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Herpes simplex virus (HSV) and varicella-zoster virus (VZV) are two pathogenic human alphaherpesviruses
whose intracellular assembly is thought to follow different pathways. VZV presumably acquires its envelope in
the trans-Golgi network (TGN), and it has recently been shown that its major envelope glycoprotein, VZV-gE,
accumulates in this compartment when expressed alone. In contrast, the envelopment of HSV has been pro-
posed to occur at the inner nuclear membrane, although to which compartment the gE homolog (HSV-gE) is
transported is unknown. For this reason, we have studied the intracellular traffic of HSV-gE and have found
that this glycoprotein accumulates at steady state in the TGN, both when expressed from cloned cDNA and in
HSV-infected cells. In addition, HSV-gE cycles between the TGN and the cell surface and requires a conserved
tyrosine-containing motif within its cytoplasmic tail for proper trafficking. These results show that VZV-gE and
HSV-gE have similar intracellular trafficking pathways, probably reflecting the presence of similar sorting
signals in the cytoplasmic domains of both molecules, and suggest that the respective viruses, VZV and HSV,

could use the same subcellular organelle, the TGN, for their envelopment.

Varicella-zoster virus (VZV) and herpes simplex virus
(HSV) are two human pathogens that belong to the alpha
subfamily of herpesviruses. Both viruses possess a lipidic en-
velope in which different glycoproteins of viral origin are em-
bedded (27, 62). However, the pathways taken by both viruses
during their intracellular maturation have remained controver-
sial. It is clear that nucleocapsids assemble in the nucleus and
that they become enveloped during budding from the inner
nuclear membrane into the periplasmic space, both for HSV
(62) and for VZV (14, 23, 24). In the case of VZV, observation
of VZV-infected cells at the ultrastructural level has led to
the proposal that VZV virions, after reaching the periplas-
mic space, lose their primary envelope by fusing with the
outer nuclear membrane and that they become subsequently
wrapped by the membrane of the trans-Golgi network (TGN)
(24, 84). A similar pathway has been proposed for a related
herpesvirus—the pseudorabies virus (PRV) (26, 81). This path-
way could be referred to as “cytoplasmic envelopment.” In
support of this model, it has been shown the VZV-gE, the most
abundant envelope glycoprotein of the VZV envelope, is trans-
ported to the TGN, in both VZV-gE-transfected cells (1, 85,
86) and in VZV-infected cells (1). Another glycoprotein of the
VZV envelope, gl, is also transported to the TGN in VZV-
infected cells and in VZV-gl-transfected cells when VZV-gE is
simultaneously expressed (1).

The transport of the VZV-gE glycoprotein to the TGN has
been studied in detail and has been shown to require at least
two different types of signals within its cytoplasmic domain:
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two tyrosine-based signals and an acidic stretch containing
phosphorylatable amino acids (2, 86). Tyrosine-containing sort-
ing motifs usually consist of a tetrapeptide bearing the se-
quence YXX@ (Y is tyrosine, X is any amino acid, and @
represents any hydrophobic residue) (42, 66, 76). They are
thought to perform their sorting function by directly interact-
ing with the medium chains of the assembly or adapter proteins
AP-1 and AP-2—two heterotetrameric protein complexes as-
sociated, respectively, with the TGN or the plasma membrane
(55)—and AP-3, a new adapter-related protein complex of
unknown function (16, 68). The assembly proteins AP-1 and
AP-2 can be recruited onto the TGN and the plasma mem-
brane, respectively, where they interact with transmembrane
proteins containing tyrosine-based motifs (57, 67). Thus, tyro-
sine-based motifs are able to function in many different trans-
port steps (42). In contrast, only a limited number of examples
have illustrated the role of acidic stretches of amino acids in
regulating the intracellular traffic of membrane proteins. For
example, the TGN localization of furin requires the presence
of a casein kinase II phosphorylation site in its cytoplasmic
domain (33). A similar site in the mannose 6-phosphate recep-
tors’ cytoplasmic tails determines high-affinity binding of AP-1
(44). In the case of VZV-gE, the concerted action of tyrosine-
containing motifs and casein kinase II phosphorylation sites
also determines (i) its localization at steady state in the TGN;
(ii) its cycling between this compartment, endosomes, and the
cell surface; and (iii) its ability to promote the translocation
of the Golgi-specific assembly proteins (AP-1) onto the TGN
membrane (2, 54, 85, 86).

An alternative model of intracellular assembly, referred to
here as “nuclear envelopment,” has been proposed for HSV-1.
According to this model, the HSV capsids would also acquire
their envelope by budding into the periplasmic space of the
nuclear envelope, but this is thought to be the final envelope
containing the full set of viral glycoproteins (75). These glyco-
proteins are presumed to mature while the virus is transported
along the secretory pathway (8). This model implies that all
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envelope glycoproteins are targeted to the inner membrane of
the nuclear envelope.

In the present study, we addressed the question of whether
the proposed differences in the biogenesis of VZV and HSV-1
correlate with differential intracellular trafficking of their re-
spective envelope glycoproteins. We have expressed the glyco-
protein gE from HSV-1 (HSV-gE) in HeLa cells and shown
that it localizes at steady state in the TGN, like in HSV-
infected cells. In addition, gE cycles between this compartment
and the cell surface. This TGN localization is determined by a
tyrosine-based motif and a stretch of negatively charged amino
acids in the gE cytoplasmic tail that are conserved among the
members of the Alphaherpesvirinae subfamily. Our data sup-
port the notion that HSV envelopment occurs at the TGN
rather than at the inner nuclear membrane.

