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Human cytomegalovirus (HCMV) encodes multiple G protein-coupled receptor (GPCR) homologues, in-
cluding pUS27, pUS28, pUL33, and pUL78. To explore the function of pUS27, we constructed pUS27-deficient
derivates of two clinical isolates of HCMV. BFX-GFPstopUS27 is a FIX variant with a single base pair change
in the US27 open reading frame, generating a stop codon that ablates accumulation of the GPCR homologue,
and TB40/E-mCherrydlUS27 lacks the entire US27 coding region. BFX-GFPstopUS27 generated 10-fold less
extracellular progeny in fibroblasts, and TB40/E-mCherrydlUS27 exhibited a similar defect in endothelial cells.
The pUS27-deficient FIX derivative produced normal quantities of viral DNA and viral proteins tested, and a
late virion protein was appropriately localized to the cytoplasmic assembly zone. After infection at a low
multiplicity with wild-type FIX virus, neutralizing antibody reduced the accumulation of intracellular viral
DNA and intracellular virions, as would be expected if the virus is limited to direct cell-to-cell spread by
neutralization of extracellular virus. In contrast, the antibody had little effect on the spread of the BFX-
GFPstopUS27 virus. Further, after infection at a low multiplicity, the pUS27-deficient TB40/E virus exhibited
a growth defect in endothelial cells, where the clinical isolate normally generates extracellular virus, but the
TB40/E derivative exhibited little defect in epithelial cells, where the wild-type virus does not produce extra-
cellular virus. Thus, mutants lacking pUS27 rely primarily on direct cell-to-cell spread, and we conclude that
the viral GCPR homologue acts at a late stage of the HCMV replication cycle to support spread of virus by the
extracellular route.

Human cytomegalovirus (HCMV) is a ubiquitous pathogen
belonging to the betaherpesvirus subfamily, which establishes a
life-long infection within its human host (5). Infections in im-
munocompetent children and adults are generally asymptom-
atic, but the virus can cause life-threatening disease in immu-
nologically immature and immunocompromised individuals.
Sequence analysis of the viral genome (8) revealed four open
reading frames (ORFs) encoding proteins with strong homol-
ogy to G protein-coupled receptors (GPCRs): US27, US28,
UL33, and UL78 (1, 8). UL33 and UL78 homologues are
found in primate as well as rodent cytomegaloviruses, whereas
US27 and US28 homologues are restricted to viruses infecting
primates (reviewed in reference 2).

GPCRs comprise a large family of seven transmembrane
receptor proteins. When activated, GPCRs initiate signaling
cascades by undergoing a conformational change that leads to
the recruitment and activation of heterotrimeric G proteins,
followed by the production of second messengers such as cyclic
AMP (cAMP), calcium, or phosphoinositides (reviewed in ref-
erence 12). The G protein-coupling specificity of each GPCR
determines the nature of its downstream signaling targets. Ac-
tivated GPCRs regulate a wide variety of cellular processes

including adhesion and migration, proliferation, differentia-
tion, apoptosis, cytoskeletal rearrangement, chemotaxis, and
cell survival (reviewed in reference 26). GPCRs include sen-
sory receptors and receptors for neurotransmitters, hormones,
and chemokines. The subset of GPCRs responding to chemo-
kines is characterized by well-defined sequence and structural
motifs. The HCMV US27, US28, and UL33 ORFs encode
GPCR homologues with hallmarks of chemokine receptors
(reviewed in reference 2).

pUS28 is the best-characterized HCMV chemokine receptor
(reviewed in reference 30). It signals constitutively, inducing phos-
pholipase C to generate inositol triphosphate and activating
NF-�B (7). pUS28 also signals in response to multiple CC chemo-
kines and the CX3C-chemokine, fractalkine, mobilizing calcium
(10, 14) and activating mitogen-activated protein (MAP) kinase
signaling (3). pUS28 can induce chemotaxis of smooth muscle
cells (27) and macrophages (30), and ectopic expression of pUS28
can induce a transformed phenotype in murine 3T3 cells with
elevated secretion of vascular endothelial growth factor (18).

Since the US27 and US28 ORFs encode proteins with sim-
ilar sequences and since they reside beside each other on the
viral genome, it is likely that the gene pair evolved by gene
duplication followed by divergence. Given its similarity to
pUS28, pUS27 might also function as a chemokine receptor
(9), but this has not yet been proven to be the case. In contrast
to pUS28, pUS27 expression failed to significantly induce ino-
sitol phosphate turnover or activate NF-�B or CREB (31). It is
possible that pUS27 does not signal constitutively, and, to date,
no activating ligand has been reported.
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pUS27 is endocytosed rapidly from the cell surface, and it
accumulates in vesicles with markers of late endosomes and
lysosomes (9). As has been proposed for pUS28 (4, 7), pUS27
might serve as a sink that clears immunomodulatory chemo-
kines from the microenvironment of infected cells. As a con-
stituent of the virion (17, 29), pUS27 could interact with a cell
surface receptor to facilitate virus binding to a cell, or it might
activate a signaling cascade upon fusion of the virion envelope
with a cellular membrane, perhaps making the cellular envi-
ronment more amenable to viral replication. However, the role
for pUS27 during infection has remained uncertain.

