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We have characterized the human herpesvirus 6B (HHV-6B) rep gene, which is a homologue of the adeno-
associated virus type 2 rep and is unique in the herpesvirus family. Three transcripts, 9.0, 5.0, and 2.7 kb (the
major transcript), were detected by Northern blotting using an HHV-6B rep probe under late conditions. We
investigated the expression kinetics of the rep gene using cycloheximide (CHX) and phosphonoformic acid
(PFA), which are inhibitors of protein synthesis and viral DNA synthesis, respectively. The 5.2-kb transcript
was mainly detected in the absence of protein biosynthesis upon infection, and none of the 9.0-, 5.0-, and 2.7-kb
transcripts detected under the late conditions were detected in the presence of CHX and PFA. Sequences
obtained from a cDNA library showed that the 5.0- and 2.7-kb transcripts were spliced from two and three
exons, respectively, and the 2.7-kb transcript was more abundant. Immunohistochemistry using an antibody
raised against the HHV-6 rep gene product (REP) revealed that REP was mainly present in the nucleus of MT-4
cells within 24 h after infection with HHV-6B. Using pull-down assays, coimmunoprecipitation, and a mam-
malian two hybrid system, we showed that HHV-6 REP binds to a transcription factor, human TATA-binding
protein, through its N-terminal region.

Human herpesvirus 6 (HHV-6) is a recently isolated mem-
ber of the herpesvirus family (44), which causes exanthem
subitum as a primary infection (54). Thereafter, HHV-6 estab-
lishes a latent infection, but it can be reactivated during im-
munosuppression and has been recovered from immunodefi-
cient individuals (10, 34, 44; H. Agut, D. Guetard, H.
Collandre, C. Dauguet, L. Montagnier, J. M. Miclea, H. Baur-
mann, and A. Gessain, Letter, Lancet i:712, 1988; R. G. Down-
ing, N. Sewankambo, D. Serwadda, R. Honess, D. Crawford,
R. Jarrett, and B. E. Griffin, Letter, Lancet ii:390, 1987; R. S.
Tedder, M. Briggs, C. H. Cameron, R. Honess, D. Robertson,
and H. Whittle, Letter, Lancet ii:390–392, 1987).

HHV-6 is now classified into two variants: HHV-6A and
HHV-6B (1). Both variants (HHV-6A strain U1102 [15] and
HHV-6B strain HST [26a]) contain a linear double-stranded
DNA genome of approximately 161 kbp with 112 potential
open reading frames (ORFs). Nucleotide sequencing has
shown that HHV-6A strain U1102 contains an ORF, U94,
encoding a 490-amino-acid protein homologous to Rep78/68, a
nonstructural protein from the human parvovirus adeno-asso-
ciated virus type 2 (AAV-2) (15, 49). The HHV-6 rep gene
product (REP) is closely related to AAV-2 REP, and the
proteins share 24% identity over the entire length of the 490-
amino-acid sequence (49). We also found a similar ORF in
HHV-6B HST (54), situated proximal to the right-hand termi-
nal repeat of the viral genome (26a). Interestingly, the AAV-2
rep gene homologue is unique to HHV-6 and is not present in
other herpesviruses; thus, the role of HHV-6 REP in the life
cycle of HHV-6 is of particular interest.

Although the function of HHV-6 REP is unknown, AAV-2
REP is known to possess several biological activities, including
DNA-binding, site- and strand-specific endonuclease, helicase,
and ATPase activities (25, 26). An attractive feature of AAV is
that the viral DNA preferentially integrates within a defined
region of the cellular genome (33), thus reducing the risk of
insertional mutagenesis that is associated with vectors that
integrate randomly. Targeted integration, therefore, involves
AAV vectors containing an intact rep gene and terminal re-
peats incorporating into the integration locus (AAVS1) at high
frequencies (14, 32). HHV-6 was recently reported to also
integrate into the human genome (35, 36, 51; M. Daibata, T.
Taguchi, M. Kamiska, I. Kubonishi, H. Taguichi, and I. Miyo-
shi, Letter, Leukemia 12:1002–1004). Conservation between
HHV-6 rep and AAV-2 rep may, therefore, mean that HHV-6
REP possesses a similar range of functions advantageous to
the survival of HHV-6 within the host.

Nonetheless, HHV-6 REP appears to affect gene expression
differently than does AAV REP. For instance, HHV-6A REP
activates the human immunodeficiency virus type 1 (HIV-1)
long terminal repeat (LTR) promoter in fibroblast cell lines
but not in T cells, whereas AAV REP actively inhibits the
HIV-1 LTR promoter in both fibroblasts and T-cell lines (50).
On the other hand, it has also been reported that HHV-6 REP
suppresses transformation by H-ras and inhibits transcription
from HIV-1 LTR in a T-cell line (3). Furthermore, HHV-6
REP may complement replication of a rep-deficient AAV-2
genome (50). Thus far, however, there is no direct evidence for
the expression of HHV-6 rep during the life cycle of HHV-6
within infected cells.

In the present study, we identify the HHV-6B rep locus and
localize HHV-6 REP in HHV-6-infected cells. We also identify
a transcription factor, human TATA-binding protein (hTBP),
as an interaction partner of HHV-6 REP. The interaction of
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the HHV-6 REP with hTBP establishes a link between the
effects of HHV-6 REP on transcription and the genetic ma-
chinery of the host cell.

