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Human cytomegalovirus (HCMYV) UL99-encoded pp28 is an essential tegument protein required for envel-
opment and production of infectious virus. Nonenveloped virions accumulate in the cytoplasm of cells infected
with recombinant viruses with the UL99 gene deleted. Previous results have suggested that a key function of
pp28 in the envelopment of infectious HCMYV is expressed after the protein localizes in the assembly com-
partment (AC). In this study, we investigated the potential role of pp28 multimerization in the envelopment of
the infectious virion. Our results indicated that pp28 multimerized during viral infection and that interacting
domains responsible for self-interaction were localized in the amino terminus of the protein (amino acids [aa]
1 to 43). The results from transient-expression and/or infection assays indicated that the self-interaction took
place in the AC. A mutant pp28 molecule containing only the first 35 aa failed to accumulate in the AC, did
not interact with pp28 in the AC, and could not support virus replication. In contrast, the first 50 aa of pp28
was sufficient for the self-interaction within the AC and the assembly of infectious virus. Recombinant viruses
encoding an in-frame deletion of aa 26 to 33 of pp28 were replication competent, whereas infectious virus was
not recovered from HCMYV BACs lacking aa 26 to 43. These findings suggested that the accumulation of pp28
was a prerequisite for multimerization of pp28 within the AC and that pp28 multimerization in the AC

represented an essential step in the envelopment and production of infectious virions.

Human cytomegalovirus (HCMV) is an important human
pathogen associated with acute and chronic disease in both
normal and immunocompromised populations (4, 34, 45, 46).
The virus is the largest and most complex member of the family
of human herpesviruses. The virion of HCMV consists of three
distinct structures: a nucleocapsid containing a 230-kbp linear
DNA genome that may encode over 200 open reading frames
(ORFs), an envelope including an as-yet-undefined number of
viral glycoproteins, and a tegument layer located between the
capsid and envelope (31, 32, 49, 53, 55). In addition, the virion
contains a minimum of 71 virus-encoded proteins and a large
number of host-derived proteins (50).

HCMYV assembly is a multistage, poorly understood process.
Although all proposed models include well-studied mecha-
nisms of capsid assembly within the nucleus of infected cells,
the final tegumentation and envelopment in the cytoplasm of
infected cells remains poorly understood (29). Early ultrastruc-
tural studies of herpes simplex virus (HSV) and HCMV noted
that nonenveloped cytoplasmic particles in HCMV-infected
cells were coated with a thick tegument layer but that nonen-
veloped HSV particles often had the appearance of naked
capsids (44). These and other findings suggested that, in con-
trast to the assembly of HSV and other alphaherpesviruses,
tegument proteins could play a key role in the cytoplasmic
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phase of HCMV assembly and that the cytoplasmic assembly
of HSV and HCMYV could differ substantially.

Recently, several laboratories have approached the investi-
gation of the cytoplasmic tegumentation of HCMV by studying
the role of a tegument protein, pp28, in virus assembly. This
protein contains 190 amino acids (aa) encoded by the UL99
ORF (10). It is a true late protein that is myristoylated and
phosphorylated (22, 24, 37, 42). In addition, preliminary find-
ings have suggested that pp28 is also palmitoylated and possi-
bly ubiquitinated (J.-Y. Seo, unpublished data). The pp28 pro-
tein is one of the most abundant constituents of the tegument
layer (6, 30, 50). In studies of virus assembly this protein is
essential for the production of infectious virus and deletion of
the UL99 ORF resulted in the production of nonenveloped
and noninfectious cytoplasmic particles (3, 22, 42). The pp28
protein is localized to the endoplasmic reticulum-Golgi inter-
mediate compartment (ERGIC) in the absence of other viral
proteins (37). In virus-infected cells it is localized to a cyto-
plasmic compartment designated the virus assembly compart-
ment (AC) late in infection, and viral functions are required
for its localization to the AC (36, 37). The AC is thought to be
a modified compartment of the cellular secretory system and
possibly derived from late endosomes (36, 40, 48). Localization
of pp28 to the AC is required for virus assembly, and mutations
that impair its localization in the AC also limit the production
of infectious virus (40). Two previous studies have shown that
the first 60 aa of pp28 alone are sufficient for the generation of
viruses exhibiting an assembly and replication phenotype that
is indistinguishable from wild-type virus (22, 40). In addition,
these same studies demonstrated that deletion of an acidic
amino acid cluster (aa 44 to 59) of pp28 led to the loss of the



VoL. 82, 2008

recovery of infectious virus, suggesting that this stretch of
amino acids is essential for the assembly of infectious virions
(22, 40). The precise role of this acidic cluster in the function
of pp28 in the assembly of infectious HCMV remains un-
known. We previously characterized a replication-impaired vi-
rus mutant encoding only the first 50 aa (containing a half of
the acidic amino acid cluster) of pp28 (40). Our data indicated
that the mutant pp28 protein encoded by this virus appeared to
contribute to a loss of envelopment secondary to its delayed
accumulation in the AC of infected cells, arguing that the role
of pp28 in envelopment is expressed after its localization in the
AC (40). Previous studies have demonstrated higher-molecu-
lar-weight forms of pp28 in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and Western blot
analysis, suggesting that this protein multimerizes in the in-
fected cell, raising the possibility that multimerization repre-
sented a postlocalization function of pp28 essential for virion
assembly.

A significant number of reports have shown that multimer-
ization of tegument or matrix proteins (MAs) in structurally
less complex viruses, such as small RNA viruses, play an es-
sential role in the viral assembly. Multimerization of viral MAs
has been proposed to lead to the formation of a protein lattice
that can lead to membrane deformation and eventual budding
through that region of the membrane (11, 18, 21, 23, 39).
Although several studies have demonstrated the critical role of
pp28 in envelopment of the infectious particle, it is unknown
whether specific postlocalization functions of pp28, possibly
multimerization, and/or interactions with other viral or cellular
proteins in the AC contribute to the envelopment process.

In the present study, we investigated the role of pp28 mul-
timerization in the envelopment of infectious HCMV. Initially,
we confirmed that multimers of pp28 were present in infected
cells. In virus-infected cells, pp28 multimerized with definable
kinetics, suggesting that higher-molecular-weight forms of
pp28 were indeed multimers and not protein aggregates. Uti-
lizing bacterially derived pp28 and pp28 mutants in pulldown
assays we could demonstrate pp28 self-interactions. Domains
of pp28 required for self-interactions were mapped to the
amino terminus of the molecule. These results were confirmed
by using fluorescence resonance energy transfer (FRET) as-
says. Additional studies using both FRET assays and subcel-
lular fractionation of infected cell proteins by sedimentation
through density gradients indicated that pp28 multimerization
appeared to occur in the AC in virus-infected cells. These
result also suggested that the interacting domain for multim-
erization is distinct from a trafficking signal for authentic lo-
calization to the AC. Finally, the findings of the present study
indicated that pp28 multimerizes through self-interaction
within the AC during viral infection and that pp28 multimer-
ization within the AC was a postlocalization function required
for the assembly and envelopment of infectious virus.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Primary human foreskin fibroblasts (HFFs)
were prepared, propagated, and infected as previously described (5, 8). HCMV
strain AD169 was used for all experiments. An infectious stock was prepared
from supernatants of infected HFF cells that exhibited a 100% cytopathic effect,
and titers were determined as described previously (5, 8). COS-7 and HK293
cells were maintained in Dulbecco modified Eagle medium (DMEM) supple-
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mented with 5% newborn calf serum and penicillin-streptomycin. The antibodies
used in the present study include anti-pp28; monoclonal antibody (MADb) 41-18;
anti-pp65 (BB epitope); MAD 28-19; anti-IE1 (UL123); MAb P63-27 (36); and
anti-enhanced green fluorescent protein (anti-EGFP), a rabbit antiserum (In-
vitrogen, Carlsbad, CA).

SDS-PAGE and immunoblotting. SDS-PAGE under reducing and nonreduc-
ing conditions was carried out as described previously (1, 12). The resolving and
stacking gels contained 0.1% SDS. Under denaturing conditions, samples were
solubilized in sample buffer containing 2% SDS and 5% 2-mercaptoethanol and
then heated to 100°C. For conditions described as less denaturing and nonre-
ducing conditions, samples were solubilized in sample buffer containing 0.1% or
2% SDS without heating. The solubilized proteins were then subjected to SDS-
PAGE and transferred onto nitrocellulose membranes. Samples were analyzed
by Western blotting as described in previous publications and developed using
enhanced chemiluminesence (Pierce Biotechnology, Rockford, IL).

