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Human cytomegalovirus (HCMV) is a prototypic member of the betaherpesvirus family. The HCMV virion
is composed of a large DNA genome encapsidated within a nucleocapsid, which is wrapped within an inner
proteinaceous tegument and an outer lipid envelope containing viral glycoproteins. Although genome encap-
sidation clearly occurs in the nucleus, the subsequent steps in the virion assembly process are unclear. HCMV
glycoprotein B (gB) is a major component of the virion envelope that plays a critical role in virus entry and is
essential for the production of infectious virus progeny. The aim of our present study was to identify the
secretory compartment to which HCMV gB was localized and to investigate the role of endocytosis in mediating
gB localization and HCMV biogenesis. We show that HCMV gB is localized to the trans-Golgi network (TGN)
in HCMV-infected cells and that gB contains all of the trafficking information necessary for TGN localization.
Endocytosis of gB was shown to play a role in mediating TGN localization of gB and in targeting of the protein
to the site of virus envelopment. However, inhibition of endocytosis with a dominant-negative dynamin I
molecule did not affect the production of infectious virus. These observations indicate that, although endocy-
tosis is involved in the trafficking of gB to the site of glycoprotein accumulation in the TGN, endocytosis of gB
is not required for the production of infectious HCMV.

Human cytomegalovirus (HCMV) is a ubiquitous betaher-
pesvirus that causes debilitating disease in immunosuppressed
individuals (4). The virion of HCMV consists of an encapsi-
dated genome wrapped within an inner proteinaceous tegu-
ment and an outer lipid envelope studded with viral glycopro-
teins (11). Although two distinct models have been proposed
to describe the assembly process of HCMV and other herpes-
viruses, most recent studies support a “re-envelopment”
model. In this model, nucleocapsids assembled within the
nucleus enter the cytoplasm by a process of envelopment fol-
lowed by deenvelopment at the inner and outer nuclear mem-
brane. Final envelopment of the naked cytoplasmic nucleocap-
sid then occurs at specific membranes of the cellular secretory
system. For the most extensively studied herpesviruses, i.e.,
varicella-zoster virus (VZV), pseudorabies virus (PRV), and
herpes simplex virus type 1 (HSV-1), final envelopment is
thought to occur at the trans-Golgi network (TGN) (5, 8, 9, 16,
24, 25). This proposed TGN site of envelopment corresponds
to accumulation of major viral envelope proteins in the TGN,
indicating that these viruses target components of the virion to
the site of assembly (1, 2, 27).

Results from a number of studies support a re-envelopment

model to describe HCMV assembly. First, treatment of
HCMV-infected cells with brefeldin A (BFA; which blocks
secretory transport to the TGN) was shown to result in the
accumulation of naked nucleocapsids in the cytoplasm, sug-
gesting that naked cytoplasmic capsids represent an interme-
diate species in HCMV assembly (6). Second, a number of
major components of the HCMV virion have been shown to
accumulate in a compartment that displays considerable colo-
calization with a cellular TGN-localized protein (TGN46), sug-
gesting that final envelopment of HCMV may occur at the
TGN as observed for VZV and PRV (15).

Localization of many proteins to the TGN (e.g., furin endo-
protease, VZV gE, and HSV gE) has been shown to be me-
diated, at least in part, by endocytosis from the cell surface (1,
2, 12, 27). For HCMV gB, previous studies indicate that en-
docytosis is a common characteristic of gB trafficking in all
permissive cell types studied (human fibroblasts [HF], an as-
troglioma cell line [U373], and human retinal pigment epithe-
lial cells [ARPE-19]) (7, 14, 21). Furthermore, studies in HF
cells suggested that a horseradish peroxidase-accessible endo-
somal compartment was a major site of virus envelopment (20)
and that gB was transported to the site(s) of virus assembly in
these cells by retrieval from the cell surface (14). Together,
these studies suggest that endocytosis plays a role in the intra-
cellular trafficking of HCMV gB in a wide variety of HCMV
permissive cell types, as well as in the targeting of gB to a
cytoplasmic site of virus envelopment in HF cells.

