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We previously reported that human cytomegalovirus (CMV) glycoprotein B (gB) is vectorially transported
to apical membranes of CMV-infected polarized human retinal pigment epithelial cells propagated on per-
meable filter supports and that virions egress predominantly from the apical membrane domain. In the present
study, we investigated whether gB itself contains autonomous information for apical transport by expressing
the molecule in stably transfected Madine-Darby canine kidney (MDCK) cells grown on permeable filter
supports. Laser scanning confocal immunofluorescence microscopy and domain-selective biotinylation of sur-
face membrane domains showed that CMV gB was transported to apical membranes independently of other
envelope glycoproteins and that it colocalized with proteins in transport vesicles of the biosynthetic and
endocytic pathways. Determinants for trafficking to apical membranes were located by evaluating the targeting
of gB derivatives with deletions in the lumen, transmembrane (TM) anchor, and carboxyl terminus. Derivative
gB(D717-747), with an internal deletion in the luminal juxtamembrane sequence that preserved the N- and
O-glycosylation sites, retained vectorial transport to apical membranes. In contrast, derivatives that lacked the
TM anchor and cytosolic domain (gBD646-906) or the TM anchor alone (gBD751-771) underwent considerable
basolateral targeting. Likewise, derivatives lacking the entire cytosolic domain (gBD772-906) or the last 73
amino acids (gBD834-906) showed disrupted apical transport. Site-specific mutations that deleted or altered
the cluster of acidic residues with a casein kinase II phosphorylation site at the extreme carboxyl terminus,
which can serve as an internalization signal, caused partial missorting of gB to basolateral membranes. Our
studies indicate that CMV gB contains autonomous information for apical targeting in luminal, TM anchor,
and cytosolic domain sequences, forming distinct structural elements that cooperate in vectorial transport in
polarized epithelial cells.

Human cytomegalovirus (CMV) glycoprotein B (gB) is high-
ly conserved among the human herpesviruses (reviewed in
reference 61). It functions in virus entry by promoting fusion of
the virion envelope with the plasma membrane, cell-cell spread
in nonpolarized human fibroblasts, and syncytium formation
(55, 89). gB is a major component of the virion envelope and
elicits a strong neutralizing antibody and cytotoxic T-cell im-
mune response in infected individuals (33, 40, 54; reviewed in
reference 67). CMV(AD169) gB is a type I glycoprotein, 906
amino acids (aa) in length (15), which is glycosylated at N- and
O-linked sites (31, 62, 68), cleaved by the endoprotease furin
(81, 82, 93), folded in the endoplasmic reticulum with the aid
of protein chaperones (96, 98), and assembled into dimers (10).

CMV replication in epithelial cells is a crucial step in inva-
sion of the body and the dissemination of infection. In new-
borns, organ transplant recipients, and immunocompromised
patients, human CMV causes disease in tissues composed of
epithelial cells, including the salivary gland, lung, kidney, co-
lon, and, in patients with AIDS, the retina (reviewed in refer-
ences 9, 18, and 28). Epithelial cells that carry out secretory
functions have evolved distinct domains divided by tight junc-
tions into apical (AP) and basolateral (BL) membranes, which
have different compositions of protein and lipids that are main-

tained through vectorial secretory pathways (reviewed in ref-
erences 19, 77, and 78). How CMV enters and egresses from
epithelial cells in body tissues is poorly understood, since most
of our knowledge of CMV replication was acquired by studies
carried out with human fibroblasts. Cultures of primary human
retinal pigment epithelial (RPE) cells support CMV replica-
tion (17, 50), and we used a human RPE cell line, ARPE-19, to
examine the process of entry and cell-cell spread in epithelial
cells. When cultured on permeable filter supports, ARPE-19
cells differentiate, forming distinct AP and BL membrane do-
mains (20). We reported that CMV enters ARPE-19 cells
asymmetrically through the AP membrane domain, facilitated
by gB (88). In contrast, an accessory glycoprotein, gpUS9, pro-
motes the transmission of infection from cell to cell (44, 45),
suggesting that different glycoproteins may function in vecto-
rial trafficking of progeny virions. Examination of CMV-infect-
ed ARPE-19 cells by immunofluorescence laser scanning con-
focal microscopy showed that gB is sorted to AP membranes;
infectivity studies indicate that virions are released predomi-
nantly from this membrane domain (88). AP release would
promote CMV infection of other epithelial cells, whereas
spread of virus across BL membranes would transmit infection
to adjacent cells and other types of susceptible cells in contact
with the epithelial surface.

In polarized epithelial cells, selective delivery of membrane-
anchored glycoproteins is regulated by the formation and tar-
geting of transport vesicles along the secretory route (reviewed
in reference 48). Vectorial transport to AP or BL membranes
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occurs in vesicles that bud from the trans Golgi network. Stud-
ies with polarized Madine-Darby canine kidney (MDCK) cells
reported that membrane-anchored proteins contain signals in
the cytosolic domain that recruit them into clathrin-coated pits
that are internalized from the cell surface (reviewed in refer-
ence 11). Certain proteins are delivered first to one (BL) mem-
brane domain and then endocytosed and transcytosed to the
opposite (AP) membrane (51, 80). Asymmetrical release of in-
fluenza virus, vesicular stomatitis virus (VSV), human immu-
nodeficiency virus (HIV), and others from MDCK cells is
regulated by vectorial sorting of the virion envelope glycopro-
teins by means of specific determinants (22, 34, 42, 71, 84). Our
observation that gB was sorted to the AP membrane domain of
CMV-infected epithelial cells suggested that it may contain
autonomous targeting information that directs virion-contain-
ing vesicles to AP membranes.

Since ARPE-19 cells lose their polarized properties follow-
ing transfection and vectorial sorting cannot be studied in
transiently transfected cells because polarity is lost, in the pres-
ent study we used stably transfected MDCK cells to evaluate
the transport of gB independently of other viral glycoproteins.
Examination of wild-type (WT) gB transport in MDCK cells
showed that it was targeted apically as in CMV-infected human
ARPE-19 cells. This indicated that gB specifies autonomous
determinants for vectorial trafficking in the secretory pathway
of polarized epithelial cells. We found that deletions in the
transmembrane (TM) anchor (aa 751 to 771) and cytosolic
domain (aa 834 to 906) disrupt the AP membrane targeting, as
do site-specific mutations that delete or modify the charge of
an acidic cluster with a casein kinase II (CKII) phosphorylation
site (aa 899 to 904). Targeting determinants in the luminal
domain and TM anchor of gB resemble those of other apically
sorted glycoproteins. In contrast, the cytosolic domain contains
potential determinants for internalization from the cell sur-
face, which may direct gB to endocytic vesicles and the recy-
cling pathway and function to missort derivatives with partial
deletions in the carboxyl terminus.

