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To study the function of the varicella-zoster virus (VZV) gB cytoplasmic domain during viral infection, we
produced a VZV recombinant virus that expresses a truncated form of gB lacking the C-terminal 36 amino
acids of its cytoplasmic domain (VZV gB-36). VZV gB-36 replicates in noncomplementing cells and grows at
a rate similar to that of native VZV. However, cells infected with VZVgB-36 form extensive syncytia compared
to the relatively small syncytia formed during native VZV infection. In addition, electron microscopy shows that
very little virus is present on the surfaces of cells infected with VZV gB-36, while cells infected with native VZV
exhibit abundant virions on the cell surface. The C-terminal 36 amino acids of the gB cytoplasmic domain have
been shown in transfection-based experiments to contain both an endoplasmic reticulum-to-Golgi transport
signal (the C-terminal 17 amino acids) and a consensus YXX� (where Y is tyrosine, X is any amino acid, and
� is any bulky hydrophobic amino acid) signal sequence (YSRV) that mediates the internalization of gB from
the plasma membrane. As predicted based on these data, gB-36 expressed during the infection of cultured cells
is transported inefficiently to the Golgi. Despite lacking the YSRV signal sequence, gB-36 is internalized from
the plasma membrane; however, in contrast to native gB, it fails to localize to the Golgi. Therefore, the
C-terminal 36 amino acids of the VZV gB cytoplasmic domain are required for normal viral egress and for both
the pre- and post-Golgi transport of gB.

Varicella-zoster virus (VZV) is classified as an alphaherpes-
virus based on its growth characteristics and its ability to be-
come latent in the nervous system of the host (33). Like all
known herpesviruses, VZV encodes a homolog of glycoprotein
B (gB) (30). While the role of gB during alphaherpesvirus
entry is well established (7, 30, 31, 36), multiple lines of evi-
dence also support the involvement of gB during herpesvirus
egress. Several herpes simplex virus type 1 (HSV-1) gB mu-
tants have been identified that induce syncytia in cultured cells
(1, 4, 6). These syncytial mutations occur exclusively in the
cytoplasmic domain of gB, suggesting that this region, in par-
ticular, may be critical for viral egress. Moreover, mutations in
the cytoplasmic domains of both pseudorabies virus (PRV) gB
and human cytomegalovirus gB alter the characteristics of cell
fusion during viral infection (3, 28, 37). Also, Epstein-Barr
virus gB, which is unlikely to be essential for viral entry because
little, if any, is present in the virion envelope (15), is nonethe-
less required for the production of infectious virions, suggest-
ing that it functions primarily during viral egress (22, 23).

Herpesvirus capsids are formed in the nucleus, and it is
generally agreed that they acquire their primary envelope by
budding through the inner nuclear membrane (INM) into the
perinuclear space (14), which is continuous with the lumen of
the endoplasmic reticulum (ER). Electron-microscopic exam-
ination of VZV-infected cells suggests that the nascent virions
lose their envelopes and are released into the cytoplasm as
naked capsids (13). Subsequently, they are believed to acquire
their final envelope by budding into a membranous cytoplas-

mic compartment, probably the trans-Golgi network. In addi-
tion to the electron-microscopic data, several lines of evidence
support the envelopment-deenvelopment-reenvelopment path-
way for alphaherpesvirus egress: HSV-1 gD that is retained in
the ER is not incorporated into virions present at the surface
of cells (35); VP22, an abundant tegument protein, is found in
the cytoplasm, but not the nucleus, of HSV-1-infected cells
(11); and the envelopes of secreted virions have a lipid profile
that differs from that of the nuclear membrane (39). Normal
alphaherpesvirus egress requires several virus-encoded mem-
brane proteins (1, 5, 24, 30, 32), and it has been hypothesized
that the cytoplasmic domains of one or more viral glycopro-
teins mediate secondary envelopment through the interaction
of their cytoplasmic domains with viral capsid or tegument
proteins (14).

