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Varicella-zoster virus (VZV) encodes a cell surface Fc receptor, glycoprotein gE. VZV gE has previously been
shown to display several features common to nonviral cell surface receptors. Most recently, VZV gE was
reported to be tyrosine phosphorylated on a dimeric form (J. K. Olson, G. A. Bishop, and C. Grose, J. Virol.
71:110-119, 1997). Thereafter, attention focused on the ability of VZV gE to undergo receptor-mediated endo-
cytosis. The current transient transfection studies demonstrated by confocal microscopy and internalization
assays that VZV gE was endocytosed when expressed in HeLa cells. Endocytosis of gE was shown to be depen-
dent on clathrin-coated vesicle formation within the cells. Subsequent colocalization studies showed that endo-
cytosis of VZV gE closely mimicked endocytosis of the transferrin receptor. The gE cytoplasmic tail and more
specifically tyrosine residue 582 were determined by mutagenesis studies to be important for efficient inter-
nalization of the protein; this tyrosine residue is part of a conserved YXXL motif. The amount of gE internal-
ized at any given time reached a steady state of 32%. In addition, like the transferrin receptor, internalized gE
recycled to the cell surface. The finding of gE endocytosis provided insight into earlier documentation of gE
serine/threonine and tyrosine phosphorylation, since these phosphorylation events may serve as sorting signals
for internalized receptors. Taken together with the previous discovery that both human and simian immuno-
deficiency virus envelope proteins can undergo endocytosis, the gE findings suggest that endocytosis of enve-
lope components may be a posttranslational regulatory mechanism among divergent families of enveloped viruses.

Varicella-zoster virus (VZV) is a member of the alphaher-
pesvirus subfamily and is the prototype of the recently desig-
nated Varicellovirus genus (29). VZV infection in humans
causes two clinically distinct diseases, chicken pox (varicella)
and shingles (herpes zoster). The genome of VZV encodes at
least six glycoproteins, one of which is gE (previously desig-
nated gplI and gp98). Of the six, gE is the most abundant virion
envelope glycoprotein (17). In addition, gE is the predominant
VZV glycoprotein expressed on the surface of infected cells, as
demonstrated by both indirect immunofluorescence and flow
cytometric analysis (26, 32). VZV gE has also been expressed
on the surface of gE-transfected cells (25, 52). The glycopro-
tein gE has been designated a typical type I transmembrane
glycoprotein, which consists of three regions: a 544-amino-acid
hydrophilic extracellular region, a 17-amino-acid hydrophobic
transmembrane region, and a 62-amino-acid charged cytoplas-
mic tail region (8, 17). The amino acid sequence of the extra-
cellular region contains two cysteine-rich regions, three N-
linked glycosylation signals, and putative juxtamembrane
domain favoring O-linked glycans (25). VZV gE has been
shown to be both N-linked and O-linked glycosylated as well as
sialylated and sulfated (32, 52). VZV gE has been demon-
strated to be modified by serine/threonine casein kinase II
phosphorylation (37, 52). Hence, gE displays features com-
monly observed in several nonviral cell surface receptors (37,
46). Further VZV gE on the surface of infected cells has
previously been shown to function as an Fc receptor for non-
immune immunoglobulin G (IgG) (25, 26). Recently, we re-
ported that gE was phosphorylated on a tyrosine residue but
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only on a dimeric form (37). This observation further increased
the likelihood that gE functioned as a surface receptor. There-
fore, we have extended the foregoing investigations to include
receptor-mediated endocytosis, another prominent function of
cell surface receptors which contain both serine and tyrosine
consensus phosphorylation motifs in their cytoplasmic tails.

Receptor-mediated endocytosis enables the uptake of mac-
romolecules that are vital for a cell’s proper functioning (16,
30). The entry phase of this process is initiated by cell surface
receptors collecting in regions of the plasma membrane spe-
cialized for internalization, clathrin-coated pits. Other trans-
membrane proteins are mostly excluded from clathrin-coated
pits and are internalized very slowly (2, 39). The clathrin-
coated pits are then pinched off into the cell as clathrin-coated
vesicles that deliver the receptors to early endosomes. Inter-
nalized proteins are sorted into either a lysosomal pathway or
a recycling pathway. Those receptors which are recycled first
enter the sorting endosome and are then shuttled to the recy-
cling endosome, from which they are directed back to the
plasma membrane (14). Recent evidence indicates that the
cytoplasmic domains of cell surface receptors are required for
endocytosis. Cytoplasmic tail deletions in the low-density li-
poprotein receptor (LDLR), transferrin receptor (TR), epi-
dermal growth factor receptor (EGFR), or polymeric Ig recep-
tor (pIgR) diminished internalization (24, 38, 40). Mutations
changing a single tyrosine residue in the cytoplasmic tail of
several receptors, including LDLR and pIgR, have prevented
efficient internalization of the proteins (7, 34).

Due to the homology between VZV gE and nonviral cell
surface receptors (37), the current study was designed to ex-
amine whether VZV gE undergoes endocytosis in a similar
manner to other cell surface receptors. The results described
herein not only show remarkable similarities in cell surface
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internalization patterns between the VZV gE Fc receptor and
the human TR but also suggest mechanisms by which gE may
mediate cell-to-cell spread of virus (10, 12).