MATERIALS AND METHODS

Cells and culture medium. MDCK type II cells were purchased from the
American Type Culture Collection. Cells were grown in T-75-cm2 flasks (Costar)
at 37°C in minimal essential medium containing 5% fetal bovine serum, 200 mM
L-glutamine, 0.1 mg of streptomycin per ml, and 100 U of penicillin per ml. To
form polarized monolayers, MDCK cells expressing gB and the mutated deriv-
atives were grown on microporous filters (Transwell; Costar) with a 0.4-mm pore
size. At 4 days after plating, the cells were judged to be polarized when the
transepithelial resistance ranged between 200 and 250 V/cm2, as determined with
a Millicell electrical resistance system (Millipore).

Construction of mutated derivatives in CMV gB. The construction of deletion
derivatives in CMV gB with internal deletions of the luminal juxtamembrane
hydrophobic sequence (aa 717 to 747), TM anchor (aa 751 to 771), and both
hydrophobic sequences (aa 717 to 772) and truncation mutations in part of the
lumen, TM anchor, and cytosolic domains (gBD646-906), the TM anchor and
cytoplasmic domain (gBD761-906), and part of the cytosolic domain (gBD834-
906) has been published previously (64, 90, 98). Derivative gB(D772-906) was
constructed by inserting a stop codon at position 772 that precludes synthesis of
the cytosolic domain. Mutations in the CKII phosphorylation site in the cytosolic
domain of gB (56) were constructed by substituting valine or glutamic acid for
serine at position 900. To construct gB(ser900val), the carboxyl coding sequence
and 39-untranslated sequence of the gB gene were subcloned as a 463-bp NsiI-
XbaI fragment in the modified pBluescript KS (2). Uracil-containing single-
stranded DNA of this subclone was isolated from Escherichia coli CJ236 and was
used for site-directed mutagenesis (36). Oligonucleotide 59-CTTGAAAGACgt
CGACG AAGAAG-39 (the mutated sequence [lowercase]) was used to change
the codon 900 from Ser to Val and concurrently to introduce a SalI restriction
site. After mutagenesis, the selected SalI-positive clone was sequenced by the
dideoxy chain termination method, using double-stranded DNA as a template
(74). Other mutations in the extreme carboxyl terminus of the gB molecule were
constructed by site-directed mutagenesis by a PCR-uracyl DNA glycosylase meth-
od (66). For mutagenesis, a template plasmid, psp/gB, was constructed by in-
serting the EcoRI-XbaI fragment of gB (aa 685 to 906) into plasmid psp72
(Promega), which was then used as the template for mutagenesis. Primers used

for mutagenesis were as follows (substitutions and stop codon indicated by low-
ercase letters): gB(s899-903) primer 1, 59-AggaggagcaggugcuGAGAACGTCTG
AACCAGGAGG-39; gB(s899-903) primer 2, 59-agcaccugctcctccUTTCAAGTG
TCTGTAGCCG-39; gB(ser900glu) primer 1, 59-aGACGAAGAAGAGAACGU
CTGAAC-39; gB(ser900glu) primer 2, 59-ACGTTCTCTTCUTCGTCutcGTCT
TTCAAGTGTCTGTAGCCGTTTTTGCG-39; gB(D900-906) primer 1, 59-AGA
CACTUGAAAGACugaAC CAGGAGGAAAAAAAAACTAGAC-39; and gB
(D900-906) primer 2, 59-AGTCTTUCAAGUGTCUGTAGAC-39. After mu-
tagenesis, fragments containing the mutations were subcloned into pRC/CMVgB
with the EcoRI and XbaI sites to substitute the mutated sequence for the cor-
responding region of WT gB. Sequence changes were confirmed by both manual
and automated sequencing before and after subcloning the mutated fragments.

Selection of MDCK cells expressing derivatives of gB. Approximately 106

MDCK cells were transfected with 10 mg of DNA from plasmid pcDNA3 con-
taining the gB derivatives by published procedures (24). After 4 to 6 h, fresh
medium containing 10% fetal calf serum was added. On the following day, cells
were trypsinized and 5 3 104 cells/ml were plated into 24-well culture dishes in
medium containing G418 (1.2 mg/ml; Gibco). G418-resistant colonies were se-
lected as previously described (89).

Serological reagents. The following serological reagents were used: a rat
monoclonal antibody (MAb) to ZO-1 in tight junctions (Chemicon Internation-
al); a rat MAb to E-cadherin in adherens junctions (Sigma); antibodies to VIP-
21, b-COP, and furin (Affinity Bioreagents); antibodies to Rab11 (Zymed), Rab4,
and Rab5 (Quality Controlled Biochemicals); antibody to cathepsin B (Calbio-
chem); and fluorescein isothiocyanate (FITC)- and Texas red-conjugated anti-
mouse and anti-rat reagents (Jackson ImmunoResearch). Antibodies to adaptor
protein complexes 1 and 2 (Ap-1 and Ap-2) in clathrin-coated vesicles were a gift
of Frances Brodsky (University of California, San Francisco). The pool of MAbs
to CMV gB reacted with epitopes spanning different domains in the gB molecule
(5, 64). MAbs to continuous and assembled epitopes in the luminal domain of gB
were CH408-1 (domain DC1v), CH177-3 and CH253-1 (domain D1), CH130-9
(domain D2a), and CH442-1 (domain D2b). MAbs to continuous epitopes in the
cytosolic domain were CH409-2 (domain D3) and CH28-2 (domain DC3).

Immunofluorescence analyses. Surface immunofluorescence analyses with la-
ser scanning confocal microscopy were performed as follows. MDCK cells ex-
pressing the gB derivatives were grown on permeable filters for 4 days. Then,
they were washed with cold phosphate-buffered saline (PBS; pH 7.2), a pool of
MAbs to gB was added, and the cells were kept on ice for 30 min. The cells were
again washed and fixed with fresh 3% paraformaldehyde in the cold for 5 min.
Fixed cells were incubated on ice with secondary antibodies applied from the AP
or BL surface. In experiments to stain for gB and cellular proteins, cells were
reacted with antibody to gB, fixed with 3% paraformaldehyde, and then incu-
bated with FITC-labeled secondary antibody applied from both surfaces. The
cells were then permeabilized with 0.5% Triton X-100 (5 min), reacted with
primary antibodies to cellular proteins, and incubated with Texas red-conjugated
secondary antibodies applied to both surfaces. Filters were cut and mounted on
glass slides in Mowiol solution (Calbiochem-Behring). The cells were analyzed
with a krypton-argon laser coupled with a Bio-Rad MRC 600 confocal head,
which was attached to a Nikon Optiphot II microscope with a Plane Apo 60 31.4
objective lens. The cells were scanned simultaneously for FITC and Texas red
emission with the K1 and K2 filter blocks. For Z section analysis, cells were
scanned from AP to BL membranes with an increment of 0.5 to 1.0 mm between
sections. The data were analyzed with Comos software.

