Samples
were incubated with appropriate primary and secondary antibodies diluted with
bovine serum albumin (1%, wt/vol) in PBS. The primary antibodies used were
monoclonal antibody (MAb) to gB (Virusys), MAb 53S to gH (31), rabbit
polyclonal antibody (PAb) to lysosome-associated membrane protein 1
(LAMP-1; H-228, sc-5570; Santa Cruz Biotechnologies Inc.), and rabbit PAb to
calreticulin (ab4; Abcam). Fluorescein isothiocyanate-conjugated anti-mouse or
anti-rabbit immunoglobulin G antibody (Sigma) or Alexa Fluor 568 goat anti-
mouse or anti-rabbit immunoglobulin G antibody (Invitrogen) was used as a
secondary antibody. The cells were observed with a confocal microscope (Leica).

endo H treatment. For the endoglycosidase H (endo H) treatment, 293T cells
cotransfected with the pgBwt-MTS and pBJ5-Vps4E228Q plasmids or the pBJ5
construct were lysed in PBS* and the cell lysates were subjected to gB immu-
noprecipitation, as described above. The immunoprecipitated proteins that
bound to the Sepharose beads were resuspended in 30 pl of 1X denaturing buffer
(0.5% SDS and 0.04 M dithiothreitol; New England Biolabs), and the reaction
mixture was heated at 100°C for 10 min. Next, 4 wl of 10X GS5 reaction buffer (0.5
M sodium citrate [pH 5.5]; New England Biolabs), 3 ul of endo H (500,000 U/ml;
New England Biolabs), and water were added up to 40 pl. The reaction mixture
was incubated at 37°C for 1 h. Twenty-five microliters of each sample was
analyzed by SDS-PAGE, followed by Western blotting analysis.

Infectivity complementation assay. The infectivity complementation assay was
performed as previously described (16). Briefly, COS-7 cells were transfected
with plasmids encoding wt gB or gB,gs; and epidermal growth factor receptor
(EGFR) as a negative control. Four hours later, cells were infected with HSV-
KAt (3 PFU/cell). The viral inoculum was removed after 1.5 h of adsorption,
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FIG. 1. Effect of Vps4E228Q and Vps24-Red on the yield of ex-
tracellular and cell-associated HSV-1. 293T cells (A, B) and COS-7
cells (C, D) were transfected either with an empty vector (pBJ5 or
pDsRed2-N1) or with constructs expressing either Vps4E228Q or
Vps24-Red. Twelve hours after transfection, the cells were infected
with HSV-1 at 1 PFU/cell (A, C) or 10 PFU/cell (B, D). At 36 h
postinfection, the extracellular (Extracell) and cell-associated virus
were titrated by plaque assay in Vero cells.

virus adsorbed to cells was inactivated with pH 3 citrate buffer wash, and cells
were overlaid with Dulbecco’s modified Eagle’s medium containing 1% serum.
Twenty-four hours later, medium and cells were harvested separately and prog-
eny virus was titrated in complementing gB-expressing D6 cells (9).

