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Human cytomegalovirus (HCMYV) glycoprotein B (gB), encoded by the UL55 open reading frame, is an
essential envelope glycoprotein involved in cell attachment and entry. Previously, we identified residue serine
900 (Seryq,) as a unique site of reversible casein kinase 2 phosphorylation in the cytoplasmic domain of HCMV
gB. We have also recently shown that gB is localized to the trans-Golgi network (TGN) in HCMV-permissive
cells, thereby identifying the TGN as a possible site of virus envelopment. The aim of the current study was to
determine the role of Ser,,, phosphorylation in transport of gB to the TGN and in HCMV biogenesis.
Recombinant HCMYV strains were constructed that expressed gB molecules containing either an aspartic acid
(gBAspyq,) or alanine residue (gBAla,,,) substitution at Ser,,, to mimic the phosphorylated or nonphospho-
rylated form, respectively. Inmunofluorescence analysis of the trafficking of gB mutant molecules in fibroblasts
infected with the HCMYV recombinants revealed that gBAsp,,, was localized to the TGN. In contrast, gBAla,,,
was partially mislocalized from the TGN, indicating that phosphorylation of gB at Ser,,, was necessary for
TGN localization. The increased TGN localization of gBAsp,,, was due to a decreased transport of the molecule
to post-TGN compartments. Remarkably, the substitution of an aspartic acid residue for Ser,,, also resulted
in an increase in levels of progeny virus production during HCMYV infection of fibroblasts. Together, these
results demonstrate that phosphorylation of gB at Ser,,, is necessary for gB localization to the TGN, as well

as for efficient viral replication, and further support the TGN as a site of HCMV envelopment.

Human cytomegalovirus (HCMYV) is a ubiquitous betaher-
pesvirus that can cause devastating disease, primarily in immu-
nosuppressed individuals such as AIDS patients, patients un-
dergoing iatrogenic immunosuppression, and neonates (26).
HCMYV is an enveloped DNA virus consisting of a large (230
kb) encapsidated genome wrapped within an inner protein-
aceous tegument and an outer lipid envelope studded with
viral glycoproteins (24). Currently, a “reenvelopment” model is
believed to most accurately describe the assembly process of
HCMV, as well as many other herpesviruses. In this model,
after initial encapsidation within the nucleus, the nucleocapsid
enters the cytoplasm by a process of envelopment and deen-
velopment at the inner and outer nuclear membranes, respec-
tively. Final envelopment and acquisition of tegument by the
cytoplasmic nucleocapsid are then believed to occur at specific
membranes of the cellular secretory system. Studies from a
number of laboratories indicate that the final envelopment of
many herpesviruses, including varicella-zoster virus (VZV),
pseudorabies virus (PRV) and herpes simplex virus type 1
(HSV-1), occurs at the trans-Golgi network (TGN) (8, 14, 15,
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30, 35, 36). Consistent with the TGN site of virus assembly, the
major envelope glycoproteins of these herpesviruses have been
shown to accumulate at the TGN (1, 2, 37). The recent dem-
onstration that the major envelope glycoprotein of HCMV,
glycoprotein B (gB), as well as other components of the
HCMYV virion, is localized to the TGN or a closely apposed
intracellular compartment similarly supports the TGN as a site
of HCMYV assembly (17, 29).

The targeting of glycoproteins to specific organelles of the
secretory pathway is modulated, at least in part, by the inter-
action of cis-acting sequence motifs in the cytoplasmic domain
of these proteins with components of the cellular secretory
machinery. Studies of a number of TGN-localized cargo pro-
teins (e.g., furin endoprotease, VZV gE, HSV gE, and PRV
Us9) have identified phosphorylatable acidic clusters (AC) as
motifs critical for localization of proteins to this compartment
(1, 2, 7, 37). The AC motif targets proteins to the TGN by
binding to a cellular connector protein, phosphofurin acidic
cluster sorting protein 1 (PACS-1), which serves to connect the
cargo protein to cellular adaptor proteins (AP1 and AP3) (10,
34). Phosphorylation of AC motifs has been shown to play a
critical role in mediating the interaction of cargo proteins with
PACS-1 and thereby modulating the localization of these pro-
teins to the TGN. A model has been proposed wherein cargo
proteins bud from the TGN via an interaction of tyrosine and
dileucine motifs. PACS-1 then serves to retrieve these cargo
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FIG. 1. Construction of HCMV gBSer,, mutants. (A) Schematic diagram of the HCMYV gB protein. HCMV mutants expressing gB with either
an aspartic acid or alanine residue substitution in place of Ser,, were constructed to mimic the phosphorylated or nonphosphorylated form of the
protein, respectively. The amino acid sequence of the AC is shown. SP, signal peptide; TM, transmembrane domain. Numbers refer to amino acids.
(B) Construction of recombination plasmids used to make the HCMV gB mutants. HCMV sequences used for homologous recombination were
derived from plasmids pHindIII-F, pRep4Ae/gBAlayy,, and pRep4Ae/gBAspyy, and cloned into pgHBglOpA-US11(3optx) as described in
Materials and Methods. B-gluc., B-glucuronidase. (C) Diagram of recombinant HCMV genomic DNA. The HSV-1 glycoprotein H promoter (dark
gray box) controls the expression of the B-glucuronidase gene (B-gluc.). The HCMV US11 promoter (black box) upstream of UL54 (DNA
polymerase) is used to maintain correct expression of the UL54 gene. The light gray box represents the polyadenylation signal. Recombinant
viruses were plaque purified, and the presence of the mutational cassette was confirmed by Southern analysis.