The aim of the present study was to determine the subcel-
lular site of gB accumulation and the role of endocytosis in the
transport of gB to this site and in the production of normal
levels of HCMV progeny. First, we show that gB expressed
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during HCMV infection of two permissive cell types (HF and
U373 cells) accumulates in the TGN. Second, we demonstrate
that HCMV gB contains all of the cis-acting information nec-
essary for TGN localization. Finally, we show that endocytosis
is involved in the targeting of gB to the TGN as well as to an
undefined cytoplasmic site of virus assembly. However, inhibi-
tion of endocytosis with a dominant-negative dynamin I mol-
ecule had no effect on the level of infectious progeny virus.
This result indicates that levels of gB sufficient for the produc-
tion of normal levels of infectious progeny virus can be
achieved in the absence of gB retrieval from the cell surface.

MATERIALS AND METHODS

Cell lines and virus. HCMV AD169 strain was propagated in normal human
dermal fibroblast cells (NHDF; Clonetics, Walkersville, Md.) by standard meth-
ods. U373 cells were obtained from the American Type Culture Collection
(Rockville, Md.) and cultured at 37°C in an atmosphere of 5% CO2 in complete
medium (Dulbecco modified essential medium [BioWhittaker, Md.] containing
10% fetal bovine serum and supplemented with 4 mM L-glutamine, 200 �g of
penicillin G/ml, and 200 �g of streptomycin sulfate/ml).

HCMV titration. Cells were infected with HCMV by the addition of virus to
cell monolayers at the multiplicity of infection (MOI) indicated, followed by
incubation for 1 h at 37°C in an atmosphere of 5% CO2. Monolayers were then
washed three times with Dulbecco phosphate-buffered saline (DPBS), fresh
complete medium was added, and cells were cultured at 37°C in an atmosphere
of 5% CO2. Supernatant and cell fractions were harvested at various times
postinfection (p.i.), and the level of virus in each fraction was determined by
titration on NHDF cells, using standard methodology.

Generation and use of adenovirus vectors. Construction and characterization
of the adenovirus expressing gBFLAG have been previously described (10).
Recombinant adenoviruses expressing dynamin I wild-type (dynWT) and the
dominant-negative dynamin I (dynK44A) were produced by previously described
methods (17). Recombinant viruses were screened by PCR and protein expres-
sion was confirmed by Western analysis of infected cell lysates with the appro-
priate antibody. All recombinant adenoviruses were plaque purified, and viral
stocks were grown and the titers were determined on 293 cells. Recombinant
protein expression is under the control of a tet-responsive promoter-enhancer
element with protein expression driven by coinfection with an adenovirus
(AdtTa) expressing the “tet-off” transactivator (tTa), and protein levels were
regulated by altering the MOI of AdtTa used to infect cells. For expression of
recombinant proteins, adenoviruses expressing the protein of interest and AdtTa
were added to cells at the MOI indicated and then incubated for 2 h at 37°C.
Monolayers were then washed twice with DPBS, and cells were cultured for the
indicated time prior to harvest.

Immunofluorescence microscopy. Localization of viral and cellular proteins in
U373 and NHDF cells was determined by indirect immunofluorescence by a
modification of the method of Molloy et al. (12). All procedures were performed
at room temperature. Cells grown on chamber slides were rinsed in DPBS and
fixed for 15 min in DPBS containing 4% paraformaldehyde, 0.1 mM CaCl2, and
0.1 mM MgCl2. Cells were washed three times in DPBS and then permeabilized
and blocked by incubation for 15 min in DPBS containing 2% normal goat serum
and 0.4% Triton X-100. Cells were then washed three times in wash buffer
(DPBS containing 0.2% Triton X-100 and 0.2% bovine serum albumin) and
incubated in primary antibody diluted in DPBS containing 0.1% Triton X-100 for
1 h. Primary antibodies used were a mouse anti-gB monoclonal antibody (MAb)
27-156 (used at a dilution of 1/150), rabbit anti-gB polyclonal antibody R2448
(used at a dilution of 1/50), mouse anti-FLAG MAbs M1 and M2 (Sigma; used
at a dilution of 1/200), a mouse anti-� adaptin MAb AP-1 (Sigma; used at a
dilution of 1/150), a rabbit polyclonal anti-TGN46 antibody (used at a dilution of

1/300) (13), and a mouse anti-p115 antibody (used at a dilution of 1/300; BD
Transduction Laboratories). After incubation, cells were washed three times with
wash buffer and incubated in DPBS containing the appropriate fluorophore-
conjugated species-specific secondary antibodies. Epifluorescence was visualized
with a Nikon Optiphot fluorescence microscope.