RESULTS

A functional MVB pathway is required at a late step of
HSV-1 replication. The most specific way to interfere with
MYVB pathway biogenesis is to use dominant negative versions
of essential components of the pathway. Therefore, in order to
determine whether the MVB compartment plays a role in
HSV-1 replication, 293T and COS-7 cells were transfected
with a construct expressing a dominant negative form of Vps4
(Vps4E228Q) or a construct encoding the dominant negative
version of Vps24/CHMP3 (Vps24-Red). Both dominant nega-
tive mutants have been extensively characterized and are
known to block the biogenesis of MVBs (81). Twelve hours
after transfection, cells were infected with HSV-1(F), at two
MOI (1 or 10 PFU/cell). The yield of cell-associated and ex-
tracellular virus at 36 h after infection was determined by
plaque assay in Vero cells. The results showed a significant
reduction in the production of cell-associated as well as re-
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FIG. 2. Vps4E228Q (Vps4EQ) or Vps24-Red does not affect the early steps of HSV-1 replication. (A to D) 293T cells were transfected with
plasmids expressing the dominant negative forms of Vps4 (B) or Vps24 (D) cellular protein or their respective empty vector, pBJ5 (A) or
pDsRed2-N1 (pReD) (C). Twelve hours after transfection, the cells were infected with the R8102 recombinant HSV-1, carrying the lacZ gene
under the control of the ICP-27 immediate promoter (3 PFU/cell) (5). Six hours later, the infected cells were stained with X-Gal. The panels
illustrate light microscope images (magnification, X1.5). (E) Quantification of HSV-1 genomic copies by real-time PCR assay. 293T cells were
transfected with the constructs expressing either Vps4E228Q or Vps24-Red or the corresponding empty vectors. Twelve hours posttransfection,
the cells were infected with HSV-1 (10 PFU/cell). Twenty-four hours later, the amount of viral DNA was evaluated by real-time PCR assay. Results
are expressed as numbers of viral DNA copies per cell. (F and G) Total RNA was extracted from 293T cells transfected with the indicated plasmids.
The RT-PCR assay was performed with primers specific for VP16 and gD (F) or the B-actin genes (G). Lanes: 1, 293T cells transfected with pBJ5
and infected with HSV-1; 2, 293T cells transfected with pBJ5-Vps4E228Q and infected with HSV-1; 3, 293T cells transfected with pDsRed-Vps24
and infected with HSV-1; C+, Vero cells infected with HSV-1; C—, uninfected 293T cells; B, no-template control; MW, molecular weight markers.
(H) 293T cells transfected with the indicated plasmids were infected with HSV-1 strain F, labeled with [>*S]methionine, and harvested 24 h after
infection. Radiolabeled proteins were detected by autoradiography following SDS-PAGE. u.i., uninfected 293T cells.

leased virus in the presence of either one of the two dominant
negative proteins, irrespectively of the MOI used (Fig. 1A and
B). The decrease was observed in both cell lines, irrespective of
the fact that virus production was higher in COS-7 than in
293T cells (Fig. 1, compare panels A, B to C, and D).
Inasmuch as expression of the dominant negative versions of
Vps4 or Vps24 might affect receptor distribution at the cell
surface and thus decrease the amount of virus taken into cells,
we next determined whether the expression of Vps4E228Q or
Vps24-Red reduced virus entry. 293T cells expressing either
Vps24-Red or Vps4E228Q were infected with the HSV-1 re-
combinant R8102 (5), which carries the B-Gal gene under the
immediate early ICP27 promoter (3 PFUjcell). Numerous
studies have shown that the extent of B-Gal expression is a

direct measure of the extent of virus entry into the cells (16).
As reported in Fig. 2A to D, no significant difference in num-
bers of infected cells was observed between cells expressing the
dominant negative version of the two proteins and mock-trans-
fected cells.

To better define the step in HSV replication affected by the
expression of the dominant negative versions of Vps4 and
Vps24, we next determined whether the expression of the
dominant negative mutants affected viral DNA replication or
late gene transcription. To this end, the amount of viral DNA
present in transfected infected cells 24 h after HSV-1(F) in-
fection (10 PFU/cell) was measured by real-time PCR, using
primers that anneal to the HSV-1 DNA polymerase gene. The
viral DNA copies differed very slightly between cells expressing
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FIG. 3. Effect of HSV infection on the morphology of the MVB compartment. 293T cells were infected with HSV-1 and analyzed at 12 or 24 h
after infection by immunofluorescence with PAb to LAMP-1. The cell nuclei were stained with propidium iodide. Cells were observed with a Leica
confocal microscope at a X63 magnification objective. (A) Uninfected 293T cells. (B) 293T cells 12 h after HSV-1 infection. (C) 293T cells 24 h

after HSV-1 infection.

