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pesvirus (KSHV or HHV-8) (11). Recently, ORF74 of KSHV
has been reported to encode a constitutively active GCR
linked to cell proliferation (3, 11). The deduced amino acid
sequences of ORFs U12 and U51 of HHV-6, ORFs U12 and
U51 of HHV-7, ORFs US27, US28, and UL33 of HCMV,
ORF ECRF3 of HVS, and ORF74 of KSHV are most similar
to those of mammalian leukocyte chemokine receptors (11, 13,
42, 43). Furthermore, it was demonstrated that US28 and
ECRF3 are functional b-chemokine and a-chemokine receptors, respectively (2, 23).
It has been shown by Ahuja and Murphy (2) that ORF
ECRF3 of HVS encodes a promiscuous calcium-mobilizing receptor for the a-chemokines interleukin-8 (IL-8), Groa (growthrelated gene product), and neutrophil-activating protein 2. The
b-chemokines do not activate the ECRF3 product. The same
group has demonstrated that the HCMV US28 product functions as a b-chemokine receptor linked to a calcium-mobilizing
signal transduction pathway for macrophage inflammatory
protein 1a (MIP-1a), MIP-1b, RANTES (regulated upon activation, normal T expressed and secreted), and monocyte chemoattractant protein-1 (MCP-1) but not for IL-8 and gamma
interferon-inducible protein-10 and (gIP-10) (23). We report
here that the product encoded by ORF U12 in the genome of
HHV-6 strain HST, when produced in stable transfected K562
human erythroleukemia cells, is a promiscuous high-affinity
chemokine receptor that can potentially be linked to a calciummobilizing signal transduction pathway.

Human herpesvirus 6 (HHV-6) was first isolated in 1986
from the peripheral blood of patients with lymphoproliferative
disorders (50). The distinct nature of HHV-6 from that of
other human herpesviruses was confirmed by molecular and
immunological analyses (30). The virus replicates predominantly in CD41 lymphocytes in vitro and in vivo (36, 53) and
may establish latent infection in cells of the monocyte/macrophage lineage (33). Infection with this virus is the cause of
exanthem subitum, which is a common illness of infancy (58)
but has not yet been clearly linked to other diseases which may
occur during reactivation of HHV-6 later in life or in immunosuppressed individuals. Nucleotide sequence analysis of
the genome has demonstrated that HHV-6 is more closely
related to the other betaherpesviruses human cytomegalovirus
(HCMV) and human herpesvirus 7 (HHV-7) than to the neurotropic alphaherpesviruses such as herpes simplex virus and
varicella-zoster virus or to the lymphotropic gammaherpesviruses such as Epstein-Barr virus (20, 34, 38). Furthermore, two
variants of HHV-6 have been identified based on differences in
epidemiology, in vitro growth properties, antigenic differences,
restriction endonuclease profiles, and nucleotide sequence (1,
4, 5, 12, 24, 51, 56, 57). Consequently, a nomenclature has been
adopted designating viruses HHV-6A (variant A) and HHV6B (variant B) (1).
Gompels et al. (25) have completed DNA sequence analysis
for HHV-6A strain U1102, and we have also sequenced the
entire DNA of HHV-6B strain HST (unpublished data). DNA
sequence alignment has identified two candidates for G-protein-coupled receptors (GCR), open reading frames (ORFs)
U12 and U51, within the HHV-6 genome (25). GCR homologs
have been identified in other betaherpesviruses, HCMV and
HHV-7 (13, 42), as well as in the gammaherpesviruses herpesvirus saimiri (HVS) (43) and Kaposi’s sarcoma-associated her-