Domain-selective labeling and Western blot assays. Domain-selective labeling
was done as previously reported (26). MDCK cells were grown on filters with a
75-mm diameter and 0.4-mm pore size (Transwell; Costar) for 4 days and then
washed with cold Ringer’s buffer (10 mM HEPES [pH 7.4], 154 mM NaCl, 7.2
mM KCl, 1.8 mM CaCl2). Cells were incubated with Ringer’s buffer containing
20 mg of sulfo-NHS-biotin (Pierce) per ml, which was applied from AP (1.5 ml)
or BL (5 ml) membrane domains, for 30 min at 4°C on a rocker platform. Then,
they were washed five times with Tris saline (10 mM Tris-HCl [pH 7.4], 120 mM
NaCl), harvested with a rubber policeman, and extracted in radioimmunopre-
cipitation (RIP) buffer containing 1% Nonidet P-40, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride (PMSF),
and aprotinin (1 mg/ml). Cell extracts were clarified in a microcentrifuge at 4°C
for 15 min, adsorbed to streptavidin-Sepharose (Pierce) for 2 h at 4°C, and then
washed six times with RIP buffer. The samples were subjected to SDS-polyacryl-
amide gel electrophoresis and were electrotransferred to nitrocellulose. Secreted
derivatives of gB were detected as follows. After 4 days’ growth on filters, the
medium was aspirated and replaced by medium without serum. At 24 h, the
media from AP and BL compartments were collected separately, concentrated
20-fold, and extracted with RIP buffer. Samples were electrophoresed in 12%
polyacrylamide gels, electrotransferred to nitrocellulose, and reacted with MAbs
to CMV gB. The bands were visualized by exposure to Hyperfilm by the en-
hanced chemiluminescence procedure (Amersham).

Analysis of CMV gB solubility. Polarized MDCK cells grown on filters for 4
days were solubilized as published previously (27, 79). Cells were washed with
PBS and solubilized in Triton X-100 (1%) or octylglucoside (65 mM) in MBS-
buffered saline (25 mM 2-N-morpholinoethanesulfonic acid [MES; pH 6.5], 15 M
NaCl, 1 mM PMSF) for 20 min at 4°C on a rocking platform. Cells were scraped
from the filter with a rubber policeman and centrifuged (14,000 rpm for 15 min).
The soluble supernatant was collected into clean tubes, the insoluble pellet was
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extracted in SDS immunoprecipitation buffer (15 mM Tris [pH 7.5], 5 mM
EDTA, 2.5 EGTA, 1% SDS), and the denatured samples were electrophoresed
in denaturing polyacrylamide gels.

RESULTS

Construction of stably transfected MDCK cells that express
WT gB and mutated derivatives. In this, the first study to
determine whether sequences in CMV gB encode information
for AP transport, we took advantage of previously character-
ized deletion derivatives that retain many of the antigenic and
functional properties of the molecule, fold correctly, assemble
into dimers, and undergo transport to the cell surface. Figure
1 shows the sequences of the previously published deletion de-
rivatives of CMV gB and new constructs used in this study.
Figure 1A shows sites for N and O glycosylation and endopro-
teolytic cleavage in the luminal domain, the hydrophobic TM
anchor, and the CKII phosphorylation site in the cytosolic do-
main. Figure 1B shows derivatives with large deletions that
span the molecule. gB(D646-906), which has been previously
reported, has a deletion of 104 aa in the luminal domain and is
missing the entire TM anchor and the cytosolic domain (64). This
glycoprotein folded correctly, as indicated by a panel of MAbs
to conformational epitopes in the lumen, and formed oli-
gomers (64). gB(D761-906), which lacks part of the TM anchor
and the entire carboxyl terminus, and gB(D834-906), which
lacks the extreme carboxyl terminus, also retained all of the
conformational epitopes and formed oligomers but were im-
paired in syncytium formation in U373 glioblastoma cells (90).
gB(D772-906), which was constructed with a stop codon that
precluded synthesis of the carboxyl terminus, folded properly
but lacked epitopes mapping in the cytosolic domain (5). Fig-
ure 1C shows deletion mutations in hydrophobic sequences,
which were published previously (98). We and others reported
that aa 751 to 771 function as the TM anchor sequence of gB
and that derivatives lacking this sequence, gB(D751-771) and
gB(D717-772), were secreted from U373 glioblastoma cells (69,
98). gB(D717-747), which lacks a hydrophobic juxtamembrane

sequence in the lumen, folds correctly as indicated by MAbs to
conformational epitopes but has impaired transport from the
endoplasmic reticulum of U373 cells and consequently is not
cleaved (98). Figure 1D shows site-specific mutations in the
cluster of charged amino acids, which includes a CKII phos-
phorylation site, in the cytosolic domain (56). They were con-
structed for the present study and are shown relative to the WT
gB sequence in this region. gB(D900-906) lacked most of the
cluster of acidic residues, as did gB(s899-903), which had five
glycine substitutions. The substitution mutation in gB(ser900val)
precluded phosphorylation (91), and that in gB(ser900glu) mi-
micked a constitutively charged residue.