either Vps4E228Q or Vps24-Red and the mock-transfected
controls (Fig. 2E). Transcription of the late gene was deter-
mined by RT-PCR, by employing oligonucleotides annealing
to either the VP16- or the glycoprotein D-encoding sequence.
The results show no significant reduction in late gene expres-
sion (Fig. 2F to G) in cells expressing the dominant negative
versions of Vps4 and Vps24. According to this finding, no
impairment in viral protein synthesis, measured as [*°S]methi-
onine incorporation, was observed (Fig. 2H). This series of
results indicates that the decrease in the amount of progeny
HSV assembled and released into the extracellular compart-
ment in the presence of dominant negative versions of Vps4 or
Vps24 was not due to a defect in virus entry consequent, for
example, upon the unavailability or mislocalization of viral
receptors, or to a major defect in viral DNA replication and
transcription or in viral mRNA translation. The results further
show that the decrease in virus release was MOI and cell type
independent. Overall, the results confirm and extend previous
findings on the role of the Vps4 ATPase in virus envelopment
and release (17) and imply that not only the activity of Vps4
but more generally a functional MVB pathway is required for
a step in virus replication that takes place after late gene
expression and prior to the release of progeny virus into the
extracellular medium. This step has been defined by electron
microscopy to be at the stage of cytoplasmic envelopment (17).

The morphology of the MVB compartment is modified in
HSV-1-infected cells. In HSV-1 infected cells, various compart-
ments are modified in order to render the cell a suitable mi-
croenvironment for virus replication, envelopment, and release
(1, 14, 34). We searched for modifications of the late endo-
somes or MVB compartment by immunofluorescence with an
antibody directed to LAMP-1, a marker of this organelle (27).
Confocal microscopy showed that, in uninfected cells, LAMP-1
was dispersed throughout the cytoplasm, as expected. By con-
trast, in infected cells (12 h and 24 h postinfection), LAMP-1
staining was concentrated in a perinuclear region and ap-
peared to be overall increased, possibly reflecting an augmen-
tation of the compartment itself (Fig. 3B and C). The morpho-
logical changes are consistent with an involvement of the MVB
pathway in HSV replication.

gB colocalizes with the MVB membranes, and its matura-
tion and intracellular trafficking are dependent on a func-
tional MVB biogenesis process. Of the several glycoproteins
encoded by HSV, gB, one of the four essential glycoproteins, is
known to possess endocytosis motifs and to undergo recycling
from the plasma membrane to an endocytic compartment that

has not been clearly identified (2). This property is conserved
in most herpesviruses (20, 24, 40, 73). We reasoned that gB
may be sorted to the MVB compartment. To test this hypoth-
esis, we analyzed by immunofluorescence whether gB colocal-
izes with the LAMP-1 MVB marker. In infected cells, gB
colocalized in part with the MVB membranes, which therefore
represent a site of gB accumulation (Fig. 4A to F). Similar
results were obtained with 293T cells transfected with a con-
struct expressing wt gB (pgBwt-MTS) (Fig. 4G to I). Thus, the
colocalization of gB with MVB membranes is an intrinsic prop-
erty of gB.

As a further evidence, we asked whether gB localization was
altered in cells in which MVB biogenesis was affected by the
expression of the dominant negative versions of Vps4. 293T
cells were transfected with pgBwt-MTS and pBJ5-Vps4E228Q
or the corresponding empty vector pBJS. Confocal microscopy
showed that in the pBJ5-Vps4E228Q-transfected cells, gB lo-
calized to a single perinuclear region (Fig. 5B). This localiza-
tion contrasted with gB’s distribution at discrete vesicles ob-

LAMP-1 Ab gB Ab

Merge

Infected Infected

Transfected

FIG. 4. gB accumulates in part at MVB membranes in HSV-in-
fected and -transfected cells. (A to F) 293T cells were infected with
HSV-1 (10 PFU/cell). Twenty-four hours later, the cells were stained
with MAD to gB (Virusys) and PAb to LAMP-1 and analyzed by
confocal microscopy at a X63 magnification objective. (G to I) 293T
cells were transfected with a construct expressing gB (pgBwt-MTS).
Fourty-eight hours later, the cells were stained with MAb to gB
(Virusys) and a PAb to LAMP-1 and analyzed by confocal micros-
copy. The arrows point to colocalization spots. (A to C) Low mag-
nification; (D to F) high magnification.
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FIG. 5. Effect of blocking MVB biogenesis on gB and gH localization and maturation. 293T cells were cotransfected with a construct expressing
Vps4E228Q (Vps4EQ) or the empty vector pBJS, along with the pgBwt-MTS plasmid, expressing wt gB (A and C), or gH-MTS-gL-MTS plasmids
encoding gH/gL (B and D). At 48 h after transfection, the cells were stained with MAb H1817 to gB (A and C) or MADb 53S to gH (B, D) and
analyzed by confocal microscopy. Nuclei were stained with propidium iodide. (E) 293T cells were cotransfected with a construct expressing
Vps4E228Q or the empty vector pBJS, along with the pgBwt-MTS plasmid. Forty-eight hours after transfection, gB was immunoprecipitated from
the cell lysates and treated with endo H (+) or left undigested (—). Samples were analyzed by SDS-PAGE and Western blotting with PAb to the
major HSV-1 glycoproteins. Circles identify the gB forms exhibiting the indicated apparent M,s. Arrows identify the electrophoretic mobilities of
endo H-digested immature forms of gB. The electrophoretic mobilities of the molecular mass markers are reported. (F to Q) 293T cells
cotransfected with pBJ5-Vps4E228Q along with either pgBwt-MTS (I to K) or gH-MTS-gL-MTS (O to Q) were analyzed by confocal microscopy,
with MAD to gB (Virusys) or MAb 53S to gH and a PAD to calreticulin, as indicated. 293T cells cotransfected with the empty vector pBJ5 together
with either the pgBwt-MTS plasmid (F to H) or the gH-MTS-gL-MTS plasmids (L to N) were used as a control.