Antibody uptake assay. Antibody uptake experiments were performed as pre-
viously described (12). Briefly, cells were infected with AdgB and AdtTa at MOIs
of 100 and 10, respectively. At 2 days p.i., cells were incubated with either MAb
M1 or a control MAb of an identical isotype in the media for 4 h at 37°C prior
to fixation and staining. The gB that had cycled to the cell surface and was
retrieved intracellularly was then visualized using an MAb M1 isotype-specific
secondary antibody. Total gB was visualized by incubation of fixed cells with
MAb M2 and the respective isotype-specific antibody. Epifluorescence was vi-
sualized using a Nikon Optiphot fluorescence microscope.

Surface biotinylation. Levels of gB incorporated in the virion after endocytosis
from the cell surface of HCMV-infected U373 cells were determined by surface
biotinylation as described previously (7). At 3 days p.i., HCMV-infected U373
cells stably expressing tTa (U373 tTa cells) were pulse-labeled with [35S]methi-
onine and [35S]cysteine (20 �Ci/ml). After a 1-h labeling period, cells were
surface biotinylated at 4°C for 30 min, followed by a chase at 37°C for 2 days.
Virus was then harvested from cultures (supernatant and cell associated), and
total antigen (gB or pp65 control) was immunoprecipitated from detergent-
solubilized virus lysates, using anti-gB MAb 27-156 or anti-pp65 MAb 28-17 and
protein A-Sepharose beads. Immunoprecipitated antigen was eluted, and a frac-
tion of the eluate was removed to enable quantitation of total viral gB or pp65.
Biotinylated antigen was recovered from the remaining eluate by a second round
of precipitation with immobilized Avidin (Pierce). Protein fractions were then
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

RESULTS

gB expressed during HCMV infection is localized to the
Golgi compartment. The first series of experiments was de-
signed to identify the secretory compartment to which gB was
localized during HCMV infection. U373 and NHDF cells were
infected with HCMV strain AD169 (MOI � 0.3) and harvested
at day 3 p.i. for analysis by immunofluorescence. As shown in
Fig. 1, gB expressed during HCMV infection of both U373
(Fig. 1A) and NHDF (Fig. 1B) cells displayed a vesicular,
perinuclear distribution that colocalized to a large degree with
markers of the Golgi (p115) and TGN (AP-1 and TGN46).
HCMV is known to encode an Fc receptor that binds to rabbit
immunoglobulin G. To ensure that the TGN46 staining pattern
was due to a specific interaction between the rabbit anti-
TGN46 antibody and TGN46, HCMV-infected cells were
stained with polyclonal rabbit antibody (R638) against the nu-
clear HCMV IE86 protein. R638 was shown to localize only to
the nucleus with no staining in the Golgi region (data not
shown). To ensure that the Golgi localization of gB repre-
sented a steady-state distribution of the protein and was not
merely a result of the itinerant passage of gB through this
compartment, cycloheximide was added for various periods of
time prior to fixation. Cycloheximide pretreatment for periods
as long as 6 h had no effect on the distribution of gB (data not
shown). These results demonstrate that HCMV gB is localized

FIG. 1. gB expressed during HCMV infection is localized to the Golgi compartment. Immunofluorescence microscopy of HCMV-infected
U373 (A) and NHDF (B) cells. Cells were infected with AD169 at an MOI of 0.3 and harvested at day 3 p.i. The localization of viral and cellular
proteins in U373 and NHDF cells was determined by indirect immunofluorescence by a modification of the method of Molloy et al. (12). gB
expressed during HCMV infection of both U373 (A) and NHDF (B) cells displayed a vesicular, perinuclear distribution that colocalized to a large
degree with markers of the Golgi (p115) and TGN (AP-1 and TGN46), demonstrating that HCMV gB is localized to either the Golgi or TGN
compartments during HCMV infection in two distinct permissive cell types.
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to either the Golgi or TGN compartment during HCMV in-
fection in two distinct permissive cell types.