To decipher the role of pUS27 in the HCMV replication
cycle, we generated mutant viruses in which expression of the
protein was ablated. At a low multiplicity of infection, the
pUS27-deficient mutants display a growth defect compared to
wild-type virus. We determined that although the mutant can
spread directly from cell to cell, it is deficient for spread via the
production of extracellular virus.

MATERIALS AND METHODS

Cells and viruses. Primary human lung fibroblasts (MRC5 [ATCC]; passages
23 to 31) and human foreskin fibroblasts (HFF; passages 10 to 17) were main-
tained in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS), 1 mM sodium pyruvate, 10 mM HEPES, 2 mM L-glutamine,
0.1 mM nonessential amino acids, and 100 U/ml each of penicillin and strepto-
mycin. Primary human retinal pigment epithelial cells (ARPE-19 [ATCC]; pas-
sages 27 to 35) were maintained in 1:1 DMEM-HAM’s F12 containing 10% FBS,
2.5 mM L-glutamine, 0.5 mM sodium pyruvate, 15 mM HEPES, 1.2g/liter
NaHCO3, and 100 U/ml each of penicillin and streptomycin. Human umbilical
vascular endothelial cells (HUVECs) were isolated from umbilical cords as
previously described (32). The cells were cultured in Primaria tissue culture
plates (BD Falcon) and maintained in EBM-2 medium containing 10% FBS with
EGM-2 supplements (Lonza). For infection, HUVECs were used between pas-
sages 3 and 5. All cells were propagated at 37°C in 5%CO2.

Two clinical HCMV isolates that had been passaged to a limited extent in
fibroblasts were used in these studies. BFXwtGFP (where wt is wild type) (19)
expresses an enhanced green fluorescent protein (eGFP) marker from the simian
virus 40 (SV40) early promoter, and it is derived from the HCMV bacterial
artificial chromosome (BAC) clone termed FIX (11). TB40/Ewt-mCherry ex-
presses an mCherry marker gene (construction described below), and it is de-
rived from an endothelial cell-tropic BAC-cloned isolate of TB40/E termed
TB40-BAC4 (25).

BFXwtGFP was used to generate a virus expressing FLAG-tagged pUS27
(BFXwt-US27-3�F) (where 3�F indicates three copies of the FLAG tag) and
two identical mutants carrying stop codons within the US27 ORF (BFX-
GFPstopUS27-1 and BFX-GFPstopUS27-2). Two independent mutants were pre-
pared and characterized to ensure that their phenotypes did not result from an
off-target mutation. To construct BFXwt-US27-3�F, three tandem FLAG se-
quences (3�FLAG) were cloned upstream of a kanamycin resistance cassette
(Kan) flanked by a Flp recombination target (FRT) site in pGEM-T-Easy (Pro-
mega), to generate pGTE-3�FLAG-Kan-FRT. This template was used to PCR
amplify the epitope and cassette using the following primers: FOR 5�-TATGA
CAGAAAACATGCACCTATGGAGTCCGGGGAGGAGGAATTTCTGTT
GTTAGATTATAAAGATGATGATGATAAA-3� and REV 5�-CGTGCAATT
AGCAAAAATAGATGTGCGGCGGACGCGTGAGAGAGGATCGAAGG
CCGCGGGAATTCGAAGTT-3�, where the underlined sequences bind to the
3�FLAG-Kan-FRT cassette. The resulting amplification product was used to
transform recombination-competent Escherichia coli SW105 cells containing
BFXwtGFP and generate the desired alterations by linear recombination as
previously described (15). The Kan-FRT cassette was then excised, by the arab-
inose-inducible flp. To generate the mutants containing stop codons, BFXwt-
US27-3�F was modified by using the galK recombineering system previously
described (19, 33). Briefly, the galK gene was amplified by PCR using the
following primers: FOR 5�-CCTGCAAGGTAATGACTACATCTACTACAAC
TACCACTAATATCATGCTACCTGTTGACAATTAATCATCGGCA-3� and
REV 5�-ACTGATAAATTTCGGTGCTATTCAAGGTGTGATTCGTTACGT
TGCTCACCTTCAGCACTGTCCTGCTCCTT-3�, where the underlined se-
quences correspond to galK. The resulting product was used to transform re-

combination-competent E. coli SW105 cells containing BFXwt-US27-3�F.
GalK-expressing clones were subsequently selected and electroporated with 5�-
CTGCAAGGTAATGACTACATCTACTACAACTACCACTAATATCATGC
TATAGGTGAGCAACGTAACGAATCACACCTTGAATAGCACCGAAAT
TTATCA-3� annealed to its complementary oligonucleotide. The underlined
sequence shows the stop codon in the US27 gene, generated by altering the first
amino acid in the codon from C to T. The resultant mutants were counter-
selected against galK and sequenced to ensure incorporation of the stop codon.