VZV gB is a type I membrane protein containing 868 amino
acids (aa). Its cytoplasmic domain is predicted to include 125
aa, making it by far the longest cytoplasmic domain of any
VZV-encoded membrane protein (11). The cytoplasmic do-
main of VZV gB has been shown in transfection-based exper-
iments to contain several domains that are critical for the
intracellular transport and localization of gB. First, the ER-to-
Golgi transport of gB requires both the C-terminal 17 aa of its
cytoplasmic domain and the region spanning aa 818 to 826
(18), and second, two consensus YXX� motifs (where Y is
tyrosine, X is any amino acid, and � is any bulky hydrophobic
amino acid), YMTL (aa 818 to 821) and YSRV (aa 857 to 860),
together mediate the internalization of gB from the plasma
membrane and its localization to the Golgi (17). Moreover, the
importance of proper glycoprotein transport and processing
during viral egress has been demonstrated experimentally.
When cells defective for the intracellular transport or glyco-
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sylation of viral glycoproteins are infected with HSV-1, human
cytomegalovirus, or PRV, the resultant virions fail to egress
normally and instead accumulate in cytoplasmic vacuoles (2,
19, 41).

To determine if the cytoplasmic domain of VZV gB is re-
quired for normal viral egress, we constructed a VZV mutant
that expresses a form of gB lacking its C-terminal 36 aa (VZV
gB-36) and assessed its growth properties and intracellular
localization. In addition, this mutant lacks specific ER-to-Golgi
and post-Golgi transport signals identified in transfection-
based experiments. We therefore also assessed whether these
signal sequences similarly mediate the intracellular transport
of gB during VZV infection.

MATERIALS AND METHODS

Cell culture and virus propagation. MeWo cells, an immortalized human
melanoma cell line, and MRC-5 cells, a diploid human fibroblast cell line, were
grown in Eagle’s minimum essential medium (EMEM) containing 10% fetal
bovine serum (FBS; Bio-Whittaker) and GASP (2 mM L-glutamine, chlorotet-
racycline, penicillin, and streptomycin; Quality Biological). HFF cells, a primary
fibroblast cell line derived from human foreskins, were grown in Dulbecco’s
modified Eagle’s medium containing 10% NuSerum (Becton Dickinson) and
GASP. Recombinant vaccinia virus vTF7-3 (27) was obtained from the American
Type Culture Collection, and viral stocks were prepared and titered in BSC-40
cells that were grown in EMEM containing 10% FBS and GASP.

Immune reagents and intracellular markers. Anti-VZV gB monoclonal anti-
bodies (MAbs) were purchased from Biodesign International. Goat anti-mouse
immunoglobulin G conjugated with fluorescein isothiocyanate (FITC) was pur-
chased from Sigma.

Site-directed mutagenesis. An 8,131-bp PmeI/SpeI fragment of VZV strain
Oka (consensus nucleotides 53,876 to 62,007 [9]) containing VZV open reading
frame 31 (ORF31) (the gB coding sequence; nucleotides 57,008 to 59,611), was
cloned into pNEB193 (New England Biolabs) in which the SmaI site had been
replaced with a SpeI linker. The 8,148-bp fragment resulting from HindIII/SpeI
digestion of this plasmid (8,131-bp VZV DNA fragment and 17 bp from the
pNEB193 polylinker) was cloned into pBluescript SK(�) (Stratagene) at the
corresponding restriction sites such that the gB coding sequence was downstream
of the T7 promoter to yield pBS-8131. pBS-8131 was subjected to site-directed
mutagenesis with the Bio-Rad Muta-Gene phagemid in vitro mutagenesis kit,
which employs the Kunkel method (21). The uracil-containing single-stranded
DNA was isolated from Escherichia coli CJ236 after superinfection of M13KO7
helper phage (Promega). To generate VZV gB-36, the mutagenic oligonucleo-
tide TCTAAAGCCTGAAAAAAAAAT (VZV nucleotides 59,495 to 59,515;
Genosys) in which VZV nucleotides 59,504 to 59,506 were changed from CGC
to TGA was used. Mutagenesis of pBS-8131 with this oligonucleotide yielded
pBS-8131/R833stop, in which the arginine codon at position 833 within ORF31
was replaced by a stop codon. The mutation was confirmed by sequencing the
relevant region of ORF31 by the dideoxy-chain termination method (34).

Cosmid DNAs and transfections. Four cosmids containing overlapping VZV
DNA fragments from the Oka strain were used for MeWo cell transfections (Fig.
1A; generously provided by Jeffrey Cohen). To produce cosmid MstI
B-R833stop, pBS-8131/R833stop was cut with PmeI and SpeI, and the resulting
8,131-bp fragment was isolated. This fragment, containing the mutation

