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We previously identified a human herpesvirus 6B (HHV-6B) homolog of the alphaherpesvirus origin-binding
protein (OBP), exemplified by the herpes simplex virus type 1 UL9 gene product. This finding is of particular
interest because HHV-6B is otherwise more closely related to members of the betaherpesvirus subfamily. The
prototypic betaherpesvirus, human cytomegalovirus, does not encode an obvious OBP homolog and contains
a more complex origin of replication than do alphaherpesviruses. Thus, analysis of the function of the HHV-6B
OBP homolog is essential for understanding the mechanism of HHV-6B DNA replication initiation. The
HHV-6B OBP homolog, OBPy,;, was expressed in vitro by coupled transcription and translation and in insect
cells by infection with recombinant baculoviruses. The expressed protein bound to two DNA sequences located
upstream of the HHV-6B major DNA-binding protein gene homolog, within a region that was predicted to serve
as an origin of replication on the basis of its sequence properties. The binding sites lie within 23-bp segments
and are similar to OBP-binding sites of herpes simplex virus type 1. The two OBP,.;-binding sequences are
separated by an AT-rich region and have an imperfect dyad symmetry as do the alphaherpesvirus origin
regions. We identified OBPy transcripts by reverse transcription PCR in HHV-6B-infected Molt-3 cells.
These results suggest that OBPy, functions in a manner analogous to the alphaherpesvirus OBP and that

initiation of HHV-6B DNA replication may resemble that of alphaherpesviruses.

Human herpesviruses 6A and 6B (HHV-6A and HHV-6B)
are T-lymphotropic viruses that as a group are nearly ubiqui-
tous, with primary infection occurring in most cases by 3 years
of age (30, 48). The classification of HHV-6 isolates into the
variants A and B (1) is based on differences in molecular and
biologic properties (2, 4, 5, 15, 49, 58); HHV-6A has not been
clearly associated with any clinical entity, while HHV-6B is an
etiologic agent of roseola (exanthem subitum) and acute
nonspecific febrile illness in infants (18, 45, 49, 59).

HHV-6A and HHV-6B genomes consist of an approxi-
mately 140-kb unique region and a pair of 10- to 13-kb directly
repeated terminal elements, DR; and DRy (35, 37, 44).
Analyses of HHV-6A and HHV-6B nucleotide and encoded
protein sequences indicate that these viruses are genetically
colinear with human cytomegalovirus (HCMV) over much of
their genomes (10, 11, 20, 25, 33, 34, 41), but also that there are
significant differences with HCMV with respect to genome size
(161 to 170 kb for HHV-6 versus 230 kb for HCMV), genome
structure (terminal direct repeats versus inverted repeats that
mediate inversion events), G+C content (43% versus 56%),
and the existence of unique genes and repeated sequences (37,
54).

We identified an HHV-6B open reading frame (ORF),
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CH6R, that encodes a homolog of the alphaherpesvirus origin-
binding protein (OBP) (10). This observation is intriguing
because examples of this gene were previously found only in
alphaherpesviruses, although HCMV and Epstein-Barr virus
do encode positional homologs (7, 9, 39, 53). On the basis of
results described in this work, we have designated the HHV-6B
CH6R protein as OBPy;45. The herpes simplex virus type 1
(HSV-1) OBP (OBPyy,) is encoded by the UL9 gene and is one
of the seven gene products essential for HSV-1 DNA replica-
tion (57). OBPy,, consists of a helicase domain and a DNA-
binding domain (14, 38, 42, 55). OBPyp contains a well-
conserved helicase motif, but the sequence has diverged in the
region corresponding to the OBPy,, DNA-binding domain
(10). The divergence suggested several possibilities concerning
the function of this protein (10). First, it was possible that the
divergent carboxyl region of OBPyc5z may still form a struc-
tural motif similar to those required for DNA binding by
OBPy,;. Second, it was also possible that OBP;,z may not
exhibit sequence-specific DNA binding, and that the carboxyl
region could be involved in the formation of a multisubunit
complex with other viral and cellular proteins which confer
sequence-specific DNA binding. Lastly, it was possible that the
divergence reflects the evolution of an ancestral OBP toward
recognition of divergent replication origin sequences as ob-
served in EBV and HCMV oriLyt structures, which are com-
plex and spread out over more than 1 kb (3, 26).

During analysis of other HHV-6B(Z29) DNA sequences, we
identified a unique structure that includes two 195-bp AT-rich
imperfect direct repeats and an adjacent GC-rich motif in the
intergenic region between the major DNA-binding protein
(MDBP) and HCMV UL69/HSV-1 ICP27 homologs (11).
Because of these properties and because the region upstream
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FIG. 1. OBPy4g-expressing recombinant plasmids and baculovi-
ruses. Procedures for construction of these plasmids are described in
Materials and Methods. Asel (As), HindIII (H3), Kpnl (Kp), SacI (S1),
and Sacll (S2) sites, the CH6R ORF (open bar), and TATAAAT
(closed bar) are indicated. aa, amino acids.

of MDBP is known to function as an origin of lytic replication
in HSV, varicella-zoster virus, and cytomegaloviruses (3, 51,
56), we hypothesized that this region might serve as an origin
for lytic-phase DNA replication.

On the basis of these hypotheses and evidence, in this study
we identified OBPy transcripts in HHV-6B-infected cells,
expressed OBPy in two systems to test the possibility that
OBPg binds in a sequence-specific manner to the putative
ori region, and found that the OBPy.z; DNA-binding se-
quences are similar in structure to origins of the lytic replica-
tion of alphaherpesviruses.

