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In human-cytomegalovirus (HCMV)-infected cells, the localization of the viral protein pp150 to the virus
assembly compartment (AC) is dependent on its direct interaction with the cellular protein Bicaudal D1
through a dynein- and microtubule-dependent mechanism. We found that the small GTPase Rab6 also
interacts indirectly with pp150 through its interaction with Bicaudal D1. Inhibition of Rab6 activity in
HCMV-infected cells interrupted the intracellular trafficking of pp150, significantly reducing infectious virus
production without affecting the formation of the AC, arguing for an important function for this cellular
GTPase in the intracellular localization of pp150 during virus assembly.

Human cytomegalovirus (HCMV), the prototypic betaher-
pesvirus, is one of the most common infections in newborn
infants, affecting 0.2% to 2.2% of all newborns, and is a major
cause of neurological disease in infected infants (4, 11).
HCMV establishes a persistent infection in the infected host,
and although it is associated with asymptomatic infections in
healthy individuals, it can cause clinically significant infections
in immunocompromised patients, including transplant recipi-
ents and AIDS patients (2, 5, 6).

The virion consists of a nucleocapsid containing an approx-
imately 230-kbp linear DNA genome, an envelope studded
with viral glycoproteins, and a tegument layer located between
the capsid and envelope (26, 28, 36). Assembly of HCMV is an
incompletely understood process and involves multiple stages
in different cellular compartments. HCMV infection modifies
the host secretory pathway leading to the accumulation of
virion tegument and envelope proteins in a perinuclear site
termed the assembly compartment (AC), which has been pos-
tulated to be the site of viral assembly (16, 31).

The HCMV tegument protein pp150 is an essential betaher-
pesvirus-specific 1,048-amino-acid protein encoded by the
UL32 open reading frame (ORF) of HCMV (19, 20, 30). It is
both phosphorylated and glycosylated, although the role of
these posttranslational modifications in HCMV assembly is
unknown (14, 20). In primary human foreskin fibroblasts
(HFFs) infected with HCMV, pp150 localizes to the AC,
where it colocalizes with other viral proteins (31). Deletion of
the UL32 ORF leads to loss of infectious virus production, and
the protein has been reported to be important in the cytoplas-
mic maturation of HCMV (1, 7, 35, 40, 41).

The localization of pp150 to the AC in infected cells is
presumably dependent on interactions with cellular and/or vi-
ral proteins, since it has no predicted intracellular trafficking
signals. We previously reported that pp150 interacts directly

with Bicaudal D1 (BicD1), an effector protein of the small
GTPase Rab6 that links Rab6 activity to dynein (18). We
showed that the interaction between pp150 and BicD1 was
necessary for targeting pp150 to the AC by a dynein- and
microtubule-dependent mechanism (18). BicD1 binds to Rab6
GTPase through its C-terminal domain and to dynein through
its N-terminal domain and colocalizes with Rab6 in the trans-
Golgi network (TGN) and on cytoplasmic vesicles that associ-
ate with Golgi membranes in a Rab6-dependent manner (10,
17, 25). Rab6 is required for tethering of BicD1 to vesicles,
while BicD1 is essential for recruitment of the dynein-dynactin
complex to Rab6-positive vesicles (17, 25, 33). Finally, we have
reported that the C-terminal domain of BicD1 that interacts
with Rab6 is also the binding site for pp150 (18). The finding
that this domain of BicD1 is also important for the trafficking
of pp150 to the viral AC in infected cells argued that Rab6
could direct the intracellular trafficking of pp150 to sites of
HCMV assembly (18).

Rab6 is a Golgi network-associated GTPase that has been
shown to regulate endosome-to-Golgi network and Golgi net-
work-to-endoplasmic reticulum (ER) retrograde-transport
pathways (3, 12, 13, 21, 23, 24, 29, 37, 39). Rab6 is important
for the organization and function of exocytic vesicles derived
from the Golgi network and targeted to the cell membrane
(15). Rab6 is conserved from Saccharomyces cerevisiae to hu-
mans, and in humans there are four known isoforms: Rab6A,
A�, B, and Rab6C (8, 29, 32, 34). Rab6A and A� are ubiqui-
tously and abundantly expressed, Rab6B is expressed in neu-
ronal cells, and Rab6C shows tissue-specific expression, such as
in brain, spinal cord, testis, and prostate (38). Rab6A� differs
from Rab6A in three amino acid substitutions, Val62 to Ile,
Thr87 to Ala, and Val88 to Ala (8).

