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Human cytomegalovirus (HCMV) infection of an astrocytoma cell line (U373) or human fibroblast (HF) cells
results in a differential cell distribution of the major envelope glycoprotein gB (UL55). This 906-amino-acid
type I glycoprotein contains an extracellular domain with a signal sequence, a transmembrane domain, and a
135-amino-acid cytoplasmic tail with a consensus casein kinase II (CKII) site located at Ser900. Since phos-
phorylation of proteins in the secretory pathway is an important determinant of intracellular trafficking, the
state of gB phosphorylation in U373 and HF cells was examined. Analysis of cells expressing wild-type gB and
gB with site-specific mutations indicated that the glycoprotein was equally phosphorylated at a single site,
Ser900, in both U373 and HF cells. To assess the effect of charge on gB surface expression in U373 cells, Ser900
was replaced with an aspartate (Asp) or alanine (Ala) residue to mimic the phosphorylated and nonphospho-
rylated states, respectively. Expression of the Asp but not the Ala gB mutation resulted in an increase in the
steady-state expression of gB at the plasma membrane (PM) in U373 cells. In addition, treatment of U373 cells
with the phosphatase inhibitor tautomycin resulted in the accumulation of gB at the PM. Interestingly, the
addition of a charge at Ser900 trapped gB in a low-level cycling pathway at the PM, preventing trafficking of the
protein to the trans-Golgi network or other intracellular compartments. Therefore, these results suggest that
a tautomycin-sensitive phosphatase regulates cell-specific PM retrieval of gB to intracellular compartments.

Viral glycoproteins mediate a number of essential func-
tions in the virus life cycle, including entry into the host cell,
assembly of viral progeny, and release of infectious virus (24).
Glycoprotein maturation occurs through posttranslational
modification during sequential transport through the cellular
secretory pathway. Viral proteins use cellular trafficking path-
ways to concentrate at a subcellular location at which capsid
envelopment is thought to occur. The mechanisms involved in
the localization of glycoproteins to sites of viral assembly are
poorly understood.

Human cytomegalovirus (HCMV), a member of the herpes-
virus family, demonstrates cell specificity for virus assembly
and release (22). The mechanisms for virus assembly and
egress are still unclear, although attachment of membrane-
bound viral glycoproteins to tegumented capsid is believed to
play an important role in this process. The most abundant
glycoprotein detected in the HCMV virion envelope is gB
(UL55) (6). HCMV gB is synthesized as a 105-kDa polypep-
tide and processed into a highly glycosylated 130-kDa precur-
sor glycoprotein. After glycosylation, the gB precursor is
cleaved by furin to produce a heterodimer protein (gp55 and
gp116) (52). gB is a type I glycoprotein containing a signal
sequence, an extracellular or luminal domain, a transmem-
brane (TM) domain, and a 135-amino-acid cytoplasmic tail (5,
20, 38). The cytoplasmic tail contains a consensus casein kinase
II (CKII) site, which is phosphorylated both in vitro and in vivo
(1, 37, 55).

HCMV infects several different cell types in patients, includ-
ing monocytes, fibroblasts, endothelial cells, epithelial cells,
and stromal cells (8, 9, 11, 13, 18, 19, 23, 28, 32–34, 40, 41, 45,
47–51, 54, 56). However, the vast majority of studies on
HCMV replication in vitro have used human fibroblasts (HF).
Examination of viral replication in other cell types, such as
monocyte-derived macrophages (MDM) and endothelial cells,
revealed significant differences in the kinetics of viral replica-
tion, viral cytopathic effect, and release of virus from the cell
(16, 17, 25). Interestingly, unlike infected HF, in which virus is
readily recovered from supernatants, HCMV infection of
MDM resulted exclusively in the accumulation of intracellular
but not extracellular infectious virus, which was sequestered in
numerous intracellular vacuoles whose membranes contained
gB. In addition, comparison of HF and MDM by confocal
microscopy revealed the presence of gB at the plasma mem-
brane (PM) of HF but not MDM. These observations suggest
cell-specific pathways for gB intracellular trafficking.