MATERIALS AND METHODS
Cells and viruses. Umbilical cord blood mononuclear cells (CBMCs) were
separated on a Ficoll-Conray gradient and stimulated for 2 or 3 days in RPMI
1640 medium containing 10% fetal calf serum (FCS) and 5 mg of phytohemagglutinin per ml. HHV-6 strain HST, which was isolated from a patient with
exanthen subitum (58) and belongs to the HHV-6B subgroup (57), was grown in
activated CBMCs. To prepare virus stocks, virus was propagated in stimulated
CBMCs. When more than 80% of the cells showed cytopathic effect, the culture
of infected cells was frozen and thawed twice, and after centrifugation at 1,500 3
g for 10 min, the supernatant was stored at 280°C as a cell-free virus stock. After
being washed twice with phosphate-buffered saline (PBS), stimulated CBMCs
(107 cells) were suspended in 1 ml of virus solution with 107 50% tissue culture
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Human herpesvirus 6 (HHV-6), which belongs to the betaherpesvirus subfamily and infects mainly T cells
in vitro, causes acute and latent infections. HHV-6 contains two genes (U12 and U51) that encode putative homologs
of cellular G-protein-coupled receptors (GCR), while three other betaherpesviruses, human cytomegalovirus,
murine cytomegalovirus, and human herpesvirus 7, have three, one, and two GCR-homologous genes, respectively. The U12 gene is expressed late in infection from a spliced mRNA. The U12 gene was cloned, and the protein was expressed in cells and analyzed for its biological characteristics. U12 functionally encoded a calciummobilizing receptor for b-chemokines such as regulated upon activation, normal T expressed and secreted
(RANTES), macrophage inflammatory proteins 1a and 1b (MIP-1a and MIP-1b) and monocyte chemoattractant protein 1 but not for the a-chemokine interleukin-8, suggesting that the chemokine selectivity of the
U12 product was distinct from that of the known mammalian chemokine receptors. These findings suggested
that the product of U12 may play an important role in the pathogenesis of HHV-6 through transmembrane
signaling by binding with b-chemokines.
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selected for 5 days. Subsequently, the cells were maintained in complete medium
with 150 mg of hygromycin B per ml.
Ligand binding analysis. In triplicate, 106 cells were incubated with 0.1 nM
125
I-labeled RANTES (specific activity, 2,000 Ci/mmol; Amersham) and different concentrations of unlabeled recombinant human chemokines (Immugenex
Corp., Los Angeles, Calif.) in binding medium (RPMI 1640 with 1 mg of bovine
serum albumin per ml and 25 mM HEPES [pH 7.4]) in a total volume of 200 ml.
After incubation for 2 h at 4°C, the cells were filtered in the MultiScreen assay
system (Millipore, Bedford, Mass.). The filters were washed five times with PBS
and then completely dried with a heat lamp. After the filters were punched out
from the sample 96-well filtration plate into sample containers, the radioactivities
were measured using an Aloka g-ray counter. Nonspecific binding was determined in the presence of 1 mM unlabeled ligand. The rate of competition for
binding by unlabeled chemokines was calculated as follows: percent competition
for binding 5 (1 2 [cpm obtained in the presence of unlabeled ligand/cpm
obtained in the absence of unlabeled ligand]) 3 100%.
Intracellular [Ca21] measurements. Cells were washed twice in HEPESbuffered Krebs solution, which consisted of 124 mM NaCl, 5 mM KCl, 1.24 mM
KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 10 mM glucose, and 25 mM HEPES
(pH 7.4) (HBKS). Then 107 cells were incubated for 30 min at 37°C in the dark
in 1 ml of HBKS containing 5 mM Indo-1 AM (Dojin Chemical Co.). The cells
were subsequently washed twice with HBKS and resuspended at 2.5 3 106
cells/ml. A 1-ml volume of the cell suspension was placed in a continuously
stirred cuvette at 37°C in a CAF-110 fluorometer (Jasco). Fluorescence was
monitored at an excitation wavelength of 355 nm and emission wavelengths of
405 and 485 nm; the data are presented as the relative ratio of fluorescein excited
at 405 and 485 nm. Data were collected every 10 ms.
RNA analysis. Virus-infected cells or transfected cultured cells were pelleted
and suspended in 4 M guanidium isothiocyanate containing 0.5% sodium Nlauroylsarcosine and 0.1 M 2-mercaptoethanol. Total RNA was extracted by the
guanidium isothiocyanate method (14). For Northern blotting, total RNA or
mRNA purified with Oligotex-dT (super) (JSR, Tokyo, Japan) was fractionated
by size on a denaturing agarose gel, transferred to a solid support, and hybridized
to 32P-labeled ORF probes of U12 as described previously by Murphy and
Tiffany (40). For reverse transcriptase-PCR (RT-PCR), reverse transcription
reactions for cDNA synthesis of the parts of HHV-6 immediate-early 1 (IE-1),
DNA polymerase (Pol), glycoprotein H (gH), elongation factor 1a (EF), and
U12 were performed in a 20-ml solution containing 50 mM Tris-HCl (pH 8.3), 50
mM KCl, 10 mM MgCl2, and 3 mM dithiothreitol and carried out at 42°C for 30
min with 20 U of RAV2 RT (Takara Shuzo), 1 mg of cellular RNA, and 0.4 mM
oligo(dT). PCR was performed as described above with EX Taq DNA polymerase and appropriate pairs of primers as follows: for IE-1, Pol, gH, EF, and U12,
IE03-F340 (59-CAGAATTCATGGAAGTACAATCTCCTACTG), and IE03MR (59-CACTGCAGTTAATGACTTTTGACAGGAGTTGC), 06POL-R1 (59CGAACAGTTTTGCATCTCCGC), and 06-PARC3 (59-GTTTGTATCCGAG
CATTATG), gHF4 (59-CCAGTCCAAGTCAGATGCGC), and gHR5 (59-AA
TAGGGTTTGGATTCCTAGG), CEF1A (59-GCTCCAGCATGTTGTCACC
ATTC) and EF1A (59-GGTGAATTTGAAGCTGGTATCTC), and 01GCR-C
(59-CCATGGATCCCCAAAAGACTATGTAGT) and 01GCR-Ter-Bam, respectively.
Homology and ORF analysis. The DNA sequences were analyzed for the
presence of ORFs and for their translation products with the MacDNASIS
(Hitachi Software Engineering Co., Ltd., Yokohama, Japan). The FASTA program was used to search the HHV-6 U12 sequences for homologous protein
sequences. Protein sequence databases searched with this program include the
National Biomedical Research Foundation PIR and SWISS-PROT. The sequences were aligned to homologous genes with the Higgins et al. program in
MacDNASIS (29).