Rab6 localizes to the AC in HCMV-infected cells. In unin-
fected HFFs, Rab6 is localized to a distinct perinuclear com-
partment that has been shown to colocalize with markers of the
TGN (Fig. 1A). Upon viral infection, Rab6 relocalizes to the
AC, where it colocalizes with pp150 (Fig. 1A). We investigated
the trafficking of Rab6 isoforms A and A� in infected HFFs by
transfecting HFFs with green fluorescent protein (GFP)-
tagged Rab6A and A�, followed by HCMV infection as de-
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scribed previously (18). Although only data for the Rab6A
isoform are shown, both isoforms localized to the TGN in
uninfected cells and trafficked to the viral AC by 5 days postin-
fection (dpi), where they colocalized with pp150 (Fig. 1B and
data not shown). In uninfected cells, they colocalized with
endogenous BicD1 in a perinuclear compartment (Fig. 1D and
data not shown). As a negative control, we used GFP-tagged
Rab9, which does not interact with BicD1 (25). In infected
cells, Rab9 failed to localize to the AC or colocalize with pp150
(Fig. 1C). These findings demonstrated that HCMV infection
resulted in the specific relocalization of Rab6 isoforms from a
perinuclear distribution to the AC.

Rab6 forms a ternary complex with pp150 and Bicaudal D1.
Localization of Rab6 to the AC may be secondary to its asso-
ciation with BicD1 or achieved by a mechanism independent of

the previously reported BicD1-pp150 interaction. In trans-
fected cells, pp150 colocalizes with microtubules (18), while in
a minority of cells, it can be observed dispersed in the cyto-
plasm (data not shown). We found that in COS-7 cells trans-
fected with myc-tagged pp150-expressing plasmids and GFP-
tagged Rab6A-expressing plasmids, pp150 and Rab6A did not
colocalize (Fig. 2A). Similarly, GFP-tagged Rab6A� did not
colocalize with myc-tagged pp150 in transfected COS-7 cells
(data not shown). When GFP-tagged BicD1 and myc-tagged
Rab6A were coexpressed in COS-7 cells, they colocalized (Fig.
2B). Similarly, GFP-tagged BicD1 colocalized with myc-tagged
Rab6A� (data not shown). The negative control, Rab9, did not
colocalize with pp150 (Fig. 2C) or with BicD1 (Fig. 2D). We
observed that when myc-tagged Rab6A was expressed together
with GFP-tagged BicD1 and pp150, all three colocalized in

FIG. 1. Rab6 traffics to the AC and colocalizes with pp150. (A) Rab6 expression in human foreskin fibroblasts (HFFs; uninfected and infected
with HCMV). Infected cells were fixed at 5 days postinfection (dpi) and stained with rabbit anti-Rab6 antisera (green) and pp150 monoclonal
antibody (MAb) (red). The anti-Rab6 antiserum is reactive with both isoforms of Rab6. (B, C) Expression of GFP-tagged Rab6A (B) and Rab9
(C) in uninfected or HCMV-infected HFFs. The cells were stained at 5 dpi with pp150 MAb (red). (D) Localization of GFP-Rab6A and
endogenous BicD1 in transfected HFFs. HFFs were transfected with GFP-tagged Rab6A (green) and then stained with BicD1-specific rabbit
antiserum (red). Images were collected by confocal microscopy (magnification, �100). Nuclear dye TOTO3 was used to demarcate nuclei (blue).
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transfected COS-7 cells and that pp150 was completely relo-
calized to the site of BicD1 and Rab6 expression (Fig. 2E). In
transfected COS-7 cells expressing pp150, BicD1-GFP, and
Rab6A�-myc, all three colocalized, suggesting that both iso-
forms of Rab6 form a complex with BicD1 and pp150 (data not

shown). Rab9 failed to colocalize with pp150 even in the pres-
ence of overexpressed BicD1 (Fig. 2F), whereas BicD1 and
pp150 were observed to colocalize (Fig. 2F).