FIG. 1. Construction of recombinant VZV gB-36. (A) The prototype VZV genome (Dumas strain) is 124,884 bp in length (top line), and the
position of ORF31, which encodes gB, is shown. The four overlapping cosmids used to generate infectious virus are depicted (second and third
lines), and the nucleotide coordinates for the MstII B cosmid, which contains ORF31, are given. ORF31 (nucleotides 57,008 to 59,611) is expanded
in the fourth line, and the direction of its translation is indicated (arrow). The shaded area represents the region of ORF31 predicted to encode
the cytoplasmic domain of gB. The codon CGC at amino acid position 833 (beginning at nucleotide 59,504) within cosmid MstII B was mutated
to TGA, changing it from an arginine (R) to a stop codon. (B) C-terminal amino acid sequences of native VZV gB and VZV gB-36. The numbers
on top are the coordinates within gB, and the asterisk indicates the position of the stop codon that was introduced to generate the truncated form
of gB. The underlined sequences were previously shown to be required for the ER-to-Golgi transport of gB, and the bold sequences are consensus
YXX� motifs.
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R833stop within ORF31, was then ligated into cosmid MstI B in place of the
native sequences, which had been removed by digestion with PmeI and SpeI.

To produce recombinant virus, 60-mm-diameter dishes were seeded with 1.7 �
106 MeWo cells 1 day prior to transfection. Transfections were performed by the
calcium phosphate method (26). Each cosmid was linearized with NotI or Bsu36I,
phenol extracted, and ethanol precipitated prior to transfection. Each transfec-
tion mixture contained 0.75 �g of cosmid MstII A, 1.5 �g of each of the other
three cosmids, 2 �g of sheared salmon sperm DNA, and 50 ng of plasmid
pCMV62 (8). Five days after transfection, the cells were seeded into 75-cm2

flasks and monitored for cytopathologic effects.
Southern blots. VZV DNA was purified from nucleocapsids of infected cells,

cut with BamHI, fractionated on a 0.8% agarose gel, and transferred to a
nitrocellulose membrane. All four parental cosmid DNAs, spanning the entire
VZV genome, were biotinylated with the BioNick labeling system according to
the manufacturer’s instructions (Gibco-BRL) and hybridized to the immobilized
VZV DNA. The labeled DNA was visualized with the Photogene nucleic acid
detection system (Gibco-BRL).

Growth characteristics of VZV. The VZV titers were determined by inoculat-
ing MeWo cells with serial 10-fold dilutions of virus-infected cells (16). VZV
growth curves were generated by inoculating MeWo cells in 25-cm2 flasks with
infected cells containing approximately 100 PFU. Individual flasks were treated
with trypsin, and the virus titer was determined on MeWo cells at days 1 to 6 after
infection.

To compare plaque morphologies, cultured cells were inoculated with similar
titers of cells infected with either native VZV or VZV containing the mutated
form of gB, incubated at 37°C for 4 days, and then photographed with an inverted
light microscope.

Expression of VZV gB by transfection and infection. VZV gB was expressed by
in vitro transfection of pBS-8131 or pBS-8131/R833stop by the method of Fuerst
et al. (12) modified as follows. DNA for transfection was column purified (Qia-
gen) and transfected using Lipofectin (Gibco-BRL). Cells at 75 to 90% conflu-
ence were infected with vaccinia vTF7-3 at a multiplicity of infection of 10 and
then transfected with 7 �g of DNA and 12 �l of Lipofectin in 10-cm2 wells or 3.5
�l of DNA and 6 �l of Lipofectin in 1.2-cm2 wells. Following transfection, cells
were incubated at 37°C in 5% CO2. To express VZV gB by infection, cultured
cells were inoculated with VZV-infected cells and incubated at 37°C in 5% CO2.

Radiolabeling and immunoprecipitation of proteins. All metabolic labeling
was performed at 37°C in 5% CO2. gB expressed in vitro by transfection was
labeled 16 h after transfection, and gB-infected cells were labeled when the cells
exhibited extensive cytopathic effect, typically about 3 days after inoculation. For
steady-state labeling, cells were incubated for 1 h in EMEM lacking cysteine and
methionine (starvation period) and then incubated in Cys- and Met-free EMEM
containing 125 �Ci of Tran35S-label (ICN) per ml for 4 h. To pulse-label, cells
were incubated for 1 h in Cys- and Met-free EMEM containing 125 �Ci of
Tran35S-label/ml without prior starvation. Following the 1-h labeling period, cells
were washed and incubated for 4 h in chase medium (EMEM containing 10%
FBS, 24 �g of cysteine per ml, and 15 �g of methionine per ml). Labeled cells
were washed extensively in phosphate-buffered saline (PBS) at 4°C and lysed in
PBS containing 1% Triton X-100, 0.5% deoxycholate, and 0.1% sodium dodecyl
sulfate (SDS). VZV gB was immunoprecipitated by incubating the cell lysates
with anti-VZV gB MAbs (1:750 dilution) overnight at 4°C followed by incubation
with Staphylococcus protein G (Pharmacia Biotech) for 1 h at 4°C. After washing,
immunoprecipitated proteins were eluted in sample buffer containing 2% SDS
(Bio-Rad) and resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on
8% gels. For reducing gels, 40 mM dithiothreitol was added to the sample buffer
prior to elution. The gels were dried, and the labeled, immunoprecipitated
proteins were visualized by autoradiography.