MATERIALS AND METHODS

Materials. The HSV-gE full-length open reading frame in the pCMV3 vector
was provided by Harvey Friedman (University of Pennsylvania, Philadelphia).
The VZV-gE expression construct has been previously described (2). Monoclo-
nal antibodies (MAbs) 7520 and 3114/109 specific for HSV-gE were provided by
Peter Marsden (MRC Virology Unit, Glasgow, United Kingdom). MAb SG1
specific for VZV-gE was provided by Viro Research, Inc. (Rockford, Ill.). The
human melanoma cell line MeWo was provided by J. Piette (University of Liege,
Liege, Belgium).

Recombinant DNA procedures. To clone the full-length HSV-gE into the
mammalian expression vector pSFFV6 (10), a 1.8-kb fragment containing the
complete HSV-gE open reading frame was excised from the pCMV3gE-1 con-
struct (provided by Harvey Friedman) by using Xbal and cloned in the same site
in the pSFFV6 vector. The sequence of the cloned HSV-gE was found to be
identical to the published sequence derived from strain 17 (47).

The HSV-gEAL1, -A2, -A3, and -A4 truncation mutants were obtained by PCR
with the pCMV3gE-1 construct as a template and Pfu DNA polymerase (Strat-
agene, Heidelberg, Germany). The forward primer (5'-GCTCTAGAATGGAT
CGCGGGGCGGTGGTGGGG-3') contained an Xbal site followed by the se-
quence corresponding to the first eight amino acids of HSV-gE. Different reverse
primers were used that consisted of the sequence encoding the last 10 amino
acids of the HSV-gE cytoplasmic tail to be included followed by a stop codon and
an Xbal site. The resulting fragments were digested with Xbal and cloned in the
same site in the pSFFV6 vector.

The Y463A point mutation in the pSFFV-HSV-gE construct was introduced
by a PCR-based site-directed mutagenesis (19) with the wild-type HSV-gE as a
template and synthetic oligonucleotides that contained the desired mutations
within their sequence to produce two fragments overlapping the mutagenic site.
These fragments were reamplified by a second round of PCR with external
primers to generate the whole HSV-gE open reading frame bearing the desired
mutation.

All constructs were verified by sequencing by the dideoxy chain termination
method.

Antibody production. The antibody 1667 against the full-length gE was ob-
tained by cloning a cDNA fragment coding for the mature VZV-gE open reading
frame with a hexahistidine tag at the C terminus into the NcoI-BamHI sites of the
pET15b vector (Novagen, Wiesbaden, Germany). The protein was expressed in
BL21 cells, and the insoluble fraction (containing most of the recombinant gE)
was solubilized in 8 M urea and loaded on a Talon metal affinity column (Clon-
tech, Heidelberg, Germany). After extensive washing, the bound protein was
eluted with sodium dodecyl sulfate loading buffer, and approximately 50 g was
loaded on a preparative sodium dodecyl sulfate-7.5% polyacrylamide gel. The
part of the gel containing the recombinant protein was excised, homogenized
with a Teflon-glass homogenizer, mixed with either Freund’s complete adjuvant
or incomplete adjuvant, and used to immunize rabbits according to standard
procedures. The rabbit serum can be used in immunofluorescence experiments
to detect VZV-gE in fixed cells, as well as in immunoprecipitation experiments
to precipitate both the immature and mature forms of VZV-gE (1).

Multiple sequence alignment. The sequences of the gE homologs from HSV-1
(47), equid herpesvirus 1 (HEV-1) (72), bovine herpesvirus (BHV-1) (36), VZV
(15), simian varicella virus (SVV) (21), and PRV (56) were retrieved from the
SwissProt database, and the sequence of the gE gene from feline herpesvirus 1
(FHV-1) (48) was obtained from the GenBank database. The extent of the
cytoplasmic domain of each protein was estimated by using the PredictProtein
PHDhtm program (63). The different cytoplasmic domains were aligned by using
the PILEUP program from the Wisconsin package, followed by slight manual
adjustment.

Transient and stable transfections. Transient transfections were carried out by
the calcium phosphate precipitate procedure. For this purpose, a precipitate was
prepared by mixing under constant agitation equal volumes of 2 X HBS (50 mM
HEPES, 280 mM NaCl, 1.43 mM NaH,PO, [pH 7.07]) and a 25 mM CaCl,
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solution containing 40 ng of each of the DNAs per wl and incubating the mixture
for 30 min at room temperature. One hundred microliters of the precipitate was
added per well containing 1 ml of medium. After 24 h, the cells were extensively
washed with phosphate-buffered saline and incubated for another 16 h with fresh
medium. For stable transfections, a similar procedure was used, except that the
MeWo cells were plated in 10-cm-diameter dishes and transfected with 150 g of
pSRa-STVSVG, a plasmid containing the VSVG-tagged sialyltransferase (ST-
VSVG) (58) and the neomycin resistance gene (71). Forty-eight hours after
transfection, G418 was added to the culture medium to a final concentration of
0.6 mg/ml. Colonies were picked and tested for expression of ST-VSVG by
immunofluorescence with the PSD4 monoclonal antibody specific for the VSVG
epitope.