[3*S]Met-Cys labeling and sedimentation analysis of pp28 multimerization.
HCMV-infected HFF cells or HK293 cells transfected with an expression plas-
mid encoding pp28 were radiolabeled with 100 wCi of [**S]methionine-cysteine
([*>S]Met-Cys) per ml as previously described (1, 7, 8). After solubilization in
standard radioimmunoprecipitation assay buffer (0.1% NP-40, 1% deoxycholate,
and 0.1% SDS in Tris-buffered saline [TBS; 50 mM Tris, 150 mM NaCl; pH 7.5]),
the labeled proteins were precipitated with MAbs, and the precipitated proteins
were analyzed by SDS-PAGE as described in previous publications (1, 7, 8). The
assay for multimerization has been described in detail in an earlier publication
(7, 8). Briefly, monolayers of HCMV-infected HFF cells or HK293 cells trans-
fected with an expression plasmid were washed and Met-Cys starved for 60 min.
The cells were then incubated in Met-Cys-free medium containing 100 nCi of
[>*S]Met-Cys (New England Nuclear, Boston, MA) per ml for 10 min and then,
after extensive washing, the cells were either harvested by placing the dishes at
—80°C or chased with medium containing Met and Cys and supplemented with
100 g of cycloheximide per ml for 20 and 40 min. These cultures were harvested
and placed at —80°C. The labeled monolayers were solubilized in TBS containing
0.1% NP-40 at 4°C for 30 min, and solubilized proteins were precleared by
incubation with normal goat serum and staphylococcal Cowan I bacteria (Cal-
biochem, San Diego, CA), followed by centrifugation for 15 min at 13,000 X g.
The cleared lysate was applied to preformed 5 to 40% linear sucrose gradients
and centrifuged for 20 h at 34,000 rpm in a Beckman SW41 rotor. The gradients
were fractionated from the bottom into 1-ml fractions, and each fraction was
precipitated with the specified antibody. The immune precipitates were collected
by first adding rabbit anti-mouse immunoglobulin G (IgG; Cappel Laboratories,
Aurora, OH), followed by staphylococcal Cowan I bacteria. After extensive
washing, the immune precipitates were analyzed by SDS-PAGE in 10% gels.
Migration of the radiolabeled protein down the gradient, as reflected by recovery
of the radiolabeled protein in fractions more proximal to the bottom of the
gradient, indicated multimerization of the protein.

GST-pulldown assay. A series of glutathione S-transferase (GST)-pp28 fusion
proteins in which GST was fused with pp28 wild type; pp28 mutants expressing
the first 33, 61, 90, and 123 aa of pp28; and three deletion mutants in which aa
26 to 33, aa 26 to 43, or aa 44 to 59, an acidic domain was deleted, and a BB
epitope (RKTPRVTG fused to NH, terminus)-tagged wild-type pp28 (BB-pp28)
protein were expressed and induced in Escherichia coli (BL21). Bacterial lysates
containing recombinant proteins from a 30-ml culture were prepared by using
Bugbuster protein extraction reagent (BPE reagent; Novagen, La Jolla, CA)
according to the manufacturer’s instructions. Briefly, bacterial cell pellets were
resuspended in 1 ml of BPE reagent, followed by incubation for 15 min at room
temperature. The solubilized lysates were pelleted at 1,600 X g for 20 min at 4°C.
The lysate supernatants were used in the pulldowns. All binding steps were
performed in a 1-ml reaction volume with BPE reagent. A total of 30 wl of a 50%
(vol/vol) slurry of glutathione-Sepharose beads (Amersham Biosciences, Piscat-
away, NJ), prepared as described previously (9, 26), was added to each reaction
mixture as described below. The supernatants of bacterial lysates containing
equivalent amounts of GST fusion protein (as normalized by staining polyacryl-
amide gels with Coomassie blue) were adsorbed to glutathione-Sepharose beads
for 1 h at room temperature. The beads were washed three times with BPE
reagent and pelleted by centrifugation at 1,000 X g for 5 min in a microcentri-
fuge. The supernatants of bacterial lysates containing BB-pp28 were precleared
with glutathione-Sepharose beads for 2 h at room temperature and then incu-
bated with the purified GST proteins on glutathione-Sepharose beads for 1 h at
room temperature. The beads were again pelleted and then washed with BPE
reagent three times. The beads were resuspended in sample buffer containing 2%
SDS and 5% 2-mercaptoethanol, heated to 100°C for 5 min, and pelleted. The
supernatants were then subjected to SDS-PAGE in 10% gels. The gels were
either stained with Coomassie blue or visualized by Western blotting with anti-
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pp28 MAb 41-18 and anti-BB tag MAb 28-19, followed by the addition of
horseradish peroxidase-conjugated goat anti-mouse IgGs secondary antibody
and enhanced chemiluminescence. MAb 28-19 is reactive with peptide (RKTP
RVTG) encoded by HCMV ULS3.

Acceptor photobleaching FRET by confocal microscopy. For FRET assays,
mutant and full-length pp28 proteins were coexpressed in Cos-7 cells after
transfection of plasmids encoding the first 25, 30, 35, 50, or 61 aa of pp28 or the
full-length pp28 molecule fused at the C terminus to EGFP and a plasmid
encoding the full-length pp28 molecule tagged on the C terminus with mono-
meric red fluorescence protein (DsRed). The transfected Cos-7 cells were grown
on a 13-mm glass coverslip at 37°C in DMEM containing 10% fetal calf serum.
At day 2 posttransfection, the Cos-7 cells on a coverslip were washed with
phosphate-buffered salt solution (pH 7.4; PBS) and fixed in 2% paraformalde-
hyde for 10 min. A drop of mounting medium (50% glycerol in PBS) was added,
and the coverslip was mounted and sealed on slides. In addition, EGFP fused
with DsRed (EGFP-DsRed) or Golgi-associated, gamma adaptin ear-containing,
ARF-binding protein 1 fused with EGFP (GGA1-EGFP) was prepared as a
positive or a negative control, respectively, in transfected Cos-7 cells. FRET was
processed by using a donor dequenching and acceptor photobleaching protocol
on a confocal laser scanning microscope (Leica SP2; Leica, Bannockburn, IL).
An excitation wavelength of 488 nm and an emission range of 500 to 550 nm and
an excitation wavelength of 561 nm and an emission range of 580 to 700 nm were
used to acquire images of EGFP and DsRed, respectively. DsRed was photo-
bleached by using full power of the 561-nm line on a 0.3 regular set. An image
of EGFP fluorescence and DsRed fluorescence after photobleaching was ob-
tained by using the respective filter sets. Such data were collected from 5 to 10
different cells in different fields from the same coverslip. One to three regions of
interest (ROI) in the photobleached area were selected per cell, and the mean
EGFP fluorescence before and after photobleaching was obtained by using Leica
confocal software. FRET efficiency was calculated by using the following rela-
tionship: FRET efficiency (%) = [(Dpost = Dpre)/Dpost] * 100. Here, Doy, is the
fluorescence intensity of the EGFP (donor [D]) after photobleaching, and D,
is the fluorescence intensity of the DsRed before photobleaching. A nonbleach-
ing region was selected as an internal control on FRET analysis. The data sets
were analyzed statistically for differences in mean FRET, and P values of <0.05
are indicated in the figures.

A similar experiment utilizing FRET was performed in transfected and/or
infected cells. FRET analysis was performed at day 6 postinfection in HFF cells
in which a DsRed-tagged pp28 protein was coexpressed after electroporation of
a plasmid encoding the first 35, 50, or 61 aa of pp28 or the full-length pp28
molecule fused at the C terminus to EGFP. Electroporated HFF cells were
infected with HCMV 48 h later at a multiplicity of infection (MOI) of 0.1. The
infected HFF cells were grown on a 13-mm glass coverslip at 37°C in DMEM
containing 10% fetal calf serum. At day 6 postinfection, the infected HFF cells
on a coverslip were washed with PBS, fixed in 2% paraformaldehyde for 10 min,
and then stained with anti-IE-1 MADb, followed by fluorescein isothiocyanate-
labeled anti-mouse IgG to identify the infected cells. The coverslip was mounted
in 50% glycerol-PBS and sealed on the slides. FRET was processed by using the
donor dequenching/acceptor photobleaching protocol described above.