MATERIALS AND METHODS

Cells and plasmids. HeLa cells (ATCC CCL2) were obtained from American
Type Culture Collection, Rockville, Md. HeLa cells were grown in Eagle com-
plete medium supplemented with 10% fetal bovine serum (FBS). Recombinant
vaccinia virus (T7-vaccinia virus) and the expression plasmid pTM1 have been
described elsewhere (33). Construction of plasmid pTM1-gE containing VZV
open reading frame 68 has been published previously (52). Two anti-TR mono-
clonal antibodies (MAbs E2.3 and A27) were obtained from I. Trowbridge (50).

Endocytosis assay with laser scanning confocal microscope. HeLa cells were
seeded in 35-mm-diameter tissue culture dishes at a concentration of 6.2 X 10°
cells per dish. After overnight incubation at 37°C, the cells were first infected
with recombinant T7-vaccinia virus and then transfected with 15% Lipofectin
(Gibco BRL) containing 4 g of pTM1-gE construct. Six hours posttransfection,
fresh medium was added, and the cells were incubated overnight at 37°C. The
cells were washed two times with cold phosphate-buffered saline (PBS; pH 7.4).
The primary MAb, 3B3, was added to each dish (1:2,000 dilution in PBS) and
incubated for 30 min at 4°C. MAb 3B3 recognizes an 11-amino-acid epitope in
the ectodomain of VZV gE (19). The cells were washed once with PBS and once
with Eagle complete medium supplemented with 10% FBS. Then fresh medium
was added, and the cells were incubated at 37°C for various intervals. At the
given times, the cells were fixed and permeabilized with 2% paraformaldehyde in
0.1 M Na,HPO, with 0.05% Triton X-100. After 1 h of incubation, the cells were
washed five times with PBS. The cells were then incubated for 1 h with goat
anti-mouse—fluorescein isothiocyanate (FITC) conjugate (Biosource). After one
more wash, the cells were viewed with a Bio-Rad MRC 600 or MRC 1024 laser
scanning confocal microscope in the University of Iowa Central Microscopy
Research Facility (37). Images were saved in X-view (J. Bradley) and Showcase
(Silicon Graphics) programs.

Inhibition of endocytosis by sucrose. HeLa cells were transfected as previously
described. Prior to the endocytosis assay, the cells were incubated with Eagle
complete medium supplemented with 10% FBS containing 0.3 M sucrose for 30
min. The cells were incubated with MAb 3B3 as previously described. The cells
were then incubated with medium containing 0.3 M sucrose for different
amounts of time during the assay. This method is similar to the sucrose inhibition
assay previously described by Ashworth et al. (1). The cells were processed as
described above.

Colocalization with clathrin-coated vesicles. HeLa cells were transfected and
incubated with MAb 3B3 at 4°C as previously described. The cells were incu-
bated with medium at 37°C for 0, 5, 15, or 30 min, after which they were fixed and
permeabilized. The cells were incubated with mouse monoclonal IgM anti-
clathrin antibody (10 pg/ml; ICN Biomedicals) for 1 h. The cells were washed
and then incubated with goat anti-mouse IgG-Texas red conjugate (1:1,000
dilution) and goat anti-mouse IgM-FITC conjugate (1:1,000 dilution) (Bio-
source) for 1 h. The cells were prepared and analyzed for laser scanning confocal
microscopy as described above.

Colocalization with TR. HeLa cells were transfected as previously described.
After 16 h, the cells were first incubated with murine MAb E2.3 or A27 (1:1,000
dilution) and rabbit monospecific polyclonal antiserum which recognizes VZV
gE (1:1,000 dilution). The cells were incubated next with secondary antibodies,
goat anti-mouse—Texas red conjugate (Molecular Probes), and goat anti-rabbit—
FITC conjugate (Biosource). The time interval for each incubation period is
given in Results. The cells were processed as described above.

Endocytosis assay of Fc receptor. HeLa cells were transfected as described
above. The cells were washed with PBS and incubated with human plasma IgG
Fc fragments (1 mg/ml in 0.1% NaNj; Calbiochem) at 4°C for 30 min. The cells
were washed with PBS and then incubated with medium for 15 min at 37°C. After
15 min, the cells were fixed and permeabilized as described above. Next, the cells
were incubated with F(ab’), goat anti-human Ig-FITC conjugate (1:800 dilution)
(Biosource) for 1 h. The cells were prepared for analysis by laser scanning
confocal microscopy as described above.

Construction of gE tailless mutant and gE-Y582G tyrosine mutant. To con-
struct the tailless gE mutant, plasmid pTM1-gE was digested with Sspl and PstI
to remove the intervening nucleotides. The DNA termini were repaired with the
Klenow fragments of Escherichia coli DNA polymerase and then religated. The
final tailless product contained 555 of the 623 codons of the wild-type gE mol-
ecule (8). The construct was followed by multiple TAA stop codons in the
polylinker region of pTM1 (33, 52).

To mutate the tyrosine residue at position 582 in the gE cytoplasmic tail,
site-directed mutagenesis was performed by recombination PCR (53). Four
oligonucleotide primers were prepared in order to generate two linear fragments
containing two homologous ends. Two pairs of primers were designed: one pair
of mutating primers and one pair of nonmutating primers. The nonmutating
primers were prepared on an Applied Biosystems Synthesizer (Applied Biosys-
tems) at the University of Iowa DNA core facility. The mutating primers were
prepared by Genosys through the DNA core facility. Sequences of the mutating
primers were 5" AGCATGTATGGCGCCGGCCTTCCAG 3’ and 5" GGAAG
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GCCGGCGCCATACATGCTT 3', with a 23-bp overlap. Sequences of the non-
mutating primers were previously described (37). Plasmid pTMI1-gE was first
linearized with restriction endonuclease Sacl or Spel. One mutating and one
nonmutating primer were used in pairs to generate linear fragments. Amplifica-
tion of the DNA fragments from the linearized plasmid template was performed
by PCR methods previously described (37, 53). The two linear DNA products
were combined and transformed into Max competent E. coli DH5« cells (BRL,
Life Technologies). Recombination occurred between the homologous frag-
ments to produce a plasmid, called gE-Y582G, containing the desired mutation,
and the mutation was verified by sequencing at the University of Iowa DNA core
facility.