MATERIALS AND METHODS

Construction of plasmids. (i) pH6Z-4003. pH6Z-202 con-
taining the HHV-6B strain Z29 HindIII D fragment (34) was
digested with Clal and Kpnl. The Clal-Kpnl fragment contain-
ing the carboxyl region of the CH6R ORF was inserted
between the Clal and Kpnl sites of pBluescriptll KS(+)
(Stratagene, La Jolla, Calif.) to construct pH6Z-4002. pH6Z-
607 containing HHV-6B Clal H fragment (34) was digested
with Asel, made blunt ended by treatment with T4 DNA
polymerase, and then digested with Clal. The Asel-Clal frag-
ment containing the amino-terminal region of the CH6R ORF
was cloned between the EcoRV and Clal sites of pH6Z-4002,
resulting in pH6Z-4003. pH6Z-4003 thus contains the entire
CH6R ORF with 40 bp of HHV-6B noncoding sequence
upstream of the first ATG codon and 371 bp downstream of
the stop codon (Fig. 1).

(ii) pH6Z-4005. The Sacl-HindlIII fragment of pH6Z-4003
was cloned between the Sacl and HindIlI sites of M13mp18
(60). The resulting M13 plasmid (pH6Z-4023) was mu-
tagenized by the method of Kunkel et al. (31), using a
45-nucleotide (nt) oligonucleotide, 5'-TTCTGAACCTGT
TCTCCATATTTATAGAGCTCGAATTCGTAATC-3', to re-
place the 5’ noncoding region of CH6R and the multiple
cloning sites between the Sacl and EcoRV sites with the
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Autographa californica nuclear polyhedrosis virus (AcNPV)
polyhedrin promoter sequence, TATAAAT. The resulting
M13 plasmid (pH6Z-4024) was further mutagenized with an
oligonucleotide, 5'-TTCCTTGGGAACTTGTTCA-3’, to de-
stroy a Kpnl site in the ORF without altering the translated
amino acid sequence (pH6Z-4025). Finally, the SacI-HindIII
fragment from pH6Z-4003 was replaced with the mutagenized
Sacl-HindIII fragment of pH6Z-4025, resulting in pH6Z-4005
(Fig. 1).

(iii) pH6Z-4007. pH6Z-4007 was constructed by digestion of
pH6Z-4003 with Sacl and Sacll and ligation of the digested
DNA with a linker,

5'- CTATAAATATGGGC-3'
3'-TCGAGATATTTATACC-5',
which contains the polyhedrin promoter and an in-frame ATG
sequence (Fig. 1).

(iv) pH6Z-4041 and pH6Z-4043. pH6Z-4005 and pH6Z-
4007 were digested with Sacl, made blunt ended by treatment
with T4 DNA polymerase, and then digested with Kpnl. A
plasmid vector containing the AcNPV polyhedrin gene,
PAcDSM (47), was digested with Pstl, treated with T4 DNA
polymerase, and then digested with Kpnl. The Sacl-Kpnl
fragments of pH6Z-4005 and pH6Z-4007 were ligated with the
digested pAcDSM, resulting in pH6Z-4041 and pH6Z-4043,
respectively. These plasmids encode authentic and truncated
forms of the HHV-6B CH6R protein with no additional amino
acids derived from the polyhedrin ORF.

In vitro translation. Authentic and truncated forms of the
CHB6R protein were expressed in coupled transcription-trans-
lation reactions (T\T reticulocyte lysate; Promega, Inc., Mad-
ison, Wis.) from plasmids pH6Z-4005 and pH6Z-4007. Under
conditions recommended by the manufacturer, 1 pl of the
reticulocyte lysate may contain 50 to 100 g of total protein
and 3 to 10 ng of the translated protein. >*S-labeled, in
vitro-translated products were mixed with an equal volume of
loading buffer containing 6 M urea, 2% sodium dodecyl sulfate
(SDS), and 1.8 M 2-mercaptoethanol and separated by SDS-
polyacrylamide gel electrophoresis (PAGE) (32). Gels were
treated with an intensifying agent (EN*Hance; Dupont NEN,
Boston, Mass.), dried, and then exposed to film (XAR-5;
Kodak, Rochester, N.Y.).

Baculovirus expression. The recombinant baculoviruses Ac-
NPV/CH6R and AcNPV/tCH6R were obtained by cotransfec-
tion of Spodoptera frugiperda Sf9 cells with AcCNPV DNA plus
pH6Z-4041 and pH6Z-4043, respectively. Procedures for
transfection, selection of recombinant baculoviruses, and virus
titration were as described previously (52). Sf9 and High Five
(Invitrogen, San Diego, Calif.) insect cells were cultured in
Hink’s medium supplemented with 10% fetal calf serum and
infected with recombinant or wild-type baculoviruses at a
multiplicity of infection of 5 to 10 PFU per cell. After 60 to 70
h, cells were harvested and nuclear fractions were prepared as
described previously (23). Nuclei were fractionated into a

TABLE 1. Oligonucleotides used for RT-PCR”

Name Sequence Coordinates
OBPFOR 5'-GTGACGGGTGTGTTTTCTAT-3’ 5263-5282
OBPXREV 5'-TTCTCGAGCAACTTCACTAACGGAAAGG-3' 5560-5541
OBP probe 5'-GCCCTCACCGAGGCCTCGAGAGCAAGGCGG-3' 5473-5502
ACTINFOR 5'-TCATCACCATTGGCAATGAG-3’ 2405-2424
ACTINREV 5'-CACTGTGTTGGCGTACAGGT-3' 2654-2635
ACTIN probe 5'-GGGCATGGAGTCCTGTGGCATCCACGAAAC-3' 2561-2590

