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Although the assembly of herpesviruses has remained an active area of investigation, considerable contro-
versy continues to surround the cellular location of tegument and envelope acquisition. This controversy is
particularly evident when the proposed pathways for a- and b-herpesvirus assembly are compared. We have
approached this aspect of human cytomegalovirus (HCMV) assembly, specifically, envelopment, by investi-
gating the intracellular trafficking of viral tegument proteins which localize in the cytoplasms of infected cells.
In this study we have demonstrated that the virion tegument protein pp28 (UL99), a true late protein, was
membrane associated as a result of myristoylation. A mutation in this protein which prevented incorporation
of [3H]myristic acid also altered the detergent solubility and intracellular distribution of the protein when it
was expressed in transfected cells. Using a panel of markers for intracellular compartments, we could localize
the expression of wild-type pp28 to an intracellular compartment which colocalized with the endoplasmic
reticulum-Golgi-intermediate compartment (ERGIC), a dynamic compartment of the secretory pathway which
interfaces with both the ER and Golgi apparatus. The localization of this viral tegument protein within an early
secretory compartment of the cell provided further evidence that the assembly of the HCMV tegument likely
includes a cytoplasmic phase. Because pp28 has been shown to be localized to a cytoplasmic assembly
compartment in HCMV-infected cells, our findings also suggested that viral tegument protein interactions
within the secretory pathway may have an important role in the assembly of the virion.

The assembly of human herpesviruses remains an active area
of investigation. Several different models of virion assembly
have been proposed (12, 16, 21, 30, 34, 38, 47, 48). Although all
models include steps of capsid formation and tegumentation
within the nucleus of an infected cell, the intracellular loca-
tions of virion tegumentation and envelopment remain con-
tentious. Early models of envelopment suggested that tegu-
mented particles budded through the inner leaflet of the
nuclear envelope and entered the secretory pathway through
the endoplasmic reticulum (ER) (9, 34, 38, 39). Evidence sup-
porting this model has come from electron microscopic anal-
ysis of herpes simplex virus (HSV)- and human cytomegalovi-
rus (HCMV)-infected cells, studies using inhibitors of
glycoprotein processing, and characterizations of viruses with
mutations in envelope glycoprotein genes (10, 18, 19, 34, 38,
40). More recently, several laboratories have provided evi-
dence that the final envelopment of a-herpesviruses occurs in
the cytoplasm following transient envelopment and de-envel-
opment at the nuclear membrane (7, 16, 47–49). These studies
have led to an alternative model of envelopment which appears
to be more consistent with recently published findings, yet the
intracellular compartment in which the final envelopment of
herpesviruses takes place remains incompletely defined and
may differ for different members of this family of viruses. The
final envelopment of varicella-zoster virus appears to take
place in the Golgi apparatus and trans-Golgi network (TGN),
based on studies of the trafficking of the major glycoprotein of

varicella-zoster virus, gE (12, 16, 21, 31, 51, 52). Similarly,
results of early studies were consistent with a similar site of
envelopment for pseudorabies virus, and although more recent
studies have suggested that the site of virion envelopment
might include the TGN, additional compartments within the
infected cell may also serve as assembly compartments (15, 44,
47, 48). Our study of the assembly of HCMV was consistent
with envelopment occurring in the TGN or an intracellular site
contiguous with the TGN (36). This proposed site of HCMV
virion assembly was also consistent with several previous stud-
ies which indicated that the major glycoprotein of the envelope
of HCMV, gB, was cleaved into its mature form by the cellular
enzyme furin (28, 45, 46). Thus, evidence from several sources
has suggested that the final envelopment of b-herpesviruses
likely takes place in the cytoplasm, perhaps in the TGN or in
a compartment contiguous to this intracellular compartment.