RESULTS
Molecular cloning and cDNA analysis. Inspection of the
complete nucleotide sequence of HHV-6 strain HST (29a),
revealed that ORF U12 is located 22 kb from the left end (Fig.
1). We were particularly interested in the 915-bp ORF U12,
because the deduced amino acid sequence of the original predicted ORF U12 had a high degree of similarity to chemokine
receptors including GCR. The N-terminal amino acid sequence of the original predicted ORF U12 was shorter than
those of HCMV US28 and CCR-1 when the original predicted
ORF U12 and the others were aligned. Primers 01GCR-MetKpn and 01GCR-Ter-Bam were designed to include a methionine site in a small ORF upstream of the original predicted
U12 and the terminal site in the U12, respectively. With these
primers, the U12 coding region was amplified from cDNA
which was synthesized with oligo(dT) and from total RNA
purified from HHV-6-infected cells. Two bands, of 1,165 and
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infective doses per ml and centrifuged at 1,500 3 g for 40 min at 37°C for
adsorption. The cells were then cultured for various periods in RPMI 1640
medium supplemented with 10% FCS. For examination of the transcripts of the
HHV-6 genome in the presence of inhibitors of protein and DNA synthesis,
cycloheximide (CHX) and phosphonoformic acid (PFA) were used for protein
synthesis inhibition, and DNA synthesis inhibition, respectively. Both were dissolved in water, sterilized by filtration, and used at 50 and 200 mg per ml,
respectively. Stimulated CBMCs were infected with strain HST as described
above, except that CHX or PFA was added from the initiation of infection for
24 h. Nonadherent K562 human erythroleukemia cells were grown in RPMI 1640
supplemented with 10% FCS (complete medium).
Cloning of U12, CCR-1, and CXCR-1. From 106 strain HST-infected CBMCs
2 days after infection, DNA was extracted in 0.5 ml of lysis buffer consisting of
0.001% Triton X-100, 0.0001% sodium dodecyl sulfate (SDS), 10 mM Tris-HCl,
1 mM EDTA, 1 mg of protease K (pH 8.0) per ml at 65°C overnight. The U12
ORF was amplified from 2 ml of the lysate or cDNA as described below by PCR
with buffer containing EX Taq (Takara Shuzo, Kyoto, Japan) buffer, 200 mM
each deoxynucleoside triphosphate, and a pair of PCR primers, 01GCR-MetKpn (59-AAAGGTACCAAGCGACGAGATGGACACT) and 01GCR-TerBam (59-AAGGATCCTTAAGGGGGTTCGTTTTCATC), which were, respectively, sense, 28 bases upstream from the start codon with a KpnI recognition
sequence appended at the 59 end, and antisense, 29 bases downstream from the
stop codon with a BamHI recognition sequence appended at the 59 end. The
PCR conditions were as follows: 25 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 2 min and one final extension at 72°C for 10 min in a TP480 PCR
thermal cycler (Takara Shuzo). The PCR product was cloned into pCR II
(Invitrogen, San Diego, Calif.) and sequenced completely. Sequencing was performed with a SequiTher Long-Read cycle sequencing kit and a 4000L DNA
sequencer (Li-Cor, Inc., Lincoln, Neb.). Cloning of CCR-1 (22) and CXCR-1
(40) was also carried out as described above, except that DNA extracted from
HL-60 and PCR amplimers of CCR-1 and CXCR-1 were CCR1-Met-Nhe
(59-GGCTTGAGCTAGCGAGAAGCCGGGATGGAAACT), CCR1-Ter-Xho
(59-TTTACTCGAGTCAGAACCCACAGAGAGTCATGCTC), CXCR1-MetKpn (59-GGTACCATTGCTGCTGAAACTGAAGAGGACATG), and CXCR1Ter-Kpn (59-CTCGAGTCAGAGGTTGGAAGAGACATTGAC), respectively.
To express the N-terminal extracellular domain of the U12 protein, an expression plasmid was constructed by using bacterial expression vector pGEX-3X
