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Human cytomegalovirus (CMV) US28 (and the related open reading frame [ORF] US27) are G-protein-
coupled receptor homologs believed to play a role in viral pathogenesis. In vitro, US28 has been shown to bind
and internalize ligands, as well as activate intracellular signaling in response to certain chemokines, and to
initiate the migration of smooth muscle cells to chemokine gradients. To assess the role of US28 in vivo, we
examined the rhesus model and sequenced and characterized the rhesus CMV US28 locus. We found that
rhesus CMV carries five tandem homologs of US28, all widely divergent from US28 and from each other. By
reverse transcription-PCR and Northern analysis, we demonstrated expression of these ORFs in infected cells.
With stable cell lines expressing these ORFs, we analyzed the homolog’s binding and signaling characteristics
across a wide range of chemokines and found one (RhUS28.5) to have a ligand binding profile similar to that
of US28. In addition, we localized US28 and the rhesus CMV homolog RhUS28.5 to the envelope of infectious
virions, suggesting a role in viral entry or cell tropism.

Human cytomegalovirus (HCMV) is a large double-
stranded DNA herpesvirus that uses a broad array of strategies
to facilitate its lifelong association with its host. In normal
hosts, a complex interplay between the virus and the immune
system results in an equilibrium in which neither the host nor
the pathogen overpowers the other. This allows HCMV to
establish an enduring latent infection within hemopoietic cells
in �50% of the world’s population (14) and enables transmis-
sion of periodically reactivated virus to new hosts. However, in
immunocompromised individuals, such as transplant recipi-
ents, human immunodeficiency virus-seropositive patients, and
developing fetuses, the balance can be tipped in favor of the
virus, resulting in morbidity and mortality. For this reason, it is
important to better understand viral pathogenic mechanisms
to aid in the development of viral vaccines and therapeutics.

HCMV has long been known to use various mechanisms to
regulate the immune environment in which it lives. US2, US3,
US6, and US11 encode proteins that inhibit antigen presenta-
tion through major histocompatibility complex type I (16, 17,
54; reviewed in reference 15). UL18 and UL40 regulate the
susceptibility of virus-infected cells to lysis by NK cells (23, 47).
The virus also up-regulates the endogenous complement reg-
ulatory proteins CD46 and CD55 (13), CD59 and CD55 are
incorporated into virions (40), and the virus induces Fc recep-
tor expression (19, 25). Further, both HCMV (22) and rhesus
CMV (RhCMV) (41) were recently shown to have biologically
active homologs of interleukin-10.

In addition, HCMV expresses genes with homology to che-
mokines and their receptors. Chemokines are a class of cyto-
kines important in the regulation of motility and activation of
immune cells and characterized by the spacing of the their
conserved cysteine motif into CC, CXC, CX3CR, and C sub-
groups (29). HCMV has a potent CXC chemokine homolog,
UL146, as well as an uncharacterized CXC chemokine ho-

molog, UL147 (31, 35). Additionally, HCMV expresses four
genes with homology to chemokine receptors, UL33, UL78
(26), US27, and US28 (10, 30). US28 is the best characterized
of these in vitro. This gene is transcribed early in infection; has
been shown to bind a range of CC chemokines, including
RANTES/CCL5, MCP-1/CCL2, MCP-3/CCL8, MIP1-�/CCL3,
and MIP1-�/CCL4 (4) and viral chemokine homologs such as
human herpesvirus 8 vMIP-2 (20); and has a strong affinity for
the surface-bound chemokine fractalkine (CX3CL1) (21). Fol-
lowing binding of ligands, the receptor can be internalized and
recycled to the surface (11) and is able to initiate intracellular
signaling through coupling to G proteins (30). Other studies
have suggested that US28 is able to impart constitutive signal-
ing capacities on both infected and transfected cells, although
cell type specificity and the presence of other viral or virus-
induced factors may be necessary for this activity (7, 28). In in
vitro assays, expression of US28 imparts chemotactic proper-
ties to vascular smooth muscle cells (44) and so may play a role
in exacerbation of CMV-associated atherosclerotic disease. Fi-
nally, US28 has been associated with entry of HIV and cell-cell
fusion (32, 33).

However, the role of US28 in the context of viral infection in
vivo remains unclear. US28 has no known homologs in CMVs
of lower species, and the species specificity of CMV prohibits
examination of its function in animal models. To address this
difficulty, we have sequenced the RhCMV genome and discov-
ered and characterized US28 homologs in this virus. We have
elucidated a complex locus containing five contiguous ho-
mologs of US28 and have examined their properties.