We have studied the envelopment of HCMV using a differ-
ent approach. It was our hypothesis that understanding envel-
opment and assembly could be accomplished by studying the
intracellular trafficking of HCMV virion tegument proteins, as
these proteins are major constituents of the extracellular par-
ticle. Furthermore, a large number of different studies of as-
sembly of several different enveloped RNA viruses have indi-
cated that budding of the subviral particle involves passage of
a capsid through a viral glycoprotein anchored within a bio-
logical membrane (11). In many cases this step was facilitated
by interaction of the capsid and/or envelope glycoprotein with
a viral matrix protein (11). Thus, if HCMV was enveloped in
the cytoplasm as existing evidence suggested, then it was pos-
sible that one or more virion tegument proteins were partici-
pating in this intracellular budding event. Interestingly, early
ultrastructural studies of HSV and HCMV consistently noted
that nonenveloped cytoplasmic particles in HCMV-infected
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cells were coated with a thick tegument layer but that nonen-
veloped HSV particles often had the appearance of naked
capsids (38). Whether these HSV cytoplasmic capsids were
actually devoid of tegument or coated with a layer of unrec-
ognized tegument was not addressed in this study. In the case
of HCMV, at least four different tegument or matrix proteins
have been shown to localize within the cytoplasms of infected
cells in the late phases of the replicative cycle, a time of max-
imal production of progeny virions (3, 24, 36). We have shown
that three of these tegument proteins, pp150 (UL32), pp65
(UL83), and pp28 (UL99), accumulated in a stable jux-
tanuclear, membranous cytoplasmic structure together with
three envelope glycoproteins (36). Thus, any of these three
tegument proteins or an as yet unstudied tegument protein
may facilitate the cytoplasmic budding and envelopment of the
subviral particle of HCMV.

In this study we have characterized the membrane associa-
tion and intracellular trafficking of pp28 (UL99), one of the
first HCMV virion tegument proteins which was shown to be
expressed exclusively in the cytoplasms of infected cells (24).
This viral protein is an example of a true late protein and is
expressed only very late in the infectious cycle during the time
of maximal virus production (22, 24). It is a phosphorylated
protein component of the virion which can be demonstrated in
vacuole-like structures in HCMV-infected human fibroblasts,
suggesting that it is membrane associated (24, 36). Interest-
ingly, the HSV protein homolog of HCMV UL99, UL11, has
been suggested to be essential for replication of HSV in vitro
(1, 26). A UL11 null mutant virus exhibited impaired growth,
and in one study it was noted that the UL11 null mutant
exhibited deficits in the nuclear egress of the capsid, suggesting
that this tegument protein may have a role in virion envelop-
ment (1, 26, 39).

In the present investigation, we studied the intracellular
localization of HCMV pp28 (UL99). We have demonstrated
that pp28 was a myristoylated protein in infected cells and that
this modification accounted for its membrane association in
infected cells and in virions. In the absence of other viral
proteins, pp28 was not associated with the ER, Golgi appara-
tus, TGN, or lysosomal compartments but was restricted to the
ER-Golgi-intermediate compartment (ERGIC). Additional
evidence of the location of pp28 within the ERGIC was pro-
vided by colocalization of pp28 with ERGIC 53, a protein
which cycles within the ERGIC, when cells were incubated at
15°C or treated with nocadazole. This cellular localization was
dependent on myristoylation of pp28. Together, these results
demonstrated that this major virion tegument protein was
membrane associated and localized to an early compartment
of the cellular secretory pathway when it was expressed in the
absence of other viral proteins. Because this abundant virion
tegument protein is located beneath the virion envelope, our
findings provided additional evidence that budding of the sub-
viral particle likely takes place in a nonnuclear cellular mem-
brane derived from the secretory pathway. Furthermore, the
localization of pp28 to the ERGIC in the absence of other viral
proteins suggested that a viral function was required for local-
ization of pp28 to the cytoplasmic assembly compartment ob-
served in HCMV-infected HF cells (36). Thus, it appears that
the assembly program of HCMV has a very complex cytoplas-
mic phase which likely involves the interaction between tegu-
ment proteins and envelope proteins localized to the cellular
secretory pathway.

MATERIALS AND METHODS

Cells, recombinant vaccinia viruses, plasmids, and antibodies. Cos7 and baby
hamster kidney (BHK) cells were obtained from Eric Hunter (University of

Alabama at Birmingham, Birmingham, Ala.) and propagated as described pre-
viously (35). 293T cells were also propagated as described previously (36). Plas-
mid DNA was introduced into cells by using a modification of the calcium
chloride-mediated transfection process (35). Recombinant vaccinia viruses were
generated as we have described previously (6). The pp28 (UL99) open reading
frame was cloned into the expression plasmid pcDNA3 (Invitrogen, Carlsbad,
Calif.). The G2A mutant pp28 was generated by PCR using a mutagenic oligo-
nucleotide which altered the second codon from glycine to alanine (G2A). All
PCR products were subjected to nucleotide sequencing, and their sequences
were compared to the published sequence of UL99 prior to use.

