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The Kaposi’s sarcoma-associated herpesvirus open reading frame 50 (ORF50) protein (called Rta), is necessary
and sufficient for reactivation of the virus from latency. We previously demonstrated that a truncated mutant of
ORF50 lacking its C-terminal transcriptional activation domain, called ORF50ASTAD, formed mixed multimers
with wild-type (WT) ORF50 and functioned as a dominant negative inhibitor of reactivation. For this report, we
investigated the requirements for multimerization of ORF50/Rta in transactivation and viral reactivation. We
analyzed multimerization of WT, mutant, and chimeric ORF50 proteins, using Blue Native polyacrylamide gel
electrophoresis and size exclusion chromatography. WI' and mutant ORF50 proteins form tetramers and higher-
order multimers, but not monomers, in solution. The proline-rich, N-terminal leucine heptapeptide repeat (LR) of
ORF50 (amino acids [aa] 244 to 275) is necessary but not sufficient for oligomer formation and functions in concert
with the central portion of ORF50/Rta (aa 245 to 414). The dominant negative mutant ORF50ASTAD requires the
LR to form mixed multimers with WT ORF50 and inhibit its function. In the context of the WI ORF50/Rta protein,
mutagenesis of the LR, or replacement of the LR by heterologous multimerization domains from the GCN4 or p53
proteins, demonstrates that tetramers of Rta are sufficient for transactivation and viral reactivation. Mutants of Rta
that are unable to form tetramers but retain the ability to form higher-order multimers are reduced in function or
are nonfunctional. We concluded that the proline content, but not the leucine content, of the LR is critical for

determining the oligomeric state of Rta.

Epidemiologic, serologic, and histopathologic studies have
established Kaposi’s sarcoma-associated herpesvirus (KSHV;
also known as human herpesvirus 8) as the etiologic agent of
Kaposi’s sarcoma (KS) and primary effusion lymphoma (PEL)
(13, 18, 29, 41, 60, 75). Reactivation of KSHV from latency is
a crucial step in KS development. The viral load in the periph-
eral blood is directly proportional to the risk of KS progression
and the stage of KS (1, 5, 9, 26, 69, 94), and treatments that
reduce the KSHV load are accompanied by KS regression (6,
11, 12, 39, 40, 45, 56, 59, 66, 70, 76, 95). Most of the candidate
pathogenic genes of KSHV (encoding proteins with cell growth
deregulatory and immunomodulatory functions) are expressed
in the delayed early class of the lytic-gene expression program
(7, 14, 19, 23, 24, 27, 28, 38, 43, 48, 65, 72, 82). It is likely that
reactivation of KSHV contributes to cancer initiation both by
facilitating dissemination of the virus and by permitting expres-
sion of lytic-cycle genes with direct roles in pathophysiology.
Therefore, a complete understanding of KSHV pathogenesis
demands elucidation of the mechanisms that regulate viral
reactivation and progression through the lytic cycle.

We and others have demonstrated that the KSHV protein
Rta (for “replication and transcriptional activator,” expressed
from open reading frame 50 [ORF50]) is both necessary and
sufficient for reactivation of KSHYV in tissue culture models of
latency (30, 52, 53, 80, 101). Rta is a transcriptional transacti-
vator that binds directly to the DNA of several KSHV promot-
ers with various affinities and sequence specificities. Rta binds
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with the highest affinity, among well-studied KSHV promoters,
to the PAN promoter, with a dissociation constant (K,) in the
nanomolar range (78, 79).

Rta binds directly to a 16-bp core sequence found in the
PAN and kaposin promoters and in ori-Lyt (L) (16, 42, 79, 90).
Rta binding to ori-Lyt (L) mediates transcriptional activation
and replication complex formation, which are essential for
ori-Lyt-dependent DNA replication (90, 91). This site differs
significantly from a second Rta binding site shared by the
ORF57/Mta and K8 promoters (51) and individual binding
sites found in other KSHV promoters (16, 17, 23, 46, 48, 51, 71,
79, 88, 89, 107). In general, Rta binding sites contain A/T-rich
trinucleotides similar to interferon-stimulated response ele-
ments (103). The trinucleotides are often found in repeating,
phased arrays in Rta-responsive promoters (49, 84).

Promoter selection by Rta is not always specified by direct
DNA binding. Instead, Rta requires combinatorial interactions
with cellular proteins. These cellular proteins include recom-
bination signal binding protein Jk (RBP-Jk; also known as
CBF-1 and CSL), AP-1, octamer-1, and CCAAT/enhancer
binding protein alpha (C/EBPa) (10, 71, 87-89, 92). Among
these proteins, RBP-Jk is essential for KSHV reactivation (47).
Rta-mediated transactivation of the promoters of ORF57/Mta,
ORFo6/single-stranded DNA binding protein, viral G protein-
coupled receptor (vGPCR), the KSHV basic leucine zipper
(K-bZIP), and Rta itself (auto-activation) (47-49, 94) requires
direct interactions with RBP-Jk. A central regulatory role of
the RBP-Jk/Rta interaction was demonstrated by the inhibi-
tion 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 the RBP-Jk-
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activating proteins, Notch intracellular domain, and Epstein-
Barr virus EBNA-2 (10). In the Rta-responsive element (RRE)
of the ORF57 promoter, intact DNA binding sites for both
proteins are necessary but not sufficient for cooperation; in-
stead, ternary complex formation between Rta, RBP-Jk, and
DNA is required. Mutations of the RRE on both sides of the
RBP-Jk consensus element inhibit ternary complex formation
(10), in agreement with localization of Rta binding sites in both
positions (84). In latently infected cells, RBP-Jk is virtually
undetectable on the viral ORF57, K-bZIP, vGPCR, and cellu-
lar interleukin-6 and HES-1 (for “hairy/enhancer of split 1)
promoters (10). However, during viral reactivation, RBP-Jk is
significantly enriched on these promoters in an Rta-dependent
fashion. After Rta associates with lytic KSHV promoters, its
ability to reactivate the virus from latency requires recruitment
of the cellular SWI/SNF chromatin remodeling complex and
the TRAP/mediator coactivator (31).

The 691-amino acid (aa) Rta protein shares with its ho-
mologs in the gammaherpesviruses two regions of relatively
high primary-amino acid homology in the N and C termini (22,
53). The N-terminal 272 amino acids of Rta bind indepen-
dently to KSHV promoters (51, 79), and Rta’s C terminus is a
potent transactivator when targeted to promoters by fusion to
heterologous DNA binding domains (52, 74, 85). Deletion of
the activation domain generates a mutant of Rta (called
ORF50ASTAD) that forms mixed multimers with wild-type
(WT) Rta and functions as an Rta-specific dominant negative
inhibitor of transactivation (52). Expression of this dominant
negative Rta mutant in PEL cells suppresses viral reactivation
induced by multiple signals (52). These data suggest that Rta
must form homomultimers to function as the lytic switch pro-
tein. Indeed, it has been shown that multimers, but not dimers,
of cognate Rta bind to the K-bZIP/ lytic replication-associated
protein (RAP) promoter (49). Although previous studies sug-
gested that Rta forms hexamers in solution, the amino acid
requirements for Rta multimerization and the functional sig-
nificance of multimerization for transactivation and viral reac-
tivation remain untested.

In this paper, we demonstrate that Rta tetramers appear to
be the preferred oligomeric state for proper transactivation
and induction of KSHYV reactivation. The proline-rich, N-ter-
minal leucine heptapeptide repeat (LR) of Rta (aa 244 to 275)
is an important mediator of Rta’s oligomeric state. In addition,
multimerization requires a region of the protein C terminal to
aa 275. We show that deletion of the LR, site-specific mutation
of leucines in the LR, or replacement of the LR with multi-
merization domains of heterologous proteins alters the extent
of Rta multimerization and Rta’s functions. Implications of
our observations for KSHV replication are discussed.