(Pharmacia, Uppsala, Sweden). In this plasmid, the segment of the U12 gene was
fused to the glutathione S-transferase gene. Viral DNA from HHV-6B strain
HST was used as a template in PCR. PCR was performed as described above
with EX Taq DNA polymerase and an appropriate a pair of primers, 01GCRGST-N1 (59-GCGGGATCCTGGACACTGTCATTGAG) and 01GCR-GSTN2 (59-TGGAATTCGTGCTGTCTTTAGCGT), which were sense with a
BamHI recognition sequence appended at the 59 end and antisense with an
EcoRI recognition sequence appended at 59 end, respectively. The PCR product
was inserted into pGEX-3X to create plasmid pGEU12-N (residues 2-32).
Antibodies and Western blot analysis. For Western blot analysis, anti-U12-N
antibodies in rabbits were raised against the fusion protein, purified by glutathione-Sepharose 4B column chromatography, from pGEU12-N. Two rabbits were
first immunized with 250 mg each of the purified fusion protein in Freund’s
complete adjuvant and then given injections of 200 mg each of antigen in
Freund’s incomplete adjuvant 14 and 28 days after the first injection. The rabbits
were bled 7 days after the last injection, and anti-U12-N antibodies in the sera
were checked by indirect immunofluorescence assay with CBMCs infected with
strain HST. HHV-6- and mock-infected CBMCs were air dried on glass slides
and fixed overnight in cold acetone. Sera were diluted with dilution buffer (PBS
containing 2% bovine serum albumin, 0.2% Tween 20, and 0.05% NaN3) and
poured on slides for a 20-min incubation at room temperature. After washing the
slides for 10 min with PBS, fluorescein-conjugated goat antibodies to rabbit
immunoglobulin G (IgG) (Tago Immunologicals) were placed on the slides and
incubated for 20 min at room temperature. Anti-U12-N IgGs were purified with
the ImmunoPure (A) IgG purification kit (Pierce, Rockford, Ill.). The concentration of the purified IgGs was 1.6 mg/ml.
SDS-polyacrylamide gel electrophoresis (PAGE) was done essentially as described previously (45). Proteins from 5 3 105 HST-infected cells were separated
in 10% polyacrylamide gels at various times after virus infection. Western blot
analysis was done as described by Towbin et al. (55), with a polyvinylidene
difluoride membrane (Bio-Rad Laboratories, Richmond, Calif.) and rabbit IgG
anti-U12 (1:100) prepared in 5% skim milk–PBS (Western blocking buffer), and
detected with the ProtoBlot nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate color development system (Promega, Madison, Wis.).
Creation of stable transfected cell lines. Genomic U12 and ORFs for U12,
CCR-1, and CXCR-1 were recloned from the plasmids described above between
the KpnI and BamHI sites of the hygromycin-selectable, stable episomal vector
pCEP4 (Invitrogen, San Diego, Calif.) and designated pCEU12g, pCEU12c,
pCECCR-1, and pCECXCR-1, respectively. K562 cells (107 cells) in the log
phase were electroporated in the presence of 20 ng of plasmid DNA with a Gene
Pulser (Bio-Rad Laboratories). Electroporation conditions were 300-ml volume,
250 V, and 960 mF, with a 0.4-cm-gap electroporation cuvette. Transformed cells
were cultured in complete medium, and 48 h later the cells were seeded at 105
cells/ml in complete medium containing 250 mg of hygromycin B per ml and
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1,088 bp and of approximately equal intensity, were obtained
(Fig. 2A, lane 1) and cloned into pCRII. These bands were not
observed in the gel containing total RNA purified from HHV6-infected cells without RT treatment (lane 2) or in the gel