MATERIALS AND METHODS

Viruses, cells, and chemokines. HEK293 cells (American Type Culture Col-
lection, Manassas, Va.), low-passage (�15 passages) human dermal foreskin
fibroblasts (HDF; Clonetics), or rhesus dermal fibroblasts (RhDF) (18) were
cultured in Dulbecco’s minimal essential medium (JRH) supplemented with
10% fetal bovine serum (HyClone) (39). HCMV strains Toledo (passage 8) (34)
and Tol�28 (48) and RhCMV strain Rh68.1 (American Type Culture Collec-
tion) (2) were propagated as previously described (39). Recombinant chemo-
kines were obtained from R&D Systems.
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Virion purification and analysis. Virions and dense bodies from infected cell
supernatants were purified over potassium tartrate-glycerol gradients as previ-
ously described (45). Virions (from the upper band) or dense bodies (from the
lower band) were collected with a syringe. Purified virions or dense bodies were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and stained with Coomassie blue (Pierce) or transferred to nylon for
Western blotting by standard techniques (37) and stained with monoclonal an-
tibodies (MAbs) to �-actin (Sigma) or HCMV pp65 (Rumbaugh-Goodwin In-
stitute) and then with goat anti-mouse horseradish peroxidase. The label was
detected by enhanced-chemiluminescence assay (Amersham).

Genome sequencing and analysis. RhCMV virions were purified as described
above, and viral DNA was isolated by standard techniques. The resulting sus-
pension was provided to Genome Therapeutics for sequencing. By hydroshear-
ing, a shotgun library was created with inserts of about 3,000 bp. Individual
clones were sequenced by ABI Prism BigDye terminator chemistry. The �220-kb
genome was covered to an average accuracy of 6� sequence. Individual reads
were assembled into contiguous fragments. Homologs of HCMV genes were
elucidated by using the BLAST X and Clustal algorithms (1). Sequences were
further analyzed with the BioNavigator bioinformatic program set (Entigen
Corp.). Protein alignment was performed with the SeqVu program (Garvan
Institute).

Northern blot analysis and reverse transcription (RT)-PCR. RhDF were
infected with Rh68.1 at a multiplicity of infection of 3 or mock infected, and total
cellular RNA was collected at 2, 24, 48, and 72 h postinfection (hpi) with the
RNeasy mini kit in accordance with the manufacturer’s (Qiagen) instructions.
Infected cells were also treated throughout infection with the viral polymerase
inhibitor phosphonoformic acid (PFA) at 660 	M (200 	g/ml), and RNA was
collected at 72 hpi. Northern blot analysis and hybridization were performed at
60oC with the NorthernMax kit in accordance with the manufacturer’s (Ambion)
instructions with 10 	g of RNA per lane. 32P-labeled probes spanning the whole
of each open reading frame (ORF) were produced by random primed labeling of
PCR products produced with the primers in Table 1 (for primer numbering, see
Fig. 2A; the numbers represent 3
 positions in the sequence with GenBank
accession no. AF539641). After hybridization, blots were exposed to Kodak
X-Omat film.

RT-PCR was performed on the above RNA template, including the PFA-
treated sample, with the GeneAmp RNA PCR core kit in accordance with the
manufacturer’s (Roche) instructions, with amplification for 30 cycles and an

annealing temperature of 55°C. RNA was primed with a dTTT primer, and
cDNA was primed with the intragenic primers in Table 2 (see Fig. 2A). A control
reaction mixture was prepared in which reverse transcriptase was included or
omitted and run with primers to the rhesus major immediate-early region. PCR
products were separated on a 2% agarose gel.

DNA cloning and cell lines. All restriction endonucleases were obtained from
New England Biolabs. PCR was performed with an annealing temperature of
55°C and Taq master mix in accordance with the manufacturer’s (Qiagen) in-
structions. ORFs Rh28.1 to -5 were individually cloned into pIRES-puro (Clon-
tech), which was modified to express an in-frame N-terminal FLAG epitope tag
(pPF IRES-puro), by restriction endonuclease digestion of PCR products and
vector and cloned by standard techniques. HCMV US28 cloned into the
pCDNA3 vector (Invitrogen) was also used (30). Primers for each ORF (as
detailed in the description of Northern blot analysis) were designed to encode 5

NotI and 3
 EcoRI restriction sites (underlined). Inserts were sequenced after
insertion into all vectors (Biotech Core) to ensure sequence identity and fidelity.

To make stable cell lines expressing these ORFs, HEK293 cells were trans-
fected by electroporation, cultured with 3 	g of puromycin per ml (800 	g of
G-418 per ml for the HCMV US28 line), and isolated by limiting dilution. Lines
were expanded and then stained with anti-FLAG M1 antibody (Sigma) or an
isotype control, followed by goat anti-mouse–phycoerythrin, and analyzed by
flow cytometry. High-expression lines were amplified and maintained under
selection. For transient transfections, cells were harvested 48 h after transfection
by electroporation and analyzed for FLAG expression as described above.