MATERIALS AND METHODS

Plasmids. The purification and propagation of all plasmids have been de-
scribed previously (10). Site-directed mutations and plasmids constructed by
using PCR were verified by DNA sequencing.

pcDNA3-FLc50 expresses wild-type ORF50 protein (52); pV5-FLc50 and
pV5-50ASTAD express WT and C-terminal-truncated ORF50 protein fused to
the V5 epitope, respectively (52). pGem3-FLc50 and pGem3-50ASTAD express
the wild-type and truncated (aa 1 to 514) ORF50 cDNAs, respectively, from the
T7 transcription start site (52). pSG-FL50 expresses full-length ORF50/Rta fused
at its N terminus to the DNA binding domain of the Saccharomyces cerevisiae
protein Gal4 (52).
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Plasmid pcDNA3-50ALR was constructed by PCR, amplifying Rta nucleotides
(nt) 1 to 723, using a reverse primer that introduced an Ncol restriction site. The
PCR product was digested with BamHI/Ncol and subcloned into pGem3-
50ASTAD by replacing the BamHI/Ncol fragment of ORFS0ASTAD. This gen-
erated pGem3-50ASTADALR. The Eagl/Ncol fragment of that plasmid was
then subcloned into pGem3-FLc50 by replacing the Eagl/Ncol fragment of
ORF50. This resulted in an in-frame fusion of ORF50 aa 1 to 238 to aa 273 to
691. The full-length (FL) insert was then cloned into the Nhel/EcoRI sites of
pcDNA3.1Zeo (Invitrogen) in a two-step procedure in which the 5’ end was PCR
amplified to introduce a 5’ Nhe site and the 3’ end was added as a Narl/EcoRI
fragment. pV5-50ASTADALR was constructed by replacing the BsiWI/BstEII
fragment of pV5-50ASTAD with the same fragment of pGem3-50ASTADALR.

pcDNA3-50-L3P expresses Rta containing three leucine-to-proline mutations
in ORF50 aa 254, 259, and 261. It was constructed using the Quick-Change
site-directed mutagenesis kit (Stratagene). The primer sequences, with mutated
nucleotides underlined, are 5'-CCAGGAAGCGGTCCCATGCCAGAATCTC
CAATTCCGCCAATCCTGGAG-3" and 5'-CTCCAGGATTGGCGGAATTG
GAGATTCTGGCATGGGACCGCTTCCTGG-3'.

pcDNA3-50ALR/GCN and pcDNA3-50ALR/p53 express Rta proteins in
which the LR was replaced with the oligomerization domains of the proteins
GCN4 and p53, respectively. These were constructed as follows: the yeast GCN4
dimerization domain was PCR amplified by using forward primer 5'-GGGTCA
TGAAACAACTTGAAGACAAGG-3' and reverse primer 5'-CCCCCATGGA
GCGTTCGCCAACTAATTTC-3', with the plasmid pHN516 as a template (a
gift from Hilary Nelson, University of Pennsylvania) (25). The p53 tetrameriza-
tion domain (93) was PCR amplified by using forward primer 5'-GGGTCATG
AAGAAGAAACCACTGGATGG-3' and reverse primer 5'-CCCCCATGGAC
CCTGGCTCCTTCCCAGC-3', with the plasmid SN3 wt p53 as a template (a
gift from Bert Vogelstein, Johns Hopkins University) (2). The PCR products
were digested with Ncol/BspHI (which had been introduced by the primers).
Each was cloned into pGem3-FLcS0ALR, which had been digested with Ncol.
The inserts were then transferred to pcDNA3.1 by EcoRI digestion/ligation.

pGem3-50-N1-238 and pGem3-50-N1-272, expressing Rta truncated at the
indicated amino acids, were constructed by PCR amplification, using forward
primer 5'-GCGGATATCATGGCGCAAGATGAC-3' and one of the following
reverse primers: 50-N1-238, 5'-ATCGTCGACCTATGGCCGGCGTTTCTCA
GCAG-3', or 50-N1-272, 5'-ATGGTCGACCTAGGAAGCCGGCAACAGTC
C-3', respectively. The PCR products were digested with EcoRV and Sall (in-
troduced by the primers), respectively, and ligated to pGem3 that had been
digested with Smal and Sall. pGem3-50AAatll was constructed by subcloning
the EcoRI/Sall fragment of pcDNA3.1-V5-50AAatll into pGem3 digested with
the same enzymes.

pGem3-50ASTAD-DNGANR expresses ORFS0ASTAD+PHIL (see Fig. 7A)
and was constructed by site-directed mutagenesis of pGem3-50ASTAD. The
primer sequences, with the mutated nucleotides underlined, are 5'-GGTCTCATG
CCAGAATCTGATAATGGTGCCAATCGTGAGCCAGGACTGTTGC-3' and

5'-GCAACAGTCCTGGCTCACGATTGGCACCATTATCAGATTCTGGCAT
GAGACC-3'. The plasmid pGem3-50-DNGANR expresses ORF50+PHIL and
was constructed by replacing the Ndel/Ncol fragment of pGem3-FLc50 with that
from pGem3-50DNGANR. The plasmid pcDNA3.1-50-DNGANR also expresses
ORF50+PHIL and was constructed by transferring the EcoRI fragment from
pGem3-50-DNGANR to pcDNA3.1.

pMalc2X-FL50 expresses wild-type ORF50 protein fused to the maltose bind-
ing protein (MBP) epitope at its N terminus (MBP-50) (10). pMalc2x-50ASTAD
expresses MBP fused to ORF50 aa 1 to 505 and was constructed by PCR
amplification of ORF50 nt 1 to 1516, using primers that introduced EcoRI/Sall
sites. The PCR product and pMalc2x were digested with those enzymes and
ligated.

pMalc2x-50L3P was constructed by replacing the Aatll/BamHI fragment of
pMalc2X-FL50 with that from pcDNA3-c50L3P. pMalc2x-50ASTADALR and
pMalc2X-50ASTADL3P were constructed by replacing the AatIl/BamHI fragment
of pMalc2x-50ASTAD with that from pcDNA3-cS0ASTADALR and pMalc2X-
S0ASTADALR, respectively. pMalc2x-50-DNGANR (expressing MBP-50+PHIL)
and pMalc2X-50ASTAD-DNGANR (expressing MBP-50ASTAD+PHIL) were
constructed by replacing the Aatll/BamHI fragment of pMalc2x-50ASTADALR and
pMalc2x-FL50ALR, respectively, with that from pcDNA3-50DNGANR. pMalc2x-
50ASTADALR/GCN4 and pMalc2x-50ASTADALR/pS3TD were constructed by
replacing the AatIl/BamHI fragment of Malc2x-50ASTADALR with those from
pcDNA3-50ALR/GCN and pcDNA3-50ALR/p53, respectively. The reporter plas-
mids pK-bZIP-GL3 and pNut-1-GL3 were described previously (52, 53).

Cell culture, transfections, and luciferase and B-galactosidase assays. The
human diploid endothelial cell line SLK was propagated and maintained as
described previously (52). For transfection, cells were plated at 5 X 10* per well
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TABLE 1. Multimerization of WT, chimeric, and mutant KSHV ORF50/Rta polypeptides
Result of gel filtration chromatography for indicated parameter:
Protein .
Predicted molecular ) C . Calculated No. of
mass (kDa)” Peak no. Elution vol (ml) molecular mass subunits®
Molecular mass standard
Thymoglobulin 669 NA 9.5 669° NA
Ferritin 440 NA 10.9 4400 NA
Catalase 232 NA 12.6 2320 NA
ORF50/Rta

MBP-ORF50 116.2 F1 8.0 1,096 10
F2 10.6 468 4
MBP-ORF50-L3P 116.1 F2 10.7 457 4
MBP-ORF50ASTAD 96.5 S1 8.1 1,000 10
S2 9.8 603 6
S3 11.3 398 4
MBP-50ASTADALR 93.1 S1 8.2 1,000 10
S1.5 9.3 794 8
S3 11.4 398 4
MBP-50ASTAD-L3P 96.4 S1 8.1 1,000 10
S2 10.0 631 6
S3 11.4 398 4

“ Calculated using ExPASY.
® Supplied by the manufacturer.
¢ NA, not applicable.

in 6-well plates and transfected with TransIT-LT1 transfection reagent (Mirus),
with up to 3 ug DNA used according to the manufacturer’s instructions.

The human embryonic-kidney cell line 293T was grown in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum (Sigma), 2 mM
L-glutamine, and antibiotics. The cells (1 X 10° per 10-cm plate) were seeded the
day prior to transfection to obtain ~50 to 70% confluence the following day. The
medium was changed approximately 4 h before the transfection. A DNA cocktail
(10 pg plasmids, 80 pl 10X NTE [150 mM NaCl, 10 mM Tris-HCI, pH 7.4, and
1 mM EDTA, pH 8.0], 100 pl 2 M CaCl,, and water to a final volume of 800 wl)
was added dropwise to an equal volume of two times transfection buffer (1 ml 0.5
M HEPES-NaOH [pH 7.1 +0.05], 8.1 ml water, 0.9 ml 2 M NaCl, and 20 pl 1 M
Na,HPO, for 10 ml buffer), and the mixture was incubated at room temperature
for 15 to 30 min. The precipitate was added dropwise to the media, and the plates
were swirled gently and returned to the 37°C incubator. The media was changed
at 4 to 15 h posttransfection (hpt), and the cell lysates were collected at 48 hpt.