Quantitative internalization assay with radiolabel analysis. HeLa cells were
transfected as described above. Six hours posttransfection, 250 uCi of [**S]me-
thionine-cysteine (specific activity, 7.15 mCi/ml; PRO-MIX; Amersham) per ml
was added to each dish, and the cells were incubated overnight at 37°C. The cells
were washed, incubated with MAb 3B3 (1:2,000 dilution) for 30 min at 4°C as
described above, and then incubated at 37°C for different intervals. At the given
times, the cells were treated with 1 mg of trypsin (Sigma) per ml for 30 min at
0°C. After removal of surface proteins, the cells were lysed in radioimmunoassay
buffer containing 0.5 mg of soybean trypsin inhibitor (Sigma) per ml on ice for 30
min. This assay closely resembles that previously described by McClain et al.
(28). The lysates containing antigen-antibody complexes were incubated with
protein A-Sepharose CL-4B beads (Pharmacia) and precipitated as previously
described (37). The proteins were eluted from the protein A beads in reducing
buffer (125 mM Tris [pH 6.8], 6% glycerol, 10% 2-mercaptoethanol) by incuba-
tion at 100°C for 5 min. Immunoprecipitated proteins were analyzed on 10 to
18% gradient polyacrylamide gel containing 0.1% sodium dodecylsulfate (SDS).
Gels were analyzed on a Packard Instantimager and exposed to radiographic
film.

Endocytosis and recycling of gE analyzed by trypsin treatment. HeLa cells
were transfected as previously described. The cells were washed, incubated with
MAD 3B3 at 4°C as described above, and then incubated with medium at 37°C for
30 min. After 30 min, the cells were treated with 1 mg of trypsin per ml at 0°C
for 30 min. After trypsin treatment, the cells were returned to 37°C with fresh
medium containing 0.5 mg of trypsin inhibitor per ml for various amounts of
time. At the specified times, the cells were fixed with 2% paraformaldehyde in 0.1
M Na,HPO,. Next, the cells were incubated with secondary antibody, goat
anti-mouse-FITC conjugate, for 1 h. The cells were processed and viewed by
laser scanning confocal microscopy as described above.

RESULTS

Endocytosis of VZV gE. Since VZV gE was previously iden-
tified as a phosphorylated Fc receptor, gE was examined for
similarities with other nonviral cell surface receptors (26). Fur-
ther, homology comparisons with other cell surface receptors
identified similarities between gE and the LDLR and the Fc
gamma receptor II (FcyRII) (37). Because endocytosis is com-
mon to these receptors, gE was analyzed to determine if it
could be endocytosed from the plasma membrane.

To this end, HeLa cells were transfected with plasmid
pTM1-gE, which contains the entire wild-type gE gene. Sixteen
hours posttransfection, the cells were incubated with MAb 3B3
at 4°C for 30 min, during which time endocytosis is inhibited.
The cells were then returned to 37°C for 0, 5, 10, 15, 30, 45, or
60 min to allow internalization of gE. At the given times, the
cells were fixed and permeabilized. Then, secondary antibody
was incubated with the cells to identify where the antibody-
bound gE proteins localized within the cell. Subsequently, the
cells were analyzed by confocal microscopy with laser section-
ing in 1-pm increments from the surface of the cell to the plane
of attachment (zeta series). The images were analyzed, and the
central section from each time point was compared for gE
localization. As shown in Fig. 1A, when gE transfected cells
were incubated with MAb 3B3 and not returned to 37°C,
antibody bound gE was on the surface of the cell and inter-
nalization was not evident. When the cells were incubated with
MAD 3B3 and then incubated at 37°C for 5 min (Fig. 1B), gE
was localized in clumping pattern on the membrane, and some
¢E was observed within the cell. After 10 and 15 min at 37°C
(Fig. 1C and D), more gE was localized within the cytoplasm of
the cells in small vesicle-shaped clusters. After 30, 45, and 60
min at 37°C (Fig. 1E to G), gE was detected within the cell as
well as on the surface. Further time points (data not shown)
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FIG. 1. Endocytosis of VZV gE analyzed by laser scanning confocal microscopy. HeLa cells were transfected with the gE gene. At 16 h posttransfection, the cells
were incubated with MAb 3B3 at 4°C for 30 min. The cells were then returned to 37°C with fresh medium for 0 min (A), 5 min (B), 10 min (C), 15 min (D), 30 min
(E), 45 min (F), or 60 min (G). The cells were fixed and permeabilized and then incubated with secondary antibody for 1 h. The images shown represent the central
section from the cells analyzed by laser scanning confocal microscopy. (H) HeLa cells were mock transfected and stained for a negative control. For each image
represented here and in similar figures, we performed a zeta series whereby the cell is laser sectioned in 1-pwm increments from cell surface to plane of attachment.

