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The assembly of human cytomegalovirus (HCMV) is thought to be similar to that which has been proposed
for alphaherpesviruses and involve envelopment of tegumented subviral particles at the nuclear membrane
followed by export from the cell by a poorly defined pathway. However, several studies have shown that at least
two tegument virion proteins remain in the cytoplasm during the HCMV replicative cycle, thereby suggesting
that HCMV cannot acquire its final envelope at the nuclear envelope. We investigated the assembly of HCMV
by determining the intracellular trafficking of the abundant tegument protein pp150 (UL32) in productively
infected human fibroblasts. Our results indicated that pp150 remained within the cytoplasm throughout the
replicative cycle of HCMV and accumulated in a stable, juxtanuclear structure late in infection. Image analysis
using a variety of cell protein-specific antibodies indicated that the pp150-containing structure was not a
component of the endoplasmic reticulum, (ER), ER-Golgi intermediate compartment, cis or medial Golgi, or
lysosomes. Partial colocalization of the structure was noted with the trans-Golgi network, and it appeared to
lie in close proximity to the microtubule organizing center. Two additional tegument proteins (pp28 and pp65)
and three envelope glycoproteins (gB, gH, and gp65) localized in this same structure late infection. This
compartment appeared to be relatively stable since pp150, pp65, and the processed form of gB could be
coisolated following cell fractionation. Our findings indicated that pp150 was expressed exclusively within the
cytoplasm throughout the infectious cycle of HCMV and that the accumulation of the pp150 in this cytoplasmic
structure was accompanied by at least five other virion proteins. These results suggested the possibility that
this virus-induced structure represented a cytoplasmic site of virus assembly.

As for other human herpesviruses, the assembly of the in-
fectious human cytomegalovirus (HCMV) particle is a com-
plex and poorly understood process. Extracellular virions pro-
duced by HCMV-infected cells appear structurally similar to
those of other herpesviruses in that HCMV virions consist of
three major structural regions, the capsid, the tegument, and a
lipid-containing envelope (29). While it is generally accepted
that capsid assembly occurs in the nuclei of infected cells, the
cellular compartments in which tegument assembly takes place
remain incompletely defined (29). Several seemingly mutually
exclusive pathways of envelopment have been proposed for
herpesviruses (6, 9, 11, 13, 16, 18, 20, 25, 27, 28, 33, 34, 39–42).
The earliest model for envelopment of herpes simplex virus
(HSV) proposed that the viral particle was enveloped during
passage through the inner nuclear membrane (18, 29, 32).
Glycoproteins within the viral envelope would then be modi-
fied as the particle traversed the Golgi (9, 18). More recent
models have suggested that envelopment and deenvelopment
occur at the nuclear envelope and that final envelopment of
the tegumented nucleocapsid occurs in the trans-Golgi (TGN)
following fusion with membranes containing processed enve-
lope glycoproteins (6, 11, 13, 14, 16, 20, 25, 27, 39–43).

Addition of the tegument has been assumed to take place in

the nucleus in both models, although formal proof of such a
site of tegument acquisition is lacking. Previous studies of
HCMV assembly utilizing electron microscopy described
coated particles budding into cytoplasmic vacuoles; however,
the site of tegument addition was not defined (32, 36). A more
recent study of the assembly of human herpesvirus 6 suggested
that tegumentation of the particle took place by budding of
nuclear capsids into cytoplasmic invaginations in the nucleus
(28). Some evidence consistent with the possibility that tegu-
ment proteins are incorporated into the viral particle outside
of the nucleus has been presented in a study of the UL11
tegument protein of HSV. Electron micrographs of HSV-in-
fected cells suggested that this myristoylated protein was lo-
cated in the nuclear membrane, but the polarity of this asso-
ciation was not readily apparent (2). Furthermore, the
phenotype of a UL11 deletion virus was characterized by sig-
nificantly decreased infectious virion production and accumu-
lation of tegument-containing capsids on the inner nuclear
membrane (2). Recent studies of the morphogenesis of a re-
lated alphaherpesvirus, varicella-zoster virus, have suggested
that the tegument of this virus is also partially assembled in the
cytoplasm of the infected cell, perhaps concurrently with final
envelopment of the maturing particle at the TGN (11, 42, 43).
Studies of the envelopment of HSV have suggested that if a
cytoplasmic envelopment follows envelopment/deenvelopment
at the nuclear membrane, then this step most likely occurs in
the Golgi (9). A more definitive analysis of the envelopment of
pseudorabies virus suggested that two pools of a major enve-
lope glycoprotein, gE, were present within the infected cell
(35). One pool, derived by retrieval of gE from the plasma
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membrane by the endocytic pathway, was not necessary for
assembly of infectious virions, suggesting that a second intra-
cellular pool of gE was incorporated into progeny virions in an
as yet undefined cytoplasmic compartment (35).