The BCBL-1 cell line was propagated and maintained as described previously
(52). Transfections were performed by electroporation of 1 X 107 cells in 0.25 ml
incomplete RPMI 1640 media in 0.4-cm electroporation cuvettes. Up to 17 pg
DNA were electroporated at 975 uF and 150 V, after which the cells were
transferred to 10 ml complete media.

For all transfection experiments, pcDNA3 was cotransfected to normalize the
total amount of DNA for each transfection, and pcDNA3.1-His-lacZ was co-
transfected as an internal control. Luciferase and B-galactosidase assays were
performed using luciferase and B-galactosidase assay kits (Promega) as previ-
ously described (52). The data reported here are representative of at least two
experiments, with each transfection performed in triplicate.

Viral reactivation assays. BCBL-1 cells were electroporated in duplicate with
the indicated plasmids and harvested 72 h postelectroporation as described
previously (53), with the following modifications. The cells (2 X 10°) were made
to adhere to poly(L-lysine)-coated glass slides within 1-in-diameter circles drawn
with a Pap pen (Beckman Coulter). Proteins were detected with rabbit anti-Rta
serum and mouse anti-K8.1, fluorescein isothiocyanate-conjugated anti-rabbit,
and tetramethyl rhodamine isocyanate-conjugated anti-mouse antibodies. Cells
were scored positive if Rta expression was detected by visual inspection; quan-
titation was done by counting the percentage of Rta-positive cells that were also
K8.1 positive (Rta*/K8.1* divided by Rta™). At least 200 doubly positive cells
were counted for each. Cells transfected with an empty expression vector were
scored similarly. Results from the empty-vector transfections (spontaneous re-
activation) were subtracted from those for each WT or mutant Rta transfection.
Transfection efficiency was typically 3 to 8%. Results were normalized to that for
cells transfected with the WT Rta expression vector, which was set at 100%.

Protein expression in Escherichia coli and purification. BL21 CodonPlus RIL/
DE3-competent cells (Stratagene) were transformed with the indicated pMalc2x

plasmids, and single colonies were inoculated in 25 ml LB media containing 50
pg/pl ampicillin and 50 mg/ml chloramphenicol. Following overnight growth at
37°C with shaking, 5 ml of saturated culture was transferred to 500 ml of fresh LB
media containing ampicillin and 1 g of glucose and grown at 37°C for 2 h. The
culture was cooled to 16°C, 200 ul IPTG (isopropyl-B-D-thiogalactopyranoside;
180 mg/ml) was added to induce recombinant protein expression, and the cells
were shaken at 16°C for 12 to 18 h. The cells were harvested by centrifugation,
and the pellet was suspended in 10 ml of 1X column binding buffer (20 mM
Tris-HCI, 200 mM NaCl, 1 mM EDTA) supplemented with protease inhibitor
cocktail (1:500 [Sigma]) and dithiothreitol (1 mM). Cell lysis, protein purifica-
tion, and dialysis were performed as previously described (10, 51).

Blue Native-polyacrylamide gel electrophoresis (BN-PAGE). Following a pro-
tocol modified from Schigger et al. (73), Coomassie blue (G250; Serva) was
added to individual samples of 1 to 3 pg of protein (approximately 100 ng/ul) to
a final concentration of 0.02%. The proteins were loaded onto NuPAGE 4% to
12% Bis-Tris gradient gels (Invitrogen) alongside 5 pg of high-molecular-weight
Native Marker (Amersham Biosciences). The cathode buffer contained 50 mM
MOPS (morpholinepropanesulfonic acid), 50 mM Tris (pH 7.7), and 0.02%
Coomassie blue; the anode buffer contained 50 mM MOPS and 50 mM Tris (pH
7.7). Electrophoresis of the gels was performed at 15 mA (constant) for approx-
imately 6 to 8 h, until the dye front reached the bottom of the gel. The gel was
destained with several changes of 25% methanol/10% acetic acid to visualize the
proteins.

Gel filtration. A Superdex200 HR 10/30 column (Amersham Biosciences) was
preequilibrated with 1X DNA binding buffer (without glycerol) at 25°C. Forty to
one hundred micrograms of each purified protein in 0.5 ml of buffer was loaded
onto the column, and the proteins were eluted at a flow rate of 0.5 ml/min. A
calibration curve was determined by calculating the log,, molecular mass/elution
volume for the protein standards thymoglobulin, ferritin, and catalase (Amer-
sham Biotech) (R*> = 0.9733) (Table 1). The molecular masses of unknown
proteins (Rta and derivatives) were determined by comparing the elution volume
to the calibration curve.

GST fusion protein interaction assays. Glutathione S-transferase (GST)-
RBP-Jk and GST proteins were expressed and purified exactly as previously
described (10). One milliliter of crude E. coli lysate containing GST-RBP-Jk was
incubated with 30 pl of preswollen glutathione-Sepharose beads (1:1 [wt/vol] in
1xX NETN" [20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, and 0.5%
Nonidet P-40 supplemented with protease inhibitors; Sigmal]) at 4°C for 2 h. GST
moieties alone (amounts equal to that of GST-RBP-Jk, as determined by Brad-
ford analyses; Bio-Rad) were bound to the beads independently. The beads were
washed three times in 1X NETN™ to remove unbound proteins. Rta and its
derivatives were expressed in rabbit reticulocyte lysates (RRL; TNT-coupled
transcription/translation system) in the presence of L-[**S]methionine to label
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proteins according to the manufacturer’s (Promega) directions, and 0.5 pl 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 pl of 1X
NETN™ and then incubated for 2 h at 4°C with nutation. The complexes were
washed extensively, the beads were boiled in 2X Laemmli buffer, and the bound
proteins were displayed by sodium dodecyl sulfate (SDS)-PAGE. The proteins
were visualized by autoradiography after their signals were amplified in 0.5 M
salicylic acid.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed ex-
actly as previously described (10), using annealed oligonucleotides labeled with
P:K-bZIPwt:F (5'-GATCTATTTGTGAAACAATAATGATTAAAGGGGA-
3") and R (5'-GATCTCCCCTTTAATCATTATTGTTTCACAAATA-3") and
nut-1/PAN F (5'-GATCTTTCCAAAAATGGGTGGCTAACCTGTCCAAAA
TATGGGAACACTGGAA-3") and R (5'-GATCTTCCAGTGTTCCCATATT
TTGGACAGGTTAGCCACCCATTTTTGGAAA-3").

Coimmunoprecipitations. For analyses in RRLs (TNT T7 Quick Transcrip-
tion/Translation kit; Promega), RRLs were programmed with WT and mutant
Rta’s expressed from pGem3. Each reaction mixture contained a total of 3 ng
plasmid DNA and L-[**S]methionine to label the products. One-fifteenth of each
lysate was put aside as input to identify the translated proteins, and the volume
of each lysate was increased to 150 wl by adding 10s buffer (50 mM HEPES [pH
7.2], 10 mM NaPO4 [pH 7.0], 250 mM NaCl, 0.2% NP-40, 0.1% Triton X-100,
0.005% SDS, and 2.5 mM B-mercaptoethanol) supplemented with protease
inhibitor cocktail (8). Four microliters of ORF50 antibody (which was generated
versus the C terminus of Rta, aa 525 to 691) (53) (see Fig. 6A) was incubated
with each lysate for 2 h at 4°C with nutation. Protein A agarose was added, and
incubation was continued for 1 h. The beads were washed five times with 0.5 ml
10s buffer and boiled in Laemmli sample buffer, and the immunoprecipitated
proteins were separated by SDS-PAGE. The gels were fixed for 30 min in 50%
methanol/10% acetic acid. The gels were incubated in 0.5 M sodium salicylate to
increase the intensity of the radioactive signals and then dried and analyzed by
autoradiography.

For analyses in transfected cell extracts, 293T cells were transfected with
plasmids pcDNA3, pcDNA3-FLc50, pcDNA3-50-L3P, pVS5-cS0ASTAD, and
pV5-50ASTADALR. The cells were harvested 48 h posttransfection and lysed in
10s buffer supplemented with protease inhibitor cocktail. One-tenth of each
lysate was put aside as input to confirm protein expression, and the remainder of
each lysate was incubated with anti-V5 antibody (Bethyl) or anti-Gal4 DBD
antibody (Santa Cruz) for 2 h at 4°C with rotation. Forty microliters of protein
A agarose was added, and incubation was continued for 1 h. The beads were
washed three times with 0.5 ml 10s buffer and boiled in Laemmli sample buffer.
Immunoprecipitated proteins were separated by SDS-PAGE and detected by
Western blotting with anti-ORF50 antibody (53) or anti-V5 antibody.

