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RTA (replication and transcription activator; also referred to as ORF50, Lyta, and ART), an immediate-
early gene product of Kaposi’s sarcoma-associated herpesvirus (KSHV)/human herpesvirus 8, disrupts latency
and drives lytic replication. RTA activates the expression of polyadenylated nuclear (PAN) RNA (also known
as T1.1 or nut-1) of KSHV. This novel noncoding PAN RNA is the most abundant lytic transcript of KSHV;
therefore, studying PAN RNA expression serves as a model system for understanding how RTA transactivates
target genes during lytic replication. The RTA-responsive element of the PAN promoter (pPAN RRE) was
previously identified, and our data suggested direct binding of full-length RTA to the pPAN RRE. Here, we
present a detailed analysis of specific interactions between RTA and the PAN promoter. We expressed and
purified the DNA-binding domain of RTA (Rdbd) to near homogeneity and measured its affinity for the pPAN
RRE. In electrophoretic mobility shift assays (EMSAs), the dissociation constant (Kd) of Rdbd on the pPAN
RRE was determined to be approximately 8 � 10�9 M, suggesting a strong interaction between RTA and DNA.
The specificity of RTA binding to the PAN promoter was confirmed with supershift assays. The Rdbd binding
sequences on the PAN promoter were mapped within a 16-bp region of the pPAN RRE by methylation
interference assays. However, the minimal DNA sequence for Rdbd binding requires an additional 7 bp on both
sides of the area mapped by interference assays, suggesting that non-sequence-specific as well as sequence-
specific interactions between RTA and DNA contribute to high-affinity binding. To better understand the
molecular interactions between RTA and the PAN promoter, an extensive mutagenesis study on the pPAN RRE
was carried out by using EMSAs and reporter assays. These analyses revealed base pairs critical for both Rdbd
binding in vitro and RTA transactivation in vivo of the PAN promoter. The results from methylation inter-
ference, deletion analysis, and mutagenesis using EMSAs and reporter assays were closely correlated and
support the hypothesis that RTA activates PAN RNA expression through direct binding to DNA.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus 8, has been established as an etiological
agent of all clinical forms of Kaposi’s sarcoma (KS), including
AIDS-associated KS, classic KS, endemic forms of KS, and renal
transplant-related KS (1, 3, 20, 22, 31, 34, 38, 43, 47). KSHV is
also associated with two AIDS-related lymphoproliferative dis-
eases, primary effusion lymphoma (PEL) (6) and multicentric
Castleman’s disease (42). Sequence analysis of KSHV revealed
that KSHV belongs to a gammaherpesvirus subfamily which also
includes herpesvirus saimiri, murine gammaherpesvirus 68
(MHV-68), and Epstein-Barr virus (7, 35, 39).

Like other herpesviruses, KSHV exhibits two distinct phases
of its life cycle: latency and lytic replication. Although latent
infection with KSHV has been proposed to be critical for
tumorigenesis, it is clear that lytic replication is also important
in KSHV pathogenesis. Antibodies against lytic proteins are
significantly elevated in the sera of patients developing KS
(50). Furthermore, treatment with ganciclovir, a drug which
inhibits lytic replication of herpesviruses, significantly reduced
the incidence of KS development in AIDS patients at high risk

for KS (30). Most tumor cells are latently infected with KSHV;
however, the virus undergoes lytic replication in a small num-
ber of cells in the tumor lesion (15, 38, 43, 44, 47, 57). Upon
reactivation of KSHV from latency to lytic replication, these
cells express viral chemokines and proinflammatory cytokines,
such as viral macrophage inflammatory proteins and viral in-
terleukin-6 (vIL-6) (33, 43, 47). These lytic gene products may
play a key role in disease progression in an autocrine or para-
crine fashion (4, 16, 32). Therefore, it is important to study the
molecular mechanisms of reactivation for a better understand-
ing of KSHV pathogenesis.

KSHV RTA (replication and transcription activator; also
referred to as ORF50, Lyta, and ART) is an immediate-early
gene product encoded primarily by open reading frame 50
(ORF50), which is well conserved among all gammaherpesvi-
ruses (28, 48, 51, 53). RTA plays a central role in the switch of
the viral life cycle from latency to lytic replication. Ectopic
expression of RTA is sufficient to disrupt latency and activate
lytic replication to completion in KSHV latently infected PEL
cell lines (17, 27, 46). A C-terminal truncated form of RTA
(amino acids 1 to 530) acted as a dominant-negative mutant
and inhibited the ability of RTA to reactivate KSHV from
latency (26). Thus, the expression of KSHV RTA is sufficient
and necessary for viral reactivation. Similar results have also
been obtained from studies on MHV-68 RTA (53). Further-
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more, MHV-68 RTA was shown to play a critical role in de
novo infection, as well as in reactivation (52). In Epstein-Barr
virus (a gamma-1 herpesvirus), ZEBRA (also referred to as
BZLF1, Zta, or Z) plays a key role in disruption of viral latency
in synergy with RTA (9, 10, 24, 36, 54).

The RTA homologues from gammaherpesviruses function
as transcriptional activators. RTA autostimulates its own ex-
pression (12, 17, 37, 53). The DNA-binding domain (DBD) of
RTA is highly conserved, suggesting important interactions
between RTA and target gene promoters. KSHV RTA trans-
activates the expression of several downstream genes, includ-
ing polyadenylated nuclear (PAN) RNA, kaposin (K12),
ORF57, K-bZIP (K8, the ZEBRA homologue of KSHV), thy-
midine kinase, K5, ORF6 (single-stranded DNA binding pro-
tein), ORF59 (DNA polymerase-associated processivity fac-
tor), K14 (vOX-2), viral G protein-coupled receptor, and vIL-6
(8, 14, 19, 21, 25, 26, 41, 55; H. Deng, M. J. Song, J. Chu, and
R. Sun, submitted for publication). KSHV RTA also interacts
with known cellular factors such as the cyclic AMP-responsive
element binding protein-binding protein, histone deacety-
lase-1, and Oct-1 and with a novel cellular protein, MGC2663
(named KSHV RTA binding protein) (18, 40, 49). However,
the detailed molecular mechanism by which RTA activates
target genes during lytic replication remains unclear. To date,
both direct and indirect mechanisms have been suggested for
RTA transactivation (11, 25, 36, 40, 41).

PAN RNA (also known as T1.1 or nut-1) is an early lytic
gene transcript of KSHV with no apparent capacity to encode
a protein (45, 57). PAN RNA is an RNA polymerase II tran-
script that is polyadenylated and forms a ribonucleoprotein
complex located in the nuclear speckles (45, 56). PAN RNA is
the most abundant lytic transcript of KSHV. Its copy number
was as high as 2.5 � 105 to 5.0 � 105 per cell in PEL cells after
induction of lytic replication. The abundance is apparent, as it
can be visualized in an ethidium bromide-stained agarose gel
(41, 45). The function of PAN RNA has yet to be elucidated.
However, activation of PAN RNA expression by RTA offers an
excellent model system to understand how this viral transacti-
vator regulates high levels of lytic gene expression upon reac-
tivation.

A previous study revealed a very strong RTA-responsive
element (RRE) located in the PAN promoter and suggested
direct binding of RTA to this element (41). Here, we have
undertaken a detailed analysis of interactions between RTA
and the PAN promoter RRE (pPAN RRE). We have mapped
the RTA-binding site and identified base pairs of the pPAN
RRE that are essential for RTA binding in vitro as well as
transactivation in vivo.

MATERIALS AND METHODS

Cell culture. All cells were cultured at 37°C in the presence of 5% CO2. 293T
(a human embryonic kidney cell line transformed with the E1 region of adeno-
virus and the simian virus 40 T antigen) cells were cultured in Dulbecco’s
modified Eagle’s medium (Cellgro) containing 10% fetal bovine serum and
antibiotics (50 U of penicillin and 50 �g of streptomycin per ml).