served in pBJ5-transfected cells, which exemplifies the typical
distribution pattern of this glycoprotein in both infected and
transfected cells (Fig. 5SA). The localization at MVBs was a
typical property of gB not observed with gH, another essential
glycoprotein for HSV and a partner of gB in virus entry (13).
In infected cells, gH accumulates preferentially at the plasma
membrane (32). As seen in Fig. 5C and D, gH distribution was
not affected by the expression of a dominant negative version
of Vps4. To better define that the site of gB accumulation
depends on correct MVB biogenesis, we analyzed the electro-

phoretic mobility of the gB accumulated in cells expressing
Vps4E228Q. Figure SE shows that in pBJ5-transfected cells,
gB was present as two bands with apparent molecular masses
of 115 and 110 kDa, in agreement with previous data (2). In
Vps4E228Q-transfected cells, the predominant form was not
the 110 M, form but a 103 M, form, absent from pBJ5-trans-
fected cells. This form of gB represented an immature form of
the glycoprotein, as assessed by sensitivity to endo H digestion
(Fig. 5E). In agreement with the accumulation of an immature
form of gB, immunofluorescence analysis highlighted that in
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FIG. 6. HSV-1 gB is ubiquitinated in infected and in transfected
cells. (A to C) Electrophoretic and Western blotting analyses of gB and
gH immunoprecipitated (IP) from lysates of HSV-1-infected (+) or
uninfected (—) 293T cells by means of MAb H1817 to gB or MAb 53S
to gH. The immunoprecipitated proteins were separated by SDS-
PAGE, followed by Western blotting (WB) with the indicated anti-
bodies (a-HSV-1, PADb to the major HSV-1 glycoproteins; o-H12,
MAD to gH antibody; a-Ubi, PAb to ubiquitin). (C) The arrow points
to the band of ubiquitinated gB. Numbers identify the electrophoretic
mobilities of the molecular mass markers. (D to G) 293T cells were
cotransfected with a construct expressing wt gB (pgBwt-MTS) (D, E)
or a truncated form of gB (gBAgg;) (F, G). Cells were also transfected
with a construct encoding HA-tagged wt ubiquitin (HA-Ub) or the
corresponding pBJ5 empty vector, indicated as HA-Ub + or HA-Ub
—, respectively. Forty-eight hours posttransfection, gB was immuno-
precipitated with MAb H1817. The separated proteins were analyzed
by Western blotting with the antibodies listed above. Braces identify
polyubiquitinated forms of gB. 97 indicates the electrophoretic mobil-
ity of the molecular mass marker.