In HCMV-infected cells, the cellular distribution of several
of the better-characterized tegument proteins has suggested
that tegument assembly might occur in two different compart-
ments, the nucleus and the cytoplasm. Tegument proteins en-
coded by the UL25, UL99 (pp28), and UL32 (pp150) open
reading frames (ORFs) have been shown to be present in the
cytoplasm of infected cells late in the viral replicative cycle (3,
17, 21). Ultrastructural analysis by electron microscopy has
demonstrated nonenveloped particles apparently acquiring an
additional structural layer by budding into cytoplasmic struc-
tures (12, 32, 36). This layer is assumed to be the envelope;
however, direct evidence for this is lacking, and it remains to be
determined whether these observations are relevant to the
assembly of infectious particles or represent a default pathway
for noninfectious particles destined for intracellular or extra-
cellular degradation.

In this study, we examined the subcellular site of tegument
acquisition, using well-characterized HCMV-specific monoclo-
nal and polyclonal antibodies to describe both the expression
and cellular distribution of several tegument proteins. Our
findings indicated that tegument proteins were added to the
subviral particle in both nuclear and cytoplasmic compart-
ments, suggesting that the final envelopment of HCMV oc-
curred in the cytoplasm of infected cells. Moreover, we have
identified a juxtanuclear structure which contained at least
three virion glycoproteins and three tegument proteins. This
structure colocalized with the microtubule organizing center
(MTOC) and could be disrupted with the microtubule-depo-
lymerizing agent nocadazole but not by brefeldin A. Although
this structure failed to colocalize with several markers of in-
tracellular compartments, the viral protein-containing struc-
ture was surrounded by elements of the Golgi, suggesting a
close proximity of soluble viral proteins and Golgi-localized,
transmembrane-containing viral glycoproteins. The association
of the viral proteins within this structure appeared to be rela-
tively stable since fractionation of infected cells by discontin-
uous sucrose gradient centrifugation resulted in the enrich-
ment of both tegument and envelope proteins in a single
fraction. Interestingly, this fraction contained at least one viral
glycoprotein but was devoid of markers for the endoplasmic
reticulum (ER)-Golgi intermediate compartment (ERGIC) or
the Golgi, suggesting that viral proteins might be sequestered
in a membrane subdomain from which cellular proteins were
excluded. The presence of virion tegument and envelope pro-
teins within a single cytoplasmic compartment suggested that
tegumentation and envelopment likely occurred in the cyto-
plasm and that the juxtanuclear compartment might represent
a site of virion assembly.

MATERIALS AND METHODS

Cells, viruses, plasmids, and antibodies. Primary human foreskin fibroblasts
(HF cells) were prepared, propagated, and infected as previously described (30).
HCMV strain AD169 was used for all experiments. Infectious stock were pre-
pared from supernatants of infected HF cells which exhibited 100% cytopathic
effect and were titered as described elsewhere (1); fractions collected from cell
fractionation gradients were titered by the same method. The ORFs encoding
pp150 (UL32) and pp28 (UL99) were cloned into the expression vector pcDNA
3 (Invitrogen, San Diego, Calif.). Orientation and sequence were verified by
nucleotide sequencing. Human 293T cells or monkey Cos 7 cells were used for
transient expression of pp150 (UL32) following calcium phosphate-mediated
transfection (8).

HCMV-encoded proteins were detected with monoclonal antibodies (MAbs)
as previously described (30). MAbs used in this study included those specific for
IE-1 (UL123, MAb P63-27), MCP (UL86, MAb 28-4), ppUL69 (UL69, MAb

69), pp65 (UL83, MAbs 28-19 and 65-8), pp150 (UL32, MAb 36-14), pp28
(UL99, MAb 41-18), gB (UL55, MAb 58-15), gH (UL75, MAb 14-4b), and gp65
(MAb 14-16) (4, 5, 7, 26, 30, 31). The generation of the monospecific rabbit
anti-serum reactive with pp150 has been previously described (15). MAb 36-14
was generated from spleen cells obtained from mice immunized with prokaryotic
expressed fragments of pp150.

The antibodies reactive with cellular markers included a MAb specific for
ERGIC53 (generously provided by Peter Hauri, University of Basel, Basel,
Switzerland), a rabbit antiserum specific for mannosidase II (provided by Mari-
lyn Farquhar, University of California, San Diego), a rabbit antiserum against
TGN46 (from George Banting, University of Manchester, Manchester, United
Kingdom), and a rabbit antiserum reactive with the lysosomal membrane protein
LAMP-1 (from Minoru Fukuda, La Jolla Cancer Research Center, La Jolla,
Calif.). The rabbit antiserum against the Golgi protein GM130 and the murine
MAb reactive with the ER-resident protein RAP have been described previously
(24). A murine MAb specific for vimentin, clone V9, was purchased from Sigma
Chemical Co., St. Louis, Mo. The murine MAb reactive with tubulin was ob-
tained from Tom Howard, University of Alabama, Birmingham. Actin was
stained with fluorochrome-conjugated phalloidin (Molecular Probes, Eugene,
Oreg.). Fluorochrome-conjugated secondary antibodies, including murine immu-
noglobulin G (IgG) subclass antibodies, were purchased from Southern Biotech-
nology Associates, Birmingham, Ala.