2 HHV-6B sequence coordinates are from reference 10, and actin sequences are from reference 40.
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FIG. 2. In vitro expression of OBPyg. Transcription-translation
reaction mixtures without added DNA (lanes 1 and 4) and pro-
grammed with pH6Z-4005 DNA (lanes 2 and 5) or with pH6Z-4007
DNA (lanes 3 and 6) were incubated in the presence of [**S]methi-
onine. Labeled protein was mixed with loading buffer without (lanes 1
to 3) or with (lanes 4 to 6) 6 M urea, analyzed by SDS-PAGE, and
detected by fluorography. Expected bands corresponding to authentic
and truncated sizes of the protein are indicated with closed and open
arrowheads, respectively.

soluble nuclear extract and an insoluble fraction by centrifu-
gation (40,000 X g, 30 min) after incubation in the presence of
2 M NaCl and 0.5% Nonidet P-40 at 4°C for 30 min.

Preparation of antiserum. Oligopeptides A9-1 (ITERQIN
NRKYV) and A9-3 (SRARRKQTIYKLQGS), corresponding
to OBPs amino acid residues 106 to 116 and 742 to 756,
respectively, were conjugated with keyhole limpet hemocyanin
by using an Imject EDC immunogen kit (Pierce Inc., Rockford,
IlL.). The conjugates were mixed with an adjuvant (Titer-Max;
CytRx Co., Norcross, Ga.) and used to immunize female New
Zealand White rabbits.

Immunoblotting. Proteins were mixed with urea-containing
loading buffer, sonicated three times for 30 s each in a cup horn
sonicator (output control 4, duty cycle 50%; model W-375;
Heat Systems-Ultrasonic, Inc., Farmingdale, N.Y.), separated
by SDS-PAGE, and then transferred onto nitrocellulose filters
(BA8S; Schleicher & Schuell, Keene, N.H.) in a transfer buffer
containing 25 mM Tris base, 250 mM glycine, and 20%
methanol. The blots were incubated for 3 h in phosphate-
buffered saline (PBS) containing 2% skim milk and then for 2
h in PBS containing 1% skim milk and rabbit antiserum. After
two 10-min washes in PBS containing 0.05% Tween 20, the
blots were reacted with alkaline phosphatase-conjugated goat
anti-rabbit immunoglobulin G (Bio-Rad, New York, N.Y.) in
PBS and then developed with p-nitroblue tetrazolium chloride
and 5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt
(Bio-Rad) according to the vendor’s protocol.

Gel mobility shift assays. Nineteen sets of double-stranded
oligonucleotides spanning a 644-bp region in the intergenic
region between the MDBP and HCMV UL69/HSV-1 ICP27
homologs were synthesized as follows. Each set of oligonucle-
otides consisted of two 30-nt-long (sets 13 to 19) or 35-nt-long
(sets 1 to 12) single-stranded oligonucleotides (model 380
DNA synthesizer; Applied Biosystems, Foster City, Calif.) with
15-nt (sets 13 to 19) or 20-nt (sets 1 to 12) complementary
sequences. After annealing, each set of oligonucleotides was
incubated with T4 DNA polymerase in the presence of

J. VIROL.
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FIG. 3. Baculovirus expression of OBPyg in insect cells. High Five
insect cells were infected with ACNPV (w; lanes 1, 4, and 7), AcNPV/
tCHG6R (t; lanes 2, 5, and 8), and AcNPV/CHG6R (a; lanes 3, 6, and 9)
at a multiplicity of infection of 5 to 10. After 65 h, cells were harvested
and nuclear fractions were prepared, extracted in the presence of 2 M
NaCl and 0.5% Nonidet P-40, and then cleared by centrifugation.
Proteins in the nuclear fraction (N; lanes 1 to 3), nuclear extract (NE;
lanes 4 to 6), and insoluble fraction (I; lanes 7 to 9) were separated in
two SDS-polyacrylamide gels. One gel was stained with Coomassie
brilliant blue (A), and the other was used for immunoblotting with
antiserum against the A9-3 oligopeptide (B). Arrowheads are as
described in the legend to Fig. 2.

[3?P]dCTP and [*?P]dATP, and then an excess of unlabeled
dCTP and dATP was added to complete the repair reaction.
Free nucleotides were eliminated by size exclusion chromatog-
raphy (Push column; Stratagene).

Next, 0.3 pmol (approximately 5 X 10* cpm) of 3?P-labeled
45-bp (sets 13 to 19) or 55-bp (sets 1 to 12) DNA was incubated
at 20°C for 20 min in 20 pl of reaction buffer with 1 pl of
transcription-translation lysate prepared without DNA or with
plasmid DNA. The reaction buffer consisted of 12 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-
NaOH (pH 7.6), 4 mM Tris-HCI (pH 7.6), 50 mM NaCl, 1 mM
EDTA, 1 mM dithiothreitol (DTT), 60 pg of bovine serum
albumin per ml, 12% glycerol, 5 pg of salmon testes DNA per
ml, and a cocktail of protease inhibitors (0.5 mM phenylmeth-
ylsulfonyl fluoride, 0.24 trypsin inhibitor units of aprotinin per
ml, 10 ng of pepstatin A per ml, and 10 ng of leupeptin per ml).
DNA-protein complexes were separated in 4% polyacrylamide
gels (80:1) by using a low-ionic-strength electrophoresis buffer
(6.725 mM Tris-HCl, 3.3 mM sodium acetate, 1 mM EDTA
[pH 7.6]) at 4°C.