We first sought to examine the vectorial transport of CMV
gB expressed autonomously in human ARPE-19 cells and at-
tempted to select stably transfected cells after transfection with
plasmid DNA, as described for U373 glioblastoma cells (89).
Unfortunately, we found that ARPE-19 cells failed to prolif-
erate following transfection, lost the morphology of epithelial
cells, and were impaired in forming tight junctions as deter-
mined by staining with antibody to ZO-1 (data not shown).
Therefore, we chose to examine the sorting information in au-
tonomously expressed forms of CMV gB by G418 selection of
MDCK cells stably transfected with plasmid DNA containing
the mutated gB genes regulated by the CMV immediate-early
promoter. Several MDCK cell clones expressing the deriva-
tives were isolated, and one or more were examined with the
mixture of MAbs for gB transport to the plasma membrane.
First, we examined the vectorial transport of WT gB in polar-
ized MDCK cells by surface immunofluorescence of unfixed
cells whose AP and BL membranes were stained with FITC-
and Texas red-conjugated antisera, respectively (Fig. 2). We
found that the glycoprotein was transported preferentially to
AP (Fig. 2A) but not BL membranes (Fig. 2B), as shown in
horizontal sections (X-Y plane) and vertical sections (X-Z
plane) (Fig. 2C). Comparison of the gB staining pattern with
that of ZO-1, a marker for tight junctions at the interface be-
tween the AP and BL membrane domains (Fig. 2D to F), and

FIG. 1. Constructs for expression of CMV gB(AD169) and mutated derivatives in polarized MDCK cells. (A) Drawing of gB based on the amino acid sequence
(14, 15) showing positions of potential N- and O-glycosylation sites (full and empty lollipops, respectively) in the amino-terminal domain (aa 1 to 750), endoproteolytic
cleavage site (arrow) (aa 460 to 461) (82), TM anchor (aa 751 to 771), and carboxyl terminus (aa 772 to 906). (B) Deletion mutations with truncations in the luminal
domain, TM anchor, and cytosolic domain. (C) Internal deletion mutations in hydrophobic sequences in the luminal juxtamembrane region and TM anchor (dashes). (D)
Sequence of the cluster of charged residues at the extreme carboxyl terminus of WT gB and derivatives with site-specific substitution and deletion mutations.
Designations of the mutated derivatives are indicated at the left. Open bars, large sequences in the lumen and carboxyl terminus; filled bars, TM anchor; shaded region,
cluster of charged residues at the extreme carboxyl terminus; D, deletion; s, substitution; P, CKII phosphorylation site (56). Amino acids in sequence are indicated by
single letters. Antigenic and functional properties of the truncated derivatives and internal deletion mutations in gB (C and D) have been published elsewhere (64, 90, 98).
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E-cadherin, a marker for adherens junctions in BL membranes
(Fig. 2G to I), showed that these proteins stained in patterns
characteristic of their BL localization. The results of these ex-
periments showed that CMV gB is sorted to the AP membrane
domain of stably transfected MDCK cells, as in CMV-infected
ARPE-19 cells, which suggested that gB contains autonomous
information for vectorial sorting to the AP membrane domain
of polarized epithelial cells.

Determinants for AP transport are located in the lumen and
TM anchor of gB. In influenza virus glycoproteins, N- and
O-glycosylation sites in the luminal domain and the TM anchor
serve as AP sorting information by associating with sphingo-
lipid rafts, microdomains that handle apically sorted proteins
(34, 75, 76, 78). To locate sequences that contain vectorial
sorting determinants in the CMV gB molecule, we next com-
pared the transport of derivatives with large deletions in the
lumen and TM anchor with that of WT gB by immunofluores-
cence analysis (Fig. 3). Comparison of the staining pattern of
WT gB in AP membranes (Fig. 3A to C) with that of gB(D646-
906), lacking part of the lumen, the entire TM anchor, and the
cytosolic domain, showed that the derivative was not detected
in either AP or BL surface membranes (Fig. 3D to F). This
result suggested that loss of the TM anchor caused this deriv-
ative to be secreted from cells. gB(D761-906), which lacked the
carboxyl-terminal half of the TM anchor and the entire cyto-
solic domain, retained its membrane anchoring and was de-
tected approximately equally in AP and BL membranes (Fig.
3G to I). These findings indicated that AP targeting informa-

tion may be lost by deletion of the TM anchor and cytosolic
domain of gB.

The TM anchor of gB contains AP sorting information. To
determine whether the TM anchor contains AP sorting deter-
minants that function independently of the cytosolic domain,
we evaluated the transport of derivatives with deletions in
hydrophobic sequences that contained the TM anchor and lu-
minal juxtamembrane proximal sequences. Examination of gB
(D717-747) showed that it was transported to AP membranes
(Fig. 3J to L), whereas derivatives lacking all of the hydropho-
bic sequence, gB(D717-772), or the TM anchor alone, gB(D751-
771), were transported about equally to both AP and BL mem-
branes (Fig. 3M to R). These results indicated that deletion of
the TM anchor alone disrupts AP transport and that a subset
of the mutated forms undergo transport to BL membranes.

In the ensuing series of experiments, we evaluated direction-
al secretion of gB derivatives lacking all or part of the TM an-
chor by using Western blotting to analyze the medium collect-
ed from the AP and BL membrane domains for the presence
of secreted forms (Fig. 4). Comparison of WT gB (lanes 1 to 3)
with gB(D751-771) and gB(D717-772) (lanes 4 to 9) showed
that the derivatives were secreted in approximately equal
amounts from the AP and BL membrane domains. gB(D761-
906), missing half of the TM anchor and the entire carboxyl
terminus, was released preferentially from AP membranes
(lanes 10 to 12). Derivative gB(D646-906), with a truncation in
part of the ectodomain and all of the TM anchor and cytosolic
domain, was secreted in about equal amounts from both mem-

FIG. 2. Immunofluorescence confocal microscopy showing vectorial transport of CMV gB (A to C, D, and G), ZO-1 (E and F), and E-cadherin (H and I) in
polarized MDCK cells. Cells stably expressing WT gB were grown for 4 days on microporous filters. For surface membrane immunofluorescence staining, live cells were
incubated with antibodies to gB from AP (A, D, and G) and BL membranes (B, E, and H). Cells were then permeabilized and reacted with antibodies to ZO-1, a protein
in tight junctions, and E-cadherin, an adhesion molecule in adherens junctions in BL membranes. Top and middle rows, single 1-mm optical sections in the X-Y
horizontal plane; bottom row, X-Z sections showing vertical confocal views through the sample (C, F, and I).
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branes (lanes 13 to 15). The results of these experiments sug-
gest that deletion of the TM anchor and cytosolic domain
missorts gB either because AP targeting information is lost or
because a functional BL targeting signal is exposed. These
results also indicate that the luminal domain contains infor-
mation that promotes secretion from AP membranes. Since all

of the potential N- and O-glycosylation sites are retained in
gB(D646-906), it is possible that the derivative binds to lectins
associated with sphingolipid-cholesterol rafts that are apically
targeted (75, 78).