293T cells expressing Vps4E228Q, gB localized at a site that
coincides in part with the distribution of calreticulin (Fig. SH).
Cumulatively, the results indicate a mislocalization of gB and a
specific defect in glycoprotein maturation in cells in which
MVB biogenesis was blocked. Indeed, the modifications to
glycoprotein maturation, trafficking, and distributions were ob-
served specifically with gB and not with gH (Fig. 5D and L to Q).

gB is ubiquitinated in infected and in transfected cells, and
its ubiquitination involves ubiquitin residues implicated in
endocytosis. It is well established that ubiquitination provides
a key signal for endosomal sorting of membrane proteins to
membranes destined to give rise to MVBs (41). To shed light
on the mechanism by which gB is sorted to the MVB mem-
branes, we asked whether gB is ubiquitinated. gB and gH, as a
control, were immunoprecipitated from lysates of HSV-1(F)-
infected cells with MAb H1817 and MAb 53S, respectively.
Immunoprecipitated proteins were analyzed by Western blot-
ting with a PAb to the major HSV-1 envelope proteins, MAb
H1817 to gH or an antibody to ubiquitin. Figure 6A to C show
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FIG. 7. Yield of cell-associated and extracellular virions comple-
mented with gB,ge7, Wt gB, or EGFR. The AgB HSV KAt (9) was
grown in 293T cells transiently expressing wt gB, gBAg4,, or EGFR as
a negative control. At 24 h after infection, the cell-associated progeny
virus (A) or virus released in the extracellular medium (B) was titrated
in gB-complementing D6 cells.

that gB reacted with the ubiquitin-specific antibody but that no
signal was present in the case of gH. To confirm whether gB
was ubiquitinated and to investigate whether gB ubiquitination
took place in the absence of additional viral proteins, gB was
ectopically expressed together with an HA-tagged version of
ubiquitin and immunoprecipitated with the MAb H1817 to gB.
Figure 6D to E show that gB exhibited multiple ubiquitinated
forms also in transfected cells.

The cytoplasmic tail of gB is known to carry signals for gB
trafficking (6, 20, 23, 39, 59). We asked whether the gB cyto-
plasmic tail represents the site for ubiquitin addition and
whether it plays any role in progeny virus release to the extra-
cellular medium. We made use of a construct expressing a
truncated form of gB in which the 37 most-C-terminal amino
acids of the C tail are placed downstream of a stop codon
(gBage7-MTS). gB 67 localizes to a large extent to the plasma
membrane and fails to localize at the cytoplasmic vesicles typ-
ical of wt-gB accumulation (2). gB,gs,-MTS was expressed in
293T cells together with the HA-tagged version of ubiquitin.
Forty-eight hours later, gB was immunoprecipitated from the
cell lysates with MAb H1817 to gB. The results reported in Fig.
6F and G show that gB g, Was significantly less ubiquitinated
than wt gB, indicating that signals for ubiquitin addition reside
mainly in the gB cytoplasmic tail. The role of the gB cytoplas-
mic tail in HSV egress was measured by complementing gB
deletion virions with gB g4, or wt gB as a control. As a further
control, the deletion virus was complemented with an unre-
lated glycoprotein, EGFR. Figure 7 shows dramatic decreases
in the amounts of cell-associated and extracellular virus when
virions were complemented with gB .-, instead of wt gB.

Ubiquitin is a modifying group that functions in diverse
cellular processes (43). Polyubiquitin chains, linked to the tar-
get protein through lysine 48, mark proteins for proteasomal
degradation (15, 42, 68). In contrast, ubiquitin chains linked
through the ubiquitin residue lysine 63 impart roles that do not
involve the proteasome (19, 25, 77) and include the ubiquitin-
dependent endocytosis of certain plasma membrane proteins
(28, 78). In order to determine which ubiquitin residues were
engaged in gB ubiquitination, we transfected 293T cells with
constructs expressing ubiquitin mutants in which either lysine
48 or lysine 63 were individually replaced with arginine. Twenty-
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FIG. 8. Effect of ubiquitin mutants on gB ubiquitination. To detect
ubiquitin conjugates, 293T cells were transfected with expression vec-
tors encoding the following HA-tagged forms of ubiquitin (HA-Ub):
the wt, K48R mutant, or K63R mutant. Twenty-four hours later, the
cells were infected with HSV-1 (10 PFU/cell) (+) or mock infected
(—). Twenty-four hours postinfection, gB was immunoprecipitated
from cell lysates. Western blotting (WB) was performed with the
indicated antibodies (a«-HA, MAb to HA; a-HSV-1, PADb to major
HSV-1 glycoproteins). Circles identify the ubiquitinated forms of gB;
values to the right of the circles indicate their apparent Ms. Arrows
point to the 170- and 160-kDa forms of ubiquitinated gB absent from
the K63R sample. The values to the right identify the migration posi-
tions of molecular mass markers (in kilodaltons).