Southwestern (DNA-protein) blotting. Southwestern blot-
ting was performed by the method described previously (19),
with minor modifications. Insoluble fractions containing bacu-
lovirus-expressed full-length and truncated forms of OBPy¢p
were separated by SDS-PAGE in 7.5% gels, and proteins were
transferred to nitrocellulose. Blots were incubated in 20 mM
Tris-HCl (pH 7.6)-50 mM NaCl-1 mM EDTA-1 mM
DTT-5% skim milk for 1 h and washed twice in the same
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FIG. 4. Gel mobility shift assay to identify OBPyg binding sites. (A) Schematic diagrams of the upstream region of the MDBP gene, including
the GC-rich region and imperfect direct repeats (IDR) (11), and 19 sets of double-stranded oligonucleotides used for the gel mobility shift assay.
(B) Gel mobility shift assay. 3?P-labeled oligonucleotides were reacted with transcription-translation lysate prepared without DNA (left lanes for
each [*2P]DNA) or with pH6Z-4007 DNA (right lanes) as described in Materials and Methods. Mobility shifts specific to the lysates programmed

with pH6Z-4007 are indicated by the arrowhead.

buffer without skim milk for 5 min. Blots were then incubated
in 7 M guanidine-HCI-50 mM Tris-HCI (pH 7.6)-2 mM
EDTA-10 mM DTT-0.25% skim milk for 1 h, washed with 20
mM Tris-HCl (pH 7.6)-50 mM NaCl-1 mM EDTA-1 mM
DTT-0.1% Nonidet P-40-0.25% skim milk, and then incu-
bated in the same buffer at 4°C overnight. Blots were incubated
with 3 pmol of 3?P-labeled DNA duplex in 2.5 ml of 20 mM
Tris-HC1 (pH 7.6)-50 mM NaCl-1 mM EDTA buffer with
either 2.5 pg of poly(dI-dC)-poly(dI-dC) or 0.5 pg of salmon
testes DNA at room temperature for 3 h and washed twice for
5 min in the same buffer without carrier or labeled DNA.

Reverse transcription PCR (RT-PCR). The oligonucleotide
primers used for amplification and probes used for detection of
transcripts near the 3’ end of the CH6R ORF and human
B-actin transcripts are described in Table 1.

Molt-3 cells were infected by mixing Molt-3-adapted HHV-
6B(Z29) with uninfected cells at a 1:10 ratio. Three days after
infection, total RNA was extracted from cells with RNAzol B
(CINNA/BIOTECX Laboratories International Inc., Friends-
wood, Tex.) according to the manufacturer’s protocol. nRNA
was purified from the extracted total RNA with a QuickPrep
Micro mRNA purification kit (Pharmacia, Piscataway, N.J.).
Eluted mRNA was concentrated by spin dialysis with a Cen-

tricon-30 (Amicon, Beverly, Mass.) by centrifugation at 5,000
X g for 30 min. For each RT-PCR, mRNA from 3 X 10° cells
was desiccated in a vacuum centrifuge and resuspended in 8 pl
of a solution containing 2 mM magnesium chloride, 5,000 U of
RNasin RNase inhibitor (Promega) per ml, and 125 U of RQ1
RNase-free DNase (Promega) per ml. Samples were incubated
for 1 h at 37°C, overlaid with 1 drop of mineral oil, incubated
for 5 min at 90°C, and then immediately placed on ice.
RT-PCR assays were performed on the products of the DNase
reactions by using a GeneAmp RNA PCR kit (Perkin-Elmer
Cetus, Norwalk, Conn.) as described in the kit protocol with
the exceptions of a 55°C PCR annealing temperature and final
PCR primer concentrations of 0.2 pM each. Thermal cycling
(DNA Thermal Cycler; Perkin-Elmer Cetus) parameters were
2 min at 95°C for 1 cycle, 1 min at 95°C and 1 min at 55°C for
35 cycles, and 7 min at 60°C for 1 cycle. Twenty microliters of
each RT-PCR product was separated on an 8.0% polyacryl-
amide gel and blotted to a nylon membrane (Nytran; Schlei-
cher & Schuell) by semidry electrical transfer (Trans-blot SD
semidry transfer cell; Bio-Rad). Probe oligonucleotides were 5’
radiolabeled by using polynucleotide kinase (KinAce-It; Strat-
agene), and hybridizations were in 6X SSC (1X SSCis 0.15 M
sodium chloride plus 0.015 M sodium citrate)-0.1% sodium
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FIG. 5. Binding specificity and dose response. (A) 32P-labeled
DNA duplex 1 was reacted with 1 ul of transcription-translation lysate
without added DNA (lane 1) or programmed with pBluescriptIl
KS(+) vector DNA (lane 2), pH6Z-4202, which can express the
HHV-6B(Z29) adeno-associated virus type 2 Rep protein homolog
(lane 3), pH6Z-4007 (lane 4), and pH6Z-4005 (lane 5). (B) The dose
response of binding with the transcription-translation lysate without
added DNA (lanes 1 to 3) or programmed with pH6Z-4007 (lanes 4 to
6) and pH6Z-4005 (lanes 7 to 9) was tested by changing the amount of
lysate: 0.25 wl (lanes 1, 4, and 7), 1 wl (lanes 2, 5, and 8), and 2.5 pl
(lanes 3, 6, and 9). Specific mobility shifts are indicated by arrowheads.

pyrophosphate, 200 pg of heparin per ml-0.2% SDS at 65°C.
Final washes were in 2X SSC-0.1% SDS at 65°C.