Subcellular fractionation. A 75-cm? flask of HFF cells was electroporated with
5 pg of an expression vector encoding pp28Mut35-EGFP or pp28Mut61-EGFP
After 24 h, the cells were washed and infected with HCMV at an MOI of 0.1. The
HFF cells were harvested on day 6 postinfection by trypsinization, and the cell
pellet was washed twice with cold PBS and resuspended in 1 ml of homogeni-
zation buffer (0.25 M sucrose, 10 mM HEPES [pH 7.4], 1 mM EDTA). The cell
suspension was repeatedly passed through a 23-gauge needle until there were no
intact cells in the suspension, as determined by light microscopy, and a post-
nuclear supernatant (PNS) was collected after centrifugation at 1,000 X g for 10
min. Subcellular fractionation was performed by using a density gradient pre-
pared from iodixanol (Optiprep; Sigma, St. Louis, MO), and ultracentrifugation
was performed using a modification of protocols described previously (40, 43,
52). A discontinuous gradient was prepared using 30, 25, 20, 15, and 10%
(vol/vol) Optiprep solutions. The gradient was allowed to equilibrate vertically
for 30 min at room temperature. The PNS was overlaid onto the discontinuous
gradient and centrifuged at 100,000 X 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 pp28Mut35-EGFP, pp28Mut61-EGFP, viral pp28 proteins, and
the cellular protein CD63 by immunoblotting.

Construction of recombinant viruses. Recombinant viruses were constructed
by using recombineering, as has been described in earlier studies with modifica-
tions using a galK selection system (40, 51). Viruses were recovered after elec-
troporation of BAC DNA into primary human fibroblasts as described above.
Virus yield assays were carried out as previously described (40).
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FIG. 1. Expression of multimeric forms of pp28. HK293 cells were
transfected with a plasmid encoding pp28, harvested at day 2 post-
transfection, and HFF cells were infected with HCMV (AD169) at an
MOI of 0.1 and harvested at day 6 postinfection. In both cases, the cells
were solubilized under denaturing (2% SDS and 5% 2-mercaptoeth-
anol) and less denaturing and nonreducing (0.1 or 2% SDS) condi-
tions, subjected to SDS-PAGE in 10% gel, and detected with anti-pp28
MAD by Western blot analysis as described in Materials and Methods.
Arrows indicate the migration of monomeric pp28 based on its pre-
dicted amino acid sequence. Asterisks indicate the migration of what is
presumed to be a multimeric form of wild-type pp28.

RESULTS

pp28 multimerizes during viral assembly. Previous studies
from our laboratory and other laboratories have reported that
additional higher-molecular-weight forms of pp28 could be ob-
served in Western blot analysis of virus-infected cells, as well in
cells transiently expressing pp28 in the absence of other viral
proteins (Fig. 1) (22, 40). These findings raised that possibility
that pp28 multimerized during virion assembly, perhaps through
self-interactions. To determine whether higher-molecular-weight
forms of pp28 were multimeric forms and not aggregated or
misfolded forms of pp28, we carried out the experiments in which
transiently expressed pp28 or viral pp28 was solubilized under
denaturing (2% SDS and 5% 2-mercaptoethanol) and less dena-
turing and nonreducing (0.1% SDS or 2% SDS) conditions.
Higher-molecular-weight forms of pp28 were detected when sam-
ples were disrupted in nonreducing conditions, suggesting that
this form was a multimer of pp28. Moreover, it suggested that the
predominant form of the pp28 molecule was a dimer (90%)
rather than a monomer (10%) when analyzed in lower concen-
trations of SDS (0.1% SDS) under nonreducing conditions. In
addition, the detection of higher-molecular-weight forms after
SDS-PAGE in the absence of reducing agents suggested that the
multimerization of pp28 could include the formation of intermo-
lecular disulfide bonds.

Multimerization of pp28 in virus-infected cells was analyzed
by density gradient centrifugation of infected cell proteins after
pulse-chase radiolabeling. After cell lysis, labeled proteins
were fractionated by centrifugation through sucrose density
gradients, and each fraction was analyzed by immunoprecipi-
tation and SDS-PAGE (2). In the later chase intervals, pp28
was detected in fractions of increasing sucrose density com-
pared to pp28 synthesized during the pulse or in early chase
intervals (Fig. 2A). The kinetics of the formation of the higher-
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FIG. 2. Multimerization of pp28 through the self-interaction.
(A) HFF cells were infected with HCMV (AD169) at an MOI of 0.1
and labeled with [**S]Met-Cys and then chased in cycloheximide-con-
taining medium for the indicated times as described in Materials and
Methods. Cells were solubilized, loaded onto a 5 to 40% sucrose linear
gradient, and sedimented by ultracentrifugation. Gradient fractions
collected from the bottom, and each fraction was precipitated with
anti-pp28 MAD and analyzed by SDS-PAGE. Note the presence of
pp28 in fractions farther down the gradient in later chase intervals.
(B) pp28 was transiently expressed in HK293 cells, and pp28 was
fractionated in 5 to 40% sucrose gradient and analyzed as described
above. The results shown as the percentage of total protein in each
fraction. Note that with increasing chase interval (7 = 0 versus 40 min)
the pp28 migrated farther into the gradient, a finding consistent with
increasing mass.

molecular-weight forms of pp28 argued against aggregation as
an explanation of pp28 multimerization but did not rule out
the possibility that pp28 associated with other cellular or viral
proteins during the chase periods. This possibility was investi-

HCMV ASSEMBLY REQUIRES pp28 MULTIMERIZATION 6275

gated by carrying out a similar experiment utilizing radiolabel-
ing and pulse-chase analysis of pp28 that was transiently ex-
pressed in HK293 cells (Fig. 2B). After pulse-labeling and a
40-min chase interval, labeled proteins were fractionated as
described above. The amount of precipitated protein was ex-
pressed as a percentage of the total pp28 in the gradient (Fig.
2B). In the absence of other viral functions, pp28 appeared to
multimerize, as evidenced by its migration into the gradient
with an increasing chase interval (Fig. 2B). These results indi-
cated that pp28 multimerization was independent of other viral
proteins but did not rule out the possibility that pp28 multim-
erization followed interaction with a cellular protein.

pp28 utilizes a single domain for self-interaction. To define
sequences required for the multimerization of pp28, we per-
formed pulldown assays. We generated a series of GST-pp28
fusion proteins in which GST was fused with full-length wild-
type pp28 (GST-pp28WT); four truncated mutants expressing
the first 33, 61, 90, and 123 aa of pp28 (GST-pp28Mut33,
GST-pp28Mut61, GST-pp28Mut90, and GST-pp28Mutl23,
respectively); and three deletion mutants in which aa 26 to 33,
aa 26 to 43, or the acidic domain of pp28 (aa 44 to 59) were
deleted [GST-pp28A26-33, GST-pp28A26-43, and GST-
pp28A44-59(ac), respectively], as detailed in Fig. 3A. This
panel of GST-pp28 fusion proteins was expressed in E. coli and
immobilized on glutathione beads. These immobilized GST-
pp28 fusion proteins were then used to perform a pulldown of
a soluble epitope-tagged full-length pp28 (BB-pp28), also ex-
pressed in E. coli. All GST-pp28 fusion proteins immobilized
on beads were subjected to SDS-PAGE to normalize the input
amounts of GST-pp28 fusion proteins in pulldown experiments
(Fig. 3B). To verify the immunoreactivity of GST-pp28 fusion
proteins immobilized on the beads, we performed immuno-
blots with a MAb specific for pp28 or antibody specifically
reactive with the BB epitope. Except for the fusion proteins
GST-pp28A26-33 and GST-pp28A26-43, all GST-pp28 fusion
proteins were detected with the pp28-specific MAb but not
with the BB epitope-specific MAb (Fig. 3B). Because the fu-
sion proteins GST-pp28A26-33 and GST-pp28A26-43 were
not reactive with the pp28 specific MADb, the epitope recog-
nized by this MAb presumably included aa 26 to 33 of pp28.
Under conditions producing equivalent concentrations of all
GST-pp28 fusion proteins, the GST-pp28 fusion proteins were
used to pull down a soluble BB-pp28 protein expressed in E.
coli. After binding and washing, the beads were boiled, and the
eluted proteins were subjected to SDS-PAGE and transferred
to nitrocellulose membranes. Probing the membrane with an
MAD specific for the BB epitope tag revealed that GST-
pp28WT, as well each of the GST-pp28 mutants, but not GST
alone, bound soluble BB-pp28 expressed from E. coli (Fig. 3C).
When the quantity of the bound pp28 was analyzed by densi-
tometry, the amounts of BB-pp28 bound on GST-pp28 mu-
tants differed, indicating that specific domains contributed to
wild-type level of pp28-pp28 interactions. The amounts of BB-
pp28 bound on GST-pp28Mut33 and GST-pp28A26-43 were
significantly less than that of GST-pp28WT and the other
GST-pp28 mutants, including GST—pp28A26-33 (Fig. 3C). The
result indicated that aa 34 to 43 contained amino acid se-
quences required for wild-type pp28-pp28 interactions and that
the first 43 aa of pp28 contained a domain that was responsible
for the self-interaction of pp28. In addition, GST-pp28Mut61
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FIG. 3. Mapping of interacting domains of pp28 for the self-interaction by pulldown assays. (A) Schematic diagram of the GST-pp28 fusion
proteins depicting the primary structure of the deletion mutants. Shaded horizontal bars indicate the residues expressed by the mutants. The pp28