MATERIALS AND METHODS

Cells and viruses. Umbilical cord blood mononuclear cells (CBMCs) were
isolated by centrifugation over Ficoll-Conray gradients. The cells were then
stimulated for 2 or 3 days with phytohemagglutinin (5 mg/ml) in RPMI 1640
medium containing 10% fetal calf serum (FCS). To prepare virus stocks,
HHV-6B HST (54) and HHV-6A U1102 (Downing et al., Letter) were propa-
gated in stimulated CBMCs as previously described (48). When more than 80%
of the cells exhibited a cytopathic effect, the infected cells were lysed by freezing,
thawed twice, and spun at 1,500 3 g for 10 min. The supernatant was stored at
280°C as a cell-free virus stock (41). A human T-cell line, MT-4, was also used
for experiments.

Isolation of RNA. MT-4 cells were infected with strain HST or mock infected
for 72 h; Poly(A)1 RNA was then extracted using the FastTrack TM 2.0 Kit
(Invitrogen) according to the manufacturer’s protocol. Phosphonoformic acid
(PFA), which inhibits viral DNA synthesis, was used to determine whether the
rep gene is an immediate-early (IE), early (E), or late (L) gene. For IE or E
transcripts, MT-4 cells were infected with HHV-6, cultured with medium sup-
plemented with PFA (300 mg/ml), and harvested at 48 h after infection. For IE
transcriptional studies, MT-4 cells were maintained for 1 h in the culture medium
supplemented with cycloheximide (CHX) (100 mg/ml; Sigma) prior to infection,
and infected MT-4 cells were maintained with CHX for 10 h until harvest.

cDNA library construction. Poly(A)1 RNA (5 mg) was used as the template to
construct a cDNA library. cDNA synthesis was primed using 1 mg of oligo
(dT)12-18 and carried out with Superscript II reverse transcriptase and the Su-
perscript Choice System for cDNA Synthesis (GIBCO, Grand Island, N.Y.). The
cDNA was then inserted into a plasmid vector pGAD424 (Clontech Laborato-
ries, Inc., Palo Alto, Calif.), introduced into Escherichia coli DH5a bacteria by
electroporation, and cultivated. The cDNA clones were screened using 32P-
labeled PCR products as F1 probes (Fig. 1).

Preparation of REP in insect cells using a recombinant baculovirus. A DNA
fragment comprising the full-length rep gene ORF was amplified by PCR and
cloned, in frame, into the BamHI site of the baculovirus transfer vector, pAcG2T
(PharMingen, San Diego, Calif.). The nucleotide sequences of the primers used

for the PCR were as follows: sense, 59-ggatccAATCTTGGAAGGCACAAAC
G-39, and antisense, 59-ggatccTCAATTCAGATCCTCTTCTGAGATGAGTTT
TTGTTCTAAAATTTTTGGAACCGTGT-39. The lowercase and underlined
letters indicate additional restriction sites and c-myc epitope codons, respec-
tively. The baculovirus, Autographa californica nuclear polyhedrosis virus, and a
recombinant baculovirus were grown and assayed in Spodoptera frugiperda cells
(Sf9 cells) in TC100 medium (GIBCO) supplemented with 0.26% Bacto Tryp-
tose broth (Difco, Detroit, Mich.), kanamycin (100 mg/ml), and 10% FCS. A
recombinant baculovirus, AcGST-REP, was generated by homologous recombi-
nation as described previously (38), and expression of the fusion protein was
identified immunohistochemically using an anti-REP antibody (Ab) or anti-c-
myc monoclonal Ab (MAb). Sf9 cells infected with AcGST-REP were harvested
after 3 days of incubation, and the glutathione S-transferase (GST)-REP fusion
protein was affinity purified.

Northern blot hybridization. For Northern blot hybridization, 10 mg of the
poly(A)1 RNA was subjected to electrophoresis on 1% agarose-formaldehyde
gels, blotted onto a Hybond-N1 nylon membrane (Amersham Pharmacia, Little
Chalfont Bucks, United Kingdom) and hybridized to oligonucleotide probes at
42°C in a 20 mM sodium phosphate buffer containing 53 SSC (13 SSC is 0.15
M NaCl plus 0.015 M sodium citrate), 13 Denhardt’s solution, 0.1% sodium
dodecyl sulfate (SDS), 0.005 M EDTA, poly(A)n (10 mg/ml), sheared salmon
sperm DNA (20 mg/ml), and yeast extract tRNA (20 mg/ml; 3 PRIME, Inc.).
After hybridization, the membranes were washed in solutions of decreasing ionic
strength (23 SSC–0.1% SDS, and 13 SSC–0.1% SDS) for 30 min each at 42°C.
This was followed by exposure to Kodak XAR films with intensifying screens. A
0.24- to 9.5-kb RNA ladder marker was used in this study (GIBCO).

Radiolabeling of DNA probes. The DNA probe used for hybridization was
labeled with [a-32P]dCTP using a Multiprime DNA Labeling Systems kit (Am-
ersham Pharmacia). Oligonucleotides were 59 labeled with T4 polynucleotide
kinase and [g-32P]ATP using a Mega label kit (Takara, Kyoto, Japan). The
sequence of the AR oligonucleotide was AGTTGATACTTATGTCTTTCCAC
CAC. The sequences of the oligonucleotides used for radiolabeling were as
follows: ER, AAATGGGTGCTTCTGCATAATTACC; GR, ACCCGGATG
GATGATT-GTCCTTGG; QR, CACTTGGATTTATTATGGAAAACATAC;
HHV-6B IE1-1, CTGAGGCTGTACATACACAGTTAGGGCTTG; and
HHV-6B IE1-2, ACAGTCATCTGACTCGCTGCTCGATTCAG.