The TB40/E BAC (25) was engineered to express mCherry (TB40/Ewt-
mCherry). Using galK recombineering methodology as described above, galK was
inserted between US34 and TRS1 using FOR 5�-TGTATTTGTGACTATACT
ATGTGCAGTCGTGTGTCGATGTTCCTATTGGGCCTGTTGACAATTA
ATCATCGGCA-3� and REV 5�-GATGTCTTCCTGCGTCCCACCATTCTTT
ATACCTCCTACATTCACACCCTTTCAGCACTGTCCTGCTCCTT-3�, where
the underlined sequences correspond to galK. A cassette containing mCherry
controlled by the SV40 promoter and containing the bovine growth hormone
poly(A) motif was then PCR amplified using FOR 5�-TTGTATTTGTGACTA
TACTATGTGCAGTCGTGTGTCGATGTTCCTATTGGGATCTGCGCAG
CACCATGGCCTGAAATAACCTCTGAAAG-3� and REV 5�-GATGTCTTC
CTGCGTCCCACCATTCTTTATACCTCCTACATTCACACCCTTCTGCCC
CAGCTGGTTCTTTCCGCCTCAGAAGCCATAGA-3�, where the underlined
sequences are complementary to the intergenic region between the HCMV US34
and TRS-1 ORFs. The resulting PCR product was electroporated into compe-
tent E. coli SW105 cells and counter-selected against galK to generate TB40/
Ewt-mCherry. An epitope-tagged variant was constructed from TB40/E as de-
scribed above, resulting in TB40/Ewt-US27-3�F. A virus lacking the complete
US27 ORF, TB40/E-mCherrydlUS27, was constructed from TB40/Ewt-US27-
3�F using the galK recombineering system described above, with the following
primers for galK insertion: FOR 5�-GTGTAATGCTTTTTACAGGACCGTTC
AACAGGTGATACTACCTGCAAGGTACCTGTTGACAATTAATCATCG
GCA-3� and REV 5�-CGTGCAATTAGCAAAAATAGATGTGCGGCGGAC
GCGTGAGAGAGGATCGAATCAGCACTGTCCTGCTCCTT-3�, where the
underlined sequences correspond to galK. The following oligonucleotide, an-
nealed to its complementary sequence, was used to delete the US27 ORF:
5�-TTTACAGGACCGTTCAACAGGTGATACTACCTGCAAGGTATTCGA
TCCTCTCTCACGCGTCCGCCGCACATCTATTTTTG-3�. The mutation was
confirmed by sequence analysis and by demonstrating by immunofluorescence
that pUS27-3�F no longer accumulated after infection (data not shown).

Wild-type and mutant virus stocks were propagated by transfecting fibroblasts
with BAC DNA, cultures were harvested when full cytopathic effect was evident,
and virus was then partially purified by centrifugation through a 20% sorbitol
cushion. Virus stocks were stored at �80°C in DMEM containing 10% FBS plus
1.5% bovine serum albumin (BSA). Virus stock titers were determined by 50%
tissue culture doses (TCID50) on fibroblasts.

Analysis of virus growth and spread. Multistep growth kinetics were analyzed
by infecting 2.5 � 105 fibroblasts at a multiplicity of 0.01 PFU/ml. Viral growth
was also analyzed at a multiplicity of infection of 0.5 PFU/ml, where indicated in
the figure legends. In each case, medium was collected at various times after
infection and used to infect fresh cultures of fibroblasts. Virus yield was deter-
mined by quantifying the number of IE1-positive cells by using an IE1-specific
monoclonal antibody (clone 1B12) (34) and a fluorescently labeled secondary
antibody in three randomly chosen fields, as previously described (28). For the
analysis of cell-associated virus yield, 7.0 � 104 infected cells were harvested by
scraping into fresh medium and lysed by subjecting them to three freeze-thaw
cycles. Cellular debris was pelleted by centrifugation, and the amount of infec-
tious virus in the resulting supernatant was determined by TCID50 assay. To
assess viral growth in ARPE cells, approximately 5.0 � 105 cells per time point
were infected at a low multiplicity (0.1 PFU/ml). Cells and medium were col-
lected at various times after infection, and virus titers were determined on
fibroblasts by either quantifying IE1-positive cells, as described above, or TCID50

assay.
To monitor spread mediated by extracellular virus versus direct cell-to-cell

spread, HCMV neutralizing antibody, CytoGam (National Hospital Specialties),
was used as described previously (22). Fibroblasts (7.0 � 104 cells/condition)
were infected for 1 h at 37°C and washed twice with phosphate-buffered saline
(PBS), and fresh medium was added with or without a sufficient quantity of
CytoGam to neutralize infectious virus produced in the cultures (3%, vol/vol).
Medium and CytoGam were replaced daily. At 15 days postinfection (dpi), cells
were harvested for cell-associated DNA analysis by quantitative PCR (qPCR)
and to determine the yield of cell-associated virus by TCID50 assay.

Assay of viral DNA and proteins. Quantification of DNA in virus stocks and in
infected cells was performed as previously described (28). To determine the
particle-to-PFU ratio, genomes were used as a metric for virus particles. The
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genome number, determined by qPCR, was divided by the infectious yield,
assayed by TCID50. Cell-associated viral DNA levels were normalized using
primers specific for actin: FOR 5�-TCCTCCTGAGCGCAAGTACTC-3� and
REV 5�-CGGACTCGTCATACTCCTGCTT-3�. In each case, viral DNA was
quantified using primers to UL123: FOR 5�-GCCTTCCCTAAGACCACCAA
T-3� and REV 5�-ATTTTCTGGGCATAAGCCATAATC-3�. Samples were an-
alyzed in triplicate by SYBR green assay using an ABI 7600 real-time PCR
instrument.

