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We previously reported that human cytomegalovirus (CMV) glycoprotein B (gB) is transported to apical
membranes in CMV-infected polarized retinal pigment epithelial (ARPE-19) cells and in Madin-Darby canine
kidney (MDCK) epithelial cells constitutively expressing gB. The cytosolic domain of gB contains a cluster of
acidic amino acids, a motif that plays a pivotal role in vectorial trafficking in polarized epithelial cells and may
also function as a signal for entry into the endocytic pathway. Here we compared gB internalization and
recycling to the plasma membrane in CMV-infected human fibroblasts (HF) and ARPE-19 cells by using
antibody-internalization experiments. Immunofluorescence and quantitative assays showed that gB was inter-
nalized from the cell surface into clathrin-coated transport vesicles and then recycled to the plasma membrane.
gB colocalized with clathrin-coated vesicles containing the transferrin receptor in the early endocytic/recycling
pathway, indicating that gB traffics in this pathway. The specific role of the acidic cluster in regulating the
sorting of gB-containing vesicles in the early endocytic/recycling pathway was examined in MDCK cells
expressing mutated gB derivatives. Immunofluorescence assays showed that derivatives lacking the acidic
cluster were impaired in internalization and failed to recycle. These findings, together with our earlier
observation that the acidic cluster is a key determinant for targeting gB molecules to apical membranes in
epithelial cells, establish that this signal is recognized by cellular proteins that participate in polarized sorting
and transport in the early endocytic/recycling pathway.

Human cytomegalovirus (CMV) is a ubiquitous human
pathogen that causes a range of clinical illnesses in immuno-
competent individuals, congenitally infected infants, and im-
munocompromised patients (55). Following primary infection,
CMV remains latent in a common precursor of dendritic and
myeloid cells, periodically reactivates, and persists (11, 15, 50).
A major CMV reservoir is also found in persistently infected
endothelial cells lining arteries (12, 16, 18, 24). Reactivation
results in intermittent shedding in saliva, urine, or other bodily
secretions in tissues composed of epithelial cells and thereby
disseminates CMV in the population. In patients with AIDS,
CMV is an opportunistic pathogen that causes severe morbid-
ity and mortality, infecting cells in the lungs, gastrointestinal
tract, and neuronal retina (9).

Even though potent neutralizing antibodies to CMV glyco-
protein B (gB), the major component of the virion envelope,
are present in relatively high titers following infection (6, 26,
37, 41), antibodies fail to prevent the spread of infection within
tissues (reviewed in references 36 and 40). CMV gB is a type
I transmembrane (TM) glycoprotein that is cleaved by the
endoproteinase furin (5, 7, 34, 42, 51, 52, 58). gB is highly
conserved among the human herpesviruses and is essential for
virion infectivity (reviewed in reference 33). CMV gB is a
multifunctional envelope protein that triggers penetration of
cells and enhances the spread of infection in nonpolarized
human fibroblasts (HF) (27). In U373 cells, gB promotes syn-
cytium formation, which is modulated by cytosolic sequences in
the carboxyl terminus (56, 57).

Polarized epithelial cells, which compose body tissues that
are targets of CMV infection, differ considerably from nonpo-
larized cells with a uniform plasma membrane. These cells
perform regulated secretory functions and have a plasma
membrane that is divided into different domains by a “fence”
that prevents mixing of proteins and lipids (47). Epithelial cells
have specialized pathways for protein trafficking in vesicles of
the secretory, endocytic, and transcytotic pathways, which
maintain the asymmetric membrane domains (8, 31, 43, 46,
49).

To better understand CMV replication in specialized cell
types, we used human retinal pigment epithelial (ARPE-19)
cells to examine cell-cell transmission of infection and vectorial
egress of virions and to study the role of glycoprotein targeting
in vesicular pathways in epithelial cells with distinct membrane
domains (10, 54). In ARPE-19 cells, CMV virions infect apical
membranes and their progeny are released predominantly
from this domain (54). CMV gB is transported vectorially to
apical membranes, which suggests that it directs virion release
to the susceptible membrane domain of polarized cells and
thus enhances infection. On the other hand, an accessory CMV
glycoprotein, gpUS9, promotes the cell-cell spread of infection
across lateral membranes, directly increasing pathogenesis (19,
35).