Carbohydrate analysis. Radiolabeled proteins were immunoprecipitated as
described above and then heated at 98°C for 3 min in 10 �l of 0.2% SDS–50 mM
Tris-HCl, pH 6.8. After cooling to room temperature, 10 �l of 0.15 M sodium
citrate, pH 5.3, and 1 �l (0.005 U) of endoglycosidase H (endo H; Boehringer
Mannheim) were added. The reaction mixtures were incubated overnight at
37°C. Sample buffer was added to the endo H-treated proteins, and they were
resolved by SDS-PAGE on 8% gels.

Quantitation of immunoprecipitated proteins. Following autoradiography of
immunoprecipitated gB, the intensities of the endo H-resistant (high-molecular-
weight [high-MW]) and endo H-sensitive (low-MW) gB signals were quantitated
with a Molecular Dynamics densitometer. The proportion of endo H-resistant gB
relative to total gB was determined by dividing the intensity of the endo H-
resistant signal by the sum of the intensities of the endo H-resistant and endo
H-sensitive signals.

Endocytosis assay. An endocytosis assay was performed, with minor modifi-
cations, as previously described (29). Briefly, MeWo cells were grown on glass

coverslips in 12-dishes (1.2 cm2/well) and infected with native VZV or VZV
gB-36. Forty-eight hours after infection, the cells were incubated with anti-VZV
gB MAb (1:250) for 1 h at 4°C, washed with cold PBS, and then incubated with
medium containing 10% FBS at 37°C for 0 or 60 min. The cells were fixed and
permeabilized in 4% paraformaldehyde containing 0.2% Triton X-100, blocked
by incubation with PBS containing 1% goat serum (Sigma) for 1 h at room
temperature, and then incubated for 1 h at room temperature with goat anti-
mouse immunoglobulin G-FITC diluted 1:1,000 in PBS containing 1% goat
serum. Following incubation with the secondary antibodies, the cells were washed in
PBS and viewed with a Bio-Rad MRC 1024 laser scanning confocal microscope.

Electron microscopy. For electron microscopy, uninfected MeWo cells or
MeWo cells infected with VZV were fixed in 2% glutaraldehyde in phosphate
buffer (58 mM Na2HPO4, 18 mM KH2PO4, 75 mM NaCl, 2 mM CaCl2 [pH 7.2])
overnight at 4°C. Cells were then washed twice with phosphate buffer and
postfixed in 2% osmium tetroxide. Following ethanol dehydration, the cells were
infiltrated with Spurr’s resin, embedded in fresh Spurr’s resin, and polymerized
overnight at 60°C. Ultrathin sections were cut with a Leica Super Nova ultrami-
crotome, mounted on copper mesh grids, and stained with 2.5% uranyl acetate
in 50% ethanol followed by Reynold’s lead citrate. The sections were viewed and
photographed with a JEOL JEM-1200EX transmission electron microscope.

RESULTS

Construction of recombinant VZV gB-36. Infectious recom-
binant VZV can be generated by cotransfecting four cosmid
DNAs that together contain the entire VZV genome in over-
lapping fragments (Fig. 1A) (8). To generate a VZV recom-
binant that encodes gB lacking its C-terminal 36 aa (VZV
gB-36), cosmid MstII B, which contains ORF31 (the gB coding
sequence) (9), was mutated such that gB codon 833 was
changed from CGC (arginine) to the stop codon, TGA, result-
ing in cosmid MstI B-R833stop (Fig. 1A). The mutated cosmid
was cotransfected into MeWo cells with the remaining three
native cosmid DNAs. Ten days following transfection, plaques
were noted, indicating the presence of infectious virus. Two
independently derived VZV gB-36 mutants were used in par-
allel for all experiments to minimize the possibility that an
unintended mutation might have influenced the phenotype of
the virus. To confirm that the resulting mutants contained the
intended mutation, the region of viral DNA encoding the cy-
toplasmic domain of gB was amplified by PCR and sequenced.
Also, Southern blot analysis of purified VZV gB-36 DNA from
each mutant revealed the expected restriction fragment pro-
files, indicating that no large, unexpected alterations were
present in the VZV gB-36 genomes (data not shown).