proteins back to the TGN in an AC phosphorylation-depen-
dent manner resulting in steady-state TGN localization of the
cargo protein (for a review, see reference 25). Using a vaccinia
virus expression system, we have previously shown that HCMV
gB contains a conserved AC motif in the cytoplasmic domain
that undergoes casein kinase 2 (CK2) phosphorylation on the
serine 900 residue (Sery,) (11). Importantly, phosphorylation
of the HCMV gB AC at this site has recently been shown to be
required for PACS-1 in vitro binding (9), suggesting that this
AC motif may be important for the accumulation of gB in the
TGN.

The aim of the present study was to determine the role of
Sery, phosphorylation in gB trafficking and HCMV biogenesis
by using recombinant HCMV expressing either mimic phos-
phorylated (gBAspy,,) or nonphosphorylated (gBAlay,)
forms of the protein. Amino acid substitution at Sery, did not
affect protein stability, and Ser,,, was shown to be the only site
of phosphorylation in the cytoplasmic tail of gB during HCMV
infection. In comparison to gBAlay,, and gBSeryy, the
gBASsp,, molecule expressed during HCMV infection showed
an increased localization to the TGN, which resulted from a
decreased transport of the protein to the plasma membrane
(PM) and other post-TGN compartments. HCMV expressing
gBAspy, also exhibited an increased level of production of
infectious virus in both single-step and multistep growth assays
(compared to HCMYV expressing gBAlay, or gBSery,). These
results demonstrate that phosphorylation of gB at the CK2 site
(Seryq) is necessary for efficient viral replication and suggest
that phosphorylation at Ser,,, may mediate localization of gB

to the TGN, a proposed site of virus assembly, possibly through
an interaction with PACS-1.

MATERIALS AND METHODS

Cell lines and virus. Wild-type (WT) HCMV and HCMYV recombinants were
propagated in human foreskin fibroblasts (HFF) by standard methods (19). HFF
were cultured at 37°C in an atmosphere of 5% CO, in complete medium (Dul-
becco modified essential medium containing 10% fetal bovine serum and sup-
plemented with 4 mM L-glutamine, 200 wg of penicillin G/ml, and 200 pg of
streptomycin sulfate/ml).

HCMY 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% CO,. 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% CO,. Supernatant and cell fractions were harvested at various times
postinfection (p.i.), and the level of progeny virus was determined by titration on
HFF by standard methodology.

Generation of recombinant HCMV. Homologous recombination was used to
introduce point mutations into gB (ULS55), substituting aspartic acid or alanine
codons for Seryy, in the gB cytoplasmic domain (Fig. 1A). Plasmid pgHBg10pA-
US11(3optx) was used as the parental vector background for construction of the
recombination plasmids (Fig. 1B). A 1,769-bp Asel-Sspl fragment derived from
pHindIII-F was cloned into the Smal site of pgHBglOpA-US11(30ptx). The
gBSergy, (gBWT) recombination plasmid was constructed by cloning a 2,113-bp
SspI-Asel fragment from pHindIII-F into the HindIII site of pgHBglOpA-
US11(3optx). The gBAspg, and gBAlag, recombination plasmids were created
by cloning a 2,083-bp NotI-Asel fragment from either pRep4Ae/gBAspgg, or
pRep4Ae/gBAlag, (11) into the HindIII site of pgHBg10pA-US11(3optx). Re-
combinant virus was isolated after cotransfection of HFF with full-length HCMV
AD169 DNA, the appropriate recombination plasmid, and pCMV71 (to increase
viral DNA infectivity) as described previously (4, 20). In addition to substitution
of the gB Sery, codon, each recombination plasmid was designed to introduce
the B-glucuronidase gene into the noncoding region between DNA polymerase
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(UL54) and ULS5S to enable colorimetric identification of recombinant viruses.
Within the HCMYV genome, the promoter and transcriptional start site for DNA
polymerase (UL54) are embedded within the 3’ coding region of ULS55 (22), and
substitution of Sergy, within this region may alter the normal function of the
UL54 promoter. Consequently, we placed UL54 expression under the control of
a heterologous US11 promoter (Fig. 1C). Similar to DNA polymerase, US11 is
expressed with early gene kinetics. For control purposes, a similar recombinant
(HCMVgBWT) containing the reporter cassette, but without any gB mutation,
was also constructed. Recombinant viral plaques were identified, isolated and
propagated by multiple rounds of plaque purification (20). Insertion of the
recombination cassette within the correct region of the viral genome was verified
by Southern blot analysis (data not shown). Presence of Aspgg, and Alagy, codon
substitutions were confirmed by sequence analysis of recombinant viral DNA,
and steady-state protein labeling experiments confirmed that mutation of gB did
not affect gB protein stability or maturation (data not shown).