Western blotting. Western blotting was performed as described previously
(51), with the following modifications. The antibodies were diluted as follows:
anti-ORF50, 1:5,000; anti-V5, 1:1,000; and horseradish peroxidase-conjugated
secondary antibodies, 1:5,000. All washes were performed with phosphate-buff-
ered saline containing 0.1% Tween 20. Horseradish peroxidase was detected by
enhanced chemiluminescence (Pierce) according to the manufacturer’s recom-
mendations.

Immunofluorescence. Immunofluorescence was performed exactly as previ-
ously described (53).

Protein cross-linking. BCBL-1 cells were left untreated or were treated with
tetradecanoyl phorbol acetate (TPA; 20 ng/ml) for 1 to 24 h. Extracts of total
cellular protein were prepared, and equal amounts of protein were treated with
increasing amounts of the cross-linking reagent disuccinimidyl suberate (DSS;
Pierce) as previously described (61), using cell lysis buffer at pH 7.5. The proteins
were analyzed by SDS-PAGE/Western blotting, using a 5% gel in Tris-glycine
buffer. The Hi-Mark Protein Ladder (Invitrogen) was used as a marker for
apparent molecular masses. The calibration curve was determined by calculating
the log;, molecular mass/elution volume for the protein standards (R? = 0.9608).

RESULTS

The LR is necessary for ORF50/Rta-mediated transactiva-
tion. To identify the requirements for Rta homomultimeriza-
tion, we focused initially on the LR of Rta that lies within aa
244 to 275 (Fig. 1A). The LR is contained within the domain of
Rta required for interaction with the cellular proteins K-RBP,
RBP-Jk, and C/EBPa (10, 46, 86, 88, 89) (Fig. 1A). Figure 1B
shows the alignment of Rta’s LR with its gammaherpesvirus
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homologs and with the well-characterized leucine zipper (LZ)
of the S. cerevisiae protein GCN4. The GCN4 LZ forms par-
allel coiled coils in solution and mediates dimerization (36, 63,
64). Rta LR and GCN4 LZ both contain four leucine residues
spaced at 7-aa intervals (Fig. 1B). Three of these phased
leucines are conserved among the Rta homologs of the
gamma-2-herpesviruses of Old World primates (Fig. 1B).
However, the divergence at the other positions of the heptad
pattern predicts significant structural differences between the
Rta LR and the GCN4 LZ. In particular, the LR of ORF50/
Rta is not predicted to form a coiled coil (58) due to the
presence of five proline amino acids, which are absent from the
GCN4 LZ (Fig. 1B).

To determine the requirement for the LR for transcriptional
activation by the FL ORF50 protein, we deleted the LR in the
clone ORF50ALR. We previously investigated the mechanism
of ORF50 transactivation by transiently cotransfecting mam-
malian cells with an ORF50 expression vector and reporter
plasmids in which various KSHV promoters drive expression of
the luciferase gene. We and others have shown that, among
viral promoters, the ORF57, K-bZIP, and nut-1/PAN promot-
ers are strongly transactivated by ORF50 in these assays (10,
15-17, 46, 51-53, 77-79, 86-88, 92, 103).

Figure 2 shows the results of transfections of the human
endothelial cell line SLK with expression vectors for WT Rta
or the ALR mutant. As expected, the K-bZIP (Fig. 2A) and
Nut-1/PAN (Fig. 2B) promoters were activated by WT ORF50
(maximally to about 100- to 140-fold), but the mutant
ORF50ALR protein failed to transactivate both promoters
(Fig. 2A and B). Since these promoters have been demon-
strated to be activated by Rta, using different mechanisms (46,
78), the LR must be generally required for Rta to function as
a transactivator. To exclude the possibility that deletion of the
LR affected the stability or nuclear localization of the ORF50
protein, we performed Western blotting (Fig. 2C) and immu-
nofluorescence (Fig. 2D) analyses of the transfected SLK cells.
These assays demonstrated that the expression and nuclear
localization levels of the WT, mutant, and 50ALR proteins
were similar.

Deletion of the LR does not eliminate interaction of ORF50/
Rta with RBP-Jk/CSL or with DNA. Interactions of ORF50/
Rta with the cellular protein RBP-Jk/CSL and DNA are re-
quired for Rta to transactivate the K-bZIP (92; K. D. Carroll,
F. Khadim, S. Spadavecchia, D. Palmeri, and D. M. Lukac,
unpublished data) and Nut-1/PAN promoters (79). Since nei-
ther promoter was activated by ORF50ALR (Fig. 2), we asked
whether deletion of the LR eliminated either of these interac-
tions. We expressed RBP-Jk as a fusion to the glutathione
binding domain of the glutathione-S-transferase (GST) protein
and tested its binding to WT and mutant ORF50 proteins
generated in RRLs. As shown in Fig. 3A, WT ORF50,
ORF50ASTAD, and ORF50ALR all interacted with GST-
RBP-Jk but not with the GST moiety alone.

We tested the ability of WT ORF50 or ORF50ALR to bind
to the Nut-1/PAN or K-bZIP promoter, using electrophoretic
mobility shift assays. As shown in Fig. 3B, both WT ORF50
and ORF50ALR bound strongly to *?P-labeled oligos encoding
Rta’s binding sites in both promoters (51, 77). Interestingly,
the major WT Rta/DNA complex was slightly reduced with
ORF50ALR, and two new complexes appeared (Fig. 3B). One
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FIG. 1. Primary amino acid sequence of KSHV ORF50/Rta protein. (A) Structure/function map of ORF50/Rta. A schematic of the primary
amino acid sequence of the FL ORF50/Rta protein is shown. The numbers on the diagram refer to amino acid positions; the numbers to the right
in parentheses indicate references. The bars with arrowheads indicate the positions of single-amino acid mutations that eliminate ubiquitin E3
ligase activity and binding to C/EBPa and DNA. The bars underneath ORF50 represent domains with functions identified in the list at the right.
See the text for the relevant references. Abbreviations: NLS, nuclear localization sequence; Aatll, position of truncation of cDNA by restriction
digestion by the Aatll enzyme; ST, serine/threonine-rich sequence; hyd, hydrophobic; DE, acidic amino acid-rich; HDACI, histone deacetylase 1.
Symbols: *, location of single-amino-acid mutation that eliminates binding to C/EBP«; +++, basic amino acid-rich sequence. (B) Alignment of
KSHV ORF50/Rta LR with other gammaherpesvirus ORF50 proteins. Numbers refer to the animo acid position. Arrows point to leucines in the
heptapeptide repeat. White lettering on a black background indicates amino acid identity. The bar under the viral sequences indicates the core
of highest identity among all the indicated proteins. “heptad” indicates the lettering of canonical amino acid positions in heptad repeats.
Abbreviations: M. mulatta, Macaca mulatta (either RRV/H26-95 or RRV/17577 isolates); M. fuscata, Macaca fuscata (GenBank accession number
NC_007016) (S. G. Hansen, N. Avery, M. K. Axthelm, and S. W. Wong, unpublished data); HVS, herpesvirus saimiri; MHV-68, murine
gammaherpesvirus 68; EHV-2, equine herpesvirus 2; AHV-1, alcelaphine herpesvirus 1; EBV, Epstein-Barr virus; GCN4, S. cerevisiae GCN4
leucine zipper.

of the new ORF50ALR/DNA complexes appeared in the wells truncated C-terminally at aa 531 (ORF50ASTAD) (Fig. 1A)
of the gel. These data suggest that ORF50 DNA binding, per specifically inhibited Rta-mediated transactivation and KSHV
se, is not inhibited by deleting the LR, but the patterns of reactivation (52). ORFS0ASTAD and WT Rta proteins bound
Rta/DNA complexes are altered. to each other directly, suggesting that ORF50ASTAD func-