SDS-PAGE and immunoblotting. Electrophoresis under reducing conditions
and immunoblotting were carried out as described elsewhere (30). Virus-infected
cell proteins were obtained from HCMV-infected HF cells grown in 35-mm-
diameter tissue culture dishes. Following washing in phosphate-buffered isotonic
saline (PBS; pH 7.4), the cells were lysed in sample buffer containing 5% 2-mer-
captoethanol and 2% sodium dodecyl sulfate (SDS) and heated to 100°C. The
solubilized proteins were then subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to either nitrocellulose membranes or polyvi-
nylidene fluoride filters. Murine MAbs or in some cases a 1:500 dilution of the
IgG fraction of the rabbit anti-pp150 serum were used to detect specific proteins.
Antibody binding was detected by 125I-protein A followed by autoradiography or
alternatively by reaction with horseradish peroxidase-conjugated goat anti-
mouse or rabbit IgG followed by enhanced chemiluminescence (ECL) fluorog-
raphy (ECL kit; Amersham, Arlington Heights, Ill.).

Immunofluorescence microscopy. HF cells were grown in 24-well tissue cul-
ture plates containing a 13-mm-diameter coverslip. After the cells had reached at
least 90% confluency, the cells were infected with HCMV strain AD169 for 1 to
2 h and then washed once and incubated for the indicated time. The coverslips
were harvested by first washing the cells with PBS and then fixing them for 30 min
at room temperature in 2% paraformaldehyde (PFA) freshly prepared in PBS. In
some cases the cells were incubated for 5 min prior to PFA fixation in a 100 mM
HEPES-buffered solution containing 5 mM EGTA and 5% polyethylene glycol
(pH 6.9) to stabilize microtubules. The coverslips were then washed in PBS and
permeabilized with 0.05% NP-40 in PBS at 4°C for 10 min. The coverslips were
then blocked with PBS containing 20% normal goat serum for 45 min at 37°C.
After a wash in PBS, primary antibody was added and the coverslips were
incubated at 37°C for 60 min. The coverslips were then washed in PBS and then
incubated for 45 min in fluorochrome-conjugated secondary antibody diluted in
PBS containing 10% normal goat serum. Following repeated washings in PBS the
coverslip was fixed in 2% PFA as described above and then washed once in PBS
immediately prior to viewing.

The fixed coverslips were incubated for 5 min in Slowfade (Molecular Probes)
and then inverted and sealed on a glass microscope slide with fingernail polish.
The sealed coverslips were viewed under a Leitz Dialux epifluorescence micro-
scope at a magnification of 350, and the images were captured with a digital
camera (Photometrics, Tucson, Ariz.). The images were processed with Image
Pro software (Media Cybernetics, Silver Spring, Md.). Deconvolution was ac-
complished with Hazebuster (Vaytek, Fairfield, Iowa).

Cell fractionation. Three 150-cm2 flasks of HF cells were infected at a multi-
plicity of infection (MOI) of 3 and harvested on day 6 postinfection by scraping
the cells from the flask. The cell pellet was washed twice with cold PBS plus 5
mM EDTA and then resuspended in 1 ml of Tris-buffered isotonic saline (pH
7.4) containing 5 mM EDTA and 0.25 M sucrose. The cell suspension was
repeatedly passed through a 27-gauge needle until there were no intact cells in
the suspension as determined by light microscopy. This material was then cen-
trifuged at 1,000 3 g for 10 min, and the supernatant was transferred to a new
tube. This solution, termed the postnuclear supernatant, was then applied to a
preformed sucrose step gradient consisting of the following amounts of sucrose
in 10 mM Tris-buffered isotonic saline, pH 7.4: (i) 0.5 ml, 2 M; (ii) 1.5 ml, 1.6 M;
(iii) 2.5 ml, 1.4 M; (iv) 3.5 ml, 1.2 M; and (v) 1.5 ml, 0.8 M. The postnuclear
supernatant was layered on the top of the gradient and centrifuged for 3 h at
100,000 3 g in an SW41 rotor at 4°C. The gradient was fractionated from the
bottom, and individual fractions were assayed for virus infectivity as described
above and for viral protein by immunoblotting.

RESULTS

pp150 is expressed late during HCMV infection. The kinet-
ics of pp150 expression were initially studied by immunoblot-
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ting of HF cell lysates harvested on days 1 to 6 postinfection.
HCMV-specific MAbs reactive with the major immediate-early
protein, IE-1 (UL123, pp72), and the tegument protein, pp65
(UL83), were used to detect proteins of the immediate and
early-late kinetic classes, respectively. As previously shown, the
IE-1 protein was expressed by day 1 postinfection and could be
detected at approximately similar levels throughout the dura-
tion of the infection (Fig. 1). In contrast, pp65 was first de-
tected on day 3 and appeared to increase in amount during
subsequent days (Fig. 1). Although incoming virion pp65 has
been reported to be detectable immediately after infection, at
the low MOI used in this experiment, we failed to detect pp65
until day 3 postinfection. Similarly, pp150 was first detected on
day 3 and appeared to increase in amount during subsequent
days (Fig. 1). These results suggested that pp150 was expressed
with kinetics consistent with either an early-late or a late pro-
tein. The lack of detectable pp150 in infected HF cells treated
with phosphonoformic acid further supported the classification
of pp150 as an early-late protein (data not shown).