(Z) A zeta series of a cell that was incubated for 60 min at 37°C. Twelve smaller individual sections of the composite image are shown below panel Z, with the cell
surface section in the upper left and the plane of attachment in the lower right.
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FIG. 2. Sucrose inhibition of VZV gE endocytosis. HeLa cells were transfected with the gE gene. The cells were incubated with sucrose-containing medium for 30
min at 37°C and then incubated with MAb 3B3 at 4°C for 30 min. The cells were returned to 37°C with medium containing 0.3 M sucrose for 0 min (A), 15 min (B),
or 30 min (C). Transfected cells which were not incubated with sucrose medium were returned to 37°C for 0 min (D), 15 min (E), or 30 min (F). All the cultures were

analyzed by laser scanning confocal microscopy.

displayed similar localization and showed no decrease in the
amount of labeled protein. As a control, mock-transfected
HeLa cells were not bound by MAb 3B3 during the 30-min
incubation (Fig. 1H). Panel Z of Fig. 1 depicts a composite of
a complete zeta series as well as each individual section
through a gE-transfected cell which was incubated for 60 min
at 37°C. This pattern of VZV gE localization demonstrated
that gE was endocytosed from the cell membrane in a manner
consistent with other cell surface receptors.

Internalization of gE by clathrin-coated vesicles. Endocyto-
sis of receptors is mediated primarily by clathrin-coated vesi-
cles which are derived from the cell surface clathrin-coated

pits. The vesicles are responsible for the transfer of receptors
from the plasma membrane to the early endosomes. Internal-
ization via clathrin-coated vesicles is disrupted in hypertonic
solution (1). Hypertonic medium stabilizes clathrin microcage
structures, which reduces the soluble pool of clathrin available
for coated pit formation; hence, clathrin-coated vesicles are
not formed (30). To determine if gE was internalized by clath-
rin-coated pits, the cells were incubated in hypertonic medium
containing sucrose.

HeLa cells were transfected with the gE gene, and 16 h
posttransfection, the medium was replaced with medium con-
taining 0.3 M sucrose for 30 min. The cells were incubated with
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FIG. 3. Colocalization of VZV gE with clathrin-coated vesicles during endocytosis. HeLa cells were transfected with the gE gene. The cells were incubated with
MADb 3B3 at 4°C for 30 min. The cells were then returned to 37°C with fresh medium for 0 min (A), 5 min (B), 15 min (C), or 30 min (D). The cells were fixed and
permeabilized prior to being incubated with MAb against clathrin-coated vesicles for 1 h. The cells were then incubated with goat anti-mouse IgG-Texas red conjugate
and goat anti-mouse IgM-FITC conjugate. The cells were analyzed by laser scanning confocal microscopy with gE (red stain) and clathrin (green stain). Colocalization

is designated by the yellow color produced from merging the red and green stains.

MAD 3B3 for 30 min at 4°C. Then, the cells were incubated in
hypertonic medium for 15 or 30 min at 37°C. At the given
times, the cells were fixed and permeabilized. Secondary anti-
body was incubated with the cells to identify where the anti-
body bound proteins were localized. When analyzed by laser
scanning confocal microscopy, the gE-transfected cells that
were not incubated at 37°C after incubation with MAb 3B3
showed surface expression of gE (Fig. 2A). After 15 min at
37°C in the hypertonic medium (Fig. 2B), gE was localized to
the cell surface, in marked contrast to the internalized gE,
which was observed in a similar sample not incubated with
hypertonic medium (Fig. 2E). After 30 min at 37°C, gE was still
not internalized in the cells which were incubated with hyper-
tonic medium (Fig. 2C) but was internalized in the cells which
were incubated with regular medium (Fig. 2F). This experi-
ment showed that gE was unable to be internalized when the
cells were incubated in hypertonic medium. Therefore, this
result demonstrated that internalization of gE was dependent
on the clathrin-coated pit formation and clathrin-coated vesi-
cle transport.

To verify that gE internalization was clathrin mediated, gE-
transfected HeLa cells were double stained with MAb 3B3 and
MAD for clathrin in vesicles. HeLa cells transfected with gE
were incubated with MADb 3B3 as described above and incu-
bated at 37°C for 0, 5, 15, or 30 min. After the incubation times,
the cells were fixed and permeabilized. The cells were then
incubated with mouse IgM MAD for clathrin located in clath-
rin-coated vesicles. Next, the cells were stained anti-mouse
IgG-Texas red conjugate antibody and anti-mouse IgM-FITC
conjugate before analysis by laser scanning confocal micros-
copy. When the gE-transfected cells were not incubated at
37°C and were incubated with clathrin antibody (Fig. 3A), gE
was localized on the surface of the cells, as shown by the red
staining, and the clathrin was diffused throughout the cells in
vesicles, as shown by the green staining. Since not all cells in
the field were transfected, only a few cells showed the gE
staining (red) whereas clathrin was present in all cells stained
(green). After 5 min of incubation at 37°C (Fig. 3B), gE was
still localized to the surface with some gE, forming a clumping
pattern; however, some yellow staining, which represented co-
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FIG. 4. Colocalization of VZV gE with TR during endocytosis. HeLa cells were transfected with the gE gene. The cells were first incubated at 4°C for 30 min with
murine anti-TR MAb E2.3, MAb A27, and polyclonal antiserum against gE. The cells were then returned to 37°C for 0 min (A, F, and K), 15 min (B, G, and L), 30
min (C, H, and M), 45 min (D, I, and N), or 60 min (E, J, and O). The cells were fixed and permeabilized prior to incubating the cells with goat anti-mouse-Texas
red conjugate and goat anti-rabbit-FITC conjugate. The cells were analyzed by laser scanning confocal microscopy with TR (red stain) (A to E) and gE (green stain)

(F to J); the merged images (K to O) stained yellow.

localization of green and red, was observed. These results
indicated that gE was clustering in the clathrin-coated pits
forming the clathrin-coated vesicles at the cell membrane. Af-
ter 15 min of incubation at 37°C (Fig. 3C), gE was internalized,
and small vesicle-shaped structures which contained both gE
and clathrin were observed. The colocalization of gE and clath-
rin in vesicles was observed further after 30 min of incubation
at 37°C (Fig. 3D). These results demonstrated that gE colo-
calized with clathrin in coated vesicles during endocytosis.