HSV-2 infections. HeLa cells transiently transfected with the indicated TGN
markers or stable clones of MeWo cells expressing ST-VSVG were seeded on
coverslips (11 mm in diameter) and incubated for 2 h with 200 wl of a tissue
culture supernatant of HSV-2-infected MRC-5 cells showing 100% cytopathic
effect. After removal of the medium containing the virus, cells were washed two
times with warm minimal essential medium (a-MEM), incubated for the indi-
cated times with fresh medium, and directly processed for immunofluorescence.
HSV-2-gE shows 73% identity at the amino acid level with HSV-1-gE. Further-
more, both gE homologs can be labeled with the same MAb in immunofluores-
cence experiments, suggesting that they show a high degree of structural con-
servation.

Immunofluorescence. Cells were fixed by incubation with 4% paraformalde-
hyde for 15 min at room temperature. The excess paraformaldehyde was
quenched with a 50 mM NH,CI solution, and the cells were permeabilized with
0.1% Triton X-100 for 5 min. After being quenched with 10% goat serum for 30
min, the coverslips were layered on a drop of goat serum in which the primary
antibodies (or the mixture of them) had been added at the proper dilution and
incubated for 30 min. After three washes of 10 min each with phosphate-buffered
saline, the coverslips were incubated in a way similar to that used before with the
secondary antibodies, washed again three times, and mounted on microscopy
slides by using Mowiol and DABCO (Sigma). The cells were visualized with a
Zeiss Axioscop and a X63 (N.A. = 1.4) oil immersion Zeiss lens. Pictures were
collected on 400 ASA black and white Kodak Tmax film by using a photographic
camera attached to the microscope. The photographic negatives were digitized at
3,000 dots per mm using a ScanMaker III scanner with a transparency adapter.
The digitalized images were then stored and mounted by using the image pro-
cessing software Adobe Photoshop 3.0 running on a PowerMacintosh 9500 com-
puter.

To verify the quality of the antibodies, pilot experiments were performed in
which cells were single transfected with HSV-gE and stained with the anti-
VZV-gE antibody. This experiment revealed no antigenic cross-reactivity be-
tween HSV-gE and VZV-gE. In addition, the localization experiments (see Fig.
1) were also performed with two different MAbs directed against HSV-gE and
with two different antibodies directed against the VSVG epitope, when a tagged
version of HSV-gE in which the VSVG epitope had been inserted in the luminal
domain of HSV-gE was used. All of these antibodies gave identical results,
indicating that the antibody used throughout the whole study was not just rec-
ognizing immature or partially processed forms of HSV-gE.

Antibody uptake experiments. For the internalization assays, a continuous
uptake was performed in which transfected cells seeded on coverslips were
washed with prewarmed «-MEM medium and overlaid with 200 pl of complete
a-MEM in which the antibodies had been diluted as specified in the figure
legends. After 1 h of incubation, the internalization medium was removed, and
the cells were immediately fixed and processed for immunofluorescence with
fluorescein- or rhodamine-coupled secondary antibodies.

RESULTS

HSV-1-gE is located at steady state in the TGN. We first
compared the intracellular distributions of HSV-1-gE and
VZV-gE by cotransfecting HeLa cells with eukaryotic expres-
sion vectors encoding both proteins. By double indirect immu-
nofluorescence microscopy, VZV-gE was exclusively located in
the perinuclear region of the cell as shown previously (Fig. 1b)
(2). The signal corresponding to HSV-gE was also present in
the perinuclear region (Fig. 1a), largely colocalizing with VZV-
gE. It has been proposed that overexpression of VZV-gE in
HeLa cells leads to the formation of VZV-gE homodimers
(53). Therefore, in principle, it would be possible that the
intracellular retention of HSV-gE could result from its het-
erodimerization with VZV-gE. To exclude this possibility, the
intracellular distribution of HSV-gE was compared to that of
two other unrelated TGN markers in the absence of VZV-gE
expression: the convertase furin (49, 64, 70, 80) and a VSVG
epitope-tagged version of sialyltransferase (ST-VSVG) (59). In
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FIG. 1. Colocalization of HSV-gE with TGN proteins. HeLa cells double transfected with mammalian expression vectors encoding HSV-gE and either VZV-gE
(a and b), furin (c and d), or ST-VSVG (e and f) were visualized with the 7520 MAb against HSV-gE (a, c, and e) and the 1667 polyclonal antiserum against VZV-gE
(b), a polyclonal serum against furin (d), and a polyclonal antiserum against the VSVG epitope (f), followed by fluorescein isothiocyanate- or rhodamine-coupled

antirabbit and antimouse secondary antibodies. Bar, 5 um.

both cases, an almost identical perinuclear colocalization of
the molecules considered could be observed (Fig. 1c and d and
e and f). In every transfection experiment, around 10% of the
HSV-gE-expressing cells showed some degree of cell surface
staining (not shown). A similar behavior was observed for the
cotransfected TGN markers in the same cells. These cells were
assumed to express the transfected genes at high levels and,
therefore, were not considered further in the subsequent trans-
fection experiments.

The cells expressing HSV-gE were also treated for 5 min
with 10 pg of brefeldin A (BFA) per ml, a drug known to
induce a rapid tubularization of the TGN and endosomes (38,
60). When this treatment was applied to cells that had been
double transfected with either VZV-gE and HSV-gE or furin
and HSV-gE, both proteins were redistributed into the same
tubular structures (Fig. 2).