The surface expression of viral glycoproteins is affected by
their steady-state expression, transport to the PM, and rates of
internalization from the cell surface. Deletion and point mu-
tational analysis of the C-terminal domain of cell surface re-
ceptors and viral glycoproteins has revealed sequence motifs,
which are used by adapter molecules to sort the proteins to
coated pits, where they become internalized. Internalization
signals have been identified for several cellular proteins, in-
cluding furin, low-density lipoprotein receptor, transferrin re-
ceptor, polymeric immunoglobulin (Ig) receptor, and epider-
mal growth factor receptor. Comparison of the sequences of
these proteins indicates that a common structure, rather than
sequence, is necessary for internalization. Recent studies on
viral glycoproteins have uncovered how viruses have evolved to
take advantage of this regulated endocytosis pathway (42, 60).

Recent studies with furin have demonstrated that the state
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of glycoprotein phosphorylation can affect the steady-state ex-
pression of a protein at the PM. Since HCMV gB displayed
cell-specific PM expression, we examined the effect of gB phos-
phorylation on gB trafficking in different cell types. Our results
indicate that gB displays a cell-specific steady-state expression
of protein at the cell surface, which is regulated by a tautomy-
cin-sensitive phosphatase. In addition, the presence of a
charged residue at the phosphorylation site, which mimics the
phosphorylation state, results in gB vacuoles that remain near
the PM. These data suggest that the cell-specific differences in
surface expression of gB are due to altered states of gB phos-
phorylation, which appears to be mediated by a tautomycin-
sensitive phosphatase.

MATERIALS AND METHODS

Isolation and culture of MDM. MDM cultures were obtained by stimulation of
fresh peripheral blood mononuclear cells from the blood of HCMV-seronegative
donors with concanavalin A and cultured as previously described (15, 25).

HCMV infection of HF, U373 cells, and MDM. A recent isolate of HCMV (Po)
or the laboratory strain AD169 was used to infect HF, U373 cells, and primary
cultures of MDM. The clinical viral isolate Po was isolated from a transplant
patient with HCMV disease, passaged through HF, and stored at low passage
number at 270°C (25). Frozen samples from this stock were thawed and pas-
saged three additional times through HF before being used to infect MDM.
Cell-free supernatants from HCMV-infected HF were used to infect the different
cell cultures as previously described (15).

Expression of gB by VV infection in HF and U373 cells. Vaccinia virus (VV)
WR was used in these studies. Recombinant VV (RVV) were constructed by a
modification of a previously described method (4, 57). The point mutants gBAla
and gBAsp were constructed by PCR with the amino-terminal primer gBwt N-
term (59-TCGTCTGATGCATCCACGGCG-39) and the carboxy terminal
primer gBAla C-term (59-CTAGCTGAGCGGCCGCTCAGACGTTCTCTTCT
TCGTCGGCGTCTTTC-39) or gBAsp C-term (59-CTAGCTGAGCGGCCGCT
CAGACGTTCTCTTCTTCGTCGTCGTCTTTC-39). The PCR fragments from
the PCR mutagenesis of AD169 gB were digested with NsiI and NotI and cloned
into an EcoRI site in Rep4DegBwt, resulting in Rep4DegBAla and Rep4DegBAsp.
The genotype of the new clones was confirmed by sequence analysis and diges-
tion with EcoRI. gB was excised from the Rep4De clones with XhoI, and the
resulting 2.7-kb fragments were cloned into the VV insertion selection plasmid
pZVneo (21) digested with XhoI. The orientation was confirmed by StuI and
BglII restriction digest analysis and cycle sequencing. Homologous recombina-
tion, selection, and partial purification of recombinant viruses were performed as
described by VanSlyke et al. (57). RVV 1-12-11 was chosen for gBwt, 13-24-13
was chosen for gBAsp, and 25-36-33-38 was chosen for gBAla expression in VV.
Expression of gBwt and the gB point mutation substitutions gBAla and gBAsp was
carried out essentially as described previously (4). In addition, a VV that ex-
presses a dynamin dominant-negative mutant (RVV dynK44A) (7) was con-
structed as described above.