Colocalization of VZV gE with TR during endocytosis. The
TR has been shown to undergo receptor-mediated endocyto-
sis. This process is dependent on clathrin-coated vesicles which
mediate the transport of TR to early endosomes after inter-
nalization. The receptors are then transported to sorting and
recycling endosomes, which facilitate the transport of TR back
to the plasma membrane (14, 15). To determine if gE was
following the same endocytosis pathway, gE was colocalized
with TR during endocytosis by laser scanning confocal micros-
copy.

For this experiment, transfected cells were incubated with
rabbit polyclonal antiserum against gE and mouse MAD
against TR (50). The cells were returned to 37°C for 15, 30, or
60 min. At the given times, the cells were fixed and permeabil-
ized. Next, the cells were incubated with goat anti-rabbit-FITC
conjugate and goat anti-mouse—Texas red conjugate. When the
cells were incubated with primary antibody but not returned to
37°C, gE was localized on the cell surface in the same manner
as shown in Fig. 1A (Fig. 4F), and TR was also localized on the
cell surface (Fig. 4A). When the two images were merged, the
two proteins colocalized to the cell surface, as shown by the

yellow color (Fig. 4K). After 15 min at 37°C, gE was internal-
ized in the same manner as in Fig. 1D (Fig. 4G), and TR was
also internalized (Fig. 4B). When the two images were merged,
the two proteins were localized to the same areas of the cell
(Fig. 4L). After 30 min at 37°C, gE was still internalized as was
TR (Fig. 4H and C). The two proteins were colocalizing in the
cytoplasm, and small vesicles which contained the two proteins
were defined within the cell (Fig. 4M). After 45 and 60 min of
incubation at 37°C, the two proteins continued to show similar
localization patterns (Fig. 4D, E, I, J, N, and O). Therefore,
these results showed that gE was internalized and possibly
recycled back to the plasma membrane in the same compart-
ments as TR. Since the TR endocytosis pattern has been pre-
viously defined (49), gE colocalization with TR suggested a
similar pattern of signal-dependent protein sorting.
Endocytosis of a functional VZV Fc receptor. Previous stud-
ies have shown that gE functions as an Fc receptor which binds
IgG (25). The endocytosis studies described above were con-
ducted with MAb 3B3, which does not discriminate between
receptors which have bound Fc and those which have not
bound Fc. To determine whether gE was endocytosed when it
bound Fc, gE internalization assays were repeated with Fc
fragments rather than gE-specific antibody. HeLa cells were
transfected with the gE gene. Sixteen hours posttransfection,
the cells were incubated with human plasma IgG Fc fragments
for 30 min. The cells were then incubated at 37°C for 15 min as
previously described. The cells were fixed and permeabilized
prior to incubation with F(ab"), FITC conjugated to goat anti-
human Ig. When the cells were analyzed by laser scanning
confocal microscopy as previously described, the gE which
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FIG. 5. Endocytosis of VZV gE while functioning as an Fc receptor. HeLa
cells were transfected with the gE gene. At 16 h posttransfection, the cells were
incubated with human IgG Fc fragments at 4°C for 30 min. The cells were then
returned to 37°C for 0 min (A) or 15 min (B). Next, the cells were fixed and
permeabilized prior to incubation with F(ab’),-FITC conjugated to goat anti-
human Ig for 1 h. The cells were analyzed by laser scanning confocal microscopy.
Arrowheads designate the Fc aggregates on the cell surface in panel A.

bound Fc fragments prior to incubation at 37°C displayed
distinct patches of staining on the cell surface (Fig. 5A). This
pattern of staining was similar to that observed for human Fc
receptors (13). However, after 15 min of incubation at 37°C,
the gE molecules which bound the Fc fragments were absent
from the cell surface, and no staining was observed in the cells
(Fig. 5B). These results suggested that all the gE which bound
the Fc fragments had been internalized and the internalized Fc
fragments had been degraded. In short, gE was able to undergo
endocytosis when it functioned as an Fc receptor.
Endocytosis of gE mediated by a tyrosine motif. Receptor
endocytosis has been shown to be dependent on specific cyto-
plasmic tail sequences (30). Deletional analyses of the cyto-
plasmic tail from several receptors, including FeyIlIR, LDLR,
plgR, EGFR, TR, and insulin receptor, have shown less effi-
cient internalization of the tailless receptor (24, 28, 31, 35, 38,
40). To determine if gE internalization was likewise dependent
on the cytoplasmic tail, a tailless gE mutant was constructed
and analyzed for efficient internalization. HeLa cells were
transfected with the tailless gE gene, which lacked the entire
cytoplasmic domain and seven transmembrane domain co-
dons. The cells were incubated with MAb 3B3 and processed
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for confocal microscopy as previously described for wild-type
¢E. When the tailless gE was incubated with MAb 3B3 without
being returned to 37°C (Fig. 6A), the protein was localized on
the surface of the cell; therefore, the deletion did not prevent
protein transport to the cell membrane. When the cells were
returned to 37°C for 15 min (Fig. 6B), tailless gE remained on
the surface of the cell, in contrast to wild-type gE (Fig. 6E).
After 30 min (Fig. 6C), tailless gE was still not efficiently
internalized, in contrast to the rapid internalization observed
with wild-type gE (Fig. 6F). Further time points showed similar
results (data not shown). These micrographs confirmed that gE
required the cytoplasmic tail sequence for efficient internaliza-
tion.