5* RACE. Rapid amplification of cDNA 59 ends (59 RACE) was performed
using the 59 RACE System kit (version 2.0; GIBCO) according to the manufac-
turer’s protocol. Primers used for 59 RACE were as follows (Fig. 1): R1, GTA
CTAATCATTCAAGTTTACC; R2, TCTAGG-CAGGTCGGAGTCGAGGA
AGA; and R3, TTAAGAACGACATAGTGATCACAGC.

Expression of the rep gene in E. coli and production of anti-REP antisera. A
DNA fragment spanning positions 1 to 705 of the ORF U94 (rep) and encoding
the N-terminal portion of HHV-6 REP was amplified by PCR and cloned, in
frame, into the pMALTM-c2 bacterial expression vector (New England Biolabs,
Inc., Beverly, Mass.) at the BamHI and SalI sites. This vector also contained the
maltose binding protein (MBP), and the resultant fusion protein (MBP-REPN1)
was then expressed in E. coli DH5a. In addition, a DNA fragment comprising the
entire amino acid coding region of the ORF U94 was amplified by PCR and
cloned, in frame, into the pGEX-4T-1 bacterial expression vector (Amersham
Pharmacia) at the BamHI and SalI sites. This vector contained GST, and the
resultant GST-REP fusion protein was also expressed in E. coli DH5a. The
expressed MBP-REPN1 (30) and GST-REP fusion proteins were affinity purified
and used to raise Abs in rabbits. The rabbits were first immunized three times
with GST-REP and then three times with MBP-REPN1. They were then bled,
and the samples were used for subsequent immunological analysis. Polyclonal
rabbit antiserum against HHV-6 REP, preimmune serum, anti-MBP rabbit se-
rum (New England Biolabs, Inc.), and anti-GST rabbit serum were all used at a
dilution of 1:700.

Immunohistochemical analysis of HST-infected MT-4 cells. To examine REP
expression patterns, immunohistochemical analysis was carried out using anti-
REP rabbit serum as described previously (54). MT-4 cells were grown and
maintained in RPMI 1640 supplemented with 10% FCS. After washing, cells
were suspended in virus solution at a multiplicity of infection of 0.1 and incu-
bated for 60 min at 37°C to adsorb virus, collected by centrifugation at 1,500 3
g, and replated on cover glasses. The cells were fixed in cold acetone 3, 9, 12, 24,
36, 48, or 72 h after infection and then incubated for 30 min at room temperature
with the respective primary antibodies (anti-REP serum and OHV-2, a MAb
against HHV-6 nuclear antigen, which is expressed in the early stage). The cover
glasses were then washed, rhodamine-conjugated goat anti-rabbit immunoglob-
ulin secondary Ab (Chemicon) and Cy5-conjugated rabbit anti-mouse immuno-
globulin secondary Ab (Chemicon) were added, and incubation was continued
for an additional 15 min. Finally, the cells were incubated for 5 min with DAPI
(49,6-diamidino-2-phenylindole dihydrochloride; Calbiochem, Nottingham,
United Kingdom) to stain the DNA.

The distribution of the fluorescent label was visualized using the Delta Vision
system (Applied Precision, Issaquah, Wash.), which is based on an inverted
microscope (Carl Zeiss Co., Ltd., Jena, Germany) equipped with a Photometrics
PXL-cooled charge-coupled device (CCD) camera. Sets of images of selected
cells were collected while varying the plane of focus along the z axis. The
resultant three-dimensional data sets were deconvolved and projected onto sin-

FIG. 1. Schematic interpretation of the cDNA clones isolated from the
cDNA library. The PCR-amplified products of the full-length ORF U94 (F1)
served as hybridization probes. cDNA clone numbers are indicated in boldface
type on the left; the sizes of cDNA molecules are noted on the right. The
locations of the 59 ends of cDNAs hybridized by the F1 probe are indicated in
front of each cDNA (positions of the first nucleotides are shown in Fig. 2). Each
“A1” at the 39 end of the cDNA indicates a poly(A)1 site.
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gle planes. The images were then adjusted for contrast before exporting them as
TIFF files to Adobe Photoshop.

Pull-down assay and immunoblotting. Binding reactions were carried out by
incubating 1-10 mg of either GST-REP or MBP-REPN1 fusion protein with
human hTBP (Promega) in 100 ml of binding buffer (50 mM Tris-HCl [pH 7.5],
100 mM NaCl, 5 mM MgCl2, 2 mM dithiothreitol, 10% glycerol, 0.1% Tween 20,
1% bovine serum albumin [BSA]) for 1 h at 4°C on a rotating wheel. Proteins
associated with GST or GST-REP were pulled down with glutathione-Sepharose
beads, while those associated with MBP or MBP-REPN1 were pulled down with
maltose-Sepharose beads. The beads were washed seven times with 0.5 ml of
binding buffer without BSA. Bound proteins were then eluted by boiling in
protein lysis buffer (10% glycerol, 50 mM Tris [pH 7.4], 1% 2-mercaptoethanol),
separated by sodium dodecyl sulfate–12% polyacrylamide gel electrophoresis
(SDS–12% PAGE), transferred to nylon membranes (Amersham Pharmacia),
and reacted with the appropriate primary Abs (e.g., anti-hTBP MAb; Promega).
Reactive bands were visualized using horseradish peroxidase-linked secondary
conjugate and enhanced chemiluminescence detection reagents (Amersham
Pharmacia).

