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The Kaposi’s sarcoma-associated herpesvirus (KSHV) delayed-early K-bZIP promoter contains an ORF50/
Rta binding site whose sequence is conserved with the ORF57 promoter. Mutation of the site in the full-length
K-bZIP promoter reduced Rta-mediated transactivation by greater than 80%. The K-bZIP element contains an
octamer (Oct) binding site that overlaps the Rta site and is well conserved with Oct elements found in the
immediate-early promoters of herpes simplex virus type 1(HSV-1). The cellular protein Oct-1, but not Oct-2,
binds to the K-bZIP element in a sequence-specific fashion in vitro and in vivo and stimulates Rta binding to
the promoter DNA. The coexpression of Oct-1 enhances Rta-mediated transactivation of the wild type but not
the mutant K-bZIP promoter, and Oct-1 and Rta proteins bind to each other directly in vitro. Mutations of Rta
within an amino acid sequence conserved with HSV-1 virion protein 16 eliminate Rta’s interactions with Oct-1
and K-bZIP promoter DNA but not RBP-Jk. The binding of Rta to both Oct-1 and DNA contributes to the
transactivation of the K-bZIP promoter and viral reactivation, and Rta mutants deficient for both interactions
are completely debilitated. Our data suggest that the Rta/Oct-1 interaction is essential for optimal KSHV
reactivation. Transfections of mouse embryo fibroblasts and an endothelial cell line suggest cell-specific
differences in the requirement for Oct-1 or RBP-Jk in Rta-mediated transactivation of the K-bZIP promoter.
We propose a model in which Rta transactivation of the promoter is specified by the combination of DNA
binding and interactions with several cellular DNA binding proteins including Oct-1.

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), or
human herpesvirus 8, is the etiologic agent responsible for the
endothelial cell neoplasm KS, the B-cell lymphoproliferative
disorder primary effusion lymphoma (PEL), and some forms of
multicentric Castleman’s disease (14, 17, 27, 34, 61, 76). Like
other gammaherpesviruses, KSHV is lymphotropic (1, 5, 6, 20,
30, 35, 98) and replicates both latently and lytically (59, 70, 71,
105). Following primary infection, KSHV establishes latency in
CD19� B cells (and possibly other cells types) (7). Reactiva-
tion of the virus from latency is critical for the progression to
KS, allowing extralymphoid dissemination to endothelial cells
and the expression of lytic cycle viral oncogenes (9, 15, 18, 19,
21–23, 33, 38, 48, 66, 75, 87). Treatment of patients with gan-
ciclovir, an antiviral drug that blocks lytic viral replication,
reduces the risk of KS development (58), highlighting the im-
portance of reactivation in progression to KS. In clinical KS
samples, the virus is predominantly latent in lymphatic endo-
thelial cells (8, 81, 83).

We and others have previously shown that the KSHV pro-
tein called “replication and transcriptional activator” (Rta)
(encoded by open reading frame 50 [ORF50]) is both neces-
sary and sufficient to induce the entire viral lytic cycle in tissue

culture models of latency (29, 53, 54, 84, 102). Mechanistic
studies have demonstrated that Rta transactivates transcrip-
tion in a promoter-specific fashion. ORF50/Rta selects pro-
moters for transactivation by binding promoter DNA indepen-
dently or in combination with cellular transcription factors.
Tetramers of Rta are sufficient to transactivate KSHV promot-
ers and stimulate complete viral reactivation from latency (11).

Among Rta’s DNA binding sites, the PAN and kaposin
promoters share a 16-bp core sequence that is also found in
ori-Lyt (L) (16, 37, 79, 96). That DNA element differs signifi-
cantly from an Rta-responsive element (RRE) conserved in
the ORF57/Mta and K-bZIP (also known as K8 and RAP)
promoters (52) and a third element in the viral interleukin-6
promoter (19). The relative strengths of binding of Rta to
these promoter elements have been estimated as PAN � ka-
posin � ORF57 � viral interleukin-6 (77), with a dissociation
constant for binding to the PAN element in the nanomolar
range (79).

Cellular transcription factors that contribute to promoter-
specific Rta transactivation include recombination signal bind-
ing protein (RBP)-Jk, octamer 1 (Oct-1), CAAT/enhancer
binding protein alpha (C/EBP�), c-Jun, and Sp1 (13, 73, 91–93,
97, 104). Genetic and biochemical experiments demonstrate
that RBP-Jk is required for Rta-mediated transactivation of
the promoters from the KSHV genes ORF57/Mta, ORF6/
single-stranded DNA binding protein, viral G-protein-coupled
receptor, K-bZIP/RAP, and Rta itself (autoactivation) (46–48,
52, 97). A central regulatory role of the RBP-Jk/Rta interac-
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tion was demonstrated by the inhibition of KSHV reactivation
in murine embryo fibroblasts null for RBP-Jk (47).

Rta promotes DNA binding of RBP-Jk, a mechanism that is
fundamentally different from that established for other RBP-
Jk-activating proteins, including Notch intracellular domain
and Epstein-Barr virus EBNA-2 (13). Stimulation of RBP-Jk
DNA binding by Rta requires intact DNA binding sites for
both proteins in the RRE of the ORF57/Mta promoter and
ternary complex formation between the three molecules (Rta/
RBP-Jk/DNA) in vitro. In infected PEL cells, chromatin im-
munoprecipitations (ChIPs) showed that RBP-Jk is virtually
undetectable on the ORF57 promoter during latency. How-
ever, during viral reactivation, RBP-Jk is significantly enriched
on the ORF57 promoter in an Rta-dependent fashion (13).

In vivo, the stimulation of RBP-Jk DNA binding by Rta
extended to a series of additional viral and cellular promoters
(13), suggesting a general mechanism by which Rta controls
KSHV reactivation. One such promoter was that of the KSHV
K-bZIP gene, which shares many other molecular features with
the ORF57 promoter. The ORF57/Mta and K-bZIP promoters
are transactivated to similar magnitudes by ORF50/Rta in
transient reporter assays and conserve critical cis-acting tran-
scriptional control elements (52). The TATA-proximal 100 bp
of both promoters share three identical sequences: an identical
12-bp partial palindrome (AACAATAATGTT), a 6-bp bind-
ing site for the Aml-1a protein, and an 11-bp TATA-box-
containing sequence (52). In the ORF57/Mta promoter, the
12-bp palindrome is part of Rta’s direct binding site (13, 52); in
both promoters, the palindrome contains an A/T trinucleotide
(52) that is one unit of a phased repeat of A/T trinucleotides
([A/T]3-N17-[A/T]3) that extends over 93 bp in K-bZIP and 62
bp in ORF57/Mta (49). Phased A/T trinucleotide repeats have
been proposed to facilitate the binding of Rta multimers over
long stretches of KSHV DNA (49).

Despite these similarities, other observations suggest that
the details of Rta-mediated transactivation differ for the
ORF57/Mta and K-bZIP promoters. For example, while mu-
tation of the 12-bp palindrome abolishes Rta-mediated trans-
activation of the ORF57/Mta promoter, the identical mutation
severely reduces, but does not eliminate, Rta-mediated trans-
activation of K-bZIP (52). In the ORF57/Mta promoter, the
palindrome overlaps the essential RBP-Jk binding site (13, 46),
but an RBP-Jk site is not conserved at a similar position of the
K-bZIP promoter (52). The observation that partially pure Rta
expressed in insect cells forms a different spectrum of com-
plexes with DNAs containing each of the palindromes sug-
gested that Rta bound to the elements in conjunction with
different sets of cellular proteins (52). Thus, many different
trans-acting factors and cis elements have been proposed to be
crucial for Rta-mediated transactivation of the K-bZIP pro-
moter. We are specifically interested in determining the role of
the conserved partial palindrome in this process.

Here, we present evidence that the K-bZIP palindrome con-
tains a binding site for the cellular Oct protein family. Rta
transactivation of the K-bZIP promoter is potentiated by co-
expressing Oct-1 and requires the Oct site in the palindrome
for this effect. The Rta protein contains a domain with homol-
ogy to two proteins that bind to homeodomain proteins, herpes
simplex virus type 1 (HSV-1) virion protein 16 (VP16), and
Saccharomyces cerevisiae MAT�; point mutations of conserved

amino acids eliminate direct interactions of Rta with Oct-1 and
DNA and reduce or eliminate Rta-mediated transactivation of
the K-bZIP promoter and viral reactivation. We also present
evidence that the transactivation of the K-bZIP promoter by
Rta is regulated by additional cellular factors, including RBP-
Jk, in a cell-specific fashion.

MATERIALS AND METHODS

Plasmids. All plasmids were propagated as described previously (13). Plasmids
not described below have been described previously (13, 46, 52–54).

pcDNA3-50�OIDa, expressing Rta with a deletion of amino acids (aa) 134 to 150,
was cloned using PCR with the following primers to amplify the Rta C terminus with
an SphI site introduced at aa 151: GCGGCATGCCACGAAATATACACTGA
AATG (forward) and GATCTCTAGCATTTAGGTGACACTATAGAATAGA
(reverse). The product was TOPO-TA cloned into pCR2.1TOPO according to the
manufacturer’s directions (Invitrogen). The SphI/AatII fragment of that plasmid was
swapped with the same fragment of pMalc2X-FLc50 (13) to generate plasmid
pMalc2X-50�OIDa. The EagI/NcoI fragment of that plasmid was then swapped
with the same fragment of pGEM3-FLc50. The full-length insert of that plasmid
was subcloned into pcDNA3 between the EcoRI and EcoRV sites.

pcDNA3-50�OIDb, expressing Rta with a deletion of aa 584 through 600, was
cloned using PCR with the following primers to amplify the N terminus of Rta
with a PspOMI site introduced at aa 583: GCAGTTGCCAACAGTAGTCCCT
(forward) and GAAGGGCCCGGCGGGGGTAACGACAGTAG (reverse).
The product was TOPO-TA cloned into pcR2.1 TOPO according to the manu-
facturer’s directions (Invitrogen). The PspOMI/SacI fragment of that plasmid
was then swapped with the same fragment of pRSET0.8 (54) to generate
pRSET0.8-�OIDb. The BstZI7I/SexAI fragment of the plasmid was then
swapped with the same fragment of pGEM3FLc50 to generate pGEM3-
50�OIDb. The full-length insert of that plasmid was subcloned into pcDNA3
between the EcoRI and EcoRV sites.