Binding analyses and internalization assays. Virions, infected fibroblasts, or
transfected HEK293 cells were incubated at 4°C for 3 h with �0.08 nM 125I-
labeled fractalkine (Pharmacia Biotech) alone or with unlabeled fractalkine in
binding buffer (25 mM HEPES, 140 mM NaCl, 1 mM CaCl2, 5 mM MgCl2, 0.2%
bovine serum albumin, pH 7.1). Cells were aspirated onto polyethyleneimine-
treated GF/C glass fiber filters (Packard) with a cell harvester (Packard) and
washed twice with wash buffer (25 mM HEPES, 500 mM NaCl, 1 mM CaCl2, 5
mM MgCl2, pH 7.1). Scintillant was added to the dried filters, and counts per
minute were measured on a Packard Topcount scintillation counter. For Dis-
placemax (6), cells incubated in the presence of 125I-labeled fractalkine were
interrogated in parallel as described above with a broad array of unlabeled
chemokine competitors (2 	g/ml) to assess their ability to displace radiolabeled
fractalkine.

For internalization assays, HEK293 transfectant cells were harvested, resus-

TABLE 1. Primers used for PCR

Primer sequence Designation Map nucleotide ORF

GCTGAAGCGGCCGCTATGAATAACACATCTTGCAACTTC 1 3598 RhUS28.1
CTCGCGAATTCCACACAGACCACATGTAC 2 4630 RhUS28.1
GCTGAAGCGGCCGCATTCAACATGACCAACGCCGG 3 2514 RhUS28.2
CTCGAGAATTCGCATTTCCGTGGATTCG 4 3539 RhUS28.2
GCTGAAGCGGCCGCCATGACCAACACTAAC 5 1366 RhUS28.3
ATCGCGAATTCGAGTCTTTTGTGAGCC 6 2401 RhUS28.3
GCTGAAGCGGCCGCTATGAATTCGAGCCAGCAC 7 37 RhUS28.4
CTCGAGAATTCGTACGCGACTAAGACAGAG 8 1034 RhUS28.4
GCTGAAGCGGCCGCAAAGATGACTACCACCAC 9 4752 RhUS28.5
CTCGAGAATTCATAACCTAGCACCTCCCC 10 6255 RhUS28.5

TABLE 2. Intragenic primers used for RT-PCR

Primer sequence Designation Map nucleotide

AGTGCACCTGTGCTCCTTC 11 547
GGAGCGATATTCCAACTTA 12 977
CAGCGCCTACACTGTACTC 13 1429
GTGACAGTGTCCGGCGTT 14 2507
CAACGCCGGACACTGTCA 15 2506
TGGCTATTAACAAGGTCGT 16 3077
ATGTACAGCATTGTTATCT 17 3647
CTAAGTTGGAATATCGCTC 18 3914
TACCATTGAAACCACATC 19 5128
TGGTTCATACTCTGCTAC 20 5639
TCGGAGGAGCACCATAGAAGGTACC MIE UP
AAGGCCCAGTAGAAGGTCCTCCAGAAGTCC MIE LOW
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pended in binding buffer, and seeded to 96-well plates at 100,000 cells per well
on ice in the presence or absence of an inhibitor of US28 and RhUS28.5
(C0232391). Tracer (�0.08 nM 125I-labeled fractalkine plus 1 nM unlabeled
fractalkine) was added to wells, and parallel plates were incubated at 4 or 37°C
and then harvested at indicated time points and counted as described above.

RESULTS

HCMV and RhCMV express fractalkine binding receptors.
To determine if RhCMV expresses a fractalkine binding
receptor with properties similar to those of HCMV US28,
RhCMV-infected cells and purified virions were assessed in
competitive radiolabeled ligand binding assays. HDF were in-
fected at an multiplicity of infection of 3 with HCMV strain
Toledo or Tol�28 (48), and RhDF were infected with RhCMV
strain Rh68.1 and then harvested at 72 hpi. Infected and mock-
infected cells were incubated with 125I-labeled fractalkine in
the presence of increasing amounts of unlabeled fractalkine
competitor, and then the free label was washed away and the
cell- or virion-associated label was evaluated. Strain Toledo-
infected HDF strongly bound the labeled fractalkine with a
50% infective concentration (IC50) of 90 pM, while strain
Tol�28, with US28 deleted, and mock-infected cells showed no
binding to this label. Similarly, Rh68.1-infected RhDF showed
strong binding to the labeled fractalkine, with an IC50 of 80 pM
(Fig. 1A). This suggests that RhCMV has a fractalkine binding
homolog of HCMV US28 that is expressed on the surface of
infected cells.

