JOURNAL OF VIROLOGY, Jan. 2005, p. 997-1007
0022-538X/05/$08.00+0 doi:10.1128/JV1.79.2.997-1007.2005

Vol. 79, No. 2

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Incorporation of Three Endocytosed Varicella-Zoster Virus
Glycoproteins, gE, gH, and gB, into the Virion Envelope

Lucie Maresova, Tracy Jo Pasieka, Elizabeth Homan, Erick Gerday,
and Charles Grose*

Department of Pediatrics and Central Microscopy Research Facility, University of Iowa,
Iowa City, Iowa

Received 23 May 2004/Accepted 25 August 2004

The cytoplasmic tails of all three major varicella-zoster virus (VZV) glycoproteins, gE, gH, and gB, harbor
functional tyrosine-based endocytosis motifs that mediate internalization. The aim of the present study was to
examine whether endocytosis from the plasma membrane is a cellular route by which VZV glycoproteins are
delivered to the final envelopment compartment. In this study, we demonstrated that internalization of the
glycoproteins occurred in the first 24 h postinfection but was reduced later in infection. Using surface
biotinylation of VZV-infected cells followed by a glutathione cleavage assay, we showed that endocytosis was
independent of antibody binding to gE, gH, and gB. Subsequently, with this assay, we demonstrated that
biotinylated gE, gH, and gB retrieved from the cell surface were incorporated into nascent virus particles
isolated after density gradient sedimentation. To confirm and extend this finding, we repeated the above
sedimentation step and specifically detected envelopes decorated with Streptavidin-conjugated gold beads on
a majority of complete virions through examination by transmission electron microscopy. In addition, a gE-gl
complex and a gE-gH complex were found on the virions. Therefore, the above studies established that VZV
subsumed a postendocytosis trafficking pathway as one mechanism by which to deliver viral glycoproteins to
the site of virion assembly in the cytoplasm. Furthermore, since a recombinant VZV genome lacking only
endocytosis-competent gE cannot replicate, these results supported the conclusion that the endocytosis-

envelopment pathway is an essential component of the VZV life cycle.

Endocytosis has now been demonstrated for numerous her-
pesvirus type 1 glycoproteins in transfected cell systems. In
addition to gE of varicella-zoster virus (VZV), herpes simplex
virus type 1 (HSV-1) gE and pseudorabies virus (PrV) gE
undergo endocytosis (2, 3, 47, 58, 57). Also, PrV gB and human
cytomegalovirus (HCMV) gB internalize in transfected cells
(51, 58, 60). Unlike the situation for other human herpesvi-
ruses, the predominant VZV glycoprotein present on the en-
velope of the mature virion is gE (4, 23, 44). The gE protein
traffics from the endoplasmic reticulum (ER) through the
Golgi apparatus, where it is extensively processed, to the outer
cell membrane. Both the ectodomain and the endodomain of
gE have important functions. Based on the fact that a single
point mutation in the VZV-MSP gE ectodomain changes the
VZV-MSP egress pattern from a typical “viral highway” phe-
notype to a diffuse pattern similar to that observed in HSV-1-
infected cells (53, 54), the ectodomain is likely to be critical for
determining virus-cell interactions of mature virions.

VZV gE endocytosis is mediated by a YAGL sequence lo-
cated in the cytoplasmic tail of the protein (47). This sequence
fits the consensus tyrosine-based YXX® endocytosis motif
(where Y is tyrosine, X is any amino acid, and & is any bulky
hydrophobic amino acid) (6). Recycling of gE back to the
plasma membrane postendocytosis has been demonstrated,
but there is also a pathway for gE to traffic to the trans-Golgi
network (TGN) postendocytosis (2, 47). The TGN pathway is
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mediated by a cluster of acidic amino acids in the gE cytoplas-
mic tail (2, 27, 61, 68). The acidic cluster of gE interacts with
the connector protein, phosphofurin acidic cluster sorting pro-
tein 1 (PACS-1), and directs VZV gE from endosomes to the
TGN, a proposed site of tegument assembly and virion envel-
opment (10, 61, 64). Phosphorylation within this acidic cluster
motif mediates the PACS-1 interaction (17, 55). VZV gE is
phosphorylated on its cytoplasmic tail (27, 43, 45, 66). In ad-
dition, differential phosphorylation of the gE acidic cluster
targets endocytosed gE to either the TGN or the cell surface,
thereby increasing virus assembly or cell-to-cell spread, respec-
tively (38).

Like gE, VZV gl also contains in its cytoplasmic tail traf-
ficking motifs that mediate similar functions; however, the
motifs are different. A dileucine motif mediates gl endocytosis
(46), and a threonine at position 338 is important for TGN
targeting (63). VZV gE and gI form a complex in infected cells
or when cotransfected. In addition, complex formation has
been found to increase the efficiency of endocytosis of gE-gl
over that of gE or gl alone (46). Complex formation between
¢E and gl is also able to direct the internalization of a gE
endocytosis-deficient mutant, a finding which suggests that the
gl motif may be more efficient than the gE motif (46).

VZV gB is the second most abundant VZV glycoprotein and
is also the most conserved among the herpesvirus glycoproteins
(41). The gB protein contains three potential endocytosis mo-
tifs: two tyrosine-based motifs and one dileucine-type motif.
The C terminus-proximal tyrosine motif (YSRV) in VZV gB is
most responsible for endocytosis, while the transmembrane
domain-proximal tyrosine motif (YMTL) is responsible for
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ER-to-TGN targeting (34, 35). VZV gH is the third most
abundant glycoprotein and is the second most conserved. En-
docytosis of the gH protein is mediated by a YNKI tyrosine
motif in its short cytoplasmic tail (49, 50). In addition, gH is
internalized in a clathrin-dependent manner similar to that of
gE, gl, and gB (34, 46, 47).