The LR is necessary for the dominant negative mutant tions frans-dominantly by forming inactive, mixed multimers
ORF50ASTAD to interact with and inhibit transactivation by with wild-type ORF50/Rta protein (52). We reasoned that
WT ORF50. We previously demonstrated that a mutant of Rta defining the mechanism by which ORF50ASTAD functions
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FIG. 2. The LR is required for KSHV Rta to activate transcription.
Human endothelial SLK cells were cotransfected with the indicated
amounts of vector expressing WT ORF50 or ORF50ALR and a lucif-
erase reporter vector for the K-bZIP (A) or Nut-1/PAN (B) promoter.
Total DNA was normalized by the addition of empty expression vec-
tors. The cells were harvested and lysed at 40 h posttransfection.
Luciferase activity was normalized to B-galactosidase activity, and n-
fold activation is given relative to that of the reporter vector trans-
fected alone (0 pg plasmid). Vertical bars indicate standard deviations.
Data represent results of triplicate transfection experiments repeated
at least twice. See Materials and Methods for details. (C) Equivalent
amounts of WT ORF50 and ORF50ALR were expressed in trans-
fected SLK cells. The extracts used for the experiments shown in panel
A were analyzed by SDS-PAGE/Western blotting, using anti-Rta se-
rum. (D) WT ORF50 and ORF50ALR are both expressed in SLK cell
nuclei. SLK cells were transfected as for panel A and analyzed by
immunofluorescence 40 h posttransfection, using anti-Rta primary se-
rum, fluorescein isothiocyanate-conjugated secondary serum, and
DAPI (4',6'-diamidino-2-phenylindole) to stain nuclear DNA. Vec,
vector.

would provide important insights into the molecular regulation
of reactivation governed by multimerization. To determine
whether the LR was necessary for the frans-dominant pheno-
type of ORF50ASTAD (hereafter called S0OASTAD), we tested
the ability of S0ASTAD with the LR deleted (S0ASTADALR)
to inhibit WT ORF50-mediated transactivation of the K-bZIP
promoter. SLK cells were transfected with a constant amount
of WT ORF50 expression vector together with increasing
amounts of S0ASTAD or S0ASTADALR plasmids. The trans-
activation of the viral K-bZIP promoter by WT ORF50 was
dramatically inhibited by the dominant negative mutant
50ASTAD in a dose-dependent manner (Fig. 4A). However,
S50ASTADALR was completely unable to inhibit ORF50-me-
diated transactivation at any amount of cotransfected plasmid.
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FIG. 3. Deletion of the LR does not eliminate interaction of
ORF50/Rta with RBP-Jk or promoter DNA. (A) GST-RBP-Jk or the
GST moiety alone was purified and tested for binding to RRLs pro-
grammed with plasmids expressing the indicated proteins. The pro-
teins were labeled cotranslationally by addition of L-[**S]-methionine
to the RRLs. Bound proteins were visualized by autoradiography after
being displayed by SDS-PAGE. Five percent of the input protein was
also analyzed as a size reference. (B) WT ORF50 (50WT) or
ORF50ALR (50ALR) was expressed and purified as a fusion to the
MBP and tested in increasing amounts for binding to >*P-labeled
oligos of the Rta binding sites from the indicated promoters. 0, lanes
containing labeled DNA mixed with buffer in the absence of protein.

This confirms that the LR is required for ORF50ASTAD to
inhibit WT ORF50 transactivation.

The top panel of Figure 4B shows that S0ASTAD and
S0ASTADALR were expressed at equivalent levels in trans-
fected SLK cells. Both proteins were also correctly and iden-
tically localized to the nuclei of transfected cells (data not
shown). The bottom panel of Figure 4B shows that the WT
ORF50 protein was expressed at high levels regardless of the
amount of coexpression of SOASTAD and 50ASTADALR.
Since Rta can mark heterologous proteins for degradation by
ubiquitin ligation (102), these data suggest that the dominant
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FIG. 4. The LR is required for ORF50ASTAD to function as a dom-
inant negative transcriptional inhibitor of WT ORF50/Rta. (A) SLK cells
were cotransfected with the indicated plasmids. The cells were harvested,
and extracts were analyzed as for Fig. 2. (B) Top panel, equivalent
amounts of V5-ORFS50ASTAD and V5-ORF50ASTADALR were
expressed in transfected SLK cells. Bottom panel, WT ORF50 expres-
sion levels did not change in the presence of ORF50ASTAD or
ORF50ASTADALR. Extracts from the transfection experiments for
panel A were analyzed by SDS-PAGE/Western blotting, using anti-V5
primary serum (top panel) or anti-Rta primary serum (bottom panel).
The bands seen in the vector-only lane (Vec) represent background bands
in the cell extracts.

negative phenotype of ORF50ASTAD is unrelated to degra-
dation of WT ORF50.

To determine whether the LR was required for the
ORF50ASTAD-ORF50 interaction, we transfected human
embryonic-kidney 293 cells with plasmids expressing WT
ORF50, 50ASTAD, and 50ASTADALR, both alone and to-

AWT ORF50 + + + B
+

10% Input

J. VIROL.

gether. The SOASTAD and S0ASTADALR proteins were ex-
pressed as C-terminal fusions to the V5 epitope tag. As ex-
pected, all proteins were localized to the nuclei of the 293 cells
(data not shown). Following immunoprecipitation with an
anti-V5 antibody, Western blotting (Fig. 5A) showed that WT
FL ORF50 protein was coimmunoprecipitated with SOASTAD
but not with SOASTADALR. Importantly, WT ORF50 was not
precipitated when expressed alone. Thus, the LR is required
for the dominant negative ORFS0ASTAD protein to interact
with WT ORF50.

To confirm the above result, RRLs were programmed with
vectors expressing WT ORF50 alone or together with either
50ASTAD (aa 1 to 514) or 50ASTADALR. [**S]-methionine
was included to label the products. The lysates were incubated
with anti-ORF50 antibody (53), which recognizes only the full-
length protein, aa 525 to 691, and the immunoprecipitates were
collected with protein A agarose. After being washed, the
proteins bound to the full-length ORF50 were examined by
SDS-PAGE. Figure 5B shows that the dominant negative
50ASTAD protein was coimmunoprecipitated with full-length
WT ORF50, confirming that the two proteins form stable het-
erodimers in vitro. However, similar to the results for extracts
of transfected cells, SOASTADALR was unable to interact with
full-length WT ORF50. Importantly, the truncated proteins
were not precipitated when expressed alone. Taken together,
the data shown in Fig. 4 and 5 demonstrate that the LR is
required for SOASTAD to interact with WT ORF50 and inhibit
its function in a dominant negative fashion.

To confirm that FL ORF50/Rta can interact with itself, we
coexpressed ORF50 as a fusion to either the V5 epitope or the
DNA binding domain of the S. cerevisiae protein Gal 4. Fol-
lowing immunoprecipitation with a Gal4-specific antibody,
Western blotting (Fig. 5C) showed that FL, V5-tagged ORF50
protein was coimmunoprecipitated with Gal4-ORF50. Impor-
tantly, V5-ORF50 was not precipitated when expressed alone.
These data show that full-length WT ORF50/Rta forms homo-
multimers in mammalian cell extracts.

The LR is necessary but not sufficient for mediating mul-
timerization of ORF50/Rta. The data described above show that

V5-50ASTAD + WTORFS0 . . .
V5-50ASTADALR + +
vector + + + + 50ASTAD + +
50ASTADALR + o+
vector + + + +

C pSG-FL50 + +
+

LP.

ORF50-»| ~

Ig -'l ; li & ;
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LRl
-

o fF £8 Bald L

50ASTAD 3
50ASTADALR

Input

Anti-ORF50 I.P.
. . N V5-WT50 +
+ o+ vector + +
+
+ o+ 4+ + < ORF50
I.P.
' 4+ WT ORF50
] Ig
[ +50ASTAD

Input

FIG. 5. The LR is required for ORF50ASTAD to interact with WT ORF50/Rta. (A) 293 cells were cotransfected with the indicated plasmids,
and total cellular extracts were prepared 48 h posttransfection. Equal amounts of protein were immunoprecipitated, using anti-V5 serum, and the
proteins were analyzed by SDS-PAGE/Western blotting, using anti-Rta primary serum. Ten percent of the total cell extract for each immuno-
precipitation was analyzed for the input on the Western blot (Input). (B) RRLs were programmed with the indicated plasmids in the presence of
[**S]methionine to label synthesized proteins. Equal amounts of RRL were immunoprecipitated, using anti-Rta serum, and the proteins were
analyzed by SDS-PAGE/autoradiography. Ten percent of the RRL for each immunoprecipitation was analyzed for the input lanes (10% Input).
(C) 293 cells were cotransfected with the indicated plasmids, and immunoprecipitation was performed as for panel A, using anti-Gal4 primary
antibody. Western blotting was performed using anti-V5 primary antibody. I.P., immunoprecipitation; Ig, immunoglobulin band; +, transfected

plasmid.
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FIG. 6. The LR is necessary but not sufficient for homomultimerization of ORF50/Rta. (A) Schematic of ORF50-truncation proteins. The
numbers refer to amino acids, and the bars underneath ORF50 represent sequences included in the ORF50-truncated mutants identified in
the list at the right. The bottom bar indicates the region of ORF50/Rta used as antigen for generation of the Rta-specific antiserum (53) used for
the experiments for panel B. ST, serine/threonine-rich sequence; hyd, hydrophobic; DE, acidic amino acid-rich; +++, basic amino acid-rich
sequence. (B) Immunoprecipitation of RRLs. RRLs were programmed with the indicated plasmids and analyzed as for Fig. 5B. The panel to the

far right shows a longer exposure for lanes 13 to 16. I.P., immunoprecipitation; +, transfected plasmid.