Next, virions and dense bodies were purified from superna-
tants of infected cultures at 96 hpi by potassium tartrate-glyc-
erol density gradient centrifugation. To confirm that purified
virions were free of contaminating cellular proteins, we per-
formed SDS-PAGE. Virions separated by SDS-PAGE were
stained with Coomassie blue or analyzed by Western blotting.
Rh68.1, Toledo, and Tol�28 virions showed patterns charac-
teristic of CMV, although the pp65 band prominent in HCMV
virions was reduced in RhCMV (Fig. 1C, left). When stained
with antibody to HCMV pp65, strains Toledo and Tol�28 had
a reactive band at about 65 kDa, but Rh68.1 did not, presum-
ably because of failure of the anti-HCMV pp65 antibody to
recognize the rhesus counterpart (Fig. 1C, center). Analysis of
the RhCMV genome at this locus (GenBank accession num-
bers: rhesus, AAL08224; human, NP040018) shows only
around 40% sequence identity at this locus, so the failure of
the HCMV-directed antibody to recognize this protein is not
surprising. Further staining of the blot with an antibody to the
�-actin protein abundantly found in fibroblasts reacted only
with the uninfected cell lysate, demonstrating an absence of
contaminating cellular protein in the virion preparations (Fig.
1C, right). Virions were processed for binding analysis as de-
scribed above and showed binding similar to that of infected
cells. Strain Toledo virions bound the labeled fractalkine with
an IC50 of 30 pM, while the virions with US28 deleted showed
no binding to this label. Strain Rh68.1 virions bound fracta-
lkine with an IC50 of 20 pM (Fig. 1B). Dense bodies isolated
from the lower band of potassium tartrate-glycerol density
gradients showed binding characteristics similar to those of the
virions (data not shown). This is the first demonstration of
virion localization of US28 and suggests a role for US28 in
binding or other early events in cell infection.

Analysis of the RhCMV US28 locus. In order to further
characterize the rhesus US28 homolog, the rhesus viral ge-
nome was sequenced as described in Materials and Methods.
Analysis of the genome revealed that the RhCMV genome is
highly homologous to the HCMV genome. The genomes are
colinear and have positional and sequence homologs of most

FIG. 1. Competitive binding analysis of infected fibroblasts (A) or
purified virions (B). Mock-infected or infected cells or virions were
contacted with 125I-labeled fractalkine in the presence of increasing
amounts of unlabeled fractalkine in triplicate. The results shown are
representative of at least three assays. Error bars indicate 2 standard
deviations. IC50s calculated by single-site competitive analysis are
shown in the tables. (C) Purified virions or uninfected cell lysate
separated by SDS–4 to 20% PAGE and stained with Coomassie blue
(left). Protein was transferred to nitrocellulose and stained with an
anti-HCMV pp65 MAb (center). Blots were subsequently stained with
an anti-� actin MAb. MW, molecular weight markers.
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ORFs. In addition, the structural arrangements of the viruses
are similar, with coding regions divided into short and long
regions. This is dissimilar to the rodent CMV genomes, which
have a single contiguous coding region and no known ho-
mologs of US28 (36), suggesting a comparatively greater phy-
logenetic separation of these genomes from HCMV.

BLAST analysis revealed a series of five juxtaposed ORFs
with positional and sequence homology to HCMV US28, des-
ignated RhUS28.1, RhUS28.2, RhUS28.3, RhUS28.4, and
RhUS28.5 (Fig. 2A). Clustal analysis showed wide divergence
in the sequences of these ORFs from each other, as well as
from HCMV US28 (Fig. 2B). However, all had the character-
istics of seven-transmembrane proteins, including conserved
alternating regions of hydrophobicity and hydrophilicity, and
showed significant sequence similarity (Fig. 2C). All of the

ORFs also contained a recognizable “DRY box” (boxed), a
motif important to efficient interactions of G-protein alpha
subunits with G-coupled protein receptors (GPCRs) (53).
However, the cysteine insertion in the DRY motif of
RhUS28.5 is not normally associated with functional GPCRs
and may underlie the failure of this ORF to facilitate Ca2�

mobilization in our analyses. Additionally, the RhUS28.5 ORF
had an extended N terminus, adding approximately 130 amino
acids compared to US28 and most known chemokine recep-
tors. To assess whether any of the putative transcripts were
spliced, we sequenced PCR-amplified cDNAs generated by
poly(T)-primed RT-PCR of whole-cell RNA from infected
cells at 48 hpi. All transcripts were demonstrated to be un-
spliced (data not shown).

FIG. 2. (A) Scale diagram showing RhUS28 ORFs. Primers used in this study are numbered. (B) Percent identity comparisons of RhCMV and
HCMV US28 homologs by Clustal analysis. (C) Alignment of RhCMV and HCMV US28 homologs. Shaded regions indicate regions of
hydrophobicity and hydrophilicity. Boxes indicate regions of amino acid similarity. The putative DRY box motif is indicated by the heavy box.
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Kinetics of expression of RhUS28 genes. To determine
which, if any, of the RhUS28 ORFs are expressed in infected
cells, Northern analysis was performed. RNA was extracted
from infected RhDF at 2, 24, 48, and 72 hpi, as well as from
mock-infected cells. RNA was separated on formaldehyde gels
and transferred to nylon and then hybridized with probes spe-
cific for each of the five RhUS28 ORFs. Loading consistency
was confirmed by ethidium bromide imaging of rRNA (Fig.
3B). None of the probes hybridized to RNA from mock-in-
fected cells, but the RhUS28.3 and RhUS28.4 probes hybrid-
ized predominantly to two bands of approximately 1.3 and 3.0
kb (Fig. 3A). These bands appeared to be of the same size,
suggesting that these ORFs are expressed in a single transcrip-
tion unit. However, sequence analysis revealed an abundance
of poly(A)-like sequences in this region, so that overlapping
transcripts may account for this banding pattern. Isolation of
these transcripts, as well as 5
 mapping, is needed to more fully
understand the complex transcription patterns within this lo-
cus. The bands were observed at 24, 48, and 72 hpi, suggesting
early transcription. RT-PCR confirmed these results (Fig. 3C).