Point mutations, or insertions, of Rta were made in vectors pcDNA3 and pMalc2x
by site-directed mutagenesis according to the manufacturer’s directions (Stratagene)
using the following primers (changes are underlined): 5�-GCAGCGGGGTGAGC
GCGCCTCCAGCCATATG (forward) and 5�-CATATGGCTGGAGGCGCGCT
CACCCCGCTGC (reverse) for ORF50-L136A, 5�-GGGGTGAGCCTGCCTCCA
GCCGCATGTAAGCTACTACACGAAATATAC (forward) and 5�-GTATATTT
CGTGTAGTAGCTTACATGCGGCTGGAGGCAGGCTCACCCC (reverse) for
ORF50-I140A, 5�-GGGGTGAGCCTGCCTCCAGCCATATGTAAGGCACTAC
ACGAAATATAC (forward) and 5�-GTATATTTCGTGTAGTGCCTTACATAT
GGCTGGAGGCAGGCTCACCCC (reverse) for ORF50-L143A, 5�-GGGGTGA
GCCTGCCTCCAGCCATATGTAAGCTAGCACACGAAATATAC (forward)
and 5�-GTATATTTCGTGTGCTAGCTTACATATGGCTGGAGGCAGGCTC
ACCCC (reverse) for ORF50-L144A, 5�-GCCATATGTAAGGCGGACCCTAG
GCTACTACACGAAATATAC (forward) and 5�-GTATATTTCGTGTAGTAGC
CTAGGGTCCGCCTTACATATGGC (reverse) for ORF50-ADPRins, 5�-GGGG
TGAGCCTGCCTCCAGCCGCATGTAAGGCAGCACACGAAATATAC (for-
ward) and 5�-GTATATTTCGTGTGCTGCCTTACATGCGGCTGGAGGCAGG
CTCACCCC (reverse) for ORF50-ILL140AAA, and 5�-AGCCTGCCTCCAGCC
ATATCTAAGCTACTACACGAAATA (forward) and 5�-TATTTCGTGTAGTA
GCTTAGATATGGCTGGAGGCAGGCT (reverse) for ORF50-C141S.

pV5-ORF50-ILL140AAA was cloned by inserting the BbvCI/PmeI frag-
ment from pV5-FLc50 (51) into BbvCI/EcoRV-digested pcDNA3-ORF50
ILL140AAA. pMal-50-ILL140AAA was constructed by swapping the EagI/NcoI
fragment from pcDNA3-ORF50-ILL140AAA with pMal-50�STAD.

pK-bZIPm34-GL3b was cloned using PCR with plasmid pK-bZIP-GL3basic
(53) as a template, a vector-specific reverse primer, and a forward primer that
introduced a SacI site replacing positions �235 to �243 (“mutant 34”) (5�-GC
GGAGCTCCCATATGCCGAGACTGAAGT-3�). The product was cloned into
pGL3basic between the SacI and NcoI sites to generate pK-bZIPm34-3�-GL3b.
The 5� end of the promoter was cloned using PCR with a vector-specific forward
primer and a reverse primer that introduced a SacI site replacing positions �235
to �243 (5�-GCGGAGCTCATTGGTGCAGCT-3�). The product was cloned
into pGL3basic at the SacI site to generate pK-bZIPm34-5�-GL3b. The insert
from pK-bZIPm34-5�-GL3b was then subcloned into pK-bZIPm34-3�-GL3b at
the SacI site.

pK-bZIPm1234-GL3b was cloned exactly as described above for pK-bZIPm34-
GL3b with the exception that plasmid pK-bZIPm12-GL3b (53) was used as the
template in PCRs.

pCG-Oct-1 expresses human Oct-1 from the human cytomegalovirus promoter
and was a gift of W. Herr (85). pBS KS II-Oct-1 expresses Oct-1 from the
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bacteriophage T7 promoter and was cloned by ligating the BamHI/XbaI frag-
ment from pCG-Oct-1 into pBluescript II KS digested with the same enzymes.
pGST-Oct-1 was cloned by PCR using primers that introduced BamHI sites into
the PCR product and pCG-Oct-1 as a template. The resulting product was
digested with BamHI and cloned at the BamHI site of pGex5x-1.

pcDNA3-C/EBP� was a gift of Daniel Tenen (65).
Cell culture, transfections, and reporter assays. Akata-31 B cells (a gift of P. J.

Farrell, Ludwig Institute for Cancer Research) (32), PEL cells (HHB-2 and
BCBL-1), and human endothelial SLK cells were maintained in RPMI 1640
containing 10% fetal bovine serum, 2 mM L-glutamine and penicillin-streptomy-
cin, and 0.055 mM �-mercaptoethanol. PEL and Akata-31 cells were transfected
by electroporation, as previously described (54), at 150 V and 200 V, respectively.

OT11 cells were maintained as described previously (13).
Oct-1�/� Babe cells, Oct-1�/� Babe-hOct cells (gifts of Dean Tantin and

Phillip Sharp) (62, 94), and HeLa cells were maintained in Dulbecco’s modified
Eagle media supplemented with 10% fetal bovine serum and 2 mM L-glutamine
and penicillin-streptomycin.

HeLa, SLK, OT11, Oct-1�/� Babe, and Oct-1�/� Babe-hOct cells were trans-
fected using Transit-LT1 according to the manufacturer’s directions (Mirus).

In all transfections, pcDNA3 was used as filler plasmid to normalize the total
amount of transfected DNA. pcDNA3.1LacZ was cotransfected to normalize for
transfection efficiency.

Luciferase and �-galactosidase assays were performed as described previously
for BJAB cells (53), except that cells were lysed in 0.125 ml of reporter lysis
buffer.

Immunofluorescence. For HeLa cells, immunofluorescence was performed
exactly as described previously for CV-1 cells (36), with anti-Rta serum (52)
diluted 1:300 and a fluorescein isothiocyanate-conjugated anti-rabbit secondary
antibody (ICN).

Protein expression and purification. Glutathione S-transferase (GST)–Oct-1
and GST–RBP-Jk proteins were expressed and purified exactly as described
previously (13), with the exception that GST–Oct-1 bacteria were treated with
0.5 U/10 ml DNase for 10 min at 37°C prior to sonication and purification.

His6-N50 (aa 1 to 272) was expressed and purified exactly as described
previously (13).

pMal-ORF50�STAD was expressed and purified exactly as described previ-
ously for pMal-FLc50 (12).

Nuclear extracts were prepared exactly as described previously (13).
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed ex-

actly as described previously (13) by using the following annealed oligonucleo-
tides labeled with 32P: GATCTATTTGTGAAACAATAATGATTAAAG
GGGA (forward) and GATCTCCCCTTTAATCATTATTGTTTCACAAATA
(reverse) (K-bZIP WT), GATCTATTTGTGACTGCAGTCCGGATAAAG
GGGA (forward) and GATCTCCCCTTTATCCGGACTGCAGTCACAAATA
(reverse) (K-bZIPm12), GATCTCACCAATGGGCTCCCGTATGCCGAG
ACTA (forward) and GATCTAGTCTCGGCATACGGGAGCCCATTGGTG
(reverse) (K-bZIPm34), GATCTAAACTGGATTGCGCAATAGGAA (for-
ward) and GATCTTCCTATTGCGCAATCCAGTTTA (reverse) (CAAT box),
and ORF57/Mta RRE, as described previously (12).

ChIPs. BCBL-1 cells were induced with 20 ng/ml tetradecanoyl phorbol ace-
tate (TPA) for 40 h or left untreated and then analyzed by ChIP exactly as
described previously (13). Chromatin from KSHV-positive BCBL-1 (PEL) cells
was harvested from cells induced into the lytic cycle (with TPA) or left uninduced
(without TPA). After cross-linking, complexes were immunoprecipitated with 2
�g of Oct-1 (Santa Cruz) antibody, 5 �l of Rta-specific antibody (52), or 2 �g of
control rabbit immunoglobulin G (IgG).

ChIP products were analyzed by real-time PCR exactly as previously described
(13), with the following primer pairs: GGTGGAGAGTATACGCAACTG
CAAC (forward) and GGTTATAGTCGACAACGGAGGAAATAC (reverse)
(K-bZIP) GCGTGAGATGTGACCAATAGGGTG (forward) and CGGCATA
TGGACTAGTTCTAGAGTG (reverse) (Rta), and CGCCTAATAGCTGCTG
CTACGG (forward) and TGCATCAGCTGCCTAACCCAG (reverse) (K6).

Molecular beacon sequences used for amplicon detection were as follows
(target sequences are underlined): CGCTCGTCTGTGCCTGCGTTAACTTCC
GAGCG (pK-bZIP), CGCTCGGTGGGAAGACGATGGGGGAAATGTGC
GAGCG (pRta), and CCCCTCCCACCCACCGCCCGTCCAAATTCGGA
GGGG (K6).

The ��CT method was used to calculate the enrichment (n-fold) of transcrip-
tion factor binding in the presence of TPA (see reference 12).