Plasmids. The luciferase reporter construct pLUC(�122) contains the PAN
promoter region spanning nucleotides (nt) �122 to �14 amplified using a pair of
primers, pan8b/KpnI and pan4/NheI, and cloned into a pGL3-basic plasmid
(Promega, Madison, Wis.) as previously described (41). pLUC(�122) served as
the wild-type template to generate a series of mutant constructs with two base-
pair substitutions (see Fig. 6A and B), using PCR-directed site mutagenesis. For

example, to construct the MJ75 mutant, which has the base pairs mutated at
positions nt �75 and �74 in the PAN promoter (CC 3 AT), the distal end of
the promoter region was amplified with the primers pan8b/KpnI and MJ75R
(5�-CCACCCATTTTTATAAGCCACGCCCC-3�) and Pfuturbo DNA polymer-
ase (Stratagene, La Jolla, Calif.). The proximal end of the promoter region was
amplified with the primers MJ75F (5�-GGGGCGTGGCTTATAAAAATGGG
TGG-3�) and pan4/NheI. In all sequences, uppercase letters represent viral
sequences and mutated sequences are in boldface. These PCR products were
subjected to a second round of PCR with pan8b/KpnI and pan4/NheI. The final
PCR product was cloned into the pGL3-basic plasmid with KpnI and NheI
cloning sites. A series of mutant constructs, MJ73 to MJ39 (see Fig. 6), were
similarly prepared. The two base pair substitutions for each mutant construct
were confirmed by sequencing. A mutant construct containing five base pair
substitutions, MJmulti, was constructed as described above. The primer se-
quences used to generate the mutant constructs are listed in Table 1.

An RTA-expressing plasmid with a FLAG peptide sequence at the N terminus
(pFLAG/RTA) contains the cDNA sequence of RTA ORF following the cyto-
megalovirus enhancer-promoter sequence as described previously (H. J. Brown,
M. J. Song, H. Deng, T.-T. Wu, G. Cheng, and R. Sun, submitted for publica-
tion). For overexpression in bacteria, RTA (amino acids 1 to 691) and the Rdbd
(amino acids 1 to 320) were PCR amplified from the cDNA clone of RTA tagged
with FLAG, using the primers HB-FLAG (5�-agtctagagcctgcagccatggactacaaa
gac-3�) and TLS2 (5�-gaagatctctcgaggcacagacgcccttgcgaac-3�) for RTA and the
primers Rdbd-1 (5�-gaagatctcccgggatggactacaaggacgacgatgacaag-3�) and Rdbd-2
(5�-gaagatctcgagcgggtctgtacccgatgggttaaag-3�) for Rdbd. The underlined nucleo-
tides represent restriction enzyme sites. The PCR product for full-length RTA
was digested with PstI and XhoI and blunt-ended with a fill-in reaction. This
insert was cloned into a vector plasmid, pET11d (Novagen, Madison, Wis.), that
was also blunt-ended after NcoI and BamHI digestion. The PCR product for
Rdbd was digested with EcoRV and XhoI and cloned into pET22b(�), after the
vector was digested with NdeI and XhoI. Rdbd expressed from pET22b was
tagged with six histidine residues at the C terminus (Novagen).

Transfections. For the luciferase reporter assays, 2.5 � 105 293T cells were
transfected with 40 ng of pcDNA3 or pcDNA3/RTA and 200 ng of a PAN
promoter reporter plasmid in 12-well plates by a calcium phosphate transfection
method. Each transfection for reporter assays was performed in duplicate and
included 10 ng of pRLCMV (Promega) as a control for transfection efficiencies,
as well as 350 ng of a carrier DNA (plasmid DNA lacking any mammalian
promoter-enhancer sequences). At 24 h posttransfection, cells were washed with
1� phosphate-buffered saline (PBS) and subjected to reporter assays.

To prepare nuclear extracts, 10 �g of either vector alone or pFLAG/RTA was
transfected into 3 � 106 293T cells in a 100-mm plate by a calcium phosphate
transfection method. Cells were harvested at 36 h posttransfection and washed
with 1� PBS. Nuclear extracts were prepared according to the method of Dig-
nam et al. (13).

Dual luciferase assay. The dual luciferase reporter assay system (Promega)
was used to test promoter activity. Transfected 293T cells in a 12-well plate were
washed with 1� PBS and incubated with 250 �l of 1� passive lysis buffer
provided by the manufacturer. Lysates were frozen, thawed once, and centri-
fuged at top speed in a microcentrifuge for 5 min. Supernatants of 293T cells
were diluted 1/100 to obtain a reading in a linear range and assayed with an
Optocomp I Luminometer (MGM Instruments, Hamden, Calif.). The reporter
assays were carried out according to manufacturer’s protocol for the dual lucif-
erase reporter assay system (Promega).

Expression and purification of recombinant RTA and Rdbd proteins. Full-
length RTA tagged with a FLAG peptide at the N terminus was cloned into
pET11d. Recombinant RTA protein was expressed in Escherichia coli and in-
duced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG). Full-length RTA
was purified from bacterial sonicates using a FLAG affinity column, as previously
described (23).

Recombinant Rdbd protein tagged with a FLAG peptide at the N terminus
and six histidine residues at the C terminus was expressed similarly to the
full-length RTA protein. After 1 h of induction with 1 mM IPTG, cells were
resuspended in a lysis buffer (50 mM NaH2PO4, 300 mM NaCl, and 20 mM
imidazole [pH 8.0]). The Rdbd protein was purified using nickel-nitrilotriacetic
acid (Ni-NTA) metal affinity chromatography (Qiagen, Valencia, Calif.). Briefly,
the cell lysates were incubated with Ni-NTA agarose at 4°C for 4 h. The Ni-NTA
agarose beads were vigorously washed with buffer (50 mM NaH2PO4, 300 mM
NaCl, and 40 mM imidazole [pH 8.0]). Rdbd protein was then eluted with elution
buffer (50 mM NaH2PO4, 300 mM NaCl, and 100 mM imidazole [pH 8.0]).
Protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany) was
used throughout the purification procedures.
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Western analysis. Nuclear extracts prepared from 293T cells transfected with
either vector or pFLAG/RTA and purified RTA and Rdbd proteins were used
for Western analysis. Protein samples (50 �g of nuclear extracts or 100 ng of
purified recombinant proteins) were mixed with Laemmli buffer containing 0.25
M Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate (SDS), 5% �-mercaptoethanol
(�-ME), 10% glycerol, and 0.002% bromophenol blue and separated by SDS–
10% polyacrylamide gel electrophoresis (PAGE), along with a broad-range
prestained protein molecular standard (Bio-Rad, Hercules, Calif.). Proteins were
electrotransferred (Bio-Rad) onto nitrocellulose membranes (Amersham Phar-
macia Biotech, Arlington Heights, Ill.). The membranes were blocked in 1� PBS
containing 0.1% Tween 20 and 5% skim milk and incubated with either anti-
FLAG monoclonal antibody (1:5,000) (Sigma, St. Louis, Mo.) or rabbit serum
against RTA (1:2,000). Anti-RTA rabbit serum was generated by using purified
Rdbd protein as an immunogen (Covance Research Products, Richmond, Calif.).
The membranes were washed and incubated with secondary antibody, either
anti-mouse immunoglobulin G conjugated with horseradish peroxidase (Amer-
sham Pharmacia Biotech) or anti-rabbit immunoglobulin G conjugated with
horseradish peroxidase (Amersham Pharmacia Biotech), respectively. The mem-
branes were subjected to chemiluminescence detection (ECL�PLUS system;
Amersham Pharmacia Biotech), and signals were detected with a STORM im-
aging system (Molecular Dynamics, Sunnyvale, Calif.).