To demonstrate that VZV gB-36 expressed a truncated form
of gB (Fig. 1B), gB was immunoprecipitated from cells infected
with either native VZV or VZV gB-36 and resolved by SDS-
PAGE (Fig. 2). Mature VZV gB is largely, but not entirely,
posttranslationally cleaved into two disulfide-linked subunits of
approximately equal sizes (20, 25). Therefore, as expected,
native gB was seen both in its uncleaved 110-kDa form and as
a comigrating doublet of about 60 kDa, representing its pro-
teolytically cleaved form (Fig. 2). Uncleaved gB-36 migrated
slightly faster than uncleaved native gB, consistent with the
absence of its C-terminal 36 aa, which have a predicted MW of
about 4,000. However, no proteolytically cleaved gB-36 is seen.
These data confirm that VZV gB-36 produces a truncated
form of gB. Also, as discussed below in the context of other
data, the absence of the cleavage products suggests that gB-36
is transported inefficiently to the Golgi, where the posttrans-
lational cleavage occurs.

Growth properties of VZV gB-36. To evaluate whether de-
letion of the C-terminal 36 aa of gB affected the growth of
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VZV in vitro, we measured virus production by native VZV
and VZV gB-36 during a 6-day growth analysis. MeWo cells
were inoculated with virus-infected cells, and daily after inoc-
ulation the infected monolayers were harvested and the virus
titer was determined. The yield of cells infected with VZV
gB-36 was about half (1/3 log10) that of cells infected with
native gB at day 5 (Fig. 3). This assay, however, does not
measure the titer of infectious virions present within cells,
which may differ between native VZV and VZV gB-36 given
the highly fusogenic growth of VZV gB-36 (discussed below).
Therefore, the growth analysis shown in Fig. 3 may underesti-
mate actual virus production during VZV gB-36 infection.

While VZV gB-36 grew at a rate similar to that of native
VZV, it induced far more cell fusion. To study this effect, cells
were infected simultaneously with similar titers of native VZV
or VZV gB-36 and examined by light microscopy 4 days later.
Figure 4 shows infected MeWo cells; similar results were seen
in MRC-5 and HFF cells. Native VZV-infected cells developed
open plaques surrounded by rounded cells and occasional
small, fused cells. In contrast, VZV gB-36-infected cells fused
extensively to form giant cells containing hundreds of nuclei
and formed very few small rounded cells.

Egress of VZV gB-36. The highly syncytial phenotype of cells
infected with VZV gB-36 may result from a defect in viral
egress. To assess this possibility, cells were infected with native
VZV or VZV gB-36, and the intracellular distribution of viri-
ons was examined by electron microscopy. In both cases, nu-
clear capsids apparently in the process of budding into the
INM were occasionally observed (Fig. 5C). Also, enveloped
virions were found in the cytoplasm of cells infected with either
native VZV or VZV gB-36, typically within membranous struc-
tures (Fig. 5B and C). These data indicate that neither primary
envelopment at the INM nor secondary envelopment within
the cytoplasm is precluded by this mutation. However, the

expression of virions on the surfaces of cells appeared to differ
between native VZV and VZV gB-36 infection. As expected,
native VZV particles were abundantly present on infected cell
surfaces (Fig. 5A). In contrast, VZV gB-36 virions were rarely
seen on the surfaces of cells, including cells that were heavily
infected, as evidenced by the presence of numerous intracel-
lular viral particles (Fig. 5B and C).

ER-to-Golgi transport of VZV gB-36. Previous transfection-
based studies demonstrated that the C-terminal 17 aa of the
VZV gB cytoplasmic domain are required for the ER-to-Golgi
transport of gB and that gB lacking its C-terminal 36 aa (Fig.
1B) exhibited virtually no transport to the Golgi (18). To de-
termine whether the ER-to-Golgi transport of VZV gB-36 is
similarly impaired during infection, we infected cells with VZV
or VZV gB-36 and evaluated the transport of gB to the Golgi
by assaying for the acquisition of two distinct Golgi-dependent
posttranslational modifications: proteolytic cleavage and con-
version of N-linked oligosaccharides from high-mannose to
complex forms.