pp150 accumulates in a juxtanuclear structure in HCMV-
infected cells. To confirm the immunoblotting results and to
examine the cellular distribution of pp150 within HF cells at
various times after infection, a murine MAb reactive with
pp150 was generated. This antibody was specific for pp150; it
detected viral pp150 in virions and infected cells as well as
recombinant pp150 produced in transfected Cos 7 cells as
determined by immunoblot analysis (Fig. 2). The MAb did not
cross-react with cellular proteins in Cos 7 and HF cells or cells
expressing pp28 (Fig. 2). The anti-pp150 MAb and a MAb
specific for pp65 were used to examine the localization of the
corresponding antigens during productive infection of HF
cells. As noted previously by other investigators, pp65 was
rapidly translocated to the nucleus and could be readily de-
tected in the nucleus as early as 120 min postinfection when
cells were infected at a high MOI (data not shown). Within
24 h postinfection, pp65 was detectable in the nucleus of al-
most every cell in the culture (Fig. 3). In contrast, pp150 was
present in small punctate structures scattered throughout the
cytoplasm. Although some punctate structures could be seen
overlying the nucleus, these were not localized to the nucleus
when multiple focal planes of the same image were collected
(data not shown). Within 48 h postinfection, pp65 expression

continued to be restricted to the nucleus (Fig. 3). At that time,
pp150 was still detected in clearly separate punctate structures
but with an increase in the intensity of the signal in an area
adjacent to the nucleus. At 72 and 96 h postinfection, pp65 was
present in both the nucleus and the cytoplasm of infected cells.
At these times postinfection, pp150 localization was still lim-
ited to the cytoplasm, but it appeared that the punctate struc-
tures coalesced into a large juxtanuclear structure. In the early
periods postinfection, we could not distinguish between incom-
ing virion pp150 and newly synthesized pp150; however, the
cytoplasmic distribution and the increased intensity of the sig-
nal between 48 and 72 h postinfection suggested that newly
synthesized pp150 was accumulating in the juxtanuclear struc-
ture (Fig. 3). In the interval between 120 and 144 h postinfec-
tion, pp65 was present in both the cytoplasm and the nucleus,
with partial overlap with pp150 at 144 h postinfection. In this
final time interval, pp150 remained exclusively cytoplasmic, the

FIG. 1. Time course of pp150 (UL32) expression in virus-infected HF cells. HF cells were infected with HCMV strain AD169 at an MOI of approximately 0.5 and
harvested on the indicated day postinfection (p.i.). Following solubilization, the cell lysates were subjected to SDS-PAGE and transferred to polyvinylidene difluoride
membranes. The membranes were then developed with antibodies reactive with the pp72 (UL123) major immediate-early protein, and antibody binding was detected
by ECL as described in Materials and Methods. The membrane was then stripped of bound antibody, and a 1:500 dilution of rabbit antibodies reactive with the carboxyl
terminus of pp150 was used to detect pp150. Similarly, the membrane was stripped and reacted a third time with antibodies reactive with pp65 (UL83).

FIG. 2. Characterization of a murine MAb reactive with pp150 (UL32). Cell
lysates from uninfected HF cells (HF), HCMV-infected HF cells (AD169 HF),
Cos 7 cells transfected with an expression plasmid encoding pp28 (Cos-pp28), or
Cos 7 cells transfected with an expression plasmid encoding pp150 (Cos-pp150)
were solubilized, subjected to SDS-PAGE, and transferred to a nitrocellulose
membrane. Gradient-purified HCMV strain AD169 virions (VIRUS) were sol-
ubilized in a similar fashion and loaded in the same gel. Following transfer, the
membrane was incubated with MAb 36-14, and antibody binding was detected as
described in Materials and Methods.
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FIG. 3. Time course of pp150 (UL32) expression in virus-infected HF cells. HF cells grown on glass coverslips were infected at an MOI of between 3 and 5 and
harvested at 24-h intervals. Following fixation, the expression of pp65 (UL83) and pp150 (UL32) was determined by using murine MAbs followed by IgG
subclass-specific fluorochrome-conjugated second antibodies. The signals from the red and green channels were merged to determine colocalization.
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FIG. 4. Accumulation of pp150 (UL32) in a juxtanuclear compartment. HF cells grown on glass coverslips were infected with HCMV at an MOI of 3 to 5 and fixed
on day 6 postinfection. Uninfected HF cells were processed in a similar fashion. The various cellular compartments were stained with the following antibodies: ER,
anti-RAP; ERGIC, anti-ERGIC53; Golgi, anti-GM130; Golgi, anti-mannosidase (MAN) II; TGN, anti-TGN46; and lysosome, anti-LAMP-1. Infected cells were also
reacted with the anti-pp150 MAb, 36-14. The cellular markers were detected with a fluorescein isothiocyanate-conjugated secondary antibody, and pp150 was detected
with a Texas red-conjugated secondary antibody. Colocalization is indicated by a yellow signal in the merge column. (A) Uninfected cells; (B) infected cells.
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intensity of the signal associated with the juxtanuclear struc-
ture increased, and the structures appeared more compact
(Fig. 3). Additional analysis by immunoelectron microscopy
was consistent with these findings in that anti-pp150 antibodies
labeled particles only in the cytoplasm and not in the nucleus
(data not shown). These results suggested that the abundant
tegument protein pp150 was expressed as a cytoplasmic pro-
tein throughout the productive infection of HF cells with
HCMV. Significantly, the intracellular distribution of pp150
varied with the time postinfection, ranging from a dispersed
punctate distribution early in infection, to a concentration of
the protein in a large juxtanuclear structure late in infection.

