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The human cytomegalovirus UL99 open reading frame encodes a 190-amino-acid (aa) tegument protein,
pp28, that is myristoylated and phosphorylated. pp28 is essential for assembly of infectious virus, and
nonenveloped virions accumulate in the cytoplasm of cells infected with recombinant viruses with a UL99
deletion. pp28 is localized to the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) in trans-
fected cells, while in infected cells, it is localized together with other virion proteins in a juxtanuclear
compartment termed the assembly compartment (AC). We investigated the sequence requirements for pp28
trafficking to the AC and assembly of infectious virus. Our studies indicated that the first 30 to 35 aa were
required for localization of pp28 to the ERGIC in transfected cells. Mutant forms of pp28 containing only the
first 35 aa localized with other virion structural proteins to cytoplasmic compartments early in infection, but
localization to the AC at late times required a minimum of 50 aa. In agreement with previous reports, we
demonstrated that the deletion of a cluster of acidic amino acids (aa 44 to 59) prevented wild-type trafficking
of pp28 and recovery of infectious virus. A recombinant virus expressing only the first 50 aa was replication
competent, and this mutant, pp28, localized to the AC in cells infected with this virus. These findings argued
that localization of pp28 to the AC was essential for assembly of infectious virus and raised the possibility that
amino acids in the amino terminus of pp28 have additional roles in the envelopment and assembly of the virion
other than simply localizing pp28 to the AC.

Human cytomegalovirus (HCMV) is the largest and most
complex member of the family of human herpesviruses. The
virion of HCMV consists of three distinct structures, a nucleo-
capsid containing a double-stranded linear DNA genome, an
envelope including an as-yet-undefined number of viral glyco-
proteins, and a tegument layer located between the capsid and
the envelope (27, 40, 44, 45). HCMV assembly is a multistage
and poorly understood process. Although all proposed models
include well-studied mechanisms of capsid assembly within the
nucleus of infected cells, final tegumentation and envelopment
in the cytoplasm of infected cells remain poorly understood
(25). The assembly pathway and protein interactions that are
required for formation of the tegument layer are not defined.
As an example, the tegument protein ppUL69 is expressed
only in the nucleus, whereas some tegument proteins such as
pp150 (ppUL32) and pp28 (ppUL99) are expressed only in the
cytoplasm during the replication of HCMV (33). Other tegu-
ment proteins such as ppUL53 and pp65 (ppUL83) are ex-
pressed in the nucleus of cells early in infection but are local-
ized predominantly in the cytoplasm late in infection (33).
Thus, it is unclear whether tegument proteins associate with
the capsid in the nucleus or in the cytoplasmic assembly com-
partment at a later step (25, 33). Electron microscopic studies
have revealed that both nuclear and cytoplasmic subviral par-
ticles have an additional electron-dense layer consistent with a

tegument layer, suggesting that tegumentation takes place par-
tially in the nucleus and is presumably completed within the
cytoplasm.

The role of individual tegument proteins in the replication
and assembly of infectious HCMV has not been completely
elucidated. However, it has been shown that many of the teg-
ument proteins regulate viral gene expression or modify host
cell responses to HCMV infection and likely have less impor-
tant or nonessential roles in the assembly of the virion. As
examples, pp71 (ppUL82) has been shown to transactivate
immediate-early viral promoters, target cellular Rb family
members for degradation, and inhibit the degradation of in-
coming DNA; ppUL69 has been shown to restrict cell cycle
progression; and pp65 has been shown to inhibit the expression
of genes associated with the induction of interferon responses
(1, 10, 11, 15, 18, 23). Deletion of viral genes encoding any of
these tegument proteins results in various degrees of impaired
replication, but none exhibit comparable null phenotype of
viruses with deletions in structural proteins such as the enve-
lope glycoproteins gB and gM or the tegument protein pp28 (7,
8, 16, 17, 24, 36).

HCMV pp28 is a 190-amino-acid (aa) tegument protein that
is encoded by the UL99 open reading frame (ORF). It is a true
late protein that is both myristoylated and phosphorylated (19,
26, 34). The pp28 protein is one of the most abundant constit-
uents of the tegument layer and is highly immunogenic (26,
42). Our previous studies have approached the investigation of
the envelopment and assembly of HCMV by studying the in-
tracellular trafficking of this protein. We have determined that
pp28 is expressed only in the cytoplasm and is localized to the
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endoplasmic reticulum (ER)-Golgi intermediate compartment
(ERGIC) in the absence of other viral proteins, suggesting that
viral functions are required for its localization to the cytoplas-
mic assembly compartment (AC) late in infection (33, 34).
Because pp28 is essential for the assembly of infectious virus,
its localization in the AC suggested that pp28 may be involved
in late steps of viral morphogenesis such as final tegumentation
or envelopment (7, 17, 36). The finding that a mutant virus
lacking pp28 failed to spread as cell-free infectious virus and
the demonstration of nonenveloped cytoplasmic virions in cells
infected with this pp28 deletion mutant virus were consistent
with a key role of this tegument protein in the assembly of an
enveloped virus (7, 36).

In this study, we investigated sequence requirements for
intracellular trafficking of pp28 as an initial attempt to define
the function of pp28 in the infectious cycle of HCMV. Our
previous studies as well as those of other investigators have
determined that myristoylation at glycine 2 is required for
localization of pp28 in the ERGIC in the absence of other viral
proteins as well as for the production of infectious virus (7, 17,
34, 36). More recently, Jones and Lee argued that an acidic
cluster (aa 44 to 57) in the amino terminus of pp28 was re-
quired for the cytoplasmic localization of pp28 in virus-in-
fected cells and for replication of infectious virus (17). Those
authors also reported that the carboxyl-terminal two-thirds (aa
58 to 190) of pp28 were not essential for virus replication (17).
To investigate sequence requirements for the trafficking and
function of pp28, we created a panel of C-terminal deletion
mutants after each 30 aa of pp28 and produced recombinant
viruses expressing this series of C-terminal deletions by the use
of a lambda phage-based linear recombination system. In ad-
dition, to define the possible functions of the acidic cluster
domain for trafficking of pp28, we made two mutants, an acidic
cluster (aa 44 to 59) deletion mutant and an acidic cluster
deletion and insertion mutant in which the acidic cluster (aa 44
to 59) was transplanted to the C terminus of pp28. Our data
indicated that in addition to myristoylation at glycine 2, the
first 30 to 35 aa were required for localization of pp28 in the
ERGIC in the absence of virus infection. Furthermore, the first
35 aa were sufficient for the cytoplasmic trafficking of pp28
with other virion structural proteins early in infection, but this
mutant expressing only the first 35 aa of pp28 as well as other
pp28 mutants that contained less than the first 50 aa of pp28
failed to accumulate mutant forms of pp28 in the AC late in
infection. In addition, we also found that the first 50 aa were
sufficient for the production of infectious virus and for wild-
type (WT) trafficking of pp28 late in infection. Finally, our
findings suggested that the sequences between aa 35 and 60 of
pp28, especially the acidic cluster (aa 44 to 59), may function in
a context-dependent fashion in protein interactions required
for the final envelopment and assembly of virus within the
infected cell.

MATERIALS AND METHODS

Cells, viruses, plasmids, and antibodies. Primary human foreskin fibroblasts
(HF) were prepared, propagated, and infected as previously described (9).
HCMV strain AD169 was used for all experiments. Infectious stock was pre-
pared from supernatants of infected HF cells which exhibited a 100% cytopathic
effect and were titered as described previously (9).

For transient expression assays, a panel of carboxyl-terminal deletions was

generated by the insertion of a stop codon into the gene encoding pp28 after
each 30th amino acid (cloning vector pEF1; Invitrogen, San Diego, Calif.) (Fig.
1). To test the function of an acidic cluster domain in the trafficking of pp28, we
also made two mutants, an acidic cluster (aa 44 to 59) deletion mutant (pp28�ac)
and an acidic cluster insertion mutant (pp28�ac-CtTR), in which the acidic
cluster (aa 44 to 59) was deleted and then transplanted to the carboxyl terminus
(between aa 189 and 190) (Fig. 1). In addition, these truncated forms of pp28
(expressing 10, 14, 20, 25, 30, 35, 40, 50, 61, 80, 110, or 145 aa from the N
terminus) were fused to enhanced green fluorescent protein (EGFP) (cloning
vector EGFP-N2; Clontech, Palo Alto, Calif.). All pp28 deletion mutants were
constructed using standard cloning techniques and PCR-based mutagenesis, and
each mutant was sequenced prior to use in the experiments described in this
report. Each truncated gene was transiently expressed in Cos-7 cells or 293T cells
following calcium phosphate-mediated transfection (34). For transient expres-
sion/infection assays, pp28 mutants were transfected into HF cells, followed by
infection with HCMV. In some experiments, cellular proteins such as ERGIC53
(a recycling ERGIC protein), mannosidase II (Man II) (a Golgi protein), and
galactosyl transferase (Gal T) (a trans-Golgi protein) were fused to EGFP
and served as markers for compartments of the secretory system. EGFP-Gal T
and EGFP-Man II were kindly provided by Brian Storrie (University of Arkansas
Medical Center, Little Rock, AR) (39).