Since endocytosis can target viral glycoproteins to the TGN,
the proposed site of viral assembly, one attractive hypothesis is
that endocytosis is required for delivering viral glycoproteins to
the site of final envelopment (8, 40). Endocytosis of several
HCMV surface proteins, including gB, most likely plays a role
in targeting these proteins to the organelle of virion assembly
(18, 19, 51). However, inhibition of HCMV gB endocytosis had
a variable effect on virus release or the production of infectious
virions, depending on the study (5, 36, 51). These data, con-
sidered together with the observation that PrV gE endocytosis
apparently is not required for incorporation (57, 58), raise a
question about the role of glycoprotein endocytosis in viral
assembly. VZV still may be an important model because it has
the smallest genome of the human herpesviruses with the few-
est glycoproteins (11). In contrast to PrV gE, VZV gE is an
essential glycoprotein that cannot be deleted from the genome
(39). Even more importantly, a recent report demonstrated
that a single mutation of just the gE YAGL endocytosis motif
in a otherwise complete recombinant virus halted replication
altogether (41). Because gE endocytosis appears to be an es-
sential component of the VZV life cycle, the postendocytosis
trafficking of gE as well as two other essential glycoproteins,
gH and gB, in infected cells was investigated in detail.

MATERIALS AND METHODS

Cells and viruses. A human melanoma cell line (Mewo) highly permissive for
VZV infection was maintained as previously reported (24, 28). Propagation of
the VZV-32 strain (GenBank accession no. AH010537) was performed as pre-
viously described (24, 54). Monolayers inoculated with VZV-infected cells were
processed 24 or 48 h postinfection (hpi) as described below.

Antibodies and fluoroprobes. Murine monoclonal antibody (MAb) 3B3 rec-
ognizes a well-characterized linear epitope in the ectodomain of gE (25, 32, 54).
Murine MAb 169 and MAD 711 are directed against gE (54). Murine MAb 258
is a conformation-dependent anti-gH MADb specific for mature and immature
glycosylated gH but not for the nonglycosylated immature form (12, 13). Murine
MADb 206 recognizes only a conformation-dependent epitope on the fully mature
form of gH (42). Murine MAb 6B5 and MAD 158 are directed against gl and gB,
respectively (44, 65). Human MAD V1 is directed against gB (56), while human
MAb Ti-57 recognizes gH (56). An additional murine anti-gB MADb and an
additional murine anti-gH MAb were purchased from Biodesign. The Biodesign
anti-gH MAD recognizes three closely migrating glycoprotein bands on Western
blots (50). All fluorescent probes were purchased from Molecular Probes, and
they included the Alexa 488-fluoroconjugated secondary antibody goat anti-
mouse immunoglobulin G (heavy and light chains) and TOTO-3 for DNA stain-
ing.

Assay of glycoprotein endocytosis by laser scanning confocal microscopy.
Glycoprotein endocytosis was investigated with immunofluorescence labeling as
previously described (13, 49). The samples were viewed with a Zeiss 510 laser
scanning confocal microscope.

Biotinylation of cell surface glycoproteins in VZV-infected cells. Cell mono-
layers were inoculated with VZV-32-infected cells. The cell surface expression of
glycoproteins was investigated after biotinylation with NHS-LC-biotin (Pierce,
Rockford, I11.) as previously described (50). For the detection of VZV gE and gI,
a 3-cm? monolayer per sample was used; a 12-cm? monolayer per sample was
used for the detection of gH and gB. The labeled monolayers were harvested in
radioimmunoprecipitation assay buffer (0.01 M Tris-HCI [pH 7.4], 0.15 M NaCl,
1% NP-40, 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) with inhibitors
(1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 1 mM leupeptin, and
0.025 trypsin inhibition unit each of aprotinin and type 1-S soybean trypsin
inhibitor). After immunoprecipitation of specific glycoproteins with either anti-
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gE, anti-gl, anti-gH, or anti-gB MAb, samples were loaded onto an 8% poly-
acrylamide gel for SDS-polyacrylamide gel electrophoresis (PAGE) under non-
reducing conditions. Immunoprecipitated biotinylated glycoproteins were
detected with Streptavidin-horseradish peroxidase (HRP) by Western blotting
(49, 54).

Endocytosis of VZV glycoproteins assayed by biotinylation in infected cells.
Cultured cells were inoculated with VZV-32-infected cells for 24 or 48 hpi, and
endocytosis was investigated as previously described but with some modifications
(49). Generally, we used one 25-cm? monolayer per sample. After surface bioti-
nylation with Sulfo-NHS-SS-biotin (Pierce), infected monolayers were incubated
for various times at 37°C to allow endocytosis of the glycoproteins. Internaliza-
tion was stopped by cooling on ice. Cells were washed and incubated three times
for 20 min each time with freshly prepared glutathione (GSH) buffer (60 mg of
GSH/ml [pH 8.0], 83 mM NaCl, 1.1 mM CaCl,, 1.1 mM MgCl,) at 4°C to remove
any remaining biotin label from proteins present at the cell surface. After several
washes, the cells were harvested. Immunoprecipitation was performed with MAb
3B3 to detect gE, MADb Ti-57 to detect gH, or anti-gB MAb 158. Samples were
separated by SDS-8% PAGE under nonreducing conditions, and internalized
biotinylated glycoproteins were detected with Streptavidin-HRP by Western
blotting.

One point that has been noted since the first description of this technique (7)
is that uncleaved samples always stain much more intensely than cleaved sam-
ples. Thus, this method does not provide a quantitative estimation of the relative
percentages of cell surface glycoproteins internalized. One potential explanation
is that GSH cleavage of the disulfide-linked biotin remaining at the cell surface,
after allowing for endocytosis to occur, decreases the signal in the internalized
proteins. In some studies in which this method was used, precleavage lanes in
each biotinylation experiment were not shown (31).