Production of 35S-HHV-6 REP and coimmunoprecipitation with hTBP. To
generate 35S-labeled HHV-6 REP, the rep ORF was inserted into pcDNA3.1
(Invitrogen) downstream from the T7 promoter. The 35S-labeled HHV-6 REP
was then produced by in vitro transcription-translation in rabbit reticulocyte
lysates (TnT system; Promega), as directed by the kit’s instructions. Equal ali-
quots (2,000 cpm) of 35S-labeled HHV-6 REP and 35S-labeled luciferase protein
(control) were used for the immunoprecipitation assays. Initially, anti-hTBP Abs
were incubated with protein A-Sepharose (Amersham Pharmacia) in 500 ml of
binding buffer (25 mM Tris [pH 7.8], 1 mM dithiothreitol, 1 mM phenylmeth-
ylsulfonyl fluoride, 1 mM EDTA, 150 mM NaCl, 5 mM MgCl2, 5 mM KCl, 1%
BSA, and 0.1% Tween 20). The immune complex was then washed seven times
in binding buffer without BSA and incubated with hTBP, followed by incubation
with 35S-labeled HHV-6 REP or luciferase protein. Each incubation was carried
out for 4 h at 4°C, and after each incubation the complexes were washed seven
times with 1 ml of binding buffer. Finally, the products were boiled in sample
buffer, subjected to SDS–10% PAGE, stained, and autoradiographed.

GAL4 mammalian two-hybrid analysis. rep and hTBP expression vectors were
constructed using standard techniques. The HHV6-B rep gene fragment was
initially inserted into the SalI site of pBluescript II (Stratagene) followed by PCR
amplification with a primer containing a SalI site at the end. The SalI fragment

of the rep gene then was inserted into the SalI site of a pVP vector (Clontech) to
make pVPrep. The rep gene was fused in frame with the herpes simplex virus
VP16 transactivation domain ORF (pVP), to make pVP16rep. In the same way,
the hTBP gene (23) was cloned into a yeast GAL 4 DNA binding domain (pM)
vector, to make pMhTBP. To elucidate which region of the rep gene interacts
with hTBP, the deletion mutant was constructed. For N-terminal deletion, the
first 111 amino acids were deleted by excising EcoRI fragment from the
pVP16Rep construct, referred to as pVP16RepDEco. The end portion of EcoRI
digestion was filled in with Klenow fragment and deoxynucleoside triphosphates
to adjust the coding frame. For C-terminal deletion, the MluI fragment was
excised, resulting in the deletion from the 244th to the last amino acid, referred
to as pVP16 RepDMlu. These plasmids were transfected into 293L cells (6, 13)
in several combinations. Generally, 5.0 3 105 cells/well in six-well plates were
seeded 24 h before transfection. A reporter plasmid, pG5 E1b Luc, which was
generated by replacing the chloramphenicol acetyltransferase gene in pG5 E1b
CAT (Clontech) with the firefly luciferase gene was transfected at 30 ng/well with
either 0.3 mg of the pM-based or the pVP-based expression vector per well.
These cells were harvested 24 h after transfection and lysed in lysis buffer
(Picagene PGC50). The soluble fraction was collected, and the activity was
normalized to the protein concentration using the Bradford method (8) with
BSA as the standard and beta-galactosidase activity by cotransfecting pCMVb
(Clontech). Analyses were performed in triplicate, and relative luciferase activity
was measured. The experiment was performed several times, and we obtained
almost the same data each time.

RESULTS

Analysis of rep transcription. We initially attempted North-
ern blot analysis to determine the patterns of HHV-6B HST
transcription. An antisense oligonucleotide (AR) from U94
served as the probe (Fig. 2). Analysis of poly(A)1 RNA from
infected cells revealed three transcripts of approximately 9.0,
5.0, and 2.7 kb; of these, the 2.7-kb mRNA was the most
abundant (Fig. 3a, lane HST).

To investigate the kinetics of HHV-6 rep expression in HST-

FIG. 2. Organization and transcription pattern of the HHV-6B rep region. All exons and introns are drawn to scale. The drawing of the cDNAs is inverted relative
to the HHV-6B genome. Numbers for splice sites apply to the last nucleotide of exon n and to the first nucleotide of exon n 1 1; for special sequence motifs, the numbers
apply to the first 59 nucleotide. Thin lines represent introns; thick lines represent noncoding exons or parts of exons. Shaded boxes represent ORFs with ATG initiation
codons and TAA termination codons. The single-stranded DNA probes (AR, ER, GR, and QR) used for Northern blot analyses and primers used for 59 RACE (R1,
R2, and R3) are indicated by closed arrows. The sizes of the cDNA molecules and corresponding mRNAs, identified by Northern blotting, are noted on the right. ORFs
(HHV-6A U94, U95, U96, and U98 homologues) identified in the genomic sequence are symbolized by open arrows. The first nucleotide position is the 59 end of both
transcripts.
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infected cells, Northern blot analyses were performed using
samples treated with CHX or PHA (Fig. 3a). HHV-6B-in-
fected MT-4 cells were maintained for 10 h in culture medium
supplemented with CHX (100 mg/ml). E genes were defined as
lytic-cycle transcripts whose expressions are not blocked by