Monoclonal antibodies (MAbs) reactive with pp28 (UL99) included MAbs
41-18 and 21-21 (36). A rabbit anti-pp28 antiserum which was produced by
immunization of rabbits with Escherichia coli-derived pp28 fusion protein was
kindly provided by Michael Mach (University of Erlangen, Erlangen, Germany)
(27). Antibodies reactive with cellular markers were as follows: (i) RAP, a
resident ER protein (29); (ii) ERGIC 53, a recycling ERGIC protein (Peter
Hauri, University of Basel, Basel, Switzerland); (iii) GM130, a Golgi protein
(29); (iv) LAMP-1, a lysosomal membrane protein (M. Fukuda, La Jolla Cancer
Research Center, La Jolla, Calif.); and (v) polyclonal rabbit anti-calreticulin
(Affinity BioReagents, Golden, Colo.). Texas red-conjugated wheat germ agglu-
tinin (WGA) was purchased from Molecular Probes, Eugene, Oreg. Fluoro-
chrome-conjugated secondary antibodies were purchased from Southern Bio-
technology Associates, Birmingham, Ala.

SDS-PAGE, immunoblotting, immunoprecipitation, and radiolabeling of in-
fected cells. Electrophoresis under reducing conditions and immunoblotting
were carried out as previously described (35). Immunoprecipitations using MAb
and formalin-fixed staphylococcal bacteria to collect antigen-antibody complexes
were done as described previously (4). Human fibroblasts infected with HCMV
strain AD169 were radiolabeled for 16 h with 100 mCi of [3H]myristic acid (New
England Nuclear, Boston, Mass.) per ml in medium supplemented with 1%
delipidated calf serum (Sigma Chemical Co., St. Louis, Mo.). Following solubi-
lization and preclearing with a nonreactive antibody, the radiolabeled proteins
were precipitated overnight. The antigen-antibody complexes were collected,
washed, and then analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Following fixation, radiolabeled proteins were de-
tected by fluorography using Biomax film (Kodak, Rochester, N.Y.).

TX114 solubilization. We modified a phase-separation method originally de-
scribed by Bordier (5). Infected cells were washed initially in PBS (phosphate-
buffered saline, 0.15 M NaCl [pH 7.4]) and then with Tris-buffered saline (TBS)
(0.05 M Tris, 0.15 M NaCl, 0.001 M EDTA [pH 7.4]). The cell pellet was
resuspended in TBS containing 1.0% Triton X-114 (TX114; Sigma Chemical
Co.) and incubated at 4°C for 1 h. Solubilized proteins were then subjected to
phase separation by layering the supernatant over a cushion of 7% sucrose in
TBS which contained 0.1% TX114. The tube was incubated for 10 min at 30°C
and then centrifuged at 400 3 g for 4 min. The detergent phase (cloudy phase)
pelleted as a droplet on the bottom of the tube. The aqueous phase was carefully
removed and extracted a second time with TX114 to a final concentration of
1.0%. The detergent-phase droplet from the second extraction was discarded.
The detergent-phase pellet following the first extraction and the pooled aqueous
phases were then analyzed by SDS-PAGE followed by immunoblotting.

Immunofluorescence microscopy. Cos7 cells were grown on 12-mm-diameter
coverslips and transfected 20 h after being seeded by a calcium chloride protocol
for introduction of DNA (35). The cells on the coverslips were harvested 48 h
later and fixed in 2% paraformaldehyde in PBS. The cells were permeabilized in
PBS containing 0.05% NP-40 for 10 min at 4°C and then blocked with 20%
normal goat serum for 30 min. Primary antibody and secondary antibody devel-
opment was carried out as described previously (35). The coverslips were then
postfixed in 2% paraformaldehyde, and images were captured and digitalized as
described previously (36). In some cases transfected cells were incubated in 2 mM
nocadazole (Sigma) or 2 mg of Brefeldin A (Sigma) per ml for 1 to 2 h prior to
fixation.

RESULTS

pp28 (UL99) is myristoylated and membrane associated in
infected cells. Previous studies have demonstrated that the late
virion structural protein pp28 (UL99) remained localized to
cytoplasmic vacuoles and membrane structures during produc-
tive infection of human fibroblasts (24, 36). Because these
earlier findings were based primarily on electron and immu-
nofluorescence microscopy, we investigated the biochemical
properties of pp28 within infected cells using detergent solu-
bility in TX114 to provide further evidence for pp28’s associ-
ation with cellular membranes (5). HCMV-infected fibroblasts
were harvested 6 days postinfection and solubilized in TX114
at 4°C. The clarified detergent phase (membranes) was then
warmed to 30°C and partitioned into a detergent and aqueous
phase by low-speed centrifugation. An aliquot from each phase
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was analyzed by immunoblotting. The majority of pp28 parti-
tioned into the detergent phase, suggesting that within infected
cells this viral protein is membrane associated (Fig. 1A). In
addition, similar treatment of gradient-purified extracellular
virions indicated that the majority of virion pp28 also was
associated with the viral envelope (data not shown). Together,
these findings were consistent with those of previous studies in
which immunofluorescence microscopy suggested that pp28
was membrane associated in HCMV-infected cells (36).