Incorporation of endocytosed VZV glycoproteins into virion particles. The
levels of glycoproteins incorporated into VZV virions after endocytosis from the
cell surface were determined by surface biotinylation as described above but with
modifications. An uninfected monolayer was inoculated at a 1:2 ratio of infected
to uninfected cells and was incubated for 24 h at 37°C. Cultures were washed four
times with 10 mM borate buffer (pH 8.8) containing 0.1 M NaCl to remove any
remaining virus inoculum. After surface biotinylation with cleavable Sulfo-NHS-
SS-biotin, the monolayer was incubated for 5 h at 37°C to allow for endocytosis
and virion formation. Internalization was stopped, and cells were washed and
incubated three times for 20 min each time with GSH buffer. After several
washes, the cells were harvested, sonicated, and resuspended in sorbitol buffer
(10% sorbitol, 0.05 M Tris-Cl [pH 7.4], 0.001 M MgCl,). The cell-free virus then
was layered onto a linear gradient of potassium tartate (KT) and glycerol in TE
buffer (0.002 M EDTA, 0.002 M Tris-Cl [pH 7.4]) (28). After centrifugation at
25,000 rpm for 18 h at 4°C in a Beckman SW27 rotor, the virion band was
removed and layered onto another KT-glycerol gradient. After a second sedi-
mentation, virus was again found in a particulate band. The virion band was
washed twice with TE buffer at 26,000 rpm for 1 h, and the pellet was resus-
pended in TE buffer, after which it was mixed with an equal volume of 2X
radioimmunoprecipitation assay buffer. Immunoprecipitation was performed
with anti-gE MAb 3B3, anti-gH MAb Ti-57, or anti-gB MAb 158. Samples were
separated by SDS-8% PAGE under nonreducing conditions, and biotinylated
glycoproteins were detected with Streptavidin-HRP by Western blotting.

For detection of total gE, gH, or gB in virion fractions and infected cell lysates,
immunoblotting was performed with anti-gE MAb 3B3 (1:10,000), anti-gH MAb
(1:2,000; Biodesign), or anti-gB MAb (1:500; Biodesign), respectively. Both
virion fractions and cell lysates were also tested for the presence of the TGN
marker, TGN-46 protein, or transferrin receptor (TfR). Reagents included a
sheep anti-TGN-46 MAb (1:1,000; Santa Cruz Biotechnology) and a rabbit
polyclonal anti-TfR antibody (1:100; (Santa Cruz Biotechnology).

Transmission electron microscopy (TEM). VZV-32-infected cells were har-
vested, sonicated, and resuspended in sorbitol buffer. The VZV virions isolated
by centrifugation in two successive KT-glycerol gradients were resuspended in
TE buffer, placed on copper grids with carbon-coated Formvar, and negatively
stained with 1% ammonium molybdate for 60 s. The samples were viewed with
a Hitachi H-7000 transmission electron microscope at an accelerating voltage of
75,000 V (28, 30).

Imaging after decoration of virions with gold beads. To specifically detect
biotinylated VZV virions, an aliquot of a purified virion fraction was collected
after the incorporation assay and examined by TEM. The sample was fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer, placed on a copper-collodion-
carbon-coated grid for 15 min at 24°C, and washed with PBS. In the next step, the
sample was incubated with Aurion Streptavidin-conjugated 10-nm gold beads
(Electron Microscopy Sciences) at a dilution of 1:75 in PBS for 45 min at 24°C.
After several washes, the sample was negatively stained with 3% ammonium
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molybdate and viewed with a Hitachi H-7000 transmission electron microscope
at an accelerating voltage of 75,000 V.

As a second method for detecting biotinylated VZV virions, an aliquot of the
purified virion fraction was placed on a copper-Formvar-carbon grid for 15 min
at 24°C and incubated with antibiotin Aurion-conjugated ultrasmall gold beads
(0.8 nm; Electron Microscopy Sciences) at a dilution of 1:10 in 0.1% Aurion
BSA-c buffer (Electron Microscopy Sciences) for 2 h at 37°C. After several
washes with 0.1% Aurion BSA-c buffer, silver enhancement was performed with
an Aurion EM silver enhancement kit (Electron Microscopy Sciences). Silver
enhancement is required in order to visualize the ultrasmall gold beads. After
further washes with H,O, the sample was negatively stained with 1% ammonium
molybdate and viewed with a Hitachi H-7000 transmission electron microscope
at an accelerating voltage of 75,000 V.

RESULTS

Biotinylation of and endocytosis in VZV-infected cells. As
evidence for endocytosis and recycling of VZV glycoproteins
has accumulated (49, 50), we postulated that all VZV glycop-
roteins with internalization motifs were incorporated into the
virion envelope. To test this hypothesis, we first documented
the localization of viral glycoproteins on the surface of infected
cells by biotinylation. For this analysis, biotinylated glycopro-
teins were immunoprecipitated with specific MAbs and then
detected under nonreducing conditions with Streptavidin-
HRP. At least two MAbs against different forms (mature and
immature) of each glycoprotein were selected to ensure that
glycoprotein expression was accurately assessed. The results
demonstrated that gE, gH, and gB were easily detected on the
cell surface by this method (data not shown). As previously
observed, gE was invariably the most abundant VZV glyco-
protein.