These results showed that in the absence of additionally
encoded viral factors, HSV-gE, like VZV-gE, localizes to the
TGN at steady state. This localization does not reflect a satu-
ration of the export process, because the same localization was
observed when the cells were pretreated with 10 pg of cyclo-
heximide per ml for 1 h prior to fixation (not shown).

Distribution of HSV-gE in HSV-2-infected cells. Does
HSV-gE show the same localization in HSV-infected cells? To
address this question, HeLa cells were transiently transfected
with either VZV-gE or ST-VSVG expression constructs and
subsequently infected with HSV-2 as described in Materials
and Methods. The distribution of HSV-gE and of the trans-
fected proteins was determined by immunofluorescence mi-
croscopy with the 7520 antibody, which recognizes both
HSV-1- and HSV-2-gE. At early time points after infection
(2.5 to 5 h postinfection) HSV-gE was found in the perinuclear
region of the infected cells, colocalizing with the two trans-

fected TGN proteins, VZV-gE (Fig. 3a and b) and ST-VSVG
(Fig. 3c and d). When the cells were fixed 30 min after addition
of the virus, no labelling of the cells could be detected with the
anti-HSV-gE antibody (not shown), most likely due to the
small amount of viruses added to the cell monolayer. These
data suggest that the signal observed in the TGN after 2.5 h of
infection corresponds to the newly synthesized HSV-gE rather
than to the protein delivered to the cell by the incoming virus.
In cells infected for longer times (10 to 20 h postinfection),
there was a strong cytopathic effect. However, in those few
cells that showed reduced cytopathic effect, HSV-gE labeling
was predominantly found in cytoplasmic vesicles. These vesi-
cles were also labeled with antibodies against ST-VSVG (Fig.
3e and f) or VZV-gE (data not shown). HSV infection is
known to lead to a fragmentation of the Golgi complex, most
likely as a secondary effect resulting from the disassembly of
the microtubule network (3, 7). Thus, the cytoplasmic vesicles
containing HSV-gE and ST-VSVG most likely represent the
fragmented Golgi complex.

In addition, we have generated cloned MeWo cells that
stably express ST-VSVG. When these cells were infected with
HSV-2, already at 2.5 to 5 h postinfection, most of the MeWo
cells showed a clear signal for HSV-gE in the perinuclear
region of the cell, colocalizing with ST-VSVG (Fig. 3g and h).
In contrast to the HeLa cells, no apparent disassembly of the
TGN was observed in MeWo cells, even after long infection
times (data not shown). This is consistent with results from
other studies showing that the HSV-induced Golgi fragmenta-
tion only occurs in some cell types (3, 7). The colocalization of
HSV-2-gE with TGN markers, both in the intact TGN and
after fragmentation of this organelle, indicates that gE accu-
mulates in the TGN as well in HSV-infected cells.
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FIG. 2. Effect of BFA treatment on the subcellular distribution of HSV-gE. HelLa cells were double transfected with pSFFV-HSV-gE and either pSFFV-VZV-gE
(a and b) or pSG5-furin (c and d) and treated for 5 min with 10 ug of BFA per ml. After fixation, the coverslips were processed for indirect immunofluorescence to
detect HSV-gE (7520 MAD) (a and c) and VZV-gE (1667 polyclonal antiserum) (b) or furin (d). Bar, 5 pm.

HSV-1-gE cycles between the TGN and the cell surface.
Since the accumulation of VZV-gE at the TGN relies, at least
partially, on its fast retrieval from the cell surface (2, 86), we
investigated whether this was also the case for HSV-gE. HelLa
cells were double transfected with VZV-gE and HSV-gE ex-
pression plasmids and incubated at 37°C with a mixture of
antibodies against the luminal domains of both proteins. After
fixation, the localization of the exogenously added antibodies
was examined by indirect immunofluorescence microscopy.
The antibodies against both proteins were colocalized in the
perinuclear region of the cell (Fig. 4a and b), suggesting that
both glycoproteins can reach the plasma membrane, where
they can bind exogenously added antibody molecules and then
drag them into an intracellular compartment, presumably the
TGN. These data also suggest that although the bulk of
HSV-gE is found at steady state in the TGN, a minor and
undetectable fraction of the protein must be present in the
plasma membrane and/or in endocytic compartments.

Since neither HSV-gE nor VZV-gE shows binding activity
toward murine Fc, the trivial possibility that the anti-HSV-gE
had been internalized by being bound to the luminal domain of
VZV-gE can be excluded. However, the possibility remained
that the anti-VZV-gE antibodies had been internalized by be-
ing bound to the luminal domain of HSV-gE. If this were
happening, it would not be possible to conclude that after
internalization, both glycoproteins follow the same pathway

and reach the same compartment. To exclude this possibility,
an analogous experiment was performed with cells expressing
VZV-gE and an HSV-gE mutant lacking the cytoplasmic do-
main (HSV-gEA1). Under these conditions, all of the anti-
VZV-gE antibody was internalized as efficiently as before (Fig.
4c), whereas the anti-HSV-gE antibody remained associated
with the plasma membrane (Fig. 4d). Since no anti-VZV-gE
antibody was detected at the cell surface, this result indicates
that internalization of anti-VZV-gE was exclusively mediated
by its binding to VZV-gE and not through the Fc binding
activity of HSV-gE. Therefore, both HSV-gE and VZV-gE
accumulate in the same intracellular compartment after inter-
nalization.