To label viral proteins exposed on the cell surface, biotinylation was carried
out using a Cell Surface Protein Isolation Kit (Thermo Scientific) according to
the manufacturer’s instructions. In brief, virus was absorbed to 1.8 � 106 fibro-
blasts at a multiplicity of infection of 0.5 PFU/cell for 1 h at 37°C; cells were
washed twice with PBS, and the cultures were reconstituted with fresh medium.
At 96 hpi, medium was removed, and cells were biotinylated; then the reaction
was quenched, and cells were harvested for lysis according to the manufacturer’s
instructions. One-tenth of each lysate was reserved as a control. Biotinylated
proteins were isolated by binding to NeutrAvidin beads and denatured for
SDS-PAGE according to the manufacturer’s instructions. Proteins were trans-
ferred to Protran (Whatman), and blots were probed with anti-FLAGm2 anti-
body (Sigma), diluted 1:7,500, and anti-insulin receptor antibody (Millipore),
diluted 1:500, followed by horseradish peroxidase (HRP)-conjugated goat-anti-
mouse secondary antibody (Jackson Laboratories), diluted 1:10,000.

To assess viral protein expression, 2.5 � 105 cells per time point were infected
with either mutant or wild-type virus at a multiplicity of 0.5 PFU/ml. Virus was
adsorbed for 1 h at 37°C and washed twice with PBS, and cultures were replen-
ished with fresh medium. Cells were harvested at various times after infection
and lysed in radioimmunoprecipitation assay (RIPA) buffer, and equal amounts
of protein (determined by Bradford assay) were subjected to immunoblot assay.
Primary antibodies used were anti-IE1 (clone 1B-12) (34) and anti-pUL99 (clone
10B4-29) (24), both diluted 1:100, anti-UL44 (Virusys), diluted 1:2,500, and
anti-tubulin (Sigma), diluted 1:5,000, followed by HRP-conjugated goat anti-
mouse secondary antibody.

For analysis of protein localization by immunofluorescence, approximately
2.0 � 105 cells were grown on coverslips and infected at a multiplicity of 0.5
PFU/ml. Cells were washed with PBS, fixed for 20 min at 37°C with 2% para-
formaldehyde, washed again with PBS, and then permeabilized with 0.1% Triton
X-100 plus 0.2% Tween in PBS for 15 min at room temperature. Slides were
stored at 4°C with blocking buffer (2% BSA in PBS with 0.2% Tween) until all
time points were harvested and then incubated with anti-FLAGm2 (Sigma)
diluted 1:500, anti-pUL55 (glycoprotein B [gB]) (Abcam) diluted 1:100, or anti-
pUL99 (24) diluted 1:10 in blocking buffer for 1 h at room temperature. Cells
were then treated with Alexa Fluor 546 anti-mouse secondary antibody (Molec-
ular Probes) and 4�,6�-diamidino-2-phenylindole (DAPI) and washed as above.
Slides were mounted with SlowFade antifade reagent (Molecular Probes). Im-
ages were collected by using a Zeiss LSM 510 confocal microscope.

RESULTS

pUS27 is expressed on the surface and in the assembly zone
of infected cells. To extend the earlier studies on pUS27 local-
ization in transfected cells and cells infected with a laboratory
strain (9, 31), we generated a derivative of the clinical isolate,
BFXwtGFP. The variant, termed BFXwt-US27-3�F, expresses
a pUS27 fusion protein with three tandem repeats of a FLAG
epitope at its carboxy terminus. We initially used the variant to
determine if pUS27 is expressed on the surface of infected
fibroblasts, where it could potentially respond to environmen-
tal signals. To this end, we biotinylated intact cells, prepared
extracts, and captured proteins with avidin beads for analysis.
As a control, we assayed our ability to detect a known cell
surface protein, the insulin receptor (Fig. 1A, top panel). The
receptor was detected, and it was captured only when samples
were biotinylated. Interestingly, the control experiment indi-
cated that the insulin receptor is elevated after infection, con-
sistent with the earlier observation that insulin receptor RNA
is elevated after HCMV infection (6). We also assayed the
proteins captured with avidin beads for two viral proteins that
are not known to be exposed on the cell surface, IE2 (nuclear)

and pUL83 (nuclear and cytoplasmic), and they were present
at very low levels (Fig. 1A, bottom panel). A large portion of
input insulin receptor was captured, and minimal portions of
total cellular IE2 and pUL83 were captured, which supports
the conclusion that biotinylation was substantially limited to
proteins exposed on the cell surface. We next tested for the
presence of pUS27-3�F on the cell surface at 96 hpi with
BFXwt-US27-3�F (Fig. 1B). The protein was detected both in
whole-cell lysates and after capture of biotinylated surface
proteins. It was not detected in mock-infected cells or cells
infected with a virus expressing pUS27 without a FLAG tag,
confirming specificity of the antibody. pUS27-3�F migrated as
a smear, and this was expected because other investigators
have reported that pUS27 is glycosylated (17). Finally, we
performed a time course analysis (Fig. 1C), which indicated