Quantitative RT-PCR. Total RNA was harvested from untreated or TPA-
treated BCBL-1 cells 18 h postinduction exactly as described previously (37).
Quantitative reverse transcription-PCR (RT-PCR) was performed with an
iScript one-step RT-PCR kit with SYBR green (Bio-Rad) using 5 to 500 ng of

RNA according to the manufacturer’s recommendations. PCR primers were
designed using Primer 3 software (http://frodo.wi.mit.edu) and have the follow-
ing sequences: 5�-CCAGTGACCAGACGGCAA (forward) and 5�-GAGCTCT
AGGCACGTTAAATT (reverse) (Nut-1), 5�-CCAGCAAGAGCACAAG
AGGA (forward) and 5�-GGAGATTCAGTGTGGTGGG (reverse) (GAPDH
[glyceraldehyde-3-phosphate dehydrogenase]), and 5�-GCCCAGCTCTAATGA
GCAAC (forward) and 5�-AAGAGAGCCACCAGAAGCAA (reverse) (Oct-1).
Products were quantitated with the ��CT method using GAPDH to correct for
input RNA.

GST pull-down assays. One milliliter of crude Escherichia coli lysate was
incubated with 30 �l of preswollen glutathione-Sepharose beads (1:1 [wt/vol] in
1	 NETN� [20 mM Tris {pH 7.5}, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet
P-40]) supplemented with protease inhibitors (Sigma) at 4°C for 2 h. Beads were
washed three times in 1	 NETN� to remove unbound proteins. Wild-type (WT)
and mutant Rta were expressed in rabbit reticulocyte lysates (RRLs) (TnT-
coupled transcription/translation system) in the presence of L-[35S]methionine to
label proteins according to the manufacturer’s directions (Promega). A total of
0.5 �l was put aside for visualization as 5% input. Ten microliters of each
programmed RRL was mixed with the bead-bound GST fusion protein in 250 �l
1	 NETN� and then incubated for 2 h at 4°C with rotation on a nutator
(nutation). Alternatively, nuclear extract (100 �g) from BCBL-1 cells treated
with TPA or left untreated was incubated with equivalent amounts of bead-
bound GST or GST–Oct-1. Complexes were washed extensively, beads were
boiled in 2	 Laemmli buffer, and bound proteins were displayed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 35S-labeled
proteins were visualized by autoradiography after amplifying signals in 0.5 M
salicylic acid.

Viral reactivation assays. Viral reactivation assays were done as described
previously (54), with the following modifications. BCBL-1 cells were electropo-
rated in duplicate with the indicated plasmids and harvested 72 h postelectro-
poration. Approximately 2.5 	 105 cells were adhered to poly-L-lysine-coated
glass slides within 1-in.-diameter circles drawn with a Pap pen (Beckman
Coulter). Proteins were detected with mouse anti-V5 serum (diluted 1:200;
Bethyl), rabbit anti-Rta serum, rabbit anti-K-bZIP serum (1:300 dilution; a gift
of Don Ganem), mouse anti-K8.1 (52) (1:300), tetramethyl rhodamine isocya-
nate-conjugated anti-rabbit, and fluorescein isothiocyanate-conjugated anti-
mouse (1:300 dilution) antibodies. At least 500 cells were scored by visual
inspection for the percentage of Rta-positive cells that were also K8.1 positive
(Rta positive/K8.1 positive divided by Rta positive) or the percentage of V5-
positive cells that were also K-bZIP positive. When anti-Rta serum was used,
results from the empty vector transfections (spontaneous reactivation) were
subtracted from those of each WT or mutant Rta transfection.

RESULTS

A K-bZIP promoter mutation that severely affects transcrip-
tion eliminates DNA binding of at least three nuclear proteins
from PEL cells. We previously showed (13) that recombinant
ORF50/Rta protein binds to the A/T-rich palindrome from the
ORF57/Mta promoter (Fig. 1A, top). The binding of Rta to the
palindrome independently of cellular proteins is insufficient for
the transactivation of the ORF57 promoter but requires
RBP-Jk binding to its overlapping site (13, 46). The palin-
drome and juxtaposed sequences of the Mta promoter are
nearly identical in the K-bZIP promoter (Fig. 1A) (52). Sub-
stitution mutations of the palindrome (“K-bZIPm12”) (Fig.
1A) in the full-length K-bZIP promoter (position �722 from
the delayed-early start site) reduced Rta-mediated transacti-
vation by 70% in CV-1 cells (52). However, the K-bZIP pal-
indrome lacks an RBP-Jk site that overlaps the Rta binding
site.

The 25-bp ORF57/Mta DNA (Fig. 1A) forms six complexes
with nuclear extract proteins from PEL cells in EMSAs (13).
To determine whether the K-bZIP promoter DNA (Fig. 1A)
also bound to multiple proteins, we performed EMSAs using
nuclear extracts from TPA-treated BCBL-1 (PEL) cells. As
shown in Fig. 1B, at least seven protein complexes bound to
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FIG. 1. A transcriptional mutation of the K-bZIP promoter eliminates DNA binding of the cellular protein Oct-1. (A) The RRE of the KSHV
ORF57/Mta promoter is homologous to the K-bZIP promoter. Alignment of indicated DNA sequences of the top strands of the ORF57/Mta and
K-bZIP promoters is shown. cis recognition elements for DNA binding proteins are indicated by open boxes; the Oct site was predicted using the
TransFac database (99). A previously described substitution mutation of the K-bZIP promoter (“pK-bZIPm12”) is indicated by gray boxes (52).
(B) A transcriptional mutation of the K-bZIP promoter eliminates DNA binding of at least three nuclear proteins from PEL cells. The indicated
K-bZIP DNAs (sequences are shown in A) were end labeled with 32P and incubated with increasing amounts of nuclear extracts (N.E.) from
TPA-treated BCBL-1 cells. The migration of the free DNA alone is shown in the lanes marked “0.” Complexes labeled with 1, 2, and * form only
on the WT but not on mutant DNAs. (C) The K-bZIP promoter. Shown is a schematic of the K-bZIP promoter fragment used in all reporter assays.
Established or predicted cis-regulatory elements are indicated on the center line by the letters O (octamer), R (RBP-Jk/CSL) (97), A (AP-1) (91),
and C (C/EBP) (92, 93). In the expanded view, open boxes indicate cis elements, and gray boxes indicate substitution mutations. Numbers refer
to the 5�-most base pairs of particular indicated features. The triangles represent the positions of each A/T trinucleotide in the phased repeat
conforming to the consensus [A/T]3-N17-[A/T]3 or [A/T]3-N7-[A/T]3-N7-[A/T]3, in which N is any nucleotide (49). The arrows indicate positions of
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WT K-bZIP DNA in a dose-dependent fashion. The 10-bp
substitution mutation (m12) (Fig. 1A) of the DNA eliminates
three of the major complexes (Fig. 1B). The complex labeled *
in Fig. 1B is the lower band of a doublet; the top band was
unaffected by the mutation. The identity of the lower band was
investigated further.

Oct-1 and KSHV Rta bind to the delayed-early K-bZIP
promoter in vivo and in vitro. Sequence analysis of the K-bZIP
DNA by searching the TransFac database with high stringency
(99) revealed a putative binding site for the cellular Oct pro-
tein family overlapping the Rta and C/EBP� binding sites at
positions �72 to �60 of the K-bZIP promoter (called site
“12”) (Fig. 1C). A second Oct site was predicted at positions
�241 to �228 (called site “34”).

Both Oct sites are shown in the context of the full-length
K-bZIP promoter in Fig. 1C. Site 12 also overlaps a phased
repeat of A/T trinucleotides previously identified as being an
Rta binding site by Liao et al. (49) (Fig. 1C, triangles). Site 12
is also located in close apposition to AP-1 and RBP-Jk binding
sites that regulate activity of the promoter (13, 91, 97). Site 34
is distal to all of these elements. Oct sites 12 and 34 are similar,
but not identical, to other Oct binding sites previously de-
scribed in the Rta and K1 promoters (Fig. 1D) (9, 10, 73, 88).
K-bZIP Oct site 12 is more homologous to the Oct-1 elements
found in HSV-1 immediate-early (IE) promoters (Fig. 1D).

To determine whether Oct proteins from infected cells could
bind to the K-bZIP Oct elements, we performed EMSAs using
nuclear extracts from HH-B2 PEL cells and monospecific an-
tibodies for Oct-1 or Oct-2. Without the addition of the anti-
bodies, extracts from latent (without TPA) and reactivating
(with TPA) HH-B2 cells formed multiple complexes with the
WT K-bZIP promoter element (Fig. 1E, lanes 5 and 12), sim-
ilar to data shown in Fig. 1B. The addition of the Oct-1-specific
antibody to the EMSAs prior to the addition of the labeled
DNA caused a dose-dependent elimination of one of the pro-
tein-DNA complexes (“Oct-1/DNA”) (Fig. 1E, lanes 6 to 8 and
13 to 15). This complex did not form on the K-bZIP mutant 12
probe (Fig. 1B, asterisk, and E, lanes 2 and 3). Furthermore,
the addition of the Oct-2-specific antibody did not eliminate
any of the complexes (Fig. 1E, lanes 9 to 11 and 16 to 18).
Interestingly, the Oct-1/DNA complex was enriched following
the addition of TPA to the cells (Fig. 1E, compare lanes 13 to
15 with 6 to 9), suggesting that Oct-1 is induced during KSHV
reactivation. Indeed, real-time RT-PCR analyses demon-
strated that the Oct-1 transcript was induced 8.2-fold, relative
to GAPDH, following the addition of TPA to BCBL-1 cells
(the Nut-1/PAN transcript was induced 31.8-fold) (not shown).
Therefore, Oct-1 binds to the K-bZIP promoter in a sequence-
specific fashion, corresponding to strong transcriptional acti-
vation by Rta. We have been unable to detect a similar Oct-1

interaction with the putative WT34 Oct element from the K-
bZIP promoter using PEL extracts and EMSAs. To confirm
that Oct-1 binds to the K-bZIP promoter in infected cells, we
performed ChIPs using the Oct-1-specific antibody and chro-
matin purified from untreated or TPA-induced BCBL-1 cells.
Chromatin-immunoprecipitated DNA was detected by quanti-
tative real-time PCR using primers that amplified K-bZIP Oct
site WT12 or the Oct site from the ORF50/Rta promoter (71).
As shown in Table 1, Oct-1 is enriched on both the K-bZIP and
Rta promoters during KSHV reactivation about 7- and 17-fold,
respectively. As a positive control, the Rta-specific antisera
showed that Rta is also enriched on both promoters. As neg-
ative controls, the K6 ORF was not chromatin immunoprecipi-
tated using either antiserum, and the IgG antiserum failed to
immunoprecipitate any DNA. This proved that both Oct-1 and
Rta bind to the K-bZIP promoter during KSHV reactivation in
vivo.