PFA, an inhibitor of viral DNA polymerase. Therefore, HHV-
6B-infected MT-4 cells were maintained for 60 h in the culture
medium either with or without PFA (300 mg/ml). Afterwards,
each mRNA was harvested and subjected to Northern blot
analysis. The AR probe recognized the 9.0-, 5.0-, and 2.7-kb

FIG. 3. (a) Transcription of the putative rep region of HHV-6B HST under
IE, E, and L conditions. Ten micrograms each of poly(A)1 RNA from mock-
infected cells (lane MOCK), cells infected for 60 h in the presence of PFA (lane
PFA), cells infected for 10 h in the presence of CHX (lane CHX), and cells
infected for 60 h (HST) were subjected to Northern blot analyses. Sizes of
mRNAs are indicated on the right. AR, an antisense, single-stranded DNA
probe derived from an ORF U94 homologue (Fig. 2), detected three transcripts,
9.0, 5.0, and 2.7 kb in size. In the presence of CHX and PFA, the AR probe
detected the only a 5.2-kb mRNA. The HHV-6B IE1 probe was used as the IE
control. The b-actin was used as an internal control for the detection of mRNA.
(b) Transcriptional patterns of the putative rep region of HHV-6B HST under
IE, E, and L conditions, using several probes. ER (Fig. 2), an antisense probe
derived from the first intron of the 2.7-kb mRNA detected only the 9.0- and
5.0-kb transcripts in mRNA from cells infected for 60 h. GR (Fig. 2), an antisense
probe derived from the second exon of the 2.7-kb mRNA, detected all three of
the transcripts (9.0, 5.0, and 2.7 kb). Moreover, the ER and GR probes detected
nothing under the IE and E conditions. QR (Fig. 2), an antisense probe derived
from the start site of the rep ORF, detected all three transcripts in mRNA from
cells infected for 60 h but detected nothing under the IE and E conditions.
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(major) transcripts in mRNA originating from cells infected
for 60 h. A 5.2-kb transcript was detected under CHX treat-
ment (Fig. 1, lane CHX), and this transcript was more abun-
dant than that of HHV-6 IE1 (Fig. 3a, HHV-6B IE1), which
was used as a control. Moreover, the 5.2-kb transcript was
detected faintly after PFA treatment (Fig. 3a, lane PFA). In
contrast, the ER probe (Fig. 2), an antisense oligonucleotide
derived from the first intron of the 2.7-kb mRNA, detected
only the 5.0-kb transcript in mRNA from cells that had been
infected for 60 h (Fig. 3b, panel B), and the GR probe (Fig. 2),
an antisense oligonucleotide derived from the second exon of
the 2.7-kb mRNA, detected both the 5.0- and 2.7-kb transcripts
(Fig. 3b, panel A). Moreover, the ER and GR probes did not
detect anything under the IE and E conditions (Fig. 3b, col-
umns PHA and CHX). The QR probe (Fig. 2), an antisense
oligonucleotide derived from the start site of the rep ORF,
detected both the 5.0- and 2.7-kb transcripts in mRNA infected
for 60 h but detected nothing under the IE and E conditions
(Fig. 3b).

To map the mRNAs more precisely, a cDNA library was
constructed from PBMCs infected with HHV-6B HST. After
multiple screening steps, cDNA clones hybridizing in Southern
blots to the radiolabeled, double-stranded F1 cDNA were se-
lected using the full-length HHV-6 rep as a probe (Fig. 1). By
screening approximately 106 clones, 11 positive clones were
identified (Fig. 1). These clones were completely sequenced
and all showed the same sense-strand orientation; no antisense
clone was detected. Eight were approximately 2.1 kbp in length
and had similar sequences; only one clone, approximately 4.0
kbp in length, was large, and the remaining two clones were
comparatively short. The 2.1-kbp cDNA consisted of three
exons, of which the first two appeared to be untranslated. The
ATG sequence was located within the third exon. This cDNA
is likely to correspond to the 2.7-kb transcript detected with
Northern blotting. The 4.0-kbp cDNA consisted of two exons,
and the ATG sequence was located within the second; in this
case, only the first exon was untranslated. This cDNA is likely
to correspond to the 5.0-kb transcript detected with Northern
blotting. A stop codon (TAA) was found in all of the clones.
The 2.7- and 5.0-kb transcripts had different termination sites,
which is consistent with the sequences of the cDNAs. The 39
untranslated region of the 4.0-kbp cDNA was 228 to 229 nu-
cleotides long, while the 2.1-kbp cDNA had a 45-nucleotide 39
untranslated region. No typical polyadenylation consensus sig-
nal was found in either cDNA. Both appeared to code for the
same gene products. The mapping of these transcripts by
cDNA sequencing is summarized in Fig. 2.

To confirm the start sites for transcription of the 2.7- and
5.0-kb mRNAs, 59 RACE was carried out using the R1 primer
in combination with either the R3 or R2 primer (Fig. 2). The
start site of the 5.0-kb mRNA was determined using R1 and
R3. Since R1 was derived from the intron between exons 1 and
2 of the 2.7-kb transcript and R2 was derived from exon 1,
which was common to both transcripts, the use of R2 was
expected to reveal the start sites of both transcripts. The
RACE analysis showed that the start sites of the 5.0- and
2.7-kb transcripts were the same, and in each transcript a
typical TATA box-like sequence, TATATTT, was found at a
position 37 bp upstream of the cap site.