FIG. 2. RT-PCR assay of U12 mRNA in the HST-infected cells and the U12transfected cells. (A) U12 ORF was amplified from cDNA synthesized with total
RNA purified from HST- or mock-infected CBMCs with a pair of primers,
01GCR-Met-Kpn and 01GCR-Ter-Bam, as described in Materials and Methods.
Lanes: 1, HST-infected CBMCs; 2, HST-infected CBMCs without RT treatment;
3, mock-infected CBMCs; M, fX174 3 HaeIII. (B) U12 ORF was amplified
from cDNA synthesized with total RNA purified from U12-transfected K562
cells. Lanes: 1, genomic U12-transfected cells; 2, genomic U12-transfected cells
without RT treatment; 3, U12 cDNA-transfected cells; 4, U12 cDNA-transfected
cells without RT treatment; 5, pCEP4-transfected cells; M, fX174 3 HaeIII. (C)
Comparison of amino acid sequences between U12 splice sites and consensus
donor-acceptor sites as reported by Green (26). Outlined letters are exon nucleotides, and normal letters are intron nucleotides.

containing total RNA purified from mock-infected cells with
RT treatment (lane 3). These results suggested that virusinfected cells contained at least two species of mRNAs for U12
in approximately equal amounts. The nucleotide sequencing
data of 5 clones for each band showed that 1,165- and 1,088-bp
bands were amplified from unspliced and spliced mRNA, respectively. From the positions of consensus splice donor and
acceptor sites, it appears that the shorter mRNA was generated from two exons after splicing out of a 77-nucleotide intron
(Fig. 1 and 2C). The resultant 1,059 nucleotides of a coding
region could be translated into a polypeptide encoding 353
amino acids of a GCR homolog (Fig. 1).
Since, as described above, there are counterparts of this
gene in the HHV-7 and HCMV genomes, the amino acid
sequence was compared with those of the GCR homologs of
these viruses as well as of cellular GCR homologs. U12 had
highest homology to the U12 of HHV-6A, followed by HHV7 U12 and HCMV UL33 (Table 1). U12 also exhibited homology to multiple mammalian GCRs; the highest was to CCR-3,
but a lesser degree was found to CCR-1 and CCR-5 (Table 1).
The lowest degree of homology was to HCMV US28 (14.0%).
Sequence alignment of the U12 product with human CCR-1,
CCR-3, and HCMV UL33 and US28 products suggests that
U12 contains seven transmembrane regions, four extracellular
domains, and four cytoplasmic domains (Fig. 3). The N-termi-

TABLE 1. Amino acid identity between the U12 GCR homolog
of HHV-6B and other chemokine receptors
Gene homolog

% Identity

Scorea

HHV-6A U12
HHV-7 U12
HCMV UL33
Human CCR-3
Human CCR-1
Human CCR-5
HCMV US28

88.4
48.1
23.9
22.4
22.1
19.2
14.0

1,638
900
468
244
236
228
50

a

Optimized FASTA score.
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FIG. 1. General organization of an HHV-6 GCR-homologous gene, and structure of the HHV-6 GCR transcript. (A) Location of a GCR-homologous gene in the
HHV-6 (HST) genome. (B) Direction of ORFs and splicing site of U12.
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nal extracellular domain of the U12 product contains a potential N-glycosylation site, similar to most known GCRs. All the
extracellular domains of the U12 product contain four highly
conserved cysteine residues which are essential to the structure
of GCRs (18, 31).
RT-PCR analysis for U12 expression in HHV-6-infected
cells. We examined the transcription of U12 in the presence of
an inhibitor of protein and DNA synthesis. RNA was purified
from CBMCs infected with strain HST in the presence of CHX
and PFA as described in Materials and Methods. Specific
RNAs were amplified by RT-PCR with primers for U12, IE-1,
Pol, gH, and EF. The products were separated in a 10% polyacrylamide gel (Fig. 4). The EF bands, which were amplified
from cellular control RNA, were displayed at approximately
equal intensities in all lanes. No products were amplified from
mRNA of mock-infected cells with the primers related to the
HHV-6 genome (Fig. 4, lane 5). In the presence of CHX, only
the IE-1 band (498 bp) was detected by RT-PCR (lane 2). In
the presence of PFA, the IE-1, Pol (215 bp), and gH (374 bp)
bands appeared but the U12 band did not (lane 3). In untreated samples, all the bands were detected (lane 4). These
results indicate that U12 is expressed as a late gene.
Western blot analysis for U12 expression in HHV-6-infected
cells. CBMCs were infected with or without HHV-6 strain
HST, harvested in 13 SDS-PAGE sample buffer at various
times after infection, and analyzed by SDS-PAGE and Western blot assays (Fig. 5). After a 24-h infection, HST-infected
cells expressed 42-kDa proteins (Fig. 5, lanes 8 to 10), which
were reactive with the anti-U12-N IgGs. These bands were 2
kDa bigger than the computer-predicted molecular mass of the

protein encoded by U12, which may associate with N-glycosylation of the N-terminal extracellular domain of the U12. The
larger immunoreactive materials (62-kDa proteins [lanes 8 to
10]) are most probably dimers of U12 that did not dissociate