To confirm that Oct-1 binds with sequence specificity to the
K-bZIP promoter, we repeated the EMSAs using recombinant
Oct-1 expressed as a GST fusion protein in E. coli. As shown
in Fig. 2A, GST–Oct-1 bound to the K-bZIP WT12 promoter
element in a dose-dependent fashion but did not bind to the
m12 element. Importantly, the GST moiety alone was unable
to bind to either element (data not shown).

The A/T-rich palindrome in the ORF57 RRE is sufficient for
sequence-specific binding of the Rta DNA binding domain
expressed recombinantly (13). To determine whether the pal-
indrome of the K-bZIP promoter was also sufficient for se-
quence-specific Rta binding, we tested the ability of unlabeled
K-bZIP WT12 or m12 DNAs to compete for Rta binding to the
ORF57 RRE. As shown in Fig. 2B, only the WT12, but not the
m12, K-bZIP DNA robustly competed for binding to Rta aa 1
to 272 when preincubated with the protein. The K-bZIP WT12
DNA competed for Rta protein as robustly as the unlabeled
ORF57 RRE, confirming that the intact palindrome is an Rta
binding site in both promoters.

We previously demonstrated that the A/T-rich palindrome

IE or delayed-early (DE) transcriptional start sites, with genomic coordinates listed below the arrows (95). (D) Alignment of established or
predicted Oct sites. The predicted Oct elements in the K-bZIP promoter are compared to those previously described for the Rta (73), K1 (10, 88),
and HSV IE (26, 55–57) promoters and the consensus Oct site (101). (E) Oct-1 from PEL cells binds to the K-bZIP WT12 promoter element. The
indicated K-bZIP DNAs (sequences are shown in A) were end labeled with 32P and incubated with increasing amounts of nuclear extracts from
HH-B2 cells treated with (�) or without (�) TPA. The migration of the free DNA alone is shown in the lanes marked “0.” The Oct-1 or Oct-2
antibody was added to the indicated reaction mixtures. A shorter exposure corresponding to the portion of the gel indicated by the vertical bar
is shown in the bottom panel. The Oct-1/DNA complex is indicated.

TABLE 1. Oct-1 and Rta are enriched on viral promoters
during reactivation

Target DNA

Fold enrichment for
immunoprecipitating antibodya

Anti-Oct-1 Anti-Rta Anti-IgG

K-bZIP promoter 7.4 6.7 1.2
Rta promoter 17.4 26.7 0.6
K6 ORF 0.8 1.3 0.8

a ChIPs, as described in Materials and Methods, are represented as enrich-
ment (n-fold) of Oct-1 or Rta DNA binding in the presence of TPA.
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of the ORF57 promoter is necessary for the formation of a
ternary Rta/RBP-Jk/DNA complex by EMSA. We were unable
to detect a similar ternary Rta/Oct-1/DNA complex formed on
the K-bZIP Oct-1 wt12 site. Instead, Oct-1 enhanced Rta bind-
ing to the WT12 element. We compared the DNA binding of
suboptimal concentrations of GST–Oct-1 and maltose binding
protein (MBP) ORF50�STAD proteins individually or to-
gether. As shown in Fig. 2C, under these conditions, neither
individual protein bound detectably to the K-bZIP WT12
Oct-1 element (lanes 3 and 4). However, when the equivalent

amount of ORF50�STAD protein was incubated with increas-
ing amounts of GST–Oct-1, the Rta/DNA complex was de-
tected and increased in a dose-dependent fashion (Fig. 2C,
lanes 5 to 8). Repeating this strategy by substituting GST–
Oct-1 with the GST moiety alone showed only a modest en-
hancement of Rta/DNA binding (Fig. 2C, lanes 9 to 12). This
modest effect was probably attributable to the effect of non-
specific protein crowding in the solution. We conclude that
Oct-1 enhances DNA binding of Rta to the K-bZIP promoter.

The Oct-1 binding site (WT12) overlaps a binding site for

FIG. 2. Purified Rta and Oct-1 bind to the K-bZIP promoter. (A) Recombinant Oct-1–GST binds to the WT, but not mutant, K-bZIP promoter
element 12. Increasing amounts of purified GST–Oct-1 were tested in EMSAs as described in the legend to Fig. 1B. (B) Recombinant ORF50/Rta
binds to the WT, but not mutant, K-bZIP promoter element 12. His6-N50 (Rta aa 1 to 272) was preincubated with the indicated unlabeled
competitor DNAs, and 32P-end-labeled ORF57 RRE DNA was the added to the mix (sequences of all DNAs are shown in Fig. 1A). Complexes
were analyzed by EMSA. (C) Oct-1 enhances DNA binding of ORF50/Rta to K-bZIP element 12. Individual proteins, as indicated (lanes 2, 3, and
4), were tested at suboptimal concentrations by EMSA as described above (A). Alternatively, a constant amount of MBP-ORF50�STAD was
incubated with increasing amounts of GST–Oct-1 or corresponding amounts of GST moiety alone, as indicated. (D) Oct-1, but not C/EBP�, binds
to the K-bZIP WT12 DNA. RRLs were programmed with the indicated plasmids and then tested for binding to the indicated DNAs by EMSA.
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C/EBP� (92, 93). To test whether C/EBP� binds to the WT
element, we programmed RRLs with an expression vector for
C/EBP�. As shown in Fig. 2D (lanes 2 and 3), C/EBP� binds
very robustly to a consensus CAAT box DNA. However, when
tested for binding to an equivalent amount of K-bZIP WT12
DNA, the equivalent amount of C/EBP� RRL formed only
very faint complexes (Fig. 2D, lanes 7 and 8). These data
suggest that the binding of C/EBP� to our K-bZIP WT12 DNA
is highly inefficient and suboptimal. Indeed, when tested in
transient transfection studies in Akata-31 cells, C/EBP� only
modestly enhanced Rta-mediated transactivation of the K-bZIP
promoter (about 1.5- to 2.5-fold) (data not shown). This effect
of C/EBP� was similar when the WT12 promoter was com-
pared to the m12 K-bZIP promoter, demonstrating that the
m12 mutation did not disrupt the C/EBP� binding site (data
not shown).

Two putative Oct elements are critical for Rta-mediated
transactivation of the K-bZIP promoter in B cells. To test the
relative contributions of the two Oct elements in Rta-mediated
transactivation of the K-bZIP promoter, we mutated both of
the elements, alone or together, in the context of the full-
length promoter (Fig. 1C) and cloned them upstream of firefly
luciferase as a reporter. We introduced substitution mutations
in both elements, rather than deletion mutations, so as not to
disrupt the relative spacing of the other cis elements in the
promoter. We compared each mutant to the WT promoter for
transactivation in cotransfected Akata-31 cells (a subclone of
the Akata Burkitt’s lymphoma cell line cured of Epstein-Barr
virus) (32).

As shown in Fig. 3A, Rta transactivated the K-bZIP WT
promoter to a magnitude of about 200-fold. Conversely, Rta
transactivation of the K-bZIP promoter was nearly eliminated
by the m12 substitution mutation. The m34 mutation has min-
imal effects on Rta-mediated transactivation: in the context of
either the WT or m12 promoter, the m34 mutation reduces
Rta-mediated transactivation by about 10%. Taken together,
the Oct site at position �72 (site 12) is a greater contributor to
Rta transactivation of the K-bZIP promoter than the Oct site
at position �241 (site 34). These data agree with the relative
amount of Oct-1 binding to the two elements in vitro.

The Oct-1 protein enhances Rta-dependent transactivation
of the K-bZIP promoter. The data described above show that
the cellular protein Oct-1 binds to the K-bZIP promoter in vivo
and in vitro and stimulates DNA binding of Rta to the pro-
moter. Furthermore, mutations that impair Rta-mediated
transactivation of the promoter eliminate Oct-1 DNA binding.
We reasoned that if Oct-1 DNA binding contributes to Rta-
mediated transactivation of the K-bZIP promoter, then ectopic
expression of Oct-1 should stimulate transactivation by Rta.

To test this hypothesis, we transfected the Akata-31 B cells
with the Rta expression vector, with and without an Oct-1
expression vector, and the WT K-bZIP promoter-reporter.
Transfection of a suboptimal amount of Rta vector alone led to
the transactivation of the promoter, while transfection of the
Oct-1 vector alone in three different amounts failed to trans-
activate the promoter (Fig. 3B). When we cotransfected the
same amount of Rta vector with increasing amounts of Oct-1
vector, the promoter was transactivated in a dose-responsive
fashion up to a maximum of nearly 160-fold (Fig. 3B). This
effect was proportional to the amount of Oct-1 expressed in
each transfection (data not shown). We saw a similar enhance-
ment of Rta-mediated transactivation by Oct-1 in transfected
BL-41 cells (data not shown). Oct-1 had no effect on the
expression from the cytomegalovirus promoters in the trans-
fected vectors (data not shown). Thus, Oct-1 enhances Rta-
dependent transactivation of the K-bZIP promoter.

When we repeated the experiment but substituted the K-
bZIP WT promoter with the K-bZIP m12 promoter, neither
Rta nor Oct-1, alone or together, activated the promoter (Fig.
3C). This confirms that the stimulation of Rta-mediated trans-
activation of the K-bZIP promoter by Oct-1 requires sequence-
specific binding to the WT12 Oct element.