binding activity of each mutant is presented at the right of the figure: ++

+, activity 100% of the wild type; ++, activity 70 to 90% of the wild

type; +, activity <10% of the wild type; and —, activity 0% of the wild type. (B) SDS-PAGE analysis (top) showing the amounts of GST-pp28 fusion
proteins on beads prior to pulldowns, and immunoblots (middle and bottom) showing antibody specificity of GST-pp28 fusion proteins on beads.
Glutathione-conjugated beads with associated proteins were subjected to SDS-PAGE and visualized by Western blotting with anti-pp28 MAb and
anti-BB tag MAD as described in Materials and Methods. Note that GST—pp28A26-33 and GST—pp28A26-43 were not detected by anti-pp28 MAD,
indicating that the epitope recognized by this MAb included aa 26 to 33 of pp28. (C) Immunoblots showing the pp28 binding activity of deletion
mutants. Equal amounts of the purified GST alone or GST-pp28 fusion proteins on beads in panel B were incubated with lysate from bacteria
expressing BB tag-pp28. After extensive washing, bound proteins were subjected to SDS-PAGE and visualized by Western blotting with anti-pp28
MAD 41-18 and anti-BB tag MADb 28-19 as described above. The input lane shows 10% of the amount of the BB-pp28 fusion protein lysate that

was added to the binding reaction.

and GST-pp28Mut90 exhibited a slight decrease in the binding
of BB-pp28 compared to GST-pp28WT and GST-
pp28Mut123, a mutant that binds with efficiency similar to that
of wild-type pp28 (Fig. 3C). GST-pp28A44-59(ac) exhibited
levels of binding similar to that of wild-type pp28, suggesting

that the acidic amino acid cluster of pp28 did not have a direct
role in pp28 multimerization, even though this region has a
critical role in the intracellular trafficking of pp28 and produc-
tion of infectious virus (Fig. 3C) (40). We also reprobed the
membrane with an MAD specific for the pp28, and the same
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patterns were observed, confirming the results from the pull-
down assays (Fig. 3C). These results demonstrated that amino
acid sequences within an amino-terminal domain of pp28 (i.e.,
aa 26 to 43) directed multimerization of this protein in absence
of other viral and eukaryotic cellular proteins.

pp28-pp28 interactions occur at the ERGIC in transiently
expressed cells. Studies from our laboratory have reported that
pp28 is localized to the ERGIC in the absence of other viral
proteins, and in results described above we demonstrated that
pp28 multimerization did not require interactions with other
viral proteins (37, 40). In the following experiments, we used
FRET assays to investigate the cellular sites of pp28-pp28
interactions within mammalian cells and to further determine
the sequence requirements for the intracellular self-interac-
tions of pp28 in mammalian cells. Full-length pp28 and a panel
of pp28 deletion mutants were fused with EGFP and coex-
pressed in Cos-7 cells, together with a full-length pp28 that was
fused with monomeric red fluorescence protein (pp28-DsRed).
FRET was then carried out utilizing a donor dequenching and
acceptor photobleaching assay (Fig. 4). Importantly, this assay
allowed us to detect pp28 interactions when pp28 and pp28
mutants were associated with the membranes of transfected
cells. For FRET assays, EGFP fused with DsRed (EGFP-
DsRed) was used as a positive control in transfected Cos-7
cells, and Golgi-associated, gamma adaptin ear-containing,
ARF-binding protein 1 (GGAL1) fused with EGFP (GGAl-
EGFP) was used as a negative control. We selected a part of
ERGIC as region of interest (ROI1) for FRET, and a non-
bleaching region as an internal control (ROI2) after FRET
(Fig. 4A). The FRET efficiency of a full-length pp28 or the first
61 aa of pp28 (pp28Mut61) (6 to 8%) was similar to that of the
positive control EGFP-DsRed (7%), indicating that the first 61
aa, as well as full length, of pp28 could strongly interact with
the full-length pp28 (pp28-DsRed; Fig. 4B). The result also
showed that the pp28 self-interaction occurred in the ERGIC
in the transfected cells, indicating that self-association of pp28
did not require additional viral functions, further confirming
our results from GST-pulldown assays. The FRET efficiency of
the deletion mutants containing the first 50, 35, and 30 aa of
pp28 (~5%) was lower than that of pp28Mut61 (Fig. 4B),
indicating that although the first 30 to 35 aa of pp28 was
sufficient for interaction with the full length of pp28, the first 61
aa of pp28 appeared to be required for wild-type interactions.
It is important to note that a recombinant virus expressing only
aa 1 to 50 of pp28 is replication competent, albeit reduced in
virus yield (41). In contrast, the FRET efficiency of a construct
containing only the first 25 aa of pp28 (pp28Mut25) was zero
(0%) (Fig. 4B), indicating no interaction with pp28-DsRed
even though pp28Mut25 could be colocalized with full-length
pp28 in the ERGIC by static immunofluorescence assays. Pre-
vious studies have documented the ERGIC localization of the
pp28Mut25 mutant protein, suggesting that the ERGIC reten-
tion and/or localization signal of pp28 was distinct from the
domain of this protein responsible for self-interactions (40).
Somewhat different results were noted between FRET assays
and GST-pulldown assays, suggesting that the pp28-pp28 in-
teractions defined in these experiments were influenced by
differences in expression systems, mammalian cells, and E. coli.
Importantly, the GST-pp28 assays were performed in cell-free
conditions in the presence of detergents, whereas the FRET
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assay utilized transfected cells that permitted membrane asso-
ciation of pp28 and the pp28 mutants, suggesting that self-
association in the context of a membrane could be fundamen-
tally different than that required for interactions between
bacterially expressed proteins. Finally, it should be stressed
that findings from both assays were consistent with the role of
the amino terminus of pp28 in the multimerization of this
protein.