Computer-aided analysis of the predicted primary amino
acid sequence of pp28 (UL99) failed to identify regions of the
molecule which may serve as hydrophobic membrane-spanning
domains. Because of the membrane association of pp28, we
next investigated the possibility that other posttranslational
modifications, such as myristoylation or palmitoylation, could
account for this characteristic of pp28. The presence of a gly-
cine residue following the translation initiation methionine
raised the possibility that pp28 was myristoylated. To examine
this possibility, HCMV-infected cells were labeled with
[3H]myristic acid for 16 h and infected cell proteins were sol-
ubilized in detergent-containing buffer. The infected cell pro-
teins were then precipitated with a MAb specific for pp28 or,
as a control, a MAb reactive with gB (UL55), and the precip-
itated proteins were analyzed by SDS-PAGE. After prolonged
exposure of the fluorogram, we detected incorporation of the
[3H]myristic acid into pp28 but not into gB (Fig. 1B). Both gB
and pp28 could be precipitated by the respective MAbs from
duplicate virus-infected cell cultures radiolabeled with
[35S]methionine (data not shown).

The myristoylation of pp28 is required for its membrane
localization within virus-infected cells. To directly determine
whether myristoylation accounted for pp28’s membrane asso-
ciation, we compared the solubilities of pp28 in the detergent
TX114 and a mutant form of the protein which lacked a glycine
residue at position 2. Wild-type pp28 and a mutant pp28 which
had a glycine-to-alanine substitution at amino acid position 2

were generated as PCR products and then used to construct
the respective recombinant vaccinia viruses. BHK cells in-
fected with either the wild-type-pp28 or the G2A mutant re-
combinant vaccinia virus expressed a protein which comigrated
with pp28 from HCMV-infected fibroblasts as determined by
immunoblotting with a MAb specific for pp28 (Fig. 2A). In-
fected cell proteins from recombinant vaccinia virus-infected
cells were radiolabeled with [3H]myristic acid, solubilized, and
immunoprecipitated with a MAb specific for pp28 or a control
MAb. Substituting an alanine for glycine at position 2 pre-
vented the incorporation of [3H]myristic acid into the protein
(Fig. 2B). To determine the effect of myristoylation on the
membrane association of pp28, we next examined the parti-
tioning of wild-type pp28 and the G2A mutant protein into the
detergent and aqueous phases following TX114 solubilization.
As controls for nonspecific reactivity, we included two different
vaccinia viruses, a nonrecombinant vaccinia virus and a recom-
binant vaccinia virus encoding pp150 (UL32). The G3A sub-
stitution at amino acid position 2 resulted in the partitioning of
the mutant pp28 into the aqueous phase (Fig. 2C). Together,
these results demonstrated that pp28 was a myristoylated pro-
tein within HCMV-infected cells and that this modification
accounted for its localization to intracellular membranes.

pp28 is localized to the ERGIC when it is expressed in the
absence of other viral proteins. The association of pp28 with
cellular membranes was consistent with its localization in cy-
toplasmic vacuoles and in a recently described membranous
compartment which formed in HCMV-infected human fibro-
blast cells late in infection (36). We next examined the intra-
cellular trafficking of wild-type pp28 and the G2A mutant
protein in Cos7 cells transfected with expression plasmids
bearing the respective genes. The intracellular distribution of
the transiently expressed protein was determined by immuno-
fluorescence microscopy. Wild-type pp28 was expressed in dis-
tinct, similarly sized cytoplasmic vacuoles which often sur-
rounded the nuclei (Fig. 3). Although the signal was subtle, the

FIG. 1. pp28 is membrane associated and is myristoylated in AD169-infected HF cells. (A) TX114 partitioning of pp28 in AD169-infected HF cells. AD169-infected
cells were solubilized in TX114 and then partitioned into aqueous and detergent phases as described in Materials and Methods. An aliquot from each phase was then
subjected to SDS-PAGE, followed by immunoblotting using a pp28 specific MAb to develop the membrane. The migration of pp28 is shown in the right margin. (B)
Myristoylation of pp28 in AD169-infected cells. AD169-infected HF cells were radiolabeled with [3H]myristic acid as described in Materials and Methods. The infected
cell proteins were then precipitated with a pp28- or gB-specific MAb, and the precipitated proteins were separated by SDS-PAGE. The migration of pp28 is shown
in the right margin.
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nuclear envelope also appeared to be demarcated by a bead-
like distribution of pp28 (Fig. 3, panels with MAb 21-21). The
signal from pp28 was also noted to be concentrated asymmetri-
cally in a perinuclear or juxtanuclear distribution (Fig. 3).
These observations were confirmed using a second, indepen-
dently derived MAb (Fig. 3). In contrast, the G2A mutant pp28
was expressed throughout the cell and in this experiment ex-
hibited a prominent nuclear localization (Fig. 3). This local-
ization was in marked contrast to what occurred with wild-type
pp28, which was not expressed within nuclei, regardless of the