Generation of adenovirus vectors. Construction and characterization of ade-
novirus expressing the gBWT with a Flag epitope inserted immediately down-
stream from the cleavage site (gBFlagWT) have been previously described (18).
Recombinant adenoviruses expressing either gBFlagWT containing substitution
of an aspartic acid (AdgBFlagAspyg,) or alanine residue (AdgBFlagAlag,) for
gB Serg, were produced as previously described (31). Recombinant viruses were
screened by PCR, and protein expression was confirmed by Western analysis of
infected cell lysates by using the appropriate antibody. All recombinant adeno-
viruses were plaque purified, and viral stocks were grown and titers were deter-
mined on 293 cells. Recombinant protein expression was 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 the expression of recombinant proteins, adenoviruses expressing
the protein of interest and AdtTa were added to cells at the MOIs indicated and
then incubated for 2 h at 37°C. Monolayers were then washed twice with DPBS,
and cells were cultured for the indicated times prior to harvest.

Metabolic labeling and immunoprecipitation analysis. HFF were infected
with HCMV recombinants at an MOI of 3. Steady-state protein labeling was
performed by adding either [**S]methionine-cysteine (**S-Met-Cys) or inorganic
phosphate (*?P;) to the media at 48 h p.i. The cells were further incubated for
18 h. After three washes with cold DPBS, cells were scraped from the surface of
the dish, pelleted by centrifugation, and resuspended in radioimmunoprecipita-
tion assay lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate [SDS], 1% sodium deoxycholate). After a 10-min
incubation on ice, the lysate was clarified by centrifugation at 16,000 X g for 5
min. Pulse-chase analysis was performed by adding 3°S-Met-Cys to infected cells
at 3 days p.i. After incubation for 1 h, medium containing label was removed, and
cells were chased for the time indicated in complete medium containing an
excess of unlabeled methionine. Cell lysates were prepared at the indicated
times, incubated with a gB monoclonal antibody (MAb; ABI, Columbia, Md.),
immunoprecipitated with protein A-Sepharose, and analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) and autoradiography.

Western analysis of purified HCMYV particles. Viral particles were purified by
glycerol-tartrate centrifugation as described previously (3). Viral proteins were
separated by SDS-PAGE and analyzed by Western blotting with either an MAb
to gB or a polyclonal antibody raised against whole HCMV particles.

Immunofluorescence microscopy. Localization of viral and cellular proteins in
HFF was determined by indirect immunofluorescence as previously described
(17). Where indicated, cells were incubated in the presence of cycloheximide
(100 pg/ml) prior to fixation to visualize steady-state gB distribution. The pri-
mary antibodies used were a mouse anti-gB MADb 27-156 (used at a dilution of
1/150), mouse anti-FLAG MAbs M1 and M2 (Sigma-Aldrich, St. Louis, Mo.;
used at a dilution of 1/200), and a rabbit polyclonal anti-TGN46 antibody (used
at a dilution of 1/300) (28). Epifluoresence was visualized by using a Nikon
Optiphot fluorescence microscope.