The juxtanuclear structure containing pp150 is not a secre-
tory or a degradative cellular compartment. Late in infection,
during the time interval of maximal production of infectious
progeny virions, pp150 was localized predominantly to a large
juxtanuclear compartment. We attempted to characterize this
structure by using a panel of antibodies reactive with specific
subcellular marker proteins. Although the juxtanuclear struc-
ture did not have the morphologic appearance of the ER, we
used an antibody reactive with a resident lumenal ER protein,
RAP, to demonstrate that the juxtanuclear structure did not
represent a structurally aberrant ER (Fig. 4). The pp150-con-
taining structure did not colocalize with ERGIC53, an integral
membrane protein of the ERGIC positioned between the ER
and the Golgi (Fig. 4). Similarly, the pp150-containing com-
partment was not labeled with antibodies reactive with two
Golgi marker proteins, GM130 and mannosidase II (Fig. 4).
Antibodies to the TGN marker TGN 46 revealed overlap in
signal with the pp150-containing structure, although there was

not complete colocalization (Fig. 4). Interestingly, the distri-
bution of the ERGIC, Golgi, and TGN markers appeared
displaced by the juxtanuclear pp150-containing structure and
resulted in the accumulation of the markers on the periphery
of the virus induced structure (Fig. 4). The intracellular distri-
bution of the ERGIC53 appeared most similar to that seen in
uninfected cells, yet even this protein appeared to be more
concentrated in the periphery of the pp150-containing jux-
tanuclear structure instead of its more diffuse distribution in
uninfected cells (Fig. 4). The changes in the morphology of the
Golgi and the TGN in infected cells were very striking, with
change of the normal lacy, tubular appearance in uninfected
cells to more compact fragments surrounding the juxtanuclear
structure in infected cells. The appearance of the Golgi and the
TGN suggested that they were displaced radially by the pp150-
containing structure. Together, these results indicated that the
morphology of the intracellular compartments of the secretory
system was altered during the late phases of HCMV infection.

An obvious possibility that could account for the accumula-
tion of pp150 in the perinuclear location was that this com-
partment represented a degradative pathway for viral proteins
overexpressed during productive viral infection. We examined
this by attempting to colocalize the LAMP-1 protein, an inte-
gral membrane protein of lysosomes, with the pp150-contain-
ing structure. No colocalization was observed (Fig. 4). Further-
more, comparison of the distributions of LAMP-1-containing
structures in infected and uninfected cells indicated no signif-
icant alteration of distribution (Fig. 4).

The juxtanuclear structure containing pp150 surrounds the
MTOC but is not an aggresome. The displacement of Golgi

FIG. 5. The pp150 (UL32)-containing juxtanuclear compartment is associated with the MTOC. HF cells were infected with HCMV as described for Fig. 4.
Immediately prior to fixation, the cells were incubated in a microtubule-stabilizing solution and then fixed as described for Fig. 4. In all cases pp150 (UL32) was detected
with MAb 36-14 followed by a Texas red-conjugated secondary antibody. Actin was stained with phalloidin, tubulin was stained with an anti-a-tubulin MAb, and
vimentin was stained with an antivimentin MAb as described in Materials and Methods.
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elements that usually surround the MTOC to around the
pp150-containing structure suggested that the viral proteins
might be concentrated in the region of the MTOC. In agree-
ment, the pp150-containing structure did not colocalize with

the cytoskeletal proteins, actin, or vimentin but appeared to be
in close proximity to a structure whose morphologic appear-
ance was suggestive of that of the MTOC (Fig. 5). A signal
overlap between the base of microtubules arising from the

FIG. 6. The pp150-containing juxtanuclear structure is resistant to treatment with brefeldin A but is dispersed by treatment with nocadazole. (A) Infected cells were
incubated in the presence of 2 mg of brefeldin A (BFA) per ml for 2 h or left untreated and then processed as described for Fig. 4. (B) Infected cells were incubated
in 2 mM nocadazole for 1.5 h prior to fixation or left untreated and processed as described for Fig. 5. Vimentin and pp150 were detected as described for Fig. 5.
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periphery of this structure and the pp150-containing jux-
tanuclear structure was also noted (Fig. 5).