Analysis of derivatives lacking the TM anchor suggested that
CMV gB, like the influenza virus glycoproteins hemagglutinin

FIG. 3. Immunofluorescence confocal microscopy showing the transport of CMV WT gB and deletion derivatives to the apical and basolateral surface membranes
of polarized MDCK cells. Cells were incubated with a pool of MAbs to gB, fixed, and then reacted with secondary antibodies conjugated either with fluorescein
isothiocyanate (AP membrane) or with Texas red (BL membrane). Derivatives are indicated at the top of each set of panels.
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(HA) and neuraminidase (NA), may contain an AP sorting
determinant in the TM anchor domain (34, 76, 78). Figure 5
shows the sequence of the TM anchor of gB, which is rich in
large hydrophobic residues that might facilitate interaction of
the molecule with sphingolipid-cholesterol rafts that are vec-
torially transported to AP membranes. To determine whether
gB is insoluble in Triton X-100, we examined the solubility of
WT gB and gB(D751-771), lacking the TM anchor, in polarized
MDCK cells (Fig. 6). We found that a fraction of WT gB was
insoluble in Triton X-100 (lanes 1 to 2). In contrast, WT gB
was completely soluble in octylglucoside (lanes 3 to 4), and
gB(D751-771) was soluble in both Triton X-100 and octylglu-
coside (lanes 5 to 8). These results suggested that the hydro-
phobic residues in the TM anchor may promote association of
gB with sphingolipid-cholesterol rafts and cooperate in target-
ing to AP membranes.

The cytosolic domain of gB facilitates AP sorting. We then
determined whether the cytosolic domain of gB contains AP
sorting information by examining two derivatives with large
deletions. Immunofluorescence analysis of gB(D772-906), lack-
ing all of the carboxyl terminus, and gB(D834-906), lacking the
last 73 residues, showed that both derivatives had lost AP
sorting information and were transported to AP and BL mem-
branes in about equal amounts (Fig. 3S to X). These findings

suggested either that information for AP targeting in the car-
boxyl terminus was lost or that deletion of cytosolic sequences
caused a BL sorting determinant to be presented or activated.
Since gB internalizes from the plasma membrane (65), vecto-
rial transport in epithelial cells might occur by a combination
of AP sorting information (in the lumen and TM anchor) and
cytosolic signals for entry into endosomal vesicles, which are
then directed to AP membranes and recycled (2). Figure 5
shows the sequence of the cytosolic domain of gB, which con-
tains Tyr-containing sequences, Leu-Leu motifs, and a cluster
of charged amino acids with a CKII phosphorylation site that
might serve as determinants for endocytosis and targeting to
BL membranes (reviewed in reference 48). Relevant to the
present study was the report that the endoprotease furin, which
cleaves gB in a post-Golgi compartment (93), contains a cluster
of charged residues and a CKII site in the cytosolic domain
that function as a signal for internalization from plasma mem-
branes into the endocytic pathway (30, 94).

To investigate the role of the cluster of acidic residues in
vectorial sorting of gB, we examined the transport of mutated
derivatives with deletions or substitutions in this sequence. The
sequences of WT gB and the mutated derivatives gB(D900-
906), gB(s899-903), gB(ser900val), and gB(ser900glu) are shown
in Fig. 1D, and their immunofluorescence staining patterns in
polarized MDCK cells are shown in Fig. 7. Comparison of
WT gB (panels A to C) with gB(D900-906) (panels D to F)
and gB(s899-903) (panels G to I) indicated that a fraction
of the mutated derivatives was missorted to BL membranes.
In contrast, derivatives with a single substituted residue, gB
(ser900val) and gB(ser900glu), underwent vectorial transport
to AP membranes, like WT gB (Fig. 7J to O). These results
were confirmed by differences in the staining patterns obtained
in vertical sections of the apically sorted derivatives (Fig. 7C, L,
and O) and the missorted ones (Fig. 7F and I). It should be
mentioned that the distribution of these derivatives with mu-
tations in the acidic cluster differed from that of other forms, in
that it was particularly dense (Fig. 7J and M) and was concen-
trated at the periphery of the AP membrane domain (Fig. 7D
and G), suggesting a defect in internalization of gB. That
abrogation of the cytosolic charged cluster leads to missorting
indicates that this signal participates in vectorial targeting of
gB in epithelial cells.

Then, we carried out domain-selective biotinylation of AP
and BL membranes of polarized MDCK cells expressing de-

FIG. 4. Secretion from AP and BL membrane domains of polarized MDCK
cells of mutated CMV gB derivatives with internal deletions in the TM anchor
and carboxyl-terminal truncations. Lanes A and B, medium from AP and BL
compartments, respectively; lanes C, total extracts of MDCK cells. Samples were
electrophoresed in denaturing gels, electrotransferred to nitrocellulose, and re-
acted with a pool of MAbs to gB.

FIG. 5. Hydrophobic sequence of the TM anchor and cytosolic carboxyl
terminus of CMV gB. Shaded sequence, TM anchor (aa 751 to 771); aa 772 to
906, cytosolic domain; boxes, Leu-Leu and Tyr-containing signals; underlining,
cluster of acidic residues; P, CKII phosphorylation site. Arrows indicate sites of
truncation mutations constructed in the TM and cytosolic domain (Fig. 1).

FIG. 6. Solubility of CMV gB and an internal deletion derivative gB(D751-
771), lacking the TM anchor, in Triton X-100 and octylglucoside. Western blot
analysis of extracted samples electrophoresed in denaturing polyacrylamide gels
and transferred to nitrocellulose is shown. TX, Triton X-100; OG, octylglucoside;
S, soluble; I, insoluble.
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rivatives with deletions in the lumen, the TM anchor, and the
cytosolic domain and derivatives with mutations in the cluster
of acidic residues to evaluate their transport biochemically
(Fig. 8). The results of these experiments showed that WT gB
(Fig. 8A, lanes 1 to 2) and gB(D717-747) (Fig. 8A, lanes 3 to 4)
trafficked to AP membranes. In contrast, gB(D751-771) and
gB(D717-772), lacking the TM anchor (Fig. 8A, lanes 5 to 8),
were detected in AP and BL membranes in approximately
equal amounts. Likewise, derivatives with deletions in the cy-
tosolic domain, gB(D761-906), gB(D772-906), and gB(D834-
906), were present in both AP and BL membranes (Fig. 8A,
lanes 9 to 14). Examination of derivatives with mutations in the
charged cluster in the carboxyl terminus confirmed that WT
gB, gB(ser900val), and gB(ser900glu) were apically targeted
(Fig. 8B, lanes 1 to 6), whereas gB(s899-903) and gB(D900-
906) were partially missorted to BL membranes (Fig. 8B, lanes
7 to 10). The results of domain-selective labeling supported the
immunofluorescence studies, which showed that mutations in
the TM anchor and cytosolic domain of gB cause missorting to
BL membranes and that the cluster of acidic residues, aa 899
to 904, enhances the fidelity of the AP targeting of gB. These
findings indicate either that information in the cytosolic do-
main of gB recognized by the sorting machinery was lost or
that functional BL sorting determinants were presented or
activated following deletion of the carboxyl terminus, or both.