Analysis of post-TGN gB transport. Cells were infected with AdgBFlag ade-
novirus recombinants and AdtTa at MOIs of 100 and 10, respectively. At 2 days
p-i., transport of gB to the PM and post-TGN compartments was determined as
previously described (17). Briefly, cells were incubated with MAb M1 in the
medium for 3 h at 37°C prior to fixation and staining. The gB that was trans-
ported to the PM and other post-TGN compartments was then visualized by
using an MAb M1 isotype-specific secondary antibody. After fixation and per-
meabilization of cells, total gB was visualized by using MAb M2 and the respec-
tive isotype-specific secondary antibody. Epifluorescence was visualized by using
a Nikon Optiphot fluorescence microscope.
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FIG. 2. The only site of phosphorylation in the cytoplasmic tail of
¢B during HCMV infection is the Sery, residue. HFF were infected at
an MOI of 3 with HCMV recombinants expressing either gBWT,
gBAlagy,, or gBAspgy,- At 48 h p.i., **P; was added, and the cells were
incubated a further 18 h. The gB was immunoprecipitated from cell
lysates, and *?P-labeled gB was visualized by SDS-PAGE and autora-
diography. UI, uninfected.

RESULTS

The gB Ser,,, residue is the only site of gB phosphorylation
during HCMYV infection. HCMV gB contains a phosphorylated
AC at the carboxyl terminus of the cytoplasmic domain. To
address the role of phosphorylation within this AC at Seryy,
recombinant HCMV expressing gB with either an aspartic acid
(HCMVgBAspy,) or alanine (HCMVgBAlay,,) substitution
at gB Sery, were constructed to mimic the phosphorylated and
nonphosphorylated forms of the protein, respectively (Fig.
1A). In a previous study with recombinant vaccinia viruses
expressing either gBWT, gBAlay,,, or gBAsp,,, the Sery,
residue was identified as the only site of phosphorylation
within the gB molecule (11). Consequently, **P labeling exper-
iments were performed to determine whether Ser,, is the only
site of gB phosphorylation during actual HCMV infection.
HFF were infected with HCMVgBWT, HCMVgBAspg,, or
HCMVgBAlay,. At 48 h p.i., cells were pulsed with inorganic
32P for 18 h. The gB was then immunoprecipitated from cell
lysates, and *?P-labeled gB was visualized by SDS-PAGE and
autoradiography. As shown in Fig. 2, the presence of ?P-
labeled gB in lysates from HCMVgBWT-infected cells, but not
HCMVgBASspyy,- or HCMVgBAlay-infected cells, demon-
strates that Sery, is the only site of gB phosphorylation during
HCMV infection of HFF. Interestingly, both the 160-kDa and
the 55-kDa gB subunits were phosphorylated, indicating that
some level of gB undergoes phosphorylation during the mat-
uration process prior to proteolytic processing. Since gB pro-
teolysis is known to occur in the TGN (23), this indicates that
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FIG. 3. HCMV expression of the mimic-phosphorylated form of gB (gBAspy) increases the localization of gB to the TGN. HFF were infected
with HCMYV recombinants expressing either gBWT, gBAlay,, or gBAspy,. At day 3 p.i., cells were fixed and incubated with an MAb against gB
(green) and with a polyclonal antibody against TGN46 (red) (a marker of the TGN). Immunoreactivity was detected with an FITC-conjugated
anti-mouse and Alexa’**-conjugated anti-rabbit secondary antibody. The high level of colocalization of TGN46 and gB in cells infected with
HCMVgBASspy,, compared to cells infected with either HCMVgBWT or HCMV gBAlay,, shows an increased localization of gBAspy, to the

TGN.

a proportion of gB is phosphorylated within the endoplasmic
reticulum or Golgi before it reaches the TGN.

HCMY expression of the mimic-phosphorylated form of gB
(gBAspy,,) increases localization of gB to the TGN. HCMV gB
has recently been shown to interact with the PACS-1 cellular
connector protein in a phosphorylation-dependent manner (9).
The interaction of a number of viral and cellular proteins with
PACS-1 has been shown to be required for their localization to
the TGN (10, 34). Therefore, we hypothesized that, by having
an increased interaction with PACS-1, the mimic-phosphory-
lated form of gB (gBAspy,) may increase localization of this
essential glycoprotein to the TGN. To determine the level of
gB localization to the TGN, HFF were infected with recombi-
nant HCMV and gB colocalization with a marker of the TGN
(TGN46) was determined by immunofluorescence microscopy
at day 3 p.i. To ensure steady-state gB distribution, cells were
incubated in the presence of cycloheximide for 2 h prior to
fixation. As shown in Fig. 3, the increased TGN localization of

gBASpy, compared to gBAlag,, showed that the mimic-phos-
phorylated form of gB had an increased localization to the
TGN. However, gBAlay, still showed a considerable level of
TGN localization, indicating that phosphorylation is not the
sole determinant of gB localization to the TGN. Together,
these results are consistent with an increased association of
gBAspy, with PACS-1 causing an increased localization of gB
to the TGN.