We found that in polarized Madin-Darby canine kidney
(MDCK) cells, which we used as a model system to examine
signals for trafficking of CMV glycoproteins, vectorial trans-
port of gB to apical membranes is directed by sorting deter-
minants in the TM anchor and cytosolic domain of the mole-
cule (55). This finding indicates that specific sorting motifs are
recognized by proteins in the transport machinery of epithelial
cells that regulate vesicle trafficking. Coimmunolocalization
experiments and domain-selective biotinylation of polarized
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cell surface membranes showed that gB was apically targeted
independently of other viral envelope glycoproteins and that it
traffics in biosynthetic and early endocytic vesicles. Derivatives
of gB that lacked the TM anchor or cytosolic sequences, or
were specifically mutated in a cluster of acidic amino acids,
DSDEEE, were substantially missorted to basolateral mem-
branes. Interestingly, the endoproteinase furin, which cleaves
gB in a post-Golgi compartment (58), contains an acidic cluster
that directs its trafficking in the endocytic/recycling pathway
(44, 59). It was recently reported that the acidic cluster binds a
novel class of cytosolic sorting proteins that interface with
adapter complexes, which interact with clathrin (25, 60).

In the present study, we examined gB internalization and
recycling in CMV-infected HF and ARPE-19 epithelial cells
and in MDCK cells constitutively expressing gB derivatives
that lacked part of the cytosolic domain or were mutated spe-
cifically in the acidic cluster. Immunofluorescence assays and
quantitative internalization studies showed that gB was inter-
nalized and recycled to the cell surface in infected human cells
and in MDCK cells expressing only gB. Colocalization studies
with clathrin and the transferrin receptor showed that gB is
transported in the early endocytic/recycling pathway of in-
fected HF and ARPE-19 cells. Together, our studies show that
the acidic cluster serves as a signal for gB internalization,
recycling, and vectorial sorting in epithelial cells.

MATERIALS AND METHODS

Cells, CMV gB constructs, and culture media. HF were grown in Dulbecco’s
minimal essential medium-high glucose containing 10% fetal calf serum
(GIBCO) and antibiotics. MDCK (strain II) cells, a gift from Keith Mostov
(University of California San Francisco, San Francisco, Calif.), were grown in
Dulbecco’s minimal essential medium containing 10% fetal calf serum and an-
tibiotics. ARPE-19 cells (10) were grown in Dulbecco’s modified Eagle’s medium
nutrient mixture F12 with HEPES buffer (GIBCO) containing 10% fetal bovine
serum (HyClone), 200 mM L-glutamine, 0.1 mg of streptomycin per ml, and 100
U of penicillin per ml. Mutated CMV gB constructs (Fig. 1) and selection of
MDCK cells expressing gB and mutated derivatives have been published previ-
ously (55).

Antibodies and immunofluorescence assays. For assays evaluating gB inter-
nalization and recycling, we used a pool of monoclonal antibodies (MAbs)
reported previously (38). A goat antiserum to clathrin (ICN Pharmaceuticals,
Inc.) and a sheep antiserum to transferrin receptor (Harlan Bioproducts) were
used for coimmunolocalization experiments. Fluorescein isothiocyanate (FITC)-
and Texas red-conjugated anti-mouse, anti-goat, and anti-sheep reagents were
purchased from Jackson ImmunoResearch. For immunofluorescence assays of
total gB, permeabilized cells were fixed with fresh 3% paraformaldehyde at 4°C
for 15 min, permeabilized with 0.1% Triton X-100, and then incubated with
antibodies to gB followed by secondary antibodies conjugated to FITC or Texas
red.

Internalization assessed by immunofluorescence. Antibody internalization
and immunofluorescence assays reported by Olson and Grose (30) were modi-
fied for CMV gB. Briefly, HF and ARPE-19 cells grown on coverslips were
infected with strain AD169 at 0.1 and 1.0 PFU/cell, respectively, and were
assessed for gB internalization and transport at 3 days (HF) and 5 days
(ARPE-19 cells) postinfection. MDCK cells expressing gB derivatives were
grown for 2 days prior to evaluation, washed with cold phosphate-buffered saline
(pH 7.4), and cooled on ice for 10 min. Then the cells were incubated for 30 min
at 4°C in medium without serum, to which the pool of MAbs to gB was added to
a dilution of 1:100. Uninfected HF, ARPE-19 cells, and untransfected MDCK
cells were used as controls. To allow internalization of CMV gB-MAb complexes,
cells were incubated at 37°C for specified intervals from 0 to 60 min. They were
then fixed with fresh 3% paraformaldehyde in the cold (15 min), permeabilized
with 0.1% Triton X-100, and incubated with goat anti-mouse antibody conju-
gated to FITC (1 h).