four hours later, the cells were infected with HSV-1 and the
cell lysates were immunoprecipitated with MADb to gB. The
results in Fig. 8 show that in cells transfected with the K48R
ubiquitin mutant, gB exhibited four bands with apparent mo-
lecular masses of 170, 160, 150, and 130 kDa. In cells trans-
fected with the K63R mutant, the 170- and possibly the 160-
kDa bands were absent (Fig. 8). This result provides evidence
that gB ubiquitination involves in part the Lys63 ubiquitin
residue implicated in endocytosis.

DISCUSSION

The aim of this work was to determine whether the machin-
ery involved in MVB biogenesis plays a role in HSV-1 envel-
opment/egress and to identify possible molecular mechanisms
responsible for the recruitment of viral proteins to the MVB
pathway. MVB biogenesis was specifically blocked through the
use of a dominant negative version of Vps24/CHMP3 (Vps24-
Red), an essential component of the ESCRT-III complex re-
sponsible for vesicle invagination during MVB biogenesis, and
of Vps4 (Vps4E228Q), the ATPase that releases the ESCRT
components after vesicle budding has taken place. Thus, the
two mutants block MVB biogenesis at two different steps in the
assembly pathway (69).

We observed the following. (i) A block in MVB biogenesis
resulted in a dramatic reduction in the yield of cell-associated
and extracellular virus; the effects were MOI and cell line
independent. The reductions in virus yield and egress were not
consequent to a reduction in virus entry due, for example, to
mislocalization or reduced availability of virus receptors and
took place after viral DNA replication and late gene transcrip-
tion and translation. The results indicate that both Vps24 and
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Vps4 are critical for efficient HSV-1 assembly/release, very
likely for HSV envelopment. Inasmuch as both the cell-asso-
ciated and the extracellular virus yields were reduced, the
block is likely exerted at the envelopment step. The results
confirm the involvement of Vps4 reported recently (17) and
extend it by highlighting a critical role of yet another compo-
nent of the MVB machinery that functions at a step of MVB
biogenesis earlier than that regulated by Vps4. The results
presented here fully agree with the detailed electron micros-
copy analysis showing that the step in HSV-1 replication af-
fected by expression of the dominant negative version of Vps4
is virion envelopment (17).

(ii) The MVB compartment was morphologically altered in
HSV-infected cells, and appeared to be enlarged compared to
that of uninfected cells. Thus, the MVB compartment should
be added to the list of organelles that are modified in HSV-
infected cells, a list that includes the Golgi apparatus, the
cytoskeleton, the nucleoskeleton, the nucleoplasm, and some
other organelles (1, 14, 34). It is generally assumed that such
modifications contribute to rendering the cell a suitable micro-
environment for HSV-1 replication and release.

(iii) To shed light on possible molecular mechanism(s) un-
derlying the involvement of the MVB biogenesis machinery in
HSV envelopment/egress, we asked whether HSV encodes
structural proteins that are sorted to the MVB compartment.
We reasoned that a likely candidate could be gB, a glycopro-
tein highly conserved among members of the Herpesviridae
family (67) and an essential glycoprotein for HSV entry into
the cell, production of infectious viral particles, in vivo patho-
genesis, and neuroinvasiveness (4, 8-10, 30, 57, 76, 84). The gB
cytoplasmic tail carries endocytosis motifs and syncytial muta-
tions (6, 20, 23, 39, 59). The protein recirculates from the
plasma membrane to vesicles that tend to enlarge and are
positive for some endosomal markers (2, 6, 39, 59). The nature
of these vesicles has not been fully characterized. Point or
deletion mutations that impair gB endocytosis are associated
with altered intracellular transport and with reduced infectious
progeny (6, 13, 24, 40). We observed that gB accumulated at
membranes positive for the MVB marker LAMP-1. The gB-
LAMP-1 colocalization was observed in both HSV-infected
and gB-transfected cells, highlighting that this is an intrinsic
property of the glycoprotein. A role for the MVB pathway in
determining the site of gB accumulation was further supported
by the finding that a block in MVB biogenesis through expres-
sion of the dominant negative Vps4 mutant resulted in the
accumulation of an endo H-sensitive immature form of gB at a
morphologically distinct site, partly positive for calreticulin.
Overall, these results indicate that gB accumulates at MVB
membranes and that the intracellular trafficking of gB requires
a correct MVB biogenesis process. These properties were spe-
cific to gB and were not observed with gH.