RESULTS

Expression of OBP,., in vitro. Authentic and truncated
forms of OBPy,p were expressed in vitro in coupled transcrip-
tion-translation reactions from plasmids pH6Z-4005 (Fig. 2,
lanes 2 and 5) and pH6Z-4007 (lanes 3 and 6) in the presence
of [**S]methionine. Labeled protein was separated by SDS-
PAGE. The apparent molecular sizes of the authentic and
truncated forms of the protein, 95 kDa and 45 kDa, were
consistent with the predicted sizes of 90 and 46 kDa, respec-
tively. In addition to these expected products, some small
products that might be products of proteolysis or initiation of
translation from internal AUG sequences were present. Of
these fragments, the 33- and 35-kDa species were observed in
both pH6Z-4005 and pH6Z-4007 lysates, suggesting that these
species were derived from the carboxyl region of OBPy4p. The
45-kDa protein expressed from pH6Z-4007 but not the 95-kDa
species from pH6Z-4005 was visible without addition of urea to
the SDS-PAGE sample loading buffer (lanes 2 and 3). Addi-
tion of 50% (vol/vol) ethylene glycol to the loading buffer gave
results similar to those obtained with 6 M urea. These results
suggest that OBPyg has a strongly hydrophobic character and
that this property is associated with the amino-terminal do-
main of the molecule.

J. VIROL.

Expression of OBPy.. in insect cells from a baculovirus
expression vector. The recombinant baculoviruses AcNPV/
CH6R and AcNPV/tCH6R were constructed as described in
Materials and Methods. High Five insect cells infected with
AcNPV, AcNPV/CH6R, or AcNPV/tCH6R were harvested 60
to 70 h after infection, and nuclear fractions, nuclear extract,
and insoluble fractions were prepared. Authentic 95-kDa and
truncated 45-kDa OBPy,,5 were expressed at a level visible in
a Coomassie brilliant blue-stained gel (Fig. 3A). Immunoblot
experiments that used rabbit antiserum against oligopeptides
deduced from the CH6R nucleotide sequence confirmed that
the expressed proteins were derived from the CH6R ORF
(Fig. 3B). Even after the 2 M NaCl extraction, most of the
OBPys remained insoluble, and a trace amount of the
truncated protein was observed in the nuclear extract. Under
similar conditions, OBPy, expressed in insect cells infected
with AcNPV/UL9 (42) (a gift of D. S. Fierer and M. D.
Challberg, National Institutes of Health) was efficiently ex-
tracted into the nuclear extract (data not shown). Of more than
20 detergents tested, OBPy¢5 was soluble only in Zwittergent
3-14 (Calbiochem, San Diego, Calif.) (data not shown).

OBPy;sp binds to two sites upstream of the MDBP gene.
Nineteen sets of double-stranded oligonucleotides covering a
644-bp region in an intergenic region between the MDBP and
HCMYV UL69/HSV-1 ICP27 homologs were used in gel mo-
bility shift assays (Fig. 4). Only DNA duplexes 1 and 14 had a
shifted band specific to the OBP¢5-expressing lysate. These
binding sites were designated as OBP-1 and OBP-2, respec-
tively.

Specificity and dose response of OBP.s binding. 37P-
labeled DNA duplex 1 was reacted with reaction mix either
from the coupled transcription-translation reactions without
added DNA or from reactions programmed with pBluescriptII
KS(+) vector DNA, a plasmid (pH6Z-4202) that can express
the HHV-6B homolog of the adeno-associated virus type 2
Rep protein (28), and the constructs that express the full-
length and truncated forms of OBP.s (pH6Z-4005 and
pH6Z-4007, respectively) (Fig. 5A). This experiment con-
firmed that the binding is specific to the CH6R-expressing
lysates (lanes 4 and 5).

The dose response of binding with the transcription-trans-
lation lysate was shown by varying the amount of lysate used in
the gel mobility shift assay (Fig. 5B). When the amount of
lysate was increased, the lysate programmed with the plasmid
encoding full-length OBPy¢x (pH6Z-4005) gave at least two
specific bands (closed arrowheads in lane 9) in addition to the
band with the same size as that observed in the truncated form,
suggesting the pH6Z-4005-programmed lysate contains differ-
ent forms of OBPys. One possibility is that the aggregated
authentic form of the protein shown in Fig. 3 could not bind
efficiently to the DNA and that the observed shifts were mainly
caused by the small carboxy terminal-derived fragments.

Defining the OBP-1 boundaries. Gel mobility shift assays
with 31-bp-long 3?P-labeled DNA duplexes 1A to 1D were
performed under the same conditions as described for Fig. 4.
These four DNA duplexes span the 55-bp region contained in
duplex 1 in an overlapping manner. DNA duplexes 1B and 1C,
but not 1A and 1D, bound to OBPyg (Fig. 6A and C).

Sixteen- and eightyfold-greater amounts of competitor
DNAs (1A to 1G) were added to reactions that tested for
competition against binding of 3?P-labeled DNA duplex 1.
DNA duplexes 1B, 1C, and 1F competed with the binding,
indicating that the 23-bp DNA region corresponding to DNA
duplex 1F encompasses the most narrowly defined OBP-1
binding region (Fig. 6B and C).