(i) Internalization inhibition. A modification of the sucrose inhibition assay
previously described by Ashworth et al. (4) was used. Briefly, before gB was
allowed to internalize, cells were incubated for 30 min with medium containing
10% fetal bovine serum and 0.3 M sucrose. Next, the cells were incubated with
MAbs to gB for 30 min at 4°C, washed, and incubated for different times at 37°C
in medium containing 0.3 M sucrose. Internalization was monitored as described
above.

(ii) Colocalization assays. To assess colocalization with clathrin, gB was al-
lowed to internalize and then the cells were fixed, permeabilized, and incubated
with goat antiserum to clathrin (1 h). Next, the cells were washed with PBS and
incubated with goat anti-mouse antibody conjugated to FITC and then with
donkey anti-goat antibody conjugated to Texas red. To assess cointernalization
of gB and the transferrin receptor (TR), the internalization assays were per-
formed with antibodies to gB and TR at same time. Internalization of gB and TR
was visualized by adding goat anti-mouse antibody conjugated to FITC to detect
gB and donkey anti-sheep antibody conjugated to Texas red to detect TR. The
cells were analyzed with a krypton-argon laser coupled with a Bio-Rad MRC1024
confocal head attached to an Optiphot II Nikon microscope with a Plane Apo 60
31.4 objective lens. The cells were scanned simultaneously for FITC and Texas

FIG. 1. Amino acid sequence of the transmembrane (TM) anchor and carboxyl terminus of CMV gB, site-specific mutations, and potential sorting signals. (A)
Hydrophobic sequence of the TM anchor (aa 751 to 771) (shaded sequence) and cytosolic domain (aa 772 to 906). Dileucine and Tyr-containing sorting motifs are
boxed; the acidic cluster is underlined. P, CKII phosphorylation site. (B) Deletion and substitution mutations. Established internalization/recycling motifs that function
as apical sorting signals are indicated by solid arrows; other sorting motifs for trafficking in the endocytic pathway are indicated by open arrows. Deleted sequences are
indicated by dashed lines, and substitutions are indicated by shaded boxes. Modified from reference 55.
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red emission by using the K1 and K2 filter blocks. The data were analyzed with
Comos software.

Quantitative internalization assay. We used a modified quantitative internal-
ization assay which was published previously (3, 32). CMV-infected HF (1.0
PFU/cell) and ARPE-19 cells (10 PFU/cell) and MDCK cells expressing gB
derivatives were grown as described above. Uninfected HF and ARPE-19 cells
and untransfected MDCK cells were used as controls. The cells were washed
twice with cold medium without serum, to which were added 20 mM HEPES and
0.6% bovine serum albumin, and then they were incubated for 30 min at 4°C in
medium containing MAbs to gB (1:100). The cells were washed twice with cold
medium and incubated for 30 min at 4°C with goat anti-mouse antibody iodin-
ated with 125I (Amersham). Next, they were washed five times with cold medium
to remove unbound ligand and then shifted from 4 to 37°C for different time
intervals to allow internalization. Two sets of wells with cells were not warmed
but kept at 4°C for the zero time point. One set of these cells was not stripped,
in order to measure the total amount of bound ligand at the cell surface. The
other set was treated with 150 mM glycine in phosphate-buffered saline–0.6%
bovine serum albumin (pH 2.5) for 1 h at 4°C to remove membrane-bound but
not internalized radioactive antibody. After internalization, the cells were rapidly
cooled at 4°C and the uninternalized ligand was stripped from the cell surface
with the acidic buffer. The amount of internalized ligand was counted with a
Beckman counter and is expressed as a percentage of total ligand initially bound.

Analysis of gB recycling to the plasma membrane. The assay of recycling to the
plasma membrane, described by Olson and Grose (30), was modified for CMV
gB. gB was allowed to internalize for 30 min as described above, and then the
cells were treated with 1 mg of trypsin (Sigma) per ml at 4°C for 30 min. Cells
stripped of surface gB were then shifted for specified intervals to 37°C in medium
containing 0.5 mg of trypsin inhibitor (Sigma) per ml and fixed with 2% para-
formaldehyde in 0.1 M Na2HPO4. Finally, cells were incubated for 1 h with goat
anti-mouse antibody conjugated to FITC and analyzed by immunofluorescence
confocal microscopy.