system used to express the recombinantly derived protein, or in
the HCMV-infected human fibroblast cells. This finding was
also consistent with our results using detergent partitioning
and provided further evidence that the myristoylation of pp28
at amino acid position 2 accounted for its intracellular associ-
ation with membrane-containing vacuoles.

The intracellular distribution of pp28 was consistent with the
protein being present in the ER and Golgi apparatus, yet the
more peripheral vacuolar distribution was not consistent with
localization in these intracellular compartments. To define the
intracellular localization of pp28, we utilized transient expres-
sion of the protein in Cos7 cells followed by colocalization of
the pp28 with known protein markers of intracellular compart-
ments. pp28 failed to colocalize with calreticulin or GM130,
resident proteins of the ER and the Golgi apparatus, respec-
tively (Fig. 4). In addition, we failed to observe significant
overlap between pp28 and WGA, a marker for the TGN (Fig.
4). Similarly, we failed to colocalize pp28 with LAMP-1, a
marker for the lysosomal compartment (Fig. 4). Although
some signal overlap was noted for all cell markers, we did not
view this overlap as significant colocalization because distinct
structures exhibiting signal overlap were not observed in
merged images. In contrast, there was partial but less than
complete colocalization with ERGIC 53, a protein found
within the ERGIC (17). This overlap was most readily seen as
limited but distinct colocalization signals from the pp28 and
ERGIC 53 that surrounded the nucleus (Fig. 4).

We consistently localized pp28 with ERGIC 53 but not with
other cell markers when multiple fields from several experi-
ments were examined. To further investigate the apparent co-
localization of pp28 and ERGIC 53, we determined if the
intracellular distribution of pp28 was sensitive to incubation of
transferred cells at 15°C, an experimental condition which has
been shown to decrease the rate of anterograde transport
through the ERGIC (29, 43). Incubation of cells at this lower
temperature has been shown to result in redistribution of pro-
tein components of the ERGIC into the periphery of the cell
(29, 43). Incubation of transfected cells at 15°C followed by
brief rewarming to 37°C resulted in the redistribution of pp28
from discrete vacuoles with an asymmetric perinuclear accu-
mulation to a more peripheral, lacy pattern which was consis-
tent with the accumulation of this protein in the vesiculotubu-
lar complexes of the ERGIC (Fig. 5A). A similar redistribution
of ERGIC 53 in many of these structures was also noted, and
overlap between the signals from pp28 and ERGIC 53 could be
appreciated (Fig. 5A). To confirm the colocalization of pp28
with ERGIC 53, we incubated cells in nocadazole, an agent
which depolymerizes cellular microtubules and causes redistri-
bution of intracellular proteins dependent on microtubules for
their compartmentalization. Nocadazole caused redistribution
of pp28 and ERGIC 53 in Cos7 cells transfected with the pp28
expression plasmid (Fig. 5B). An overlap in the signals from
ERGIC 53 and pp28 was also noted in nocadazole-treated cells
(Fig. 5B). Finally, ERGIC is contiguous with the Golgi appa-
ratus, and as a result, treatment of cells with the toxin Brefel-
din A has been reported to result in partial redistribution or
vesiculation of the ERGIC (2, 17, 43). When Cos7 cells trans-
fected with the pp28 expression plasmid were incubated with
Brefeldin A, vesiculation of the Golgi apparatus as well as
some increased vesiculation of the compartment containing
pp28 was seen (Fig. 5C). As noted previously, there was no
colocalization between the Golgi marker GM130 and pp28
(Fig. 5C). Together, these findings argued that, when ex-
pressed in the absence of other viral functions and under
steady-state conditions, pp28 was localized primarily to the
ERGIC and not to the Golgi apparatus.