pp28 multimerization is a postlocalization function of pp28
within the AC of cells infected with HCMV. Although the first
30 to 35 aa of pp28 have been reported to be sufficient for the
localization of of pp28 to the ERGIC in transfected cells, the
first 50 aa of pp28 was required for the localization of pp28 to
the AC and for the assembly of infectious virus in infected cells
(40). Furthermore, the first 61 aa of pp28 were required for the
wild-type function of pp28 within the AC, as measured by the
assembly and release of wild-type levels of infectious virus (40).
To investigate the possible role of the multimerization of pp28
in the AC during virus assembly, we investigated the sequence
requirement for pp28-pp28 interactions in different intracellu-
lar compartments of HCMV-infected cells by using FRET
(Fig. 5). A DsRed-tagged full-length pp28 protein and pp28
mutant proteins tagged with EGFP were coexpressed in HFF
cells after electroporation of plasmids encoding the first 61, 50,
or 35 aa of pp28 (pp28Mut61-EGFP, pp28Mut50-EGFP, or
pp28Mut35-EGFP). Electroporated HFF cells were then in-
fected with HCMV 48 h later, and FRET assay was performed
on the regions of interest, the AC (ROI1) and adjacent intra-
cellular vesicles (ROI2 and ROI3) at 6 days postinfection (Fig.
5A). A significant level (>7%) of FRET was detected in the
AC of cells expressing pp28Mut61, and a lower level (3 to 4%)
was detected in the AC of cells expressing pp28Mut50 (Fig.
5B). This result was consistent with results that were obtained
in cells transiently expressing pp28 and pp28 mutants (Fig. 4).
However, the FRET efficiency of pp28Mut35 in the AC was
significantly lower (<1%), suggesting that pp28Mut35 could
multimerize in the ERGIC when transiently expressed in the
absence of other viral proteins in transfected cells but failed to
efficiently localize and to multimerize in the AC of virus-in-
fected cells (Fig. 5B). This finding was consistent with our
previous results that described the sequence requirements for
the localization of pp28 to the AC and for the assembly of
infectious virus (40). In addition, this result indicated that
although the pp28Mut35 mutant formed multimers with full-
length pp28 within the ERGIC of transfected cells as efficiently
as the mutant pp28Mut50, it did not multimerize with wild-
type pp28 in the ACs of infected cells. Thus, localization and
accumulation of pp28 within the AC could be a prerequisite for
multimerization of pp28. The FRET efficiency of pp28Mut61
or pp28Mut50 in the intracellular vesicles increased compared
to that seen in the AC (6 to 8%), indicating that pp28 mole-
cules in transiently expressed and/or infected cells interacted
with each other in the adjacent intracellular vesicles, as well as
in the AC (Fig. 5B). The FRET efficiency of pp28Mut35 in the
intracellular vesicles was significantly less (<1%), although
pp28Mut35 could be colocalized with full-length pp28 in the
vesicles (Fig. 5B). Thus, it could be argued that the mutant
pp28Mut35 lacked both an intact self-interacting domain and
trafficking signals that efficiently localized this mutant to the
AC and, therefore, multimer formation with wild-type pp28
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FIG. 4. FRET analysis of interactions of pp28 deletion mutants with the full-length pp28 protein within the ERGIC of transfected Cos-7 cells. (A) Pre- and
postbleaching of cells expressing fusion proteins expressing EGFP and DsRed as a positive control. Cos-7 cells were cotransfected with approximately 3 g of
two expression plasmids encoding wild-type pp28-DsRed (pp28WT-DsRed) with wild-type pp28-EGFP (pp28WT-EGFP) or mutant pp28-EGFP (pp28Mut61-
EGFP, pp28Mut50-EGFP, pp28Mut35-EGFP, pp28Mut30-EGFP, or pp28Mut25-EGFP). The cells were harvested at day 2 posttransfection, fixed with 2%
paraformaldehyde, and analyzed by FRET assays as described in Materials and Methods. EGFP fused with DsRed (EGFP-DsRed) or Golgi-associated, gamma
adaptin ear-containing, ARF-binding protein 1 (GGA1) fused with EGFP (GGA1-EGFP) were prepared as a positive or negative control in FRET assays,
respectively. ROI indicates the region of interest (ERGIC). ROI 1, acceptor bleaching region; ROI 2, acceptor nonbleaching region as an internal (—) control.
The enhancement in the intensity of EGFP after phtobleaching of dsRed signal is best illustrated by a signal increase in pp28WT-EGFP. (B) The efficiency of
FRET was determined by using donor dequenching/acceptor photobleaching protocol (Leica, Nutley, NJ), and the FRET efficiency calculated as described in
Materials and Methods. The FRET efficiency was statistically significant (P < 0.001) for all constructs except pp28Mut25 and GGA1 compared to the internal
control. FRET from pp28Mut25 was significantly different from all other constructs (P < 0.001).
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FIG. 5. FRET analysis of interactions of pp28 deletion mutants with the full-length pp28 protein within the AC and intracellular vesicles in
HCMV-infected HFF cells. (A) Illustrations show the areas of FRET, a cell prior to bleaching (top) expressing EGFP (donor) and DsRed
(acceptor), acceptor regions selectively bleached (bottom right, black dots), and donor regions measured in the intensity of EGFP postbleaching
(bottom left, black circle). (B) Pre- and postbleaching of cells expressing EGFP and DsRed. HFF cells were electroporated with approximately
5 ng of two expression plasmids encoding wild-type pp28-DsRed (pp28WT-DsRed) with mutant pp28-EGFP (pp28Mut61-EGFP, pp28Mut50-
EGFP, or pp28Mut35-EGFP) and infected 2 days later with HCMV at an MOI of 0.1. The cells were harvested at day 6 postinfection, fixed with
2% paraformaldehyde, stained with anti-IE-1 MAb followed by FITC-labeled anti-mouse IgG to identify infected cells (green nuclei), and analyzed
by FRET assays. ROI indicates region of interest. ROI 1, AC; ROI 2 and 3, intracellular vesicles. (B) Efficiency of FRET determined as described
above. The FRET efficiency in the AC and the intracellular vesicles was statistically significant (P < 0.001) for pp28Mut61 and pp28Mut50
compared to pp28Mut35. It was also noted that within the AC, FRET from pp28Mut61 was significantly different from pp28Mut50 (P < 0.05).
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FIG. 6. lodixanol density gradient fractionation of HCMV-infected HFF cells transfected with pp28 mutants. HFF cells were electroporated
with approximately 5 g of expression plasmids encoding pp28Mut61-EGFP or pp28Mut35-EGFP and infected 2 days later with HCMV at an MOI
of 0.1. The cells were harvested at day 6 postinfection. (A) Expression of multimeric forms of pp28-EGFP fusion proteins and viral pp28. PNSs
were prepared from the harvested cells, solubilized under lower concentrations of SDS (0.1% SDS) and nonreducing conditions, subjected to
SDS-PAGE in 10% gel, and detected with anti-pp28 MAb and anti-EGFP polyclonal antibodies by immunoblotting. Note the faster migration of
dimeric forms of pp28Mut35-EGFP compared to dimeric form of viral pp28, even though the predicted mass (in kilodaltons) from the amino acid
sequence of pp28Mut35-EGFP is greater than that of viral pp28. PNS from cells infected with HCMV was prepared as a control. (B and C) Analysis
of gradient fractions by immunoblotting. PNS were sedimented by centrifugation through iodixanol 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. Gradient fractions were analyzed by Western blotting. Proteins were detected with an antibody specific
for pp28 or EGFP (top) as described in Materials and Methods and analyzed by densitometry (middle and bottom). The average density of the
signal from protein in each gradient fraction was measured and plotted to provide graphic comparison of the pattern of fractionation of
virus-encoded pp28 to those of pp28Mut61-EGFP (B) and pp28Mut35-EGFP (C) in monomeric forms (top) and in dimeric forms (bottom).
Vpp28, GFP61, and GFP35 indicate viral pp28, pp28Mut61-EGFP, and pp28Mut35-EGFP, respectively. 1x and 2x indicate monomer and dimer,
respectively. An asterisk (*) and two asterisks (**) indicate viral pp28 fractionated from HCMV-infected HFF cells that had been transfected with
pp28Mut61-EGFP and pp28Mut35-EGFP, respectively. The membranes were stripped and reprobed with anti-CD63 MAD to identify gradient
fractions containing endosomes (40).

was inefficient. These results, together with the results from
FRET assays in transfected cells, argued that pp28 multimeriza-
tion within the AC but not within other cellular compartments
could be correlated with the assembly of infectious virions.

To further study the role of pp28 multimerization in virus
assembly, we investigated the intracellular distribution of mul-
timeric forms of pp28 late in infection in cells transfected with
the mutants pp28Mut35-EGFP or pp28Mut61-EGFP and then
infected with HCMV. We selected two molecules, pp28Mut35
and pp28Mut61, for this analysis for several reasons. In FRET
assays, pp28Mut35 failed to accumulate and multimerize in the
AC. In addition, it interacted weakly with wild-type pp28
within intracellular vesicles, suggesting that the pp28Mut35
failed to efficiently multimerize with wild-type viral pp28. Re-
combinant viruses constructed with pp28Mut35 failed to rep-
licate. In contrast, the pp28Mut61 exhibited wild-type levels of
accumulation in the AC, multimerized within the AC, and

recombinant viruses constructed from this mutant replicated
with wild-type virus kinetics. Therefore, these two mutant
forms of pp28 allowed us to study the relationship between
localization of pp28 to the AC and multimerization. PNSs were
prepared from cells harvested late in infection (>6 days) and
subjected to centrifugation through discontinuous iodixanol
(Optiprep) density gradients, and individual fractions were an-
alyzed by immunoblotting as described previously (Fig. 6).
PNSs from cells transfected with pp28Mut35-EGFP or
pp28Mut61-EGFP and then infected with HCMV were solu-
bilized by using low concentrations of SDS (0.1%) and then
analyzed in immunoblots. PNSs from HCMV-infected cells
were used as a control. Monomeric and multimeric forms of
pp28 molecules were detected by using a pp28 specific MADb
and, after stripping of the same membrane, a polyclonal anti-
body specific for EGFP detected these same forms but not the
forms that contained only wild-type virus encoded pp28 (Fig.
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FIG. 6—Continued.