Similarly, the RhUS28.1 and RhUS28.2 probes hybridized pre-
dominantly to transcripts of 2.4 and 3.5 kb with kinetics similar
to those of RhUS28.3 and RhUS28.4 by Northern analysis and
RT-PCR (Fig. 3A and C). The RhUS28.5 probe hybridized to
a single transcript of 1.8 kb detected at 24 hpi by Northern
analysis and RT-PCR that apparently declines in abundance at
later times (Fig. 3A and C). All transcripts showed normal
expression by RT-PCR in the presence of the viral DNA poly-
merase inhibitor PFA and so may be classified as early or
immediate-early transcripts (Fig. 3C). In addition, RNA cycled
in the presence or absence of reverse transcriptase was an-
nealed with primers in different exons of the RhCMV major
immediate-early region and confirmed the absence of contam-
inating DNA (Fig. 3C). Despite the apparent redundancy of
the RhCMV US28 locus compared to the HCMV US28 locus,
all ORFs were shown to be transcribed at early or immediate-
early times, suggesting a role for each in viral replication or
pathogenesis. The complexity of transcription in this region
necessitates further detailed study to more fully understand the
transcription unit.

FIG. 3. (A) Northern blot analysis of infected or mock-infected cell RNA from the indicated times after infection. Blots were hybridized with
32P-labeled probes to the indicated ORF. (B) Normalization of RNA loading was confirmed by visualization of rRNA with ethidium bromide.
(C) For RT-PCR, RNA was poly(dT) primed and reverse transcribed and then cDNA was amplified with ORF-specific primers. RNA collected
from cells infected in the presence of PFA is included. Reverse transcriptase-negative control reaction mixtures were amplified with primers to the
RhCMV major immediate-early region. The values on the left of panel A are molecular sizes in kilobase pairs.
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Functional analysis of the RhUS28 locus. To determine
whether these ORFs have functional homology to US28, we
examined the ability of cells expressing the ORFs to bind the
CX3CL1 chemokine fractalkine, a hallmark of US28 activity.
Stable HEK293 cell lines expressing FLAG-tagged RhUS28.1,
RhUS28.2, and RhUS28.5 were produced by selection of trans-
fectants with puromycin. HEK293 cells transiently expressing
RhUS28.3 and RhUS28.4 were examined, as extended propa-
gation of these cells in the presence of puromycin selected for
populations with decreased surface expression of the ORFs.
Surface receptor presence on all cells was assessed on the day
of assay by flow cytometry with anti-FLAG antibodies and was
shown to be robust (Fig. 4A). Cells were incubated with radio-
labeled fractalkine in the presence or absence of 100 nM un-
labeled fractalkine competitor. Only RhUS28.5, but not the
other US28 homologs, was able to bind the fractalkine label.
As expected, a control line expressing US28 also showed ro-
bust binding to fractalkine (Fig. 4B). RhUS28.5 or US28
transfected HEK293 cells were next subjected to a competitive
binding analysis in the presence of increasing concentrations of
unlabeled fractalkine or vMIPII, a chemokine produced by
human herpesvirus 8 that also binds strongly to US28 (20).
Single-site competitive analysis of the results gave an IC50 for
RhUS28.5-transfected HEK293 of 600 pM for fractalkine and
800 pM for vMIPII, while US28-transfected HEK293 cells had
a similar affinity for fractalkine of 700 pM (Fig. 5). The 10-fold
difference in binding affinity between the infected cells or viri-
ons and the transfected cells may be a result of conformational
changes in the receptor induced by the cellular environment or

the presence of other viral ORFs in the infected cells. Alter-
natively, it is possible that the N-terminal FLAG tag may affect
the receptor characteristics. However, in our laboratory, we
have observed no differences in the characteristics of tagged
and untagged US28 and other chemokine receptor-expressing
cell lines (data not shown).