RESULTS

CMV gB is endocytosed in infected fibroblasts and epithelial
cells. We and others reported that CMV gB is transported in
endocytic vesicles in CMV-infected HF (39), U373 cells (13),
and polarized MDCK cells expressing gB alone (55). In the
first series of experiments, we assessed internalization of the
gB-antibody complex from the surface of CMV-infected HF
and ARPE-19 cells by immunofluorescence as described in
Materials and Methods. Cells were reacted with antibodies to
gB at 0°C and then shifted to 37°C for 0, 30, and 60 min to allow
internalization of gB-antibody complexes from the plasma mem-
brane. To determine the nonspecific antibody uptake, the MAb
pool was added to uninfected HF and ARPE-19 cells and inter-
nalization assays were done in parallel with CMV-infected cells.
Initially (0 min), gB stained in a ring-like pattern indicative of cell
surface staining (Fig. 2A and E). After the shift to 37°C for 30 and
60 min, a fraction of gB was internalized, as indicated by the
pattern of intracellular gB-containing vesicles in HF (Fig. 2B and
C) and ARPE-19 cells (Fig. 2F and G). Ringlike or vesicular
staining was not observed in uninfected HF and ARPE-19 cells at
any time, indicating the absence of nonspecific antibody uptake
(data not shown). Some peripheral ringlike staining of the plasma
membrane was observed, which suggested that a fraction of gB
either had not internalized or had recycled back to the cell sur-
face. Total intracellular gB in HF and ARPE-19 cells is shown
(Fig. 2D and H). These results suggested that the gB-antibody
complex was internalized from the plasma membrane into cyto-
plasmic vesicles both in fibroblasts and in epithelial cells infected
with CMV.

We next ascertained whether gB was internalized into the
endocytic pathway by treating cells, as described in Materials
and Methods, with hypertonic medium containing sucrose,
which precludes the entry of proteins from the cell surface into
clathrin-coated vesicles. A comparison of sucrose-treated
CMV-infected HF and MDCK cells constitutively expressing
wild-type (WT) gB with untreated controls showed that in the
controls, plasma membrane-associated gB (0 min) (Fig. 3A
and I) was internalized into vesicles at 5 min (Fig. 3B and J).
These had dispersed into the cytoplasm by 30 min (Fig. 3C and
K) and 60 min (Fig. 3D and L). In contrast, sucrose treatment

blocked gB internalization, since the ringlike staining pattern
at the plasma membrane at 0 min in infected HF cells (Fig. 3E)
remained unchanged after increasingly longer intervals after
the temperature shift (Fig. 3F to H). Similarly, sucrose-treated
MDCK cells expressing gB at 0 min stained in a ringlike pat-
tern (Fig. 3M) that failed to change after the temperature shift
(Fig. 3N to P). These results supported the hypothesis that the
gB-antibody complex entered the endocytic pathway by inter-
nalizing from the plasma membrane.

gB is internalized and transported in endocytic vesicles in
CMV-infected cells. The TR is internalized and transported in
clathrin-coated vesicles of the endocytic pathway (reviewed in
reference 23). To determine whether CMV gB is transported
in endocytic vesicles, we assessed its colocalization with clath-
rin and the transferrin receptor in CMV-infected HF and
ARPE-19 cells. In the first series of costaining experiments
with clathrin, gB-antibody complexes formed at the surface of
CMV-infected HF and ARPE-19 cells were allowed to inter-
nalize. The cells were then permeabilized and reacted with
anti-clathrin antibody followed by secondary antibodies conju-
gated with FITC (gB) and Texas red (clathrin). Immunofluo-
rescence analysis showed that gB and clathrin colocalized at
the cell surface at 0 min in HF and ARPE-19 cells (Fig. 4C and
O). After 5- and 15-min intervals, a small fraction of cell
surface gB was internalized (data not shown). After 30 min, the
two proteins were detected in cytoplasmic vesicles in HF (Fig.
4D to F) and ARPE-19 cells (Fig. 4P to R) and gB costained
with clathrin. In the next series of costaining experiments,
CMV-infected HF and ARPE-19 cells were reacted with anti-
bodies to gB and the TR and both complexes were allowed to
internalize together. At 0 min, gB costained with TR at the
plasma membrane in HF and ARPE-19 cells (Fig. 4I and U).
After 5- and 15-min intervals, a small fraction of cell surface gB
was internalized (data not shown). After 30 min, the two pro-
teins were detected in cytoplasmic vesicles in HF (Fig. 4J to L)
and in ARPE-19 cells (Fig. 4V to X) and gB colocalized with
TR. These results indicated that CMV gB colocalizes with TR
at the cell surface and both proteins are transported in endo-
cytic vesicles. The results of colocalization studies with clathrin
and TR established that in both fibroblasts and epithelial cells
infected with CMV, gB-antibody complexes are internalized in
clathrin-coated pits at the plasma membrane and transported
in endocytic vesicles that carry TR.