A conserved Oct-interacting motif is required for Rta to
interact functionally with Oct-1. To determine whether the
Rta and Oct-1 proteins require a direct interaction for tran-
scriptional cooperation, we first asked whether the proteins
interacted by performing GST affinity interaction (pull-down)
assays. Nuclear extracts were prepared from BCBL-1 cells that
were untreated or treated with 20 ng/ml TPA and incubated
with GST–Oct-1 immobilized on glutathione agarose. Follow-

FIG. 3. Oct-1 enhances Rta-mediated transactivation of the K-bZIP promoter. (A) K-bZIP site 12 is a greater contributor to Rta transacti-
vation of the K-bZIP promoter than site 34. Akata-31 B cells were transfected with increasing amounts of the Rta expression vector
(pcDNA3FLg50) and the indicated pK-bZIP reporter plasmids. Results are shown as transactivation (n-fold) versus empty vector alone and were
normalized to a cotransfected �-galactosidase expression vector. Error bars represent standard deviations of at least three experiments performed
in triplicate. (B and C) Oct-1 enhances Rta-mediated transactivation of the WT12 but not mutant K-bZIP promoter. Akata-31 B cells were
transfected with expression vectors for Rta (pcDNA3FLg50) and Oct-1 (pcGOct-1), alone or together, and a promoter-reporter plasmid
corresponding to the WT12 (A) or m12 (B) K-bZIP promoter. Analyses were performed as described above (A).
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ing washing, proteins that were retained on the GST–Oct-1
matrix were probed by SDS-PAGE/Western blotting. As
shown in Fig. 4A, the Rta protein expressed during KSHV
reactivation binds to GST–Oct-1. As a control, little Rta from
reactivating cells binds to an excess of GST moiety alone (Fig.
4A, right lanes).

To determine whether the Rta/Oct-1 interaction could be
reproduced with recombinant ORF50/Rta protein, immobi-

lized GST–Oct-1 was tested for binding to full-length WT Rta
that was generated in RRLs as a [35S]methionine-labeled pro-
tein. As shown in Fig. 4B, Rta was retained on the GST–Oct-1
beads but not on the immobilized GST moiety alone, proving
that Rta binds to Oct-1.

HSV-1 virion protein VP16 and S. cerevisiae MAT�2 contain
short, homologous �-helices that interact directly with heter-
ologous homeodomain proteins like Oct-1 (45, 82). Alignment

FIG. 4. The Rta N-terminal basic region contains its OID. (A) GST–Oct-1 binds to the ORF50/Rta protein in extracts from infected cells.
GST–Oct-1 or GST alone was immobilized on glutathione-agarose beads and incubated with nuclear extracts from untreated or TPA-treated
BCBL-1 cells. Bound proteins were analyzed by SDS-PAGE/Western blotting using anti-Rta primary antiserum. (B) Rta interacts with Oct-1 in
vitro. GST pull-downs were performed as described above (A), but 35S-labeled Rta (from programmed RRL) was substituted for nuclear extracts.
Following washes, beads were boiled in 2	 Laemmli buffer, and bound proteins were separated by SDS-PAGE. Fixed, amplified, and dried gels
were analyzed by autoradiography. (C) Two regions of Rta are homologous to homeodomain-interacting regions of VP16 and MAT�2. Shown is
a schematic of the ORF50/Rta primary amino acid sequence. The region of ORF50 contained within the ORF50�STAD mutant (53) is indicated
by the bar below the ORF. Predicted OIDs are indicated with arrows. ���, basic amino acid rich; ST, serine/threonine rich; hyd/DE/hyd,
hydrophobic/acidic amino acid repeats. (D) Alignment of OIDs. The sequence of each OID aligned with HSV-1 VP16 and S. cerevisiae MAT�2
proteins (45, 82) is shown. The box shows the established or predicted �-helix in the four proteins. The amino acids in OIDa in boldface type
indicate positions of site-directed mutations and homology in the aligned domains. The arrowhead indicates the site of the ADPR insertion.
Numbers represent amino acid positions. (E) OIDa is required for Rta to bind to Oct-1. GST pull-downs were performed as described above (C).
WT and mutant ORF50 constructs were used to program RRLs to make the indicated proteins. Input proteins are shown as a reference. (F) OIDa
is required for ORF50/Rta to transactivate the K-bZIP promoter. Expression vectors encoding the indicated proteins were transfected into
Akata-31 cells and analyzed for transactivation of the K-bZIP WT reporter plasmid, as described in the legend to Fig. 3A. Amounts of each
expression vector were 0, 0.1, 0.5, 2.5, and 12.5 �g. (G) ORF50�OIDa and �OIDb are expressed in cell nuclei. HeLa cells were transfected with
the indicated expression vectors and analyzed by indirect immunofluorescence with Rta-specific primary antiserum and fluorophore-
conjugated secondary antibodies. Nuclear DNA was stained with DAPI (4�,6�-diamido-2-phenylindole). Images were converted to grayscale
for publication.
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of these helices with Rta revealed two putative octamer-inter-
acting domains (OIDs) contained within predicted �-helices of
Rta: OIDa (within aa 134 to 150) and OIDb (aa 584 to 600)
(Fig. 4C and D). We deleted both OIDs independently in the
ORF50/Rta cDNA (Fig. 4C) and repeated the GST–Oct-1
pull-down experiments. As shown in Fig. 4E, deletion of OIDa
eliminated the interaction of ORF50/Rta with Oct-1. Con-
versely, deletion of OIDb in either the mutant protein
ORF50�OIDb or ORF50�STAD (diagrammed in Fig. 4C)
had no effect on the interaction of Rta with Oct-1 (Fig. 4E). A
deletion of the proline-rich leucine heptapeptide repeat (LR)
of ORF50 also eliminated the interaction with Oct-1. The
ORF50�LR mutant is defective in transcriptional activation
due to improper multimerization (12). Taken together, this
suggests that OIDa, but not OIDb, is required for Rta to
interact directly with Oct-1.

To test the functional consequences of the ORF50 OID
mutants, we compared them to WT ORF50 for transactivation
of the K-bZIP promoter. As shown in Fig. 4F, deletion of the
Oct-1 interaction domain in the mutant ORF50�OIDa ren-
dered the protein nonfunctional. This suggested that the Rta/
Oct-1 interaction is required for the transactivation of the
K-bZIP promoter. However, ORF50�OIDb, which retained
the ability to interact with Oct-1 (Fig. 4E), was reduced in the
transactivation of the promoter by about 60%. We hypothesize
that this phenotype is due to a deletion of a portion of the Rta
transcriptional activation domain (51) in this mutant (dia-
grammed in Fig. 4C).

Indirect immunofluorescence verified that the OIDa and
OIDb mutants were correctly localized to the nuclei of trans-
fected cells (Fig. 4G). ORF50�OIDa also showed weak, dif-
fuse cytoplasmic expression (Fig. 4G, center).

Rta OIDa aa 136, 140, 143, and 144 are essential for func-
tional interaction with Oct-1. OIDa overlaps the E3 ubiquitin
ligase domain required for Rta autoproteolysis (103). Ubiq-
uitin-dependent proteolysis is tightly linked to transcriptional
activation by multiple transcription factors (25, 36, 50, 67, 74).
To attempt to genetically separate the Rta/Oct-1 interaction
from the E3 ubiquitin ligase activity, we introduced alanine
substitution mutations of three hydrophobic amino acids in
OIDa that are conserved with VP16 and MAT�2 (aa 140, 143,
and 144 of Rta) (Fig. 4D). This mutant (ORF50-ILL140AAA)
was compared to a previously characterized (103) E3 ubiquitin
ligase mutant of Rta (ORF50-C141S). As shown in Fig. 5A,
ORF50-ILL140AAA failed to bind to GST–Oct-1, while
ORF50-C141S retained easily detectable Oct-1 binding ac-
tivity.

We also tested a series of alanine substitution mutants of
individual hydrophobic amino acids within Rta OIDa as well as
a mutant containing an ADPR insertion within OIDa (ORF50-
ADPRins) identical in position to an inactivating mutation of
VP16 (79) (Fig. 4D). As shown in Fig. 5B, ORF50-L136A and
ORF50-ADPRins lost the ability to bind Oct-1, ORF50-L144A
was reduced in Oct-1 interactions, and ORF50-L143A had the
WT ability to bind Oct-1. The data are summarized in Table 2.
To confirm that the Oct-1-interacting mutants of Rta specifi-
cally eliminated Oct-1 binding and were not grossly misfolded,
we tested the binding of each mutant to GST–RBP-Jk, a well-
established binding partner of Rta (13, 46). As shown in Fig.
5C and D, all of the OIDa mutants maintained the WT ability

FIG. 5. Site-specific mutants define the VP16-like amino acid se-
quence that is essential for the interaction of Oct-1. (A) ORF50-
ILL140AAA does not interact with Oct-1 GST. GST pull-downs were
performed as described in the legend to Fig. 4E, with RRLs pro-
grammed to express the indicated proteins. 50-ILL140AAA contains
three alanine substitutions at amino acids 140, 143, and 144; 50-C141S
contains a substitution at amino acid 141, changing the Cys to Ser.
(B) Additional mutations in OIDa inhibit interactions of ORF50 with
Oct-1. GST pull-downs were performed as described above (A) using
RRLs programmed to express the indicated ORF50 proteins.
(C) ORF50-ILL140AAA retains the ability to interact with RBP-Jk/
CSL. GST pull-downs were performed as described above (A) using
GST–RBP-Jk immobilized on glutathione beads and the indicated
proteins expressed in RRLs. (D) Additional mutations in OIDa have
little effect on interactions of ORF50 with RBP-Jk. GST pull-downs
were performed as described above (C) using RRLs programmed to
express the indicated ORF50 proteins. (E) ORF50-I140A retains a
reduced ability to interact with Oct-1. GST pull-downs were performed
as described above (B).
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to interact with RBP-Jk in GST pull-down experiments. An
additional Rta OIDa mutant, ORF50-I140A, also maintained
full RBP-Jk binding (Fig. 5D) but was reduced in Oct-1 bind-
ing (Fig. 5E). These experiments demonstrate that single
amino acid mutations within OIDa selectively eliminated the
binding of Rta to Oct-1, and the RBP-Jk and Oct-1 interaction
domains of Rta are separable.