Because endocytosis of VZV glycoproteins has not been
investigated in as much detail in infected cells as under trans-
fection conditions, we determined whether endocytosis was
inhibited late in infection. VZV infection results in the forma-
tion of multinucleated syncytia and thus increases the fragility
of monolayers, one reason for the technical difficulty in per-
forming these assays. In prior experiments, all four VZV gly-
coproteins, gE, gl, gH, and gB, were endocytosed at 24 hpi in
VZV-infected cells (49). The next set of experiments was de-
signed to determine whether viral glycoproteins continued to
be internalized from the plasma membrane of infected cells at
later time points. To this end, infected monolayers were pro-
cessed for the immunofluorescence endocytosis assay at 48 hpi
(Fig. 1A). At this point, syncytium formation was heavily ad-
vanced; therefore, most syncytia consisted of more than 25
fused cells. As a positive control, infected monolayers assayed
at 24 hpi were used.

At the beginning of the endocytosis assay, only the glyco-
proteins on the cell surface were labeled with primary anti-
body. Samples never returned to 37°C had no glycoprotein
visible inside single cells and syncytia (data not shown). As
expected, at 24 hpi and after 60 min of incubation at 37°C, all
VZV glycoproteins were internalized from the plasma mem-
brane to the interior of both syncytia and infected single cells
(Fig. 1A). In contrast, the results obtained at 48 hpi demon-
strated a markedly diminished level of endocytosis for all gly-
coproteins in large syncytia (>25 nuclei) (Fig. 1A). As previ-
ously mentioned, all confocal experiments were carried out
with at least two MADbs against each glycoprotein to ensure
that all forms were detectable.
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The next set of experiments was designed to further extend
the biotin endocytosis assay for infected cells by demonstrating
the inhibition of VZV glycoprotein endocytosis at 48 hpi, as
previously shown by the confocal experiments. In these exper-
iments, an entire 25-cm? infected monolayer per sample was
used. We began with gE, since a strong endocytosis band was
detected in the transfected cell system (49). The results of the
biotin endocytosis assay are shown in Fig. 1B. The 0- and
60-min samples in Fig. 1B, lanes 1 and 6, showed total cell
surface biotinylation of gE before a GSH cleavage step. As
described in Materials and Methods and as noted previously in
other studies (7, 49), the uncleaved biotinylated samples
stained very intensely with this labeling method, in particular,
gE. It is also relevant that less than 33% of the cell surface gE
was internalized, so that a majority of gE remained on the cell
surface (47). The sample in Fig. 1B, lane 6, was included to
demonstrate that gE was not degraded inside the cell after 60
min of incubation at 37°C. The results also demonstrated the
coprecipitation of cell surface gl by anti-gE MADb 3B3 (Fig. 1B,
lanes 1 and 6). The absence of a glycoprotein band in the 0-min
sample in Fig. 1B, lane 2, demonstrated that the cleavage step
removed all cell surface biotin. The 30-min, 60-min, and 20-h
samples in Fig. 1B, lanes 3 to 5, were returned to 37°C for the
indicated times before the cleavage step. Thus, if the tested
glycoproteins were internalized, then a band would be detect-
able in these lanes. As expected, only minimal gE endocytosis
was evident (Fig. 1B, lanes 3 to 5). Even when the film was
exposed longer, little internalized gE was seen. Again, the
results demonstrated a marked reduction of endocytosis in
VZV syncytia at about 48 hpi.

Endocytosis of VZV gE at 24 hpi. Based on the above results,
we began the biotin endocytosis assay by testing for gE inter-
nalization at 24 hpi (Fig. 2). As for the experiments shown in
Fig. 2, an entire 25-cm? infected monolayer per sample was
used. The 0-min and 1-, 6-, and 20-h samples in Fig. 2, lanes 1,
8, 9, and 10, showed total cell surface biotinylation of gE. The
absence of a glycoprotein band in the 0-min sample in Fig. 2,
lane 2, demonstrated that the cleavage step removed all cell
surface biotin. The 1-, 3-, 5-, 6-, and 20-h samples in Fig. 2,
lanes 3 to 7, were returned to 37°C for the indicated times
before the cleavage step. The results indicated that gE endo-
cytosis became evident at 1 h and continued to accumulate
through the 3-h time point (Fig. 2, lanes 3 and 4).

As noted in Fig. 1, VZV gE in Fig. 2, lane 1, appeared to be
overexposed. In order to visualize the internalized gE and the
surface gE in the same gel, the surface gE invariably appeared
overexposed. The same samples also showed coprecipitation of
¢E and gl. The gl band was more visible in the 1- and 3-h
samples after longer exposures (data not shown). This result
indicated that the glycoproteins formed a complex during en-
docytosis. Thus, in contrast to the assay at 48 hpi (Fig. 1B), the
biotin-GSH cleavage assay successfully detected abundant gE
endocytosis at 24 hpi. The samples in Fig. 2, lanes 8 to 10, were
included to demonstrate that gE was not degraded during the
indicated incubation times. Fig. 2, lane 11, represented a
shorter exposure of lane 10 and delineated the migration of
individual glycoprotein forms. Further, these data confirmed
the results shown in Fig. 1, namely, that after 30 h (24 hpi plus
6 h of incubation), the amount of internalized protein was
diminished (Fig. 2, lanes 6 and 7).
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FIG. 1. Inhibition of VZV glycoprotein endocytosis during late infection. VZV-infected cells were processed for the confocal endocytosis assay
as described in the text. (A) Representative micrographs of cultures at 24 and 48 hpi were examined at the 60-min endocytosis time point after
labeling was done with a MAD specific for gE, gl, gB, or gH. The postendocytosis localization of VZV glycoproteins was investigated by staining
with Alexa 488-fluoroconjugated goat anti-mouse immunoglobulin secondary antibody (green). In contrast to the results obtained at 48 hpi, at 24
hpi labeled glycoproteins were located at the plasma membrane and in vesicles within the cytoplasm of the syncytia. The vesicles were especially
evident in smaller syncytia. Nuclei were stained with TOTO-3 (red). (B) Biotin endocytosis assay showing the inhibition of gE internalization at
48 hpi. Cells were infected for 48 h, and samples were processed for the biotin endocytosis assay as described in the text. The numbers below the
gel indicate the endocytosis time points at 37°C; + and — above the numbers indicate the presence and absence of GSH treatment, respectively.
Samples were separated by SDS-8% PAGE under nonreducing conditions, and internalized biotinylated glycoprotein was detected with Strepta-
vidin-HRP by Western blotting. E and I designate the two glycoproteins. Additional controls for this assay are shown in Fig. 2. The corresponding

molecular mass markers are indicated on the right.