EMSAs. All double-stranded oligonucleotides used for electrophoretic mobil-
ity shift assays (EMSAs) were end-labeled with [�-32P]ATP using T4 polynucle-
otide kinase (New England Biolabs, Beverly, Mass.) and filled in with Klenow
DNA polymerase (New England Biolabs) to obtain similar labeling efficiencies
for each probe. Labeled probes were incubated with various amounts of either

purified RTA or Rdbd protein for 30 min in a binding buffer [10 mM Tris-HCl
(pH 7.5), 150 mM KCl, 5.7 mM MgCl2, 1 mM EDTA, 0.1 �g of poly(dI · dC), 5
�g of bovine serum albumin, 0.38 mM dithiothreitol, 0.38 mM phenylmethylsul-
fonyl fluoride, 50 mM �-ME, 5% glycerol]. The binding mixtures were loaded
onto a 4.5% polyacrylamide gel in 1� TGE buffer (5 mM Tris, 190 mM glycine,
and 1 mM EDTA [pH 8.3]) in the presence of 55 mM �-ME. The gel was run at
130 V at 4°C, dried, and exposed to a phosphorimager screen. Quantitative
analysis of signals was performed with a STORM imaging system (Molecular
Dynamics).

The labeled oligonucleotides pan1* (nt �78 to �37) and pan2* (nt �69 to
�42) contain the PAN promoter sequence as well as a BamHI or BglII flanking
sequence at the 5� and 3� ends, respectively (41). For supershift assays, the
full-length RTA protein (60 ng) was incubated with increasing amounts (0, 1, and
3 �l) of anti-RTA rabbit serum for 20 min prior to the addition of pan2*. The
purified Rdbd protein (20 ng) was incubated with pan1* for 30 min in the
absence or presence of anti-FLAG antibody (2.2 �g; Sigma) or anti-RTA rabbit
serum (1 �l).

To determine the apparent Kd, increasing amounts of purified Rdbd were
incubated with pan1* (10�11 mol). Threefold serial dilutions from 500 ng of
Rdbd were made, and final protein amounts per reaction were 0.0009, 0.0028,
0.0085, 0.025, 0.076, 0.229, 0.686, 2.06, 6.17, 18.5, 55.7, 167, and 500 ng. In
addition, 1 �g of purified Rdbd was incubated with pan1*. To ensure that DNA
was indeed limiting, EMSAs with various amounts of Rdbd were repeated with
a fivefold-increased amount of the labeled probe (pan1*). This resulted in 50%
binding of Rdbd at similar protein amounts, confirming that the DNA amount
used in the initial titration was below the apparent Kd. The concentration of

TABLE 1. Sequences of oligonucleotides used to construct mutants

Name Sequence (5�33�)a

MJ75F.................................................................................................GGGGCGTGGCTTATAAAAATGGGTGG
MJ73F.................................................................................................GCGTGGCTTCCGCAAATGGGTGGC
MJ71F.................................................................................................GTGGCTTCCAACGATGGGTGGCATAC
MJ69F.................................................................................................GGCTTCCAAAACGGGGTGGCTAACC
MJ67F.................................................................................................GCTTCCAAAAATTTGTGGCTAACCTG
MJ65F.................................................................................................CTTCCAAAAATGGTGGGCTAACCTGTC
MJ63F.................................................................................................CCAAAAATGGGTTTCTAACCTGTCC
MJ61F.................................................................................................CAAAAATGGGTGGAGAACCTGTCCAAAATATG
MJ59F.................................................................................................ATGGGTGGCTCCCCTGTCCAAAATATG
MJ57F.................................................................................................GGGTGGCTAAAATGTCCAAAATATG
MJ55F.................................................................................................GGGTGGCTAACCGTTCCAAAATATG
MJ53F.................................................................................................GGTGGCTAACCTGGACAAAATATGG
MJ51F.................................................................................................GGCTAACCTGTCACAAATATGGGAAC
MJ49F.................................................................................................AACCTGTCCACCATATGGGAAC
MJ47F.................................................................................................CTAACCTGTCCAAACGATGGGAACACTGG
MJ45F.................................................................................................CCTGTCCAAAATCGGGGAACACTGGAG
MJ43F.................................................................................................CCTGTCCAAAATATTTGAACACTGGAG
MJ41F.................................................................................................CCAAAATATGGTCACACTGGAGATAAAAGG
MJ39F.................................................................................................CCAAAATATGGGTCAACTGAGATAAAAGG
MJmultiF............................................................................................CGGGATCCGCTTCCAAAAATGGGTGTCTACCCGTGCCAAAATATGGGAACAGATCTTC
MJ75R ................................................................................................CCACCCATTTTTATAAGCCACGCCCC
MJ73R ................................................................................................GCCACCCATTTGCGGAAGCCACGC
MJ71R ................................................................................................GTTAGCCACCCATCGTTGGAAGCCAC
MJ69R ................................................................................................GGTTAGCCACCCCGTTTTGGAAGCC
MJ67R ................................................................................................CAGGTTAGCCACAAATTTTTGGAAGC
MJ65R ................................................................................................GACAGGTTAGCCCACCATTTTTGGAAG
MJ63R ................................................................................................GGACAGGTTAGAAACCCATTTTTGG
MJ61R ................................................................................................CATATTTTGGACAGGTTCTCCACCCATTTTTG
MJ59R ................................................................................................TTTTGGACAGGGGAGCCACCCATTTTTG
MJ57R ................................................................................................ATATTTTGGACATTTTAGCCACCC
MJ55R ................................................................................................CCCATATTTTGGAACGGTTAGCCAC
MJ53R ................................................................................................GTTCCCATATTTTGTCCAGGTTAGCC
MJ51R ................................................................................................GTGTTCCCATATTTGTGACAGGTTAG
MJ49R ................................................................................................GTTCCCATATGGTGGACAGGTTAG
MJ47R ................................................................................................CCAGTGTTCCCATCGTTTGGACAGGTTAG
MJ45R ................................................................................................CTCCAGTGTTCCCCGATTTTGGACAGG
MJ43R ................................................................................................CTCCAGTGTTCAAATATTGGACAGG
MJ41R ................................................................................................CCTTTTATCTCCAGTGTGACCATATTTTGG
MJ39R ................................................................................................CCTTTTATCTCAGTTGTCCCATATTTTG
MJmultiR ...........................................................................................CCCATATTTTGGCACGGGTAGACACCCATTTTTG

a Mutations are in bold.
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protein required to generate 50% binding is defined as the apparent Kd. The
concentration of active protein needs to be determined to measure the true Kd

(5). Once the apparent Kd was obtained, competition assays were performed to
determine the true Kd. Purified Rdbd (1.5 �g) was incubated with 5, 10, 20, 40,
or 60 pmol of the unlabeled oligonucleotide pan1.

For the mutagenesis study on Rdbd binding, a series of double-stranded
oligonucleotides that contained two-base-pair, single-base-pair, or multiple-base-
pair substitutions at various positions were generated (see Fig. 6A and B). The
sequences of the oligonucleotides used in EMSAs are listed in Table 2. An
oligonucleotide containing mutated sequences was annealed with either GSRRE
rev or GSRRE rev2 to make double-stranded oligonucleotides. To construct
deletion mutants, two oligonucleotides corresponding to each position were
annealed. For example, 77/32 was generated from GSPAN(�77)F and
GSPAN(�32)R.

Methylation interference assays. pan1* was digested with either BglII or
BamHI to generate a single-end-labeled probe for the forward or reverse strand.
pan1* was incubated with 0.5% dimethyl sulfate (DMS) for 5 min in 200 �l of a
reaction buffer (50 mM sodium cacodylate and 1 mM EDTA [pH 8]) at room
temperature. The reaction was stopped with 40 �l of a stop buffer (1.5 M sodium
acetate [pH 7] and 1.0 M �-ME). The concentration of DMS and duration of
incubation were chosen after optimization to result in an average of one meth-
ylation per probe molecule. After purification, the modified probe was incubated

with 125 ng of Rdbd protein for EMSA. Unbound and bound DNA fractions
were purified from the gel with a QIAEX II DNA gel extraction system (Qiagen)
and cleaved with 1 M piperidine at 90°C for 30 min. Cleaved DNA fragments
were separated, along with a labeled 10-bp ladder (Life Technologies, Gaithers-
burg, Md.), on a 12% sequencing gel. The gel was dried and exposed to a
phosphorimager screen. Quantitative analysis of signals was performed with a
STORM imaging system (Molecular Dynamics).