Immunocytochemistry. Uninfected and HCMV-infected cells were grown on
chamber slides, fixed at different time points after infection for 20 min at room
temperature in buffered picric acid-paraformaldehyde (2% paraformaldehyde,
15% buffered picric acid), and permeabilized with 0.3% Triton X-100 in phos-

phate-buffered saline. The cells were blocked with 20% normal goat serum in
phosphate-buffered saline and incubated for 1 h at 37°C with a 1:100 dilution of
one of the following antibodies raised against HCMV gene products: a mono-
clonal antibody to the N terminus (6) or a polyclonal antibody to the C terminus
of gB (the murine monoclonal antibody was a generous gift from William Britt,
University of Alabama, Birmingham, Ala.). The polyclonal antibody to the C
terminus of gB was generated by immunizing New Zealand White rabbits with
glutathione S-transferase (GST)–gB C-terminal tail chimeric protein, where the
entire cytoplasmic tail of gB was fused to GST. Injections and boosts were
performed as previously described (27). Binding of primary antibody was de-
tected with secondary antibodies conjugated to fluorescein isothiocyanate (FITC;
Sigma Chemical Co., St. Louis, Mo.), tetramethylrhodamine isothiocyanate
(TRITC; Sigma), or cyanine-5 (Biological Detection Systems, Inc., Pittsburgh,
Pa.) raised in the appropriate species and visualized on a Leica confocal laser
scanning microscope equipped with a Leitz Fluorovert-FU microscope and ar-
gon-krypton laser (CLSM AR/KR-Laser). The Slowfade Antifade kit (Molecular
Probes, Inc., Eugene, Oreg.) was used to ensure minimal fluorescence fading.

In vitro phosphorylation of GST-gB constructs. Fusions of native and mutated
gB cytoplasmic tails with GST were produced by PCR amplification of the
appropriate full-length gB construct in pZVneo (see above) and cloned into the
BamHI site of pGEX 3X (Pharmacia). GST chimeras expressed in bacteria were
used for in vitro phosphorylation assays. GST-gB (1 mg) was incubated at 30°C
for 20 min in the presence of 0.1 mM [g-32P]ATP (4,000 cpm/pmol) in a final
volume of 30 ml. CKII (10 U; ICOS) was assayed in 50 mM Tris (pH 7.2)–150
mM KCl–10 mM MgCl2. CKI (10 U; ICOS) was assayed in 50 mM Tris (pH
7.5)–150 mM NaCl–60 mM MgCl2.

In vivo phosphorylation of gB. Confluent HF and U373 cells (5 3 106)
cultured in 75-mm2 flasks were infected with RVV at a multiplicity of infection
of 5 and incubated at 37°C. At 2 h postinfection (p.i.), the medium was replaced
with phosphate-free minimal essential medium (MEM; Gibco) supplemented
with 5% dialyzed fetal bovine serum (FBS). At 3 h postinfection, sodium
[32P]orthophosphate (3 mCi/5 3 106 cells) was added to the medium and the
mixture was incubated for an additional 4 h. After being labeled, the cells were
harvested in 1 ml of cold radioimmunoprecipitation assay (RIPA) buffer con-
taining protease inhibitors. The lysates were clarified by centrifugation at
16,000 3 g for 10 min at 4°C in an Eppendorf microcentrifuge. The supernatant
was transferred to a new tube containing 5 ml of mouse IgG and incubated on ice
for 10 min with continuous mixing. Protein A-Sepharose (20 ml) was added, and
the mixture was incubated on ice for 10 minutes with continuous mixing. The
samples were centrifuged, and the supernatant was transferred to a new tube.
The samples were exposed to 20 ml of protein A-Sepharose again to clear the
supernatant. The samples were then transferred to a new tube containing 10 ml
of gB 7–17 and incubated overnight at 4°C with continuous mixing. This step was
followed by addition of 20 ml of protein A-Sepharose; the total mixture was
incubated on ice for 2 h with continuous mixing.

Radiolabeling and surface biotinylation of gB. Radiolabeling and surface
biotinylation were used to measure the relative amounts of gB at the PM of U373
cells infected with RVV gBwt, gBAla, or gBAsp. U373 cells infected with RVV
gBwt, gBAla, or gBAsp were pulsed-labeled for 12 h with [35S]methionine and
[35S]cysteine at 2 days p.i. After removal of the label, the cells were pulsed with
NHS-SS-biotin (no. 61105; Pierce, Rockford, Ill.) (stock of 200 mg/ml of di-
methyl sulfoxide) at 4°C. After a 1-h labeling period, the cells were rinsed with
Hanks balanced salt solution and prepared for sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) analysis. The cells were harvested in
1 ml of cold RIPA buffer containing protease inhibitors. The lysates were clar-
ified by centrifugation at 16,000 3 g for 10 min at 4°C in an Eppendorf micro-