FIG. 1. pUS27 is expressed on the surface of infected cells. Fibro-
blasts were mock infected or infected with BFXwtGFP or BFXwtGFP-
US27-3�F at a multiplicity of 0.5 PFU/cell. Cell surface proteins were
biotinylated 96 h later and captured with avidin-conjugated beads.
Each lysate sample assayed received protein from 1.4 � 105 cells per
lane, and each biotinylated sample assayed was the material captured
from 7.9 � 105 cells. (A) Detection of cell surface insulin receptor
InsR in biotinylated (�) samples but not in untreated cells (�) by
immunoblot assay using InsR-specific antibody (top) and minimal de-
tection of IE2 (nuclear localization) and pUL83 (nuclear plus cyto-
plasmic localization) in biotinylated samples (bottom). (B) Detection
of FLAG-tagged pUS27-3�F in whole-cell lysates and in biotinylated
samples by immunoblot assay using antibody to the FLAG epitope.
The bracket marks glycosylated pUS27-3�F, and the asterisks denote
nonspecific bands due to biotinylation. (C) Peak expression of pUS27-
3�F at 72 and 96 hpi. Fibroblasts were biotinylated at various times
after infection and then assayed as in panel B.
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that the amount of pUS27 exposed on the cell surface is max-
imal during the late phase of infection.

Although we detected pUS27 on the cell surface in the
sensitive biotinylation assay, it has been reported that the pro-
tein’s localization is dynamic and that it is rapidly internalized.
In transient transfection assays, very little of the GPCR homo-
logue is localized to the cell surface (9, 31). We therefore
assessed the localization of pUS27 by immunofluorescence in
BFXwtGFP-US27-3�F-infected fibroblasts. At 96 hpi, pUS27-
3�F localized almost exclusively to the perinuclear assembly
zone (Fig. 2A, upper left panel), and none was evident on the
cell surface. In a control experiment the pUL55-coded gB was
readily detected on the cell surface with an intensity similar to
that in the assembly zone (Fig. 2B). The presence of pUS27 in
the assembly zone is not surprising because it is a virion com-
ponent (17, 29), and we readily detected pUS27-3�F exposed
on the surface of partially purified virions (Fig. 2C). Appar-
ently, only a small portion of the total pUS27 resides at the
surface of infected cells. The epitope tag very likely did not
alter the localization of pUS27 because the virus expressing the
tagged protein grew normally, in contrast to pUS27-deficient
viruses, which displayed a growth defect (Fig. 3B).

pUS27-deficient viruses produce reduced yields of extracel-
lular virus. We next generated two identical, but indepen-
dently constructed, stop mutants in the US27-3�F ORF pres-
ent in BFXwtGFP-US27-3�F, which are termed BFX-
GFPstopUS27-1 and BFX-GFPstopUS27-2 (Fig. 3A), in order
to test for a requirement for pUS27 within infected fibroblasts.
To generate the stop variants, we changed one base pair in the
US27 coding sequence to create a stop codon. By making the
mutation in BFXwtGFP-US27-3�F, we could easily confirm

by immunofluorescence that expression of the epitope-tagged
pUS27 was abrogated (Fig. 2A, right panels). It has been
reported that pUS27 is dispensable for growth in cultured
fibroblasts, with mutant virus showing no defect compared to
wild-type virus (4). However, this earlier work employed a
laboratory strain of HCMV at a relatively high multiplicity of
infection. To determine the growth properties of our mutant
derivatives of a clinical strain, we infected fibroblasts at a low
multiplicity (0.01 PFU/cell) and measured the production of
infectious extracellular progeny in the media of cultures in-
fected with each of the two identical stop mutant viruses (BFX-
GFPstopUS27-1 and BFX-GFPstopUS27-2) compared to
growth of wild-type viruses (BFXwtGFP and BFXwtGFP-
US27-3�F). At a low multiplicity of infection, the mutant
viruses displayed an approximately 10-fold growth defect in
extracellular virus accumulation on days 8 to 15 after infection
(Fig. 3B). The observation that the two independently isolated
stop mutant viruses displayed similar growth defects argues
that neither contains off-target mutations contributing to the
mutant phenotype.

Since pUS27 is a constituent of virions, we asked if there was
a difference in the specific infectivity of the mutant progeny
by determining the particle-to-PFU ratio for BFXwtGFP,
BFXwt-US27-3�F, and BFX-GFPstopUS27. There is no sta-
tistically significant difference in this ratio for parental com-
pared to mutant virus (Fig. 3C), and we conclude that BFX-
GFPstopUS27 produces virions of normal infectivity.

pUS27 is not needed for the accumulation of viral DNA or
representative viral proteins. We next asked if the loss of
pUS27 expression affected the accumulation of viral DNA,
viral proteins, or intracellular infectivity. To this end, we in-