Internalization of CMV gB in MDCK cells. To determine
whether the acidic cluster in the cytosolic domain of CMV gB
directs gB internalization, we examined MDCK cells express-
ing WT gB and derivatives with site-specific mutations in the
acidic cluster (Fig. 1). Immunofluorescence analysis at 0 min
showed WT gB staining in a ringlike pattern at the cell periph-
ery (Fig. 5A). At 5 and 15 min after the temperature shift to
37°C, a small fraction of cell surface gB was internalized (data
not shown). By 30 and 60 min, cytoplasmic vesicles stained
strongly, indicating that most gB on the cell surface was inter-
nalized (Fig. 5B and C). MDCK cells exposed to MAbs did not
show specific staining patterns (data not shown). Analysis of
derivatives with deletion or substitution mutations in the acidic
cluster, gB(D900–906) and gB(s899–903), showed that they
were impaired in internalization. The ringlike pattern observed
for gB(D900–906) at 0 min (Fig. 5E) had not changed appre-
ciably at 30 and 60 min after the temperature shift (Fig. 5F and
G). Likewise, gB(s899–903) stained at 0, 30 and 60 min in a
similar pattern (Fig. 5I to K). On close examination, the
broader ringlike pattern observed with the mutated derivatives
differed from the tight membrane-restricted pattern found in
sucrose-treated MDCK cells (Fig. 3N to P), suggesting that
some internalization had occurred. Even though vesicles con-
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FIG. 2. CMV gB is internalized in infected HF and ARPE-19 cells. The cells were incubated with a pool of MAbs to gB at 4°C to allow internalization of gB-MAb
complexes and then were shifted to 37°C for 0, 30, and 60 min. At the given times, the cells were fixed, permeabilized, and incubated with FITC-conjugated anti-mouse
antibody. Internalization of gB was analyzed by laser-scanning confocal microscopy.
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taining gB appeared at or near the plasma membrane, they
failed to disperse into the cytoplasm (compare Fig. 5E and I
with Fig. 5F, G, J, and K). Total WT gB and derivatives ex-
pressed in the MDCK cells are shown (Fig. 5D, H, L, and P).

Next, we examined the role of gB phosphorylation-dephos-
phorylation in internalization by evaluating the trafficking of
derivatives with mutations in the casein kinase II (CKII) site,
gB(ser900val) and gB(ser900glu), which mimic uncharged and
charged sites, respectively. We found that gB(ser900val), which

was concentrated in the plasma membrane at 0 min (Fig. 5M),
was internalized and transported in cytoplasmic vesicles after
30 and 60 min (Fig. 5N and O). A similar staining pattern was
noted with gB(ser900glu) (data not shown). Together, the re-
sults of these studies indicate that the gB-antibody complex is
internalized from the plasma membrane of epithelial cells into
endocytic vesicles and that mutations altering the charged
acidic cluster, but not the CKII site (ser900), impair internal-
ization of gB vesicles from the cell surface.

FIG. 3. CMV gB internalization can be inhibited in infected HF and MDCK cells expressing gB. Infected cells were treated with sucrose and then reacted with
MAbs, after which gB was allowed to internalize.
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Quantitative analysis of gB internalization in infected HF
and ARPE-19 cells and MDCK cells expressing gB and mu-
tated derivatives. In the next experiments, we quantitated the
amount of internalized gB in CMV-infected HF and ARPE-19
cells (Fig. 6A) and MDCK cells expressing WT gB and mu-
tated derivatives (Fig. 6B). Uninfected HF and ARPE-19 cells
and untransfected MDCK cells were used as controls. As de-
scribed in Materials and Methods, cells were reacted with a
pool of MAbs to gB at 4°C and then with 125I-labeled goat
anti-mouse immunoglobulin G. To allow gB internalization,
cells were shifted to 37°C for 5, 15, and 30 min. After each
period, radiolabeled protein complexes at the cell surface were
removed and the amount of internalized radiolabel was quan-
titated. The percentage of gB internalized was calculated rel-
ative to the amount of label bound (0 min), which represents
total gB on the cell surface before internalization. Infected HF
and ARPE-19 cells had internalized small amounts of gB at 5
min, after which the amounts increased (Fig. 6A). After 30
min, approximately equal amounts of gB (78%) had been in-
ternalized in both HF and ARPE-19 cells. Uninfected HF and

ARPE-19 cells treated with MAbs showed negligible internal-
ization.