We used coimmunoprecipitation assays to determine if BicD1
interacted simultaneously with pp150 and Rab6 or if pp150 com-

FIG. 2. Rab6 isoforms colocalize with pp150 only in the presence of BicD1. (A) COS-7 cells were cotransfected with plasmids encoding GFP-tagged
Rab6A and myc-tagged pp150, fixed, and stained with anti-myc MAb. GFP-tagged Rab6A (green) failed to colocalize with pp150 (red) on tubular
structures in the cytoplasm. (B) COS-7 cells cotransfected with GFP-tagged BicD1 and myc-tagged Rab6A plasmids were fixed and stained with anti-myc
MAb. GFP-tagged BicD1 (green) colocalizes with Rab6A (red) in the perinuclear compartment. (C) COS-7 cells were cotransfected with plasmids
encoding GFP-tagged Rab9 and pp150 without a tag and fixed and stained with anti-pp150 MAb. GFP-tagged Rab9 (green) failed to colocalize with
pp150 (red) on tubular structures in the cytoplasm. (D) COS-7 cells cotransfected with GFP-tagged Rab9 and myc-tagged BicD1 plasmids were fixed and
stained with anti-myc MAb. GFP-tagged Rab9 (green) failed to colocalize with BicD1 (red). (E) COS-7 cells cotransfected with GFP-tagged BicD1,
pp150 without a tag, and myc-tagged Rab6A plasmids were fixed and stained with anti-myc and anti-pp150 antibodies. GFP-tagged BicD1 (green), pp150
(red), and Rab6A (blue) colocalized in a perinuclear compartment. Merging is indicated by the development of the white color when all three colocalized.
Note that the cytoplasmic localization of pp150 is altered in the presence of BicD1 and Rab6. (F) COS-7 cells cotransfected with GFP-tagged Rab9, pp150
without a tag, and myc-tagged BicD1 plasmids were fixed and stained with anti-myc and anti-pp150 antibodies. GFP-tagged Rab9 (green), pp150 (red),
and BicD1 (blue) failed to colocalize, while p150 (red) and BicD1 (blue) colocalized. All images were collected by laser scanning confocal microscopy
(magnification, �100). Nuclear dye TOTO3 was used to demarcate nuclei (blue) in panels A to D.
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peted with Rab6 for binding sites on BicD1. In agreement with
our colocalization studies, we found that myc-tagged Rab6A
failed to pull down GFP-tagged pp150 when both were transiently
expressed in HEK 293 cells (Fig. 3A, lane 2). Unconjugated
magnetic beads used as a negative control did not pull down
myc-tagged Rab6A or pp150-GFP from cell lysates (Fig. 3A, lane
1). As expected, Rab6A-myc pulled down BicD1GFP (Fig. 3A,
lane 4). Similar results were obtained when myc-tagged Rab6A�
was used in these assays (data not shown). HEK 293 cells were
then transfected with plasmids expressing myc-tagged Rab6A and
pp150 and GFP-tagged BicD1. myc-tagged Rab6A pulled down
pp150 (Fig. 3B, lane 1) while in complex with BicD1 (Fig. 3C, lane

1). In similar experiments, myc-tagged Rab6A� was able to pull
down pp150 in complex with BicD1 (data not shown). The ex-
pression of myc-tagged Rab6A and A� was confirmed using anti-
myc antibody (data not shown). The negative-control, GFP-
tagged Rab9 did not pull down either BicD1 (Fig. 3D, lane 2) or
pp150 (Fig. 3E, lane 2). Also, Rab9 did not pull down pp150 (Fig.
3F, lane 2) while in complex with BicD1 (Fig. 3G, lane 2). These
results argued that pp150 does not prevent the binding of Rab6 to
BicD1 and suggests that Rab6 indirectly interacts with pp150
through BicD1, thus providing a mechanism by which Rab6 could
function to target the BicD1-pp150 complex 32 to the AC in
HCMV-infected cells.