FIG. 1. Confocal images of gB staining in HCMV-infected cells. HF (A), U373 cells (B), and MDM (C) were infected with HCMV as described in Materials and
Methods. HF were fixed at 3 days p.i., U373 cells were fixed at 7 days p.i., and MDM were fixed at 14 days p.i. The cells were permeabilized and stained with a
monoclonal mouse anti-gB antibody. Magnifications, 3294.
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centrifuge. Biotinylated protein was recovered from sample supernatants by
precipitation with 35 ml of a 50% slurry of ImmunoPure immobilized avidin
(Pierce), after which the beads were washed. Biotinylated gB was eluted from the
avidin beads by boiling in 50 ml of 20 mM Tris-HCl (pH 7.5)–100 mM NaCl–1%
SDS buffer for 5 min. The samples were then centrifuged, and the supernatants
were transferred to new tubes containing 5 ml of mouse IgG and incubated on ice
for 10 min with continuous mixing. Protein A-Sepharose (20 ml) was added, and
the mixture was incubated on ice for 10 min with continuous mixing. The samples
were centrifuged, and the supernatants were transferred to a new tube. The
samples were exposed to 20 ml of protein A-Sepharose again to clear the super-
natant. The samples were then transferred to a new tube containing 10 ml of gB
7–17 and incubated overnight at 4°C with continuous mixing. This step was
followed by the addition of 20 ml of protein A-Sepharose; the total mixture was
incubated on ice for 2 h with continuous mixing. The immunoprecipitated pro-
tein was then analyzed by SDS-PAGE.

Internalization experiment. gB antibody uptake experiments were performed
in RVV gBwt- or RVV gBAsp-infected U373 cells. At 6 h postinfection, mouse
anti-gB N-terminus antibody was added to the cells for 30 min. The cells were
then rinsed and incubated for a 30-min chase period followed by fixation. Non-
permeabilized cells were stained with a cyanine-5–anti-mouse secondary conju-
gate, rinsed, permeabilized, stained with a TRITC–anti-mouse secondary conju-
gate, rinsed again, and exposed to rabbit anti-gB C-terminus antibody and then
to an FITC–anti-rabbit secondary conjugate.

RESULTS

Steady-state HCMV gB exhibits cell-specific differences in
intracellular trafficking. Previous studies of HCMV-permis-
sive cells indicated that production of virus remained exclu-
sively cell associated in U373 cells and MDM, in contrast to
HF, which generated significant amounts of supernatant virus
(references 14 and 15 and unpublished observations). Since gB
is an essential part of the viral envelope, we used confocal
microscopy to examine gB accumulation and compartmental-

ization in these cell types. In HCMV-infected HF, gB was
observed in cytoplasmic vacuoles as well as at the PM (Fig.
1A). However, in MDM as well as U373 cells, gB was not
detected at the PM and was restricted to intracellular vacuoles
(Fig. 1B and C). Similar gB expression patterns were obtained
in HF and U373 cells infected with an RVV which expressed
wild-type gB (RVVgBwt) (see Fig. 4A and D). The cellular
differences in gB localization suggested alteration of the traf-
ficking patterns of this protein in these cells.

Phosphorylation of HCMV gB occurs only at Ser900. Previ-
ous studies have demonstrated that phosphorylation within
acidic cluster motifs is an important determinant for protein
sorting to intracellular compartments. Recently, the CKII con-
sensus sequence sequence D-Sp

900-D-E-E-E-N in the HCMV
gB carboxy-terminal tail was shown to be phosphorylated in
vitro and in vivo (60). However, other potential phosphoryla-
tion sites within gB were not examined in this study. To address
this issue, a gB-GST fusion protein was constructed in which
the entire 135-amino-acid gB tail was fused to GST (GST-
gBwt) to determine the ability of CKII to phosphorylate Ser900
in the context of the entire gB cytoplasmic tail. In addition, the
point mutation Ser900 to Ala900 (GST-gBAla) was constructed
as a fusion protein and used to determine if CKII phosphor-
ylation of Ser900 was specific for this site in an in vitro phos-
phorylation experiment. As demonstrated in Fig. 2A, GST-
gBwt was an efficient substrate for CKII whereas replacement
of Ser900 with Ala abolished phosphorylation. To ensure stable

FIG. 2. In vitro CKII phosphorylation of a GST-gB C-terminal tail chimeric
protein. A GST-gBwt or gBAla C-terminal tail chimera was attached to mi-
crobeads and treated with either CKII or CKI and [32P]orthophosphate followed
by magnetic bead purification and SDS-PAGE. (A) gBwt but not gBAla was
phosphorylated by CKII. However, neither of the chimeric proteins was phos-
phorylated by CKI. (B) Both GST-gBwt and GST-gBAla, were stably expressed as
determined by analysis by denaturing SDS-PAGE.