Expression of REP in MT-4 cells and CBMCs infected with
strain HST. To verify HHV-6 rep expression in HST-infected
cells and identify some of the properties of the transcripts,
REP was localized within the infected cells. Immunofluores-
cence showing the distribution of anti-REP antibodies within
MT-4 cells infected with HST for 48 h is shown in Fig. 4. It
should be noted that there was significant overlap of the signals

when infected cells were triple labeled (Fig. 4D) with anti-REP
serum (Fig. 4C), DAPI (Fig. 4A), and OHV-2 (Fig. 4B), which
indicates the presence of REP in the nucleus (Fig. 4C). REP
was first detected in the nucleus 24 h after infection, appearing
as localized spots. After 72 h, additional nuclear accumulation
of REP was evident, as was the presence of REP in the cyto-
plasm (data not shown).

In addition, no specific labeling was found in mock-infected
cells or in infected cells incubated with preimmune serum,
anti-MBP serum, or anti-GST serum (data not shown).

Interaction between a GST-HHV-6B REP fusion protein
and hTBP in vitro. Hermonat et al. (22) showed that AAV-
REP binds to hTBP, and we hypothesized that HHV-6 REP
might do so as well. Direct interaction between HHV-6 REP
and hTBP was assessed in vitro using pull-down assays.
HHV-6B rep from baculovirus was expressed as a fusion pro-
tein with GST (GST-REP) and purified on glutathione-Sepha-
rose beads. When the purified fusion proteins and GST were
subjected to SDS-PAGE and stained with Coomassie blue, the
quantity of protein in each sample was found to be about the
same (Fig. 5A, panel a). When the purified samples were
reacted with hTBP and then subjected to SDS-PAGE and
analyzed by Western blotting using anti-hTBP Abs, GST itself
did not associate with hTBP, but there was a strong interaction
between anti-hTBP Abs and the GST-REP fusion protein, as
indicated by the appearance of a band at 37.7 kDa (Fig. 5A,
panel b, lane 2). When the GST-REP fusion protein was
present on the blot in the absence of hTBP, the anti-hTBP Abs
did not react (data not shown).

The region of HHV-6 REP recognized by hTBP was then
more specifically defined by carrying out pull-down assays us-
ing a fusion protein made of the N-terminal portion of REP
and MBP (MBP-REPN1). We observed that MBP-REPN1
was bound by hTBP (Fig. 5B, panel b, lane 2), whereas an
equivalent amount of MBP alone was not (Fig. 5B, panel b,
lane 1).

Finally, the HHV-6 REP-hTBP interaction was further ver-
ified by a coimmunoprecipitation assay (Fig. 5C). The 35S-
labeled HHV-6 REP was generated by in vitro transcription-
translation and incubated with hTBP, anti-hTBP MAb, and
protein A-Sepharose. hTBP coimmunoprecipitated with 35S-
labeled HHV-6 REP, whereas hTBP did not bind to the ra-
diolabeled luciferase that served as a control. The anti-hTBP
Abs did not immunoprecipitate HHV-6 REP in the absence of
hTBP. Thus, the results from two different assay systems
clearly show that HHV-6 REP binds hTBP.

These results also indicate that only the N-terminal portion
of HHV-6 REP was required for interaction with hTBP.

HHV-6B REP binds hTBP in vivo as determined using the
GAL4 mammalian two-hybrid system. To extend the investi-
gation of the REP-hTBP interaction in vivo, the GAL4 two-
hybrid system was used (Fig. 6). hTBP ORF was fused in frame
with the GAL4 DNA-binding domain (pM) ORF, and the Rep
ORF was fused in frame with the HSV VP16 transactivation
domain (pVP) ORF. These constructs were transfected with a
reporter plasmid, pG5 E1b Luc, both alone and together. In
this assay system, the level of luciferase activity from a GAL4-
dependent reporter construct usually correlates with the
strength of the in vivo interaction between the two proteins
being examined (e.g., large T with p53 [Fig. 6]). These data are
shown in Fig. 6. The positive control, pM53 1 pVP16-T, was
significantly elevated over all of the negative controls (pM 1
pVP16rep, pMhTBP 1 pVP16, or pM 1 pVP16). Importantly,
the expression level of PMhTBP 1 pVP16rep was significantly
greater than that of any of the negative controls. Furthermore,
we constructed other plasmids, pVP16 RepDEco and pVP16
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RepDMlu, to analyze which region of Rep was responsible for
this interaction. pVP 16 RepDEco showed higher luciferase
activity than pVP16 Rep when cotransfected with pMhTBP.
The data, however, vigorously fluctuated, which suggested that
pVP16 RepDEco could have the boundary region for the in-
teraction. On the other hand, pVP16 RepDMlu showed much
higher activity than either pVP16 Rep or pVP16 RepDEco.
This suggested that the N-terminal part up to 244 amino acid
should contain the element responsible for their interaction,
which was coincident with the in vitro data. Thus, these data
demonstrate a measurable in vivo interaction between REP
and hTBP and support the validity of the in vitro studies.

DISCUSSION

HHV-6 ORF U94 encodes a protein that is homologous to
the AAV-2 rep gene product and is unique among human
herpesviruses (49). However, although the function of the
AAV-2 rep gene is well documented (2, 4, 17–22, 26, 28–30) the
function of the HHV-6 rep remains unknown. Interestingly,
HHV-6 rep is able to complement replication of a rep-deficient
AAV-2 genome (50), suggesting these genes may have similar
biological functions.