Although we could not colocalize the juxtanuclear structure
with cellular markers of the Golgi, the localization of pp150 in
the proximity of the MTOC appeared similar to that of the
Golgi. To further explore the possibility that the juxtanuclear
structure colocalized with the Golgi, we incubated infected
cells with brefeldin A and compared the distribution of the
pp150 to that of the Golgi marker, GM130. Brefeldin A treat-
ment resulted in the vesiculation of the Golgi as revealed by
staining of the cells with anti-GM130 but failed to cause a
similar change in the appearance of the pp150-containing jux-
tanuclear structure compared to control, untreated infected
cells (Fig. 6A).

In recent studies of COS cells transfected with expression
vectors encoding mutant proteins, a novel subcellular compart-
ment has been identified as the site of accumulation of mis-
folded and overexpressed proteins (19). This compartment,
termed an aggresome, appeared to represent a cellular site for
storage of abundantly expressed proteins. Characteristics of
the aggresome included its stability and a capacity to remain as
a morphologically defined structure following treatment with
the microtubule-destabilizing drug nocadazole (19). In addi-
tion, the aggresome has been shown to be encased in a vimen-
tin cage. We analyzed the pp150-containing juxtanuclear struc-
ture formed in the late stages of HCMV infection in HF cells
for these properties of aggresomes. Treatment of infected cells
with nocadazole dispersed the juxtanuclear structure contain-
ing pp150 (Fig. 6B). When we examined the effect on multiple
fields from nocadazole-treated cells, we could not find an intact
juxtanuclear pp150-containing structure (data not shown).
Furthermore, the pp150-containing structures were not en-
cased in vimentin cages, and the vimentin pattern in infected
cells was not significantly different from that in uninfected cells
(Fig. 6B). Together, these data support the conclusion that the
juxtanuclear structures that contained viral proteins were not
collections of lysosomes or aggresomes. Moreover, these re-
sults indicated that integrity of the microtubule network is
essential for maintenance of the pp150-containing structure, a
finding consistent with the association of this structure with the
MTOC.

Tegument and envelope HCMV proteins colocalize in the
juxtanuclear structure containing pp150. The finding of an
abundant virion protein within a discrete cytoplasmic compart-
ment raised the possibility that other virion proteins could also
be present within this structure. We used several different
antibodies reactive with both structural and nonstructural
HCMV-encoded proteins along with antibodies against pp150
to compare the intracellular distribution of these proteins. The
nonstructural proteins IE-1 and the polymerase accessory pro-
tein UL44 were nuclear in their distribution and did not colo-
calize with pp150 in the perinuclear structure (data not
shown). Similarly, we failed to detect a signal from antibodies
reactive with the nuclear tegument protein UL69 or the major
capsid protein (UL86) in the perinuclear structure (Fig. 7). In
contrast, we have already shown that pp65 colocalized with
pp150 (Fig. 3) and could readily colocalize another tegument
pp28 (UL99) within the pp150-containing juxtanuclear struc-
tures (Fig. 7). Likewise, we could also colocalize signals from

three virion envelope glycoproteins, gB, gH, and gp65, within
the perinuclear pp150-containing structure (Fig. 7). Together,
these data indicated that virion proteins of the tegument and
the envelope of HCMV accumulated in juxtanuclear structures
late in infection and raised the possibility that this structure has
a role in the cytoplasmic assembly of subviral particles or
infectious virions.

To determine whether the juxtanuclear structure containing
viral proteins represented a distinct and stable subcompart-
ment, we sedimented a postnuclear supernatant of HCMV
infected cells harvested late in infection over a discontinuous
sucrose gradient and then analyzed individual fractions for the
presence of three viral proteins, the tegument proteins pp150
and pp65 and the envelope glycoprotein gB. We could detect
all three proteins, including the proteolytically cleaved form of
gB, in few fractions near the bottom of the gradient (Fig. 8).
Analysis of the remaining fractions failed to show the presence
of either pp150 or gB; however, lesser amounts of pp65 were
detected throughout the entire gradient, a finding consistent
with the widespread cellular distribution of this protein late in
infection as observed in our imaging studies. Consistent with
our immunofluorescence imaging findings, we could not detect
the Golgi marker protein GM130 within the fraction (fraction
6) that contained the three viral proteins, although GM130
could be detected in other fractions (fractions 12 to 14) recov-
ered from the gradient (data not shown).

Although the high sucrose concentrations and relative cen-
trifugal field used in this cell fractionation were not sufficient to
sediment HCMV virions, we explored the possibility that this
profile of virus-encoded proteins reflected the concentration of
assembled virions instead of cosedimentation of several virion
proteins within an intracellular compartment. To test this pos-
sibility, we determined the titer of infectious virus in each
fraction. Although a large amount of infectious virus was found
associated with the fraction containing pp150, pp65, and gB,
this fraction did not represent the peak fraction of viral infec-
tivity (Fig. 8). Infectious virus of similar titers could be found
throughout most of the gradient. Thus, it appeared that fol-
lowing fractionation of infected HF cells, we could enrich for a
cellular compartment which contained virion structural pro-
teins.