FIG. 3. gB is phosphorylated in HF and U373 cells in vivo. HCMV-infected
(A), RVV gBwt-infected (B), or RVV gBAla-infected (B) HF and U373 cells were
labeled with inorganic 32P and then subjected to immunoprecipitation with
gB-specific rabbit antisera and a preimmune (pre.) control serum. In vivo-phos-
phorylated gB was detected in HCMV- and RVV gBwt-infected but not in RVV
gBAla-infected HF and U373 cells.
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expression of both GST-gBwt and GST-gBAla, expression was
analyzed on denaturing SDS-PAGE gels with Coomassie bril-
liant blue staining. Figure 2B shows that both GST-gB chime-
ras are stably expressed in similar quantities. In addition, nei-
ther phosphorus alone nor CKI plus phosphorus was able to
phosphorylate the gB tail; therefore, Ser900 phosphorylation
was specific. Thus, the above experiments with point mutations
demonstrate that Ser900 is the only amino acid in the gB tail
that is phosphorylated by CKII in vitro.

To determine whether gB is phosphorylated in vivo, 32P-
labeled HF and U373 cells were infected with HCMV. Immu-
noprecipitation of gB from HCMV-infected HF and U373 cell
lysates indicated that the protein is naturally phosphorylated in
vivo in both cell types (Fig. 3A). These results suggest that the
cell-specific differences in the presence of gB at the PM of HF
and U373 cells is not due to the inability of CKII to phosphor-
ylate the protein in either cell type. To determine whether gB
Ser900 is the only residue phosphorylated in vivo, U373 cells
and HF were infected by RVV expressing either WT (RVV
gBWT) or gB containing Ser900 replaced with an Ala residue
(RVV gBAla). While infection of U373 cells and HF with RVV
gBWT resulted in phosphorylation of gB in both cell types,
mutation of the Ser900 residue abrogated phosphorylation of
the glycoprotein (Fig. 3B). Therefore, Ser900 is the only amino
acid in gB that is phosphorylated in both U373 cells and HF.

A charge at Ser900 results in cell surface expression of gB in
U373 cells. RVV gBwt, RVV gBAla, and a virus that expresses
gB with a point mutation which replaces Ser900 with an aspar-
tate residue (RVV gBAsp) were used to determine if the state
of gB phosphorylation affects intracellular routing. The mu-
tants gBAla and gBAsp, with point mutations, were generated to
mimic the nonphosphorylated and phosphorylated states of gB
Ser900, respectively. Western blot analysis of RVV gBwt-,
gBAla-, or gBAsp-infected HF revealed similar levels of gB
production (data not shown). In addition, the localization of
gB was evaluated by confocal microscopy in HF and U373 cells
infected with RVV gBwt, RVV gBAla, or RVV gBAsp. gB was
detected at the cell surface of HF infected with RVV gBwt (Fig.
4A) but not at the surface of U373 cells (Fig. 4D). Figures 4A
and D show that gB expressed by RVV gBwt retains the dif-
ferential expression pattern observed with gB expression in
both HCMV-infected HF and U373 cells, respectively. Infec-
tion of HF or U373 cells with RVV gBAla resulted in a cellular
distribution of gB similar to that due to infection with RVV
gBwt (compare Fig. 4A and B and compare Fig. 4D and E,
respectively). In contrast, when U373 cells were infected with
RVV gBAsp, a substantial amount of gB was detected at the
cell surface (Fig. 4F). In addition, RVV gBAsp infection of HF
resulted in increased expression of gB at the PM compared to
that due to RVV gBwt infection (compare Fig. 4A and C).