RESULTS

Expression and purification of RTA and Rdbd. RTA has
been shown to act as a strong transcription activator for several
early and late transcripts of KSHV, including PAN RNA,
ORF57, K-bZIP, kaposin, vIL-6, K14, viral G protein-coupled
receptor, and thymidine kinase (14, 25, 41, 55; Deng et al.,
submitted). We previously undertook a deletion analysis of the
PAN promoter and identified the RRE in a region between nt
�69 and �38 of the PAN promoter. In addition, our data
indicated RTA direct binding to this RRE, using bacterially

TABLE 2. Sequences of oligonucleotides used for EMSAs

Name Sequence (5�33�)a

GSMJ75 ...........................................................................................cgggatccGCTTATAAAAATGGGTGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ73 ...........................................................................................cgggatccGCTTCCGCAAATGGGTGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ71 ...........................................................................................cgggatccGCTTCCAACGATGGGTGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ69 ...........................................................................................cgggatccGCTTCCAAAACGGGGTGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ67 ...........................................................................................cgggatccGCTTCCAAAAATTTGTGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ65 ...........................................................................................cgggatccGCTTCCAAAAATGGTGGGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ63 ...........................................................................................cgggatccGCTTCCAAAAATGGGTTTCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ61 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGAGAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ59 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTCCCCTGTCCAAAATATGGGAACAgatcttcg
GSMJ57 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAAAATGTCCAAAATATGGGAACAgatcttcg
GSMJ55 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCGTTCCAAAATATGGGAACAgatcttcg
GSMJ53 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGGACAAAATATGGGAACAgatcttcg
GSMJ51 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCACAAATATGGGAACAgatcttcg
GSMJ49 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCACCATATGGGAACAgatcttcg
GSMJ47 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCAAACGATGGGAACAgatcttcg
GSMJ45 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCAAAATCGGGGAACAgatcttcg
GSMJ43 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCAAAATATTTGAACAgatcttcg
GSMJ41 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCAAAATATGGTCACAgatcttcg
GSMJ39 ...........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTCCAAAATATGGGACAAgatcttcg
GSMJ63S .........................................................................................cgggatccGCTTCCAAAAATTGGTTGCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ62S .........................................................................................cgggatccGCTTCCAAAAATGGGTGTCTAACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ59S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTCACCTGTCCAAAATATGGGAACAgatcttcg
GSMJ58S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTACCCTGTCCAAAATATGGGAACAgatcttcg
GSMJ55S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCGGTCCAAAATATGGGAACAgatcttcg
GSMJ54S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTTTCCAAAATATGGGAACAgatcttcg
GSMJ53S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGGCCAAAATATGGGAACAgatcttcg
GSMJ52S .........................................................................................cgggatccGCTTCCAAAAATGGGTGGCTAACCTGTACAAAATATGGGAACAgatcttcg
GSMJmulti.......................................................................................cgggatccGCTTCCAAAAATGGGTGTCTACCCGTGCCAAAATATGGGAACAgatcttcg
GSRRE rev .....................................................................................gctagatctGTT
GSRRE rev2 ...................................................................................cgaagatctGTT
GSPAN(�77)F................................................................................TCCAAAAATGGGTGGCTAACCTGT
GSPAN(�74)F................................................................................AAAAATGGGTGGCTAACCTGT
GSPAN(�71)F................................................................................AATGGGTGGCTAACCTGT
GSPAN(�32)R...............................................................................TCCAGTGTTCCCATATTTTGGACAGGTTAGCCAC
GSPAN(�35)R...............................................................................AGTGTTCCCATATTTTGGACAGGTTAGCCAC
GSPAN(�38)R...............................................................................GTTCCCATATTTTGGACAGGTTAGCCAC
GSPAN(�41)R...............................................................................CCCATATTTTGGACAGGTTAGCCAC
GSPAN(�44)R...............................................................................ATATTTTGGACAGGTTAGCCAC
GSPAN(�47)R...............................................................................TTTTGGACAGGTTAGCCAC
GSPAN(�50)R...............................................................................TGGACAGGTTAGCCAC
GSPAN(�73)R...............................................................................AAAATGGGTGGCTAACCTGT
GSPAN(�72)R...............................................................................AAATGGGTGGCTAACCTGT
GSPAN(�45)R...............................................................................TATTTTGGACAGGTTAGCCAC
GSPAN(�46)R...............................................................................ATTTTGGACAGGTTAGCCAC

a Viral sequences are in capital letters; mutations are in bold.
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expressed full-length RTA protein (amino acids 1 to 691)
tagged with a FLAG peptide at the N terminus (Fig. 1A) (41).
However, due to the limited expression level of full-length
RTA protein in bacteria and difficulties in the purification
process (i.e., degradation from the C terminus), we continued
our studies with the N-terminal portion of RTA (amino acids
1 to 320). This region of RTA includes a DBD and a leucine
zipper domain based on homology with other gammaherpes-
virus RTA sequences. The Rdbd was tagged with a FLAG
peptide at the N terminus and six histidine residues at the C
terminus (Fig. 1A). Rdbd was purified to near homogeneity
(Fig. 1B). The recombinant Rdbd migrated in SDS-PAGE at
approximately 37 kDa, similar to its predicted molecular mass,
36.7 kDa. In addition, purified Rdbd was used to generate
anti-RTA rabbit serum, which was utilized for Western anal-
ysis and EMSAs.

It has been shown that RTA protein undergoes posttransla-
tional modifications (i.e., phosphorylation) depending on the
time after transfection (26; T. Symensma, unpublished data).

To compare bacterially expressed proteins with the proteins
expressed in eukaryotic cells, we transfected either a vector
alone or a FLAG-tagged RTA-expressing plasmid (pFLAG/
RTA) into 293T cells and prepared nuclear extracts at 36 h
posttransfection. Two distinct bands were detected by Western
analysis of nuclear extracts, using monoclonal anti-FLAG (Fig.
1C, lane 2), as well as polyclonal anti-RTA antiserum (Fig. 1C,
lane 6). The apparent molecular masses of these bands are
approximately 90 and 110 kDa. The 110-kDa species was pro-
posed to be due mainly to a phosphorylated form of RTA (26).
However, the role of phosphorylation in RTA function is not
known. Western analysis of purified full-length RTA detected
one major band at the same molecular mass as the unmodified
form of RTA expressed in 293T cells (Fig. 1C, lanes 3 and 7),
suggesting that bacterially expressed RTA, which lacks post-
translational modifications, is similar to the unmodified pro-
tein expressed in mammalian cells. Purified Rdbd was detected
with anti-FLAG antibody and anti-RTA antibody at a molec-
ular mass consistent with the predicted size (Fig. 1C, lanes 4
and 8).

Supershift of the protein-DNA complex. We previously
showed that full-length purified RTA binds to a region of the
PAN promoter in a dose-dependent and sequence-specific
manner (41). Supershift of full-length RTA using anti-FLAG
antibody was not possible in these experiments because the
full-length RTA was purified from an affinity column by elution
with an excess of FLAG peptides. However, availability of the
antibody against the Rdbd made it possible to test the speci-
ficity of RTA binding to DNA.

Increasing amounts of anti-RTA rabbit serum (Fig. 2A)
were incubated with full-length purified RTA prior to addition
of pan2* (nt �69 to �42). Incubation with the anti-RTA an-
tibody resulted in inhibition of protein-DNA complex forma-
tion, indicating the specificity of the RTA-DNA complex. Sim-
ilar results were observed when purified Rdbd (20 ng) was
incubated with pan1* (nt �78 to �37) in the presence of
anti-RTA rabbit serum (Fig. 2B, lane 4). Incubation of Rdbd
with anti-FLAG antibody yielded the supershift of the Rdbd-
DNA complex (Fig. 2B, lane 3). We observed two different
effects of the antibodies on the protein-DNA complex. When
an antibody such as anti-RTA recognizes the DBD, the anti-
body may prevent DNA binding, leading to a reduction in the
amount of protein-DNA complex. The tag peptide at the N
terminus of the protein is unlikely to interfere with the binding
of RTA, so that the anti-FLAG antibody may render the com-
plex supershifted. These two results reinforce the evidence for
RTA-specific binding to the pPAN RRE. Furthermore, incu-
bation with irrelevant antibodies, such as anti-HA and antitri-
methylguanosine and a polyclonal rabbit serum against an
irrelevant protein, neither inhibited nor supershifted the
Rdbd-DNA complex (data not shown). In addition, purified
Rdbd was tested for its ability to bind various deletion probes
of the pPAN RRE. EMSA results for the Rdbd protein with
labeled double-stranded oligonucleotides, pan2* to pan6*
(41), compared well with those obtained with full-length RTA
(data not shown). Our results indicate that the purified recom-
binant Rdbd protein expressed in bacteria is functional in
terms of DNA binding.