In this study, we describe three transcripts of different size
present in the poly(A)1 RNA of infected MT-4 cells (Fig. 3a).
The 5.0- and 2.7-kb mRNAs were mapped within the rep gene
region, while the 9.0-kb mRNA was not. In addition, the 5.0-
and 2.7-kb (major) mRNAs, which were detected in L phase,
appeared to use the same promoter and encode related
polypeptides. In AAV-2, REP proteins are translated from
four mRNA species whose expression is driven by two promot-
ers, yielding four overlapping polypeptides with apparent mo-
lecular masses of 78 kDa (Rep78), 68 kDa (Rep68), 52 kDa
(Rep52), and 40 kDa (Rep40) (5, 26, 39, 47). Of these, Rep68
and Rep78 have been shown to bind to AAV terminal hairpin
DNA in a sequence-dependent manner, to bind to the origin of
replication, and to exhibit ATP-dependent, site-specific endo-
nuclease and DNA helicase activities (5, 26).

Herpesvirus genes have been classified as IE, E, and L (24).
Expression of IE and E genes is independent of viral DNA
replication; indeed, some IE and E genes are themselves in-
volved in regulating gene expression and DNA replication. The
L genes, in contrast, are dependent on viral DNA replication
and mainly encode structural proteins (24). There has been
one report that, based on reverse transcription-PCR analysis,
HHV-6 rep is an IE gene (40). The Northern blot experiments

FIG. 4. Cellular localization of HHV-6B REP in MT-4 cells infected with HST for 48 h. The optical sections traversing the nuclei of several HHV-6B-infected MT-4
cells labeled with DAPI (A); OHV-2, a MAb against HHV-6 nuclear antigen, which is expressed in the E stage (B); and anti-REP Ab (C) are shown. Note that REP
is localized within the nucleus. (D) Overlaid images from panels A, B, and C.
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described above indicated that the 2.7-kb transcript appeared
abundantly at a later phase of the infectious cycle, although the
5.0-kb transcript (minor) was also detected (Fig. 3a). A 5.2-kb
transcript was detected under IE conditions (Fig. 3a [CHX])
and detected faintly under E conditions (Fig. 3a [PFA]). This
transcript was more abundant than that of HHV-6 IE1 under
IE conditions (Fig. 3a [HHV-6B IE1]). The repression of
HHV-6 IE1 by CHX is unusual for a herpesvirus IE gene but
has been observed by another group (45). HHV-6 IE1 was
expressed faintly with IE kinetics, but its expression increased
and it accumulated with virus replication, indicating that the
promoter might be activated by virus replication (Fig. 3a). The
5.2-kb transcript was not detected by Northern blotting using
either the ER or GR probe (Fig. 3b) or by screening a cDNA
library that was prepared from late-stage infected cells (72 h

postinfection), indicating that the transcript may not be ex-
pressed in the late phase. Moreover, the QR probe (Fig. 2), an
antisense oligonucleotide derived from the start site of the rep
ORF, detected both the 5.0- and 2.7-kb transcripts in mRNA
from cells infected for 60 h but detected no 5.2-kb transcript
under the IE or E conditions (Fig. 3b). Therefore, it is not clear
if the 5.2-kb transcript detected under the IE and E conditions
codes for the REP protein.

In the present study, the HHV-6B REP protein was initially
detected in the nucleus 24 h after infection and accumulated to
high levels in the nucleus and was apparent in the cytoplasm
within 72 h, but the REP protein was not detectable at any time
in cells grown in the presence of PFA, CHX, and actinomycin
D (data not shown). The reason for this discrepancy, in which
the 5.2-kb transcript was detected under the IE condition but
the REP protein was not, is not yet clear, but one possibility is
that HHV-6 rep is transcribed at the IE stage and translated at
the L stage. Alternatively, a low level of HHV-6 rep expression
may make it difficult to detect at the IE stage. In addition, we
have observed that transcription levels of the U95 gene homo-
logue (Fig. 2), which is antisense with respect to rep, is very
high (unpublished data). It is conceivable, therefore, that U95
transcription interferes with the rep transcript. We also tried to
detect REP from cells infected with HST and grown in the
presence of PFA or CHX for 72 h, by Western blotting and
immunoprecipitation, but were not successful. It is possible
that the expression level of the REP protein is too low to be
detectable. The other possibility is that the 5.2-kb transcript
detected under the IE condition may not code for the REP
protein. We are currently investigating the nature of the 5.2-kb
transcript. Finally, these results suggest that the 2.7-kb tran-
script codes for REP protein and is expressed at the L stage.

The level of HHV-6 rep transcription within infected cells
was apparently small: only 11 cDNA clones were detected from
among approximately 106 colonies making up the cDNA li-
brary. The reason for this tight control is not clear, but some
evidence suggests that overexpression of this gene may be
deleterious to the biological activity of HHV-6 (9).

Rotola et al. (43) used reverse transcription-PCR to detect
expression of HHV-6 rep in PBMCs from healthy individuals
who had latent HHV-6 infections, but the transcription of
other genes, including IE genes, was not detectable. These
investigators also reported being able to derive lymphoid cells
in which HHV-6 REP was stably expressed but in which viral
replication was restricted. They postulated that REP regulated
viral gene expression in a manner that enabled the establish-
ment or maintenance of latent infection in lymphoid cells.