To analyze the overall expression of gB at the cell surface of
U373 cell cultures, surface biotinylation of RVV gBwt-, RVV
gBAla-, or RVV gBAsp-infected cell monolayers was per-
formed. Specifically, U373 cells infected with RVV gBwt, RVV
gBAla, or RVV gBAsp were pulse-labeled for 12 h with [35S]me-

thionine and [35S]cysteine at 2 days p.i. After removal of the
label, the cells were pulsed with NHS-SS-biotin at 4°C for 30
min. Surface-biotinylated proteins were immunoprecipitated
from culture extracts with immobilized avidin. After the biotin-
avidin complexes were disrupted by boiling, immobilized avi-
din was cleared by centrifugation. gB was then immunoprecipi-
tated from the sample supernatants with a monoclonal
antibody and analyzed by SDS-PAGE. Figure 5 demonstrates
that substantially more gBAsp than gBAla is detected at the
surface of U373 cells.

These results suggest that phosphorylation of Ser900 plays a
key role in the trafficking of gB, since replacing Ser900 with a
charged amino acid (Asp) allows surface expression in both
U373 cells and HF. One possible explanation for these obser-
vations is that the delivery of gB to the PM depends on the
phosphorylation state. Alternatively, the state of gB phosphor-
ylation may regulate internalization or recycling at the PM.

Tautomycin treatment of U373 cells results in gBwt cell
surface expression. The altered trafficking of gB in U373 cells
infected with gBAsp suggests that the phosphorylation state of
Ser900 may play an important role in gB trafficking. However,
the experiments described above indicate that gB is equally
phosphorylated in both HF and U373 cells. The phosphoryla-
tion of gB in these cells may also be influenced by the presence
of differential phosphatase activities that regulate the phos-
phorylation state of gB. To determine whether phosphatases
regulate gB cell surface expression, U373 cells infected with
RVV gBwt or RVV gBAla were treated with either the phos-
phatase inhibitor okadaic acid (100 nM; inhibitor of protein
phosphatase 2A) or tautomycin (100 nM; inhibitor of protein

FIG. 5. The steady-state cell surface expression of gBAsp is greater than that
of gBwt and gBAla on the PM of U373 cells. U373 cells were infected with RVV
gBwt, RVV gBAla, or RVV gBAsp and then subjected to surface biotinylation to
analyze differences in gB PM expression. Specifically, 35S-labeled U373 cells
infected with RVV gBwt, RVV gBAla, or RVV gBAsp were pulsed with NHS-SS-
biotin and the immunoprecipitated surface gB was analyzed by SDS-PAGE. This
figure demonstrates that substantially more gBAsp than gBAla is detected at the
surface of U373 cells. These results support the hypothesis that a charge at
position 900 in the gB cytoplasmic tail increases surface expression in U373 cells.
c-term, C terminus.

FIG. 4. Subcellular localization of gB in HF and U373 cells. Confocal images of gB staining of cells infected with RVV gBwt, RVV gBAla, or RVV gBAsp were
obtained. (A to C) Infected HF; (D to F) infected U373 cells. The cells were stained before permeabilization or at 4°C (representing surface gB) with mouse anti-gB
(green) and after permeabilization (representing total gB) with mouse anti-gB (red). (A and D) RVV gBwt infections; (B and E) RVV gBAla mutant infections; (C and
F) RVV gBAsp mutant infections. Surface gB staining is a combination of prepermeabilization at 4°C and postpermeabilization (yellow) (A, B, C, and F). (G and H)
Confocal microscopy images demonstrating the presence of gB in VV-infected cells. U373 cells were infected with either RVV gBwt (G) or RVV gBAla (H) and
subsequently treated with the phosphatase inhibitor tautomycin. The cells were stained with mouse antibody to gB prepermeabilization or at 4°C (green) (surface gB)
and with mouse antibody to gB postpermeabilization (red) (total gB). The accumulation of gB trafficking to the surface was observed only in the RVV gBwt infection
(yellow) (G). To demonstrate that transport of gB to the cell surface is not affected by the state of phosphorylation, we coinfected U373 cells with RVV gBwt (I), RVV
gBAsp (J), or RVV gBAla (K) and RVV dynK44A. Magnifications, 3303 for panels A to F and I to K and 3473 for panels G and H.
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phosphatases 1 and 2A). While addition of okadaic acid to
RVV gBwt- and RVV gBAla-infected U373 cells had no effect
on gB localization (data not shown), addition of tautomycin to
RVV gBwt-infected U373 cells resulted in gB accumulation at
the cell surface (Fig. 4G) whereas an accumulation of gB was
not detected in RVV gBAla-infected U373 cells treated with
the phosphatase inhibitor (Fig. 4H). These observations sug-
gest that the lack of cell surface expression of gB in U373 cells
compared to HF cells is due to a specific phosphatase activity.