Transport of gB to the TGN is equivalent in HCMYV Ser,,,
mutants. The increased TGN localization of gBAspy,, may
result from either an increased rate of transport to the TGN or
a decreased rate of transport from the TGN to the PM and
other post-TGN compartments. To determine the rate of
transport of de novo-synthesized gBWT, gBAspgy, and
gBAlay,, protein to the TGN, we exploited the knowledge that
gB is proteolytically cleaved in the TGN. Consequently, the
rate of transport to the TGN can be quantitated by measure-
ment of the rate of formation of the gB cleavage products.
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HFF were infected with HCMVgBWT, HCMVgBAspg,, or
HCMVgBAlay,. At day 3 p.i., cells were pulsed with *>S-Met-
Cys for 1 h and chased with nonradiolabeled methionine-cys-
teine. The gB was immunoprecipitated from cell lysates, and
33S-labeled gB was visualized by SDS-PAGE and autoradiog-
raphy (Fig. 4A) and quantified by phosphorimaging (Fig. 4B).
The equivalent rates of gB cleavage visualized by the appear-
ance of the 55-kDa gB subunit during infection with all HCMV
recombinants shows that gBWT, gBAspy,, and gBAlay, are
all transported to the TGN at comparable rates, indicating that
the increased TGN localization of the gBAspy is not due to
an increased transport of de novo-synthesized gB into this
compartment.

Increased TGN localization of gBAsp,,, corresponds to a
decreased transport to the PM and other post-TGN compart-
ments. Recombinant adenovirus vectors expressing Flag
epitope-tagged versions of gBWT, gBAspy,,, and gBAlay,
proteins combined with surface labeling were utilized to de-
termine whether the increased TGN localization of gBAspg
resulted from a decreased transport from the TGN to the PM
and other post-TGN compartments. The Flag epitope was
inserted immediately adjacent to the furin cleavage site within
the gBAspy, and gBAla,,, molecule as previously described
(18). HFF were infected with AdgBFlagWT, AdgBFlagAspg,
or AdgBFlagAla,,. Cells were then cultured in the presence
of anti-Flag epitope antibody (M1) for 3 h prior to fixation.
The level of gB transported to the PM over the 3-h period was
visualized by using a fluorescein isothiocyanate (FITC)-conju-
gated anti-M1 isotype-specific antibody. Total cellular gB was
visualized in permeabilized, postfixed cells with a second anti-
Flag epitope antibody (M2) and a Texas r-conjugated anti-M2
isotype-specific antibody. The absence of M1 staining in cells
expressing gBAspy,, compared to gBWT and gBAlay,, shows
that the mimic-phosphorylated gBAsp,,, exhibited a dramatic
reduction in transport to the PM even though the total expres-
sion level of gBAsp,, was comparable or even higher than that
of gBWT or gBAlay,, (Fig. 5). PACS-1 has been shown to

gBAlaggo

gBAspggo

FIG. 4. Transport of gB to the TGN is equivalent in HCMV Sery,
mutants. HCMV gB is cleaved in the TGN. Therefore, proteolytic
processing of gB was used to determine the rate of gB transport to the
TGN. HFF were infected at an MOI of 3 with HCMV mutants ex-
pressing either gBWT, gBAlay,, or gBAspog,. At day 3 p.i., cells were
pulsed with **S-Met-Cys for 1 h and chased with nonradiolabeled
methionine for the indicated times. The gB was immunoprecipitated
from cell lysates, and **S-labeled gB was visualized by SDS-PAGE and
phosphorimaging (A) and quantified by densitometry (B). gB process-
ing was measured by calculating the gp55/gp160 ratio, and values for
gBWT (#), gBAlayy, (A), and gBAspy, (®) are as indicated.

function by retrieving cargo glycoproteins back to the TGN
after their AP-1-dependent budding from this compartment
(34). Consequently, this increased TGN localization of
gBASpg, due to a reduced transport of the gB molecule to the
PM and post-TGN compartments is consistent with an in-
creased interaction of the mimic-phosphorylated gBAspy,
with the PACS-1 cellular connector.

HCMYV expression of the mimic-phosphorylated form of gB
(gBAspy,,) increases the level of infectious progeny. A number
of studies have identified the TGN as a potential site of
HCMYV assembly (17, 29). Consequently, by increasing the
localization of the essential gB glycoprotein to the TGN, we
hypothesized that the gBAsp,,, may increase the production of
infectious progeny. The level of progeny virus produced by the
HCMYV recombinants was determined in single- and multistep
growth analysis in HFF. As shown in Fig. 6, HCMVgBAspy,
produced 10-fold more progeny virus than was observed with
either the HCMVgBWT or HCMVgBAlag,, virus. This capac-
ity of the mimic-phosphorylated gB form to increase virus
production is consistent with the increased interaction of the
phosphorylated form of gB with PACS-1 directing gB to a
TGN site of assembly. The comparable level of virus produc-
tion of HCMVgBWT or HCMVgBAlay, also suggests that
WT gB (gBSery,) has a level of PACS-1 interaction compa-
rable to the mimic-nonphosphorylated form, due either to the
level or turnover rate of phosphorylation at Serg.