DISCUSSION

The assembly of HCMV, specifically the envelopment of the
infectious particle, has been proposed to follow an assembly
pathway similar to that for HSV, for which acquisition of the
tegument proteins occurs within the nucleus and envelopment
proceeds at the nuclear membrane (29). Yet little if any recent
experimental data have been presented to support this model
of assembly. As noted previously, recent studies of varicella-
zoster virus and pseudorabies virus have suggested an alternate
assembly pathway, in which envelopment is followed by deen-
velopment at the nuclear membrane and final envelopment
occurs in a cytoplasmic compartment (11, 14, 20, 39, 42). Sim-
ilarly, studies of HCMV showed that at least two virion tegu-
ment proteins could be localized exclusively within the cyto-
plasm of infected cells, a finding contradictory with assembly at
the nuclear membrane (3, 21). Furthermore, the cleavage of

FIG. 7. Distribution of virion proteins in infected HF cells. HF cells were infected and processed as described for Fig. 4. Following fixation, the glass coverslips were
incubated in MAbs specific for pp150 and the antibodies against the indicated virus-encoded proteins. pp150 reactivity was detected with a Texas red-conjugated
secondary antibody, and the second viral protein was detected with fluorescein isothiocyanate conjugated secondary antibody. Colocalization was indicated by a yellow
signal in the merge channel.
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the major HCMV envelope glycoprotein, gB, into its mature
forms has been shown to be accomplished by the proteolytic
activity of host furin, an enzyme found within the late secre-
tory/endocytic pathway, suggesting that envelopment was un-
likely to occur at the nuclear membrane (23, 37, 38). Together,
these findings strongly support a cytoplasmic phase in the as-
sembly of the HCMV virion.

The results presented in this report suggested that the tegu-
mentation and envelopment steps of virus assembly might oc-
cur within a cytoplasmic compartment. Specifically, we dem-
onstrated that one of the most abundant and well-studied
virion tegument protein, pp150, was detected only in the cyto-
plasm of infected cells throughout the course of infection.
Rarely, pp150 could be detected within the nucleus of an
infected cell, but this was evident only very late in infection,
when excessive cytopathology was apparent in the cell. The
findings in our study were not due to an antibody reactivity
artifact since two different antibody preparations, a heterolo-
gous monospecific antiserum and a murine MAb, both de-
tected pp150 only in the cytoplasm. In addition, after viewing
countless number of infected cells with these reagents and only
very infrequently noting a single cells with what could be con-
sidered as having a signal within the nucleus, we could not
explain the discrepancy between our findings and those of an
earlier report which suggested that pp150 was a nuclear pro-
tein (17). Furthermore, when the pp150 ORF was transiently
expressed in Cos 7 cells, the protein remained entirely within
the cytoplasm (data not shown). Taken together, the results
indicated that at least two abundant virion tegument proteins,
pp28 and pp150, remained exclusively cytoplasmic during the
replicative cycle of HCMV. Since these proteins and the prod-
uct of the UL25 ORF appeared to be restricted to the cyto-
plasm throughout the replicative cycle, our results suggested
that tegumentation and envelopment (assuming that envelop-
ment of the mature virion occurs after tegument acquisition)

stages of virus assembly were likely completed within the cy-
toplasm.

Our results were consistent with these processes occurring
within a single compartment, since pp150 and a number of
other tegument and envelope viral proteins accumulated in a
cytoplasmic juxtanuclear structure. We attempted to define the
cellular compartment(s) that contributed to the formation of
this juxtanuclear structure by using markers of known compo-
nents of various cellular compartments. We observed that the
ERGIC and the Golgi were altered in the infected cells late in
infection, such that protein markers for these cellular compart-
ments appeared to be localized on the periphery of the viral
protein-containing juxtanuclear structure. Interestingly, pp150
within the virus-induced structure appeared to overlap with
microtubules emanating from the MTOC, a finding suggesting
that it was microtubule associated. In agreement, we found
that the structural integrity of the virus-induced structure was
dependent on microtubules, as demonstrated by its disruption
following treatment with nocadazole. Thus, this intracellular
collection of viral proteins appeared to displace normal cellu-
lar constituents from a compartment which would normally
localize to an area adjacent to the MTOC. In uninfected cells,
such a compartment would be consistent with either the Golgi,
TGN, and/or the Golgi-ERGIC interface.