As described earlier, gB-36 immunoprecipitated from in-
fected cells was present only in its higher-MW, uncleaved form,
in contrast to native gB, which is largely cleaved into two
fragments of about 60 kDa each (Fig. 2). This indicates that
during infection the C-terminal 36 aa are required for the
efficient transport of gB to the Golgi, where proteolytic cleav-
age occurs.

In addition, VZV gB has several N-linked oligosaccharides
in its ectodomain that are processed in the Golgi from their
high-mannose (endo H-sensitive) to complex (endo H-resis-
tant) forms (25). Thus, oligosaccharide maturation with the
resultant acquisition of endo H resistance serves as a marker
for the transport of gB from the ER to the Golgi. Figure 6

FIG. 2. Expression of gB by VZV gB-36. VZV gB was immuno-
precipitated from MeWo cells infected with native VZV (wt) or VZV
gB-36 (-36) and then resolved by SDS–8% PAGE under reducing
conditions. Uninfected MeWo cells (U) were treated identically and
served as negative controls. The high-MW uncleaved form of native gB
is marked by the large arrow, and the proteolytically cleaved form of
native gB, which migrates as a doublet of about 60 kDa, is indicated by
the small arrow. The numbers are MW, in thousands.

FIG. 3. Growth rate of VZV gB-36 compared to native VZV.
MeWo cells were inoculated with either native VZV- or VZV gB-36-
infected cells. Cells were harvested on days 1 to 6 after infection, and
titers were determined on MeWo cells. The data are log10 of the mean
number of plaques per dish � standard errors of the means for three
independent experiments. The day 0 value is the titer of virus in the
VZV-infected-cell inocula.
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shows a comparison of the endo H sensitivity of native gB to
that of gB-36 following both transfection and infection. MeWo
cells were infected with native VZV or with VZV gB-36, or
they were transfected with DNA constructs designed to express
native gB or gB-36. Following either infection or transfection,
the cells were pulse-labeled and incubated in chase medium for
4 h. After immunoprecipitation, gB was treated with endo H to
remove high-mannose oligosaccharides. Uninfected MeWo
cells were processed identically and served as negative con-
trols. Native gB, whether expressed by transfection or infec-
tion, transited efficiently to the Golgi during the 4-h chase
interval, where it acquired endo H resistance, as evidenced by
the presence of the high-MW form (Fig. 6A). In contrast, VZV
gB-36 expressed by transfection remained almost entirely endo
H sensitive after the 4-h chase, indicating that its transport to
the Golgi was markedly impaired. Similarly, the ER-to-Golgi
transport of gB-36 expressed during infection was also signif-
icantly impaired, but to a lesser extent than that of gB-36
expressed by transfection (Fig. 6A).

To quantitatively compare the ER-to-Golgi transport effi-
ciency of gB-36 expressed during infection to that of gB-36
expressed by transfection, the proportion of gB transported to
the Golgi during the 4-h chase was calculated by dividing the
amount of gB present as the higher-MW (endo H-resistant)
species by the total amount of gB (the sum of the higher- and
lower-MW species) as determined by scanning densitometry
(Fig. 6B). Native gB was transported to the Golgi with similar
efficiency whether expressed by infection or transfection (89
and 81%, respectively). However, gB-36 was transported to the
Golgi much more efficiently during infection than transfection
(31 versus 4%, respectively). This suggests that viral gene prod-
ucts not present during transfection may contribute to the
ER-to-Golgi transport of VZV gB during infection.

Post-Golgi transport of VZV gB-36. In addition to the ER-
to-Golgi transport signals, the cytoplasmic domain of VZV gB
also contains two YXX� motifs (Fig. 1B), both of which have
been shown in transfection-based assays to participate in the
post-Golgi localization of gB (17). One of these, YSRV (aa 857
to 860), is contained within the C-terminal 36 aa of VZV gB
and is required for the internalization of gB from the plasma
membrane in transfected cells. An internalization assay was
performed to determine whether the endocytosis of gB-36 is
similarly impaired during infection. Cells were infected with
native VZV or VZV gB-36 and incubated with anti-gB MAbs
at 4°C, resulting in the binding of these antibodies to gB
present within the plasma membranes of the live cells. Inter-
nalization was then allowed to proceed at 37°C for 0 or 60 min.
The cells were fixed, and after staining with FITC-conjugated
secondary antibodies, the localization of gB was determined by
confocal microscopy (Fig. 7). At 0 min, both native gB and
gB-36 were present exclusively in the plasma membrane, as no
endocytosis had yet occurred. After incubation at 37°C for 60
min, native gB was seen predominately in well-defined perinu-
clear structures consistent with the Golgi, as expected based on
previous studies (18). However, gB-36 was dispersed diffusely
throughout the cytoplasm. Therefore, despite the absence of
the YSRV internalization signal, gB-36 was internalized from
the plasma membrane. Following internalization, however, it
failed to localize to the Golgi, suggesting that sequences within
the C-terminal 36 aa are required for the normal intracellular
transport of VZV gB following endocytosis.