Specific amino acids within the cytoplasmic tails of receptors
are commonly associated with endocytosis. The requirement
for a cytoplasmic tyrosine motif in maintaining high-efficiency
internalization has been determined for a number of receptors
internalized by endocytosis, including the LDLR and TR (6,
30). The gE cytoplasmic tail contains six tyrosine residues, but
one tyrosine is located within a previously defined internaliza-
tion motif; i.e., the sequence YXXV(L) has been shown to
facilitate internalization of the mannose 6-phosphate receptor
and the FceyRII (4, 13, 31). Since gE contains a YAGL se-
quence in its cytoplasmic tail, the tyrosine residue in this motif
was replaced by a glycine residue, and the internalization ef-
ficiency of this substitution was evaluated. HeLa cells were
transfected with a mutant encoding the gE-Y582G gene. When
the gE-Y582G mutant was observed immediately after incu-
bation with MADb 3B3, the protein was located at the cell
surface (Fig. 7A). When the transfected cells were incubated
with MAD 3B3 and returned to 37°C for 15 or 30 min (Fig. 7B
and C), the protein remained on the surface and was not
internalized like the wild-type gE (Fig. 7E and F). Further time
points showed similar results (data not shown). Therefore,
these results suggested that the tyrosine in the YAGL motif in
the cytoplasmic tail was required for efficient internalization of
gE.

Endocytosis and recycling of VZV gE. By confocal micros-
copy, gE was found to be internalized and to be continually
present throughout the assay in a similar distribution. By co-
localization with the TR, gE was shown to enter the sorting and
recycling compartments where the TR was localized. These
results suggested that gE may be continually recycling to the
cell surface after internalization. To determine if gE was fol-
lowing such a pathway, gE was first analyzed by a quantitative
internalization protein assay. HeLa cells were transfected with
either wild-type gE or tailless mutant gE and radiolabeled with
[*>°S]methionine-cysteine. Sixteen hours posttransfection, the
cells were incubated with MADb 3B3 at 4°C for 30 min. The cells
were then returned to 37°C at increasing time intervals. At
each time point, the cells were treated with trypsin for 30 min
at 0°C and then lysed in lysis buffer containing trypsin inhibitor.
Trypsin degrades receptors on the surface of cells without
affecting internalized receptors (28). The lysates were precip-
itated with protein A beads. After the precipitates were sepa-
rated by SDS-polyacrylamide gel electrophoresis, the protein
bands on the gel were analyzed by an Instantimager for den-
sitometric determination of internalized protein at each time
point. The percent internalized protein was calculated based
on the total amount of protein precipitated from the cells
which were incubated with MAb 3B3 and not treated with
trypsin at the beginning of the assay. The percent internalized
protein represented the amount of protein which was bound by
MADb 3B3 at the surface that was subsequently internalized
during the various timed incubations at 37°C. The amount of
protein on the surface that was bound to MAb 3B3 prior to
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FIG. 6. Diminished endocytosis of a tailless VZV gE mutant. Deletion of the cytoplasmic domain of the gE receptor gene was carried out as described in Materials
and Methods. HeLa cells were transfected with the tailless gE gene. The cells were incubated with MAb 3B3 at 4°C for 30 min. Then, the cells were incubated
at 37°C for 0 min (A), 15 min (B), or 30 min (C). Simultaneously, HeLa cells were transfected with the wild-type gE gene and similarly processed at 0 min (D),
15 min (E), or 30 min (F). Cultures were fixed and permeabilized prior to incubation with secondary antibody, after which they were analyzed by laser scanning

confocal microscopy.

incubation at 37°C represented 100%; the amount of protein
which remained after trypsin treatment of these same cells
represented 0%. Previous reports demonstrate that all surface
¢E is removed by trypsin treatment (37). The internalization
of gE is shown in a graphical representation in Fig. 8. As the
cells were incubated at increasing intervals at 37°C, the
amount of gE internalized increased linearly until 15 min
(Fig. 8). Thereafter, the amount of gE internalized reached a
steady state of 32% at any given time. This curve was indicative
of a protein which was internalized and continually recycled.
The equilibrium of internalized protein was observed after the
initial burst of internalization when the protein was bound to
antibody on the surface. Cells which were not trypsin treated
after the endocytosis time points were used as controls to
ensure steady-state levels of antibody-bound protein through-
out the assay. In contrast to full-length gE, the tailless gE was

unable to be internalized under the same experiment condi-
tions (Fig. 8).