To determine a comprehensive binding profile of RhUS28.5,
a stable cell line expressing this ORF was incubated with 125I-
labeled fractalkine in the presence of a wide range of human
and viral chemokine elements at �200 nM. Results are ex-
pressed as percent inhibition of binding of 125I-labeled frac-
talkine compared to that with no competitor (Fig. 6).
RhUS28.5 was determined to be a promiscuous receptor able
to bind a range of CC chemokines, as well as the CX3CL1
molecule, fractalkine, and certain viral chemokines. The bind-
ing profile of the rhesus homolog RhUS28.5 was essentially
identical to that of US28 (data not shown), further evidencing
its similarity to its HCMV counterpart. A preponderance of
the most active competitors are from the family of ligands that
bind the proinflammatory receptors CCR1, -2, and -5, and
US28 shows the strongest homology to CCR1. However, the
ORFs also bound ligands to CCR3, CX3CR, and a number of
viral chemokines with strong affinity but were generally unre-
active with CXC chemokines.

Internalization of ligand by RhUS28.5. To determine
whether RhUS28.5 has further functional similarities to US28,
HEK293 cells stably transfected with RhUS28.5 were next an-
alyzed for mobilization of intracellular calcium. Despite high
surface expression of the receptor and binding to fractalkine,
these cells were not induced to mobilize calcium in response to
known ligands (e.g., fractalkine and vMIPII; results not
shown). Control HEK293 cells stably transfected with US28
showed strong signaling in these experiments. To determine if
RhUS28.5 induces an intracellular signal through pathways we
were not able to detect in our assay, we next examined inter-
nalization of the receptor in response to ligand binding, a

FIG. 4. (A) Stable or transiently transfected HEK293 cells express-
ing FLAG-tagged RhUS28 ORFs were stained with an anti-FLAG
MAb, and expression was analyzed by flow cytometry. (B) Transfected
cells were incubated with 125I-labeled fractalkine (FkCk) in the pres-
ence or absence of 100 nM unlabeled fractalkine. Error bars indicate
2 standard deviations. The results shown are representative of at least
three assays. wt, wild type.

FIG. 5. Stably transfected HEK293 cells expressing RhUS28.5 or
US28 were incubated with 125I-labeled fractalkine in the presence of
increasing amounts of unlabeled fractalkine or vMIPII (■ , RhUS28.5
plus fractalkine; �, RhUS28.5 plus vMIPII; F, US28 plus fractalkine).
IC50s calculated by single-site competitive analysis are indicated in the
table at the bottom. Error bars indicate 2 standard deviations. The
values shown are representative of at least three assays.
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surrogate for functional stimulation of a receptor. Cells were
incubated with radiolabeled fractalkine at 37 or 4°C, and the
amount of label associated with the cells over time was assayed.
Wild-type HEK293 cells showed little interaction with the la-
beled fractalkine at either temperature. US28-transfected
HEK293 cells showed robust time-dependent association with
the label at 37°C, while only background levels of surface-
bound ligand were observed at 4°C, a temperature inhibitory to
internalization. This indicates that label bound to surface re-
ceptors was carried into the cell cytoplasm as receptors were
internalized at 37°C and recycled to the surface over time (Fig.
7). This is in agreement with previously published results (4,
21). The phenotype of the RhUS28.5-transfected HEK293
cells was intermediate in repeated assays. To demonstrate that
internalization was mediated by US28 or RhUS28.5, cells were
assayed in the presence of an inhibitor of fractalkine binding to
RhUS28.5 and US28, C0232391, which has a fractalkine bind-
ing IC50 of 140 nM for RhUS28.5 and 300 nM for US28 and
was added to a final concentration of 750 nM in these exper-
iments. In the presence of this inhibitor, incorporated label was

held to background levels for all cells and temperatures (Fig.
7). These results suggest that while binding of fractalkine to
US28 induces receptor internalization and actively modulates
intracellular signaling pathways, RhUS28.5 has a more passive
phenotype in these assays.

DISCUSSION

The herpesviruses can infect a broad range of hosts, ranging
from mollusks, fish, poultry, and livestock to higher mammals
and humans. Among these are the cytomegaloviruses, ubiqui-
tous pathogens with representatives characterized in an array
of mammals including mice, rats, guinea pigs, nonhuman pri-
mates, and humans. In humans, CMV is involved in numerous
pathologies in the immune compromised but has its greatest
impact on human health through congenital infection of neo-
nates resulting in neurological malformation, deafness, learn-

FIG. 6. Stably transfected HEK293 cells expressing RhUS28.5
were incubated with 125I-labeled fractalkine in the presence of 56
unlabeled human and viral chemokine elements at �200 nM. Results
are expressed as percent inhibition of labeled fractalkine binding. Each
bar represents one chemokine element. The values shown are repre-
sentative of at least two assays in triplicate.

FIG. 7. Wild-type or stably transfected HEK293 cells expressing
RhUS28.5 or US28 were incubated with 125I-labeled fractalkine at 4 or
37°C in the presence or absence of an inhibitor of RhUS28-US28-
fractalkine binding (C0232391) for the periods indicated. The top
panel shows wild-type HEK293, the middle panel shows HEK293 cells
expressing RhUS28.5, and the bottom panel shows HEK293 cells ex-
pressing US28. The values shown are representative of at least four
assays. The x axis represents time in minutes, and the y axis represents
counts per minute of internalized radioactivity. PBS, phosphate-buff-
ered saline.