FIG. 2. The membrane association of pp28 is dependent on myristoylation.
(A) The G2A mutant pp28 is expressed in recombinant vaccinia virus-infected
cells. BHK cells were infected with a recombinant vaccinia virus encoding wild-
type pp28 (VV28) or the G2A mutant pp28 (VV28 G2A), and infected cell
proteins were analyzed by immunoblotting using a pp28-specific MAb to develop
the membranes. As a control, infected cell proteins from AD169-infected cells
were also analyzed in an identical manner. The migration of pp28 is shown in the
left margin. (B) The G2A pp28 mutation prevents myristoylation of pp28. BHK
cells were infected with the recombinant vaccinia viruses encoding either pp28 or
the G2A pp28 mutant and radiolabeled with [3H]myristic acid as described in the
legend to Fig. 1. Infected cell proteins were then immunoprecipitated with either
a pp28- or pp65 (UL83)-specific MAb and analyzed by SDS-PAGE. The migra-
tion of pp28 is shown in the left margin. (C) Myristoylation of pp28 is required
for membrane association. BHK cells infected with wild-type (VV) or recombi-
nant vaccinia viruses encoding pp150 (UL32, VV150), pp28, or the G2A mutant
pp28 were partitioned by TX114 into a aqueous or detergent fraction as de-
scribed in the legend to Fig. 1. The different fractions were then analyzed by
immunoblotting, and the membranes were developed with a pp28-specific MAb.
The migration of pp28 is shown in the left margin.
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DISCUSSION

Previously we and others have shown that pp28 (UL99)
remained within the cytoplasm throughout the infectious cycle
of HCMV (36). Furthermore, in productively infected human
fibroblasts, pp28 has been shown to accumulate in cytoplasmic
vacuoles and in a large, membranous juxtanuclear structure
which also contained additional tegument proteins and at least
three envelope proteins (36). The localization of pp28 to these
membranous intracellular compartments could not be ex-
plained by examination of its predicted primary sequence.
However, the presence of a glycine residue following the trans-
lation initiation of methionine suggested that myristoylation of
the protein could account for its membrane association. We
were able to directly demonstrate that this posttranslational
modification was necessary for its association with intracellular
membranes. Myristoylation of proteins is thought to occur on
free polyribosomes, suggesting that a myristoylated protein
may associate nonspecifically with a number of different intra-
cellular membranes (20). Our findings from image analysis did

not support such nonspecific association between pp28 and
intracellular membranes and indicated more restricted and
specific membrane targeting. Consistent with the specific tar-
geting of myristoylated viral matrix proteins to intracellular
membranes have been the observations from studies of the
myristoylated Gag proteins of type C retroviruses and lentivi-
ruses (8, 14, 33, 37, 42). With Moloney murine leukemia virus
(Mo-MuLV), the Gag protein has been shown to be associated
with the cytoplasmic face of the plasma membrane (42). The
mechanism which permits localization of this protein to the
plasma membrane is not entirely understood but may result
from the trafficking of the Gag protein with a cellular protein
to the plasma membrane or possibly from the cotranslational
insertion of Gag into the plasma membrane because of the
proximity of the Gag mRNA to the plasma membrane during
translation (13, 41, 42). Likewise, the Gag protein of human
immunodeficiency virus (HIV) is also myristoylated and has
been shown to be targeted to the plasma membrane (8, 14, 50).
However, in contrast to the findings with some C-type retro-

FIG. 3. Intracellular localization of pp28 is dependent on its myristoylation. Cos7 cells were transfected with an expression plasmid bearing either wild-type pp28
(pp28) or the G2A mutant pp28 (G2App28) and imaged with pp28-specific MAbs and then fluorescein isothiocyanate anti-murine immunoglobulin G antibodies. Note
the prominent nuclear distribution of the G2A pp28 protein compared to that of wild-type pp28.

FIG. 4. Intracellular localization of pp28. Cos7 cells were transfected with an expression plasmid bearing the gene encoding pp28 and then fixed 48 h later as
described in Materials and Methods. The cells were reacted with either pp28-specific MAb or polyclonal rabbit anti-pp28 antibodies and the corresponding cell marker.
We used the following markers for compartments in the secretory system: (i) calreticulin for the ER, (ii) ERGIC 53 for the ERGIC, (iii) GM130 for the Golgi apparatus,
(iv) WGA for the TGN, and (v) LAMP-1 for lysosomes. Colocalization was considered significant when the merged signal revealed a yellow color associated with a
distinct cellular site or structure and not in a more generalized location within the cell.
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viruses, it appeared that HIV Gag may require an interaction
with the envelope glycoprotein for efficient targeting to the
plasma membrane (32, 42). Interestingly, mutations in the Gag
protein of HIV-1 which prevented myristoylation also pre-
vented assembly of capsid structures and budding of virus, yet
had no effect on the proteolytic processing of the Gag polypro-
tein (14). Thus, it appears that myristoylation of viral matrix
protein provides at least one mechanism of membrane associ-
ation; however, this modification alone is insufficient for tar-
geting the viral matrix protein to a specific intracellular mem-
brane. Although several sequences within the primary
sequence of pp28 resemble known intracellular targeting se-
quences, our preliminary studies with pp28 deletion mutants
have failed to identify a specific targeting sequence within this
protein.