(iv) A well-known mechanism for recruitment of membrane
proteins, e.g., receptors, to MVBs is ubiquitination, which rep-
resents a signal for endosomal sorting of membrane proteins to
the MVBs and for the targeting of membrane proteins to
lysosomal degradation (68, 75). Particularly critical to the lat-
ter process is Lys63-dependent ubiquitination (28). Our results
show that gB was modified by ubiquitination. This modification
was peculiar to gB, as gH did not undergo such modification.
gB ubiquitination was observed both in infected and in trans-
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fected cells, again highlighting that this is an intrinsic property
of the glycoprotein. A ubiquitin mutant carrying the K63R
substitution showed that gB ubiquitination involved in part
K63, a residue implicated in endocytosis and not in protea-
some-dependent degradation (28).

(v) A wealth of studies indicate that the domain critical for
gB trafficking is the cytoplasmic tail, known to carry endocy-
tosis motifs and syncytial mutations (2, 6, 14, 20, 26). A gB
mutant lacking the 37 most C-terminal amino acids of the
cytoplasmic tail (gB,gq,) and impaired in its ability to accumu-
late at cytoplasmic vesicles (2), was significantly less ubiquiti-
nated than the wt protein. Remarkably, virions carrying in their
envelope gB g4, Were impaired most likely in cytoplasmic en-
velopments and egress (Fig. 7). Thus, the gB cytoplasmic tail
carries most of the signals for gB ubiquitination and, at the
same time, plays a critical role in virus envelopment and re-
lease. This finding is in agreement with a recent detailed quan-
titative study showing that virions lacking gB exhibit a reduced
ability to egress from the cell (22), as well as with complemen-
tation studies with gB mutants (6, 20). Taken together, recent
and current data underscore the idea that components nor-
mally involved in MVB biogenesis play a critical role in the
envelopment of herpes simplex virions at cytoplasmic mem-
branes and point to gB as a candidate protein that links HSV
envelopment-egress to the MVB pathway. In the case of hu-
man immunodeficiency virus type 1, the effects of the interac-
tion of Gag with TSG101, an ESCRT-I component, vary in
different cell lines. Thus, in monocytic cells, the interaction
leads to the virus budding directly into the MVB compartment
(65). In contrast, in lymphocytic cells, the interaction leads to
the recruitment of MVB components to the plasma mem-
brane, which in this way becomes the site of budding (65). The
site of gB accumulation as well as its ubiquitination makes it
likely that the membranes of the MVBs serve as platforms for
HSV envelopment, at least in some cells. Alternatively, the site
of envelopment may be membranes other than those of the
MYVBs, to which components involved in MVB biogenesis are
recruited through the intervention of gB and possibly addi-
tional viral proteins; candidates are the tegument proteins,
predicted to contain L-domain motifs (17). A detailed electron
microscopy analysis showed that the HSV budding compart-
ment lacks the characteristic morphology of MVBs (17), con-
sistent with a previous study of pseudorabies virus (33). This
finding may be explained by the modifications to the compart-
ment induced by the infection observed in our study, or it may
imply that membranes other than those of the MVBs are the
actual site of envelopment, once MVB components are re-
cruited to them. Deletion of gB does not totally prevent HSV
envelopment but reduces the amount of virus assembly and
release to the extracellular medium (22). Given the proteomic
complexity of HSV, and of herpesviruses in general, it is pos-
sible that the mechanisms that govern HSV envelopment and
egress are redundant, a view supported by studies of the effect
of multiple glycoprotein deletions (21, 22). It is also possible
that more than one type of cell membrane serves as a platform
for the recruitment of cell and viral components to achieve the
ultimate goal of virus envelopment and release. Finally, given
that gB is one of the most highly conserved proteins among
members of the Herpesviridae family, the involvement of MVB
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components for virion envelopment/egress is likely to be a
feature common to members of the family.
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