Determination of the Kd of Rdbd binding to the pPAN RRE.

FIG. 1. Expression of RTA and Rdbd. (A) Schematic diagram of
recombinant RTA proteins. Full-length RTA protein (amino acids 1 to
691) was tagged with FLAG at the N terminus. Rdbd (amino acids 1 to
320) includes a putative DBD as well as a leucine zipper domain (LZ)
tagged with FLAG at the N terminus and six histidine residues at the
C terminus. AD, activation domain. (B) Representative Coomassie
blue-stained gel of purified Rdbd protein. Rdbd protein was expressed
in bacteria and purified with a Ni-NTA column. Eluates (E1 to E3)
were analyzed by SDS-PAGE and stained with Coomassie blue. The
arrow indicates purified Rdbd protein. M, molecular mass markers.
(C) RTA and Rdbd expression in 293T cells and E. coli. Nuclear
extracts were prepared from 293T cells transfected with either vector
alone (lanes 1 and 5) or a FLAG-tagged RTA-expressing plasmid
(pFLAG/RTA; lanes 2 and 6). Bacterially expressed recombinant full-
length RTA (lanes 3 and 7) and Rdbd (lanes 4 and 8) were purified and
separated on 10% gels with nuclear extracts from transfected 293T
cells. Monoclonal anti-FLAG antibody (left) and polyclonal anti-RTA
rabbit serum (right) were used for Western analysis.
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We set out to determine the binding affinity of the Rdbd for
the pPAN RRE. Specific binding of the Rdbd to DNA in-
creased in a dose-dependent manner with increasing amounts
of purified Rdbd protein, ranging from 0.9 pg to 1 �g in the
presence of a limited amount (10�11 mol) of 32P-labeled pan1*
(Fig. 3A). To determine the affinity of Rdbd for the pPAN
RRE, we plotted the percentage binding as a function of pro-
tein amount expressed on a log scale (Fig. 3B). The amount of
protein required for 50% binding was approximately 11 to 12
ng per 13-�l reaction mixture (Kd � 11.5 to 12.6 nM). Since
RTA homologues of gammaherpesviruses are known to form a
homodimer complex through the leucine zipper domain (29),
we calculated Rdbd concentration as a dimer. This represents
the apparent Kd, as it reflects total (i.e., active and inactive)
protein concentration.

In order to determine the true Kd (i.e., the concentration of
active protein required for 50% binding), competition assays
were performed in the presence of an oversaturating amount
of Rdbd (1.5 �g per reaction). When the protein concentration
is well above the apparent Kd, this would lead to almost 100%
binding of the probe. Increasing amounts of unlabeled cold
competitor (pan1) were then added to the binding reaction
mixture. When the competitor began to exceed the amount of
active protein in the reaction, the labeled unbound probe was
observed (Fig. 3C). The signal was quantitated and the percent
unbound probe was plotted as a function of the amount of the
cold competitor added to each mixture. The amount of com-

petitor resulting in 50% competition is equivalent to twice the
amount of active homodimeric protein. The amount of active
protein present in 1.5 �g of purified Rdbd was estimated to be
14 pmol, whereas the amount of total protein was calculated to
be 20 pmol. Hence, given the apparent Kd of 11.5 to 12.6 nM,
the true Kd of Rdbd binding for the pPAN RRE is approxi-
mately 7.9 to 8.6 nM.

Mapping the RTA binding site in the pPAN RRE. Direct
binding of RTA to DNA has been suggested to be an impor-
tant mechanism by which RTA activates expression of down-
stream genes, including PAN RNA, kaposin, ORF57, K-bZIP,
and vIL-6 (14, 25, 41, 55; Deng et al., submitted). The sequence
of the ORF57, the K-bZIP, and the vIL-6 promoters that
confers RTA binding does not share any obvious homology to
that of the PAN promoter, while the RRE of the PAN pro-
moter shares significant homology to that of the kaposin pro-

FIG. 2. Specificity of the RTA-DNA and Rdbd-DNA complexes.
(A) Supershift of the RTA-DNA complex. Full-length RTA protein
(60 ng) was incubated with increasing amounts of anti-RTA rabbit
serum (0, 1, and 3 �l in lanes 1 to 3, respectively), prior to the addition
of an end-labeled probe (pan2*; nt �69 to �42). The arrow indicates
the specific RTA-DNA complex. (B) Supershift of the Rdbd-DNA
complex. An end-labeled probe (pan1*; nt �78 to �37) and 20 ng of
purified Rdbd protein were incubated for EMSA in the absence (lane
2) or presence of an antibody against FLAG (lane 3) or RTA (lane 4).
Closed and open arrowheads indicate Rdbd-DNA (lane 2) and shifted
(lane 3) complexes.

FIG. 3. Determination of the Kd of the Rdbd binding to the pPAN
RRE. (A) EMSAs of the pPAN RRE with serial dilutions of purified
Rdbd protein (see Materials and Methods). A double-stranded oligo-
nucleotide (pan1*; nt �78 to �37) containing the pPAN RRE was
incubated with increasing amounts of Rdbd. The amount of Rdbd
protein increased from ca. 1 pg (lane 1) to 1 �g (lane 14). The arrow
indicates specific binding of Rdbd to DNA. (B) Efficiencies of binding
of Rdbd to the pPAN RRE. The binding efficiency was calculated
based on the ratio of the bound probe to the total and plotted as a
function of protein amounts (in nanograms on the log scale). The Kd
of RTA on the PAN promoter was estimated from the amount of
protein resulting in 50% binding. The arrow indicates the amount of
Rdbd for the apparent Kd. (C) EMSAs for competition assays. Purified
Rdbd protein (1.5 �g) was incubated with pan1* in the presence of 5,
10, 20, 40, or 60 pmol of unlabeled competitor, pan1, per reaction
(lanes 1 to 5). The competitor amount at 50% inhibition of Rdbd
binding was determined and used to calculate the active protein
amount. The arrow indicates the specific binding of Rdbd to DNA.
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moter (25, 41). However, the RTA binding sequence within the
promoter has not been determined in detail for these genes. To
precisely map the RTA binding site on the PAN promoter,
methylation interference assays were used for the following
reason. The RTA binding site was narrowed down to a 28-bp
DNA fragment, the region between nt �69 to �42 of the PAN
promoter; therefore, it was necessary to use a high-resolution
method to pinpoint the binding sequence. DNase I footprint-
ing assays do not meet this criterion, because DNase I is a large
protein that renders a protected region approximately 8 to 10
bp larger than the actual binding site (5). In contrast, the
methylation interference assay is a high-resolution method for
measuring the bases involved in sequence-specific recognition
by proteins. This method uses a small molecule, DMS, to freely
methylate nucleotides prior to incubation with a protein, in
order to determine whether such modifications interfere with
protein-DNA binding (2, 5).

pan1* was used to generate either a reverse (3�)- or forward
(5�)-strand-labeled probe. DMS strongly modifies nucleotides
with guanine in the major groove and to a lesser extent adenine
in the minor groove. Both forward and reverse strands were
analyzed to obtain comprehensive mapping of the pPAN RRE.
These single-end-labeled probes were incubated with 0.5%
DMS and subsequently with 125 ng of purified Rdbd. The
unbound and bound probes were purified, digested with pip-
eridine to cleave the modified bases, and resolved on a se-
quencing gel with an end-labeled 10-bp ladder (Fig. 4). The
bands in the unbound fraction represent an enriched pool of
probes with modified bases at the positions that interfere with
protein binding, while those in the bound fraction contain
modified bases that permit protein binding. The signal for each
band was normalized with the total signal in each lane. The
ratios of bound to unbound DNA were calculated. The result
identified critical nucleotides involved in Rdbd binding: nt �67
to �64, nt �60 to �58, and nt �55 to �52. Therefore, it is
likely that RTA interacts with the PAN promoter sequence
from nt �67 to �52 and recognizes a subset of base pairs
within this region.