10410 PENFOLD ET AL. J. VIROL.



ing disabilities, and death, making control of congenital infec-
tion a top priority according to the Institute of Medicine (42).
However, the study of the molecular mechanisms of pathogen-
esis presents a quandary. The double-stranded DNA genome
has one of the largest viral coding capacities known and can
only be propagated for study in a narrow cell range in vitro.
Many genes have been shown to be dispensable in culture and
are thought to be involved in cell tropism, pathogenesis, or
immune interaction in the natural environment of the host.
Hence, to more fully understand the importance of such genes
and their potential as targets for manipulation in vaccines and
therapeutics, a relevant in vivo model is essential. However,
the extreme species specificity of CMVs hampers the study of
HCMV in lower mammals. Likewise, genome divergence and
differences in the life cycles of rodent CMVs in their hosts limit
the utility of these as models for the study of HCMV patho-
genesis. As a solution to this problem, recent work has focused
on the use of nonhuman primates as models for HCMV. As-
pects of pathogenesis are broadly conserved between humans
and rhesus macaques (24, 46), and recent sequencing of the
chimpanzee CMV (accession no. NC003521), as well as our
sequencing of the RhCMV genome, has revealed good con-
servation of both individual genes and genome structure be-
tween HCMV and nonhuman primate CMVs. To this end, we
have begun to characterize the RhCMV US28 locus in order to
facilitate elucidation of its role in viral persistence and disease.

As HCMV US28 has been shown to strongly bind fractalkine
(21), we first assessed fractalkine binding by RhCMV-infected
cells. Unlike rat and murine CMV-infected cells, RhCMV-
infected cells demonstrated strong binding to fractalkine, sug-
gesting the presence of a US28 homolog in the RhCMV genome.
Additionally, we demonstrated US28-mediated fractalkine
binding by both virions and dense bodies of these viruses. This
is the first demonstration of localization of US28 to viral par-
ticles, which may mediate its delivery to the membranes of
infected cells at the earliest times in viral infection. It has been
suggested that US28 may initiate intracellular signaling events
through coupling to G proteins, and such early modulation of
signaling events may be crucial in the establishment of an
environment favorable for viral replication. Alternatively,
virion US28 may modify cell tropism by binding to cell surface
proteins such as fractalkine, thereby facilitating viral absorp-
tion and entry. Cytokine-activated endothelial cells have been
shown to support viral replication (38, 51), and surface expres-
sion of fractalkine in these cells is also up regulated in response
to cytokines (12). Binding of plasma-borne virions or infected
cells to fractalkine on activated endothelial cells lining the
vasculature may play a role in dissemination from initial sites
of mucosal infection and provide a molecular basis for obser-
vations of CMV’s role in cardiovascular disease (8, 43) and
transplant-related vascular disease (9).

Sequencing of the RhCMV genome revealed a complex
locus with five potential US28 homologs. While this gene is
absent in rat and murine CMVs (36, 49) and has not been
detected in guinea pig CMV, HCMV has two adjacent GPCR
homologs, US27 and US28, speculated to have resulted from a
gene duplication event. This arrangement was recently shown
to be identical in the chimpanzee CMV genome (accession no.
NC003521). The significance of the apparent redundancy in
the RhCMV US28 locus is unclear. Previous work by Martin

(27) revealed five adjacent GPCR homologs similar to US28
and the RhCMV ORFs in the so-called stealth virus genome.
This virus is widely believed to be an isolate of African green
monkey CMV.

Transcription analysis by RT-PCR showed that all five Rh-
CMV ORFs were expressed in viral infection from 24 hpi on.
These results were confirmed by Northern blotting of tran-
scripts with probes specific to each ORF. Sequencing of
cDNAs from cells infected for 48 h demonstrated that all
transcripts were unspliced. RhUS28.1 and RhUS28.2 appeared
to be expressed on common transcripts, and transcription in-
creased at 48 hpi. Similarly, RhUS28.3 and RhUS28.4 ap-
peared to be coexpressed through a separate transcription unit,
again increasing in intensity from 48 hpi on. The RhUS28.5
ORF was expressed through a single transcript that peaked at
24 hpi, and expression was reduced at later times of infection.
These data suggest that, rather than being untranscribed pseu-
dogenes, all of the ORFs are actively transcribed in infected
cells and hence may all play a role in the biology of infection.