DISCUSSION

In this study, we produced the first VZV recombinant virus
that contains a mutation in gB. Our data demonstrate that the

FIG. 4. Plaque morphology following infection of cells with native VZV or VZV gB-36. MeWo cell monolayers were infected with cells
containing similar titers of native VZV (A) or VZV gB-36 (B) and incubated at 37°C for 4 days prior to photographing.
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FIG. 5. Viral egress of VZV gB-36. MeWo cells were infected with native VZV (A) or VZV gB-36 (B and C). Four days after inoculation, the
cells were fixed and viewed by transmission electron microscopy. (A and B) Black arrows mark intranuclear capsids, and white arrows mark
intracytoplasmic virions. (C) Large arrows indicate membranous structures in the cytoplasm that contain enveloped virions, and the small arrow
indicates an intranuclear capsid that appears to be budding into the INM. Bars, 250 nm.
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C-terminal 36 aa of VZV gB, while not essential for growth in
cultured cells, are required for normal viral egress. First, VZV
expressing gB-36 induces much more extensive cell fusion than
native VZV infection, and second, VZV gB-36 virions, in con-
trast to native VZV virions, are seldom found on the surfaces
of infected cells. Moreover, our data indicate that the C-ter-
minal 36 aa of VZV gB are required for the normal transport
of gB from the ER to the Golgi and that these sequences also
participate in the post-Golgi localization of gB.

Significantly, the present study also demonstrates that pre-
viously described transfection-based assays (17, 18) are able to
correctly identify transport signals that function during infec-
tion. Nonetheless, the transport of gB-36 during infection dif-
fered in some important respects from its transport during
transfection. First, as predicted by the transfection-based stud-
ies, gB-36 expressed during infection was transported to the
Golgi less efficiently than native gB. However, the ER-to-Golgi
transport of gB-36 was much more efficient during infection
than transfection, suggesting that one or more VZV-encoded
gene products may contribute to this process. Second, in con-
trast to the transfection-based data, gB-36 expressed during
infection was internalized from the plasma membrane despite
lacking the YSRV sequence. Unlike native gB, however, gB-36
expressed during infection failed to accumulate in the Golgi.
Therefore, the C-terminal 36 aa of the gB cytoplasmic domain,
while not required for internalization of gB, are necessary for
the correct intracellular localization of gB during infection.
Our data do not precisely define the sequences within this
region that are required for the Golgi localization of gB, but
the YSRV sequence is perhaps the most likely candidate for
this function, given its essential role in the in internalization of
gB following transfection (17). Furthermore, PRV lacking the
C-terminal 29 aa, which contain a homologous YXX� motif
(YQLR), exhibits impaired internalization (28). It has been
suggested that VZV gE or gI (or both) may mediate the trans-
port of other VZV glycoproteins to the trans-Golgi network

(40). While recent transfection-based data demonstrate that
gB can reach the Golgi without the participation of other VZV
proteins (17, 18), the data presented here support the possi-
bility that these or other VZV-encoded proteins may contrib-
ute to both the pre- and post-Golgi transport of gB during
infection.

The highly syncytial phenotype of VZV gB-36 parallels the
enhanced fusogenicity exhibited by comparable HSV-1 and
PRV mutants lacking the C-terminal 28 and 29 aa of gB,
respectively (1, 28). It has been proposed that elimination of
these cytoplasmic domain sequences unmasks a fusogenic po-
tential within gB that directly mediates cell-cell fusion, and it
raises the possibility that gB may participate in the fusion of
intracellular membranes during viral egress. The envelopment-
deenvelopment-reenvelopment pathway, which is increasingly
accepted as the route of alphaherpesvirus egress from infected
cells, requires several fusion events. The first fusion event must
occur as the nuclear capsid buds into the INM and acquires its
primary envelope. The primary envelope must then fuse with
the outer nuclear membrane (or the ER) to release naked
capsids into the cytoplasm. The next membrane fusion occurs
when the cytoplasmic capsid buds into a membranous structure
such as the trans-Golgi network, resulting in a secondarily
enveloped virion within an endosomal compartment. Finally,
the endosome containing the mature virions must fuse with the
plasma membrane to release the infectious virus. The role of
gB in these individual fusion events is not known. However,
VZV gB-36 virions appear to acquire both their primary and
secondary envelopes, and virions can be found in cytoplasmic
endosomes. Also, no abnormal-appearing collections of VZV
gB-36 virus particles were observed in any intracellular com-
partment. Thus, viral egress, including the first three fusion
events, appears to proceed in the absence of the C-terminal 36
aa of gB. However, in contrast to cells infected with native
VZV, very few VZV gB-36 virions were observed on the sur-
faces of infected cells. This raises the possibility that the final