The cytoplasmic tail of HSV-gE contains potential TGN-
sorting information conserved in the gE homologs from other
Herpesviridae. All currently known herpesviruses, although ini-
tially ascribed to this viral family according to morphological
and biological criteria (61), are now thought to be derived from
a common ancestor (45). Therefore, we reasoned that if
HSV-gE and VZV-gE follow similar trafficking pathways, their
sorting signals could have also been conserved during evolu-
tion. Since all of the sorting information in the sequence of
VZV-gE resides in its cytoplasmic tail (2, 86), we compared the
degrees of conservation within the cytoplasmic tails of HSV-gE
and those of the different gE homologs.

Figure 5 shows the multiple sequence alignment of the cy-
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FIG. 3. Intracellular distribution of HSV-gE in HSV-2-infected cells. (a to f) HeLa cells grown on coverslips were transfected with plasmids encoding VZV-gE (a
and b) or ST-VSVG (c to f) and, 40 h after transfection, exposed to a tissue culture supernatant of MRC-5 cells infected with HSV-2 for 2 h, and then the inoculum
was removed and further incubated for another 2.5 h (a to d) or 10 h (e and f). Cells were fixed and processed for indirect immunofluorescence by using the 7520
anti-HSV-gE MAD (a, ¢, and e) and either the 1667 polyclonal antiserum against VZV-gE (b) or a polyclonal antiserum against the VSVG epitope (d and f). (g and
h) A clone of MeWo cells stably expressing ST-VSVG was exposed to a tissue culture supernatant of MRC-5 cells infected with HSV-2 for 5 h, fixed, and stained with
the 7520 anti-HSV-gE MAD (g) and a polyclonal antiserum against the VSVG epitope (h). Bar, 5 um.

toplasmic tails of the gE homologs from HSV-1, HEV-1, BHV,
FHV-1, VZV, SVV, and PRV. Four regions with high degrees
of similarity could be distinguished (regions I to IV in Fig. 5).
Interestingly, two of these highly conserved regions (II and III
in Fig. 5) were previously shown to contain sorting information
for the VZV-gE homolog, namely the tyrosine-containing tet-
rapeptide (region II) (2) and the cluster of acidic residues
containing phosphorylatable amino acids (region III) (2, 86).
In the tyrosine motif, both the essential tyrosine and the hy-
drophobic residue at position +3 are conserved within all of
the proteins considered (Fig. 5).

In addition, all of the sequences contain one or more
serine or threonine residues within the cluster of acidic
amino acids that are potential casein kinase II phosphory-
lation sites (Fig. 5). In HSV-gE, the tyrosine-based motif

consists of the tetrapeptide YIRV, and within the acidic
cluster, which is reduced in length compared to that from
VZV, there are two serine residues with aspartic acid at
position +3 (consensus site for casein kinase II phosphory-
lation [Fig. 5]). Two additional regions also possess a high
degree of similarity among all of the sequences considered:
a tyrosine-containing tetrapeptide (region I), which has also
been shown to be involved in determining the intracellular
sorting of VZV-gE (86); and a stretch containing a con-
served aromatic residue surrounded by two hydrophobic
amino acids (region IV). Interestingly, another consensus
tyrosine-based signal can be found in the sequences of
HEV-1, BHV-1, and FHV-1, and a putative dileucine motif
is present at positions —2 and —3 (from the C terminus) of
the sequences of HEV-1, BHV-1, and FHV-1.
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FIG. 4. Recycling of HSV-gE through the plasma membrane. HeLa cells were double transfected with plasmids encoding VZV-gE and either HSV-gE (a and b)
or HSV-gEA1 (c and d) and 48 h after transfection were incubated for 1 h at 37°C in culture medium containing 1:200 dilutions of the 1667 polyclonal rabbit antiserum
against VZV-gE and the 7520 MAb against HSV-gE. Cells were fixed and processed for immunofluorescence by using a mixture of fluorescein isothiocyanate-coupled
antirabbit IgG (to detect anti-VZV-gE [a and c]) and rhodamine (tetramethyl rhodamine isothiocyanate)-coupled antimouse IgG (to detect anti-HSV-gE [b and d]).

Bar, 5 pm.

Sorting determinants of the HSV-gE cytoplasmic tail neces-
sary for TGN localization. Based on the homologies found
among the gE homologs, we introduced truncations in the
HSV-gE cytoplasmic tail in order to progressively remove the
four conserved regions (Fig. 5) and investigated by indirect
immunofluorescence the steady-state distribution of different
mutants. A mutant lacking the last 28 amino acids of the tail
(HSV-gEA4) or interrupted right after the acid-rich region
(HSV-gEA3) showed steady-state distributions identical to
those of the wild-type protein (Fig. 6a to d). Removal of the
conserved acid-rich region (HSV-gEA?2) led to a partial mislo-
calization of the mutated HSV-gE to the cell surface (Fig. 6 e
and f), whereas a completely truncated form of HSV-gE
(HSV-gEA1) was exclusively found at the cell surface (Fig. 6 g
and h). Therefore, two sorting signals within the HSV-gE cy-
toplasmic tail seem to be required for the proper TGN local-
ization of this molecule: one found within the acidic stretch
(region III in Fig. 5) and a second one located within the first
28 amino acids of HSV-gE tail containing two potential ty-
rosine-based sorting motifs (regions I and II in Fig. 5). The
tyrosine at position 463 fits into the consensus sequence for
tyrosine-based sorting signals and is conserved among the gE
homologs considered. Replacement of this tyrosine by an ala-
nine (HSV-gE Y463A) resulted in a partial but substantial
mislocalization of HSV-gE (Fig. 6i and j).