Comparison of MDCK cells constitutively expressing WT gB
(Fig. 6B) showed that the total amount of gB internalized
(25%) was considerably smaller than in CMV-infected HF and
ARPE-19 cells (76%) (Fig. 6A). Internalization of derivatives
mutated in the CKII site, gB(ser900val) and gB(ser900glu) was
10% lower than for WT gB at 15 and 30 min (Fig. 6B), in
particular that of gB(ser900val) at 30 min. The rate of inter-
nalization of mutated gB derivatives with a deletion or a sub-
stitution in the acidic cluster, gB(s899–903), gB(D900–906),
and gB(D834–906), was considerably lower than that of WT
gB. These mutated forms were internalized about equally,
reaching a maximum (6 to 10%) at 30 min. MDCK cells
treated with MAbs alone showed approximately 1% internal-
ization. These quantitative analyses support the results of the
immunofluorescence assays and show that gB is efficiently in-
ternalized in CMV-infected HF and ARPE-19 cells. The find-
ing that WT gB internalization in MDCK cells was less efficient
than in infected cells suggests that other viral gene products

FIG. 6. Quantitative analysis of CMV gB internalization in CMV-infected HF and ARPE-19 cells (A) and in MDCK cells constitutively expressing gB and its
mutated derivatives (B). The cells were reacted with antibodies to gB and then with iodinated anti-species antibody. The amount of internalized ligand is expressed
as percentage of total ligand initially bound. The results shown are means of three separate experiments done in triplicate; bars show standard deviation.
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may participate in endocytic vesicle trafficking. Mutated forms
lacking the acidic cluster were poorly internalized compared
with WT gB, indicating the importance of this motif in direct-
ing gB trafficking in the endocytic pathway. Lastly, mutations in
the CKII site did not substantially alter gB internalization in
epithelial cells.

CMV gB recycles to the plasma membrane following inter-
nalization. Signals that mediate the internalization of mem-
brane proteins from the cell surface can be used for recycling
endocytic vesicles to the plasma membrane (23). We next used
an antibody-recycling assay to establish whether endocytic ves-
icles containing the internalized gB-antibody complex were
returned to the plasma membrane. CMV-infected HF and
ARPE-19 cells as well as MDCK cells expressing gB were
exposed to gB MAbs at 4°C as described in Materials and
Methods. Next, the cells were warmed to 37°C for 30 min,
returned to 4°C, and treated with trypsin to remove gB from
the cell surface. Then the cells were warmed to 37°C again to
allow internalized gB to recycle to the plasma membrane. We
found that gB was recycled to the plasma membrane, staining
the surface of CMV-infected HF cells at 0 min (before inter-
nalization) (Fig. 7A) and after 15 and 30 min at 37°C (after
recycling) (Fig. 7B and C). In ARPE-19 cells, gB transport
vesicles that were internalized recycled to the plasma mem-
brane in the same time intervals, as indicated by a ringlike
staining pattern comparable to that in infected HF cells (Fig.
7D to F).

Next, we compared the recycling of gB and mutated gB
derivatives in the endocytic/recycling pathway in MDCK cells.
WT gB and gB(ser900val), which were at the cell surface at 0
min (Fig. 7G and M), were recycled during 15- and 30-min
intervals (Fig. 7H and I and Fig. 7N and O, respectively). In
contrast, gB(s899–903), mutated in the acidic cluster, was in
the plasma membrane at 0 min (Fig. 7J) but was not internal-
ized; it was stripped from the surface during trypsin treatment
and therefore was not recycled to the cell surface (Fig. 7K and
L). Together with the results of antibody internalization stud-
ies, the recycling experiments establish that gB-containing ves-
icles in the early endocytic pathway recycle to the plasma
membrane in CMV-infected HF and ARPE-19 cells. The re-
sults of gB recycling in MDCK cells confirm that the acidic
cluster is a signal for internalization and that endocytic vesicles
transporting gB recycle to the plasma membrane. Our results
also suggest that phosphorylation may not play a central role in
recycling gB-containing vesicles to the surface of MDCK cells.