FIG. 3. BicD1, pp150, and Rab6 form a ternary complex. (A) Coimmunoprecipitation (IP) of pp150 with Rab6A. Protein complexes from
lysates of HEK 293 cells cotransfected with myc-tagged Rab6A and pp150-GFP (or Rab6A-myc and BicD1-GFP) were precipitated with anti-myc
magnetic beads. Lane 1, negative control in which cell lysates were treated with unlabeled magnetic beads; lane 2, Rab6A-myc, which does not
precipitate pp150-GFP; lane 3, pp150-GFP in the input lysate; lane 4, positive control showing that Rab6A-myc precipitates BicD1-GFP; lane 5,
input lysate containing BicD1-GFP. The blot was probed with anti-GFP antibody. (B) Coimmunoprecipitation of pp150 and Rab6A in the presence
of overexpressed BicD1. Protein complexes from lysates of HEK 293 cells cotransfected with Rab6A-myc, pp150, and BicD1-GFP were
precipitated with anti-myc magnetic beads. Lane 1, Rab6A-myc precipitating pp150 when it was coexpressed with BicD1-GFP; lane 2, the input
lysate containing pp150. The blot was probed with anti-pp150 MAb. (C) Protein complexes from lysates of HEK 293 cells cotransfected with
Rab6A-myc, pp150, and BicD1-GFP (same as described for panel B) were precipitated with anti-myc magnetic beads. Lane 1, the precipitate is
positive for BicD1-GFP; lane 2, input lysate containing BicD1-GFP. The blot was probed with anti-GFP antibody. (D) Coimmunoprecipitation of
BicD1 with Rab9. Protein complexes from lysates of HEK 293 cells cotransfected with Rab9-GFP and BicD1-myc were precipitated with anti-myc
magnetic beads. Lane 1, negative control in which cell lysates were treated with unlabeled magnetic beads; lane 2, BicD1-myc does not precipitate
Rab9-GFP; lane 3, Rab9-GFP in the input lysate. The blot was probed with anti-GFP antibody. (E) Coimmunoprecipitation of pp150 with Rab9.
Protein complexes from lysates of HEK 293 cells cotransfected with Rab9-GFP and pp150-myc were precipitated with anti-myc magnetic beads.
Lane 1, negative control in which cell lysates were treated with unlabeled magnetic beads; lane 2, pp150-myc does not precipitate Rab9-GFP; lane
3, Rab9-GFP in the input lysate. The blot was probed with anti-GFP antibody. (F) Rab9 does not form a complex with BicD1 and pp150. Protein
complexes from lysates of HEK 293 cells cotransfected with hemagglutinin (HA)-tagged Rab9, pp150 without a tag, and BicD1-myc were
precipitated with anti-HA magnetic beads. Lane 1, negative control in which cell lysates were treated with unlabeled magnetic beads; lane 2,
HA-Rab9 failing to precipitate pp150 when it was coexpressed with BicD1; lane 3, input lysate showing pp150. The blot was probed with anti-pp150
antibody. (G) Protein complexes from lysates of HEK 293 cells cotransfected with HA-Rab9, pp150, and BicD1-myc (same as described for panel
F) were precipitated with anti-HA magnetic beads. Lane 1, negative control in which cell lysates were treated with unlabeled magnetic beads; lane
2, HA-Rab9 does not pull down BicD1; lane 3, input lysate showing BicD1. The blot was probed with anti-myc antibody.
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FIG. 4. Inhibition of Rab6 function decreases pp150 trafficking to the AC and reduces viral yield. (A) HFFs were electroporated with the
GFP-tagged DN Rab6AT27N mutant form of Rab6 (green) and 24 h later were infected with HCMV. At 5 dpi, the cells were fixed and stained
with anti-pp150 (red) and anti-gM (blue) MAbs. (B, C) HFFs were electroporated with GFP-tagged Rab6A (B) or Rab6A� (C) (green) and 24 h
later were infected with HCMV. At 5 dpi, the cells were fixed and stained with anti-pp150 (red) and anti-gM (blue) MAbs. Colocalization is
indicated by the development of a white color in the merge channel. (D) HFFs were transfected with the GFP-tagged Rab6A or DN Rab6AT27N
constructs and 24 h later were infected with HCMV at a multiplicity of infection of 0.1. The virus from the supernatant and cells was harvested
at the indicated times and assayed for quantity of infectious virus. Results are expressed as a log10 infectious units/ml of sample, with error bars
indicating standard deviations of the means. Images were collected by laser scanning confocal microscopy (magnification, �100).
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Inhibition of Rab6 function inhibits pp150 trafficking to the
AC and affects viral yield. To investigate the importance of the
Rab6-pp150 interaction in the trafficking of pp150 and hence
in HCMV assembly, we inhibited the activity of endogenous
Rab6 in HFFs by overexpressing dominant negative (DN)
Rab6AT27N (27). DN Rabs are locked in the GDP conforma-
tion and sequester the guanine nucleotide exchange factors
(GEFs) needed for Rab activation by competing with endog-
enous wild-type (WT) Rab (9). The guanosine dinucleotide
(GDP)-restricted conformer binds more tightly to the GEFs
than the endogenous conformer and subsequently blocks Rab
activation and Rab effector recruitment (9). Rab6A and
Rab6A� utilize the same GEF for their activation (22). HFFs
expressing GFP-tagged Rab6AT27N were infected with
HCMV, and 5 days later the phenotype of the AC was ob-
served by imaging. In cells expressing DN Rab6AT27N, traf-
ficking of pp150 to the AC was inhibited and pp150 was ob-
served to be dispersed throughout the cytoplasm, unable to
localize to the AC (Fig. 4A). In contrast, trafficking of HCMV
glycoprotein gM to the AC remained unaffected (Fig. 4A). To
control for the specificity of the effects of DN mutants from the
effects of overexpression of the respective transgenes, we di-
rectly compared GFP-tagged versions of the wild-type forms to
those of the DN mutants and found that GFP-tagged Rab6A
and A� trafficked normally to the AC, where they colocalized
with pp150 and the viral envelope glycoprotein gM (Fig. 4B
and C).