the LR is required for formation of mixed multimers of
S0ASTAD and S0ASTADALR. We were interested in whether
the LR was also sufficient for multimerization. We programmed
RRLs with cDNAs for WT ORF50 alone or for three additional
C-terminal-truncation mutants of ORF50. Shown in Fig. 6A,
these mutants encoded aa 1 to 414 (ORF50AAat II), 1 to 272
(ORF50-N1-272), or 1 to 238 (ORF50-N1-238). We performed
coimmunoprecipitation using our polyclonal ORF50/Rta-specific
antiserum, which was generated using the C terminus of Rta (aa
525 to 691) as the antigen (Fig. 6A). Therefore, the antiserum
detects only the WT ORF50 protein but none of the mutants
diagrammed in Fig. 6A. Coimmunoprecipitation experiments
(Fig. 6B) show that only ORF50AAatII was capable of forming
multimers with WT ORF50 when cotranslated in RRL. Even
though the ORF50 aa 1 to 272 mutant contains the LR, it was
unable to bind detectably to WT ORF50. These data suggest that
the LR region plus the region lying just C-terminally to it, aa 276
to 414 (Fig. 1A), encompass Rta’s multimerization domain.

Purified recombinant ORF50 proteins form oligomers in
vitro. The data above show that the LR region of Rta is nec-
essary for (i) transactivation by WT Rta, (ii) dominant negative
function of the mutant ORF50ASTAD, and (iii) heteromeric
interactions of WT Rta with ORF50ASTAD.

To determine the extent of multimerization required for
ORF50/Rta to function as the KSHV lytic switch protein, we
tested the self-association properties of a series of MBP-
ORF50 fusions (Fig. 7A) expressed in E. coli. In Fig. 7B,
SDS-PAGE analyses of MBP-50 (full-length WT ORF50, left
panel), MBP-50ASTAD (right panel), and derivatives of each
showed that the proteins were solubly expressed in intact form
and were purified to near homogeneity.

For initial visualization of ORF50 multimers, we employed
BN-PAGE, a high-resolution method requiring relatively little
protein (73). As detailed in Materials and Methods, 0.5, 1, 2,
and 3 pg of each protein was loaded onto a 4- to 12%-gradient
gel in nondenaturing/nonreducing conditions. Figure 8A, lanes
2 to 5, shows that WT MBP-50 forms a single band that mi-
grates with an apparent molecular mass slightly greater than

440 kDa. Figure 8A, lanes 6 to 9, shows that MBP-50ASTAD
forms multiple bands in the BN gel, indicating the existence of
at least four multimeric species in the preparation. These spe-
cies ranged from about 350 kDa to >1,000 kDa in molecular
mass (i.e., in the gel wells).

We compared the concentration dependence of multimer
formation of each MBP fusion protein with that of the MBP
moiety alone. The MBP moiety alone remained monomeric up
to 0.5 wg/pl but formed dimers above that concentration (data
not shown). Importantly, multimerization of all of the MBP-
ORF50 fusion proteins (shown in Fig. 8 and thereafter) was
independent of the concentration over the range tested (0.1
pg/pl to 1.0 pg/ul). We concluded that the MBP moiety does
not participate in multimerization of the MBP fusion proteins.
When we cleaved the MBP moiety from the MBP-Rta fusion
protein using Factor Xa, little soluble, full-length Rta re-
mained (data not shown). Therefore, we could not formally
test the influence of MBP on the fusion protein.

To more accurately determine the molecular masses of the
proteins visualized by BN-PAGE, we subjected the samples to
size exclusion chromatography using Superdex200. Figure 8B
shows a representative elution profile for MBP-50. The major
protein peaks were compared to those from a calibration curve
and corresponded to apparent molecular masses of 1,096 and
468 kDa, respectively. These sizes are consistent with MBP-50
being a decamer (10 times) and a tetramer (4 times) (for a
summary, see Table 1). The corresponding tetrameric BN-
PAGE complex is indicated in Fig. 8A; the decameric complex
remains in the well on the BN-PAGE gel (Fig. 8A).

Figure 8C shows that MBP-50ASTAD elutes in three major
peaks: 1,000 kDa (10 subunits), 603 kDa (6 subunits), and 398
kDa (4 subunits) (for a summary, see Table 1). The 603- and
398- kDa peaks correspond to the migration of the major
complexes observable on BN-PAGE (Fig. 8A). The decamer
of MBP-50ASTAD (1,000 kDa) visualized by chromatography
remains in the well on BN-PAGE. The relatively high “shoul-
der” apparent in Fig. 8C corresponds to the two minor com-
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FIG. 7. Design and expression of MBP fusions of ORF50. (A) Schematic of ORF50/Rta constructs. The numbers refer to amino acids, and the
bars underneath ORF50 represent sequences included in the ORF50 mutants identified in the list at the right. The four amino acid sequences at
the bottom were inserted at the LR (aa 244 to 275) in the WT, L3P mutant, or chimeric (GCN4 or p53) proteins. ST, serine/threonine-rich
sequence; hyd, hydrophobic; DE, acidic amino acid-rich; +++, basic amino acid-rich sequence; *, amino acid position of the mutations in chimeric
proteins. (B) MBP fusions of ORF50 stained with Gel Code Blue stain (Pierce). The indicated proteins were expressed and purified from E. coli,
as described in Materials and Methods. Equal amounts of protein were displayed by SDS-PAGE, and the gels were fixed and stained with Gel Code

Blue (Pierce).

plexes migrating between the wells and the hexamer band on
BN-PAGE (Fig. 8A, lanes 6 to 9).

Overall, BN-PAGE and gel filtration were in excellent agree-
ment for both proteins. A predominant species for both MBP-50
and MBP-50ASTAD is a tetramer. The hexameric complex ap-
pears to be unique to MBP-S0ASTAD; however, we note that
there is a relatively high shoulder between peaks F1 (4 subunits)
and F2 (10 subunits) in Fig. 8B. This shoulder corresponds to a
region in which a hexamer would elute. In agreement, BN-PAGE
shows a very faint complex observable in the expected range for a
hexamer of MBP-50 (Fig. 8A, lane 5). Western blotting con-
firmed that MBP-50 and MBP-50ASTAD eluted in the peak
fractions shown in Fig. 8B and C, respectively, and were absent

from samples with a relative absorbance of less than 2 (data not
shown). Western blotting also showed that the MBP moiety alone
was found in the indicated peaks on Fig. 8B and C (ca.15 ml).
Both BN-PAGE and gel filtration indicated that MBP-ORF50
does not form monomers.

We tested the multimerization properties of ORF50/Rta ex-
pressed as an N-terminal fusion to a histidine-thioredoxin epitope
(Thio-His-Rta; data not shown). This Rta fusion protein was
expressed solubly and primarily formed tetramers and minor pop-
ulations of hexamers and decamers identical to MBP-Rta in Fig.
8A. Thus, the type of epitope used for soluble expression and
purification of Rta did not influence the multimerization proper-
ties of the fusion protein.
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FIG. 8. Multimerization of MBP-ORF50 and MBP-50ASTAD.
(A) BN-PAGE. One to three micrograms of MBP-50 or MBP-
S50ASTAD was analyzed by BN-PAGE on 4% to 12% Bis-Tris gradient
gels, as described in Materials and Methods. When the dye front
reached the bottom, the gel was destained and analyzed by capturing
a digital image in visible light. The migration position of the molecular
mass markers is shown at the left. The numbered arrows on the right
show migration positions of the MBP fusion protein complexes; ap-
parent molecular masses were determined by gel exclusion chroma-
tography as for panels B and C. (B and C) Gel filtration chromatog-
raphy. MBP-50 (B) or MBP-50ASTAD (C) was separated by gel
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Two LR substitution mutants form tetramers and function
in transcription similarly to WT Rta. To determine the effect
of deleting the LR on the native multimeric state of WT Rta,
we subjected MBP-50ALR (Fig. 7) to BN-PAGE and gel fil-
tration. Instead of forming monomers, MBP-50ALR failed to
enter the BN-PAGE gel and eluted from the gel filtration
column as a single peak at the upper limit of resolution (eluting
at ca. 5 ml; data not shown). These observations suggested that
MBP-50ALR was forming decamers, higher order multimers,
or insoluble aggregates.