DISCUSSION

CMV gB internalizes and recycles to the plasma membrane
in epithelial cells and fibroblasts. In this study, we established
that gB-antibody complexes are internalized from the plasma
membrane in CMV-infected HF and ARPE-19 cells and in
MDCK cells constitutively expressing gB in the absence of
other viral glycoproteins. Immunofluorescence studies and
quantitative internalization assays showed that gB is efficiently
endocytosed in both HF and ARPE-19 cells infected with
CMV. Like the TR, gB traffics in clathrin-coated vesicles that
are internalized and routed back to the cell surface in the early
endocytic pathway. Mutations that alter the overall hydrophilic
charge of the acidic cluster (amino acids [aa] 899 to 904) in the
cytosolic domain of gB impair internalization and preclude
recycling. Since the extreme carboxyl terminus of gB contains
sequential epitopes, this mutation did not alter gB conforma-
tion (38). In contrast, mutations in the CKII site of the acidic
cluster have a negligible effect on gB sorting in MDCK cells.
Interestingly, gB internalization is more efficient in infected

cells than in cells constitutively expressing gB, which suggests
that other CMV glycoproteins may modulate vesicle transport
in the early endosomes. Together with our earlier finding that
the acidic cluster and the TM anchor domain are apical sorting
determinants in epithelial cells, the present results indicate
that the acidic cluster also directs gB internalization from the
plasma membrane. Our studies establish that a selected pop-
ulation of sorting/recycling vesicles in the early endosomal
pathway may be targeted to the vectorial transport pathway in
polarized epithelial cells.

Intracellular targeting of herpesvirus envelope glycopro-
teins. Envelope glycoproteins of several herpesvirus family
members are transported in vesicles from the trans-Golgi net-
work (TGN) and early endocytic pathway in different cell
types. The gE homologues of pseudorabies virus, varicella-
zoster virus (VZV), and herpes simplex virus are internalized
from the cell surface into the endocytic pathway (1, 2, 14, 29,
30, 53, 62, 63). CMV gB trafficking may resemble that of VZV
gE, which contains signals that recruit adapter protein 1
(AP-1) to endocytic vesicles budding from the TGN; it is
routed to the cell surface and then internalizes into early en-
dosomes that recycle to the TGN. The subcellular cycling of
VZV gE depends on bipartite endocytic determinants in the
cytosolic domain, i.e., a Tyr-based signal and an acidic cluster
with a CKII site (1). In the present study, we did not examine
TGN localization of gB in CMV-infected cells, but we previ-
ously reported a strong colocalization of gB with both AP-1
and furin in vesicles budding from the TGN in epithelial cells
(55). Together, these results strongly suggest that gB may also
recycle from the plasma membrane into endocytic vesicles that
are targeted to the TGN.

Sorting signals that target gB-containing vesicles in the
endocytic pathway may modulate its functions in different cell
types. Cell-specific recognition of cytosolic signals may regu-
late the sorting of gB vesicles and may also modulate its mem-
brane-associated functions. In U373 cells, CMV gB promotes
syncytium formation with neighboring cells expressing gB in
their membranes (56). Mutagenesis studies established that
determinants modulating syncytium activity reside in the cyto-
solic domain (57). Thus, syncytium formation may be related
to the capacity for rapid concentration into endocytic vesicles
formed at the plasma membrane of U373 cells. This possibility
is bolstered by studies of truncated gB forms lacking cytosolic
sequences, which fail to form syncytia (57). One mutated de-
rivative, gB(D834–906), which lacks the acidic cluster as well as
other endocytic motifs (Fig. 1), is considerably impaired in
syncytium formation in U373 cells. In the present study, we
found that this derivative was poorly internalized. By exten-
sion, internalization of gB(D834–906) could be impaired in
U373 cells because it may fail to cluster into clathrin-coated
vesicles or may sequester in glycosphingolipid rafts whose sort-
ing is regulated by different cellular proteins (45, 48, 55). Con-
sequently, the failure of gB(D834–906) to cluster into clathrin-
coated vesicles may cause reduced syncytium formation in
U373 cells. With regard to another cytosolic signal, we and
others have shown that CMV gB is phosphorylated on a CKII
site in the cytosolic acidic cluster (13, 28, 57). Dephosphory-
lation of this site by a tautomycin-sensitive phosphatase pro-
motes internalization of gB into clathrin-coated vesicles in
U373 cells but is not required for internalization from the
plasma membrane in HF cells expressing gBs mutated in the
CKII site (13). In the present study we extended these findings
to epithelial cells, showing that dephosphorylation may alter
the rate of gB internalization from the surface of MDCK cells.