Further analysis of the functions of these genes was per-
formed by expression in HEK293 cell lines. RhUS28.5 showed
clear functional homology to HCMV US28, binding strongly to
fractalkine, vMIPII, and other ligands for US28, even in the
absence of other viral factors. We were unable to demonstrate
binding of RhUS28.1 to RhUS28.4 to our radiolabeled fracta-
lkine tracer. Additional experiments (data not shown) were
performed in which intracellular calcium flux was measured by
high-throughput FLIPR technology. ORFs 1 to 5 were not
reactive in this assay with any of the approximately 35 chemo-
kines tested, although stromal cell-derived factor was shown to
signal through the endogenous CXCR4 receptor found on
HEK293 cells. The IC50 of fractalkine binding to transfected
RhUS28.5 was virtually identical to that seen for transfected
US28. Similarly, the IC50 of fractalkine binding to infected
rhesus or human cells was the same. However, the IC50 ob-
served for transfected cells was approximately 10-fold lower
than that in infected cells. The affinity of fractalkine for virion-
bound RhUS28.5 or US28 was somewhat higher than that for
infected cells. This suggests that viral or cellular factors can
influence the conformation, G-protein coupling, or other char-
acteristics of these receptors, leading to increased ligand avid-
ity in the context of viral infection. Heterogeneity of receptor–
G-protein coupling in different cell types, cell-specific
posttranslational modifications, and lipid rafting have all been
suggested to affect receptor-ligand avidity in other model sys-
tems (5, 52).

As HCMV US28 has previously been shown to bind multiple
ligands, we decided to more fully characterize the binding
profiles of US28 and the RhUS28.5 homolog. Competitive
displacement of a signature chemokine from US28 or
RhUS28.5 in either infected (data not shown) or stably trans-
fected cells demonstrated a broad and diverse set of potential
ligands for these ORFs. More than a dozen chemokines, CC,
CX3C, and viral, were able to bind with IC50s in the low
nanomolar to subnanomolar range. The binding profiles of
US28 and RhUS28.5 were virtually indistinguishable (data not
shown). Our unpublished work with other chemokine recep-
tors has demonstrated a variety of binding profiles. Some re-
ceptors have one or a few ligands, while others may have
multiple ligands. However, US28 displays the broadest binding
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capacity of any receptor we have observed within the chemo-
kine system. This may suggest that US28 is a promiscuous
receptor facilitating signal transduction through an array of
host stimuli. Alternatively, recent publications have suggested
that US28 signals constitutively or in response to endogenously
produced ligands (7, 28, 50). These studies appear to have
some dependency on the cell type or the presence of other viral
factors. We attempted to demonstrate intracellular signaling
by CRE, N-FAT, SRE, and NF-�B reporter-mediated assays in
the presence and absence of G-protein inhibitors such as per-
tussis toxin (results not shown). We were unable to demon-
strate either inducible or constitutive activity in these assays in
the HEK293 transfectants. However, given the level of contro-
versy surrounding the nature of the signaling capacity of hu-
man US28, further studies of the rhesus receptors appear
warranted. Alternatively, US28 may act to modulate the envi-
ronment of infected cells by sequestering chemokines from the
medium without subsequent signaling events (4, 11). In our
study, transfected US28 was clearly shown to mediate inter-
nalization of ligand from the medium, and we and others have
previously demonstrated US28-dependent calcium mobiliza-
tion in response to ligand (3, 48). RhUS28.5 demonstrated low
but repeatedly detectable levels of ligand internalization, but
we were unable to demonstrate RhUS28.5-dependent calcium
mobilization in HEK293 cells.

The apparent redundancy at the rhesus US28 locus invites
the question of the relatedness of the human and rhesus vi-
ruses. The human US28 and rhesus RhUS28.5 genes show
clear similarities in ligand binding and internalization, and
differences in signaling capacity in our assays may be explained
by the populations of G proteins and other cofactors available
in our cellular systems. As noted previously, HCMV US27 has
been proposed to have arisen from a gene duplication event
and has not been demonstrated to have a clear function in
vitro, but it should not be assumed that this ORF is without
biological relevance. Similarly, although no function was at-
tributed to RhUS28.1 to RhUS28.4 in our assays, it seems
likely that one or more of these ORFs is a surrogate for US27.
The conservation of the locus expansion in the related virus
African green monkey CMV, which also has five copies of a
US28-ike ORF (27), further suggests the biological importance
of this locus. It is possible that the alternate expansion of this
locus in humans represents a different but not unrelated evo-
lutionary divergence between rhesus monkey and human
CMVs.

To further expand our understanding of US28, it is necessary
to study its role in vivo. To this end, we have enabled the use
of the rhesus model by our characterization of the RhUS28
locus. Further, we have constructed recombinant viruses in
which RhUS28.5 or the RhUS28.1 to RhUS28.4 regions are
deleted and will use these viruses to analyze the role of these
genes in viral pathogenesis in this model. Preliminary results
(not shown) have confirmed that a virus with RhUS28.1 to
RhUS28.4 deleted has normal fractalkine binding activity,
while deletion of the RhUS28.5 gene ablates the fractalkine
binding capacity of this virus. By in vivo testing of the hypoth-
eses developed by in vitro experimentation over the past de-
cade, we hope to shed new light on the true role of this
chemokine receptor homolog in viral biology.
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