Minimal DNA length of the PAN promoter required for RTA
binding. Methylation interference assays demonstrated that
base pairs in the PAN promoter from nt �67 to �52 interact
with Rdbd. However, RTA may also require flanking regions
for its optimal binding. To test this hypothesis and to deter-
mine the minimal DNA length required for RTA binding, a
series of deletion probes was generated (Fig. 5A). In a previous
deletion study, pan2* (nt �69 to �42) was the smallest frag-
ment shown to be sufficient for RTA binding (41). This double-
stranded oligonucleotide was end labeled and cut at the
BamHI (5�) or BglII (3�) restriction site, resulting in a 3- or
4-bp deletion. In addition, a set of synthesized oligonucleotides
were made with 3-bp serial deletions at the 5� or 3� end of the
PAN promoter (nt �77 to �32). End-labeled deletion probes
were incubated with purified Rdbd (20 ng) and separated on a
native gel (Fig. 5B and C). The labeled probes, pan2/BamHI*
and/BglII*, displayed Rdbd binding similar to that of pan2*
(Fig. 5B). The majority of the serial deletion probes also main-
tained Rdbd binding similar to that of pan2*. However, the
loss of three base pairs from nt �74 to �71 or from nt �44 to
�47 of the promoter significantly reduced Rdbd binding (Fig.
5C, lanes 1 and 8).

A second set of probes with 1-bp deletions were also gener-
ated and tested to further define the minimal length of DNA
required for RTA binding (Fig. 5A). Deletion from nt �74 to
�73 at the 5�end reduced the Rdbd binding (Fig. 5D, lane 2).
When one base pair was deleted (nt �45 to �46) at the 3� end,
Rdbd did not bind to the probe (Fig. 5D, lane 4). Therefore,
the minimal DNA length for Rdbd binding is 30 bp, spanning
the region from nt �74 to �45 of the promoter. Rdbd bound
to probes 74/32 and pan2/BamHI* to a similar extent, suggest-
ing that the base pairs between nt �74 and �70 at the 5� end
of the minimal DNA fragment (�74 to �45) are not sequence
specific for RTA binding. Based on the results from methyl-
ation interference assays and deletion analysis, the 7-bp AT-
rich sequences outside the mapped Rdbd binding sequences at
both ends may play a role in stabilizing the protein-DNA

FIG. 4. Mapping the RTA binding sequence in pPAN RRE. Meth-
ylation interference assays of Rdbd binding to pPAN RRE were per-
formed. 5� (forward; lanes 1 and 2)- and 3� (reverse; lanes 5 and
6)-end-labeled oligonucleotides were generated by cutting either end
of pan1* with BamHI or BglII. These probes were incubated with DMS
and used for EMSA with 125 ng of purified Rdbd. Purified unbound
(U) and bound (B) DNA fragments were digested with piperidine, and
digested DNA fragments were resolved in a sequencing gel with an
end-labeled 10-bp ladder (M; lanes 3 and 4). The signal in each band
was normalized with the total signal in each lane by phosphorimaging.
The ratios of the bound to the unbound DNA were calculated. Closed
triangles, base pairs which, when methylated, severely reduced Rdbd
binding (	50%); open triangles, those with mild effects on Rdbd
binding (50 to 70%).
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complex rather than being involved in direct base pair recog-
nition from the protein. The Rdbd binding sequence mapped
by interference assays is consistent with this concept because
base pairs at both the 5�and 3� ends of the minimal DNA

fragment are less important in sequence-specific recognition
(Fig. 4) but are still essential for high-affinity binding (Fig. 5).

Mutagenesis study of the pPAN RRE. (i) Rdbd binding in
vitro. To gain more comprehensive information on the inter-
actions between RTA and the PAN promoter and to examine
the relationship between in vitro binding and in vivo transac-
tivation by RTA, we carried out an extensive mutagenesis
study of the PAN promoter. Two-base-pair substitutions were
made sequentially across the PAN promoter from nt �75 to
�38 (Fig. 6A). Since transversion mutations are known to
introduce the most radical structural change possible at a par-
ticular position, a C/G base pair was replaced with A/T, G/C
was replaced with T/A, A/T was replaced with C/G, and T/A
was replaced with G/C. The mutated sequences were analyzed
to ensure that no other known transcription factor binding sites
would be introduced. The same mutant sequences were incor-
porated into probes for EMSA and into reporter constructs for
transfection analysis.

We first examined the effect of pPAN RRE mutations on
Rdbd DNA binding in vitro. The pan1* probe (nt �78 to �36)
served as the wild type, and mutant probes shared the pPAN
RRE and flanking sequences with the wild type except for the
two mutated base pairs (Fig. 6A). Double-stranded wild-type
and mutant probes were end labeled and incubated with 20 ng
of purified Rdbd. A representative result is shown in Fig. 6C.
Relative binding efficiencies of mutant probes were used for
quantitative analysis of mutation effects (Fig. 6D). Mutations
in the area from nt �69 to �46 significantly reduced Rdbd
binding in vitro. Among these, mutations of base pairs at �63,
�62, �59 to �54, �53, and �52 demonstrated less than 30%
of wild-type binding activity and mutation of base pairs at �46
to �49, �55, �56, �61, �62, and �64 to �69 demonstrated
30 to 60% of wild-type binding activity (Fig. 6E). We noticed
that mutations at �51 and �50 resulted in 34% higher binding
activity than wild type. The difference in binding of this mutant
was less than 40%, which we used as a cutoff for mutation
effects. Nevertheless, this may suggest high flexibility of RTA
in sequence recognition (see Discussion). However, this result
clearly demonstrated that specific base pairs (�63G, �62G,
�59A, �58A, �55C, �54T, �53G, and �52T) in the PAN
promoter are critical for Rdbd binding in vitro. These results
are consistent with the results of methylation interference as-
says and deletion analysis. In addition, the mutagenesis study
implicated the importance of extra nucleotides at the 3� end of
the previously identified Rdbd binding site (nt �49 to �45 of
the PAN promoter), suggesting that the 3� AT-rich sequences
may also play a role in sequence-specific recognition of RTA.

(ii) RTA transactivation in vivo. We next sought to charac-
terize the base pairs of the PAN promoter important in DNA
binding, which affect RTA transactivation in vivo by introduc-
ing the same mutations into a reporter construct. pLUC(�122)
includes 122 bp of the PAN promoter sequence with 14 bp of
the 5� transcribed region of the PAN RNA sequence cloned
into a vector driving firefly luciferase. The same 2-bp mutations
used for the Rdbd binding mutagenesis study were introduced
into pLUC(�122) by PCR-directed site mutagenesis (Fig. 7A).