As an alternative to deleting the LR, we attempted to dis-
rupt oligomer formation by introducing dramatic amino acid
substitutions within the LR. Besides containing the leucine
heptapeptide repeat, the LR also contains five prolines (Fig.
1B). Three of the phased leucines in the LR and all of the
prolines are conserved among the Rta homologs in the
gamma-2-herpesviruses of Old World primates. Although al-
pha helices can incorporate single prolines as kinks in the
protein secondary structure, the abundance of prolines in the
LR would be expected to prohibit formation of a typical helix
(3, 36, 54, 62, 67, 97, 98). We hypothesized that the LR con-
tributes to Rta multimerization without forming a typical LZ
coiled-coil structure.

Our mutations targeted the region of the LR containing the
highest conservation, the central 14 aa (Fig. 1B). We substi-
tuted three of the leucine residues with prolines to ensure
ablation of alpha helix formation (Fig. 7A). The mutant pro-
tein was expressed as an MBP fusion in E. coli and was ana-
lyzed by gel filtration. As shown in Fig. 9A, MBP-50-L3P
eluted in a single major peak of 457 kDa in a position nearly
identical to the tetrameric peak of WT MBP-50 (Fig. 9B). Peak
F2 in Fig. 9A also had a small shoulder corresponding to the
expected elution of a hexamer (ca. 9.5 ml). Unlike WT MBP-
ORF50, MBP-ORF50-L3P did not form a decamer (Fig. 9B).
These data suggest that the L3P mutation in the LR stabilizes
the Rta tetramer and inhibits decamer formation. The data
demonstrate that the leucine heptapeptide repeat is not re-
quired for Rta multimerization. The gel filtration data were
supported by BN-PAGE analyses (data not shown).

To test the functional consequences of the L3P mutation, we
compared WT ORF50 to 50-L3P for transactivation of the
K-bZIP promoter in SLK cells. To our surprise, 50-L3P trans-
activated the viral promoter to a magnitude similar to that of
WT Rta (Fig. 9C). 50-L3P was well expressed in the nuclei of
transfected cells (Fig. 9D and data not shown). These data
suggest that tetramerization of Rta is sufficient for its function
as a transactivator. Moreover, the leucine heptapeptide repeat,
per se, is not required for proper Rta function.

filtration chromatography, using a Superdex200 HR 10/30 column, as
described in Materials and Methods. Fractions (0.5 ml) were collected,
and protein content was measured by optical density at 280 nm. The
peaks are labeled F1 and F2 for full-length ORF50 and S1, S2, and S3
for ORF50ASTAD. The molecular mass of each peak is shown above
each elution profile; the molecular mass was determined by compari-
son to the elution profile of thymoglobulin, ferritin, and catalase (Ta-
ble 1). MBP fusion proteins, or MBP alone, was identified in the
indicated peaks by Western blotting, using anti-MBP antibody (data
not shown).
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FIG. 9. The MBP-50-L3P mutant primarily forms tetramers in so-
lution. MBP-50-L3P (A) and MBP-ORF50 (B) were analyzed by gel
filtration chromatography as described in the legend to Fig. 8. ORF50
and ORF50-L3P were analyzed for transactivation of the K-bZIP pro-
moter (C) and expression (D) as described for Fig. 2.

Although not predicted to form an alpha helix, the LR might
nonetheless contribute to Rta multimerization through hydro-
phobic interactions mediated by the leucine side chains. In that
scenario, since the proline side chain is also hydrophobic, the
proline substitutions of the L3P mutant would not be expected
to dramatically alter the overall hydrophobicity of the LR.
Therefore, we designed a second LR substitution mutant that
converted the hydrophobic LR core to a net hydrophile. As
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FIG. 10. ORF50+PHIL functions with WT ORF50 transcriptional
activity. (A) MBP-50ASTAD and MBP-50ASTAD+PHIL were ana-
lyzed by BN-PAGE as described for Fig. 8A. (B) ORF50+PHIL trans-
activates transcription with WT ORF50 activity. The indicated plas-
mids were cotransfected into SLK cells with the K-bZIP/RAP reporter
plasmid, extracts were generated, and transactivation was analyzed as
described in the legend to Fig. 2A. (C) Equivalent amounts of WT
ORF50 and ORF50+PHIL were expressed in transfected SLK cells.
Extracts from the experiments for panel A were analyzed by SDS-
PAGE/Western blotting, using anti-Rta serum.

shown in Fig. 7A, four of six amino acids in the LR core were
converted from hydrophobic (I, L) to hydrophilic (D, N, R) in
the ORF50+PHIL mutant. This mutant LR contains an ex-
tended hydrophilic patch, since the substituted amino acids are
flanked by additional amino acids with hydrophilic side chains
(E, S) (Fig. 7A).

In the context of either MBP-ORF50 or MBP-ORF50ASTAD,
the +PHIL mutants were difficult to express in E. coli. Only
MBP-ORF50ASTAD+PHIL could be expressed in amounts suf-
ficient for BN-PAGE analyses. We compared the multimeriza-
tion properties of that mutant to MBP-ORF50ASTAD. Figure
10A shows that both proteins form indistinguishable patterns of
multimers (though analyzed at different concentrations). In both
cases, tetramers (ca. 398 kDa) appear to be the predominant
species, similar to WT ORF50. Furthermore, WT ORF50+PHIL
was not impaired in its ability to transactivate the K-bZIP pro-
moter in transiently transfected SLK cells (Fig. 10B). Figure 10C
confirms expression of the mutant protein. Therefore, neither
disruption of the leucine heptapeptide repeat nor increasing the
hydrophilicity of the LR impairs ORF50’s ability to transactivate.

Tetramers of ORF50/Rta are sufficient for inducing KSHV
lytic reactivation and replication. We previously demonstrated
that the ability of WT and mutant Rta to transactivate transcrip-
tion of promoter/reporter plasmids in uninfected cells corre-
sponded directly with the ability of ectopically expressed Rta to
reactivate the complete viral lytic cascade (52, 53). Our marker
for induction of reactivation by Rta was the K8.1 protein, which is
expressed in PEL cells with true late kinetics (i.e., K8.1 expression
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FIG. 11. Tetramers of ORF50/Rta are sufficient to reactivate
KSHYV from latency. (A) BCBL-1 cells were electroporated in dupli-
cate with plasmids expressing the indicated proteins and analyzed for
reactivation by indirect immunofluorescence 72 h later. The cells were
scored by fluorescent microscopic visualization as 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 spontaneously reactivating cells, the identical calculation was
performed on cells electroporated with an empty control vector,
pcDNA3.1; that percentage was subtracted from the values for all
other transfections. Those corrected percentages were then normal-
ized to that of WT ORF50-transfected cells, which was adjusted to
100%. (B) Total cellular extracts from uninduced or TPA-induced (24
h) BCBL-1 cells were treated with the cross-linker DSS and then
analyzed by SDS-PAGE/Western blotting, using Rta-specific anti-
serum as the primary antibody. The first column of numbers on the
right shows the migration positions of the protein molecular mass
markers. The second column shows the migration positions of Rta-
containing complexes.

requires viral DNA replication) (50, 53, 99). To test the LR
mutants for their abilities to reactivate the KSHYV lytic cycle, we
scored reactivation at the single-cell level 72 h after electroporat-
ing BCBL-1 cells. Cells were scored positive if Rta expression was
detected by visual inspection by fluorescence microscopy; for
quantitation, we counted the percentage of Rta-positive cells that
were also K8.1 positive (Rta*/K8.1" divided by Rta™). At least
200 doubly positive cells were counted for each. Cells transfected
with an empty expression vector were scored similarly. Results
from the empty vector transfections (spontaneous reactivation)
were subtracted from those of each WT or mutant Rta transfec-
tion. Results were normalized to those for cells transfected with
the WT Rta expression vector, which was set at 100%. As shown
in Fig. 11A, ORF50-L3P reactivated KSHV identically to WT
ORF50/Rta. Conversely, ORFS0ALR was severely impaired, but
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not completely deficient, for reactivation, with about 25% of the
activity of WT Rta. These data suggest that tetramers of ORF50/
Rta are sufficient for reactivating the complete KSHV lytic cycle.
Conversely, higher-order multimers, as formed by ORF50ALR,
are incapable of reactivating the KSHV lytic cycle.