Incorporation of cell surface biotinylated gE into VZV viri-
ons. To investigate whether endocytosed VZV glycoproteins
were incorporated into virion particles, we performed the bi-
otin-GSH cleavage assay followed by virion isolation from KT-

glycerol gradients. The results of the gE incorporation assay
are shown in Fig. 3. One 25-cm? infected monolayer was used
per 0-min sample in Fig. 3, lanes 1 to 3, and per 5-h sample in
lanes 4 and 5. One 75-cm? infected monolayer was used to
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FIG. 2. Biotin endocytosis assay showing the internalization of gE
at 24 hpi. Cultured cells were infected and processed for the biotin
endocytosis assay as described in the text. The numbers below the gel
indicate the endocytosis time points at 37°C; + and — above the
numbers indicate the presence and absence of GSH treatment, respec-
tively. After SDS-PAGE, internalized biotinylated glycoprotein was
detected with Streptavidin-HRP by Western blotting. The closed cir-
cles beside lane 8 indicate gE and gl. Lane 11 represents a shorter
exposure of lane 10 to confirm the migration of the individual glyco-
protein forms. The corresponding molecular mass markers are indi-
cated on the right.

timepoint

analyze isolated virions for biotinylated gE (Fig. 3, lane 6). A
1-cm? infected monolayer was used to analyze cell lysates for
total gE (Fig. 3, lane 7), TGN (lane 9), or TfR (lane 11). One
15-cm? infected monolayer was used to analyze isolated virions
for total gE (Fig. 3, lane 8), TGN (lane 10), or TfR (lane 12).

The 0-min and 5-h samples in Fig. 3, lanes 1 and 4, showed
total cell surface biotinylation of gE. The sample in Fig. 3, lane
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FIG. 3. Incorporation of endocytosed gE into VZV virions. The
biotin endocytosis assay was carried out as described in the text. As a
control, no biotin was added to the sample in lane 2. Virions were
isolated by centrifugation in two KT-glycerol gradients (lanes 6, 8, 10,
and 12). Cell lysates were collected before the isolation of virions
(lanes 5, 7, 9, and 11). Immunoprecipitated gE samples (lanes 1 to 6)
or samples without immunoprecipitation (lanes 7 to 12) were sepa-
rated by SDS-8% PAGE under nonreducing conditions, and biotinyl-
ated glycoproteins were detected with Streptavidin-HRP by Western
blotting (lanes 1 to 6). For the detection of total gE (lanes 7 and 8),
TGN-46 protein (lanes 9 and 10), or TfR (lanes 11 and 12), protein-
specific antibodies were used for Western blotting. C and V indicate
cell lysate or virion fraction, respectively. Lanes 1 to 6 and lanes 7 to
12 represent two separate gels. The corresponding molecular mass
markers are indicated on the left.
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2, without a biotinylation step, was included as a negative
control. The 0-min sample in Fig. 3, lane 3, shows that the GSH
cleavage step removed all cell surface biotin to an undetectable
level. The 5-h sample in Fig. 3, lane 5, was returned to 37°C for
5 h before the cleavage step. As expected from Fig. 2, gE was
internalized at 24 hpi and after 5 h of incubation (Fig. 3, lane
5). To determine whether gE retrieved from the cell surface
was incorporated into virion particles, isolated virions from the
5-h sample were analyzed for biotinylated gE. As shown in Fig.
3, lane 6, gE endocytosed during the 5-h period was incorpo-
rated into virion particles in VZV-infected cells.

Furthermore, the 0-min and 5-h samples in Fig. 3, lanes 1
and 4, showed the coprecipitation of cell surface gE and gl by
an anti-gE MAD. The gl band was visible in Fig. 3, lane 4; it was
also detected in 5-h samples of a cell lysate (lane 5) and a
virion fraction (lane 6) after longer exposures (data not
shown). Thus, the results demonstrated not only that gE and gl
formed a complex on the cell surface and during endocytosis
but also that both glycoproteins were incorporated as a com-
plex into virion particles after endocytosis. In separate exper-
iments (data not shown), we repeated the above experiments
but precipitated the samples with an anti-gl MAb and demon-
strated directly that gl was retrieved from the cell surface and
was incorporated into virions.

As a control for nonvirion gE, we investigated whether a
TGN-localized protein, TGN-46 (Fig. 3, lanes 9 and 10), and
TfR (lanes 11 and 12) were present in either a cell lysate (lanes
9 and 11) or a virion fraction (lanes 10 and 12). No TGN-46
band was detected in the virion fraction (Fig. 3, lane 10), but it
was found in the cell lysate (lane 9). It was previously reported
that VZV gE endocytosis mimicked that of TfR (47). Although
TfR was detected in the cell lysate (Fig. 3, lane 11), the virion
fraction did not contain a TfR band (lane 12).