Reporter constructs (200 ng) were transfected into 293T
cells with 40 ng of either vector (pcDNA3) alone or an RTA
expression plasmid (pcDNA3/RTA). Plasmid pRLCMV (10
ng) containing the coding sequence for Renilla luciferase under

FIG. 5. Determination of minimal DNA length for RTA binding.
(A) Sequences of deletion probes. pan2* was cut with either BamHI or
BglII. Three-base-pair serial deletions in the region from nt �77 to
�32 of the PAN promoter were made from either the 5� or 3� end.
Based on the results from these probes, the second set of 1-bp-deletion
probes was designed. The bold lines indicate a region corresponding to
the PAN promoter sequences, and the flanking sequences including
enzyme sites are indicated. (B) EMSA of pan2*, pan2/BamHI*, and
pan2/BglII*. pan2* was digested with BamHI or BglII to generate 3-or
4-bp deletions at the 5� or 3� end, respectively. The probes were
incubated with 20 ng of purified Rdbd and run on a native polyacryl-
amide gel. (C) EMSA of deletion probes. Each probe was end labeled
and incubated with 20 ng of purified Rdbd. (D) EMSAs with the
second set of deletion probes. Probes with 1-bp deletions in a region
from nt �71 to �74 and from nt �44 to �47 were used for EMSAs.
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the control of a constitutively active human cytomegalovirus
immediate-early enhancer-promoter was included in each
transfection and served as an internal control for transfection
efficiency. At 24 h posttransfection, cell lysates were assayed
for both firefly and Renilla luciferase activities. Firefly lucif-
erase activity was normalized with the corresponding Renilla
luciferase activities in each transfection. The normalized lucif-
erase activity of pcDNA3-transfected cells was subtracted from
that of pcDNA3/RTA-transfected cells and used as the pro-
moter activity (Fig. 7B). Compared with the promoter activity
of the wild type, that of each mutant showed varied promoter
activities. We considered mutants with less than 50% of wild-
type promoter activity as having severe mutation effects and
those with 50 to 80% of wild-type activity as having mild effects

(Fig. 7C). This analysis demonstrated that nt �69 to �46 of the
PAN promoter except nt �65, �64, �51, and �50 are impor-
tant for promoter activation by RTA. The base pairs at �63G,
�62G, �59A, �58A, �55T, and �54G were consistently
found to be critical in mutant studies for in vivo reporter
analysis as well as in vitro binding assays. A parallel compari-
son of reporter analysis with Rdbd binding analysis revealed a
good correlation between the base pairs required for Rdbd
binding in vitro and those required for transactivation by RTA
in vivo.

Detailed analysis of the pPAN RRE in RTA binding in vitro
and transactivation in vivo. In order to determined which of
the two base pairs mutated in each mutant probe or reporter
construct contributed most to the reduced Rdbd binding or

FIG. 6. Binding of Rdbd to mutant oligonucleotides of the pPAN RRE in vitro. (A) A series of 2-bp mutations were introduced into the pPAN
RRE from nt �75 to �38. The wild-type sequence is shown at the top. The same mutant sequences were incorporated into probes for EMSA as
well as into reporter constructs. Probes used for EMSA contained the flanking sequences at both ends (Fig. 5A). (B) Single- and multiple-base-pair
mutations introduced into the pPAN RRE. (C) EMSA of mutant probes of the pPAN RRE. Each mutant or wild-type (wt) probe was end labeled
and incubated with 20 ng of Rdbd for EMSA. (D) Quantitative analysis of RTA binding in vitro to pPAN RRE mutant probes. Binding efficiency
of each mutant probe was calculated as the ratio of bound to total, and the relative binding efficiencies are shown. Data are averages of the results
from at least three different experiments with standard errors. (E) Critical base pairs of the pPAN RRE required for RTA binding in vitro. Closed
ovals indicate base pairs with severe mutation effects (	30% of wild-type binding), and open ovals mark those with moderate effects (30 to 60%
of wild-type binding).
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transactivation, we generated eight mutant probes with single
base pair substitutions at nt �63G, �62G, �59A, �58A,
�55C, �54T, �53G, and �52T (Fig. 6B). Single-base-pair
mutant probes were tested by EMSAs performed in parallel
with the wild type (Fig. 8A). Quantitative analysis of the mu-
tants was performed as described earlier (Fig. 8B). Five of
eight base pairs mutated at nt �62, �58, �55, �54, and �53
resulted in severely reduced binding of Rdbd (Fig. 8E). These
single-base-pair mutations rendered the mutant probes five-
fold less efficient than the wild-type probe, suggesting that
these individual base pairs play a key role in interactions be-
tween RTA and the promoter.

A mutant probe containing multiple base pair mutations (nt
�62, �58, �55, �54, and �53) was tested to determine
whether the mutations have an additive effect (Fig. 6B). Simul-
taneous mutation of the five base pairs completely abolished
the in vitro binding of Rdbd (Fig. 8C). A reporter construct
with the same mutation was generated and tested in 293T cells.
The promoter activity of this mutant construct was decreased
dramatically to 10% of wild-type promoter activity (Fig. 8D).
Therefore, direct interactions of RTA with DNA at these crit-
ical positions are essential for its ability to activate the PAN
promoter. These results support the hypothesis that direct
DNA binding of RTA is a key mechanism by which the PAN
promoter is activated.

DISCUSSION

It has been shown that the PAN promoter is strongly acti-
vated by RTA (41). Here, we defined the interactions between
RTA and the PAN promoter. To better understand the inter-
actions between RTA and DNA, we expressed and purified the
Rdbd (1 to 320 amino acids). Purified full-length RTA and the
truncated Rdbd proteins displayed specific DNA binding to
the PAN promoter. The specificity of the interaction between
RTA and DNA was shown by EMSAs using an excess of
sequence-specific competitor as well as a nonspecific compet-
itor. In addition, the RTA forms a stable complex with the
pPAN RRE, even under stringent high-salt conditions (i.e.,
300 mM KCl) (41). We have tested several RREs from other
viral promoters, including kaposin, ORF57, K-bZIP, and
vIL-6, all of which showed Rdbd- and RTA-specific binding in
EMSAs (unpublished results). We confirmed the specificity of
the interactions by using the anti-RTA antibody to inhibit
complex formation and the anti-FLAG antibody to supershift
the complex. In addition, sequence-specific binding of the
Rdbd to DNA was tested by using an end-labeled oligonucle-
otide with nonrelated sequence (41), which resulted in no
Rdbd-specific binding within the range of protein amounts
used (data not shown). Therefore, purified RTA and Rdbd
proteins expressed in bacteria bound to the target gene pro-
moters in a sequence-specific manner, recapitulating how RTA
may function as a transcriptional activator during viral lytic
replication.

Among the RREs, the pPAN RRE and the kaposin RRE
share a significant homology of 25 bp, including the same
consecutive 16-bp sequence at the 5�-end side (5�-AAATGG
GTGGCTAACCCCTACATAA-3�; the shared sequence is
underlined), which corresponds to nt �71 to �47 of the PAN
promoter. Previously, it was shown that the RRE of the

FIG. 7. Transactivation of pPAN RRE mutant reporters by RTA in
vivo. (A) Schematic diagram of the reporter construct used in the
mutagenesis study. The wild-type construct, pLUC(�122), includes
122 bp of the PAN promoter sequence as well as 14 bp of the 5�
transcribed sequence of PAN RNA that was cloned into a pGL3-basic
vector driving the expression of firefly luciferase. Asterisks indicate two
base pairs replaced with transversion mutations in a region from nt
�75 to �38 of the PAN promoter. (B) Quantitative analysis of RTA
transactivation in vivo of the pPAN RRE mutant reporters. Mutant
constructs (200 ng) were cotransfected into 293T cells with 40 ng of
pcDNA3 or pcDNA3/RTA in the presence of a control vector (10 ng),
pRLCMV, which constitutively expresses Renilla luciferase. At 24 h
posttransfection, cells were harvested, and dual luciferase assays were
performed. Firefly luciferase activity from reporter constructs was nor-
malized to the corresponding Renilla luciferase activity. The normal-
ized luciferase activity of pcDNA3-transfected cells was subtracted
from that of pcDNA3/RTA-transfected cells to calculate promoter
activity. The average of the results for each mutant reporter is shown
relative to the wild-type promoter activity from at least three different
duplicate transfections. (C) Base pairs critical for transactivation of the
pPAN RRE by RTA in vivo. Closed rectangles represent base pairs
with severe mutation effects (	50% of wild-type promoter activity),
and open rectangles indicate moderate effects (50 to 80% of wild-type
promoter activity).
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ORF57 promoter (5�-AGTGTAACAATAATGTTCCCACG
GC-3�) shares partial homology with that of the K-bZIP pro-
moter (14, 25), which is capable of binding to RTA. However,
the similarity of these two groups of the RRE sequences is not
apparent, and a recently identified RRE from the vIL-6 pro-
moter does not reveal any recognizable homology to these
RREs (Deng et al., submitted), suggesting that RTA has high
flexibility in terms of sequence recognition. It is of interest to
understand how RTA binds to a variety of sequences with
different affinities and controls the expression levels of various
viral genes during lytic replication.