HCMV-encoded proteins were detected with monoclonal antibodies (MAbs)
as previously described (33). MAbs used in this study included those specific for
IE-1 (UL123) (MAb P63-27), pp150 (UL32) (MAb 36-14), pp28 (UL99) (MAb
41-18), gB (UL55) (MAb 7-17), and the gM/gN complex (UL100/UL73) (MAb
14-16A) (8, 24, 33). The antibodies that were reactive with cellular markers
included a MAb specific for ERGIC53 (generously provided by Peter Hauri,
University of Basel, Basel, Switzerland) and a MAb specific for p115 (purchased
from Transduction Laboratories, Lexington, KY) as recycling ERGIC proteins,
a rabbit antiserum specific for mannosidase II (kindly provided by Marilyn
Farquhar, University of California, San Diego) and a rabbit antiserum against
GM130 (purchased from Transduction Laboratories, Lexington, KY) as probes
for Golgi proteins, a rabbit antiserum against TGN46 (purchased from Serotec
Ltd., Oxford, United Kingdom) as a trans-Golgi protein, and a rabbit antiserum
specific for calreticulin as an ER-resident protein (purchased from Affinity
BioReagents, Golden, Colo.). A rabbit antiserum against the c-Myc epitope tag was
purchased from Affinity BioReagents, Golden, Colo. Fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin G (IgG) subclass-specific an-
tibodies, FITC-conjugated goat anti-rabbit IgG antibodies, Texas Red-conjugated
goat anti-mouse IgG subclass-specific antibodies, Texas Red-conjugated goat anti-
rabbit IgG antibodies, tetramethyl rhodamine isothiocyanate (TRITC)-conjugated
goat anti-mouse immunoglobulin G subclass-specific antibodies, and TRITC-conju-
gated goat anti-rabbit IgG antibodies were purchased from Southern Biotechnology
Associates, Birmingham, Ala.

Generation of recombinant viruses. Recombinant viruses were constructed
utilizing a two-step strategy for the introduction of point mutations into the
HCMV genome maintained as an infectious bacterial artificial chromosome
(BAC) in Escherichia coli as previously described (7). The BAC-containing
HCMV strain AD169 (HB-5) was provided by Martin Messerle and Ulrich
Koszinowski (University of Munich, Germany) (6). In the first step, the UL99
ORF was deleted from a BAC-maintained HCMV genome by replacement with an
Ampr lacZ cassette. Growth in the presence of isopropyl-�-D-thiogalactopyranoside
(IPTG) and 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) enabled
the identification of HCMV recombinants by visual inspection for blue bacterial
colonies. The mutagenesis was performed with RED locus-mediated recombi-
nation to delete sequences between positions 145310 and 145795 of the AD169
genome. A primer set amplifying sequences from positions 145210 (forward
primer) and 146025 (reverse primer) was used to produce a recombination
cassette of approximately 2.0 kbp that carried the Ampr lacZ cassette together
with approximately 100 to 200 bp of viral sequence flanking the site of the
deletion within the HCMV genome. The cassette was recombined into the
AD169 BAC by RED locus-mediated recombination using the protocol de-
scribed previously by Lee et al., resulting in the production of Ampr blue colonies
(7, 20). Insertion of the cassette resulted in the deletion of the entire pp28 ORF
except for 100 bp of the 3� end (recombinant designated 99KO BAC). To ensure
the correct targeting of the recombination cassette into the desired genomic
location, Southern blot analysis was performed. The recombinant BAC DNA was
digested with HindIII, electrophoresed in agarose gels, transferred onto nitro-
cellulose membranes, and hybridized with a 32P-labeled probe specific for the
Ampr lacZ cassette or the UL99 ORF. Nucleotide sequence analysis of PCR
products amplified from these recombinant BACs confirmed the correct inser-
tion of the Ampr lacZ cassette and replacement of the pp28 ORF. In the second
step, RED recombination was used to replace the pp28 deletion in 99KO BAC
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with either the wild-type pp28 ORF sequence or the pp28 sequence containing
the desired mutations by using a linear DNA fragment. Recombination removed
the Ampr lacZ cassette from the 99KO BAC, and repaired or mutagenized
recombinants were identified by visual inspection for white colonies. The same
primer set described above was used to prepare linear DNA fragments contain-
ing the desired mutations by PCR from a pp28 template as previously described
(7). This methodology allowed the insertion of single nucleotide changes in the
native UL99 ORF to create stop codons and maintain the transcription program
and the normal regulation of the expression of this region of the wild-type
genome.

In the two-step strategy described above, we produced mutated BACs that
contained mutations in the pp28 ORF that resulted in lethal mutations. Using a
similar recombination strategy, the mutated BACs could also be repaired by
using single-stranded oligonucleotides that contained a repaired stop codon and
approximately 20 nucleotides flanking each side of the repair codon. The repair
oligonucleotides were electroporated into E. coli containing the mutated HCMV
BAC and recombined, and following expansion of this mixed population of E.
coli (mutant and repaired BACs), BAC DNA was purified and electroporated
together with a plasmid encoding pp71 into HF cells. Finally, 14 recombinant
BAC DNAs (UL99KO; a series of pp28 deletion mutants expressing the first 33
[pp28STOP33], 50 [pp28STOP50], 61 [pp28STOP61], 90 [pp28STOP90], 123
[pp28STOP123], or 155 aa [pp28STOP155] of pp28; an acidic cluster deletion
mutant in pp28 [pp28�ac]; an acidic deletion mutant in which the acidic cluster
was deleted and transplanted to the C terminus [pp28�ac-CtTR]; and a series of
revertant BAC DNAs repaired from the pp28 mutants [pp28Rev33, pp28Rev61,
pp28Rev 90, pp28Rev123, and pp28Rev155]) were generated for this study (see
Fig. 7).

To determine whether the recombinant pp28 gene was essential for virus

infectivity in HF cells, DNA was purified from the BAC-containing E. coli cells
and electroporated into HF cells. One microgram of an expression plasmid
encoding pp71 was included to enhance the recovery of infectious virus. Infec-
tivity was monitored by observing the production of visible plaques. In assays for
virus replication, virus titers were determined by a fluorescent virus infectivity
assay of HF cells infected with WT or recombinant viruses at the indicated times
after infection (2).

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate (SDS)-polyacryl-
amide electrophoresis (PAGE) under reducing conditions and immunoblotting
were carried out as described previously (4). Virus-infected cell proteins were
extracted from wild-type virus- or recombinant virus-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-mercaptoethanol and 2% SDS and heated to 100°C. The solubilized pro-
teins were then subjected to SDS-PAGE and transferred onto nitrocellulose
membranes. Murine MAbs or in some cases a 1:100 dilution of the IgG fraction
of the rabbit anti-c-Myc serum was used to detect specific proteins. Antibody
binding was detected by 125I-protein A followed by autoradiography.