HCMYV expression of the mimic-phosphorylated form of gB
(gBAspy,,) increases the level of virion particle production.
The increased level of infectious progeny virus produced by
HCMVgBAspy,, may result from either an increase in the
number of infectious particles or from a greater level of gB
incorporation within the virion causing an increased ability of
each virion to infect HFF. To determine whether an increased
level of gBAspy,, was incorporated within the virion, nonin-
fectious enveloped particles (NIEPs), virions, and dense bodies
(DBs) were purified on glycerol-tartrate gradients from the
supernatant of HFF infected with the HCMV recombinants.
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FIG. 5. The gBAspy,, molecule shows a decreased transport to the
cell surface and post-TGN compartments. HFF were infected with an
adenovirus expressing recombinant Flag-tagged gB containing either
gBWT, gBAlay,, or gBAspy,. Cells were then cultured in the pres-
ence of anti-Flag epitope antibody (M1) for 3 h prior to fixation. The
level of gB transported to the cell surface and post-TGN compart-
ments over the 3-h period was visualized by using a FITC-conjugated
anti-M1 isotype specific antibody. Total cellular gB was visualized in
postfixed cells with a second anti-Flag epitope antibody (M2) and a
Texas r-conjugated anti-M2 isotype specific antibody.
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Consistent with an increased production of virions, visual in-
spection of the gradients was suggestive of an increase in the
total amount of virus particles in HCMVgBAsp,,-infected cell
supernatants. However, the relative levels of NIEPs, virions,
and DBs produced in the supernatants from cells infected with
the different HCMV recombinants were comparable. To en-
able a determination of the relative levels of gBWT, gBAspgg,
gBAlay,, incorporation within the virion particle, proteins
from the purified virion fraction were separated by SDS-PAGE
and analyzed by Western blot and densitometry. The gB was
visualized by using an MAD to the 55-kDa subunit of gB, and
total HCMV proteins were visualized by using a polyclonal
antibody directed against total virion proteins (Fig. 7A). Levels
of virion gB normalized to total virion protein level are shown
in Fig. 7B. The equivalent levels of gB within the virion parti-
cles produced during infection with all HCMV recombinants
suggests that the increased level of infectious progeny virus
associated with HCMVgBAsp,, infection results from an in-
creased production of virion particles rather than an increase
in the level of gB incorporated within each virion.

DISCUSSION

In the present study, we used a series of recombinant
HCMYV expressing either a mimic-phosphorylated (gBAspgg,)
or a mimic-nonphosphorylated (gBAlay,,) form of the gB mol-
ecule to investigate the role of gB AC phosphorylation in
modulating gB TGN localization and HCMV biogenesis. Dur-
ing HCMYV infection, the mimic-phosphorylated gBAspy, €x-
hibited an increased localization to the TGN. Remarkably,
HCMV expressing the gBAspy, also exhibited an increased
level of infectious virus production. The cellular connector
protein, PACS-1, was recently shown to bind the HCMV gB
AC motif (DSy,,DEEE,) in a Ser,,, phosphorylation-depen-
dent manner and to be essential for the TGN localization of
recombinantly expressed gB (9). Together, these results sug-
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gest a role of gBSery, phosphorylation in directing gB to the
TGN site of virion assembly potentially by enhancing an inter-
action with the cellular connector, PACS-1.

A model for PACS-1-mediated localization of cargo proteins
to the TGN has been proposed wherein PACS-1 serves to
retrieve cargo proteins back to the TGN after their budding
from the TGN in a tyrosine or dileucine motif-dependent man-
ner (for a review, see reference 25). Localization of cargo
proteins to the TGN is believed to be modulated by phosphor-
ylation state of the cargo protein AC motif, with AC phosphor-
ylation being necessary for PACS-1 retrieval to this compart-
ment. Consistent with this model, the mimic-phosphorylated
form of gB (gBAspy,) displayed an increased level of TGN
localization, whereas the mimic-nonphosphorylated gB
(gBAlay) was dispersed from this region. However, gBAlag,
still showed a substantial level of TGN localization, indicating
that AC phosphorylation is not the only requirement for gB
localization to the TGN. These observations show that the
localization of gB to the TGN during HCMV infection is
modulated, in part, by the phosphorylation state of the gB
molecule and is consistent with an increased ability of the
phosphorylated form of gB to bind the PACS-1 connector
protein. Similarly, the comparable transport of de novo syn-
thesized gBWT, gBAspy,, and gBAlay,, to the TGN com-
bined with the decreased transport of gBAspy, from the TGN