To test if inhibition of Rab6 activity could alter virus assem-
bly and the yield of infectious virus, we transfected HFFs with
DN Rab6AT27N and infected them a day later with HCMV.
The cells were harvested at days 2, 3, 4, and 5 postinfection and
assayed for the total yield (cellular and supernatant) of infec-
tious virus. As shown in Fig. 4D, cells depleted of Rab6 activity
produced about 1.0 log10 less infectious virus than cells ex-
pressing WT Rab6A. In a second experiment, HFFs were
transfected with WT Rab6A or DN Rab6AT27N and infected
with HCMV, and total infectious virus yield (cellular and su-
pernatant) and infectious virus yield in the supernatant only
were assayed. In addition, we also quantified viral DNA
by real-time PCR. In this experiment, expression of DN
Rab6AT27N inhibited total infectious virus yield by 0.7 log10

and infectious supernatant virus production by 0.75 log10 on
day 7 postinfection compared to yields of virus in cells trans-
fected with WT Rab6A. We compared the amounts of viral
DNA produced in cells and in supernatants from WT-Rab6A-
and DNRab6aT27N-transfected cells and found an insignifi-
cant difference (2-fold) in HCMV genome copy number be-
tween samples from WT Rab6A and DNRab6AT27N-trans-
fected cells (data not shown). This result suggested that
decreased production of infectious virus associated with the
expression of DN Rab6AT27N was likely secondary to an
inhibition of the assembly of virions and not secondary to the
production of noninfectious particles that would be reflected
by an increased genome copy number in a virus population
produced from infected cells expressing DN Rab6AT27N.
Taken together, these observations suggest that inhibition of
Rab6 specifically altered the trafficking of the essential tegu-
ment protein pp150 to the sites of viral assembly and reduced
the yield of infectious virus.

Previous studies have shown that the active-membrane-as-

sociated, GTP-bound form of Rab6 recruits BicD1 to Golgi
membranes and that BicD1 recruits the dynein-dynactin com-
plex to Rab6-positive vesicles (25). Consequently, overexpres-
sion of Rab6 T27N abolishes the association of BicD1 with
Golgi membranes (25). Based on the results obtained from
these and previously reported studies, we propose that the
pp150-BicD1 complex is recruited to TGN-derived membranes
by membrane-associated, GTP-loaded Rab6, followed by its
interaction with dynein, which then moves the complex toward
the AC. Consistent with this pathway are our findings that DN
Rab6AT27N blocks the membrane association of the pp150-
BicD1 complex and results in the complex being distributed
throughout the cytoplasm (data not shown and reference 25).
The mechanism by which an HCMV tegument protein utilizes
components of the cellular secretory pathway to target its traf-
ficking to the membrane-bound AC may also redirect host cell
membranes to the AC to facilitate the accumulation of other
virion structural proteins within this cytoplasmic site.
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