Previously, studies have shown that the HCMV pp28 ho-
molog of HSV, UL11, was also myristoylated (25). The impor-
tance of myristoylation to the intracellular targeting of the
HSV UL11 protein has recently been suggested by Bowzard et
al. (J. B. Bowzard, R. J. Visalli, C. B. Wilson, E. M. Callahan,
J. S. Loomis, R. J. Courtney, and J. W. Wills, Abstr. 24th Int.
Herpesvirus Workshop, abstr. 7.021, 1999). Similar to the re-
quirements for the targeting of Mo-MuLV to the plasma mem-
brane, both myristoylation and a signal within the NH2 termi-
nus of this protein have been postulated to be required for
targeting to intracellular membranes, specifically the TGN
(Bowzard et al., 24th Int. Herpesvirus Workshop). A cluster of
basic amino acids in the NH2 terminus of the MoMuLV Gag
protein has been suggested to be responsible for the interac-
tion of MoMuLV Gag with the plasma membrane (42). Bow-
zard et al. noted that an acidic cluster in the amino terminus of
HSV UL11 might have a similar role in the intracellular tar-
geting of UL11 to the TGN (Bowzard et al., 24th Int. Herpes-
virus Workshop). Those investigators further suggested that
this cluster was conserved in UL11 homologs of several differ-
ent herpesviruses and that it thus may represent a consensus
signal for localization to the TGN. Although our results were
consistent with specific intracellular targeting of pp28 and al-
though pp28 contained an acidic cluster of amino acids in a
location similar to that of the acidic cluster of HSV UL11, the
HCMV pp28 (UL99) protein was not localized to the TGN
when it was expressed in the absence of other viral proteins.
Thus, this region in HCMV pp28 did not appear to have the
same targeting function as the homologous region of HSV
UL11, at least when UL99 was expressed in the absence of
other viral proteins. Additional experiments will be directed
towards determining the function of different domains of pp28
in its intracellular trafficking; however, some caution must be
applied to the interpretation of these studies, because the
intracellular trafficking of these herpesvirus matrix proteins
was defined in the absence of other viral functions which could
markedly alter the localization of these proteins in infected
cells.

Several of our results indicated that pp28 was located in a
membranous compartment contiguous or interfacing with the
ERGIC. These included the finding that pp28 partially colo-

calized with ERGIC 53, perhaps the most well-studied marker
of the ERGIC, but not with markers for the ER, Golgi appa-
ratus, TGN, or lysosomal compartments (17). ERGIC 53 is a
lectin-like protein of 510 amino acids which contains a signal
sequence, a transmembrane region, and a dilysine ER retrieval
signal at the C terminus (17). Studies of this protein have
shown that it cycles between the ER and the cis-Golgi appa-
ratus but that under steady-state conditions it is concentrated
within a compartment intermediate between the ER and Golgi
apparatus, i.e., the ERGIC (2, 17, 29, 43). Under conditions
which inhibited normal intracellular trafficking of ERGIC 53,
such as incubation of cells at 15°C followed by rapid rewarming
to 37°C, the protein has been shown to exhibit a more periph-
eral, spotty distribution which often completely surrounds the
nucleus (23, 43). This is thought to occur secondarily to redis-
tribution of ERGIC 53 containing vesiculotubular structures to
an ER-like peripheral location. Incubation of Cos7 cells trans-
fected with an expression plasmid bearing the gene encoding
pp28 at 15°C resulted in a similar dispersion of pp28 into
peripheral sites in the cell. In the same experiment, ERGIC 53
was similarly distributed in cells incubated at 15°C and partially
colocalized with pp28 under these conditions. Following treat-
ment of cells with nocadazole, pp28 and ERGIC 53 were
redistributed into an intracellular compartment which resem-
bled the distribution which was observed following incubation
at 15°C, and again colocalization of these proteins was ob-
served. The latter result suggested that the distribution of pp28
was dependent on the integrity of microtubules. Previous stud-
ies which have compared the intracellular localizations of the
KDEL-R protein and ERGIC 53 have shown that nocadazole
inhibited anterograde transport from the ERGIC to the Golgi
apparatus but did not prevent redistribution of ERGIC 53 to
the ER (43). Finally, treatments with Brefeldin A caused a
subtle redistribution of pp28, suggesting that at least some of
the intracellular pp28 was associated with the cis-Golgi appa-
ratus, yet not within the same structures as the Golgi protein
GM130. This finding was consistent with the distribution of
proteins cycling within the ERGIC as has been shown for TAP
(p115) and ERGIC 53, proteins localized to the ERGIC (29).