CMV gB colocalizes with proteins associated with endocytic
vesicles. Although the cytosolic domains of membrane-an-
chored glycoproteins have not been implicated in targeting to
AP membranes, our finding that deletions in this domain dis-
rupt AP targeting of gB in epithelial cells suggested that this
sequence may participate in targeting. As noted above, the
cytosolic sequence contains multiple determinants with the
potential for sorting into endocytic vesicles: Tyr-containing and
Leu-Leu motifs, which resemble BL sorting signals, and the
cluster of acidic residues (Fig. 5) (48, 94). We next determined
whether WT gB traffics in the endocytic pathway in MDCK
cells by studying gB costaining with cellular proteins that serve
as markers for early endosomes and vesicles of the biosynthetic
pathway. The results are shown in Fig. 9 and summarized in
Table 1. gB stained in a globular pattern and was strongly
colocalized with b-COP in transport vesicles trafficking from

the endoplasmic reticulum to the Golgi complex (Fig. 9A to
C). Some gB costaining was found with Rab4 (Fig. 9D to F)
and Rab5 (Fig. 9G to I), which are small GTPases in early
endosomes. gB strongly costained with the adaptor protein
complex-1 (Ap-1) in clathrin-coated early endosomal vesicles
budding from the trans Golgi network (Fig. 9J to L) and weakly
costained with AP-2 in clathrin-coated pits internalized from
the plasma membrane (Fig. 9M to O). gB costained with furin
transported in vesicles from the trans Golgi network and in-
ternalized from the cell surface (Fig. 9P to R). gB also colo-
calized with two proteins that are apically sorted in epithelial
cells, Rab11 in recycling vesicles (Fig. 9S to U) and VIP-21,
which partitions with sphingolipid-cholesterol rafts (Fig. 9V to
X). gB did not costain with cathepsin B, a marker for lyso-
somes (data not shown). These costaining experiments indi-
cated that gB contains functional sorting determinants, re-
ported to map in the cytosolic domains of membrane-anchored
glycoproteins, for trafficking in the biosynthetic pathway, early
endosomes, and recycling vesicles from the trans Golgi net-
work and the plasma membrane and also that it sequesters
with proteins handled by sphingolipid-cholesterol rafts.

DISCUSSION

CMV gB contains information for AP trafficking in polar-
ized epithelial cells. Our observation that CMV gB is trans-
ported to AP membranes in infected ARPE-19 cells prompted
the present study to determine whether gB contains autono-
mous information for AP sorting and, if so, to locate the
sequences by expressing derivatives with site-specific mutations
in polarized MDCK cells. We found that WT gB expressed in
the absence of other viral glycoproteins underwent vectorial
transport to AP membranes and that deletions in the TM
anchor and the cytosolic domain caused significant missorting
to BL membranes, indicating that these regions contain inde-
pendent sorting determinants. Our results are summarized in
Table 2, and the key findings are discussed below.

The severely truncated derivative gB(D646-906), missing
part of the lumen, the entire TM anchor, and the cytosolic
domain, was secreted from AP and BL membrane domains;
this indicated that the remaining luminal sequences contain

FIG. 7. Immunofluorescence confocal microscopy showing the transport in polarized MDCK cells of CMV gB derivatives with mutations in the charged cluster of
amino acids mapping in the extreme carboxyl terminus. Mutated forms are listed above each set of panels. Top and middle rows, single 1-mm optical section in the X-Y
plane for AP and BL, respectively; bottom row, vertical X-Z section through the sample. gB(s899-903), panels G, H, and I.
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AP sorting information, although considerable missorting oc-
curred. That derivative gB(D751-771), lacking only the hydro-
phobic TM anchor sequence, was also missorted to BL mem-
branes indicated that AP sorting information may have been
lost. Missorting of gB(D772-906) and gB(D834-906) to BL
membranes suggests that the cytosolic domain contains inde-
pendent AP targeting information distinct from determinants
contained in the TM anchor. Deletion and substitution muta-
tions that altered the cluster of acidic residues (aa 899 to 904)
changed the trafficking of a fraction of the mutated forms
expressed in MDCK cells, indicating that the charged sequence
at the extreme carboxyl terminus of gB influences vectorial
sorting of the glycoprotein in epithelial cells. We showed that
determinants in separate regions—the lumen, TM anchor, and
cytosolic domain—participate in vectorial transport of gB to
AP membranes of epithelial cells and that loss of structural
elements in the TM anchor and the cytosolic domain causes
missorting to BL membranes.

Sorting determinants in the lumen and TM domain that are
recognized by the cellular sorting machinery. Intense research
efforts have focused on understanding the mechanism of pro-
tein sorting in epithelial cells, deciphering the sorting determi-
nants, and identifying the cytosolic protein complexes that de-
code them. Most of these studies have been performed with

polarized MDCK cells that are stably transfected with a gene
encoding the protein of interest. It is thought that AP sorting
is regulated by information in the lumen and TM anchor, where-
as the cytosolic domain contains determinants for BL sorting
and entry of glycoproteins into the endocytic pathway. N-gly-
cosylation sites and an O-glycosylated stalk domain serve as
functional elements for targeting proteins to AP membranes
(25, 75, 97). The glycophosphatidylinositol anchor functions as
an AP sorting determinant (38), as does the hydrophobic TM
anchor of influenza virus envelope glycoproteins HA and NA
(34, 76). It has been reported that these glycoproteins traffic
vectorially to the AP membrane domain by association with
sphingolipid-cholesterol rafts—which are protein-lipid micro-
domains formed in the Golgi complex (reviewed in references
39 and 78)—by means of residues in the TM anchor and the
affinity of the luminal domain for raft-associated lectins (34, 73,
79).