Immunofluorescence microscopy. HF cells were grown in 24-well tissue cul-
ture plates containing a 13-mm-diameter coverslip. After the cells were 90%
confluent, they were infected with HCMV strain AD169 derived from the HB-5
BAC or from mutant viruses generated from the HB-5 BAC for 1 to 2 h, washed
once, and incubated for the indicated time. The coverslips were harvested by first
washing the cells with PBS and then fixing the cells for 45 min at room temper-
ature in 3% paraformaldehyde freshly prepared in PBS. The coverslips were
washed in PBS and permeabilized with 0.05% Triton X-100 and 0.001% SDS in
PBS for 7 min. The coverslips were then blocked with PBS containing 10%
normal goat serum for 20 min at room temperature, followed by the addition of

FIG. 1. Generation of pp28 mutants and pp28 EGFP fusion proteins. (A) Amino acid sequences of 190-aa pp28. Amino acids that are relevant
to this study are identified by larger font, and positions are listed above the sequence. (B) pp28 deletion mutants. In mutants pp28Mut33 to
pp28Mut155, a stop codon was inserted into the nucleotide sequence following the codon designated in the mutant. In the pp28�ac mutant, the
stretch of acidic amino acids (aa 44 to 59) was deleted internally, leaving the wild-type reading frame of the remainder of the molecule intact. The
pp28�ac-CtTR mutant was generated by transplanting the acidic cluster (ac) (aa 44 to 59) into the C terminus of the pp28�ac mutant. The mutants
were cloned into the pEF1B vector or pCDNA vector for transient expression assays. (C) Generation of the pp28 deletion mutants fused with
EGFP. pp28 truncation mutants (Mut10 to Mut145) were fused with EGPF by cloning into the pEGFP-N2 vector. The mutants are numbered such
that the final amino acid of the wild-type pp28 sequence that is expressed is designated in the mutant. CMV IE promoter, cytomegalovirus
immediate-early promoter.
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FIG. 2. Localization of transiently expressed pp28 deletion mutants in the ERGIC. pp28 deletion mutants were transfected into Cos-7 cells. At
day 2 posttransfection, the cells were fixed with 3% paraformaldehyde and examined by fluorescence microscopy as described in Materials and
Methods. (A) Wild-type pp28EGFP (pp28WTEGFP) or pp28MutEGFP fluorescence is green, and organelle (p115, ERGIC marker) fluorescence
is red (Texas Red). (B) Wild-type pp28EGFP (pp28WTEGFP) or pp28MutEGFP fluorescence is green, and organelle (calreticulin, ER marker)
fluorescence is red (Texas Red). Nuclei are pseudocolored in blue following staining with Hoechst dye.
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primary antibody, and incubated for 60 min at 37°C. Following washing (three
times) with 0.2% Tween in PBS, the coverslips were incubated with FITC-
conjugated and/or Texas Red-conjugated or TRITC secondary antibody diluted
in PBS-Tween containing 2.5% normal goat serum for 45 min at 37°C. The
coverslips were washed three times and then rinsed once in PBS, mounted with
SlowFade antifade reagent (Molecular Probes, Eugene, Oreg.), and viewed using
a Leitz Diavert fluorescence microscope or an Olympus confocal microscope.
The images were captured with a digital camera (Photometrics, Tucson, Ariz.)
using the Leitz epifluorescence microscope at a magnification of �60. In some
cases, images were processed with Image Pro software (Media Cybernetics,
Silver Spring, Md.). Deconvolution was accomplished with Hazebuster (Vaytek,
Fairfield, Iowa).

Cos-7 cells grown on coverslips were transfected with an expression vector
containing the truncated pp28 sequence or a vector encoding a pp28-EGFP
fusion protein (pp28EGFP). Transfected cells were fixed 36 to 48 h posttrans-
fection, and cells expressing pp28 were reacted with MAb 41-18 followed by
Texas Red-conjugated goat anti-mouse IgG antibody as described above. In a
transient expression/infection assay, HF cells were electroporated with approx-
imately 5 �g of DNA from an expression vector containing the truncated pp28
sequence, a vector encoding a pp28-EGFP fusion protein, or a vector encoding
EGFP fused to markers for cellular compartments. Forty-eight hours later, the
cells were infected with HCMV and then washed once and incubated for the
indicated times. The infected cells were fixed and stained as described above.

Subcellular fractionation. A 75-cm2 flask of HF cells was electroporated with
5 �g of an expression vector encoding pp28Mut40EGFP, pp28Mut50EGFP, or
pp28�acEGFP. Twenty-four hours later, the cells were washed and infected with
HCMV at a multiplicity of infection (MOI) of 0.2. The HF cells were harvested
on day 6 postinfection by trypsinization, and the cell pellet was washed twice with
cold PBS and then resuspended in 1 ml of homogenization buffer (0.25 M
sucrose, 10 mM HEPES, pH 7.4, 1 mM EDTA). The cell suspension was re-
peatedly passed through a 23-gauge needle until there were no intact cells in the
suspension, as determined by light microscopy, and a postnuclear supernatant
was collected following centrifugation at 1,000 � g for 10 min. Subcellular
fractionation was performed using a density gradient prepared from iodixanol
(Optiprep; Sigma, St. Louis, Mo.) and ultracentrifugation using a modification of
protocols described previously (37, 43). A discontinuous gradient was prepared
using 30%, 25%, 20%, 15%, and 10% (vol/vol) Optiprep solution. The gradient
was allowed to equilibrate vertically for 30 min at room temperature. The
postnuclear supernatant was overlaid onto the discontinuous gradient and cen-
trifuged at 100,000 � g in an SW41 rotor for 3 h at 4°C. Equal fractions were
collected from the top of the gradient, and individual fractions were assayed for
viral and host cell proteins by immunoblotting.

RESULTS

Sequence requirements for trafficking of transiently ex-
pressed pp28 to the ERGIC. Initially, we determined se-
quences within pp28 that were required for its localization in
the ERGIC. Previously, we have shown that pp28 is localized
in the ERGIC and does not traffic to more distal compart-
ments of the Golgi/trans-Golgi network (TGN) in cells tran-
siently expressing pp28 in the absence of other viral proteins
(34). To define specific domains required for the localization of
this protein in the ERGIC, we transfected Cos-7 cells with
plasmids encoding a series of pp28 C-terminal deletion mu-
tants and determined their intracellular localization. This
panel of pp28 mutants was generated by the insertion of stop
codons into the coding sequence of the wild-type gene or by
the generation of C-terminal truncations of pp28 followed by a
fusion of the remaining coding sequence with EGFP, as de-
scribed in the legend of Fig. 1. In addition, we also created two
mutants in which the acidic domain located between aa 44 and
59 was either deleted or excised and transplanted to the C
terminus of the molecule, as detailed in the legend of Fig. 1.
These latter two mutants were constructed because it has been
previously reported that sequences within the first acidic do-
main of pp28 (aa 44 to 57) are required for its localization

within infected cells (17). All mutations were confirmed by
nucleotide sequencing, and expression of the mutant form of
pp28 was demonstrated by Western blotting of pp28 mutants
following transient expression in 293T cells (data not shown).
The intracellular trafficking of pp28 deletion mutants was mon-
itored by localizing their intracellular expression using antibod-
ies that are reactive with proteins specific for cellular compart-
ments (Fig. 2). Surprisingly, the trafficking of most pp28 deletion
mutants was indistinguishable from that of wild-type pp28 and
remained localized within the ERGIC (Fig. 2). Mutants express-
ing polypeptides of the first 33, 61, 90, 123, or 155 aa of pp28 all
appeared to have intracellular localization similar to that of wild-
type pp28 (Table 1). Colocalization with a protein marker of the
ERGIC, p115, was also observed following expression of C-ter-
minal truncation pp28 mutants that encoded the first 30, 35, 40,
50, 61, 80, 110, or 145 aa of pp28 fused to EGFP (Table 1). The
two acidic cluster mutants, pp28�ac (aa 44 to 59) and pp28�ac-
CtTR, also colocalized with markers of the ERGIC (Table 1). An
example of this pattern of localization is shown by the distribution
of pp28Mut30EGFP following transient expression in Cos-7 cells
(Fig. 2). We noted that the vesicular distribution of this pp28
mutant protein closely resembles that of wild-type pp28, and
there was partial overlap with the protein marker of the ERGIC,
p115 (Fig. 2). In contrast, pp28 mutants that contained less than
the first 30 aa failed to colocalize with markers of the ERGIC,
and their intracellular localization differed from that of wild-type
pp28. This is illustrated by the mutant pp28Mut10EGFP, which
was distributed in a pattern most consistent with ER-resident
proteins, such as calreticulin, when transiently expressed in Cos-7
cells (Fig. 2). Each of these pp28 mutants contained a glycine
codon at position 2 and was therefore presumably myristoylated,
and thus, mislocalization cannot be ascribed to a lack of mem-
brane association. These results indicated that the first 30 aa of

TABLE 1. pp28 sequence requirements for localization in the ERGIC

Proteinb ERGICa ERa

pp28Mut33 ��
pp28Mut61 ��
pp28Mut90 ��
pp28Mut123 ��
pp28Mut155 ��
pp28�ac ��
pp28�ac-CtTR ��
pp28Mut10-EGFP2 � ��
pp28Mut14-EGFP � ��
pp28Mut20-EGFP � ��
pp28Mut25-EGFP � ��
pp28Mut30-EGFP �� �
pp28Mut35-EGFP �� �
pp28Mut40-EGFP �� �
pp28Mut50-EGFP �� �
pp28Mut61-EGFP �� �
pp28Mut80-EGFP �� �
pp28Mut110-EGFP �� �
pp28Mut145-EGFP �� �
pp28WT-EGFP �� �

a Localization in the ERGIC was determined by colocalization of the pp28
mutant with ERGIC53 (ERGIC) or p115, and localization to the ER was de-
termined by colocalization with calreticulin (ER). The intensity of the signal
based on colocalization with the marker was scored as partially (�), primarily
(��), or not (�) detected in the organelle.

b pp28 mutants were designated by the last remaining amino acid from the
amino terminus of pp28.
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pp28 together with the myristoylation modification at amino acid
position 2 were required for the localization of this pp28 protein
in the ERGIC when pp28 was expressed in the absence of virus
infection.