Site-specific OIDa mutations selectively eliminate binding
of Rta to the K-bZIP WT12 promoter element. HSV-1 VP16
interacts with Oct-1 using a small protein region. Conse-
quently, individual point mutations and small peptide inser-
tions in this region of VP16 reduce or disrupt both Oct-1 and
Oct-1/DNA binding of VP16 (44). To determine the conse-
quences of the OIDa mutations on Rta DNA binding, we
expressed each of the OIDa mutants as fusions to MBP and
compared them to WT Rta for binding to the K-bZIP WT12
promoter element. As shown in Fig. 6, three of the OIDa
mutants, ILL140AAA, L144A, and ADPRins, failed to bind to
the K-bZIP DNA in EMSA (the ILL140AAA mutation elim-
inated binding in the context of either full-length ORF50/Rta
or truncated ORF50�STAD). Rta mutant L136A was severely
reduced in K-bZIP DNA binding, while the L143A mutation
enhanced K-bZIP DNA binding by Rta. One mutant, ORF50-
I140A, retained K-bZIP DNA binding activity similar to that of
WT Rta. Taken together, the OIDa mutations selectively elim-
inated K-bZIP DNA binding by Rta, and these effects were
independent of Oct-1 binding by Rta. The DNA binding re-
sults are summarized in Table 2.

Oct-1 interactions and DNA binding of Rta are required for
transactivation of the K-bZIP promoter. The series of Rta
OIDa mutants that we generated demonstrated all of the po-
tential combinations of phenotypes in DNA and Oct-1 binding
(summarized in Table 2). Furthermore, all of these mutants
maintained the ability to bind to RBP-Jk (Fig. 5). To test the
functional consequences of the OIDa mutations, we performed
transient transactivation analyses of the K-bZIP promoter and
compared each mutant to WT ORF50/Rta. As shown in Fig.
7A, mutant ORF50-L143A, which retained WT levels of DNA
and Oct-1 binding, also retained WT levels of transactivation.
Curiously, ORF50-I140A also retained WT levels of transac-
tivation of the K-bZIP promoter (Fig. 7A) despite our obser-
vation that the binding of the mutant to Oct-1 was reduced

(Fig. 5E). ORF50-L144A lost about half of its ability to trans-
activate (Fig. 7A); that mutant bound Oct-1 quantitatively sim-
ilarly to I140A but did not bind K-bZIP promoter DNA (Fig.
6). Those observations suggest that the reduction in binding of
mutant I140A to Oct-1 is tolerated for transactivation, pro-
vided that DNA binding is maintained at WT levels.

ORF50 mutant L136A was unable to bind Oct-1, retained
some ability to bind K-bZIP DNA, and retained 35% of WT
transactivation activity (Fig. 7A). Complete elimination of K-
bZIP transactivation required mutations of ORF50/Rta that
completely eliminated both K-bZIP DNA and Oct-1 binding,
as in mutants ILL140AAA and ADPRins (Fig. 7A). These
data are summarized in Table 2. Interestingly, even though the
E3 ubiquitin ligase mutant ORF50-C141S could interact with
Oct-1, it was reduced in transactivation by about 75% (Fig.
7A). The data suggest that K-bZIP DNA binding, Oct-1 inter-
action, and E3 ubiquitin ligase activity are critical for optimal
transactivation of the K-bZIP promoter by Rta.

To determine whether the OIDa mutations altered the
transactivation of other Rta target promoters, we challenged
the Nut-1/PAN and ORF57 promoters similarly in Akata-31
cells. As shown in Fig. 7B, mutations of ILL140AAA, L136A,
I140A, L143A, and L144A affected Rta’s transactivation of the
ORF57 promoter in a fashion similar to that of the K-bZIP
promoter. As shown in Fig. 7C, mutations of ILL140AAA and
C141S affected Rta’s transactivation of the Nut-1/Pan pro-
moter similarly to the K-bZIP promoter. Interestingly, Rta
mutant I140A, which showed WT activation of the K-bZIP and
ORF57 promoters, superactivated the Nut-1/PAN promoter.

Figure 7D shows that all OIDa mutant proteins were
correctly localized to the nuclei of transfected cells.

Cell-specific requirement for Oct-1 in Rta-mediated trans-
activation. In the experiments described above, we demon-
strated the requirement for Oct-1 in Rta-mediated transacti-
vation of the K-bZIP promoter using cis- or trans-acting
mutations that eliminated (i) Oct-1 binding to the promoter
and (ii) Rta binding to Oct-1. We employed one additional

FIG. 6. Mutations in ORF50 OIDa have variable effects on DNA
binding to the K-bZIP WT12 promoter element. The indicated WT or
mutant ORF50 proteins were expressed as N-terminal MBP fusion
proteins, and two different amounts were tested for binding to the
K-bZIP WT12 element by EMSA as described in the legend to Fig. 2A.

TABLE 2. Transactivation and stimulation of reactivation by Rta
OIDa mutants that are deficient in DNA and/or Oct-1 binding

ORF50/Rta Oct-1 binding
resulta

DNA binding
resultb

%
Transactivationc

%
Reactivationd

WT ��� ��� 100 100
L136A � � 35 34
I140A � ��� 104 35
L143A ��� ���� 104 117
L144A � � 55 51
ILL140AAA � � 1 1
ADPRins � � 1 ND

a GST pull-down (Fig. 5A, B, and E). WT is set at “���.”
b EMSA (Fig. 6). WT is set at “���.”
c Maximal value in transient transactivation of K-bZIP promoter in Akata-31

cells (Fig. 7A), expressed as a percentage compared to the WT (set at 100%).
d Induction of K8.1 expression in BCBL-1 cells (Fig. 10), expressed as a

percentage compared to the WT (set at 100%). ND, not done.

8460 CARROLL ET AL. J. VIROL.



strategy by performing transient transactivation studies using
matched mouse embryonic fibroblast (MEF) cells that were
either WT or null for Oct-1 (62, 94). Increasing amounts of the
WT ORF50/Rta expression vector were cotransfected with the
K-bZIP promoter-reporter. Figure 8A shows that Rta transac-
tivated the WT K-bZIP promoter to a maximum of about
20-fold in Oct-1�/� MEFs. The magnitude of transactivation
of the WT K-bZIP promoter was nearly identical in the
matched MEFs that are WT for Oct-1 (Fig. 8B). This sug-
gested that Oct-1 is not required for Rta-mediated transacti-
vation in MEFs. However, transfection of the Rta vector into
an MEF cell line that was null for Oct-1 but that stably ex-
pressed human Oct-1 resulted in an increase (about twofold)
of K-bZIP promoter activity (Fig. 8A).

We showed in Fig. 3A that mutation of both putative Oct
binding sites of the K-bZIP promoter (K-bZIP m1234) virtu-
ally eliminated Rta-mediated transactivation in Akata-31 Bur-
kitt’s lymphoma cells. In contrast, Rta transactivation of the
K-bZIP m1234 reporter was reduced by only about 50% in WT
MEF cells (Fig. 8B). These data suggested a cell-specific re-
quirement for Oct-1 in Rta-mediated transactivation, which

was not as strict in non-B cells. Results of transient transfec-
tions of SLK cells supported this hypothesis. As shown in Fig.
8C, the double Oct site mutation (m1234) reduced Rta-medi-
ated transactivation of the K-bZIP promoter by only 50%.

RBP-Jk, but not Oct-1, is essential for Rta-mediated trans-
activation of the K-bZIP promoter in MEFs. We previously
showed that Rta stimulates the binding of RBP-Jk to the K-
bZIP promoter in vivo (13). Since the requirement for Oct-1 in
Rta-mediated transactivation was reduced in MEFs, we asked
whether RBP-Jk had a more significant role in those cells. We
transfected RBP-Jk null cell lines (OT11) (64) with expression
vectors corresponding to Rta and RBP-Jk either alone or to-
gether. Similar to previous reports (97), we conclude that Rta
transactivation of the K-bZIP promoter in MEF cells requires
the expression of RBP-Jk (Fig. 9).

Interaction of Rta with Oct-1 is required for optimal reac-
tivation of KSHV from latency. To determine whether binding
of Oct-1 and DNA was required for Rta to transactivate the
K-bZIP promoter in the context of the authentic viral genome
in infected cells, we transfected BCBL-1 cells with WT and
mutant Rta vectors and quantitated the induction of the K-

FIG. 7. DNA binding and Oct-1 interactions both contribute to specifying ORF50-mediated transactivation of the K-bZIP promoter. Akata-31
cells were transfected with the indicated plasmids, together with reporter plasmids for the K-bZIP (A), ORF57 (B), or Nut-1/PAN (C) promoters,
and analyzed as described in the legend to Fig. 4F. (D) All ORF50 mutants are expressed in cell nuclei. HeLa cells were transfected with the
indicated expression vectors and analyzed by indirect immunofluorescence as described in the legend to Fig. 4G.

VOL. 81, 2007 KSHV Rta/Oct-1/DNA COMPLEX IN TRANSACTIVATION 8461



bZIP protein. Ectopic Rta proteins were expressed as fusions
to the V5 epitope tag to distinguish them from endogenous
Rta. As shown in Fig. 10A, approximately 92% of 500 ORF50-
transfected (V5-positive) cells also expressed K-bZIP. Con-
versely, as expected, K-bZIP was expressed in only about 2%
of cells transfected with the ORF50-ILL140AAA mutant,
which failed to bind both the K-bZIP promoter and Oct-1. This
low value was similar to the level of spontaneous reactivation
in untransfected cells. Figure 10B shows indirect immunoflu-
orescence of typical fields from these transfections.