HCMV gB contains cis-acting trafficking information nec-
essary to mediate TGN localization. To determine whether gB
contained all of the cis-acting trafficking information necessary
to mediate localization of the viral glycoprotein to this secre-
tory compartment, we determined the localization of recom-
binant gB in the absence of HCMV infection using an adeno-
virus expression system. To facilitate these studies, the
recombinant gB contained a FLAG epitope inserted immedi-
ately downstream from the furin cleavage site at position 461
of the gB molecule. The presence of the FLAG epitope at this
position enables identification of the mature, cleaved virion-
associated form of gB based on the presence of M1 MAb
reactivity. The presence of the FLAG epitope at this position
has no effect on the processing, half-life, or subcellular distri-
bution of HCMV gB (10). U373 cells were coinfected with
adenoviruses expressing recombinant gB and tTa. At day 2 p.i.,
cells were fixed and stained as described above. Recombinant
gB (Fig. 2) had a vesicular perinuclear staining pattern that
colocalized with AP-1 comparable to that observed for gB
expressed during HCMV infection. This comparable localiza-
tion of recombinant- and HCMV-expressed gB demonstrates
that HCMV gB contains all of the cis-acting motifs necessary
to mediate localization to the Golgi or TGN compartment.

BFA treatment results in the redistribution of HCMV gB to

the MTOC characteristic of a TGN-localized protein. Within
the cell, the Golgi and TGN compartments are closely juxta-
posed. To distinguish which compartment was the site of gB
localization, we assessed the effect of BFA on gB localization;
BFA is a fungal metabolite that can be used to distinguish
between the TGN and earlier Golgi compartments by its ability
to redistribute pre-TGN localized proteins to the endoplasmic
reticulum and TGN proteins to the microtubule-organizing
center (MTOC). U373 cells expressing recombinant gB were
incubated with BFA for 1 h prior to fixation and staining. In
the absence of BFA, recombinant gB displayed the normal
vesicular perinuclear distribution which overlapped with AP-1.
However, in the presence of BFA, gB and AP-1 were redis-
tributed to the MTOC and cytoplasm, respectively, demon-
strating that HCMV gB is localized to the TGN compartment
(Fig. 3); the �-adaptin recognized by AP-1 is a cytosolic com-
ponent of the cellular secretory machinery that associates with
the cytosolic face of the TGN. This interaction is inhibited by
BFA resulting in redistribution of �-adaptin into the cyto-
plasm.

HCMV gB recycles between the TGN and the cell surface.
Localization of proteins to the TGN can be mediated either by
static retention within this compartment or by a retrieval pro-
cess of proteins from the cell surface (1, 2, 12, 26). To deter-
mine whether retrieval from the cell surface played a role in
mediating TGN localization of gB, we performed antibody

FIG. 2. HCMV gB contains cis-acting trafficking information necessary to mediate TGN localization. U373 cells were coinfected with
adenoviruses expressing recombinant gB and tTa. At day 2 p.i., cells were fixed and stained as described above. Recombinant gB had a vesicular
perinuclear staining pattern that colocalized with AP-1 comparable to that observed for gB expressed during HCMV infection. This comparable
localization of recombinant- and HCMV-expressed gB demonstrates that HCMV gB contains all of the cis-acting motifs necessary to mediate
localization to the Golgi or TGN compartment.
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uptake experiments. Briefly, U373 cells expressing recombi-
nant gB were incubated with MAb M1 for a period of 4 h prior
to fixation and staining. The gB that cycled to the cell surface
and had been retrieved into the cytoplasm was then visualized
using an M1 isotype-specific secondary antibody. Total gB was
visualized by incubation of fixed cells with MAb M2 and the
respective isotype-specific antibody. As shown in Fig. 4, cells
expressing recombinant gB that had been incubated with MAb
M1 prior to fixation showed a vesicular perinuclear distribution
of M1 reactivity (cell surface-retrieved gB) that was superim-
posable upon the postfixed M2 staining pattern (total gB).
These results demonstrate that retrieval from the cell surface
plays a role in the TGN localization of HCMV gB.