Localization of pp28 to the assembly compartment of virus-
infected cells requires a late viral function. In virus-infected
cells, pp28 was localized to a membranous cytoplasmic com-
partment that we have designated the virus AC based on its
morphological appearance, the isolation of this membrane-
bound compartment by cell fractionation, and the localization
of a number of structural tegument and envelope proteins in
this compartment late in infection (33). Because pp28 re-
mained in the ERGIC when transiently expressed in the ab-
sence of other viral proteins, the trafficking pathway of pp28 to
the assembly compartment likely required the expression of an
undefined viral function. To formally demonstrate this possi-
bility, we developed an assay based on transient expression of

EGFP- or epitope-tagged pp28 or mutant pp28 followed by
virus infection to supply the virus function in trans (transient
expression/infection assay). In this assay, the EGFP-tagged
pp28 protein was expressed in HF cells following electropora-
tion of a plasmid encoding the pp28 molecule fused at its C
terminus to EGFP. Electroporated HF cells were infected with
HCMV 48 h later at an MOI of 0.1. In uninfected cells, the
pp28EGFP protein was expressed throughout the cytoplasm
of the cell in a punctuate distribution that was similar to the
distribution of ERGIC markers in uninfected HF cells (Fig. 3).
Shortly after infection of electroporated cells, the pp28EGFP
fusion protein was expressed in the cytoplasm of infected cells
in a distribution similar to that of uninfected cells (data not
shown). However, late in infection, the transiently expressed
pp28EGFP protein could be colocalized with the gM/gN glyco-
protein complex in the AC as illustrated by its expression in
infected cells expressing IE-1 (pp72) in the nucleus and the

FIG. 3. pp28 localization in the assembly compartment requires late gene expression. HF cells (3 � 106 cells) were electroporated with
approximately 5 �g of pp28EGFP and were either left uninfected (A) or infected with HCMV 48 h later at an MOI of 0.2 (B to D). Individual
wells were treated with medium control (no drug, control) (B), ganciclovir (GCV) (C), or BDCRB (D). Cells were fixed 120 h postinfection, stained
with anti-gM/gN and anti-IE-1 MAbs, and developed with TRITC anti-mouse IgG secondary antibodies. Nuclei were stained with Hoechst dye
(blue) and IE-1 (red) in infected cells. The arrow in B demarcates the assembly compartment as indicated by gM/gN staining. Note that pp28EGFP
was present in the assembly compartment of �90% of cells in control wells compared to 	10% of cells in GCV-treated cultures.
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gM/gN complex in the cytoplasm (Fig. 3). In contrast to these
findings, when monolayers of pp28EGFP-electroporated/in-
fected cells were treated with ganciclovir to block the expres-
sion of late viral proteins, the pp28EGFP fusion protein no
longer localized to the AC at late times in infection but was
expressed diffusely in the cytoplasm (Fig. 3). The transiently
expressed pp28EGFP fusion protein was localized to the AC
when these cultures of electroporated/infected cells were
treated with the antiviral compound BDCRB (2-bromo-5,6-
dichloro-1-�-D-ribofuranosyl benzimidazole), a compound that
inhibits late steps of virus assembly, cleavage, and packaging of
viral DNA but not late protein synthesis (Fig. 3) (41). These
results demonstrated that authentic localization of pp28 to the
AC required the expression of a late viral function and that
localization of pp28 to the AC was not inhibited by antiviral
compounds that specifically blocked nuclear events of virus
assembly but not late protein synthesis.

Sequence requirements for localization of pp28 to the AC
in virus-infected cells. Having demonstrated that wild-type
pp28EGFP localized to the AC in cells transfected with
pp28EGFP and infected with HCMV, we utilized this assay
to investigate the intracellular localization of transiently ex-
pressed mutant forms of pp28 to identify sequence require-
ments for the localization of pp28 to the AC. The EGFP
plasmids expressing the first 30, 35, 40, 50, and 61 aa of
pp28 (pp28Mut30EGFP, pp28Mut35EGFP, pp28Mut40EGFP,
pp28Mut50EGFP, and pp28Mut61EGFP, respectively) were
used in this transient expression/infection assay. In addition, the
localization of the acidic cluster mutant pp28�ac (aa 44 to 59)
fused with EGFP (pp28�acEGFP) and the pp28 mutant in which
the acidic cluster (aa 44 to 59) was deleted and transplanted
to the carboxyl terminus and tagged with the Myc epitope
(pp28�acCtTRMyc) were also studied. After electroporation of
plasmids expressing pp28EGFP, pp28Mut30EGFP, pp28Mut35
EGFP, pp28Mut40EGFP, pp28Mut50EGFP, pp28Mut61EGFP,
pp28�acEGFP, and pp28�acCtTRMyc, we observed comparable
intracellular distributions within 48 h after electroporation (data
not shown). The electroporated cells were then infected with
HCMV at an MOI of 0.2, and the localization of pp28EGFP or
mutant forms of pp28 in infected cells (IE-1-expressing cells) was
assayed. Interestingly, all of the pp28 mutants, with the exception
of pp28Mut30EGFP, were expressed in a perinuclear compart-
ment early after infection (day 4 postinfection) (data not shown).
However, the efficiency of localization of wild-type and mutant
forms of pp28 in this compartment varied between mutants such
that the relative efficiency of localization to the perinuclear com-
partment early in infection depended on the length of the pp28
mutant. The shorter mutants, such as pp28Mut35EGFP, localized
to this perinuclear compartment less efficiently than the longer
mutants, such as pp28Mut50EGFP. These results suggested that
only the first 35 aa of pp28 were required for trafficking to a
perinuclear compartment that appeared to form shortly after
virus infection, although the efficiency of localization to the this
compartment was decreased for the shorter pp28 mutants.

In marked contrast to findings early in infection, the localiza-
tion of mutant forms of pp28 on day 7 postinfection revealed
qualitative differences between several mutants and wild-type
pp28EGFP. The mutants pp28Mut40EGFP, pp28�acEGFP, and
pp28�acCtTR-Myc failed to localized to the AC and were dis-
tributed peripherally to the AC compared to wild-type pp28

EGFP (Table 2 and Fig. 4). As shown in some panels of Fig. 4, we
costained cells with anti-IE-1 MAb and anti-GM130 MAb to
allow the detection of infected cell nuclei and the Golgi compart-
ment to help further define the intracellular localization of pp28
mutants. In the experiments in which we successfully visualized
GM130, we noted that this Golgi compartment marker was dis-
placed peripherally from the AC (Fig. 4). This finding was further
explored in a series of experiments (see below). Interestingly,
pp28Mut50EGFP was localized to the AC in only about 50% of
EGFP-positive cells at 7 days postinfection (Table 2 and Fig. 4).
pp28Mut61EGFP was concentrated in the AC with an efficiency
comparable to that of wild-type pp28EGFP (Table 2). The dif-
ferences in the localization of pp28 mutant forms in the AC at late
times during infection suggested that sequences between aa 35
and 61 of pp28, particularly the N-terminal acidic cluster (aa 44 to
59), might function through specific interactions with other viral
proteins or cellular proteins for the final localization of pp28 to
the AC. Interestingly, pp28Mut50EGFP, containing one-half of
the acidic cluster of amino acids, appeared to have an interme-
diate phenotype. These findings were consistent with the replica-
tion-defective phenotype of the previously reported recombinant
viruses expressing less than 57 aa of the amino terminus of pp28
(17). Together, these findings argued that a defect in the local-
ization or concentration of pp28 mutant proteins in the mature
AC late but not early in infection was limiting in the process of the
envelopment and assembly of infectious virus.