To test the OIDa mutants for their abilities to reactivate the
complete KSHV lytic cycle, we scored reactivation at the sin-
gle-cell level 72 h after electroporating BCBL-1 cells. Our
marker for induction of reactivation was the K8.1 protein,
which is expressed in PEL cells with true late kinetics (i.e., K8.1

expression requires viral DNA replication) (51, 54, 100). We
calculated the percentage of Rta-expressing cells that also ex-
pressed K8.1. Cells that were transfected with the empty ex-
pression vector were used to calculate the percentage of spon-
taneous viral reactivation, which was subtracted from each of
the percentages of reactivation induced by WT Rta or mutants.
As shown in Fig. 10C, WT ORF50 stimulated K8.1 expression
in about 32% of transfected BCBL-1 cells. This value was
similar for mutant ORF50-L143A, which had WT K-bZIP pro-
moter transactivation ability (Fig. 7A). Conversely, the
ORF50-ILL140AAA mutant (DNA and Oct-1 binding nega-
tive, K-bZIP transactivation negative) was completely im-
paired in its ability to reactivate KSHV from latency. The
negative control, ORF50�LR (the multimerization mutant of
ORF50/Rta) (11), was also impaired in its ability to reactivate
KSHV. Viral reactivation stimulated by mutants ORF50-
L136A and ORF50-L144A was reduced (34% and 51%, re-
spectively) in a fashion similar to the extent of the reduction of
transactivation of the three KSHV promoters by both mutants
(approximately 35% and 50%, respectively) (Fig. 7). These
mutants affirm the contribution of both Oct-1 and K-bZIP
promoter binding of Rta to the optimal stimulation of com-
plete KSHV lytic reactivation. However, even though mutant
ORF50-I140A was capable of transcriptional transactivation at
WT or greater levels (Fig. 7), it retained only 35% of WT
reactivation function.

DISCUSSION

In this article, we have shown that a direct interaction of the
KSHV lytic switch protein ORF50/Rta with the cellular pro-
tein Oct-1 is one critical component in regulating lytic reacti-
vation of the virus (Fig. 10). Oct-1, but not Oct-2, from KSHV-
infected cells binds to the K-bZIP promoter in vitro and in vivo
(Fig. 2 and Table 1). Sequence-specific binding of Oct-1 to the
promoter corresponds with Rta-mediated transactivation (Fig.
3), and a promoter mutation that eliminates Oct-1 binding is
more deleterious for Rta transactivation in B cells than in SLK
cells (Fig. 3A and 8C). Ectopic coexpression of Oct-1 augments
Rta-mediated transactivation of the WT, but not the mutant,
K-bZIP promoter (Fig. 3B and C). A short amino acid signa-
ture in the N terminus of Rta that is conserved in HSV-1 VP16
(OIDa) (Fig. 4D) is required for the direct binding of Rta to
Oct-1 (Fig. 4E), Rta-mediated transactivation of the K-bZIP

FIG. 8. Oct-1 enhances, but is not essential for, Rta-mediated
transactivation of the K-bZIP promoter. (A) MEFs null for Oct-1
(�Vec) or null for Oct-1 and stably expressing human Oct-1 (�hOct)
were transfected with an Rta expression vector (pcDNA3FLc50) and
the WT K-bZIP reporter plasmid. Cells were analyzed for transacti-
vation as described in the legend to Fig. 3A. (B and C) WT MEF cells
(B) or SLK cells (C) were tested for the ability of Rta to transactivate
the indicated reporter plasmids. Results are shown as described
above (A).

FIG. 9. RBP-Jk is essential for Rta-mediated transactivation of the
K-bZIP promoter. MEFs null for RBP-Jk (OT11) were transfected
with expression vectors corresponding to Rta (pcDNA3FLc50) and
RBP-Jk (pcDNA3.1-RBP-Jk). Transfections were analyzed as de-
scribed in the legend to Fig. 3A.
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promoter (Fig. 4F), and optimal Rta-stimulated reactivation of
KSHV from latency (Fig. 10). Selective mutations within OIDa
also reduce or eliminate the binding of Rta to K-bZIP pro-
moter DNA (Fig. 6); some of these mutations are independent
of Oct-1 binding (Fig. 5A, B, and E), and all have no effect on
RBP-Jk binding (Fig. 5C and D). Our data therefore support
a model for reactivation that involves sequence-specific inter-
actions of Rta and Oct-1 with DNA and Rta and Oct-1 with
each other. Mutations in Rta that eliminate one of the inter-
actions reduce but do not eliminate Rta-mediated reactivation
of KSHV from latency (summarized in Table 2). Mutations
that eliminate both interactions of Rta also eliminate Rta-
mediated reactivation. All of the mutants that we analyzed
retained WT levels of interaction with the cellular protein
RBP-Jk. Mutations that inhibit the DNA binding of Rta seem
to be more deleterious for Rta-mediated transactivation in
Akata-31 cells and Rta-mediated reactivation in PEL cells than
mutations that inhibit the interaction of Rta with Oct-1 or
RBP-Jk. We have not yet detected a ternary Rta/Oct-1/DNA
complex with stability sufficient for visualization by EMSA,
but Oct-1 stimulates DNA binding of ORF50/Rta in vitro
(Fig. 2C).

The relative ability of each Rta protein to reactivate the
complete KSHV lytic cycle corresponded directly with its abil-
ity to transactivate transcription, except for mutant I140A.
That mutant retained WT or greater transactivation of three
KSHV promoters but retained only 35% of WT reactivation
activity. The I140A mutation therefore appears to define the
minimum Oct-1 and/or DNA binding requirements for optimal
transactivation of the K-bZIP, ORF57, and Nut-1 promoters
but is deficient in optimal stimulation of reactivation. We hy-
pothesize that the isoleucine at aa 140 is required for the
transactivation of a promoter that we did not test here, for
proper Rta function at a lytic origin of replication (91), and/or
for Rta’s ubiquitin ligase activity (98).

The Rta/Oct-1 interaction is one of many mechanisms that
have been proposed for Rta-mediated transactivation of the
K-bZIP promoter. The other previously reported mechanisms
involve direct interactions between Rta and cellular proteins
(RBP-Jk) (97) (as we see in Fig. 9) and C/EBP� (92, 93) or
DNA (a phased, A/T trinucleotide repeat on the K-bZIP pro-
moter DNA) (49). Considered together with our data, we
propose that all of these molecular interactions are required
for optimal Rta-mediated transactivation of the K-bZIP pro-
moter, but none are individually sufficient.

For example, we uncovered the significance of Oct-1 DNA
binding in Rta-mediated transactivation of the K-bZIP pro-
moter by rationally designing the mutation of site 12 based on
its high homology to the RRE found in the ORF57/Mta pro-
moter (Fig. 1A) (52). Furthermore, we were careful to intro-FIG. 10. Interaction of Rta with Oct-1 is required for optimal re-

activation from latency. (A and B) Induction of K-bZIP expression.
BCBL-1 cells were electroporated in duplicate with plasmids express-
ing the indicated proteins and analyzed for reactivation by indirect
immunofluorescence 72 h later. Cells were scored by the percentage of
Rta single-positive cells (detected by anti-V5 antiserum) that also
expressed K-bZIP (Rta/K-bZIP double-positive cells). Quantitation is
shown in A, and typical fields are shown in B. Arrows point to V5-
ORF50-positive cells. The virus is presumably reactivating spontane-
ously in those cells expressing K-bZIP in the absence of V5-ORF50
(center panels in B). (C) Complete viral reactivation. BCBL-1 cells
were electroporated in duplicate with plasmids expressing the indi-
cated proteins and analyzed for reactivation by indirect immunofluo-

rescence 72 h later. Cells were scored by the percentage of Rta single-
positive cells that also expressed K8.1 (Rta/K8.1 double-positive cells;
no cells expressed K8.1 in the absence of Rta). To eliminate sponta-
neously reactivating cells, an identical calculation was performed on
cells electroporated with the empty control, the pcDNA3.1 vector; that
percentage was subtracted from the values for all of the other trans-
fections.
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duce the mutation as a sequence-specific substitution in the
context of the full-length K-bZIP promoter, without deleting
any DNA, to ensure that the phased A/T trinucleotide repeat
would not be disrupted (Fig. 1C). Two other studies of the
K-bZIP promoter employed a significantly different approach,
by analyzing Rta-mediated transactivation of truncation mu-
tants of the K-bZIP promoter (49, 97). Studies of those trun-
cation mutants led those authors to conclude that a mutant
promoter containing the Oct-1 site (WT12, identified in our
study), the C/EBP� site, and the Rta binding site in the pal-
indrome was insufficient for Rta transactivation in cells other
than Akata-31 cells.

The requirement for RBP-Jk in maximal Rta-mediated
transactivation of the K-bZIP promoter appears to be cell
specific. Nonetheless, RBP-Jk appears to be insufficient for full
transactivation. While Rta-mediated transactivation of the K-
bZIP promoter is completely abolished in RBP-Jk null cells
(Fig. 9) (97), many OIDa mutations that eliminated the Rta/
Oct-1 interaction, but not the Rta/RBP-Jk interaction, abol-
ished Rta transactivation of the K-bZIP promoter in B cells
(Fig. 5C and D and Table 2). The OIDa mutations that abol-
ished Rta-mediated transactivation of the K-bZIP promoter
also inhibited Rta-stimulated reactivation of KSHV (Fig. 10).
One potential explanation for the discrepancy is that Oct-1
expression is reduced or eliminated in RBP-Jk null cells.