In the present study, the 5.2-kb transcript was detected un-
der the IE and E conditions by Northern blotting, but not
under the L condition. Interestingly, the expression of the
5.2-kb transcript decreased with virus replication, indicating
that this transcript might play a important role in the IE phase
or in latency.

AAV2 Rep78 appears to bind to a variety of as yet unchar-
acterized cellular proteins (21) and to suppress heterologous
promoters, at least in some cases, via Sp1 sites (20). We suspect
that HHV-6 REP acts, at least in part, by interacting with
cellular transcription factors. hTBP, which is critical for initi-
ating transcription, seemed an obvious candidate. hTBP exists
primarily as a subunit of several larger complexes: the Pol
II-specific complex (TFIID) consists of hTBP and 10 to 12
hTBP-associated factors (TAFs), most of which have been
highly conserved from Saccharomyces cerevisiae to humans (9,
16, 31, 42, 52) TAFs interact with other transcription factors,
which in turn initiate transcription by binding to enhancer

FIG. 5. HHV-6B REP binds specifically to hTBP in vitro. (A) hTBP was
retained on GST-REP beads. (a) Gel stained with Coomassie blue. Equal
amounts of protein were applied as described for panel b. Lanes: 1, GST (27.5
kDa); 2, GST-REP (84.5 kDa). (b) Proteins bound to GST or GST-REP after
incubation with 100 ng of hTBP were collected by centrifugation, washed, boiled
in SDS sample buffer, and subjected to SDS-PAGE and Western blotting using
an anti-hTBP MAb. Lanes: 1, GST; 2, GST-REP; 3, input hTBP. The input lane
contains 10% of the amounts added to the pull-down reaction mixtures. (B) The
N-terminal portion of REP is sufficient for REP-hTBP interaction. (a) Gel
stained with Coomassie blue. Equal amounts of protein were applied as de-
scribed for panel b. Lanes: 1, MBP (42.4 kDa); 2, MBP-REP (69.0 kDa). (b)
Proteins bound to MBP or MBP-REPN1 after incubation with 100 ng of hTBP
were visualized by immunoblotting using anti-hTBP MAb. Lanes: 1, MBP; 2,
MBP-REPN1. (C) Coimmunoprecipitation of 35S-labeled REP with hTBP and
anti-hTBP MAb. 35S-labeled REP was generated by in vitro transcription-trans-
lation. Equal aliquots of either 35S-labeled REP or 35S-labeled luciferase (con-
trol) were incubated with hTBP, anti-REP Ab, and protein A, as indicated, and
then spun and subjected to SDS-PAGE and autoradiography. (a) Luciferase or
REP produced by in vitro transcription and translation using reticulocyte lysate.
Lanes: 1, 35S-labeled luciferase protein (61 kDa); 2, 35S-labeled REP protein
(56.0 kDa). (b) 35S-labeled REP is coimmunoprecipitated with hTBP. Lanes: 1,
35S-labeled luciferase; 2, 35S-labeled REP.
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elements and to RNA polymerase II and its accessory proteins
(19, 45).

In this study, HHV-6 REP binding to hTBP was demon-
strated in vitro using pull-down assays (Fig. 5A) and coimmu-
noprecipitation (Fig. 5C) and in vivo using a mammalian two-
hybrid assay (Fig. 6). Furthermore, we showed that the
N-terminal portion of HHV-6 REP was sufficient for the in-
teraction with hTBP in vitro and in vivo (Fig. 5B and 6). Two
hybrid results suggested that the N-terminal part up to amino
acid 244 should contain the element responsible for their in-
teraction, which was coincident with the in vitro data. Taken
together, the data still suggested that the N-terminal part
should contain the interacting domain and that the coding
region around amino acid 114 could be the boundary, although
more precise analyses should be done. On the other hand, we
could detect two bands in the coimmunoprecipitation assay
(Fig. 5C). Although it is not clear that the small band (40.5
kDa) is specific, it may indicate the existence of N-terminal
products of REP.

It appears, therefore, that by binding to hTBP, HHV-6 REP
reduces the efficiency with which transcription is initiated. The
mechanism of this inhibitory effect is as yet unknown. Perhaps
HHV-6 REP contains a domain that, when bound to hTBP,
actively interferes with some aspect of initiation; or, HHV-6
REP could block the binding of another, positively acting fac-
tor. For instance, HHV-6 REP binding to hTBP might signif-
icantly affect hTBP-TAF interactions and prevent certain
TAFs from entering the TFIID complex. A similar mechanism
has been suggested for p53-mediated inhibition of transcrip-
tion (46). Another possibility is that HHV-6 REP itself may
serve as a TAF, functioning as a connector or modulator in a
manner analogous to SV40 large T (11, 37).

It has been reported that Rep78 binds to hTBP both in vitro
and in vivo (22). It was also recently shown that Rep78 binds to
CREB, thereby blocking activation of CREB-dependent tran-
scription by protein kinase A (12) and that both Rep78 and
Rep68 bind to transcription coactivator PC4 (53). Accordingly,
we suggest that the function of the HHV-6 REP-hTBP inter-

action may be to modulate HHV-6 replication. This scenario
supports a model wherein suppression by HHV-6 REP is in-
volved in an autoregulatory loop controlling HHV-6 rep gene
expression.
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