The striking differences between the localization of wild-
type pp28 in the AC and the distribution of pp28 mutants such
as pp28Mut40 on the periphery of the AC suggested that pp28
mutants such as pp28Mut40 were restricted to more proximal
compartments of the secretory pathway that were reorganized
during HCMV infection. This possibility was consistent with
previous imaging findings that demonstrated the exclusion of
protein markers of the Golgi compartment and TGN from the
AC (33). To explore the possibility that morphological reorga-
nization of the host cell secretory compartment took place

TABLE 2. pp28 sequence requirements for localization to the AC
following transient expression and infection of HF cells

Proteinb ACa

pp28Mut10-EGFP................................................................................ NT
pp28Mut14-EGFP................................................................................ NT
pp28Mut20-EGFP................................................................................ NT
pp28Mut25-EGFP................................................................................ NT
pp28Mut30-EGFP................................................................................ �
pp28Mut35-EGFP................................................................................ �
pp28Mut40-EGFP................................................................................ �
pp28�ac-EGFP (�aa 44–59) .............................................................. �
pp28�ac-CtTR-Myc ............................................................................. �
pp28Mut50-EGFP................................................................................ �
pp28Mut61-EGFP................................................................................ ��
pp28Mut80-EGFP................................................................................ ��
pp28Mut110-EGFP.............................................................................. ��
pp28Mut145-EGFP.............................................................................. ��
pp28WT-EGFP .................................................................................... ��

a Localization to the AC was assayed by imaging of cells 6 to 7 days postin-
fection. Localization was scored as � if there was no localization in the compact
AC, � if 50% of cells demonstrated localization to the AC, and �� if �70% of
cells exhibited localization of mutant pp28 or wild-type pp28 in the compact AC.
NT, not tested in this experiment.

b pp28 mutants were designated by the last remaining amino acid of the amino
terminus of pp28.
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during virus infection, we investigated the distribution of mark-
ers of the secretory compartment, including ERGIC53-EGFP,
Man II-EGFP, and Gal T-EGFP, in transient expression/in-
fection assays. These markers of the secretory system redistrib-
uted into perinuclear spherical structures that also contained
viral proteins, such as gB, and pp28 early in infection (	4 days)
(data not shown). We then utilized the same transfection/
infection assays to determine the resident distribution proteins
of compartments of the secretory system late in infection. The
analysis was done at late times during infection for several
reasons, including that characteristics of the AC have been
defined in cells late in infection, pp28 is expressed with true
late kinetics, and virus production and presumably virus as-
sembly are maximal late in infection. By day 7 postinfection,
signals from these protein markers of the secretory compart-
ment revealed a dramatic morphological reorganization of the
host cell secretory system and demonstrated that the secretory
compartment had been reorganized into layers that ringed the
pp28-containing, juxtanuclear AC (Fig. 5). Moreover, we ob-
served that late in infection, the AC was a compact structure
compared to the more diffuse and spherical perinuclear struc-
ture early in infection, and in contrast to the colocalization
with markers of the secretory pathway early in infection, the
AC containing pp28 was devoid of markers of the Golgi com-
partment or TGN (Fig. 5). These findings were consistent with
the maturation of the AC during the course of infection in an
individual cell, a mechanism consistent with results from pre-

vious studies (33). Previously, we demonstrated that several
viral proteins were localized in the AC late in infection, but
interestingly, in some experiments utilizing these markers of
the host secretory pathway, gB could also be detected both in
the center of the AC and partially overlapped with the signal
from the Golgi compartment (data not shown). Thus, it ap-
peared that the AC represented a site of viral protein accu-
mulation within a morphologically altered secretory compart-
ment displaced to the periphery of the AC. Some viral
glycoproteins such as gB could be colocalized with the Golgi
compartment and TGN as well in the more compacted AC late
in infection, suggesting the possibility that this molecule and
other viral proteins trafficked from the Golgi/TGN into the AC
during virus assembly.

Subcellular localization of wild-type pp28 and pp28 mu-
tants. To further investigate the nature of the AC containing
the pp28 WT protein and to compare the intracellular distri-
bution of wild-type pp28 with mutant forms of pp28 late in
infection, we used centrifugation through density gradients to
analyze the distribution of transiently expressed viral proteins
in cells transfected with pp28Mut40EGFP, pp28Mut50EGFP,
or pp28�acEGFP and then infected with HCMV. Postnuclear
supernatants were prepared from cells harvested late in infec-
tion (�6 days) and subjected to centrifugation through discon-
tinuous iodixanol (Optiprep) density gradients, and individual
fractions were analyzed by Western blotting for the presence of
virus-encoded wild-type pp28, the mutant pp28EGFP proteins,

FIG. 4. Localization of pp28 deletion mutants to the assembly compartment late in infection in HCMV-infected HF cells. HF cells were electro-
porated with approximately 5 �g of expression plasmids encoding wild-type pp28EGFP (pp28WT-EGFP), pp28Mut40EGFP, pp28Mut50EGFP,
pp28Mut61EGFP, pp28�acEGFP, or pp28�acCtTR-Myc and infected 2 days later with HCMV at an MOI of 0.2. The cells were harvested at day 7
postinfection, fixed with 3% paraformaldehyde, stained with anti-IE-1 MAbs combined with anti-GM130 MAbs (pp28EGFP, pp28Mut40EGFP,
pp28Mut50EGFP, pp28Mut61EGFP, and pp28�acEGFP) to localize the AC to a secretory compartment or with anti-IE-1 MAbs only (pp28�acCtTR-
Myc) followed by TRITC-labeled anti-mouse IgG to identify infected cells (red nuclei) and examined by confocal microscopy. The expression of the
pp28�acCtTR-Myc-tagged mutant was detected with an anti-Myc MAb followed by FITC anti-mouse IgG (green fluorescence). The AC can be seen in
the juxtanuclear position in cells expressing pp28EGFP, pp28Mut61EGFP, and pp28Mut50EGFP. Note the weak staining from the GM130 MAb
staining of the Golgi compartment that is surrounding the AC in cells expressing wild-type pp28EGFP, pp28Mut40EGFP, pp28Mut50EGFP, and
pp28Mut61EGFP. The GM130 reactivity in infected cells expressing pp28�acEGFP cannot be appreciated in this photograph.
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and host cell proteins GM130 (Golgi compartment) and CD63
(late endosomes). The amount of protein detected in each
fraction was quantified by densitometry and is presented as a
fraction of the total amount of the specific protein recovered
from the entire gradient. The wild-type pp28 viral protein was
distributed into two broad peaks, with one being associated
with the first three fractions and a second broad peak migrat-
ing further into the gradient (fractions 6 to 9) (Fig. 6). The
mutant pp28 protein pp28Mut40EGFP exhibited a very differ-
ent distribution in the gradient, with the majority of this pro-
tein migrating in the first three fractions of the gradient (Fig.
6). Similarly, the pp28 mutant protein pp28�acEGFP also par-
titioned primarily in the top fractions of the gradient as a single
broad peak (Fig. 6). Interestingly, the pp28 mutant pp28Mut50
EGFP was found in two broad peaks in a distribution that was
most similar to that of wild-type pp28 (Fig. 6).

To determine the distribution of wild-type pp28 and mutant
forms of pp28 in different compartments of the cellular secre-
tory pathway, we assayed the distribution of two host cell
proteins within these same gradient fractions. Our results were
similar to those reported previously by Sims et al. (37). The
Golgi compartment-specific protein GM130 could be localized
to fractions 1 to 3, whereas the late endosomal marker CD63
was distributed over the gradient in two broad peaks, one of

which coincided with the distribution of viral pp28 in fractions
6 to 9 (Fig. 6). This broad migration of endosomes has been
previously observed by other investigators using similar condi-
tions for density gradient separation of cellular organelles and
is thought to be secondary to the heterogeneity of the density
of endosomes as a result of differences in cargos (38). The
results were also consistent with our imaging findings that
suggested that mutant forms of pp28 localized outside of the
AC and could be colocalized with proteins such as mannosi-
dase II, a marker of the Golgi compartment, and not with the
late endosomal marker CD63 (data not shown). Furthermore,
these data also demonstrated that wild-type pp28 and the
pp28Mut50EGFP mutant partitioned similarly in this gradient
and, perhaps most importantly, could be found in fractions
containing Golgi protein as well as fractions containing the late
endosomal marker protein CD63. In contrast, the distribution
of both pp28Mut40EGFP and pp28�acEGFP mutants were
found most abundantly in fractions from the top of the gradi-
ent along with a cellular marker protein of the Golgi compart-
ment. Together with data from our imaging studies, these
findings provided additional evidence that mutant forms of
pp28 that failed to localize to the AC late in infection were
distributed in different cellular compartments compared to
either wild-type pp28 or a mutant form of pp28, pp28Mut50.