FIG. 4. RT-PCR assay of the transcripts in the HST-infected cells treated
with CHX and PFA. Total RNAs purified from mock-infected (lane 5) and
HST-infected (lanes 2 to 4) CBMCs, which were treated with CHX for 24 h (lane
2) or PFA for 24 h (lane 3) or left untreated (lane 4), were used for RT-PCR of
the parts of HHV-6 IE-1, Pol, gH, EF, and U12, as described in Materials and
Methods. Lane 1 contains molecular size markers.
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FIG. 3. Sequence alignment of the U12 cDNA product with the HCMV US28 and UL33 products and human CCR-1 and CCR-3. Dashes indicate gaps that were
inserted to optimize the alignment. The locations of predicted membrane-spanning segments are denoted by I to VII, and overlines indicate their amino acid sequences.
Underlines designated predicted sites for N-linked glycosylation. Asterisks indicate the positions where the five sequences have the conserved cysteine residues in the
predicted cytoplasmic domains. Identical and homologous amino acids of the five sequences are enclosed in dark and light gray boxes, respectively.
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during SDS-PAGE (37, 52). No similar protein was detected in
mock-infected cells (lanes 1 to 5) or in the HST-infected cells
between 0 and 12 h after infection (lanes 6 and 7). As shown by
Takeda et al. (54), the IE-1 protein and glycoprotein B of
HHV-6 were first detectable at 4 and 24 h after infection,
respectively (data not shown). These data suggested that U12
was the late gene.
RNA analysis of U12-transfected cells. When the coding
region was amplified by PCR with the primers in Fig. 2A and
total RNA purified from pCEU12g-transfected cells, two bands
of approximately equal intensities appeared in an agarose gel
(Fig. 2B, lane 1). These bands were the same sizes as those of
amplified products from the RNA of HHV-6-infected cells.
Amplification of the U12 coding region by using cDNA synthesized with total RNA from pCEU12c-transfected cells resulted in one band (lane 3), which is the same size as the lower
band of the PCR products from the genomic DNA-transfected
cells. These bands were not observed in samples of total RNA
purified from pCEU12g- or pCEU12c-transfected cells without
RT treatment (lanes 2 and 4). No band was detected in a
sample of total RNA from pCEP4 transfected cells with RT
treatment (lane 5).
Similar results were obtained by Northern blot analysis, as
shown in Fig. 2B. Northern blot analysis showed that the genomic U12-transfected K562 cells expressed large amounts of
U12 mRNA of the expected sizes of 1.7 to 1.9 kb and the U12
cDNA-transfected cells expressed only the 1.7-kb mRNA, the
expected size of the spliced RNA (data not shown). When
Northern analysis of RNA from HHV-6-infected cells was performed, U12 mRNA could not be detected (data not shown).
Binding of RANTES to the U12 GCR. To test whether the
U12 product functions as a chemokine receptor, we examined
the binding activity of the U12 product with various chemokines. Since human T cells or cell lines have chemokine receptors, the K562 cell line, which does not express a chemokine
receptor (23), was selected for these studies. To test the specific binding to RANTES, we performed a binding competition
assay with unlabeled chemokines (Fig. 6). The U12-transfected
K562 cells expressed specific binding sites for 125I-RANTES,
whereas untransfected K562 cells did not. Figure 6A shows a
typical binding profile of 125I-RANTES to U12-transfected
cells with an estimated Kd of 1.3 nM. The binding of 125I-

RANTES was efficiently displaced by RANTES itself and was
blocked with similar efficiency by the unlabeled b-chemokines
MCP-1 and MIP-1b (Fig. 6B). The b-chemokine MIP-1a only
partially displaced 125I-RANTES binding, but the a-chemokine IL-8 did not compete for 125I-RANTES binding (Fig. 6B).
MIP-1b and MCP-1 were less potent competitors for binding
of radiolabeled RANTES to the U12 transfectant, with 50%
inhibitory concentrations about 15 times higher than that of
RANTES itself (20 and 1.3 nM, respectively). Since MIP-1a
had a very limited effect, the 50% inhibitory concentration
value for MIP-1a could not be determined. Scatchard analysis
also revealed the number of binding sites per cell, which was
about 7,800 for RANTES tested.
Signaling through the U12 GCR in response to CC chemokines. To test whether the U12 product is capable of signal
transduction, intracellular Ca21 levels were monitored by measuring the relative fluorescence of Indo-1-loaded cells stimulated with RANTES, MIP-1a, MIP-1b, MCP-1, and IL-8 (Fig.
7A). Untransfected and pCEP4-transfected K562 cells did not
respond to any of the chemokines tested (data not shown).