DISCUSSION

We present here evidence that the HSV glycoprotein gE
accumulates at steady state in the TGN, both in cells express-

ing HSV-gE from cloned cDNA and in HSV-infected cells.
HSV-gE gains access to the cell surface, from where it can be
rapidly endocytosed. HSV-gE trafficking requires both an in-
tact tyrosine-based motif and an acidic stretch of amino acids
in its cytoplasmic tail. Thus, HSV-gE and VZV-gE exhibit an
identical behavior that might also be shared with the gE ho-
mologs from the different alphaherpesviruses.

The subcellular localization of HSV-gE in transfected and
HSV-infected cells. In this paper, we provide different evidence
suggesting that HSV-gE can be found in the TGN of cells that
are either transfected with an HSV-gE expression construct or
infected with HSV. First, HSV-gE colocalizes in the perinu-
clear region of the cell with three different TGN markers.
Second, HSV-gE redistributes into cytoplasmic tubules in re-
sponse to BFA treatment. And third, in HSV-infected cells,
HSV-gE and ST-VSVG still colocalize to the cytoplasmic ves-
icles that result from the fragmentation of the TGN. The last
finding can be considered additional evidence for the colocal-
ization of both proteins in normal cells, since it often occurs
that proteins found in closely apposed but distinct compart-
ments separate into different vesicle populations when the
organization of the microtubule cytoskeleton is lost (65).

Similar localization experiments performed with VZV-gE-
transfected cells (2, 85, 86) and VZV-infected cells (1) have
provided similar conclusions with regard to the VZV-gE ho-
molog. In the case of cells infected with PRV, the gE glycop-
rotein has also been detected in the perinuclear region of the
cell (74). However, several studies have now reported the pres-
ence of HSV-gE in the surface of HSV-gE-transfected cells by
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HSV-1 473
HEV-1 470
BHV-1 488
FHV-1 461
vzv 589
svVvV 575
PRV 500
HSV-1 514
HEV-1 508
BHV-1 535
FHV-1 494
vzv 610
SVV 590
PRV 542
HSV-1

HEV-1

BHV-1

FHV-1

vzv

svv

PRV

FIG. 5. Multiple sequence alignment of the cytoplasmic tails of the gE homologs forms seven different members of the Alphaherpesvirinae subfamily. The sequences
shown include those of HSV-1 (47), HEV-1 (72), BHV-1 (36), FHV-1 (48), VZV (15), SVV (21), and PRV (56). The sequences of the gE homologs from HSV-1,
HEV-1, BHV-1, VZV, SVV, and PRV are under SwissProt accession no. vgle_hsvl1, vgle_hsveb, vgle_hsvbs, vgle_vzvd, vgle_svvd, and vgl_prvri, respectively, and
FHV-1 gE is under GenBank accession no. X98449. Identical amino acids found in at least three of the seven sequences are shown as white characters on a black
background, and conserved substitutions are shown on a grey background. Brackets on top of the alignment indicate the conserved regions discussed in the text. The
amino acid positions for every sequence (considering the full-length precursor proteins) at the end of each block in the alignment are shown in the right-hand margin.

The last amino acids of the different HSV-gE truncation mutants (A1, A2, A3, and A4) are indicated by arrows.

using either an immunoglobulin G (IgG)-coated erythrocyte
binding assay (28) or by immunofluorescence and flow cytom-
etry (4). In addition, VZV-gE has been detected in the surface
of transfected cells (39), as well in VZV-infected cells (40, 50).

The most likely explanation for such discrepancies is that the
localization of the herpesvirus gE glycoprotein might depend
on its expression levels. We have previously shown that the
localization of these glycoproteins involves its recycling from
the cell surface back to the TGN (Fig. 4) (2). At low levels of
expression, most of the cells will contain the protein exclusively
in the TGN. However, if the expression levels increase, the
endocytic machinery responsible for the recycling of these gly-
coproteins will become saturated, leading to their accumula-
tion at the cell surface. In fact, most of the studies conducted
so far that have reported the appearance of VZV-gE or
HSV-gE in the cell surface have been carried out with expres-
sion systems that confer very high expression levels (vaccinia
virus T7 and cytomegalovirus promoters and recombinant ad-
enovirus) (4, 28, 40). A similar behavior has also been reported
for other unrelated TGN markers that also rely on endocytic
recycling for proper localization (43).

The obvious question that comes up is whether the expres-
sion levels reached in herpesvirus-infected cells are high
enough to determine the cell surface appearance of the gE
glycoproteins. Our previous study of VZV-gE (1), together
with data from other groups (40, 50), and the results presented
in the present paper for HSV-gE show that some of the HSV-
and VZV-infected cells display a clear surface staining of the
gE glycoproteins. However, we have also detected both HSV-
and VZV-infected cells in which gE is exclusively found in the
perinuclear region (1) (Fig. 3). Whether these cells represent

an intermediate stage in the biogenesis of the respective vi-
ruses or whether they correspond to cells undergoing an abor-
tive infective process remains to be established. However, the
increasing evidence that has accumulated that different her-
pesviruses could use the TGN as a membrane donor for its
lipidic envelope (24, 26, 35, 69, 81) suggests that the transient
localization of the envelope glycoproteins in the TGN could be
an intermediate stage in the maturation process of the virus
required for its proper envelopment. This is further supported
by the fact that the appearance of gE in the TGN of herpes-
virus-infected cells seems to be restricted to the earlier stages
of infection (Fig. 3) (1).