However, our data from transfections of Oct-1�/� MEF cells
suggest that Oct-1 is also not essential for Rta-mediated trans-
activation of the K-bZIP promoter, because transactivation in
those cells was reduced by only 50% (Fig. 8). This result con-
tradicts the apparent requirement for Oct-1 in Akata-31 B
cells, since mutation of the Oct-1 site (WT12) virtually elimi-
nated Rta-mediated transactivation of the K-bZIP promoter in
those cells (Fig. 3A). This result highlights the insufficiency of
RBP-Jk binding to the K-bZIP promoter for Rta transactiva-
tion, since the RBP-Jk site is intact in the mutant promoter
(Fig. 1C). However, the discrepancy between the MEF and
B-cell data might be explained by a cell-specific requirement
for C/EBP� (92, 93). Although C/EBP� bound very ineffi-
ciently to site 12 in our EMSA DNA probe (Fig. 2D), addi-
tional sequences upstream of the palindrome and not included
in our EMSA DNA might be required for C/EBP� to bind
efficiently to the promoter. However, since some of the Oct-
1-interacting mutants of Rta were completely transcriptionally
inert in Akata-31 B cells (Fig. 7), and we saw little effect of
coexpressing C/EBP� on Rta transactivation of the WT or
mutant K-bZIP promoter (not shown), other explanations for
the discrepancy between the MEF and B cells cannot be ex-
cluded. Such alternative explanations include cell-specific tran-
scriptional activity by Rta, which is supported by our transfec-
tions of SLK cells (Fig. 8C), or compensation for the Oct-1
deletion in MEFs by other Oct family members.

To attempt to address the apparently stringent B-cell-spe-
cific requirement for Oct-1 in the activation of the K-bZIP
promoter by Rta, we attempted to knock down Oct-1 with
commercially available small interfering RNAs (not shown) in
B cells. We were unsuccessful at eliminating Oct-1 expression.
However, with our series of single point mutations in Rta,
specifically with mutants I140A and L144A, we were able to
determine that even a diminished ability to interact with Oct-1
is sufficient for Rta to strongly transactivate target promoters

(summarized in Table 2), provided that DNA binding is main-
tained at WT levels.

We previously showed that Rta stimulates DNA binding of
RBP-Jk to the K-bZIP promoter in vivo, a function of Rta that
extends to the promoters of additional KSHV and cellular
genes in infected PEL cells (13). In the KSHV ORF57/Mta
promoter, stimulation of RBP-Jk DNA binding by Rta re-
quires a juxtaposed A/T-rich binding site for Rta (13). This
A/T-rich site is part of the palindrome that is conserved in the
ORF57/Mta and K-bZIP promoters (Fig. 1A) (52). In this
study, we showed that recombinant Rta binds with sequence
specificity to the A/T-rich palindrome in the K-bZIP promoter
also (Fig. 2B). In both the ORF57 and K-bZIP promoters, the
A/T-rich site comprises one unit of the phased A/T trinucle-
otide repeat. Liao et al. (49) previously showed that Rta-me-
diated transactivation increases in direct proportion to the
number of such A/T repeats in promoters.

We therefore propose a model in which Rta participates in
long-range interactions with the K-bZIP promoter that are
specified by a combination of direct binding to the phased A/T
trinucleotide repeats and indirect binding by association with
Oct-1, RBP-Jk, and C/EBP�. In vitro, Rta’s molecular inter-
actions with individual components of this proposed transcrip-
tional complex appear to be relatively weak. In our study, only
a small fraction of total Rta generated in RRL was retained on
GST–Oct-1 beads (Fig. 4B). Similarly, the binding of Rta to
single A/T-rich units of the ORF57 promoter DNA is signifi-
cantly weaker than the binding to the canonical Rta site in the
PAN promoter (77). Furthermore, Rta expressed in RRL fails
to detectably bind to the K-bZIP promoter under conditions in
which it binds to PAN DNA (92). We propose, therefore, that
the sum of these DNA and protein interactions is required for
the functional interaction of Rta with the K-bZIP promoter
during reactivation. In this regard, the magnitude of activity of
this Rta transcription complex could be regulated by the rela-
tive kinetics of expression and promoter binding of each of
these proteins during KSHV reactivation. Indeed, Oct-1 bind-
ing to the K-bZIP promoter is enhanced following the reacti-
vation of KSHV from latency (Fig. 1E), probably as a result of
the increase in Oct-1 transcription that we measured (not
shown). Our observation that Oct-1 stimulates DNA binding of
Rta (Fig. 2C) might result from the ability of Oct-1 to bend
target DNA upon binding (89). The cellular architectural DNA
bending protein HMG-B1 enhances DNA binding and tran-
scriptional activation by Rta (78). Therefore, an attractive pos-
sibility is that Oct-1 bends KSHV promoters to stimulate Rta
binding during reactivation. In turn, such a mechanism would
facilitate the stimulation of RBP-Jk DNA binding by Rta (12).

Rta’s use of Oct-1 for transactivation extends to additional
KSHV lytic cycle promoters. Both the K1 and Rta promoters
contain functional Oct-1 binding sites that are required for
Rta-mediated transactivation (88, 92). Transactivation of the
K1 promoter is also specified by direct DNA binding of Rta
(10). We characterized the Rta OID mutants by using trans-
activation of the K-bZIP promoter as a model (Fig. 7A).
Nearly all of those transactivation phenotypes of the Rta mu-
tants were identical to their phenotypes in stimulating com-
plete KSHV reactivation (Fig. 10). Taken together, this sug-
gests a broad role for Rta/Oct-1 interactions in KSHV
reactivation. Indeed, in Fig. 7B, we demonstrated that Rta
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mutants deficient for binding Oct-1 and/or DNA were similarly
deficient for transactivating the Nut-1/PAN and ORF57 pro-
moters. Assuming that the K-bZIP DNA binding mutants were
similarly debilitated in binding the Nut-1/PAN and ORF57
promoters, these data confirmed the requirement for Rta
DNA binding in the activation of all three promoters. These
data also suggest a previously undescribed requirement for
Oct-1 in Rta-mediated transactivation of the ORF57 pro-
moter.

A central role for Oct-1 in replication has been conserved in
other members of the Herpesviridae. Oct-1 is essential for
VP16-mediated activation of HSV-1 IE promoters (28, 40–42,
56, 63, 69, 86), and Oct-1 specifies transcriptional targets of the
varicella-zoster virus ORF10 protein (60). Among other vi-
ruses, the mouse mammary tumor virus long terminal repeat is
activated by the interaction of Oct-1 with the glucocorticoid
receptor (11).

Oct-1 is a member of the POU (for pituitary transcription
factor Pit-1, octamer motif binding proteins Oct-1 and Oct-2,
and Caenorhabditis elegans UNC-86) class of homeodomain-
containing transcription factors. The POU domain provides a
bipartite DNA binding domain that contacts DNA flexibly yet
sequence specifically via an ATGCAAAT consensus sequence
(39, 68). A 20-aa linker region separating each DNA binding
domain allows the recognition of sequences that are divergent
from the consensus.

The specificity of Oct-1 DNA binding is influenced by inter-
actions with transcriptional coactivator proteins. One well-
characterized Oct-1 coactivator is the HSV-1 VP16 protein
(101). Following HSV-1 entry of a susceptible host cell, the
transactivation of IE promoters requires the formation of the
VP16-induced complex. This multiprotein complex consists of
Oct-1, VP16, host cell factor (HCF), and DNA (TAATGA
RAT, where R is purine) (28, 40–42, 56, 63, 69, 86). The
cellular protein HCF is required for the nuclear localization of
VP16 (43).

Our data suggest that the regulation of KSHV gene expres-
sion by Oct-1 partially conserves fundamental molecular mech-
anisms with HSV-1 but has diverged significantly as well. Sim-
ilar to VP16 (31, 80), Rta is packaged into the KSHV virion
(4), although VP16 is expressed with late, and not IE, kinetics
during HSV-1 infection (72). The OIDs of VP16 and Rta are
homologous in both primary sequence and putative secondary
structure (45, 82) (Fig. 4B), and mutations in both OIDs re-
duce transactivation by disrupting either Oct-1 binding, DNA
binding, or both. Structure-function divergence between the
two OIDs, however, is suggested by the reduction of DNA
binding in Rta mutant L136A (Fig. 6); the orthologous muta-
tion in VP16 (Y373A) did not disrupt DNA binding by that
protein (44).

The Oct elements identified in the KSHV genome demon-
strate considerably greater sequence heterogeneity than those
in HSV-1 (Fig. 1D). In HSV-1, the TAATGARAT sequence is
usually overlapped by an octamer sequence (underlined in
ATGCTAATGARAT, where R is purine), but elements that
lack the octamer sequence can still be transactivated by the
VP16-induced complex albeit with lower efficiency (2, 3). Mu-
tations of the GARAT sequence can eliminate VP16/Oct-1
DNA binding independently of Oct-1 DNA binding (90). The
GARAT sequence promotes a VP16-dependent comforma-

tional change in Oct-1 that alters the typical Oct-1 contacts on
DNA (90). Although the K-bZIP WT12 Oct-1 site contains the
overlapping GARAT element (Fig. 1D), it is currently unclear
whether the binding of Rta to the promoter requires the
GARAT sequence and/or induces conformational changes in
Oct-1. However, the lack of a GARAT sequence in the KSHV
K1 and Rta Oct-1 elements (Fig. 1D) provides the potential for
differential Oct-1-dependent regulation of those promoters
by Rta.

Although not formally tested here, the VP16-induced com-
plex protein HCF is not predicted to interact with Rta, since
Rta lacks the tetrapeptide sequence ([D/E]HxY) (24, 43, 101)
necessary for VP16’s interaction with HCF. Nonetheless, since
only a small percentage of Rta directly binds to purified GST–
Oct-1 (Fig. 4C), heterologous factors might contribute to a
more robust Rta/Oct-1 interaction in vivo.
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