is consistent with the retrieval-based mechanism of PACS-1-
mediated TGN localization. Together, these results suggest
that the increased localization of gBAspg, to the TGN ob-
served during HCMVgBAsp,, infection is due to an enhanced
retrieval of this molecule back to the TGN by PACS-1.

Expression of the gBAspy,, mimic-phosphorylated form of
gB during HCMYV infection also increased the level of virus
progeny production. Previously, we identified the TGN as a
major site of gB accumulation in two distinct permissive cell
types during HCMV infection (17). The results from another
study showed the localization of virion tegument proteins
(pp28, pp6b5, and pp150), as well as glycoproteins (gB and gH),
to an intracellular region that contained high levels of infec-
tious virus and was in close proximity to a structure marked by
antibodies reactive with TGN46 (29). These findings provide
strong evidence that the TGN represents a site of assembly and
final envelopment of HCMV. gB is an essential component of
the virion envelope involved in attachment and entry processes
(5, 16). Consequently, the finding that targeting of the
gBAsp,,, molecule to the TGN corresponds to an increased
production of virus further supports the TGN as an important
site of HCMV envelopment.

The increased level of HCMVgBAsp,, infectious progeny
may result from either the production of more infectious par-
ticles or from a greater level of gB incorporation within each
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virion, resulting in an enhancement of the virion particle in-
fectivity. Western analysis showed comparable levels of gB in
purified virion particles from supernatants of cells infected
with HCMVgBWT, HCMVgBAsp,,,, and HCMVgBAlay,.
This finding suggests that the increased level of infectious virus
is due to an increase in virion particle production and not to
enhanced infectivity as a result of a greater level of gB within
each virion particle. Viruses can be characterized on the basis
of their requirement for nucleocapsid and glycoproteins to
drive the envelopment process (for a review, see reference 13).
Although preliminary, the observation that targeting gB to a
site of virion assembly increases the production of virus parti-
cles raises the possibility that the formation of HCMYV virion
particles may be regulated by the rate of gB delivery to the
assembly site. This model is consistent with studies of PRV,
wherein deletion of the glycoproteins gE/I and gM resulted in
a dramatic envelopment defect and the accumulation of tegu-
mented capsids within the cytoplasm (6). In PRV, deletion of
either gE/I or gM individually resulted in only a minimal effect
on virus production, indicating a redundancy of glycoprotein
function that may not exist for gB of HCMV.

In addition to mediating TGN localization, PACS-1 has
been shown to be involved in protein trafficking at a number of
levels within the cellular secretory pathway. A model for
PACS-1-mediated trafficking of cargo proteins has been pre-
sented, wherein proteins are maintained in local cycling loops
at either the TGN or PM/early endosomal (EE) compartment
by their interaction with PACS-1 (25). Localization to these
local cycling loops is phosphorylation dependent, with dephos-
phorylation being required for movement of cargo proteins
between the TGN and PM/EE loops. The results from a series
of published studies from our laboratory suggest that gB traf-
ficking may be regulated in a manner that is consistent with this
model. We recently showed that gB cycles between the TGN
and PM in a similar manner to other PACS-1-dependent
TGN-localized proteins (17). In the present study, the de-
creased staining of gBAspy, in the antibody uptake assay is
consistent with an increased binding of gBAspy,, to PACS-1
causing an increased localization of gB to a localized TGN
cycling loop and decreased transport to the PM. However, any
gBAspy, that escapes the TGN would then exhibit increased
PM localization due to being “trapped” within a PM/EE cy-
cling loop as a result of binding to PACS-1 at the PM/EE.
Concordant with this prediction, vaccinia virus-expressed re-
combinant gBAsp,, was shown in a study by Fish et al. (11) to
have an increased localization at the PM in HFF. In contrast,
as a result of decreased binding to PACS-1, the gBAlay,
molecule would be expected to be more rapidly transported to
the PM and post-TGN compartments. This increased transport
from the TGN is shown in the current study by the increased
staining of gBAlay, in the uptake assays. The gBAlagy, pro-
tein would also be more rapidly recycled back to the TGN from
the PM/EE compartment, which would result in the decreased
gBAlay,, PM expression observed in the earlier study (11).
Alternatively, absence of PM localization of gBAspg,, ob-
served during HCMYV infection in the current study may reflect
differences in trafficking of vaccinia virus compared to HCM V-
expressed gB. A number of immunofluorescence-based studies
(11, 17) and a recent immunoelectron microscopy-based study
(12) have shown that, during HCMV infection of HFF, the
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level of gB localized at the PM is low. In contrast, in the study
by Fish et al. (11), significant levels of vaccinia virus-expressed
WT gB were observed at the PM. This difference between the
surface expression of vaccinia virus compared to HCMV-ex-
pressed gB suggests that additional HCMV-expressed or
HCMV-induced cellular factors may be further modifying the
trafficking of gB during HCMYV infection.