Role of tyrosine-based motifs in the intracellular traffic of
gE and other viral glycoproteins. The HSV-gE cytoplasmic
domain contains one putative, highly conserved tyrosine-based
sorting signal (region II). The mutation of the key tyrosine
leads to the partial mislocalization of the protein to the cell
surface. Among the gE homologs, there is an additional ty-
rosine-containing internalization motif (region I) that in
VZV-gE (the AYRVD sequence), has been shown to contrib-
ute to some extent to the endocytosis of this protein (86). In
the HSV-gE tail, however, this tyrosine is replaced by a tryp-
tophan, giving rise to the AWRAYV sequence. The ability of a
tryptophan to substitute for a tyrosine within endocytic signals
does not appear to be a general rule (76). Therefore, mutagen-
esis of the AWRA signal in the HSV-gE tail will be required to
determine whether it has been evolutionarily preserved as a
functional internalization motif. In addition to the conserved
tyrosine-containing motif, the deletion mutagenesis analysis
indicates the existence of an additional sorting determinant in
the cytoplasmic tail of HSV-gE. This signal could correspond
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vzv-
gE
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VZV-
gE

VZV-

J. VIROL.

HSV-
gEA2

HSV-
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HSV-
gE(Y463A)

FIG. 6. Intracellular distribution of HSV-gE mutants in the cytoplasmic domain. HeLa cells were double transfected with a plasmid encoding VZV-gE and either
HSV-gEA4 (a and b), the HSV-gEA3 (c and d), the HSV-gEA?2 (e and f), or the HSV-gEA1 (g and h) truncation mutants or the HSV-gE(Y463A) (i and j) point mutant
and stained with a mixture of the 1667 polyclonal antiserum against VZV-gE (a, c, e, g, and i) and the 7520 MAD against HSV-gE (b, d, f, h, and j). Bar, 5 pm.

to the conserved acidic stretch containing potential casein ki-
nase II phosphorylation sites (region III). Serine and threonine
residues within this region in the tail of VZV-gE have been
shown to be phosphorylated both in vitro by casein kinase II
and in vivo (83). In addition, substitution by alanine of the
phosphorylatable residues within this region leads to a partial
mislocalization of VZV-gE (2, 86). Evidence for a role of
phosphorylation in determining the intracellular transport of
other unrelated TGN markers has been provided in the case of
the prohormone convertase furin (33, 70). It remains to be
established whether the homologous region in the tail of
HSV-gE could also be phosphorylated and whether this is
required for its proper intracellular transport. Experiments
performed with PRV have shown that its gE homolog is also
found in a perinuclear region of the cell in infected cells (74).
In addition, internalization of PRV-gE glycoprotein from the

surface of PRV-infected cells is inhibited at 6 h postinfection
(73). This result is in agreement with the increased surface
staining observed in our experiments with HSV-infected cells
at 10 h postinfection. It is tempting to speculate that improper
functioning of the endocytic machinery in infected cells might
be a general mechanism used by most herpesviruses during the
last stages of infection to increase accumulation of their enve-
lope glycoproteins at the cell surface.

Mutations in the tyrosine-based sorting signal in the
HSV-gE tail lead to its partial mislocalization. Since HSV-gE
cycles between the TGN and the cell surface, the effect of the
tyrosine mutation could result from a defect in the rapid en-
docytosis of the protein. A similar situation has been reported
for two other TGN proteins (VZV-gE and TGN38) which also
rely on tyrosine motifs for their efficient internalization (2, 5,
29, 54, 82). We have recently shown that overexpression of
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VZV-gE promotes the recruitment of AP-1 onto the TGN
membranes and that this process requires the cytoplasmic tail
of VZV-gE (2). Therefore, it is also conceivable that HSV-gE
would act in a similar manner.

Evolutionary conservation of the sorting motifs in the gE
homologs. The multiple sequence alignment of the cytoplasmic
tails of the gE homologs from different herpesviruses indicates
that the two sorting signals previously identified in the tail of
VZV-gE (the YXXO0 motif and the acidic stretch with phos-
phorylatable residues) (2) are well conserved in other members
of the family. Although the Alphaherpesvirinae subfamily has
undergone extensive evolutionary divergence (45), the conser-
vation of the sorting signals in every member of the family
suggests that functional constraints have prevented them from
disappearing during evolution and that, therefore, they must
play an essential role in viral biology.

Based on phylogenetic analysis of the sequences of the gB
homologs from different alphaherpesviruses (46), HSV-1 has
been proposed to be the most divergent member of different
herpesviruses considered in Fig. 5. Nevertheless, our data in-
dicate that, indeed, HSV-gE, as happens with VZV-gE, is
found in the TGN at steady state and cycles between this
compartment and the cell surface. These findings suggest that
in other viruses of the family, which are still more closely
related to VZV than HSV-1, the corresponding gE homologs
will most likely follow similar behavior. Given the high degree
of conservation of the different sorting signals in all of the
alphaherpesvirus gE homologs, it is likely that all of these
molecules traffic inside the cell following identical signal-me-
diated transport processes. However, most of the alphaherpes-
viruses are released from infected cells, whereas VZV remains
associated with intracellular compartments of an endocytic
nature (22, 24). Our results would therefore suggest that this
different behavior reflects differences in late steps of virus
biogenesis.