Incorporation of cell surface biotinylated gH into VZV viri-
ons. The next set of experiments was designed to investigate
whether endocytosed gH was incorporated into virion particles
(Fig. 4). The 0-min sample in Fig. 4, lane 1, showed total cell
surface biotinylation of gH. The absence of a glycoprotein
band in the 0-min sample in Fig. 4, lane 2, demonstrated that
the cleavage step removed all cell surface biotin. The 1-h
sample in Fig. 4, lane 3, was returned to 37°C for 1 h before the
cleavage step. Endocytosed gH is shown in Fig. 4, lane 3. The
viral envelope incorporation assay included samples in Fig. 4,
lanes 4 to 8. One 25-cm? infected monolayer was used per
0-min sample in Fig. 4, lanes 4 and 5, and per 5-h sample in
lane 6. One 35-cm? monolayer was used to analyze the cell
lysate for biotinylated gH (Fig. 4, lane 7). One 125-cm* mono-
layer was used to analyze isolated virions for biotinylated gH
(Fig. 4, lane 8). A 1-cm? monolayer was used to analyze the cell
lysate for total gH (Fig. 4, lane 9). One 25-cm® monolayer was
used to determine total gH in isolated virions (Fig. 4, lane 10).

The 0-min and 5-h samples in Fig. 4, lanes 4 and 6, showed
total cell surface biotinylation of gH. The absence of a glyco-
protein band in the 0-min sample in Fig. 4, lane 5, demon-
strated that the GSH cleavage step removed all cell surface
biotin. The 5-h sample in Fig. 4, lane 7, was returned to 37°C
before the cleavage step. As demonstrated in Fig. 4, lane 7, gH
was internalized at 24 hpi and after 5 h of incubation. To
determine whether gH retrieved from the cell surface was
incorporated into virions, the virion fraction from the 5-h sam-
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FIG. 4. Incorporation of endocytosed gH into VZV virions. Viri-
ons were isolated as described in the legend to Fig. 3 (lanes 8 and 10).
Cell lysates were collected before the isolation of virions (lanes 7 and
9). Immunoprecipitated gH samples (lanes 1 to 8) or samples without
immunoprecipitation (lanes 9 and 10) were separated by SDS-8%
PAGE under nonreducing conditions. Biotinylated glycoproteins were
detected with Streptavidin-HRP (lanes 1 to 8). In lanes 9 and 10,
Western blotting was performed with an anti-gH MAb. To detect
gH-gE complex formation, the nitrocellulose membrane from lane 8
was stripped and probed for a second time with a mouse anti-gE MAb
(lane 11). Lane 12 represents a shorter exposure of lane 11 to confirm
the migration of the higher-molecular-mass form of gE. V| and Vg
indicate longer and shorter exposures of the virion sample, respec-
tively. Lanes 1 to 3, lanes 4 to 8, and lanes 9 and 10 represent three
separate gels. The corresponding molecular mass markers are indi-
cated on the left.

ple in Fig. 4, lane 8, was analyzed and found to be positive for
biotinylated gH. The total amounts of gH detected by Western
blotting with an anti-gH antibody in cell extracts and virion
particles are shown in Fig. 4, lanes 9 and 10, respectively. Like
gE, therefore, endocytosed gH was recovered in the virion
fraction.

Glycoproteins gE and gH were previously shown to interact
during viral glycoprotein trafficking in a transfection system
(12) as well as in VZV-infected cells (50). To extend prior
observations about gE-gH complex formation, we tested
whether gH forms a complex with gE in the virion envelope.
The membrane from Fig. 4, lane 8, was stripped after Strepta-
vidin-HRP detection and reprobed with an anti-gE antibody.
As shown in Fig. 4, lane 11, a gE protein coprecipitated by a
human anti-gH antibody was detected by a mouse anti-gE
antibody as a 98-kDa band. Moreover, the reprobed blot with
a shorter exposure also identified higher-molecular-mass gE
forms among complexes of gE and gH in virions (Fig. 4, lane
12). Thus, the results demonstrated that glycoproteins gE and
gH formed a complex not only during their trafficking inside
the cell but also during their incorporation into virion particles.

Incorporation of cell surface biotinylated gB into VZV viri-
ons. In the next set of experiments, we investigated whether
endocytosed gB was incorporated into virion particles (Fig. 5).
The 0- and 60-min samples in Fig. 5, lanes 1 and 4, showed
total cell surface biotinylation of gB. The absence of a glyco-
protein band in Fig. 5, lane 2, demonstrated that the cleavage
step removed all cell surface biotin. The sample in Fig. 5, lane
3, indicated that the 140-kDa gB form was endocytosed. In the
gB virion incorporation assay (Fig. 5, lanes 5 to 7), we used one
25-cm? infected monolayer per 5-h sample in lane 5, one 35-
cm? monolayer to analyze a cell lysate for biotinylated gB in

kDa
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FIG. 5. Incorporation of endocytosed gB into VZV virions. Virions
were isolated as described in the legend to Fig. 3 (lanes 7 and 9). Cell
lysates were collected before the isolation of virions (lanes 6 and 8).
Immunoprecipitated gB samples (lanes 1 to 7) or samples without
immunoprecipitation (lanes 8 and 9) were separated by SDS-8%
PAGE under nonreducing conditions (lanes 1 to 7) or native condi-
tions (lanes 8 and 9). Biotinylated glycoproteins were detected with
Streptavidin-HRP (lanes 1 to 7). In lanes 8 and 9, Western blotting was
performed with an anti-gB MAD. Lanes 1 to 4, lanes 5 to 7, and lanes
8 and 9 represent three separate gels. The corresponding molecular
mass markers are indicated on the left.

lane 6, and one 150-cm? monolayer to analyze biotinylated gB
in isolated virions in lane 7. Total gB was analyzed in a 1-cm?
monolayer (Fig. 5, lane 8), and total gB in virions was analyzed
in one 25-cm? monolayer (lane 9). As documented in Fig. 5,
lane 7, endocytosed 140-kDa gB as well as higher-molecular-
mass gB forms were incorporated into virion particles in VZV-
32-infected cells.