Retrieval of gB from the cell surface represents a major
pathway for transport of gB to the site of virus assembly. In
HCMV-infected HF cells, the majority of gB undergoes endo-
cytosis from the cell surface prior to incorporation into the
virion (14). To determine whether gB retrieved from the cell
surface was similarly incorporated into the virion in U373 cells,

surface biotinylation experiments were performed as described
previously (7). As shown in Fig. 5, at day 3 p.i. the majority of
gB retrieved from the cell surface during a 30-min biotinylation
period was incorporated into virus particles in HCMV-infected
U373 cells. The ability of an adenovirus-expressed dominant-
negative dynamin I mutant (dynK44A) to block biotinylated gB
incorporation into virus particles demonstrated that the bio-
tinylated protein was being retrieved specifically from the cell
surface (endocytosis of HCMV gB is clathrin dependent, and
we have shown previously that the process can be efficiently
blocked by dynK44A [7]); the low level of biotinylated gB found
in the virion in the presence of the dynamin I block is at a
“background” level comparable to the level of biotinylation
that was observed for a cytosolic non-surface-expressed
HCMV protein, pp65. These biotinylation studies show that
the majority of gB in HCMV-infected U373 cells is transported
to the site of virus assembly by retrieval from the cell surface,
as has been observed previously for gB in HCMV-infected HF
cells (14).

FIG. 3. BFA treatment results in the redistribution of HCMV gB to the MTOC characteristic of a TGN-localized protein. To distinguish which
compartment was the site of gB localization, we assessed the effect of BFA on gB localization. U373 cells expressing recombinant gB were
incubated with BFA for 1 h prior to fixation and staining. In the absence of BFA, recombinant gB displayed the normal vesicular perinuclear
distribution which overlapped with AP-1. However, in the presence of BFA, gB and AP-1 were redistributed to the MTOC and cytoplasm,
respectively, demonstrating that HCMV gB is localized to the TGN compartment.
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The gB retrieval pathway is unnecessary for the production
of normal levels of infectious virus progeny. Together with the
study by Radsak et al. (14), our demonstration that surface gB
is incorporated into the virion in U373 cells suggests that a
common “cell surface” retrieval pathway is used in a number of
different cell types to direct gB to the site of virion assembly
(14). To determine the role of the gB retrieval pathway for the
production of infectious HCMV progeny, we assessed the ef-
fect of dynK44A-mediated inhibition of endocytosis on virus
production in HCMV-infected U373 cells. U373 tTa cells were
coinfected with HCMV and either an adenovirus expressing
dynWT or an adenovirus expressing dynK44A. Cell lysates or
supernatants were prepared from the coinfected U373 cells at
day 5 p.i. and assayed for the production of cell-associated or
extracellular virus by plaque assay. As shown in Fig. 6, inhibi-
tion of gB endocytosis did not affect the levels of infectious
virus produced in cell-associated or supernatant fractions.

These results suggest that, although gB can be retrieved from
the cell surface for incorporation within the virion, this path-
way is not necessary for the production of normal levels of
infectious virus progeny.

DISCUSSION

We have shown that gB is localized to the TGN during
HCMV infection of U373 and NHDF cells. gB was able to
accumulate in the TGN in the absence of other HCMV pro-
teins, demonstrating that gB contains all of the cis-acting ele-
ments necessary to direct TGN accumulation. Further investi-
gation into the gB trafficking itinerary revealed that gB was
localized to the TGN, at least in part, by a mechanism of
retrieval from the cell surface. This endocytic pathway was
shown to direct gB from the cell surface to a cytoplasmic site
of virion assembly in HCMV-infected cells. However, gB en-

FIG. 4. HCMV gB recycles between the TGN and the cell surface. To determine whether retrieval from the cell surface played a role in
mediating TGN localization of gB, we performed antibody uptake experiments. U373 cells expressing recombinant gB were incubated with MAb
M1 for a period of 4 h prior to fixation and staining. The gB that cycled to the cell surface and had been retrieved into the cytoplasm was then
visualized using an M1 isotype-specific secondary antibody. Total gB was visualized by incubation of fixed cells with MAb M2 and the respective
isotype-specific antibody. Cells expressing recombinant gB that had been incubated with MAb M1 prior to fixation show a vesicular perinuclear
distribution of M1 reactivity (cell surface-retrieved gB) that was superimposable upon the postfixed M2 staining pattern (total gB). These results
demonstrate that retrieval from the cell surface plays a role in the TGN localization of HCMV gB.
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docytosis was not required for the production of normal levels
of infectious virus progeny, indicating that sufficient levels of
gB can be transported to the site of virion assembly via a direct
trafficking pathway without requiring retrieval of the protein
from the cell surface.