A 36-bp-long DNA fragment containing HSV-1 orig box I
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FIG. 6. Defining the OBP-1 sequence. (A) Gel mobility shift assays with 31-bp *?P-labeled DNA duplexes 1A (lanes 1 and 2), 1B (lanes 3 and
4), 1C (lanes 5 and 6), and 1D (lanes 7 and 8) were performed under the conditions described for Fig. 4. Lysates were prepared without added
DNA (lanes 1, 3, 5, and 7) and after being programmed with a plasmid that can direct the synthesis of the carboxy-terminal portion of OBPy4g
(pPH6Z-4007) (lanes 2, 4, 6, and 8). (B) Competition of unlabeled DNA against binding of 32P-labeled DNA duplex 1. Sixteen- and eightyfold
amounts of competitor DNAs were used. Oligoduplexes 1 to 3 (lanes 2 to 7) depicted in Fig. 4, 1A to 1F (lanes 10 to 23) depicted in panel C, and
a 36-bp-long DNA fragment containing HSV-1 oris box I (UL) were used as competitor DNAs. (C) Summary of binding and competitor assay
results. +, signs for the binding assay indicate detection of a mobility shift, and those for the competitor assay indicate competition with the labeled

DNA. NT, not tested.

(UL) was prepared by the method of Elias and Lehman (22)
and used as competitor DNA as well. It did not show any
competition against binding of **P-labeled DNA duplex 1 (Fig.
6B, lanes 8 and 9), indicating that the DNA sequence recog-
nized by OBPyg is HHV-6B specific. In addition, no mobility
shift was seen when a nuclear extract containing the HSV-1
ULD9 protein prepared from insect cells infected with AcNPV/
UL9 was reacted with DNA duplex 1. Furthermore, DNA
duplex 1 did not compete with the binding of OBPyy, to the
HSV-1 box I sequence (data not shown).

" Defining the OBP-2 boundaries. The OBP-2 sequence was
defined in gel shift assays with three 30-bp-long, *?P-labeled
DNA duplexes, 14A, 14B, and 14C. DNA duplexes 14B and
14C, but not 14A, bound to OBPy.; (Fig. 7A and C).
Competition assays were performed with excess 14A to 14G
DNA; DNA duplexes 14B, 14C, and 14E showed competition
(Fig. 7B and C). These results indicate that the 23-bp DNA
region corresponding to 14E DNA is the most narrowly
defined OBP-2 sequence.

Southwestern blotting with baculovirus-expressed OBPyy.
Insoluble fractions containing baculovirus-expressed authentic
and truncated forms of OBPg (described in Fig. 3) were
used in a Southwestern blotting assay. >’P-labeled DNA duplex
1 was reacted with the blots in the presence of a 500-fold-
greater mass of poly(dI-dC)-poly(dI-dC) (Fig. 8, lanes 1 to 3)
or 100-fold more salmon testes DNA (lanes 4 to 6). DNA
duplex 1 bound to both the authentic and truncated forms of
the baculovirus-expressed OBPy¢5 under both conditions (Fig.
8). The signal from the authentic form of OBPy¢; was weaker
than that of the truncated form. This difference can be
accounted for because all lanes were loaded with material from
similar numbers of cells, and the level of expression of
authentic OBPy¢g was smaller than that of the truncated form
(Fig. 3A, lanes 8 and 9). DNA duplex 1B, but neither duplex
1A nor 1D, bound to OBPy;4g under the same conditions (data
not shown).

OBP-1 and OBP-2 are similar to alphaherpesvirus ori
sequences. Figure 9 depicts a comparative alignment of the
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FIG. 7. Defining the OBP-2 sequence. (A) Gel mobility shift assays with 30-bp 3?P-labeled DNA duplexes 14A to 14C were performed as
described in the legend to Fig. 4. (B) Competition of unlabeled DNA against binding of 3?P-labeled DNA duplex 14. Sixteen- and eightyfold
amounts of competitor DNAs were used. Oligoduplexes 14 and 14A to 14F were used as competitors. (C) Summary of binding and competition

assay results (as described in the legend to Fig. 6).

region including OBP-1 and OBP-2 with ori sequences of
several alphaherpesviruses: HSV-1, HSV-2, varicella-zoster
virus, equine herpes virus 1, pseudorabies virus, and Marek’s
disease virus. The following similarities between the OBPycp
binding region and the alphaherpesvirus origins are evident in
the alignment. (i) OBP-1 has seven identical residues within
the 10-bp core sequence for OBPyy, binding, YGYTCGCACT
(Y equals pyrimidine nucleotide) (13, 21, 27). OBP-2 also has
similarity with this sequence. (ii) The binding regions are
separated by an AT-rich sequence. (iii) The binding regions
are part of an element of dyad symmetry that has the potential
of forming a stem-loop structure.

To test the possibility that HHV-6 genomes contain other
sequences similar to that of OBP-1 or OBP-2, all of the
HHV-6A and HHV-6B nucleotide sequences in GenBank
release 78, as well as additional unpublished sequences (12),
were examined for the presence of similar sequences by using
the Genetics Computer Group program Findpatterns. With

query sequences consisting of CGTTCTCCCGTCCTG (OB
P-1) and GAGGTGGACGACGAT (OBP-2), eight sequences
that have three or fewer mismatches were found. However,
most of the sequences have three mismatches in 15 bp and are
found within ORFs. Moreover, none of the eight loci has
overall structural similarity with the OBP-1 and OBP-2 regions
(data not shown).