The value of using several MAbs is shown by an inspection
of Fig. 5. The commercial anti-gB MADb recognized only high-
er-molecular-mass forms of gB in virion particles (Fig. 5, lane
9) compared to cell lysate samples, where a lower-molecular-
mass form was also present (lane 8). The 140-kDa band (Fig.
5, lane 7), representing the form of gB protein incorporated
into virion particles, was not detected in virion fraction samples
by a commercial anti-gB MAb after immunoblotting (lane 9).
There are two explanations. First, different MAbs were used in
Fig. 5, lanes 1 to 7 (MAD 158), and lanes 8 and 9 (commercial
anti-gB MADb). Second, different conditions were used for
SDS-PAGE. Samples in Fig. 5, lanes 1 to 7, were processed
under nonreducing conditions and were boiled. On the other
hand, only native conditions, without boiling, were used for
samples in Fig. 5, lanes 8 and 9. The lack of boiling likely
prevented the disaggregation of a gB complex.

High-resolution TEM imaging of biotinylated virions. Ear-
lier studies to define the conditions for the purification of VZV
virions were published in 1979 (28). Since that time, there have
been advances in high-resolution electron microscopy. In the
1979 studies, the percentages of enveloped particles decreased
with successive sedimentations, from 33% in gradient 1 to 18%
in gradient 2. Therefore, in this study, we repeated the exam-
ination of virions after two sedimentations in KT-glycerol gra-
dients. We postulated that envelopes were being lost during
sedimentation. With higher-resolution TEM, we have proven
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FIG. 6. Virion fraction from the second sedimentation gradient. The virion fraction was processed for TEM as described in the text. Enveloped
and nonenveloped particles were easily distinguished. Capsid morphologies were previously described (26). Partially unenveloped virions were
seen; in these virions, the envelope had detached from its nucleocapsid (arrows), most likely during centrifugation in two KT-glycerol gradients.
The sample was viewed at an accelerating voltage of 75,000 V and at a magnification of X80,000.

this hypothesis. When the virion band from the second sedi-
mentation was subjected to TEM analysis, the majority of the
particles were found to be partially or incompletely enveloped
capsids. In Fig. 6, about 10 capsids were clearly delineated.
Two of the capsids had partially detached envelopes. Figure 6
also documented our ability to differentiate enveloped virions
from naked particles, an important criterion for the next two
experiments.

To specifically determine whether biotinylated surface pro-
teins were incorporated into nascent virions, we repeated the
gradient sedimentations after the virion envelope incorpora-
tion assay. After the second sedimentation, aliquots of VZV
virions were labeled with Streptavidin-conjugated gold beads
and processed for TEM. Representative micrographs are
shown in Fig. 7. Numerous virions labeled with gold beads
were easily detected in the samples. Individual gold beads can
be seen on each of the envelopes in Fig. 7A. A few gold beads
were bound to remnants of envelopes as well. Some complete
enveloped particles had as many as five beads (Fig. 7B). Oc-
casionally, enveloped virions were present in small clusters
(Fig. 7C). To determine the relative numbers of labeled vi-
ruses, all viral particles were counted in multiple fields at a
magnification of X35,000. Among 200 counted viral particles,
27% were positively labeled with one or more gold beads.

Since the same percentage of particles was enveloped, the
analysis determined that virtually all complete virions con-
tained gold beads on their envelopes.

To prove the specificity of the results shown in Fig. 7, we
repeated the biotinylation assay with a goat antibiotin antibody
conjugated to ultrasmall gold beads (data not shown). Individ-
ual complete virions with gold beads attached to their enve-
lopes were easily found. Altogether, therefore, the TEM re-
sults obtained with two different biotin labeling methods
confirmed that viral proteins decorated with gold beads were
internalized from the cell surface and subsequently were de-
tected on the envelopes of newly formed virions.

DISCUSSION

VZV may be a good model system with which to study the
trafficking of glycoproteins prior to virion assembly, since gE
endocytosis is an essential function (11, 23, 41). A deenvelop-
ment-reenvelopment model for the acquisition of the final viral
envelope has been proposed for VZV (21, 37, 67, 68). An
analogous mechanism has been postulated to be involved in
the envelopment of PrV and HCMYV (9, 20, 22, 51, 52, 59). The
model predicts that capsids obtain a primary envelope as they
pass through the inner nuclear membrane. As they exit the



FIG. 7. Virion fractions containing envelopes decorated with Streptavidin-conjugated gold beads. Purified VZV virions from the biotin
incorporation assay were processed for TEM after immunostaining was done with Streptavidin-conjugated gold beads as described in Materials
and Methods. The arrows indicate the gold beads present on the envelopes of individual complete virions. A few gold beads were present on
remnants of detached envelopes as well. The samples were viewed at an accelerating voltage of 75,000 V and at the magnifications indicated by
the nanometer bars in panels A, B, and C.
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FIG. 8. Trafficking pathways of VZV glycoproteins. The various
pathways described in the text are shown. EE, early endosome; LE,
late endosome; RE, recycling endosome; Storage, intracellular storage
organelle. The asterisk denotes the final virion envelopment compart-
ment derived from the TGN. Enveloped virions within cytoplasmic
vacuoles appear on the cell surface after exocytosis.

outer nuclear membrane, they undergo deenvelopment. Cap-
sids released into the cytoplasm are subsequently wrapped by
membranes of a post-Golgi compartment, such as the TGN. As
previously reported, VZV apparently obtains its final envelope
from these TGN vesicles (21, 64, 67, 68). The glycoproteins of
VZV are targeted to the TGN and, late in infection, all appear
to become concentrated within this organelle (1, 2, 46, 47, 48,
62). Thus, for the assembly of VZV, a high degree of organi-
zation is required to localize all of the viral envelope compo-
nents to the final compartment. TGN sorting implies that TGN
targeting signals must be present in the sequences of at least
some VZV glycoproteins. Since some VZV glycoproteins con-
tain in their cytosolic domains localization signals that allow
these proteins to be targeted to the TGN independently (33,
34, 38, 62), the major aim of the present study was to examine
whether endocytosis from the plasma membrane is a substan-
tial pathway by which VZV glycoproteins are delivered to the
cytoplasmic compartment for incorporation into virion parti-
cles.