FIG. 6. Binding of 125I-RANTES to K562 cells stably transfected with
pCEU12c. (A) Binding isotherm of 125I-RANTES. (B) Displacement of
RANTES binding to U12-transfected K562 cells by unlabeled chemokines. Each
point represents the mean 6 standard error of the mean for triplicate determinations. The average total binding was 6,300 cpm. Nonspecific binding was 600
cpm. The binding parameters for competing unlabeled RANTES are shown at
the lower left of panel A. Untransfected K562 cells did not specifically bind the
radioligand. E, RANTES; F, MCP-1; h, MIP-1a; ■, MIP-1b; ‚, IL-8.
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FIG. 5. Expression of U12 in HHV-6B-infected cells at various times after
infection. Western blot analysis shows proteins produced by CBMCs that were
infected with the HST-infected cells (lanes 6 to 10) or mock-infected cells (lanes
1 to 5). Lanes: 1 and 6, mock- and HST-infected cells at 0 h; 2 and 7, mock- and
HST-infected cells at 12 h; 3 and 8, mock- and HST-infected cells at 24 h; 4 and
9, mock- and HST-infected cells at 48 h; 5 and 10, mock- and HST-infected cells
at 72 h; M, molecular size markers.
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U12-transfected K562 cells responded to all the b-chemokines
tested (RANTES, MIP-1a, MIP-1b, and MCP-1) but did not
respond to the a-chemokine (IL-8). Treatment of U12 transfectants with RANTES induced transient elevations of intracellular Ca21 level, with a 50% effective concentration of about
7 nM, a value similar to the Kd (Fig. 7B). MCP-1 and RANTES
showed similar activities, while MIP-1a and MIP-1b were less
effective agonists than RANTES, having a threshold for calcium mobilization of more than 100 nM. Furthermore, when
the U12 transfectants were sequentially stimulated with the
chemokines, all the b-chemokines tested could attenuate or
abolish the normal response to a subsequent stimulus with
100 nM RANTES whereas IL-8 could not (Fig. 8). When the
transfectants were stimulated with 100 nM RANTES, the normal responses to a subsequent stimulus with each b-chemokine
tested completely disappeared (data not shown). These results
suggest that the binding affinities of b-chemokines do not reflect their signaling capabilities for calcium mobilization.
DISCUSSION
Chemokine receptors form a subgroup of GCRs which are
seven-transmembrane-domain proteins that couple extracellular stimuli to cellular responses through heterotrimeric G-proteins. Fourteen human leukocyte chemokine receptors have
been cloned and characterized in ligand binding assays.
They include five a-chemokine receptors (CXCRs), designated
CXCR-1, CXCR-2, CXCR-3, CXCR-4, and CXCR-5 (27,
48), and nine b-chemokine receptors (CCRs), designated CCR-

1, CCR-2A, CCR-2B, CCR-3, CCR-4, CCR-5, CCR-6, CCR-7,
and CCR-8 (6, 48, 49, 59). The CXCRs are approximately 30%
identical in sequence to the CCRs. Chemokine receptor analogs have been identified in a number of herpesviruses (11, 13,
42, 43). In this paper, we report that the U12 gene of HHV6B encodes a chemokine receptor that exhibits higher binding
affinity for RANTES and relatively lower binding affinities for
MIP-1b and MCP-1. The U12 receptor is capable of transducing specific chemokine signals to the cytoplasm that result in
transient elevations of the intracellular Ca21 concentration,
most potently in response to RANTES.
A striking feature of the HHV-6 U12 gene is that it contains
an intron region in the ORF, as do its homologs, HCMV
UL33, murine CMV (MCMV) M33, and HHV-7 U12 (16).
The short mRNA of U12 was constructed from two exons after
77 nucleotides of an intron from the longer mRNA was spliced
out (Fig. 2). The consensus 59 and 39 splice sites are MAGG
TRAGT and (Y)nNYAGG, respectively (the very highly conserved positions are underlined) (26). The splice sites of U12
were CTGlGTAAGT and TCTTTAATAGlC, respectively (vertical lines are cleavage sites). The predicted splicing sites of
U12 contain the consensus sequences, 59 and 39 splice sites
CTGGTAAGT and TCTTTAATAGC, respectively, and the
very highly conserved positions were also completely conserved
in U12. In mammals, the RNA branch, which is one of the
splicing intermediates generated simultaneously with cleavage of the pre-mRNA at the 59 splice site, always forms at the
adenosine of a conserved sequence element, the UNCURAC
box. Selection of the branch point is based primarily upon rela-
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FIG. 7. Transmembrane signaling by the product of HHV-6 U12. (A) Kinetics. The intracellular Ca21 concentration was monitored by measuring the relative
fluorescence of Indo-1-loaded K562 cells stably transfected with pCECXCR-1, pCEU12c, and pCECCR-1, indicated at the top of each column of tracings. The cells
were stimulated, at the time indicated by the arrowheads, with the chemokine indicated on the left of each row of tracings and at the concentration indicated to the
right of the corresponding arrow. The tracings shown are from a single experiment representative of three separate experiments. (B) Concentration dependence. The
magnitude of the peak of the calcium transient elicited by the indicated concentration of RANTES is shown.
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tive position, 18 to 38 nucleotides upstream of the 39 splice site
(26). In U12, there was a predicted branch point 19 nucleotides
upstream of the 39 splice site. The nucleotide sequence of this
region, CAATAAC, was similar to the UNCURAC box; the
sequence of the branch point and its nearest three neighbors
was identical to that of the UNCURAC box. Although the
sequences of the splice sites and the predicted UNCURAC
box of U12 had a high degree of similarity to those of the
consensus splice sites and the UNCURAC box, approximately
half of the U12 mRNAs in the HHV-6-infected cells remained
unspliced (Fig. 2A). This phenomenon suggests at least two
possibilities: (i) HHV-6 infection directly or indirectly affected
the splicing efficiency; and (ii) the slight differences in the
sequences of the splice sites and the UNCURAC box between
U12 and the consensus sequences affected the splicing efficiency. Because the genomic U12-transfected cells contained
two species of U12 mRNA in approximately equal amounts,
we favor the hypothesis that the decreased splicing efficiency