We have measured the Kd of Rdbd binding to the pPAN
RRE. RTA is known to form a homodimer complex via a
leucine zipper domain (29). The amount of active protein was
calculated from the known concentration of the cold compet-
itor. Given the oligomeric status of RTA, active Rdbd protein

comprises 70% of the purified protein sample. The determined
true Kd of RTA to the PAN promoter is in the nanomolar
range, indicating a high-affinity interaction. In our study, more
full-length RTA protein was required to show RTA binding
than Rdbd. It is most likely because there is less active full-
length protein present in the preparation than in the Rdbd
preparation. We have noticed that the full-length RTA is much
less stable than the DBD alone. It is also consistent with a
general notion that the activation domain is less structured on
its own unless bound by a coactivator. However, it is possible
that the actual affinity of RTA for the PAN promoter in
KSHV-infected cells may be even higher, due to cooperative
binding between RTA and other viral or cellular factors. The
abundance of PAN RNA expression may be attributed primar-
ily to high-affinity binding of RTA to the PAN promoter during
viral lytic replication.

FIG. 8. Detailed analysis of the pPAN RRE in RTA binding in vitro and transactivation in vivo. (A and C) EMSA of single (A)- and multiple
(C)-base-pair mutants of the pPAN RRE. An equal molar amount of each mutant probe shown in Fig. 6B was assayed as described for Fig. 6C.
(B) Quantitative analysis of single-base-pair mutations. The relative binding efficiencies of the mutant probes were calculated as described for Fig.
6D. (D) Effects of multiple-base-pair mutations on RTA binding in vitro and transactivation in vivo of the pPAN RRE. A mutant probe with
multiple mutations (MJmulti) was used for EMSA, as described for Fig. 6C. A reporter construct containing the same set of multiple mutations
was transfected into 293T cells, as described for Fig. 7B. Relative binding efficiency and promoter activity of MJmulti are presented in comparison
with those of the wild type. (E) Base pairs critical for in vitro binding and in vivo transactivation of the pPAN RRE by RTA. Closed ovals indicate
base pairs with severe mutation effects (	40% of wild-type activity), and open ovals mark those with moderate effects (40 to 70% of wild-type
activity).
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We used three independent methods to characterize the
interactions between RTA and the pPAN RRE in vitro and
addressed its functional relevance in vivo. A summary of these
results is presented in Fig. 9. The most comprehensive data on
specific interactions between RTA and its responsive promoter
were gained from the mutagenesis study on Rdbd binding in
vitro. A group of base pairs located between nt �69 and �46
of the promoter (except nt �51 and �50) were shown to be
critical for Rdbd binding. These base pairs were also found to
be essential for promoter transactivation in reporter assays.
Furthermore, the relative extent of mutation effects correlated
between results from EMSAs and reporter assays. Methylation
interference assays pinpointed fewer base pairs than the RTA
recognition site, but these base pairs were also determined to
be important by the mutagenesis study. For example, the pro-
moter regions from nt �67 to �66, nt �60 to �58, and nt �55
to �52 were consistently shown to be critical for in vitro bind-
ing in all the assays performed. However, nt �51 and �50 were
not shown to be sequence specific by any methods used. The
minimal promoter region required for RTA binding in vitro
includes all the base pairs found to be critical in other assays.

Despite the strong correlation between results from the dif-
ferent assays, there were some discrepancies. Interference as-
says permit detection of nucleotides in close proximity to the
protein, although they do not measure direct protein contacts
with nucleotides. DMS methylates guanine residues at the N-7
position, which protrudes into the major groove, and also
methylates adenines at the N-3 position, which protrudes into
the minor groove. Although adenines can be detected in these
assays, adenine modifications are much weaker than the gua-
nidine modifications. Thus, the lower sensitivity for detection
of adenines may account for different results for adenines of nt
�49 to �46. These adenines were found to be important in the
mutation studies on RTA binding; however, they were not
identified as critical nucleotides by methylation interference
assays. Deletion analysis to determine the minimal region re-
quired for RTA binding in vitro allows us to examine the
overall boundary of interactions between RTA and DNA. In
addition to sequence-specific interactions between a protein
and bases in the major groove and/or the minor groove, non-
specific contacts of the protein with the phosphate or sugar

backbone of DNA are known to contribute to the affinity of the
protein for DNA. The presence of both specific and nonspe-
cific interactions between RTA and DNA is consistent with our
results showing that the minimal region for RTA binding spans
a larger region than the critical base pairs identified by meth-
ylation interference assays or mutagenesis (Fig. 9). In our
previous study, inverted and direct repeats in the pPAN RRE
were proposed, and the RTA binding site was speculated to be
within these repeats (41). However, our detailed analysis indi-
cated that only a part of these repeats is important, and there-
fore, the significance of the palindromic sequences has yet to
be defined. It is possible that these repeats might be involved
in binding by cellular or viral factors other than RTA. Critical
base pairs identified from mutagenesis studies on Rdbd bind-
ing in vitro were well matched with those important for RTA
transactivation in vivo. However, RTA binding defects in
EMSAs were more severe than transactivation defects in re-
porter assays. With a purified protein, EMSAs are designed to
test the binding of only one factor to DNA, while multiple
factors may contribute to promoter activity in reporter assays.
In fact, the wild-type reporter construct pLUC(�122) contains
a longer promoter than the minimal RTA-responsive reporter
pLUC(�69). This might have increased the contribution from
cellular factors, because deletion of 53 bp from nt �122 to �69
of the PAN promoter resulted in threefold drop in transacti-
vation (41). Additional posttranslational modifications of RTA
expressed in mammalian cells might also contribute to this
difference. However, results of methylation interference as-
says, deletion analysis, and mutagenesis for Rdbd binding in
vitro and RTA transactivation in vivo are consistent, strongly
supporting our hypothesis that direct DNA binding of RTA is
the key mechanism for activation of the PAN promoter.

In EMSAs, we observed different mobilities of the protein-
DNA complexes when probes of different lengths were used
(Fig. 5B and D). While the gel showed little differentiation in
mobility of the free probes, the protein-DNA complexes mi-
grated more slowly when the shorter probes were tested. This
was not simply due to “smiling” of the gel, since it was observed
repeatedly and since other lanes with different samples in the
same gel did not exhibit extended tailing (data not shown). The
contribution from molecular masses of the probes with differ-

FIG. 9. Summary of the interactions between RTA and the PAN promoter. The PAN promoter sequence from nt �78 to �22 is shown. A
TATA box is outlined. Each symbol indicates a base pair identified as being important in each analysis. Triangles are used for methylation
interference assays (Fig. 4), ovals are for Rdbd binding in vitro assayed by EMSA (Fig. 6 and 8), and rectangles are for RTA transactivation in
vivo (Fig. 7). Closed symbols indicate base pairs of great importance, and open symbols mark those with mild effects. The minimal length of DNA
required for RTA binding is indicated under the mapped region (Fig. 5).
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ent lengths cannot account for the slow migration of the com-
plex with a short probe. Upon binding to DNA, many Dna-
binding proteins undergo conformational changes. Thus, it is
reasonable to conceive that longer probes may generate more
stable and compacted protein conformation, leading to faster
migration. A high-resolution X-ray crystal structure of RTA
cocrystallized with or without DNA may allow us to visualize
conformational changes of RTA and envision how RTA inter-
acts with its target gene promoter during viral lytic replication.
The present study, using chemical probing and mutagenesis,
delineated the molecular interactions between RTA and the
PAN promoter, which are also important for RTA transacti-
vation in transient-transfection reporter assays. These data will
also serve as a framework for interpreting future crystal struc-
ture data.

In our effort to address the question of how KSHV achieves
such a high level of PAN RNA expression during lytic repli-
cation, we have characterized the interactions between RTA
and the PAN promoter and demonstrated functional correla-
tion of these interactions. Since PAN RNA is the most abun-
dant lytic transcript of KSHV, it may help us understand an
effective mechanism by which RTA activates downstream viral
genes. Therefore, a study of RTA activation of the PAN pro-
moter serves as a good model system for investigating KSHV
gene regulation by RTA.
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