Based on cellular protein trafficking pathways, a model for
VZV glycoprotein trafficking to the final viral envelopment
compartment can be proposed (Fig. 8). Viral glycoproteins
synthesized in the TGN are sorted into endosomal vesicles by
AP-1 (29). These vesicles traffic to the early endosomes (Fig. 8,
pathway 1), from which the glycoproteins can reach the plasma
membrane (pathway 2) or remain in the endosomal system
(pathway 4). Glycoproteins containing either tyrosine internal-
ization motifs (gE, gB, and gH) or dileucine motifs (gl) are
bound at the plasma membrane by AP-2 and are incorporated
into clathrin-coated vesicles, which traffic to the early endo-
somes (Fig. 8, pathway 3). In the early endosomes, the cargo is
actively and selectively sorted for transport to the late endo-
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somes (Fig. 8, pathway 4) or to the recycling endosomes (path-
way 5). VZV glycoproteins, based on their cytoplasmic tail
domains, are expected to follow similar pathways, whose final
destination is presumed to be the site of virion assembly (Fig.
8). In contrast to what has been reported for PrV glycoproteins
(14, 15, 16, 58), antibody binding is not a critical mechanism by
which VZV glycoproteins are internalized (49). Rather than
immune evasion, therefore, we postulate that endocytosis is an
important trafficking mechanism by which glycoproteins are
delivered to the site of assembly.

The recent report about the lethality of a recombinant VZV
containing only one mutation in one gene, namely, the endo-
cytosis motif of gE, strongly supports the conclusion that en-
docytosis is an essential element of the VZV life cycle (41).
Earlier reports suggested a preeminent role of gE in glyco-
protein trafficking. gE not only interacts with gl but also asso-
ciates with gH during postendocytosis trafficking; interestingly,
the recently described gE-gH complex was also found in the
virion envelope (50). These data supported a mechanism of
gE-gH complex formation as a means by which gH was shut-
tled to the TGN after internalization through the other traf-
ficking motifs in the long gE tail. Presumably, if VZV gE
internalization is disrupted, then the trafficking of both gI and
gH also is disrupted, an apparently lethal event in the VZV life
cycle. Based on the results obtained in this study, we propose
that gE, gl, and gH in the lethal recombinant VZV fail to reach
the cytoplasmic site of virion envelopment in adequate
amounts or correct compositions. As a corollary, these com-
parisons further suggest that VZV, with its relatively small
number of glycoproteins, has fewer trafficking options during
envelopment than other herpesviruses. For example, when the
role of endocytosis in PrV envelopment was investigated by
Tirabassi and Enquist (57, 58), biotinylation studies demon-
strated that PrV gE was endocytosed at 4 hpi. However, little
biotinylated gE was found in virion particles 12 h later. The
VZV results were completely different from those for PrV in
that a majority of enveloped VZV virions contained internal-
ized biotinylated glycoproteins. Thus, PrV may have alterna-
tive pathways for glycoprotein transport during envelopment,
since PrV with a gE endocytosis motif mutation is able to
replicate, albeit with a small-plaque phenotype.

A role for gB endocytosis in the biogenesis of other herpes-
viruses, besides VZV, was proposed previously. HCMV gB, a
major component of the HCMV envelope, is essential for the
production of infectious virus. Surface biotinylation of HCM V-
infected human fibroblasts demonstrated that a major fraction
of internalized gB was found subsequently in HCMV virions
(51). In addition, endocytosis of gB was shown to play a role in
mediating the TGN localization of gB and in targeting of the
protein to the site of virus envelopment in HCMV-infected
astrocytoma cells (36). However, prevention of endocytosis by
the expression of a dominant-negative dynamin mutant did not
affect the production of infectious virus. Endocytosis and en-
velopment have also been investigated in an HSV-1 system.
When endocytosis-deficient gB molecules were expressed with
a gB-null virus, infectivity was markedly reduced (5). Thus,
there are unresolved differences between HCMV and HSV-1
data, with regard to whether endocytosed gB is essential for
the formation of infectious virions.

There is one additional issue to address, namely, the conse-
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quences of the endocytosis block late in infection. The first
possibility is that viral glycoproteins internalized early in infec-
tion remain in a storage compartment until they are sorted to
the TGN virion assembly vacuole (Fig. 8, pathway 6). This
pathway was suggested in earlier reports (51, 58). An alterna-
tive possibility is that virions formed early in infection contain
a subset of glycoproteins different from those contained in
virions assembled later in infection. In this scenario, early
virions would contain primarily glycoproteins internalized
from the cell surface, while later virions would contain glyco-
proteins shuttled to the TGN assembly site from the early
endosomal pathway without the intermediate steps of trans-
port to and internalization from the cell surface (Fig. 8, path-
ways 1 and 4). Again, the data from lethal recombinant VZV
¢E are instructive; unlike other herpesviruses, VZV apparently
cannot use an alternative trafficking pathway if the gE endo-
cytosis pathway is blocked by a mutation in the YAGL se-
quence in the gE cytoplasmic tail. For VZV and in contradis-
tinction to PrV, therefore, endocytosis is a glycoprotein
trafficking mechanism of paramount importance.
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