was related to the slight difference between U12 and the consensus sequences, although we do not know which is the critical
nucleotide(s). The results of Western blot analysis suggested
that the U12 protein was translated from the spliced mRNA
(Fig. 5). If proteins were translated from the unspliced mRNA,
it is possible that 3- and/or 35-kDa proteins were expressed
from first ATG and/or the alternative ATG. However, the 3kDa protein from the unspliced mRNA was not detected with
anti-U12-N IgGs (data not shown), although we do not know
whether the protein was not expressed or was expressed and
then quickly degraded. Since the next suitable methionine in
the unspliced mRNA, which is the first methionine of the original predicted ORF U12, is located within transmembrane
region 1, we do not have antibodies for detection of the 35-kDa
protein. Therefore, we do not know whether the 35-kDa protein from the U12 mRNAs is present in the virus-infected cells.
However, functional protein could not be expressed when the
pCEP4 protein expression system was used for the first methionine of the original predicted ORF U12 (data not shown).
These results suggest that a lot of the unspliced mRNA precursor might remain in the nuclei and that a functional protein(s) might not be translated from the unspliced mRNA in
the virus infected cells. Functional U12 protein was at least
translated from the spliced mRNA, although we do not know
where the unspliced mRNA localized and/or what regulates
translation from the unspliced mRNA.
The U12 sequence shares specific features with all human
and viral chemokine receptors: (i) a length of 352 amino acids,
(ii) a highly acidic amino-terminal sequence, (iii) conserved
cysteines in the third predicted extracellular loop and in the
amino-terminal segment, (iv) a 16-residue highly basic third
intracellular loop, and (v) a consensus sequence for N-linked
glycosylation. The U12 chemokine receptor differs, however,
from other CC chemokine receptors in that its affinity for
RANTES is higher than for other ligands. For example, human
CCR-1 produced in transiently transfected 293 cells binds with
high affinity to MIP-1a (Kd 5 5 nmol), while RANTES, MIP1b, and MCP-1 competed more than 100 times less efficiently
than MIP-1a (41).
Our data showed that RANTES, MCP-1, and MIP-1a can
induce the U12 product signal transduction responses as
measured by the Ca21 flux. However, its signal transduction
response was about 10 times lower than that of CCR-1. The
pCEU12c-transfected K562 cells expressed more than 10-fold
fewer binding sites than does the HCMV US28 protein (23)
and may reflect a low level of expression of the U12 protein or
some inhibition of transport of U12 to the plasma membrane.
Alternatively, the U12 receptor may respond better to another,
unidentified ligand(s) or may use a signal transduction pathway
different from those used by the ligands tested in this study.
Chemokine receptors were hitherto thought to be linked to the
pertussis toxin-sensitive G-proteins and to classical signaling
pathways via phospholipase Cb, phospholipase A2, and phospholipase D (10, 39). In T cells, RANTES induced a biphasic
mobilization of Ca21 (7). One phase is linked to the pertussis
toxin-sensitive G-protein of the classical pathway, and the other is linked to the pertussis toxin-insensitive G-protein and to
protein tyrosine kinase. The pertussis toxin-sensitive signaling
pathway is related to chemotaxis, and the insensitive pathway is
related to up-regulation of IL-2 receptor expression, IL-2 and
IL-5 production, and T-cell proliferation by means of a protein
tyrosine kinase cascade. U12 may also act through the pertussis
toxin-insensitive G-proteins, since its signaling activity was not
inhibited by the toxin (data not shown). It is possible that U12
is linked to proliferation of HHV-6-infected cells, as has been
suggested for the chemokine receptor encoded by HHV-8 (3).
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FIG. 8. Transmembrane signaling by the product of HHV-6 U12: desensitization. The relative fluorescence was monitored from Indo-1-loaded K562 cells
stably transfected with pCEU12c and during sequential addition of test substances at the times indicated by the arrowheads. The concentration and identity
of each stimulus are indicated to the right of each arrow. The tracings are from
a single experiment representative of two separate experiments.
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known. HHV-6 can infect mononuclear cells in blood, astrocytes, and epithelial cells in vivo (28, 33, 35). HHV-6 can cause
acute, chronic, and latent infections (46). It is possible that
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regulate cellular processes to enhance viral replication or to
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