FIG. 5. Altered morphology of the secretory compartment following HCMV infection. HF cells were electroporated with approximately 5 �g
of plasmids encoding ERGIC53 (ERGIC marker), mannosidase II (Golgi marker), and Gal T (TGN marker) proteins fused to EGFP and were
either (A) left uninfected or (B) infected with HCMV at an MOI of 0.2 36 h after electroporation. The infected cells were incubated for 7 days
prior to fixation as described in Materials and Methods. Cells that were fixed 7 days postinfection were reacted with anti-pp28 MAb followed by
TRITC anti-mouse IgG to show the assembly compartment. Nuclei were stained (blue) with Hoechst dye. The arrow demarcates the assembly
compartment.
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Lastly and most importantly, these data were also consistent
with the capacity of the mutant protein pp28Mut50 to support
virus replication when recombined into the viral genome, in
that the pp28Mut50 protein partitioned similarly to the wild-
type pp28 protein in these gradients and localized to the AC,
as determined by image analysis (see below).

Mislocalization of pp28 prevents assembly of infectious
progeny virus. To examine the effect of mislocalization of pp28
mutants on the assembly of infectious virus, we generated a
panel of recombinant viruses with stop codons inserted into the
pp28 coding sequence using a linear recombination system
previously described (7). Restriction fragment patterns of re-
combinant BAC DNAs containing mutations in UL99 were
identical to that of the wild-type parent virus and differed from
that of the UL99KO BAC utilized for replacement mutagen-
esis (data not shown). Southern blot analysis using a 32P-la-
beled probe generated by nick translation of the UL99 ORF
revealed the presence of the 6-kbp HindIII R fragment in
wild-type and mutant pp28 BAC DNA and the approximately
8-kbp HindIII R fragment that contained the 2-kbp Amp LacZ
cassette in the UL99KO BAC (data not shown). Nucleotide
sequencing of BAC DNAs that were mutated by the introduc-
tion of point mutations encoding translational stop codons

verified the introduction of a stop codon into the predicted
location and the insertion of a translational stop at the pre-
dicted location in the amino acid sequence. After electropora-
tion of HF cells with DNAs from these recombinant BACs,
infectious virus was recovered from pp28 deletion mutants
expressing the first 50, 61, 90, 123, or 155 aa (STOP50, STOP61,
STOP90, STOP123, and STOP155, respectively) of pp28 (Fig. 7).
As reported previously, infectious virus was not recovered follow-
ing electroporation of HCMV BAC containing a Gly3Ala mu-
tation at codon 2 and the insertion of a stop codon at codon 4 (7).
Infectious virus was also not recovered from a mutant BAC in
which a stop codon had been inserted at codon 34 (STOP33), nor
was infectious virus recovered from a recombinant BAC in which
amino acids 45 to 59 were deleted (pp28�ac) (Fig. 7). Further-
more, we also failed to recover infectious virus from a recombi-
nant BAC in which sequences encoding aa 45 to 59 were deleted
and then transplanted to the C terminus of pp28 (pp28�ac-CtTR)
(Fig. 7). Revertants of some of the BACs that failed to produce
infectious virus were generated, and infectious virus could be
recovered from these mutant HCMV BACs (Fig. 7). In the case
of the pp28STOP33 mutant, the revertant was generated by linear
recombination using a single defined oligonucleotide (Rev33) to
repair the stop codon at position 33. Thus, the loss of infectivity in

FIG. 6. Iodixanol density gradient fractionation of HCMV-infected HF cells transfected with pp28 mutants. HF cells were electroporated with
approximately 5 �g of the designated pp28MutEGFP expression plasmids and infected 2 days later with HCMV at an MOI of 0.2. The cells were
harvested at day 6 postinfection and fractionated by centrifugation through iodixanol (Optiprep; Sigma Co., St. Louis, Mo.) gradients as described
in Materials and Methods. The gradient was fractionated by removing 1-ml fractions from the top; thus, fraction 1 represents the top of the
gradient, and fraction 10 represents the bottom of the gradient. (A) Gradient fractions were analyzed by Western blot. Proteins were detected with
specific antibodies, anti-pp28 MAb for WT pp28 and pp28Mut40EGFP, pp28Mut50EGFP, and pp28�acEGFP and developed with 125I-protein A.
MAbs reactive with cellular proteins specific for compartments of the secretory pathway, anti-GM130 and anti-CD63, were used to localize pp28
and pp28 mutants to different intracellular compartments. (B) Results of panel A were analyzed by densitometry [density (%) 
 peak density of
each fraction/total density of signal from protein in all gradient fractions � 100]. The top of B is a graphic comparison of the pattern of
fractionation of virus-encoded pp28 to those of pp28Mut40EGFP, pp28Mut50EGFP, and pp28�acEGFP. Viral pp28 (WT) (■ ), pp28Mut40EGFP
(�), pp28Mut50EGFP (F), and pp28�acEGFP (E) are depicted. The bottom of B represents a comparison of the pattern of fractionation from
viral pp28 to those of subcellular organelles (GM130, Golgi; CD63, late endosome). Viral pp28 (WT) (■ ), GM130 (Œ), and CD63 (‚) are depicted.
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the pp28STOP33 mutant was secondary to the engineered muta-
tion and not to additional mutations introduced by the mutagen-
esis procedure. In the case of the acidic cluster deletion mutant in
pp28 (pp28�ac), small plaques were observed shortly after elec-
troporation of HF cells with the BAC DNA, but they failed to
increase in size, and infectious virus was not recovered from the
supernatant of these cultures (data not shown). To confirm ex-
pression of the truncated pp28 proteins from the replication-
competent recombinant viruses, we performed Western blot anal-
ysis of recombinant virus-infected HF cells at 5 days postinfection
(Fig. 8). As expected, truncated pp28 was expressed from each
recombinant virus. Because we repaired mutations in the coding
sequence of pp28 by linear recombination and electroporation of
a mixture of both repaired and mutant BAC DNA, revertants,
including Rev33, generated by recombination with a repair oligo-
nucleotide expressed both wild-type pp28 and truncated pp28.
This result suggested that at least in the case of pp28STOP mu-
tants, a replication-defective genome was maintained in these
stocks of replicating virus that had been passaged through at least
three serial passages.

The phenotypes of the recombinant viruses generated from
this panel of mutant HCMV BACs were characterized. As an

example, image analysis showed that intracellular localizations
of mutant pp28 from the recombinant virus containing the
pp28Mut50 mutant and other viral proteins including gB, gM/
gN, and pp150 in infected cells were similar to that of the
wild-type parental virus (data not shown). This result indicated
that a pp28 deletion mutant virus expressing only the first 50 aa
of pp28 contained sufficient targeting information for authen-
tic intracellular localizations of this mutant tegument protein
with other viral proteins required for virus replication. To
determine the kinetics of replication for viruses recovered
from the mutant BACs, the replication kinetics of each mutant
virus and revertants of mutants that failed to support virus
replication were compared to those of wild-type HCMV in
single-step growth assays. The growth curves for all recombi-
nant viruses, with the exception of pp28STOP50, were similar
to that of the wild-type parental virus (Fig. 9). The replication
kinetics of the pp28STOP50 virus were delayed in comparison
to wild-type virus and the pp28STOP61 virus, and the virus
yield after 7 days in culture was approximately 10-fold less than
that of the wild type (Fig. 9). The decreased yield was even
more obvious at lower MOIs (data not shown). These results
indicated that the first 50 aa were sufficient for the production

FIG. 7. Construction of UL99 recombinant BACs containing mutations in pp28. (A) Recombinant BACs containing pp28 deletion mutants
were generated by the insertion of single nucleotide (nt) changes in the UL99 coding sequence that altered wild-type codons to translational stops.
Mutations were confirmed by sequence analysis. Revertant or repaired BACs were made by oligonucleotide-directed repair of the single nucleotide
mutations. Recombinant viruses were recovered by electroporation of BAC DNA into HF cells. (B) Successful recovery of infectious viruses is
listed on the right. In all cases, at least three independent attempts were made to recover infectious virus. The acidic cluster (ac) deletion BAC
was made by the deletion of nucleotides 130 to 177 in the UL99 coding sequence. A virus was recovered from this pp28�ac BAC, but it formed
small and very slowly expanding plaques. We could not isolate cell-free infectious virus from these cultures, nor did the plaques expand through
the monolayer.