These results reveal a startling similarity between the intra-
cellular trafficking of HCMV gB and the trafficking of the
major envelope proteins of the alphaherpesviruses (PRV,
VZV, and HSV). Presumably, this similarity reflects a require-
ment of these viruses to target components of the virion to the
site of virus assembly and suggests a similarity between the
assembly process of HCMV and other herpesviruses. Similar
to gE of HSV and VZV and to Us9 of PRV, the colocalization
of HCMV gB with markers of the TGN (AP-1 and TGN46)
combined with the demonstrated relocalization of gB to the
MTOC after BFA treatment shows that gB is localized to the
TGN or closely juxtaposed region (1–3). In the alphaherpes-
viruses, in which the virion assembly process has been better
defined, the accumulation of gE and Us9 in the TGN corre-

sponds with the proposed site of final envelopment of these
viruses in the TGN (1, 2, 5, 8, 9, 16, 24, 25, 27). Consequently,
the accumulation of HCMV gB in the TGN suggests that the
TGN may also be a major site of assembly for HCMV. Fur-
thermore, the localization of HCMV gB to the TGN in two
distinct cell types indicates that the TGN may be a site of
HCMV assembly that is common to many, if not all, HCMV
permissive cell types.

Our proposal that the TGN localization of HCMV gB re-
flects the targeting of this protein to a TGN site of virus
assembly is consistent with results from a recent study by
Sanchez et al. (15). In this earlier study, critical virion tegu-
ment proteins (pp28, pp65, and pp150) and glycoproteins (gB
and gH) accumulated in an intracellular region that contained
high levels of infectious virus and displayed considerable co-
localization with TGN46. However, a complete colocalization
of virion components with TGN46 was not observed, which was
hypothesized to result from exclusion of normal cellular gly-
coproteins from regions of the TGN by the large amounts of
virion glycoproteins. This alteration in the morphology of the
TGN has also been observed in VZV-infected cells and is
thought to be due to the establishment of subdomains within
the TGN that are relatively enriched in virion compared to
cellular glycoproteins. This asymmetrical redistribution of viral
and cellular glycoproteins within the TGN is believed to be
critical for the correct assembly and subsequent release of the
mature VZV virion particle (23). During HCMV infection of
both NHDF and U373 cells, we consistently observed an ex-
pansion of the TGN from the normal ribbon-like staining pat-

FIG. 5. HCMV gB is transported to the site of virus assembly by
retrieval from the cell surface in HCMV-infected U373 cells. At 3 days
p.i., HCMV-infected U373 tTa cells (MOI � 10) were pulse-labeled
with [35S]methionine and [35S]cysteine (20 �Ci/ml) for 1 h, surface
biotinylated at 4°C for 30 min, and chased at 37°C for 2 days. Virus was
then harvested from cultures (supernatant and cell associated), and
total gB or pp65 (control) was immunoprecipitated from virus lysates.
Immunoprecipitated antigen was eluted, and a fraction of eluate was
removed to enable quantitation of total viral gB or pp65. Biotinylated
antigen was recovered from the remaining eluate by a second round of
precipitation. Protein fractions were analyzed by SDS-PAGE. The
level of biotinylated gB or pp65 present in the virion is presented as
percentage of total virion-associated antigen. The dynK44A-mediated
block of biotinylated gB incorporation into the virus particle shows
that the biotinylated gB in the virion has been retrieved specifically
from the cell surface.

FIG. 6. The gB retrieval from the cell surface is not necessary for
the production of normal levels of infectious virus progeny. U373 tTa
were coinfected with HCMV (MOI � 10) and either the adenovirus
expressing dynWT or dynK44A (MOI � 10). Cell lysates and superna-
tants were prepared from the coinfected U373 cells at either day 1 or
day 5 p.i. and then assayed for the production of cell-associated or
extracellular virus using a standard plaque assay. Inhibition of gB
endocytosis did not affect the levels of infectious virus produced in
cell-associated or supernatant fractions. These results demonstrate
that, although gB can be retrieved from the cell surface for incorpo-
ration within the virion, this pathway is not necessary for the produc-
tion of normal levels of infectious virus progeny.
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tern of TGN46 in uninfected cells to a more expanded mesh-
like morphology after infection (Fig. 1). In addition, the
staining intensity of TGN46 was frequently diminished in in-
fected cells, which may be a consequence of dispersion of
TGN46 in a TGN that has been enlarged by the incorporation
of high levels of virion glycoproteins. Whether this alteration in
the TGN46 staining pattern corresponds to a segregation of
viral from cellular glycoproteins within the TGN awaits the
necessary immunoelectron microscopic analysis. Alternatively,
the change in TGN morphology may be induced by virion
factors that modify the secretory system to facilitate HCMV
assembly. Our preliminary studies have shown that HCMV
infection alters the normal function of components of the
cellular trafficking machinery (including AP-1 and �-COP)
(data not shown). Although the biological significance of these
alterations for the replication of HCMV is currently unclear,
their occurrence does indicate that HCMV modulates the cel-
lular secretory system.