The finding that a herpesvirus tegument protein was tar-
geted to a compartment which interfaced with the ERGIC was
unexpected and further underscored the likelihood that
HCMV did not acquire its final envelope at the nuclear mem-
brane as was previously proposed for a-herpesviruses. The
cellular ERGIC represents an early and very dynamic com-
partment of the secretory system (2, 17, 23, 29). Although
several proteins which under steady-state conditions concen-
trate within the ERGIC have been described, none has been
described to be a resident of this compartment because of the
nature of the ERGIC. This compartment likely represents an
early maturational stage of the Golgi apparatus, and proteins
which do not contain ER retrieval signals, such as the C-
terminal dilysine present in ERGIC 53, leave this compart-
ment and concentrate within the Golgi stacks (2, 17). The
predicted amino acid sequence of pp28 has a dilysine motif;
however, it is positioned at residues 8 and 9 from the C ter-

FIG. 5. pp28 colocalizes with the ERGIC 53 protein. (A) Cos7 cells transfected with the expression plasmid bearing the gene encoding pp28 were incubated for
2 h at 15°C, rewarmed briefly to 37°C, and then fixed as described in Materials and Methods. The cells were then reacted with a rabbit anti-pp28 antiserum or with
a MAb reactive with ERGIC 53. Colocalization can be appreciated by the yellow signal surrounding the nucleus. The two panels represent the results of two
independent experiments. (B) Cos7 cells transiently expressing pp28 were incubated in medium containing 2 mM nocadazole for 2 h and then fixed and processed as
described above. Colocalization can be observed in structures surrounding the nucleus. (C) pp28 does not colocalize with the Golgi apparatus after Brefeldin A
treatment. Cos7 cells expressing pp28 were treated with 2 mg of Brefeldin A per ml for 2 to 3 h and then fixed as described in Materials and Methods. The fixed cells
were then reacted with a pp28-specific MAb and a rabbit serum reactive with the Golgi marker, GM130, and developed with fluorochrome-conjugated secondary
antibodies. Note the vesiculation of the signals from both pp28 and GM130 compared to that of the corresponding panels in Fig. 4, but colocalization was not observed.
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minus and therefore is unlikely to function as an ER retrieval
signal. Although our experimental findings were consistent
with the possibility that another ER retrieval signal was re-
sponsible for the apparent cycling of pp28 in the ERGIC, we
cannot rule out the equally likely alternative possibilities that
pp28 was interacting with a cellular protein which was cycling
within the ERGIC and that this protein-protein interaction
accounted for the intracellular distribution of pp28 in the ab-
sence of other viral proteins.

Previously we have shown that in virus-infected cells, three
different tegument proteins (including pp28) and three differ-
ent envelope proteins of HCMV accumulated late in infection
in a membranous, juxtanuclear structure which could not be
colocalized to the ER, ERGIC, or Golgi apparatus (36). This
structure was dependent on the integrity of microtubules as
demonstrated by its sensitivity to the microtubule-destabilizing
drug nocadazole (36). Therefore, it was of interest that pp28
remained in a distinct, ERGIC-linked compartment and failed
to traffic to a similar intracellular location when it was ex-
pressed in the absence of other viral proteins. This result in-
dicated that either HCMV infection induced alteration of in-
tracellular trafficking within the secretory pathway or that a
specific viral protein or viral function was required for local-
ization of pp28 to the juxtanuclear compartment in produc-
tively infected HF cells. We favor the explanation that the
transit of pp28 in infected cells was facilitated by other viral
proteins because this unique viral protein containing an intra-
cellular structure failed to develop in the absence of productive
virus infection. Because pp28 has been classified as a late
protein during productive infection, the number of candidate
viral proteins which could mediate transport of pp28 to the
juxtanuclear site of viral protein localization was extensive. We
propose that it was most likely a viral protein which also traf-
ficked through the secretory pathway. If this was the case, then
it follows that pp28 interacted with an envelope protein which
was eventually targeted to a site of envelopment and virion
assembly. Such an interaction would then suggest a role for
pp28 in the intracellular budding of HCMV, perhaps similar to
the role postulated for myristoylated viral matrix proteins in
the assembly and budding of retroviruses.
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