FIG. 6. ER-to-Golgi transport of gB-36. (A) MeWo cells were infected with native VZV (wt) or VZV expressing gB-36 (-36) or transfected with
an expression plasmid containing the native gB or gB-36 open reading frames. VZV gB was immunoprecipitated from both the infected and
transfected cells, treated with endo H, and resolved by SDS–8% PAGE under nonreducing conditions. Uninfected cells were treated identically
and served as negative controls (U). The large arrow marks the high-MW endo H-resistant form of gB, and the small arrow marks the low-MW
endo H-sensitive form. (B) The proportions of native gB and gB-36 expressed during transfection (T) and infection (I) were quantitated by
scanning densitometry. The values are the averages of three independent experiments.
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fusion event, the fusion of virus-containing endosomes with the
plasma membrane, may be impaired by deletion of the C-
terminal 36 aa of gB.

Alternatively, the enhanced cell fusion induced by infection
with VZV gB-36 may not be directly mediated by the presence
of gB-36 in the plasma membrane. Rather, it may be a by-
product of impaired cell-to-cell spread of infectious VZV gB-
36. As VZV is highly cell associated in culture, VZV infection
propagates solely by cell-to-cell spread. During native VZV
infection, syncytium formation occurs but is limited presum-
ably by the early infection, growth disruption, and ultimate
death of the adjacent cells. If infectious VZV gB-36 virions
cannot spread efficiently from cell to cell, due to their inability
to reach the cell surface or for some other reason, then the
neighboring cells may remain uninfected and thus be available
to fuse with the infected cell. Several alphaherpesvirus-en-
coded proteins, including gB, gH, and gM (10, 32, 38), have
been shown to induce cell fusion, and these may accumulate to
high levels in the plasma membrane of VZV gB-36-infected
cells, resulting in enhanced cell fusion.

In addition to intracellular fusion, VZV gB may play other
roles in viral egress that could be affected by eliminating the
C-terminal 36 aa. It has been suggested that the cytoplasmic
domains of herpesvirus glycoproteins may interact with tegu-
ment or capsid proteins during secondary envelopment within
the cytoplasm (13). If the cytoplasmic domain of VZV gB
functions in this capacity, then truncation of the C-terminal 36
aa may eliminate sequences essential for these interactions and
thereby impair viral egress. However, as noted above, our
electron micrographs showing enveloped VZV gB-36 virions in
the cytoplasm of infected cells tend to argue against an essen-
tial role for the gB cytoplasmic domain during secondary en-
velopment. Nonetheless, it is possible that the observed intra-
cellular virions or their envelopment in the cytoplasm are in
some way abnormal due the mutation in gB. Similarly, muta-
tions within the cytoplasmic domain of gB may disrupt the
formation of as-yet-unrecognized functional complexes be-
tween gB and other VZV proteins likely to be required for
viral egress, such as the gE/gI complex (24).

Regardless of its precise function, however, the activity of

FIG. 7. Internalization of gB-36. MeWo cells were infected with native VZV or VZV gB-36, incubated with anti-VZV gB MAbs at 4°C, and
placed at 37°C for 0 or 60 min. The intracellular location of gB was determined by immunofluorescent staining and confocal microscopy.
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VZV gB during viral egress may depend on its localization to
a specific intracellular compartment. Our data show that dur-
ing infection, transport of the truncated form of gB to the
Golgi is inefficient and that its post-Golgi localization is also
disrupted. Therefore, the impaired egress of VZV gB-36 viri-
ons may result from the absence of gB in sufficient quantities
at the intracellular location where it is required for normal
viral egress.

Our data demonstrate that VZV gB is required for normal
viral egress and that the C-terminal 36 aa of its cytoplasmic
domain are critical not only for this process but also for the
intracellular transport of gB itself. Additional studies are
needed to delineate the specific function of gB during viral
egress and, in particular, how its function is coordinated with
that of other VZV proteins known to participate in the for-
mation of infectious virions.
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