FIG. 2. pUS27 is localized to the assembly zone of infected cells, and it is present in virions. (A) Immunofluorescence detection of pUS27-3�F
in the assembly zone. Fibroblasts were infected with BFXwtGFP-US27-3�F or BFX-GFPstopUS27 at a multiplicity of 0.5 PFU/ml. Cells were
assayed at 96 hpi by using anti-FLAGm2 antibody (red) and DAPI (blue). eGFP (green) is expressed from the viral genome and serves as a marker
of infection. (B) Immunofluorescent detection of gB on the cell surface. Fibroblasts were infected with BFXwtGFP at a multiplicity of 0.5 PFU/ml
and assayed at 96 hpi by using anti-gB antibody (red) and DAPI (blue). (C) pUS27 is a constituent of the viral envelope. BFXwtGFP-US27-3�F
virus particles were partially purified by centrifugation through a 20% sorbitol cushion and, where indicated, treated with proteinase K (PK) in the
presence or absence of NP-40. pUS27-3�F was assayed by immunoblotting using antibody to the FLAG epitope. The bracket marks glycosylated
pUS27-3�F. As a control, the internal virion protein, pUL83, was detected using a monoclonal antibody to the viral protein.
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fected fibroblasts at a multiplicity of 0.5 PFU/cell and har-
vested DNA and protein for further analyses. Initially, we
assayed production of extracellular virus, confirming the
growth defect of the pUS27 mutant compared to growth of its
wild-type parent after infection at this input multiplicity (Fig.
4A). Importantly, the mutant virus accumulated somewhat re-
duced levels of intracellular infectivity as well. The phenotype
of the mutant appears to be multiplicity dependent because the

defect in the production of infectious progeny is less at an
input of 0.5 PFU/cell (Fig. 4A) than at 0.01 PFU/cell (Fig. 3B).

To test whether earlier events in the virus replication cycle
occurred normally, we quantified DNA accumulation by qPCR
(Fig. 4B), and protein lysates were assayed by immunoblotting
for the accumulation of representatives of the three kinetic
classes of viral proteins, i.e., IE1 (immediate early), pUL44
(early), and pUL99 (late) (Fig. 4C). Compared to wild-type
virus, BFX-GFPstopUS27 displayed normal DNA accumula-
tion. Production of the immediate-early protein was also nor-
mal, whereas the early and late proteins accumulated to mod-
estly elevated levels (about 2-fold) in the mutant compared to
accumulation in wild-type virus-infected cells at 48 hpi; levels
were normal at 72 and 96 hpi. Although it is possible that the
lack of pUS27 influences the expression of a protein that was

FIG. 3. pUS27-deficient virus generates reduced yields of extracel-
lular virus. (A) Diagram of the BFXwtGFP-US27-3�F and BFX-
GFPstopUS27 genomes. TR, terminal repeat; IR, inverted repeat; U,
unique sequence; L and S, long and short, respectively. (B) Growth
kinetics of wild-type and mutant viruses. Fibroblasts were infected at a
multiplicity of 0.01 PFU/ml with the indicated viruses, samples of
medium were collected at the indicated time points, and viral progeny
was assayed by infecting fibroblasts and quantifying IE1-positive cells
24 h later by immunofluorescence. Each sample was measured in
triplicate, and the dashed line represents the level of detection for the
assay. (C) pUS27-deficient virions exhibit normal infectivity. The num-
ber of genomes in a virus stock of known titer was determined by
qPCR. The ratio of particles per PFU was determined by dividing the
number of genomes by the titer for each stock. Each sample was
measured in triplicate.

FIG. 4. Viral DNA and protein accumulate normally in BFX-
GFPstopUS27-infected cells. Fibroblasts were infected at a multiplicity
of 0.5 PFU/cell with BFXwtGFP or BFX-GFPstopUS27, and either
medium or cells were harvested for analysis after various time inter-
vals. (A) Growth of wild-type and mutant viruses. The accumulation of
cell-associated and extracellular virus progeny at 96 and 120 hpi was
assayed by infecting fibroblasts and quantifying IE1-positive cells by
immunofluorescence. Each sample was measured in triplicate, and
differences between wild-type and mutant were statistically significant
(extracellular virus, P of 0.005 at 96 hpi and of 0.025 at 120 hpi;
cell-associated virus, P of 0.003 at 96 hpi and of 0.015 at 120 hpi).
Innoc, innoculum. (B) Normal DNA accumulation in mutant virus-
infected cells. Viral DNA was quantified by qPCR and normalized to
cellular �-actin DNA, and the results are displayed as arbitrary values.
Each sample was measured in triplicate. (C) Normal protein accumu-
lation in mutant virus-infected cells. Representative viral proteins were
assayed by immunoblotting, and cellular tubulin was monitored as a
loading control.
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not assayed, it appears likely that the GPCR homologue is not
required for substantially normal viral gene expression.