6A). As described previously, the pp28 molecules could be
separated into monomer and dimers. According to the pre-
dicted molecular weights of pp28 molecules, the monomeric
form of pp28Mut61-EGFP (1x GFP61) migrated more slowly
than viral pp28 (1x Vpp28), and dimeric forms of pp28Mut61-
EGFP (homodimer [2x GFP61] and heterodimer [1x GFP61 +
1x Vpp28]) migrated more slowly than similar forms of the
viral pp28 (2x Vpp28). The monomeric form of pp28Mut35-
EGFP (1x GFP35) migrated more slowly than viral pp28 (1x
Vpp28), whereas the dimeric forms of pp28Mut35-EGFP (ho-

modimer [2x GFP35] and heterodimer [1x GFP35 + 1X
Vpp28]) migrated more rapidly than the corresponding forms
of viral pp28 (2x Vpp28) (Fig. 6A). When we extended the
duration of electrophoresis (allowing tracking dye to run off
the gels) to resolve higher-molecular-weight forms, the differ-
ences in the migration of the various multimeric forms was
more readily appreciated (Fig. 6A). A limitation of these ex-
perimental conditions was that we could not distinguish ho-
modimers of pp28Mut61-EGFP (or pp28Mut35-EGFP) from
a heterodimer of these molecules that contained viral pp28.
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Based on the migrations of the different forms of molecules
containing pp28, we analyzed individual fractions from density
gradients by immunoblotting with antibodies specific for pp28
or EGFP (Fig. 6B and C). The intracellular distribution of
pp28 was consistent with the distribution of the tetraspanin
molecule CD63, a marker of late endosomal and/or lysosomal
compartments that also localized within the AC (Fig. 6B) (25,
40). Using CD63 as a marker of the AC, analysis of gradient
fractions revealed that the AC partitioned into two broad
peaks, as we reported in a previous study (Fig. 6B) (40). The

amount of protein detected in each fraction was then quanti-
fied by densitometry (Fig. 6B and C). The monomers of
pp28Mut61-EGFP (1x GFP61) and viral pp28 (1x Vpp28) ex-
hibited similar distributions within the gradient with the ma-
jority of these forms of pp28 migrating in the first three frac-
tions of the gradient (Fig. 6B). The dimeric forms of these
molecules exhibited a different pattern of distribution. Dimers
of pp28Mut61-EGFP (2x GFP61 [or 1x GFP61 + 1X Vpp28])
or viral pp28 (2x Vpp28) were distributed in two peaks, with
one broad peak being associated with the first three fractions
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FIG. 7. Recovery of infectious HCMV following in-frame deletion of aa 26 to 33 but not aa 26 to 43 of pp28. (A) Diagram describing the
recombinant HCMV BACs derived from wild-type HCMV BAC HB-5. Initially, UL99 deletion created by insertion of a galK cassette to create
AUL99 BAC, this BAC was repaired with PCR products encoding the deletion/fusion UL99 ORFs, A26-33 and A26-43. Virus recovery after
electroporation of BAC DNA was attempted in two separate experiments, and virus was recovered only from the wild type (WT) and the A26-33
mutant on both occasions (day 15 and day 21 postelectroporation) as indicated by the “+” symbol following the stick diagram. The agarose gel
to the right demonstrates the size of the UL99 ORF when amplified by oligonucleotides designed to prime from the 5’ and 3’ ends of the ORF.
Note the increase in size in the galK cassette containing AUL99 BAC and the decrease in size in two individual A26-43 BACs. The migration of
the PCR product from two individual A26-33 BACs appears similar to the product from the wild-type BAC. The predicted amino acid sequence
of the PCR products from the nucleotide sequence of the UL99 ORF of the recombinant BACs are shown with the in-frame deletions demarcated.
(B) Virus yield curves from HFF cells infected with similar input amounts of WT and A26-33 viruses. Note that the growth curves are

indistinguishable except for a single point (day 4).

and a second peak migrating further into the gradient (fraction
5; Fig. 6B). This result suggested that the sedimentation of
dimeric forms of viral pp28 and pp28Mut61-EGFP differed
from the corresponding monomeric forms of these proteins
and was similar to the distribution of CD63 under these same
gradient and sedimentation conditions (Fig. 6B) (40). The mo-
nomeric forms of pp28Mut35-EGFP (1x GFP35) exhibited a
distribution in the gradient similar to that of the monomeric
viral pp28, with the majority of this mutant pp28 protein mi-
grating in the first three fractions of the gradient (Fig. 6C). In
contrast to our finding with pp28Mut61, the dimeric forms of
molecules containing the pp28Mut35 exhibited a different pat-
tern of distribution. Two dimeric forms, a homodimer of
pp28Mut35-EGFP (2x GFP35) and a heterodimer of viral
pp28 and pp28Mut35-EGFP (1x GFP35 + 1x Vpp28) migrated
in the first two to three fractions of the gradient, a distribution
that was similar to that of monomeric forms of pp28 and
pp28Mut61 (Fig. 6C). These results indicated that multimeric
forms of pp28Mut61-EGFP and viral pp28 molecules cosedi-
mented with the AC, whereas multimeric forms of the
pp28Mut35 molecule sedimented with membranes containing

components of the ER and Golgi that were found in the top of
the gradient (Fig. 6C) (40). Together with our results from
FRET assays, these findings suggested that pp28 multimeriza-
tion associated with the assembly of infectious virions likely
occurred after this protein was localized in the AC (postlocal-
ization) and not in cellular compartments such as the ERGIC.
Furthermore, these results suggested that the capacity of wild-
type and mutant pp28 such as pp28Mut61 and pp28Mut50 to
localize in the AC and to multimerize into higher-molecular-
weight forms was required for the assembly of infectious
virions.

The multimerization domain of pp28 (aa 34 to 43) is re-
quired for the assembly of infectious virions. To further inves-
tigate the role of multimerization in the assembly of infectious
virus, we generated two recombinant HCMV-BACs by the
deletion of aa 26 to 33 (A26-33) or aa 26 to 43 (A26-43) in the
coding sequence of pp28 (UL99) (Fig. 7A). Amplification of
this region of the BACs produced products of the expected
size, and the sequences of these products indicated that the
in-frame deletions were present in the recombinant BACs
(Fig. 7A). HCMV-BACs containing these deletion mutants
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were then electroporated into HFF cells. In two independent
experiments, we successfully recovered replication-competent
HCMV from the A26-33 BAC but not from the A26-43 BAC
(Fig. 7). Virus was recovered from the control wild-type
HCMYV BAC DNA electroporated in each experiment, and the
HCMYV BAC containing a deletion of the entire ORF of UL99
(AUL99) failed to produce virus (Fig. 7A). Comparison of the
growth curves between the recombinant virus mutA26-33 and
wild-type HCMV revealed no differences in virus yield over a
6-day interval when HFF cells were infected with at an approx-
imate MOI of 1 (Fig. 7B). Image analysis of the HFF cells
electroporated with expression plasmids encoding EGFP-
tagged pp28 mutA26-33 or mutA26-43 and then infected with
wild-type HCMV revealed localization of the mutA26-33
within the AC but accumulation of mutA26-33 on the periph-
ery of the AC within infected cells 6 days postinfection (data
not shown). These results were reminiscent of previous find-
ings that demonstrated that mutant forms of pp28 could traffic
in and out of the AC and that only forms that supported virus
replication accumulated in the AC (40, 41). Thus, it appeared
that accumulation of pp28 within the AC required multimer-
ization. Together, these results demonstrated the importance
of aa 34 to 43 of pp28 in the assembly of HCMV and, together
with the findings presented previously, argued that pp28 self-
interactions leading to multimerization of this tegument pro-
tein were critical for virus assembly.