Trafficking of gB to the PM is not dependent on the state of
gB phosphorylation. To determine if gB without a charged
residue at position 900 trafficks to the PM, U373 cells were
coinfected with the RVVs described above, in addition to a VV
construct that expresses a dynamin dominant-negative mutant
(RVV dynK44A). The dynamin mutation prevents dynamin-
mediated transport of surface molecules back to the cytoplasm
by blocking clathrin-dependent endocytosis (7). Coinfection of
U373 cells with RVV dynK44A and RVV gBwt (Fig. 4I), RVV
gBAsp (Fig. 4J), or RVV gBAla (Fig. 4K) resulted in the accu-
mulation of gB at the PM in U373 cells. Surface gB expression
was not observed in RVV gBwt-infected U373 cells coinfected
with VV expressing wild-type dynamin (data not shown);
therefore, expression of gB at the cell PM is not the result of
VV infection. These data indicate that both phosphorylated
and nonphosphorylated gB can traffic to the cell surface. Fur-
thermore, these observations indicate that the internalization
of gB from the PM occurs via a clathrin-dependent pathway.
These experiments support the hypothesis that gB trafficks to
the PM in a charge-independent manner and is then internal-
ized from the cell surface to an intracellular compartment at a
cell-specific rate.

gBAsp remains near the PM upon internalization. Antibody
uptake studies were performed to determine if gB that is in-
ternalized at the PM accumulates in cytoplasmic vacuoles.
U373 cells were infected with RVV gBwt for 6 h, and the live
cells were given a 30-min exposure to a monoclonal antibody
specific for the N terminus of gB. After being rinsed, the cells
were incubated for 30 min at 37°C, fixed, prepared for immu-
nofluorescence analysis, and examined for antibody internal-
ization by confocal microscopy. Expression of gBwt resulted in
the accumulation of the glycoprotein in cytoplasmic vacuoles
(Fig. 6A). As a control, antibody to the HCMV tegument
protein pp65 was added in parallel experiments and did not
stain cells (data not shown). Interestingly, when cells were
infected with RVV gBAsp, gB was internalized but remained
associated with the PM (Fig. 6B). Thus, in U373 cells, gBwt is
rapidly endocytosed upon reaching the cell surface, sorted
upon endocytosis, and concentrated on the surface of vacuoles.
In contrast, gBAsp internalizes but remains in small vacuoles at
the PM.

DISCUSSION

Here we demonstrate that phosphorylation of HCMV gB in
HF and U373 cells occurs in vivo only at the CKII site in the
cytoplasmic domain and that the phosphorylation state of the
gB carboxy-terminal tail is one of the important determinants
for intracellular trafficking. We also show that gB plasma mem-
brane expression occurs in a cell-specific manner. Specifically,
the steady-state expression of gB at the cell surface in U373
cells is dependent on the phosphorylation state of Ser900 in the
gB cytoplasmic tail. Cell-specific differences were shown to be

FIG. 6. Endocytosis and intracellular targeting of gB in U373 cells. gB antibody uptake experiments were performed in RVV gBwt-infected (A) or RVV
gBAsp-infected (B) U373 cells. At 6 h p.i., mouse anti-gB N-terminus antibody was applied to the cells for 30 min. The cells were then rinsed and incubated for a 30-min
chase period followed by fixation. Nonpermeabilized cells were stained with a cyanine-5–anti-mouse secondary conjugate (blue; stable surface gB), followed by rinsing,
permeabilization, and staining with a TRITC–anti-mouse secondary conjugate (red; internalized gB). The cells were rinsed again and exposed to rabbit anti-gB
C-terminus antibody followed by an FITC–anti-rabbit secondary conjugate (green; total gB). Therefore, internalized gB is both green and red (yellow vacuoles), PM
gB is blue, red, and green (white PM staining), and gB that was absent from the PM during the 30-min mouse anti-gB N-terminus antibody exposure is green.
Magnifications, 4733.
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associated with a tautomycin-sensitive phosphatase, not with
CKII activity. In addition, our results suggest that gB trafficks
to the PM in a dephosphorylation-independent manner.
Therefore, the cell-specific difference in the steady-state ex-
pression of gB at the cell surface is the result of the state of
phosphorylation of Ser900, which affects either the internaliza-
tion rate of gB from the PM or recycling to the PM. Finally, gB
accumulates in cytoplasmic vacuoles upon leaving the PM.
These observations suggest that formation of these vacuoles
may be required for HCMV capsid envelopment.