Although viral protein synthesis is not impaired, we asked if
the lack of pUS27 affected the proper localization of proteins
necessary for virion assembly by comparing the localization of
pUL99 in mutant and wild-type virus-infected cells (Fig. 5).
During the late phase of the replication cycle, pUL99 localizes
to the assembly zone of infected cells (21), and it is required
for envelopment of virus particles (24). pUL99 was properly
localized to the assembly zone in the BFX-GFPstopUS27-in-
fected cells.

pUS27 is required for virus spread by the extracellular
route. Our results argue that in the absence of pUS27, the virus
replication cycle proceeds normally up to the assembly of in-
fectious virus. However, the amount of intracellular as well as
extracellular virus is reduced in populations of cells infected
with BFX-GFPstopUS27 compared to those infected with the
parental virus. Therefore, we tested the hypothesis that, as a
viral envelope constituent (Fig. 2B), pUS27 plays a role in the
spread of virus by the extracellular route but does not influence
direct cell-to-cell spread. To this end, we infected fibroblasts at
a multiplicity of 0.01 PFU/cell with either wild-type or BFX-
GFPstopUS27 virus, and following virus adsorption we propa-
gated the infected cultures in the presence or absence of
HCMV neutralizing antibody (CytoGam). The addition of
CytoGam to infected cultures at a concentration sufficient to
neutralize extracellular virus (22) allowed us to differentiate
between extracellular spread and cell-to-cell spread of the virus
because any virus released into the medium is neutralized and
unable to infect a new cell. As a consequence, infected cultures
that received this treatment are restricted to cell-to-cell spread
of the virus. Following 15 days in culture, infected cells were
harvested for analysis of intracellular viral DNA and cell-as-
sociated virus. In the absence of neutralizing antibody, BFX-

GFPstopUS27 displayed a defect, relative to wild-type virus, in
the accumulation of cell-associated viral DNA (Fig. 6A, no
CytoGam) and cell-associated infectious virus (Fig. 6B, no
CytoGam). However, when the infection was restricted to di-
rect cell-to-cell spread in the presence of neutralizing antibody,
BFXwtGFP accumulated less intracellular viral DNA (Fig. 6A,
3% CytoGam) and fewer intracellular infectious virions (Fig.
6B, 3% CytoGam), whereas there was little change in intracel-
lular DNA and no change in intracellular virus for BFX-
GFPstopUS27. These results argue that pUS27 plays a role in
an event after the production of virion constituents needed for
direct cell-to-cell spread and before the release of virions from
the infected cell to allow spread mediated by extracellular
virus.

To further test for a role of pUS27 in extracellular spread of
the virus, we infected epithelial and endothelial cells with wild-
type, TB40/Ewt-mCherry, and a pUS27-deficient mutant de-
rivative, TB40/E-mCherrydlUS27, of an endothelial cell-tropic,
clinical isolate, TB40/E (25). While HCMV spreads both ex-
tracellularly and by cell to cell in cultured fibroblasts, infection
of primary retinal pigmented epithelial cells (ARPE-19 cells)
with TB40/Ewt-mCherry resulted in exclusively cell-to-cell
spread (Fig. 7A). We detected no virus released into the me-
dium of infected ARPE-19 cells over a 30-day time course. We
therefore hypothesized that infecting epithelial cells with
TB40/E-mCherrydlUS27 would result in no defect in virus
replication compared to infection with wild-type TB40/Ewt-
mCherry since virus production in a culture infected at a low
input multiplicity would be dependent entirely on cell-to-cell

FIG. 5. pUL99 is localized normally in BFX-GFPstopUS27-in-
fected cells. Infected fibroblasts were assayed by immunofluorescence
for pUL99 (red) at 120 hpi. Nuclei were stained with DAPI (blue), and
eGFP (green) is expressed from the viral genome, serving as a second
marker of infection.

FIG. 6. BFX-GFPstopUS27 depends on direct cell-to-cell spread.
Fibroblasts were infected with either the wild type or the US27 mutant
at a multiplicity of 0.01 PFU/cell and maintained for 15 days in the
presence (�) or absence (�) of the neutralizing antibody CytoGam.
(A) Intracellular DNA was assayed to monitor virus spread. DNA was
quantified by qPCR and normalized to �-actin. Assays were performed
in triplicate. (B) Cell-associated virus was assayed to monitor virus
spread. Infected cells were lysed, and virus yields were measured in
triplicate by TCID50 assay.
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spread. We collected infected cells at each time point and
determined the relative titer of cell-associated virus. The
TB40/E-mCherrydlUS27 mutant virus grew similarly to TB40/
Ewt-mCherry in ARPE-19 cells (Fig. 7B). To assess the growth
of this mutant in human umbilical vascular endothelial cells

(HUVECs), where the extracellular virus is normally produced
(25), we quantified infectious virus in the medium at each
time point. Similar to results with fibroblast infections, we
observed significantly reduced titers of extracellular virus in
HUVECs infected with the TB40/E-mCherrydlUS27 mutant
virus compared to infection with its wild-type counterpart
(Fig. 7C).

Taken together, our results demonstrate that pUS27 facili-
tates extracellular spread but is not required for direct cell-to-
cell spread of HCMV.