VOL. 80, 2006 HCMV TEGUMENT PROTEIN TRAFFICKING 5621



of infectious virus and for normal trafficking of pp28 in the
infected cell but that wild-type virus replication kinetics re-
quired the first 61 aa.

DISCUSSION

Although there is a consensus that HCMV virion assembly,
more specifically, virion envelopment, takes place in the cyto-
plasm of infected cells, the trafficking of protein constituents of
the virion tegument and envelope to cytoplasmic sites of as-
sembly is not well understood. Because localization of tegu-
mented capsids, tegument proteins, and envelopment proteins
to the site of virion envelopment is a prerequisite for the
assembly of the infectious particle, characterizations of intra-
cellular trafficking of essential virion structural proteins should
offer insights into the assembly of this large virus. In this study,
we investigated the sequence requirements for localization of
the essential tegument protein pp28 to a cytoplasmic site of
virus assembly in HF cells, the AC. Our findings indicated that
the first 50 amino acids of pp28 were required for localization
to the AC and that, more importantly, a mutant virus encoding
only the first 50 aa was replication competent. This finding was
similar to the results of previous studies by Jones and Lee that
described a mutant virus expressing only the first 57 aa of pp28
that was replication competent (17). Carboxyl-terminal dele-
tions of the pp28 sequence at aa 44 resulted in a null pheno-
type of a recombinant virus, leading those investigators to
postulate that acidic amino acids between positions 44 and 57
were responsible for the localization of pp28 to sites of assem-
bly, perhaps through interactions with cellular adaptor pro-
teins (17). We also found that deletion of the acidic cluster (aa
44 to 59) in pp28 resulted in a pp28 mutant virus that was
defective in the production of infectious virus; however, our
mutant virus was constructed differently than the C-terminal
deletion mutants (aa 57 and aa 43) described in the previous
study mentioned above in that this stretch of amino acids was
deleted by the excision of this sequence from the full-length
protein. Truncation mutants of pp28 that retain only the first

30 or 40 aa also exhibited a phenotype similar to that of the
pp28 mutant containing the internal deletion of aa 44 to 59 in
that they failed to localize to the AC and support virus repli-
cation. Thus, our studies utilizing both image and cell fraction-
ation assays indicated that localization of pp28 to the AC late
in infection was required for the assembly of infectious virus
and that the minimal sequence requirements for localization of
pp28 to the AC were contained within the first 50 aa of the
molecule. It is unclear whether domains or sequences within
these 50 aa are also responsible for other as-yet-undefined
functions of pp28 in virion assembly after its localization to
the AC.

Previously, we have shown that pp28 localizes in the ERGIC
in the absence of other viral functions. This initial observation
was confirmed by the finding that pp28 transiently expressed in
virus-infected cells failed to localize in the assembly compart-
ment in transfected/infected cells treated with ganciclovir, an
inhibitor of late gene expression. Transiently expressed pp28
could localize in the assembly compartment in cells treated
with BDCRB, a drug which has been shown to inhibit DNA
packaging but not late protein synthesis. Thus, intracellular
trafficking of pp28 differs from that of the alphaherpesvirus
homologue, UL11, a virion tegument protein that has been
reported to traffic to the Golgi compartment and TGN when
expressed in the absence of virus infection (22). We also de-
termined that localization of pp28 to the ERGIC required the
expression of the first 30 aa based on findings that truncated
forms of pp28 containing less than the first 30 aa colocalized
with ER-resident proteins such as calreticulin. In contrast,
deletion mutants expressing only the first 35 aa of pp28 traf-
ficked similarly to wild-type pp28 and colocalized with ERGIC-
localized proteins, suggesting that sequences within the first 35
aa were required for ERGIC localization. It is unclear if spe-
cific sequences within this stretch of amino acids target pp28 to
the ERGIC. Although amino acid sequences that target spe-
cific proteins to the ERGIC have not been well defined, both
a carboxyl-terminal dilysine ER retrieval signal and a phenyl-

FIG. 8. Expression of truncated pp28 in HF cells infected with UL99 recombinant virus. HF cells were infected with recombinant virus at an
MOI of 0.1. The cells were harvested at day 5 postinfection, lysed, and detected with anti-pp28 MAb by Western blot analysis as described in
Materials and Methods. Arrows indicate the mass predicted (kilodaltons) from the amino acid sequence of truncated pp28. An asterisk (�)
indicates the migration of wild-type pp28.
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alanine ER export signal have been associated with localiza-
tion to this compartment, presumably through the export from
and retrieval to the ER (14, 21, 29, 30). Because this compart-
ment is dynamic, localization of proteins within this compart-
ment likely requires interactions with host cell proteins that
partition within this compartment, such as ERGIC53 (3). Sev-
eral well-studied ERGIC-localized proteins are either integral
membrane proteins or membrane-associated proteins second-
ary to myristoylation and/or palmitoylation modifications. Inter-
estingly, without the myristoylation modification, pp28 traffics
throughout the cytoplasm and even enters the nucleus, suggesting
that the membrane association of pp28 is necessary but not suf-
ficient for its localization in the ERGIC (34). Whether other
sequences within the first 35 aa of pp28 contribute to membrane
association is not known, although preliminary studies have sug-
gested that the protein is palmitoylated, and a consensus se-
quence for this posttranslational modification can be identified in
the NH2 terminus of pp28 (data not shown). Even though our
results are consistent with the interpretation that specific amino
acid residues within the amino-terminal 35 aa of pp28 are re-
quired for ERGIC localization, other explanations include a loss
of protein structure following deletions of these amino acids that

results in the disruption of interactions with host proteins neces-
sary for ERGIC localization.

The mechanism(s) that leads to pp28 trafficking from the
ERGIC to the AC in virus-infected cells is a second and per-
haps more interesting question. At least two possibilities can
be proposed based on our findings. The first is that HCMV
infection and late gene expression remodel the cellular secre-
tory compartments, resulting in the approximation of the prox-
imal compartments, such as the ERGIC, with more distal com-
partments, including the TGN. Thus, viral protein trafficking
through the secretory pathway could be less compartmental-
ized and could occur following the mixing of closely approxi-
mated viral protein-containing vesicles. Alternatively, the de-
pendence of pp28 localization to the AC on the expression of
late gene products raises the possibility that interactions be-
tween pp28 and other viral proteins result in the redistribution
of pp28 from the ERIGIC to more distal sites in the secretory
pathway. This mechanism has been observed in assembly path-
ways of other viruses, including vaccinia virus and Mason-
Pfizer monkey virus (32, 35). Preliminary findings have sug-
gested that pp28 localizes to the distal compartments of the
secretory pathway when transiently expressed with HCMV

FIG. 9. Replication kinetics of wild-type and recombinant viruses. Virus titer was quantified by a fluorescence-based virus infectivity assay on
HF cells infected with WT or recombinant viruses at the indicated times after an initial infection using an MOI of 0.1. Results are expressed as
log10 copies/milliliter (A) wild-type (■ ) versus STOP61 (F), STOP90 (Œ), STOP123 (}), STOP155 (*), Rev33 (�), Rev61 (E), Rev90 (‚), Rev123
(�), or Rev155 (�) virus. (B) Wild-type (■ ) versus STOP50 (�) virus.
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virion glycoproteins (data not shown), suggesting that pp28
could traffic with viral glycoproteins in virus-infected cells. This
protein interaction could provide coordinated transport of this
essential tegument protein with virion glycoproteins to the AC.