Retrieval of gB by endocytosis from the PM has been shown
to target HCMV gB to a cytoplasmic EE site of virus assembly
in HFF (32), and we have recently shown that this endocytic
pathway can similarly target gB to the site of virus assembly in
HCMV-infected U373 cells (17). However, prevention of gB
endocytosis from the PM during HCMYV infection by expres-
sion of a dominant-negative dynamin molecule (dynK44A) did
not affect the levels of infectious virus produced (17). Conse-
quently, although the trafficking of gBAspy, in the PM/EE
compartment may be altered compared to gBWT and
gBAlay,, this aspect of the trafficking itinerary of gB plays a
minor role, if any, in the assembly and final envelopment of
HCMV.

In a recent immunoelectron microscopy study, localization
of virus particles and HCMV envelope proteins to multivesicu-
lar bodies (MVBs) identified MVBs as a potential site of virion
envelopment (12). HCMYV envelope proteins were also found
localized to cytoplasmic membranes, although the exact iden-
tity of these membranes was not determined. Similar to the
TGN, MVBs are localized to the juxtanuclear region of the
cell, being concentrated at the microtubule organizing center
(for a review, see reference 27). A direct trafficking route is
also believed to exist between the MVBs and the TGN. Con-
sequently, the identification of virion particles within MVBs is
not incompatible with the TGN or a closely opposed site of
HCMV envelopment. Further immunoelectron microscopy
studies by using colocalization of markers of the secretory
pathway with HCMYV virion proteins will be required to deter-
mine the exact relationship of the TGN and MVB compart-
ments regarding HCMV envelopment.

The ability to phosphorylate gB may be critical for modu-
lating aspects of HCMV assembly and egress. For example, the
studies of VZV gE trafficking showed that differential phos-
phorylation of the gE AC targeted gE to either the TGN or cell
surface, thereby increasing virus assembly or cell-to-cell
spread, respectively (21). Although the role of cell-to-cell
spread in the biology of HCMV is unclear, this observation
indicates that herpesviruses utilize differential phosphorylation
of critical glycoproteins to modulate their assembly and egress
processes. HCMYV infects a variety of cell types within the host,
and the role of gB phosphorylation may be more critical in
particular types of cells. For example, we have observed the
accumulation of gBAspgg,, but not gBWT or gBAlay, in a
distinct post-TGN compartment of HCMV-infected endothe-
lial cells, but not HFF. This intracellular site of accumulation
corresponded to a decreased release of progeny virus from
HCMVgBAsp,-infected endothelial cells, suggesting that gB
phosphorylation may be important for the regulation of egress
from this cell type (M. A. Jarvis, C. J. Baldick, D. D. Drum-
mond, J. A. Borton, P. P. Smith, W. J. Smith, T. R. Jones, and
J. A. Nelson, Abstr. 27th Int. Herpesvirus Workshop, abstr.
7.03, 2002). Endothelial cells have been shown to facilitate the
infection of monocytes (33), and an ability of HCMV to reg-
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ulate its release from endothelial cells to times of close cell-
to-cell contact would serve to maximize monocyte infection.

In summary, during HCMYV infection expression of the mim-
ic-phosphorylated form of gB (gBAspy,) resulted in an in-
creased targeting of gB to the TGN. This observation was
consistent with the previously observed interaction between
the phosphorylated form of gB and PACS-1, a cellular con-
nector involved in the retrieval of cargo proteins to the TGN.
Expression of the gBAspg,, molecule during HCMYV infection
also increased production of progeny virus, a finding which
further supports the TGN as a site of virion assembly. The
precise function of gB phosphorylation in the HCMYV replica-
tion cycle is currently unclear. However, the ability to modu-
late intracellular trafficking of an essential glycoprotein by con-
trolling interactions with the cellular secretory machinery may
be important for the regulation of various aspects of the
HCMYV assembly and egress such as virus release and cell-to-
cell spread.
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