With respect to epithelial cells, gB is targeted to apical
membranes of CMV-infected ARPE-19 cells (54) and MDCK
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cells, where it colocalizes with cellular proteins that promote
clustering into clathrin-coated vesicles (55). These proteins
include adapter proteins, AP-1 in the TGN/endosomal path-
way and AP-2 in the early endosome sorting/recycling pathway
at the plasma membrane, and rab4 and rab5 in recycling en-
docytic vesicles. The present study extends these observations
by showing that gB traffics in clathrin-coated vesicles carrying
transferrin receptor. TR is internalized into transport vesicles
in the early endocytic pathway and recycles to the cell surface,
strengthening the proposed homology between this compart-
ment and the recycling endosome of nonpolarized cells (61).
Interestingly, gB internalized from the surface membrane of
HF was incorporated into the virion envelope (39), which in-
dicates that gB trafficking in the endocytic pathway may be
important for virion infectivity. It further suggests either that
CMV envelopment occurs in vesicles of the early endocytic
pathway or that glycoproteins from the plasma membrane traf-
fic through endosomes and then recycle to the TGN, where
they are assembled into the virion envelope in a post-TGN
compartment. Much remains to be learned about the role of
the early endocytic pathway in virion envelopment and vecto-
rial release of progeny virions from polarized human cells
derived from different tissues.

Sorting signals recognized by cellular adapters and proteins
that regulate targeting in the cytosolic domain of CMV gB.
Recycling pathways for endosomes from the plasma membrane
and TGN may be considered mirror images of one another
(25), and they use similar sorting motifs in the cytosolic domain
of membrane-anchored glycoproteins. These include a Tyr (Y)
within the sequence YXXØ, where X is any amino acid and Ø
is one with a bulky hydrophobic group (20, 23); dileucine
motifs (17, 21, 22); and a cluster of acidic residues (59). In this
study we focused specifically on the role of the acidic cluster
(aa 899 to 906) and the CKII site (ser900) in CMV gB inter-
nalization and recycling in the endocytic pathway. However,
other signals that could be recognized by regulatory proteins
modulating vesicle trafficking in recycling endosomes are con-
centrated in the cytosolic domain of gB (Fig. 1). They include
Y-based and overlapping dileucine signals (aa 845 to 849), a
Y-based motif (aa 894 to 897) proximal to the acidic cluster,
and a dileucine motif directly upstream (aa 883 to 884) (55).
Quantitative internalization assays in MDCK cells showed that
gB(s899–903), gB(D900–906), and gB(D834–906), which lacks
the Y-based, dileucine, and acidic cluster signals, were all
poorly internalized. These results suggest that other sorting
signals may not contribute appreciably to gB endocytosis.

Our finding that gB derivatives with site-specific mutations
in the acidic cluster fail to internalize from the plasma mem-
brane strongly suggests that the acidic cluster functions as a
signal interacting with adapter molecules associated with clath-
rin-coated endocytic vesicles (23, 25). Studies on the endopro-
tease furin indicate that the acidic cluster regulates recycling in
the TGN/early endosomal pathway and transport to early en-
dosomes by first binding to PACS-1 (phosphofurin acidic clus-
ter sorting) protein and then to the gamma chain of AP-1,
which binds the clathrin coat on endocytic vesicles from the
TGN (25, 60). PACS-1 represents a new family of cytosolic
connector proteins that serve an intermediate binding function
between the acidic cluster and adapter protein AP-1 in the
TGN. Our finding that mutations in the CMV gB acidic cluster
block internalization suggest that this signal may interact with
PACS-1 and AP-2 in clathrin-coated transport vesicles formed
at the plasma membrane. The acidic cluster may also function
in shuttling gB to endosomes recycling between the TGN and
the plasma membrane. Whether the acidic cluster modulates

gB trafficking, and consequently the site of virion envelopment
in human cells, remains to be determined.
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