DISCUSSION

HCMV can spread from infected to uninfected cells either
through the production of extracellular virus particles that
subsequently bind and enter another cell or directly from cell
to cell with little or no exposure of virus to the extracellular
environment (13, 16, 22, 23). The principle conclusion of this
work is that pUS27 is required for efficient spread of HCMV
via the extracellular route. In fibroblasts, a pUS27-deficient
derivative of the FIX clinical isolate of HCMV generated nor-
mal amounts of intracellular viral DNA and representative
proteins (Fig. 4B and C), it localized a late viral protein prop-
erly to the cytoplasmic viral assembly zone (Fig. 5), and its
virions exhibited normal infectivity (Fig. 3C). However, the
mutant virus generated about 10-fold less extracellular progeny
than its wild-type parent (Fig. 3B), and spread of the mutant
within a culture of fibroblasts after infection at a low input
multiplicity was inhibited to a significantly lesser extent than
spread of its wild-type parent by neutralizing antibody (Fig. 6).
This result argues that wild-type FIX virus spreads within fi-
broblast cultures by two routes: through production of extra-
cellular virions that are sensitive to neutralizing antibody and
by direct cell-to-cell spread that is resistant to the antibody. In
contrast, the mutant spreads primarily by the direct cell-to-cell
route. This interpretation of the mutant phenotype was rein-
forced by analysis of a pUS27-deficient derivative of a second
HCMV clinical isolate, TB40/E. In endothelial cells, where
wild-type TB40/E produced extracellular virus, the mutant ex-
hibited a defect in the production of progeny (Fig. 7C). How-
ever, in epithelial cells, where the wild-type parent produced
little extracellular virus (Fig. 7A), the mutant grew nearly as
well as the wild type (Fig. 7B).

Mutations in several other HCMV genes have been shown
to block the production of extracellular virus while allowing
continued cell-to-cell spread. A virus unable to produce the
tegument protein pUL99 failed to assemble virions and to
produce detectable extracellular virus (24) but nevertheless
continued to spread directly from cell to cell (23). Since en-
veloped particles were not observed within cells infected with
the pUL99-deficient mutant, it was proposed that the tegu-
mented capsids might spread to neighboring cells. Similarly,
mutations in two virus-encoded glycoproteins, UL73 (gN) (16)
and UL74 (gO) (13), have been shown to decrease the pro-
duction of extracellular virus without completely blocking
spread. Like the pUL99-deficient mutant, both of the mutants
lacking functional glycoproteins failed to efficiently generate
enveloped virions within the cytoplasm of infected cells.

What is the mechanism by which pUS27 facilitates the pro-
duction of extracellular virus? It could act indirectly by influ-

FIG. 7. TB40/E-mCherrydlUS27 produces normal extracellular vi-
rus like wild-type virus in epithelial cells but displays a growth defect in
endothelial cells. Cells were infected at a multiplicity of 0.1 PFU/cell
with wild-type or mutant virus. Virus yields were assayed in triplicate,
and a dashed line denotes the level of detection for each assay.
(A) TB40/Ewt-mCherry remains substantially cell associated in epithe-
lial cells. ARPE cells were infected at a multiplicity of 0.1 PFU/ml. At
the indicated times after infection of ARPE-19 cells, titers were de-
termined by TCID50 assay for virus released into the medium (squares)
and virus that remained cell associated (triangles). (B) TB40/E-
mCherrydlUS27 generates normal yields of cell-associated virus. At
various times after infection of ARPE-19 cells, cell-associated virus
was assayed by infecting fibroblasts and quantifying IE1-positive cells
24 h later by immunofluorescence. (C) TB40/E-mCherrydlUS27 exhib-
its a defect in the production of extracellular virus after infection of
HUVECs. Cell-free virus was assayed by infecting fibroblasts and
quantifying IE1-positive cells 24 h later by immunofluorescence.
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encing the accumulation of another virus-encoded protein. We
did not observe changes in the levels of the small set of rep-
resentative proteins studied after infection with a pUS27-defi-
cient mutant (Fig. 4B), but it remains possible that the accu-
mulation of a another protein was reduced, and perhaps it, in
turn, functions in the production of extracellular virus. We
favor the interpretation, however, that pUL27 acts directly at a
late stage of the virus replication cycle, given its localization
within the cytoplasmic assembly zone (Fig. 2A) and its pres-
ence in the envelope of virions (17, 29) (Fig. 2B). Intracellular
as well as extracellular infectivity was reduced after infection
with a pUS27-deficient mutant (Fig. 4A). So, if pUS27 acts
directly at a very late stage of infection, it could facilitate the
assembly or egress of virus. The modest reduction in intracel-
lular infectivity in the absence of pUS27 might not reflect a
defect in assembly because it is possible that assembled parti-
cles are degraded if they are not transported out of the cell or
are transported incorrectly.

If pUS27 acts to facilitate virus assembly and/or egress, we
can envision two general mechanisms. Perhaps it functions
directly to support some aspect of the virion maturation/egress
process. For example, it could interact with other cell- or virus-
encoded proteins required for assembly of the virion, much
like UL73 (gN) (16) and UL74 (gO) (13), which are needed for
envelopment of particles within the assembly zone. Alterna-
tively, since pUS27 is a GPCR homologue, it might perform an
as yet unidentified signaling function that stimulates or regu-
lates some aspect of the assembly or egress process. As noted
earlier, pUS27 has not been shown to signal constitutively
when expressed within transfected cells (31), and no ligand has
been reported. Conceivably, its putative signaling function is
activated within the viral assembly zone in response to an
interaction with one or more virus-encoded proteins.
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