DISCUSSION

The importance of the multimerization of tegument proteins
in the assembly of herpesviruses has not been well studied. In
contrast, numerous reports in the literature have documented
that the multimerization of matrix (tegument) proteins in
structurally less complex RNA viruses play an essential role in
virus assembly, particularly in the envelopment (budding) of
the particle. As examples, the MAs in vesicular stomatitis virus,
the paramyxovirus SVS5, Ebola virus, influenza virus, Rous sar-
coma virus, and human immunodeficiency virus type 1 (HIV-1)
are membrane associated and are proposed to undergo mul-
timerization to create lattice-like structures that have been
proposed to lead to the eventual budding or pinching off of
that region of the membrane (11, 13, 15, 16, 18, 20, 21, 27, 33,
35, 38, 39, 47, 54). Although the recruitment of host cellular
functions is necessary for the budding of these viruses, mul-
timerization of their MAs represents an essential viral function
in this process (17, 19, 28, 33). In the present study, we have
provided evidence consistent with the multimerization of the
HCMV tegument protein, pp28, during the assembly of infec-
tious particles. Mutant forms of pp28 that fail to efficiently
multimerize within virus-infected cells do not support the pro-
duction of infectious virus, suggesting that multimerization of
pp28 was an essential step during the assembly of the infectious
particle.

Previous studies from this and other laboratories have re-
ported that additional higher-molecular-weight forms of pp28
could be observed in immunoblot analysis of pp28 from in-
fected cells (22, 40). These higher-molecular-weight forms of
pp28 were thought to represent either multimers of pp28
formed during assembly or, alternatively, misfolded forms of
pp28 that aggregated into higher-molecular-weight species. In

J. VIROL.

experiments presented here, we have provided evidence that
the higher-molecular-weight forms were in fact multimers of
pp28. Initially, we found that higher-molecular-weight forms
of pp28 were readily detected under reduced concentrations of
SDS (0.1% SDS) and nonreducing conditions of protein solu-
bilization, raising the possibility that multimerization of pp28
could be mediated by intra- and interchain disulfide bonding.
We also demonstrated the multimerization of pp28 in virus-
infected cells by a pulse-chase analysis and sedimentation in
sucrose gradients, indicating that multimers of pp28 exhibited
kinetics during their formation, a finding that argued against
the possibility that these higher-molecular-weight forms were
simple aggregates of pp28. Pulse-chase analysis of transiently
expressed pp28 molecule also indicated that pp28 could mul-
timerize in absence of other viral proteins, presumably through
self-interactions. Finally, multimer formation by bacterially ex-
pressed pp28 strongly argued that pp28 self-interactions were
directed by the primary sequence of this tegument protein and
not indirectly through other cellular or viral proteins.

The domains mediating pp28 multimerization were crudely
mapped by using several independent techniques. Initially, we
used a yeast two-hybrid screen to identify a large region con-
sisting of the N-terminal third (the first 61 aa) of pp28 as a
potential domain mediating pp28-pp28 interactions (data not
shown). Experiments using GST pulldown assays of bacterially
expressed protein suggested that pp28 multimer formation was
dependent on the expression of aa 26 to 43 because the dele-
tion of this sequence resulted in a significant decrease in in-
teractions with the full length of pp28. This finding suggested
that the first 43 aa of pp28 contained amino acid sequences
that were essential for wild-type levels of self-interactions of
pp28. The A26-33 deletion mutant interacted with pp28 at
levels comparable to those of wild-type pp28, suggesting that
within the essential first 43 aa of pp28, aa 34 to 43 played a
critical role in pp28 self-interactions, at least as analyzed in
GST-pulldown assays. Confirmation of this finding was pro-
vided by characterization of recombinant HCMV BACs; only
the A26-33 BAC produced virus after electroporation into
HFF cells (Fig. 7). The binding of other deletion mutants,
including the A124-190 and A44-59(ac) mutants, was compa-
rable to that of the full length of pp28, indicating that the
C-terminal one-third of pp28, as well as the previously identi-
fied N-terminal acidic amino acid cluster, was not essential for
wild-type pp28 self-interactions. Thus, even though the acidic
amino acid cluster found between amino acids 44 to 59 of pp28
has an essential function in the trafficking and localization of
pp28 in infected cells, as well as the production of infectious
virus, this domain appeared to have no direct role in the mul-
timerization of pp28 (40). Future studies will attempt to fur-
ther define the role of individual amino acids within this 10-aa
sequence that appears to be required for pp28 self-interac-
tions. Finally, as noted above, other deletion mutants, such as
the A62-190 or A91-190 pp28 deletion mutants, exhibited only
minimal decreases in their interactions with the full length of
pp28, providing additional evidence for the lack of any assign-
able functional role for the C-terminal aa 62 to 190 of pp28 in
virion assembly (22, 40).

Using FRET, we attempted to identify the compartment
within the infected cell in which pp28 multimerizes, a question
directly relevant to the role of this tegument protein in the
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cytoplasmic assembly of HCMV. We found that pp28-EGFP
and pp28-DsRed proteins exhibited significant FRET within
the ERGIC following their transient expression in the absence
of other viral proteins. Furthermore, and in contrast to GST-
pulldown assays, FRET assays of pp28 mutants transiently
expressed in Cos-7 cells suggested that the first 30 to 35 aa of
pp28 was sufficient for interaction with the full length of pp28,
although the first 61 aa of pp28 appeared to be required for
interactions that were similar to wild-type pp28. Previously, we
have shown that localization of pp28 in the ERGIC required
myristoylation at glycine 2 and, presumably, membrane asso-
ciation in this intracellular compartment (3, 40). These findings
raised the possibility that pp28 multimerization could play a
critical role in pp28-membrane binding or, alternatively, that
membrane association was required for pp28 multimerization.
Consistent with these possibilities have been findings in other
viruses that have demonstrated a linkage between viral MA
membrane association and multimerization (13, 14, 20, 35, 47).
It has been reported that mutations in a 14-aa region between
the capsid and nucleocapsid sequences in the Gag protein of
HIV-1 inhibit Gag multimerization and, as a result, reduce
membrane binding and that dimerization of the Rous sarcoma
virus MA increased its capacity to associate with membrane in
vitro (13, 20). In addition, structural studies of the HIV-1 MA
have demonstrated that the multimerization leads to exposure
of the myristate moiety (myristic acid switch) and membrane
insertion of myristic acid, thereby presumably increasing the
membrane binding of MA (47). FRET assays of pp28 mutants
containing C-terminal deletions revealed that, in contrast to
the first 30 to 35 aa of pp28, the first 25 aa of pp28 were not
sufficient for interactions with the full length of pp28, although
mutants containing only the first 25 aa colocalized with resi-
dent proteins of the ERGIC in transfected cells (40). In addi-
tion, previous findings from static immunofluorescence assays
indicated that a pp28 mutant expressing the first 25 aa traf-
ficked and localized within the ERGIC in transfected cells,
whereas the nonmyristoylated pp28 mutant failed to colocalize
with resident proteins of ERGIC (3, 40). Therefore, the bind-
ing or retention signal responsible for the localization of pp28
in the ERGIC that was expressed within the first 25 aa was
distinct from the self-interacting domain of this protein. To-
gether, these data suggested that multimerization of pp28 was
not required for membrane association and, based on our
findings with bacterially expressed forms of pp28, it could be
argued that membrane association was not required for mul-
timerization of this protein. However, it is important to con-
sider that localization of pp28 within a membrane such as the
ERGIC in transfected cells or in the AC in virus-infected cells
could facilitate multimerization by fostering interaction of key
domains of this protein or secondarily to increased local con-
centration of the protein. Such a possibility provided an expla-
nation for the discrepant findings we observed in GST-pull-
down assays and the FRET assay of transiently expressed pp28
mutants (see below).