The segment of OBP-1 corresponding to the 10-bp HSV-1
core binding sequence is essential for OBPy¢; binding. Mu-
tations in the central CGC sequence of the OBPy, core
binding sequence, YGYTCGCACT, severely reduced its bind-
ing to OBPy,; (27). Therefore, we tested the effects of muta-
tions in the OBP-1 CTC sequence that corresponds to the
HSV-1 CGC sequence on OBPy¢y binding (Fig. 10). DNA
duplexes 1F-M5, 1F-M6, and 1F-M7 have the sequences GTC,
CGC, and CTG, respectively, in place of the CTC sequence in
the 1F DNA duplex. No competition was seen with 1F-M7, and
very limited competition was seen with 1F-M5 and 1F-MS6,
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FIG. 8. Southwestern blotting with baculovirus-expressed OBP,y¢5.
Insoluble nuclear fractions prepared from cells infected with AcNPV
(w; lanes 1 and 4), AcNPV/tCHG6R (t; lanes 2 and 5), or AcNPV/CH6R
(a; lanes 3 and 6) were separated by SDS-PAGE in 7.5% gels, and the
proteins were transferred to nitrocellulose. The blots were analyzed by
the Southwestern blotting method with 3?P-labeled DNA duplex 1 as
the probe. Poly(dI-dC)-poly(dI-dC) (lanes 1 to 3) or salmon testes
DNA (lanes 4 to 6) was used as the competitor DNA. Closed and open
arrowheads indicate bands corresponding to authentic and truncated
forms of OBPyg, respectively.

1F-M6 being the stronger competitor. Under similar condi-
tions, duplex 1F nearly quantitatively abolished the binding.

OBP,;.s expression in HHV-6B(Z29)-infected cells. nRNA
was harvested from HHV-6B(Z29)-infected and uninfected
Molt-3 cells 3 days after infection. OBP¢g-specific amplifica-
tion by RT-PCR was obtained only from mRNA isolated from
infected cells (Fig. 11). No amplification was seen if the reverse
transcription step was omitted, and actin transcripts were
detected in all mRNA preparations. The kinetic properties of
OBPyg transcription are under further investigation.

We also attempted to find direct evidence for expression of
OBP,;45 in HHV-6B-infected lymphocytes by the gel mobility
shift assay and by immunoblotting with two antisera against the
protein. Although some experiments gave positive signals,
improvements in sensitivity and signal-to-noise ratios will be
required to provide conclusive results (data not shown).
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HSV1S AAAGAAGTGAGAACGCGAAGCGTTCGCACTTCGTCCCAATA-----
L AAAAAAGTGAGAACGCGAAGCGTTCGCACTTTGTCCTAATAA- - --
HSV2S AAAGAAGTGAGAACGCGAAGCGTTCGCACTTCGTCCTAATAG- ---
L AAAAAAGTGAGAACGCCAAGCGTTCGCACTTTGTCCTAATAG- - - -
EHV1S CCCTGATTGGCCCAGAGGCCCGTTCGCACCAATCACCAATAAGTTT
PrV  GGTATGTGCGAATTTTTCGGCGTTCGCACTTGTTGTATAT-------
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DISCUSSION

In this study, we detected transcripts from the gene encoding
OBPyy4p, the HHV-6B homolog of the alphaherpesvirus OBP,
expressed OBP¢p in two expression systems, and found that
the expressed proteins bound to two sites, designated OBP-1
and OBP-2, in the putative HHV-6B ori region. We defined the
minimum OBP-1 and OBP-2 sequences to within 23 bp each.
Interestingly, OBP-1 and OBP-2 share sequence homology
with HSV-1 ori boxes I and II, which are known as the
DNA-binding sites of the HSV-1 UL9 protein (22, 36). More-
over, OBP-1 and OBP-2 are separated by an AT-rich sequence
and are part of an imperfect dyad symmetry structure. Al-
though there is a difference in the length of the AT-rich
sequence, the basic structure is similar to those described for
several alphaherpesviruses.

In addition to the similarity in the binding site sequences and
structure, the following observations strongly support the idea
that OBP,yg is actually an HHV-6B OBP and functions in a
manner similar to OBP,. (i) The binding sites are located
upstream of the MDBP gene, a region that contains an origin
of lytic replication in HSV-1 (56). (ii) Gene order in the region
encoding OBPycp is conserved among other herpesviruses
(HCMV UL98-UL105, HSV-1 UL12-UL5, EBV, BGLF5-
BBLF4), and the position of the CH6R gene corresponds to
that of the HSV-1 UL9 gene (10). (iii) The OBPy amino
acid sequence contains a helicase motif that is essential for
HSV-1 DNA replication (38). (iv) The OBP;cz DNA-binding
domain is in the carboxy-terminal region of the molecule, as
for OBPy;.

Two other recent observations are related to this study.
First, Dewhurst et al. (16) showed that a sequence segment
that spans the OBP-1 and OBP-2 region functions in transient
DNA replication assays as an origin in cells infected with
HHV-6B. This observation supports the idea that OBP-1,
OBP-2, and OBPyy are involved in HHV-6B DNA replica-
tion. Three sequence alterations in OBP-1 that had a negative
effect on OBPyg binding (M5, M6, and M7; Fig. 10) also
reduced the ability of plasmids to be replicated in the transient
replication assay (17). Further studies will be required to
determine whether the ori function observed in the transient
DNA replication assay is also dependent on OBP-2. Further
confirmation of a role for OBPy4y in the initiation of lytic
DNA replication will require the establishment of a transient
complementation assay as was done for HSV-1 (57), HCMV
(43), and EBV (24). Second, Stamey et al. (50) found gene
amplification of the putative ori region in some laboratory-
passaged HHV-6B virus stocks. The amplification may be