The defect in AC localization by the pp28 deletion mutants
pp28Mut35 and pp28Mut40 and the internal deletion mutant
pp28�ac (deletion of aa 44 to 59) was readily observed in
transfected/infected cells on day 7 postinfection. The distribu-
tion of these pp28 mutants in the infected cell was clearly
different than that of wild-type pp28 or mutant pp28Mut50 or
pp28Mut61 in that deletion mutants at amino acid positions
35, 40, or 44 to 59 remained localized outside of the AC in a
distribution that was consistent with proteins of the Golgi
compartment or ERGIC. Imaging studies of cells coexpressing
Myc-tagged pp28Mut35 and EGFP-ManII suggested that this
mutant form of pp28 colocalizes with this Golgi protein late in
infection, suggesting that this mutant form of pp28 entered the
secretory pathway but was not transported to the AC (data not
shown). The correlation between pp28 localization to the AC
and the assembly of infectious virions strongly argued that
virus replication and the production of infectious virus were
dependent on pp28 localization within the AC. The finding
that only the first 50 aa of this 191-aa protein were essential for
the localization of pp28 to the AC and for the replication of
infectious virus prompted questions about the function(s) of
the remaining C-terminal 141 aa of pp28 that were nonessen-
tial for the replication of this virus in HF cells. Several possi-
bilities could be considered, such as protein interactions with
virion proteins that are not essential for infectivity in HF cells
or, alternatively, interactions between these sequences and
host cell proteins that are destined for incorporation into the
virion. It is also of interest that pp28STOP50, which expressed
only the first 50 aa of pp28, could be localized to the AC in
infected cells and was incorporated into the virion even though
the pp28STOP50 recombinant virus replicated less efficiently
than the wild-type virus. This finding suggested that the repli-
cation defect in pp28STOP50 was unrelated to the authentic
intracellular trafficking of pp28 but perhaps secondary to a loss
or decrease in another function of pp28 such as interactions
with virus-encoded or host cell proteins that contribute to the
efficiency of virus assembly. Alternatively, the impairment in
replication of pp28STOP50 could be secondary to a defect in
the kinetics of localization of the mutant pp28 protein to the
AC such that late in infection, a smaller fraction of pp28Mut50
localized to the AC and was available for the assembly of
infectious virions.

The role of the cluster of acidic aa 44 to 59 in pp28 in the
assembly of infectious virus has not been defined, but it has
been suggested to be critical for localization to the AC through
its interactions with cellular adaptor proteins such as PACS-1
(13, 17, 28). This potential function of the NH2-terminal acid
cluster of pp28 has not been formally demonstrated and is
based on the extrapolation of findings of previous studies of
the alphaherpesvirus homolog UL11 (22). As noted previously,
the UL11 protein of herpes simplex virus (HSV) is localized to
the Golgi compartment and TGN in virus-infected cells and in
cells transfected with an expression plasmid encoding UL11
(22). The deletion of the acidic cluster in the amino terminus
of UL11 results in a protein that is expressed on the plasma
membrane of transfected cells and also in the Golgi compart-

ment and TGN (22). This finding together with the observation
that the function of the acidic cluster of amino acids in the
trafficking of UL11 in transient expression assays could be
replaced with the PACS-1 binding consensus amino acid se-
quence from furin suggested a potential role of PACS-1 in the
intracellular trafficking of UL11 (22). Those authors also noted
that the targeting of HSV UL11 to the Golgi compartment
appeared independent of the acidic cluster but required mem-
brane association through fatty acid modifications in the ex-
treme amino terminus of the molecule (22). Thus, the role of
the cluster of acidic amino acids in the amino terminus of
UL11 in the trafficking of this molecule remains unclear.

Although HSV UL11 and HCMV pp28 are presumed to be
functional homologues and share some structural similarities,
including a positionally conserved acid cluster of amino acids,
several characteristics of the intracellular trafficking of HCMV
pp28 appear to differ fundamentally from those of UL11. The
first difference is that HCMV pp28 localizes in the ERGIC in
the absence of other viral proteins and not in the Golgi com-
partment or TGN as has been previously reported for UL11
(34). In addition, unlike UL11, we have not detected the ex-
pression of pp28 or pp28 mutants on the plasma membrane in
transfected cells. It should be noted, however, that we have
detected expression on the plasma membrane in an occasional
cell in transfection/infection assays following overexpression of
pp28 very early during infection (data not shown), a finding
that was reported previously by Jones and Lee using ectopic
expression of pp28 from a strong, constitutive promoter (17).
Furthermore, pp28 deletion mutants that fail to localize in the
AC are not expressed on the plasma membrane in transfected/
infected cells (data not shown). Thus, our findings suggest that
the cluster of acidic amino acids in pp28 does not play an
obvious role in retrieval from the plasma membrane as was
observed in experiments with HSV UL11 (22). Secondly, it has
been reported that the inhibition of PACS-1 expression with
small interfering RNA resulted in only a two- to threefold
decrease in virus production, whereas mutations in the UL99
ORF that alter intracellular trafficking of this viral protein
result in the loss of infectious virus production (12). Thus, it
could be argued that if pp28 interacts with PACS-1, then this
interaction likely has only a limited role in the localization of
pp28 to the AC. Alternatively, the acidic amino acid cluster
between aa 44 and 59 could interact with cellular adaptor
proteins other than PACS-1; however, this motif lacks other
requisite signals such as adjacent dileucines that have been
shown to function as signals recognized by cellular adaptor
proteins responsible for trafficking between compartments of
the secretory pathway (5, 31). Lastly, it was of interest that
transplantation of the NH2-terminal acid cluster of pp28 (aa 44
to 59) to the carboxyl terminus of the molecule failed to direct
the trafficking of this molecule to the AC, and when this UL99
mutant was incorporated into the viral genome, this recombi-
nant molecule also failed to support virus replication. This
result indicated that the role of the acid cluster in pp28 (aa 44
to 59) in localization to the AC and virus assembly was context
dependent, a finding that is in contrast to the context indepen-
dence of PACS-1 binding sequences and other trafficking mo-
tifs used to generate chimeric molecules for studies of intra-
cellular trafficking. Thus, even though two independent studies
have shown that the NH2-terminal acid cluster of pp28 plays a
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critical role in the localization of pp28 to the AC late in infec-
tion, the mechanism through which this sequence of amino
acids functions to direct this molecule to the AC remains to be
determined.

In a previous report, we noted that the AC was localized in
a cellular compartment that failed to colocalize with markers
of the Golgi compartment or the TGN and exhibited only
minimal overlap with lysosomal markers such as LAMP-1 (33).
In the current study, we further characterized the AC in trans-
fection/infection assays in which EGFP-tagged markers of the
Golgi compartment and trans-Golgi network were used to
mark these secretory compartments. These experiments were
carried out to further define the trafficking of pp28 and pp28
mutants to the AC, but unexpectedly, we found that the secre-
tory pathway was morphologically remodeled during virus in-
fection, resulting in the loss of ribbon-like stacks of the Golgi
compartment and the TGN and the formation of a juxta-
nuclear, more spherically shaped organelle. The remodeling of
the secretory pathway began within 72 h postinfection, and
host cell markers such as mannosidase II and TGN38 (Gal T)
colocalized with cytoplasmic structural virion proteins, includ-
ing gB and gM/gN, as well as pp28 that was expressed tran-
siently from an HCMV immediate-early promoter in cells
transfected with this plasmid and infected with wild-type virus.
However, at this relatively early time during infection, the
characteristic compact AC containing virion structural proteins
that has been seen late in infection was not present. The
compact structure containing tegument proteins pp28 and
pp150 was localized to the center of the AC only late in infec-
tion (�120 h in these experiments). These results suggested
that the formation of the AC was associated the with remod-
eling of the secretory compartment with the eventual displace-
ment of host cell proteins of the secretory compartment to the
periphery of this structure, a finding consistent with previous
studies (33). Furthermore, the dynamics of the changes in the
morphology of the secretory compartment provided an expla-
nation for results from experiments using transiently expressed
pp28 mutants that demonstrated that pp28 mutants of more
than 35 aa of the amino terminus of pp28 could localize in the
ERGIC in transfected cells and also traffic to a perinuclear
compartment early in infection in transfected/infected cells.
Although this finding was initially interpreted as evidence that
even the shortest pp28 truncation mutant, including several
mutants that failed to support virus replication when recom-
bined into the viral genome, could localize to a juxtanuclear
compartment, we subsequently demonstrated that only those
pp28 mutants that localized to the compact AC that formed
late in infection supported virus replication. These observa-
tions were consistent with a morphological maturation of the
AC during infection that can be described as a compaction of
this virion protein-containing structure during maximal virus
production in infected HF cells. Thus, it is possible that the
characteristic compact appearance of the AC represents the
concentration of virion structural proteins within this membra-
nous compartment during the assembly of infectious particles
and that the rate of production of infectious virus is governed
by the concentration of structural proteins in this compart-
ment. This pathway could in turn be dependent on viral protein
trafficking to this compartment. Previous studies have demon-
strated that virions lacking pp28 fail to become enveloped and

can be found as individual nonenveloped particles in the cyto-
plasm of infected cells (36). Together with findings presented
in the current study, those results suggested that the failure of
pp28 mutants to localize in the AC at late times in infection
could be expected to result in a loss of infectious virus produc-
tion. An extension of this proposed function of pp28 during
virus assembly would be that once pp28 is localized to the AC
by targeting signals located between aa 44 and 50, other post-
localization functions such as interactions with other viral pro-
teins and/or host cell proteins are required for virion envelop-
ment and virus assembly.
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