To further determine whether gE was being recycled to the
surface of the cells, gE was analyzed by the confocal micros-
copy internalization assay after treatment with trypsin. HeLa
cells were transfected with the gE gene as previously described.
Sixteen hours posttransfection, all of the cells were incubated
with MAb 3B3 at 4°C and returned to 37°C for 30 min to allow
internalization. Some of the cells were then incubated with
trypsin at 0°C for 30 min before being returned to 37°C for 15
or 30 min with medium containing trypsin inhibitor. When the
cells are returned to 37°C, internalized proteins are then able
to return to the cell surface (51). At the given time points, the
cells were fixed, stained with goat anti-mouse-FITC conjugate,
and analyzed by laser scanning confocal microscopy. Since the
cells were not permeabilized, the secondary antibody was able
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FIG. 7. Diminished endocytosis of a VZV gE tyrosine mutant. A mutation in the tyrosine codon at position 582 in the cytoplasmic tail produced a glycine codon
as described in Materials and Methods. HeLa cells were transfected with the gE-Y582G gene (A to C) or wild-type gE gene (D to F). The cells were incubated with
MAD 3B3 at 4°C for 30 min. The cells were then incubated at 37°C for 0 min (A and D), 15 min (B and E), or 30 min (C and F). Cultures were fixed and permeabilized.
Next, the cells were incubated with secondary antibody and analyzed by laser scanning confocal microscopy.
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FIG. 8. Endocytosis of VZV gE analyzed by a quantitative radiolabel assay.
HeLa cells were transfected with the wild-type gE gene (circles) or with the
tailless gE gene (squares) and radiolabeled with [3*S]methionine-cysteine. Six-
teen hours posttransfection, the cells were incubated with MAb 3B3 at 4°C for 30
min. The cells were then incubated with medium at 37°C for 0, 5, 10, 15, 30, 45,
or 60 min. After the various incubation periods, the cells were treated with
trypsin at 0°C for 30 min. Then the cells were lysed and precipitated. The
precipitated proteins were separated by SDS-polyacrylamide gel electrophoresis,
and the gel was analyzed on an Instantimager. The percent internalized protein
was derived from a formula comparing the total protein labeled on the cell
surface at 0 min (not treated with trypsin) with the amount of protein internal-
ized at the given time points (treated with trypsin).

to bind only surface antibody-bound protein. In the cells which
were not trypsin treated after the 30 min of incubation at 37°C,
some gE was still detectable on the surface during endocytosis
(Fig. 9A). Examination of the cells which were treated with
trypsin but not returned to 37°C after treatment demonstrated
that all gE (shown in Fig. 9A) was removed from the surface of
the cells by trypsin treatment (Fig. 9B). However, when the
cells were returned to 37°C for 15 or 30 min after trypsin
treatment (Fig. 9C and D), gE was observed again on the
surface of the cells. That gE which was initially on the surface
and bound by MAb 3B3 was internalized during the first incu-
bation at 37°C. Next, the trypsin was unable to affect the
internalized protein; therefore, by incubating the cells at 37°C
again, the internalized labeled gE was recycled back to the
surface of the cells, where the antibody bound to gE was
detected by laser scanning confocal microscopy. This assay was
also conducted with the tailless gE mutant and the gE-Y582G
mutant. These mutants were unable to be recycled back to the
surface after trypsin treatment and incubation at 37°C (data
not shown). These results are summarized in Fig. 10 (see
Discussion).

DISCUSSION

Recently published studies have demonstrated that the en-
velope protein of human immunodeficiency virus type 1
(HIV-1) undergoes endocytosis from the cell membrane (41).
The endocytosis of the HIV-1 envelope protein was dependent
on a tyrosine-containing motif in the cytoplasmic tail region of
gp41. Likewise, a similar conserved tyrosine-containing motif
in the envelope protein of simian immunodeficiency virus
(SIV) was identified as important for endocytosis of that pro-
tein (22, 43). Endocytosis of the HIV-1 envelope protein was
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inhibited during HIV-1 infection by the HIV-1 Gag precursor
protein Pr55%%¢ (11). The current studies have focused on the
endocytosis of a herpesvirus glycoprotein, VZV gE. As with
HIV and SIV, VZV gE was internalized via a tyrosine motif in
its cytoplasmic tail. Thus, endocytosis may be a common reg-
ulatory mechanism among diverse enveloped viruses, including
other alphaherpesviruses. For example, the pseudorabies virus
¢E homolog contains a similar conserved tyrosine motif in its
cytoplasmic domain (GenBank accession number M14336).
Whether the herpesviruses also specify a negative regulatory
protein to limit endocytosis is not known.

The findings with VZV gE parallel those of recent endocy-
tosis studies conducted on several cell surface receptors. En-
docytosis is the process by which integral membrane proteins
are selectively internalized from the plasma membrane in a
signal-dependent manner. Receptor endocytosis is an impor-
tant mechanism for cellular uptake of macromolecules which
are bound to cell surface receptors. Endocytosis is also impor-
tant for the cellular regulation of protein composition of the
plasma membrane. During endocytosis, membrane proteins
which are internalized are segregated from the resident plasma
membrane proteins and are concentrated in clathrin-coated
pits at the plasma membrane (45). The coated pits are then
pinched off from the plasma membrane into the cytoplasm,
forming transport vesicles that deliver the proteins to the en-
dosomal compartment. The clustering of receptors into the
coated pits is dependent on internalization signals, which are
structural motifs identified as short linear arrays of amino acids
that differ in specific sequence but share a common three-
dimensional conformation. The signal is most frequently a
tetrapeptide sequence with a pattern of aromatic-X-X-large
hydrophobic residue, where the aromatic residue is commonly
a tyrosine residue and the X represents any amino acid (48).
The tetrapeptide internalization sequences identified thus far
favor a conformational tight turn, a reverse-turn conformation
(B turn) or a terminal turn of « helix (5). The gE tetrapeptide
conforms to the internalization motifs previously identified in
several receptors, including the TR, LDLR, pIgR, and FcyRII
(4, 48). The tyrosine residue appears to be an important de-
terminant for internalization, since substituting a tyrosine for a
native cysteine residue in the influenza virus hemagglutinin
protein endodomain converted a nonendocytosed protein into
an efficiently internalized protein (23).