The initial finding that gB was not on the PM of HCMV-
infected U373 cells is in contrast to previous findings of gB
expression in constitutively expressing stable U373 cell lines
(55, 59). The difference may be explained either by the over-
expression of the glycoprotein in the cell line or by the use of
fluorescence-activated cell sorter analysis rather than immu-
nofluorescence to detect gB. In any event, our data are in
agreement that gB is present on the U373 PM but the steady-
state amount varies greatly depending on the cell type due to
the presence of a charged residue at Ser900.

The processes involved in HCMV assembly and egress are
controversial and are considered to involve mechanisms simi-
lar to those used by other herpesviruses (35). The herpesvirus
model suggests that nucleocapsids assembled in the nucleus
acquire a temporary envelope by budding through the nuclear
membrane, followed by deenvelopment at the outer nuclear
membrane (2, 39). Transport across the nuclear membrane is
hypothesized to be mediated by gB and gH localization to the
nuclear membrane. While the latter hypothesis may be correct,
experiments have not been reported which differentiate gB
localization at the nuclear membrane from localization at the
rough endoplasmic reticulum, which are in close proximity.
This issue may be resolved by using double-label experiments
with viral envelope antibodies in combination with antibodies
to rough endoplasmic reticulum or nuclear membrane mark-
ers. The final HCMV envelope is proposed to be acquired in
the trans-Golgi network (TGN), since this step is sensitive to
brefeldin A treatment (12). This latter step is logical, since
several groups of viruses acquire their envelope glycoproteins
in the secretory pathway during assembly (44, 53).

The cytoplasmic tails of a number of viral glycoproteins that
enter the secretory pathway have been shown to contain selec-
tive trafficking signals, which direct proteins to different cellu-
lar compartments (10, 29, 31, 42, 46, 60). Surface expression of
viral glycoproteins is determined by the cellular steady-state
expression of the protein, transport to the PM, and rates of
internalization of proteins from the cell surface. Internaliza-
tion occurs through both clathrin-dependent and -independent
pathways. The C-terminal domains of several membrane pro-
teins contain amino acid motifs which constitute internaliza-
tion signals. These proteins include furin, low-density lipopro-
tein receptor, transferrin receptor, polymeric Ig receptor,
epidermal growth factor receptor, varicella-zoster virus Fc re-
ceptor gE, and the simian immunodeficiency virus transmem-
brane protein gp41 (3, 10, 26, 29, 31, 36, 42, 46, 58, 60). A
comparison of the sequences of these proteins indicates that a
common structure rather than sequence is necessary for inter-
nalization. The varicella-zoster virus gE envelope glycoprotein
contains two TGN-targeting sequences in the cytoplasmic do-
main, an AYRV motif and an acidic amino acid cluster (60).
The presence of either of these sequences is sufficient to cause
internalization of protein on the PM and targeting to the TGN.
The Tyr-dependent motif in the cytoplasmic tail of the simian
immunodeficiency virus gp41 transmembrane protein is an-
other example of an internalization signal that regulates gly-

coprotein expression at the cell surface (42). The signals for
internalization of HCMV gB are unknown.

Protein localization to subcellular compartments may also
be influenced by secondary modifications that occur in a cell-
type-specific manner. For example, the glycoproteins produced
by Sindbis virus are modified in the secretory pathway of both
vertebrate and insect cells but have cell-specific trafficking pat-
terns which affect the subcellular location of virus assembly
(43). Thus, in vertebrate cells, viral assembly and budding
occurs at the PM. In contrast, in insect cells, virus buds into
intracellular vacuoles, which fuse with the PM and release virus
into the extracellular fluid. The Sindbis virus glycoproteins are
transiently phosphorylated; inhibitors of phosphorylation pre-
vent the production of infectious virus (30). These observations
suggest that the phosphorylation state of Sindbis virus glyco-
proteins may determine either glycoprotein trafficking or viral
assembly. Similarly, HCMV also demonstrates cell specificity
for virus release, and the phosphorylation of gB may determine
this event.

In summary, understanding the mechanisms involved in gB
trafficking may be important in determining the mechanisms of
viral envelopment and intracellular sequestration. Future work
will determine the importance of gB expression on the PM in
these processes.
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