We considered the possibility that the juxtanuclear structure
represented a cellular storage area or site for protein degra-
dation. A recently described cellular response to overexpres-
sion of misfolded (and perhaps normal) proteins is the forma-
tion of a vimentin caged storage area, the aggresome (19). The
location of the aggresome and its relative size was consistent
with the virion protein-containing juxtanuclear structure which
appeared late in infection, at a time when viral promoters
would drive high expression of a number of viral proteins.
However, two of the defining characteristics of aggresomes, the
reorganization of cellular vimentin and the resistance of these

FIG. 8. Cell fractionation of HCMV-infected HF cells. (A) HF cells were infected with HCMV at an MOI of 3 to 5 and harvested on day 6 postinfection as described
in Materials and Methods. The postnuclear supernatant was applied to a discontinuous sucrose gradient; following centrifugation at 100,000 3 g for 3 h, individual
0.3-ml fractions were collected from the bottom of the gradient. An aliquot of each fraction was either analyzed by immunoblotting or titered for virus infectivity. Murine
MAbs specific for pp150 (UL32) and pp65 (UL83) were used to probe the membranes, and antibody was detected as described in Materials and Methods. The filter
probed with anti-gB was made by cutting the original filter into two pieces such that proteins migrating faster than 100 kDa were present in the membrane probed with
anti-gB and those above 100 kDa probed were present in the membrane probed with anti-TAP antibody. The positions of migration of pp150, pp65, and gB are indicated
at the right. (B) Infectivity of the gradient fractions.
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structures to the microtubule-depolymerizing agent nocada-
zole, were not properties of the viral protein-containing jux-
tanuclear structure. It was unlikely that the juxtanuclear viral
structure represented a degradative compartment since we
failed to colocalize the lysosomal protein LAMP-1 to the
pp150-containing structure and, perhaps more importantly,
found no gross alteration in the cellular distribution of
LAMP-1 in infected compared to uninfected cells. Thus, it
appeared that the viral protein-containing juxtanuclear struc-
ture was not a known cellular site of protein storage or deg-
radation.

The viral protein-containing structure appeared relatively
stable since a number of tegument and envelope glycoproteins
cosedimented in sucrose gradients following fractionation of
infected cells. A trivial explanation for this finding was that this
cofractionation represented an accumulation of cytoplasmic
virions or subviral particles and that the results of our bio-
chemical analysis represented a signal obtained from proteins
incorporated into progeny virions which cosediment with a
specific cellular membrane. However, the distribution of viral
infectivity in all fractions of the gradient was not consistent
with this interpretation. This was not unexpected because
HCMV virions and/or noninfectious particles such as dense
bodies would not be expected to sediment into specific frac-
tions in the gradient and relative centrifugal field conditions
used for separation of cellular membranes (22).

The finding of the cleaved form of gB within the fraction
containing pp150 and pp65 was intriguing, as it suggested that
this mature envelope glycoprotein was retrieved from a cellular
compartment distal to the Golgi (10, 37). Although an expla-
nation for this result was not obvious, the apparent proximity
of the TGN and the pp150-containing juxtanuclear structure
raised the possibility that regions of the TGN and the virion
protein-containing structure can interface with one another.
Finally, it should be noted that the juxtanuclear structure de-
veloped late in infection, at a time when the production of
progeny virus was increasing rapidly. Interestingly, an abun-
dant tegument protein and a true late protein encoded by
HCMV, pp28 (UL99), was also transported to this jux-
tanuclear structure late in infection. In fact, pp28 was not
readily detectable in infected cells until this structure devel-
oped, suggesting that accumulation of virion structural pro-
teins within the juxtanuclear structure and the assembly of
progeny virus might be temporally associated. Admittedly, sev-
eral of these interpretations were based on correlative data,
but they were consistent with the concept that assembly of
HCMV included cytoplasmic tegumentation and envelopment.

Based on the obtained results, we proposed that the jux-
tanuclear accumulation of tegument and envelope proteins
might represent a cytoplasmic site of virion assembly. It ap-
pears inherently reasonable that the host cell would sequester
tegument and envelope viral proteins destined for cytoplasmic
virion assembly into a compartment adjacent to a cellular site
where ERGIC or Golgi membranes and microtubular trans-
port converged. In support of our hypothesis, we found that
three tegument proteins (UL99, UL83, and UL32) whose pri-
mary sequence did not contain motifs which have been de-
scribed as signals for entry into the cellular secretory pathway
and that viral envelope glycoproteins which do transit the se-
cretory pathway could be colocalized to this juxtanuclear com-
partment. The proximity of this structure to ERGIC or Golgi
elements suggested that tegument proteins could interface
with envelope glycoproteins within such structures.

It remains unclear how infectious particles would leave this
juxtanuclear compartment unless membrane-bound vacuoles
containing mature virions could enter the exocytic pathway.

Although we and other have observed such cytoplasmic collec-
tions of virions, often in the site of a morphologically altered
Golgi, we cannot argue with any certainty that this represented
a major route of virion production (data not shown). However,
the finding of relatively high titers of infectious virus in the
membrane fraction containing pp150, pp65, and gB was con-
sistent with assembly of virions within this juxtanuclear com-
partment followed by export from the cell as membrane-bound
virus-containing vacuoles. Taken together, our results strongly
supported a cytoplasmic model of HCMV tegumentation and
envelopment. Future studies will be aimed at further charac-
terizing the nature of the viral protein-containing compart-
ment in which virion assembly is likely to occur.
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