The VZV studies of gE endocytosis were aided considerably
by laser scanning confocal microscopy. Figure 10 depicts our
experimental protocol designed to demonstrate endocytosis
and recycling of VZV gE. The current studies also clarified
that VZV gE can function as an Fc receptor when it bound its
ligand; however, ligand binding was not required for internal-
ization. Most likely, the Fc fragments were separated from gE
after internalization and then degraded in the lysosomal path-
way. This process would be similar to that of the LDLR, which
binds its ligand prior to internalization; once internalized, the
ligand dissociates from the receptor, with the receptor entering
the recycling pathway and the ligand entering the lysosomal
pathway (16).

The VZV gE phosphorylation events have been extensively
characterized (17, 52, 53). Most recently, VZV gE was shown
to be tyrosine phosphorylated when it forms a homodimeric
complex (37). Tyrosine phosphorylation may be important for
differential sorting and trafficking of the monomers and dimers
after internalization. Earlier studies have firmly established
that VZV gE contains a consensus sequence for casein kinase
IT phosphorylation in its cytoplasmic tail, and this sequence is
phosphorylated by casein kinase II (17, 37, 52). The consensus
sequence for casein kinase II phosphorylation is defined as a
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FIG. 9. Endocytosis and recycling of VZV gE. Replicate cultures of HeLa cells were transfected with the gE gene. The cells were incubated with MAb 3B3 at 4°C
for 30 min, incubated at 37°C for 30 min to allow internalization, and then incubated with trypsin at 0°C for 30 min to remove surface proteins. The cells were returned
to 37°C with fresh medium containing trypsin inhibitor for 0 min (B), 15 min (C), or 30 min (D). At the given time points, the cells were fixed and stained with secondary
antibody to identify the gE which had been internalized and recycled to the cell surface. Transfected cells that were not trypsin treated or returned to 37°C represented
the positive control (A). The cells were analyzed by laser scanning confocal microscopy.

serine or threonine followed by acidic amino acid residues; the
sequence may form an « helix (20). The same acidic amino
acid stretches have also been implicated in endocytosis and
trafficking of internalized proteins (42). Other studies have
detected a casein kinase II-like activity associated with coated
vesicles (44). Most recently, studies with the mannose 6-phos-
phate receptor demonstrated that casein kinase II phosphory-
lation of the receptor was required for its binding to clathrin-
associated complex, AP-1, at the trans-Golgi network (TGN)
(27). The AP-1 and AP-2 complexes bind to receptors prior to
clathrin pit formation at the TGN and plasma membrane,
respectively (36). Current studies have also suggested that a
novel class of clathrin-coated vesicles enable exit from endo-
somes during recycling of the TR (47). Therefore, the casein
kinase II consensus sequence and its phosphorylation/dephos-
phorylation may play a role in endocytosis and recycling of
receptors which have been internalized (21, 49). In this regard,
the acidic amino acid region in VZV gE cytoplasmic tail has

recently been shown to function as a sorting signal to the TGN
(54).

VZV, like other alphaherpesviruses, is highly neurotropic.
Studies with pseudorabies virus (PRV) and herpes simplex
virus have implicated gE in neuronal cell-to-cell spread (10,
12). In the PRV rat model, gE is not required for entry into the
primary neuron, but gE is required for transneuronal passage
of PRV, either from retinal afferents or into postsynaptic reti-
norecipient neurons (3). Recently, synaptic vesicles have been
shown to be clathrin-coated vesicles which continually recycle
in a pattern similar to the recycling which occurs at the surface
of all cells (9). Since VZV gE can enter the recycling pathway
in cells via clathrin-coated vesicles, gE may also be incorpo-
rated in the synaptic recycling pathway in neurons. Likewise,
endocytosis may be one pathway by which gE is incorporated
into cytoplasmic vacuoles containing virions, prior to their
egress onto the cell surface (18). Very importantly, VZV gE
endocytosis and recycling explain the abundant expression of
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FIG. 10. Model for endocytosis and recycling of VZV gE. Replicate cultures
of HeLa cells (large open ovals) were transfected with the gene encoding VZV
gE, and gE proteins (small solid ovals) were expressed on the cell surface. The
cells were incubated at 4°C for 30 min with MAb 3B3 (a). Some cultures were
immediately fixed and permeabilized and then incubated with secondary anti-
body-FITC conjugate (asterisks) prior to analysis by laser scanning confocal
microscopy (e). The remaining cultures were incubated at 37°C for increasing
intervals to allow internalization of the surface gE (b). When these cultures were
fixed and permeabilized and incubated with FITC conjugate, the confocal mi-
croscopy showed that some surface gE had been internalized (f). Further exper-
iments to demonstrate recycling of internalized gE were performed by treating
the cells with trypsin to remove all surface gE remaining after incubation at 37°C
(c). Some of these cells were fixed and incubated with FITC conjugate (g). Since
the cells were not permeabilized, no secondary antibody could enter the cell to
label internalized protein. As expected, no surface gE was present when the cells
were analyzed by microscopy (g). Posttrypsinization, the remaining cultures were
incubated at 37°C for various intervals (d). Recycling back to the cell surface was
demonstrated by observing gE on the surface after these cells were fixed and
incubated with secondary antibody-FITC conjugate (h).

the protein observed on the surface of both infected and trans-
fected cells (17, 18, 25, 26).
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