Our findings that a fraction of WT gB molecules is insoluble
in Triton X-100, like influenza virus HA and NA (32, 34, 79),
and colocalizes with VIP-21, a raft-associated, cholesterol-bind-
ing protein (53), suggest that some of the gB molecules may
also undergo AP targeting in sphingolipid-cholesterol rafts.
Many N- and O-glycosylation sites between aa 1 and 646 in the
lumen of gB, shown in Fig. 1, may promote AP targeting of
the anchorless derivative, gB(D646-906), and the partially
anchored derivative, gB(D761-906), by associating with lectins
in apically sorted lipid rafts (75, 78, 97). Since some of these gB
molecules are missorted, affinity of the luminal domain for
raft-associated proteins may not be sufficient for clustering into
lipid rafts. The missorting of gB that occurs following deletion
of the TM anchor could also result from less stringent exclu-
sion of gB from clathrin-coated vesicles and suggests that co-
operation between determinants in the lumen and TM anchor
enhances AP targeting. Comparison of the TM anchor sequence
(Fig. 7) with those of influenza virus HA and NA glycopro-
teins, which contain AP sorting information, indicates that the
gB anchor is rich in large hydrophobic residues that may pro-
mote cooperative interactions with cholesterol in sphingolipid
rafts (32, 76). The finding that the truncated derivative gB
(D761-906) undergoes transport to AP and BL membranes but
is secreted predominantly from AP membranes suggests that
the remaining hydrophobic residues may serve to anchor gB in
BL membranes but are not sufficient for its stable distribution
in AP membranes. Whether the association of gB with sphin-
golipid-cholesterol rafts depends on the capacity of the TM
anchor to bind cholesterol remains to be investigated.

Determinants for endocytosis and vectorial sorting in the
cytosolic domain of gB. Signals for rapid internalization into
the endocytic pathway, which may overlap BL targeting deter-
minants, are found in the cytosolic domain of membrane-an-
chored glycoproteins (reviewed in references 46 and 48). These
include a Tyr (Y) within the sequence YXXØ, where X is any
amino acid and Ø is one with a bulky hydrophobic group; Leu-
Leu motifs (29, 47); and a cluster of acidic residues (94). Since
primary determinants can have diverse targeting activities, oth-
er sequence and contextual requirements influence protein
sorting within cells (46, 47). Among these are flanking residues
that favor sorting to particular compartments, the position of
the signal within the cytosolic domain, and secondary determi-
nants that operate together with it. Entry into the endocytic
pathway involves the recruiting of membrane-anchored glyco-
proteins into clathrin-coated regions by the binding of Ap-1
and Ap-2 to cytosolic signals (57, 58, 70). Potential determi-
nants in the cytosolic domain for sorting CMV gB into the
endocytic pathway include five Tyr-containing motifs, two Leu-
Leu motifs, and a cluster of acidic residues with a CKII site

FIG. 8. Detection in surface membranes of polarized MDCK cells of CMV
gB and derivatives with deletions in the lumen, TM anchor, and cytosolic domain
(A) and with site-specific mutations in the cluster of acidic residues in the
cytosolic domain (B). Cells were grown on permeable filters and subjected to
domain-selective biotinylation from AP (lanes A) or BL (lanes B) membrane
domains.
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(Fig. 5) (56). Immunofluorescence studies showed that gB co-
localized with Ap-1 in the trans Golgi network, with Ap-2 at the
plasma membrane, and with proteins in endocytic vesicles.
This indicates that gB traffics in clathrin-coated vesicles, early
endosomes, and recycling vesicles in MDCK cells. It is notable
that varicella-zoster virus gE and gI and pseudorabies virus gE
and gB also contain functional cytosolic signals that regulate
the trafficking of these alphaherpesvirus glycoproteins in clath-
rin-coated vesicles of the endocytic pathway (1, 59, 85).

The results of mutagenesis studies indicate that the acidic
cluster in the cytosolic domain of gB, which functions as an
endocytic sorting signal in furin (8, 94), may influence the
targeting of gB in polarized cells. We recently observed that
derivatives with site-specific mutations in the cluster of acidic
residues fail to internalize from the plasma membrane (91).
The finding that these mutations alter the vectorial sorting of
gB suggests that trafficking through the endocytic pathway in

polarized cells may play a key role in gB targeting. The acidic
cluster is immediately preceded by a Tyr-containing signal,
which may assume a functional role in the BL sorting of mu-
tated derivatives gB(s899-903) and gB(D900-906), in which this
signal is intact. Tyr-containing signals, Leu-Leu motifs, and
other elements that may function in BL targeting form a type
I b-turn configuration (4). Interestingly, several MAbs to gB
that recognize the carboxyl terminus fail to react with overlap-
ping peptides constructed from this sequence, indicating that
the intact cytosolic domain may possess secondary structure
(5). Possibly determinants used for endocytosis have a different
context after truncation of the molecule and consequently mis-
sort gB to BL membranes. A study of the apically targeted
human nerve growth factor receptor supports this idea (37).
An internal cytoplasmic deletion, which moved a cytoplasmic
Tyr closer to the membrane into a more charged environment,
caused missorting of the mutated form basolaterally and more

FIG. 9. Costaining of CMV gB and proteins in secretory vesicles in the biosynthetic and endocytic pathways of MDCK cells, analyzed by immunofluorescence laser
scanning confocal microscopy. For each set of three frames, the left, middle, and right rows show cellular protein (red), gB (green), and costaining vesicles (yellow),
respectively.
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rapid internalization of the ligand. The results suggested that a
BL targeting signal related to endocytic signals, dominant over
AP targeting information in the TM anchor and luminal do-
mains, was expressed. Given the presence of multiple sorting
determinants in CMV gB and the potential of the molecule to
interact with cellular proteins in different compartments (63,
96, 98), it will be important to identify specific signals for
endocytosis in the cytosolic domain and those that may pro-
mote BL targeting following structural changes.

Vectorial trafficking of viral envelope glycoproteins and di-
rectional release of virions from polarized epithelial cells. Vi-
ruses infecting epithelial cells coopt the cellular machinery to
sort their envelope glycoproteins and thus regulate the direc-
tion of progeny virion egress to maximize the spread of infec-
tion. In MDCK cells, influenza virus is released from AP mem-
branes, which are enriched in the envelope glycoproteins HA
and NA (35, 72). In contrast, VSV (22), HIV, and human T-
cell leukemia virus type 1 (41, 42) are released from BL mem-
branes, to which their envelope glycoproteins are vectorially
sorted. In human RPE cells, influenza virus and VSV are re-
leased with the same polarity as in MDCK cells, which suggests
that the sorting information is recognized similarly (6, 79, 84).
In the present study, we showed that CMV gB contains auton-
omous determinants for AP transport in MDCK cells, which is
comparable to the sorting in CMV-infected human ARPE-19
cells (88). We have also employed a nonreplicating adenovirus
vector to express CMV gB and found that it is sorted apically
in polarized MDCK and ARPE-19 cells infected with the vec-

tor (43), which supports the similar vectorial targeting of gB in
these cells.