HSV-gE localization and its role in the viral life cycle of
HSV. How can we reconcile the data presented herein about
the intracellular traffic of gE with the two different models that
have been put forward to explain herpesvirus biogenesis? The
so-called “cytoplasmic envelopment” model has been mainly
derived from studies performed with VZV (24, 34), PRV (26,
81), and Epstein-Barr virus, a gammaherpesvirus (25). How-
ever, different lines of evidence suggest that HSV and related
herpesviruses could follow an analogous pathway. For in-
stance, ultrastructural studies performed with HSV-1 (32, 35)
and a related species (69) have shown that viral nucleocapsids
undergo sequential envelopment by the inner nuclear mem-
brane, followed by release of naked nucleocapsids to the cyto-
plasm, from which they are enveloped again by a Golgi-derived
membrane. In addition, when HSV- and PRV-infected cells
are exposed to BFA, naked nucleocapsids accumulate in the
cytosol (11, 81), whereas the nuclear envelopment model
would predict that under these conditions, enveloped viruses
should accumulate in the periplasmic space. In addition,
Browne and coworkers (6) have constructed a recombinant
HSV in which the glycoprotein gH has been modified to in-
troduce a KKXX endoplasmic reticulum (ER) retention motif.
When cells are infected with the recombinant HSV, the
amount of viruses released into the medium is the same as that
in cells infected with the wild-type virus. However, these vi-
ruses are completely devoid of gH and have a 100-fold-lower
infectivity than cells infected with the wild-type virus. This
result suggests that the ER nuclear membrane does not act as
a donor for the viral envelope, but rather that virions acquire
their final envelope in a post-ER compartment, from which the
modified gH is absent because of the ER retention motif.
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Further evidence in favor of a cytoplasmic envelopment model
for the biogenesis of HSV derives from the work of van Ge-
deren and coworkers (79). These authors have shown that the
lipid composition of isolated HSV envelopes is very different
from that of nuclear membranes, suggesting that the nuclear
membrane does not act as a membrane donor for the viral
envelope.

While we cannot formally exclude the presence of small
amounts of HSV-gE in the inner nuclear membrane, the ac-
cumulation of HSV-gE in the TGN in HSV-infected cells pro-
vides additional support in favor of HSV following the cyto-
plasmic envelopment model during its biogenesis. Whether
other HSV envelope glycoproteins can also be transported to
the TGN remains to be characterized. This could occur either
by using so-far-uncharacterized sorting signals within their se-
quences or, more likely, because they associate with other
glycoproteins that carry the sorting information. In fact, the
latter situation seems to hold true in the case of VZV, whose
gl glycoprotein cannot be transported to the TGN when ex-
pressed alone, but is efficiently transported to the TGN when
gE is simultaneously expressed (1). In the case of PRV, exper-
iments performed with mutant PRV strains have shown that its
gl glycoprotein cannot be internalized from the surface of
PRV-infected cells, unless a full-length gE is simultaneously
expressed (73). A similar mechanism might be used as well by
HSV to colocalize gE and gl, since these two molecules can
also be found as a complex in HSV-infected cells (31).

The gE and gl homologs from HSV, PRV, and BHV-1 are
not required for viral infection of cultured cells (20, 52, 77).
However, gl and gE mutants of most alphaherpesviruses pro-
duce much smaller plaques when tested on cultured cells (17,
30, 87) and show a reduced pathogenicity to host animals (9,
51, 77, 78). Both phenotypes could be due to an impairment of
the spread of the mutant viruses via direct cell-to-cell contact,
as has been shown to occur in gE-negative HSV-1 mutants,
both in cultured monolayers (17) and in synaptically linked
neurons (18). In addition to direct cell-to-cell transmission,
infectious HSVs are released into the medium from infected
cells. These viruses can bind and penetrate new cells. This
process does not seem to require the gE-gI complex (20, 52,
77), but rather requires gD, another envelope glycoprotein
(37). Therefore, it is tempting to speculate that in the case of
VZV, which relies exclusively on cell-to-cell spread to infect
new cells (13, 22, 23), a functional gE-gl complex will be
absolutely required for the viability of the virus. In contrast,
deletion of the gE and/or the gl genes in other herpesviruses
that can also propagate via the extracellular medium will result
in a much less severe growth defect. The facts that gE is the
major envelope glycoprotein in VZV (27), that there is no gD
homolog in the VZV genome (15), and that gE-deficient
VZVs have not been isolated so far all suggest that the func-
tion of this protein is essential for the viability of VZV. Two
different groups have reported the isolation of gl-deficient
VZV. Although this protein is not essential for VZV viability,
gl-negative viruses show a small-plaque phenotype (12, 41),
suggesting that also in the case of VZV, the gE-gl complex
might be for direct cell-to-cell contact. However, the fact that
in both VZV and HSV, gE can be detected in the TGN in the
early stages of the infection suggests that this protein, together
with gl, may play a role in herpesvirus biogenesis different from
mediating cell-to-cell spread.
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