When the results from FRET assays of transiently expressed
pp28 mutants were compared to the results from the GST-
pulldown assays, the minimal amino acid sequence required
for pp28 self-interaction appeared to be different. Our results
utilizing FRET suggested that only the first 30 aa of pp28 were
required for self-interaction, whereas a bacterially expressed
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pp28 mutant containing only the NH,-terminal 33 aa was sig-
nificantly impaired in its capacity to bind wild-type pp28. Sev-
eral possible differences between these assays could account
for these different findings. The first is that the binding assay
and the FRET are two very different assays and differ in their
capacity to quantify differences in interactions between two
molecules. The GST assay utilized in the present study was
qualitative and provided an estimate of the relative binding
interactions between mutant pp28 proteins and wild-type pp28.
As an example, the GST-pulldown assay indicated that the
binding of the pp28 deletion mutant, pp28Mut33 (aa 1 to 33),
was significantly reduced compared to wild-type pp28, and yet
detectable binding of the pp28Mut33 with pp28 was still ob-
served. Such a level of binding could be sufficient to account
for the positive findings from a more sensitive and quantitative
assay that measured FRET between the pp28Mut33 and the
wild-type protein. Second, pp28 expressed in mammalian cells
undergoes posttranslational modifications, including phosphor-
ylation, palmitoylation, and possibly ubiquitination (data not
shown), that do not occur in E. coli. Thus, modifications within
mammalian cells of specific residues within the interacting
domains or even adjacent to interaction domains could poten-
tially contribute to pp28-pp28 self-interactions when measured
in FRET assays. Finally, as noted above, the concentrations of
interacting proteins in FRET assays versus those in GST-pull-
down assays were almost assuredly different, particularly the
local concentrations of proteins. In transient-expression assays
used for FRET analysis, individual proteins are overexpressed
and concentrate within intracellular membranes, whereas
GST-pulldown assays were done in solutions containing de-
tergents and denatured proteins immobilized on Sepharose
beads. Thus, the differences in the results obtained with GST-
pulldown assays and FRET assays could be readily explained
by differences both in the biochemical forms of the proteins
assayed for interactions and in the sensitivity of these assays.
Even with these limitations in mind, it is important to note that
both assays were concordant in terms of identifying the amino
terminus of pp28 (aa 1 to 43) as being required for efficient
pp28 self-interactions. Admittedly, definition of the minimal
sequence of pp28 within the first 43 aa that directs this self-
interaction will require the generation and characterization of
additional pp28 mutants, and yet our experiments have iden-
tified a previously unrecognized functional domain within the
amino terminus of pp28 that was responsible for the multim-
erization of this tegument protein. Lastly, the precise role of
this essential tegument protein in HCMV morphogenesis re-
mains undefined, but the identification of a domain in the
amino terminus of this protein responsible for the multimer-
ization of pp28 suggested that this tegument protein may have
a direct role in particle budding, perhaps one that is similar to
that of other more well-studied viral MAs (11, 18, 21, 23, 39).

In contrast to findings from transient-expression assays,
FRET assays of pp28 in transiently expressed and/or infected
cells revealed that pp28-EGFP and pp28-DsRed proteins in-
teracted with each other within the AC, as well as within
adjacent intracellular vesicles. The derivation of these vesicles
remains to be defined, but colocalization of virion structural
protein, including both tegument and envelope proteins, within
these vesicles suggested that they could be fragments of the
membranous AC that were formed late in infection (36).
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FRET analysis of C-terminal deletion pp28 mutants in tran-
siently expressed and/or virus-infected HFF cells suggested
that, as a minimal estimate, the first 50 aa of pp28 was required
for the multimerization of pp28 within the AC. In addition,
pp28Mut50 strongly interacted with the full length of pp28 in
intracellular vesicles at levels that were comparable to the
pp28Mut61 mutant protein. These findings raised the possibil-
ity that within the cytoplasmic vesicles, pp28Mut50 molecules
were incorporated into pp28/pp28Mut50 multimers, whereas
within the AC, interactions were considerably more dynamic
and represented the average signal from forming and formed
pp28/pp28Mut50 multimers. The interaction of pp28Mut50
with wild-type pp28 within the AC in infected cells was reduced
compared to pp28Mut61, a finding consistent with the capacity
of these different pp28 mutants when engineered into the viral
genome to accumulate within the AC during virus assembly
and to support virus assembly (41). These findings suggested
that pp28 multimers formed with different efficiency within the
AC depending on the presence of specific sequences in the
pp28 deletion mutant. Consistent with this mechanism was
the finding that although pp28Mut35 could multimerize in the
ERGIC when overexpressed in transfected cells, it failed to
accumulate in the AC and, as a result, failed to multimerize
within the AC of the virus-infected cells. Thus, it could be
proposed that the pp28Mut35 mutant failed to reach a suffi-
cient concentration within membranes of the AC to foster a
significant level of multimerization with wild-type pp28. This
mechanism was consistent with our previous findings of the
sequence requirements for localization of pp28 to the AC and
assembly of infectious virus and therefore suggested that the
accumulation of pp28 and mutant forms of pp28 within the AC
was a prerequisite for multimerization (40, 41). Furthermore,
in contrast to results from FRET analysis of pp28Mut50 and
pp28Mut61, FRET assays of pp28Mut35 in intracellular vesi-
cles, as well as in the AC of infected cells, provided no evidence
supportive of pp28Mut35-pp28 interactions. The results sug-
gested that in transient-expression and/or infection assays, mu-
tant and wild-type pp28 molecules compete with wild-type viral
pp28 for self-interaction in the intracellular vesicles, albeit at a
different efficiency. Wild-type pp28 molecules interacted with
pp28Mut50, pp28Mut61, or viral pp28 molecules with sufficient
affinity to promote multimerization, whereas interactions with
pp28Mut35 were much less efficient. Because pp28Mut35 was
also defective in intracellular trafficking to the AC, it failed to
accumulate at levels within the AC sufficient to promote inter-
actions with pp28. Thus, there were at least two functional
defects in the mutant pp28Mut35, a defect in efficient local-
ization and a defect in self-interaction, that lead to defective
multimerization of this mutant with wild-type pp28 in the AC.
This mechanism was also supported by the finding that mul-
timers of pp28Mut61 and pp28Mut50 but not pp28Mut35 par-
titioned in the AC based on their cosedimentation with wild-
type pp28 in iodixanol gradient. Thus, multimerization of pp28
and of mutant forms of pp28 within the AC requires both
efficient trafficking to this intracellular compartment and ex-
pression of an interaction domain with sufficient affinity to
facilitate efficient self-interaction. It is also possible that mul-
timerization itself could further shift the kinetics of accumula-
tion of pp28 and pp28 mutants in the AC such that accumu-
lation within the AC after multimerization is favored over exit
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from the AC. Our previous finding from fluorescence recovery
after photobleaching assays with the mutant pp28Mut50 sup-
ported this interpretation and indicated that, at equilibrium,
the trafficking of this mutant to the AC was similar to that of
wild-type pp28 and pp28Mut61 but exit from the AC was at a
faster rate than either wild-type pp28 and pp28Mut61 (41). If
the rate of trafficking of the pp28Mut50 into the AC was only
slightly delayed compared to wild-type pp28, then it could also
be impaired in the rate of accumulation (concentration) and,
therefore, in its multimerization. A decrease in multimeriza-
tion would be associated with a greater rate of transit out of the
AC and a decrease in the assembly of infectious virions, two
previously reported observations in the studies of this mutant
of pp28 (41). Our results utilizing plasmids encoding EGFP-
tagged pp28 mutA28-33 and mutA28-33 in transfection and/or
infection assays were consistent with this interpretation and
demonstrated that accumulation of pp28 within the AC re-
quired self-interactions leading to multimerization.

Our results indicated that the requirements for pp28 mul-
timerization in virus assembly were distinct from sequence
requirements for pp28 trafficking. Furthermore, our findings
have allowed us to exclude the possibility that pp28 multimer-
ization in the ERGIC plays a role in the viral budding and, in
contrast, argued that the multimerization in the AC played a
critical role in the envelopment process and perhaps was di-
rectly linked to the budding of infectious virus. Using iodixanol
gradients to fractionate subcellular compartments, we previ-
ously reported that the intracellular distribution of the AC
containing the pp28 molecule was consistent with the distribu-
tion of the tetraspanin molecule CD63, a marker of the late
endosomal or lysosomal compartment (40). In experiments
presented here, the intracellular distributions of multimeric
forms of wild-type viral pp28 and pp28 mutants expressing the
first 61 aa (pp28Mut61) were consistent with previous findings
of the distribution of pp28 in the AC under these gradient and
sedimentation conditions, while the intracellular distribution
of multimeric forms of pp28 mutants expressing the first 35 aa
(pp28Mut35) did not cosediment with the AC. Together with
previous findings that demonstrated that recombinant viruses
encoding the pp28Mut61 protein but not the pp28Mut35 pro-
tein were replication competent, these results indicated that
pp28 multimerization within the AC was required for viral
assembly. Lastly, these findings, together with the FRET anal-
ysis of cells transfected with pp28Mut61 and pp28Mut35 and
then infected with HCMYV, argued that pp28 multimerization
took place after localization of this tegument protein in the AC
and represented an essential step in particle envelopment and
the production of infectious virions.
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