Multiple pathways for trafficking membrane-anchored gly-
coproteins to the plasma membrane have been demonstrated
for polarized epithelial cells, i.e., direct sorting to AP and BL
membranes in vesicles of the biosynthetic pathway and indirect
transport in vesicles of the endocytic and transcytotic pathway
(48, 52, 78, 95). Figure 10 shows a model of the transport path-
ways for trafficking CMV gB to AP membranes of polarized
epithelial cells based on colocalization studies and published
work from our laboratory and others (7, 65, 88). Structural
determinants in the lumen, TM anchor, and cytosolic domain
may influence the pathway used for trafficking gB to AP mem-
branes. N- and O-glycosylation sites in the luminal domain and
hydrophobic residues in the TM anchor domain may promote
association of gB with glycosphingolipid-cholesterol rafts (75,
76, 78, 97). Cytosolic determinants may bind Ap-1 in clathrin-
coated vesicles budding from the TGN, which enter the endo-
cytic pathway by fusing with early endosomes or recycling en-
dosomes, or may bind Ap-2 in clathrin-coated pits at the
plasma membrane during internalization. Once in AP mem-
branes, gB may be internalized and enter the recycling endo-
somes that are apically targeted. It was recently reported that
influenza virus HA is slowly transcytosed from BL to AP mem-
branes in rat RPE cells (7). Although only a trace amount of
gB was detected in BL membranes of human ARPE-19 cells
infected with CMV (88) or with a nonreplicating adenovirus
vector expressing gB (43), the possibility that the transcytotic

TABLE 1. Colocalization of CMV gB with vesicles of the biosynthetic and endocytic transport pathways in MDCK cells

Transport pathway(s) Vesicle marker gB
costaining Reference(s)

Coatomers of vesicles trafficking from endoplasmic reticulum to Golgi b-COP 1 60
Clathrin-coated vesicles budding from TGNa Ap-1 1 70, 87

Furin 1 94
Early endosomes, recycling, and clathrin-coated vesicles Ap-2 1 70, 87

Rab4 1 13, 16, 94
Rab5 1
Furin 1

TGN, apically targeted sphingolipid-cholesterol rafts VIP-21 1 32, 53, 99
Apically targeted vesicles and pericentriolar recycling endosomes Rab11 1 23, 92

a TGN, trans Golgi network.

TABLE 2. Transport of CMV gB and mutated derivatives to AP and BL membrane domains of polarized MDCK cells

Derivative Mutated region Mol mass
(kDa)a

Membrane
domainb Secretion

WT gB None 150, 55 AP None
gB(D646-906) Lumen/TM anchor/cytosol 100, 30 None AP/BL
gB(D717-772) Lumen/TM anchor 150, 48 AP/BLc AP/BL
gB(D717-747) Lumen 150 AP None
gB(D761-906) TM anchor/cytosol 120, 40 AP/BL AP
gB(D751-771) TM anchor 150, 52 AP/BL AP/BL
gB(D772-906) Cytosol 124, 42 AP/BL None
gB(D834-906) Cytosol 150, 50 AP/BL None
gB(D900-906) Cytosol 150, 50 AP/some BLd NDe

gB(s899-903) Cytosol 150, 50 AP/some BLd ND
gB(ser900val) Cytosol 150, 50 AP ND
gB(ser900glu) Cytosol 150, 50 AP ND

a Mol mass, approximate molecular mass. Products of proteolytic cleavage were detected for all derivatives except gB(D717-747).
b Membrane domain as determined by immunofluorescence staining of gB in laser scanning confocal microscopy and domain-selective biotinylation.
c AP/BP, approximately equal missorting.
d AP/some BL, predominantly AP with some BL missorting.
e ND, not done.
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pathway is used for indirect targeting to AP membranes cannot
be excluded and remains to be examined.

Our study of the mutated derivative gB(D717-747) provided
a striking example of differences in the transport pathways
used for trafficking membrane-anchored glycoproteins in dif-
ferent types of cells. We recently reported that this derivative
was retained in the endoplasmic reticulum of U373 glioblas-
toma cells, where it formed complexes with protein chaper-
ones, although the derivative was neither malfolded nor de-
graded (98). In the present study, we found that gB(D717-747)
underwent transport to AP membranes of polarized MDCK
cells (Table 2), suggesting that structural features may be rec-
ognized by components of the secretory machinery operating
in polarized epithelial cells, but not in nonpolarized cells. This
idea is supported by the finding that proteins associated with
sphingolipid-cholesterol rafts may be sorted to different mem-
brane domains depending on the cell type, which suggests that
additional cellular factors may be required for accurate sorting
(99).

Egress of the herpesviruses from epithelial cells is a complex
process due to the presence of multiple glycoproteins, which
may participate in vectorial transport of virion-containing ves-
icles to distinct membrane domains (reviewed in references 61
and 83). It is generally accepted that the first step in virion
egress is the acquisition of an envelope by nucleocapsids bud-
ding into the inner nuclear membrane, but the subsequent
steps are not well understood. Genetic studies showed that

herpes simplex virus may undergo de-envelopment from the
first envelope acquired during budding into the endoplasmic
reticulum and be reenveloped in a different subcellular com-
partment (12). In CMV-infected human fibroblasts, gB is in-
ternalized from plasma membranes and incorporated into the
virion envelope (65), and released virus particles are derived
from endocytic vesicles (86). It has long been appreciated that
virions are poorly released from CMV-infected U373 cells and
that plaque formation fails to occur, which may be a conse-
quence of rapid endocytosis of gB from the surface of infected
U373 cells (21). Together, these results suggest that CMV may
be enveloped in vesicles derived from the endocytic pathway
and that virion egress may be regulated in epithelial cells by
targeting of virion-containing vesicles to AP membranes via
trafficking determinants in the TM anchor and cytosolic do-
main of gB distributed in the vesicle membranes. A key ques-
tion is the relationship between release of CMV virions
predominantly from the AP membrane domain, trafficking in-
formation in gB, and potentially divergent signals in the other
envelope glycoproteins. It is thought that transport determi-
nants are hierarchically arranged and that inactivation of sig-
nals specifying BL transport causes efficient AP sorting (49).
The hierarchy of signals regulating virion egress from CMV-
infected epithelial cells, in which multiple glycoproteins are
transported in vesicles of the biosynthetic and endocytic path-
ways, remains to be examined by using viral recombinants with
mutations in trafficking determinants in gB and other envelope
glycoproteins.
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