The ability of recombinantly expressed gB to mediate its
own localization to the TGN demonstrates that, similar to
VZV and HSV gE and to PrV Us9, HCMV gB contains all of
the cis-acting elements necessary for TGN localization. Inspec-
tion of the HCMV gB cytoplasmic domain for the presence of
trafficking motifs that are known to function in these other
viral envelope proteins reveals a number of motifs that may be
involved in the intracellular trafficking of HCMV gB. An acidic
cluster (AC) motif has been shown to play a critical role in
mediating endocytosis and TGN localization of all of the al-
phaherpesvirus envelope proteins studied (1–3, 18, 27). This
motif appears to direct TGN localization by binding to a cel-
lular connector protein, PACS-1, which connects the glycop-
rotein to the AP-1 complex (22). In HCMV gB, although the
ability of the AC motif to mediate TGN localization of HCMV
gB has not been investigated, the motif has been shown to
modulate endocytosis in a number of different cell types (7,
21). Furthermore, our preliminary studies have shown that the
HCMV gB AC does bind to PACS-1 in vitro, suggesting that
this motif may be important for the accumulation of gB in the
TGN (data not shown). In alphaherpesviruses, additional ty-
rosine- and dileucine-based motifs have also been shown to
function in protein trafficking (1–3, 18, 27). Although function
has not been demonstrated, the HCMV gB cytoplasmic do-
main does contain a number of similar motifs that may be
involved in trafficking, and we are currently using a site-di-
rected mutagenesis approach to assess the function of these
motifs in gB trafficking.

Our results from the antibody uptake studies demonstrate
that HCMV gB is localized to the TGN, at least in part, by a
process of recycling from the cell surface. This dynamic recy-
cling between the TGN and cell surface via endosomal inter-
mediates is another similarity shared between the trafficking of
HCMV gB and envelope proteins of the alphaherpesviruses.
Previously, endocytosis was shown to target HCMV gB to a
cytoplasmic site of virus assembly in HF cells (20), and in the
present study we show that this endocytic pathway can similarly
target gB to the site of virus assembly in HCMV-infected U373
cells. However, the inability of the dynK44A-mediated inhibi-
tion of endocytosis to decrease levels of infectious progeny
produced during HCMV infection of U373 cells indicates that
sufficient levels of gB can be transported to the site of virus

assembly in the absence of gB retrieval from the cell surface.
This observation that endocytosis plays a minimal role, if any,
in viral biogenesis is consistent with studies of other herpesvi-
ruses. In PRV, gC is not retrieved from the cell surface (where
the protein accumulates) but is incorporated at high levels into
the virus envelope (19). Additionally, biotinylation studies
have shown that, although PRV gE is retrieved from the cell
surface, this population of gE molecules is not incorporated
within the virion (19), and in recombinant PRV expressing
either gE or UL9 proteins defective in endocytosis the mutant
proteins are effectively incorporated within the virion and the
viruses replicate at normal levels (3, 19). Consequently, the
redundancy of the glycoprotein “cell surface” retrieval pathway
for virus biogenesis may be a further characteristic of the
assembly pathway shared by many of the herpesviruses.

In summary, we have shown that HCMV gB, like alphaher-
pesvirus gE and Us9, accumulates in the TGN. Since the site of
glycoprotein accumulation corresponds to the site of virus en-
velopment in alphaherpesviruses, this accumulation of gB in
the TGN strongly suggests that HCMV may undergo final
envelopment in the TGN. Similar to the alphaherpesviruses,
TGN localization of HCMV gB was mediated, at least in part,
by a process of retrieval from the cell surface. However, the
endocytosis of HCMV gB from the cell surface was not re-
quired for the production of normal levels of infectious virus.
This observation indicates that, as observed for the envelope
proteins of the alphaherpesviruses, sufficient levels of HCMV
gB can be achieved at the site of virus assembly in the absence
of the gB retrieval pathway.
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