Fekdedddkdddokdokdkdokk ik

------------ TATATATAT - - - - TATT -AGGGCGAAGTGCGAG- CACTG
------------ TATATATAT - - - - TATT - AGGACAAAGTGCGAA - CGCTT
------------ TATATATAT - - - - TATT -AGGGCAAAGTTGCGG- CACTG
------------ TATATATAT - - - - TATT -AGGACAAAGTGCGAA-CGCTT
------------ TA-ATA-ATA-ATTATT -GCAACAAAGTGCGAA-CACTA
AAAATATTATATCC- TATATATATTA- - -GCAATT -GGTGCGAA-CGTGA

VZV  TTTGGCATGTGTCCAACCACCGTTCGCACTTTCTTTC----- TATATATATATATATATATATATATA- - - TATATA-GAGAAAGAGAGAG-AGTTT
MDV  GAGCGGGGCAGACGCGTCAGCGTTCGCACCGCGAACCAATATAAGAT - - - TATATATATA-ATATAT - - - - TATTGGCGC - AAGGTGCGAA-CGCCG
HHV6  TGACGTAAACGCCACGCCTTCGTTCTCCCGTCCTCAATAAGTTTATTAAAAAACTATATATATA-ATATACTATTGTACCTGAGGTGGACGACGATT

= mm== = == = === ===>

0BP-1
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FIG. 9. Sequence comparison of OBPy,g-binding sites with alphaherpesvirus ori sequences. The nucleotide sequence of the region that
contains OBP-1 and OBP-2 was compared with ori sequences from several alphaherpesviruses (adapted from references 6, 8, and 29). HSV-1 S,
HSV-1 orig; HSV1 L, HSV-1 ori; ; HSV-2 S, HSV-2 orig; HSV2 L, HSV-2 ori, ; EHV1 S, equine herpesvirus 1 orig; PrV, pseudorabies virus ori;
VZV, varicella-zoster virus orig; MDV, Marek’s disease virus ori. Residues identical to those found in the boxes I and II are in boldface. Horizontal
arrows indicate a structure with dyad symmetry that is present in the HHV-6B region. I, II, and III, Box I, II, and III of HSV-1 orig (22, 36).
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FIG. 10. Gel mobility shift assay with OBP-1 mutants. Competition
assays were performed with DNA duplex 1F (lanes 8 and 9) and three
DNA duplexes, 1F-M5 (lanes 6 and 7), 1F-M6 (lanes 4 and 5), and
1F-M7 (lanes 2 and 3), containing the indicated alterations:

1F 5’'-CTTCGTTCTCCCGTCCTCAATAA-3’
1F-M5 G

1F-M6 G

1F-M7 G

somehow associated with OBPy¢g-dependent DNA replica-
tion.

An OBPy, binding sequence was defined to a consensus
sequence, YGYTCGCACT (13, 21, 27), and mutations in a
central CGC sequence of the boxes severely reduced DNA-
binding activity (27). We found that the corresponding three
bases within OBP-1 are essential for OBPg binding. Al-
though an alteration of T to G in 1F-M6 makes the OBP-1
sequence more similar to the HSV-1 box I sequence, the
alteration reduced the binding efficiency. Moreover, the
HSV-1 box I sequence did not compete with the OBPy4p
binding (Fig. 6B). This binding site diversity may explain the
lack of sequence similarity between the carboxy-terminal do-
mains of OBPy¢z and the OBP of alphaherpesviruses. The
binding affinity of OBPyy, to orig box I is higher than to box II
(22). Although our experiments were not quantitative, there
was no obvious difference in binding affinity between OBP-1
and OBP-2 (Fig. 4). Further detailed analysis with mu-
tagenized DNA fragments will be required to clearly define the
HHYV-6B-specific recognition sequence.

Finally, we demonstrated that the carboxyl-terminal 403
amino acids were sufficient for the DNA-binding activity. The
carboxy-terminal domain of OBPy, spanning amino acid res-
idues 564 to 832 contains the orig-specific DNA-binding do-
main. Although this domain of OBPy, contains a pseudo-
leucine zipper motif (14), the corresponding region of OBP g
does not. Further studies to map the minimal DNA-binding

J. VIROL.
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FIG. 11. RT-PCR detection of OBPy,.g transcripts. RT-PCR was
done as described in Materials and Methods. Amplification was
specific, as ascertained by hybridization with internal probe sequences
(data not shown). Lanes 1 and 13 contain 100-bp DNA Ladder
molecular weight standards (Gibco BRL, Gaithersburg, Md.). Lane 2
contains the PCR product of a reaction using human B-actin sequences
as primers and Molt-3 cell cDNA as a template. Lane 3 contains the
PCR product of a reaction using OBPyg sequences as primers and a
nucleocapsid preparation of HHV-6B(Z29) DNA as a template. Lanes
4 to 12 are RT-PCRs performed under the indicated conditions:
reverse transcriptase (RT); uninfected (—) or HHV-6B(Z29)-infected
[HHV-6B(Z29) inf]. (+) Molt-3 cells.

domain and to compare this domain with that of OBPy, may
provide some insight to understanding the ori-binding motif.
Moreover, analysis of the aggregation observed in the absence
of urea may provide a key to understanding the higher-order
structure of OBPy¢s. Both OBP,;; and OBPyg contain a
leucine zipper motif near their amino termini, which may
contribute to higher-order protein-protein interactions (10).

Our results suggest that the mechanism of HHV-6B DNA
replication initiation resembles that of alphaherpesviruses and
may differ from that of HCMYV, a betaherpesvirus. Given the
classification of HHV-6 as a betaherpesvirus (46), the evolu-
tion of these initiation mechanisms will be interesting subjects
for further studies.
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