To attempt to determine whether Rta formed tetramers in
infected cells, total cellular protein extracts were prepared
from TPA-induced cells and treated with the cross-linking
agent DSS. Reactions were then analyzed by SDS-PAGE and
Western blotting with anti-Rta serum. As shown in Fig. 11B,
monomers of Rta migrate at an apparent molecular mass of 97
kDa in this reaction/gel system. As increasing amounts of DSS
were incubated with the extracts, a series of Rta-containing
complexes formed (evaluated by observing the Western blot
from left to right). In order of their appearance, these com-
plexes were 204, 360, and 411 kDa. As this is a complex, crude
protein lysate, it is not clear whether heterologous proteins can
be cross-linked to Rta under these conditions. Nonetheless, the
204- and 411-kDa complexes are consistent with Rta cross-
linked in extracts as dimers and tetramers, respectively.

Figure 11B also shows a prominent band representing Rta
monomers; however, the physiologic relevance of monomeric
Rta is unclear. Since the efficiency of DSS for cross-linking
highly purified, recombinant proteins is typically only 30 to
40% (81, 100), the monomeric band might represent single
units of Rta that were not cross-linked in the crude, unfrac-
tionated PEL extracts. Alternatively, eukaryotic-specific post-
translational modifications might favor monomers of Rta that
are not observed when Rta is expressed in prokaryotic hosts.
Figure 11B shows the results for BCBL-1 cells treated with
TPA for 24 h; at earlier time points, a similar pattern of DSS
dose-dependent multimers of Rta was observable in protein
extracts (data not shown).

ORF50-L3P is inhibited by the dominant negative mutant
ORF50ASTAD. Since the L3P mutant of WT Rta retained WT
function (Fig. 9C and 11), we also expected it to be inhibited by
the frans-dominant ORF50ASTAD mutant. As shown in Fig.
12A, 50ASTAD inhibited ORF50-L3P-mediated transactiva-
tion in a dose-responsive fashion, similar to its effect on WT
ORF50. To determine whether 50-L3P and 50ASTAD could
directly bind to each other, we transfected 293 cells with plas-
mids expressing WT ORF50, ORF50L3P, V5-50ASTAD, and
V5-50ASTADALR, ecither alone or in combination. V5 anti-
serum was used to precipitate the V5-tagged proteins, and
coimmunoprecipitated proteins were detected by Western
blotting with ORF50 anti-serum. As shown in Fig. 12B, WT
ORF50 and mutant ORF50-L3P were coimmunoprecipitated
with V5-50ASTAD but were not coimmunoprecipitated with
V5-50ASTADALR. These data affirm that the LR-dependent
interaction of S0ASTAD with WT ORF50 is required for dom-
inant negative transcriptional function and suggest that the
phased leucines of the LR heptapeptide repeat are not essen-
tial for ORF50 multimerization.

The LR is required for ORF50 to form tetramers and hex-
amers. The 50-L3P mutant retained WT ORF50 activity (Fig.
9 and 11), suggesting that the form of Rta that functions
transcriptionally and in viral reactivation is a tetramer. Dele-
tion of the LR-ablated ORF50’s transcriptional and reactiva-
tion functions but did not convert Rta to a monomer. There-
fore, it was critical to determine the oligomeric state of



5800 BU ET AL.

30
M/
i)
|$ 20 +
£ 15
=
2 101
S
g 5]
<
0 -
ORF50 -+ + o+
ORF50-L3P - + O+ o+
S50ASTAD - - —— - - ——
B oreso . o s
ORF50-L3P + + +
V5-50ASTAD + + +
V5-50ASTADALR + + +
Vector + + + + +
IP a-V5;
West a-ORF50 ! q o
—
Input
a-V5
—

FIG. 12. ORF50ASTAD inhibits ORF50-L3P transactivation using
a mechanism similar to that of WT ORF50. (A) ORF50ASTAD in-
hibits ORF50-L3P transactivation in a dominant negative fashion. SLK
cells were cotransfected with the indicated plasmids. The cells were
harvested, and extracts were analyzed as described in the legend to Fig.
2. (B) ORF50ASTAD binds directly to ORF50-L3P in transfected
cells. 293 cells were cotransfected with the indicated plasmids, and
total cellular extracts were prepared 48 h posttransfection. Equal
amounts of protein were immunoprecipitated, using anti-V5 serum,
and the proteins were analyzed by SDS-PAGE/Western blotting, using
anti-Rta primary serum. Ten percent of the total cell extract for each
immunoprecipitation was analyzed for the input Western blots (Input).
Antibodies used for the input Western blots are indicated to the left of
the bottom panels. IP, immunoprecipitation.

ORF50ALR. As mentioned above, we could not distinguish
between decamers and misfolded aggregates of FL. MBP-
ORF50-ALR. We reasoned that the smaller size of MBP50-
ASTADALR might facilitate such analysis. Therefore, we com-
pared the multimeric profiles of MBP-ORF50-ASTAD,
MBP50-ASTADALR, and MBP50-ASTAD-L3P, using BN-
PAGE and size exclusion chromatography.

As depicted in Fig. 13A and B, MBP-50ASTADALR formed
very little of the tetrameric or hexameric complexes that are
formed in abundance by MBP-50ASTAD (Fig. 13A and D).
Instead, the major species formed by MBP-50ASTADALR is
the decamer (1,000 kDa) and a unique peak corresponding to
an octamer (794 kD; summarized in Table 1). The conclusions
from both techniques were in excellent agreement. These data
suggest that the LR favors formation of tetramers and hexam-
ers by Rta and that deletion of the LR converts these forms to
octamers and decamers.
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FIG. 13. The LR is required for ORF50 to form tetramers. The
indicated proteins were analyzed by BN-PAGE (A) or gel filtration
chromatography (B, C, and D) as described in the legend to Fig. 8.

As shown in Fig. 13A and C, MBP-50ASTAD-L3P preferen-
tially forms tetramers, a smaller population of hexamers, and a
minor population of decamers. This profile is similar to the mul-
timers formed by FL MBP-50-L3P (Fig. 9A) and affirms that the
L3P mutation stabilizes the tetrameric form of Rta.

Chimeric proteins reveal that Rta transcriptional activity is
reduced as multimerization increases. The LZ of the yeast
protein GCN4 and a C-terminal region of the human protein p53
mediate dimerization and tetramerization, respectively, of those
two proteins (21, 37, 63, 64). When those domains are fused to
heterologous proteins, each can function dominantly to mediate
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FIG. 14. Tetramerization is required for full ORF50 transcriptional
activity. (A) Multimerization of ORF50 chimeric proteins. The indi-
cated proteins were analyzed by BN-PAGE as described in the legend
to Fig. 8A. The arrows to the right indicate migration of tetramers and
hexamers of MBP-50ASTAD and MBP50ASTADALR, which were
included as molecular mass controls. (B and C) Transactivation by
ORF50 decreases as the extent of multimerization increases. SLK
(B) and 293 (C) cells were transfected with the indicated amounts of
plasmids together with the K-bZIP/RAP reporter vector. Extracts were
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dimerization and tetramerization, respectively, of the chimeras
(25, 93). We replaced the ORF50 LR with the GCN4 LZ
(ORF50ALR-GCN4) or the p53 tetramerization domain
(ORF50ALR-pS3TD) and tested the chimeras for multimeriza-
tion and transactivation. Notably, the GCN4 LZ and the ORF50
LR share the heptapeptide repeat containing four leucines, but
the GCN4 LZ lacks the prolines characteristic of the LRs from
the Old World primate gamma-2-herpesviruses (Fig. 7A). The
p53 tetramerization domain (TD) contains little sequence con-
servation with the ORF50 LR, despite the fact that both
mediate tetramerization. To determine the oligomeric states
of ORF50ALR-GCN4 and ORF50ALR-p53TD, we ex-
pressed each as MBP fusions. The chimeric proteins were puri-
fied from E. coli and analyzed by BN-PAGE. As shown in Fig.
14A, much of MBP-50ASTADALR-GCN4 remained in the wells
of the gel, suggesting that it formed decamers, higher order oli-
gomers, or aggregates. A very small amount migrated with ap-
parent molecular masses consistent with those of octamers and
hexamers. MBP-50ASTADALR-p53TD surprisingly did not form
tetramers but instead formed a prominent band equivalent to the
hexamers of MBP-50ASTAD and MBP-50ASTAD-L3P. The in-
ability of the GCN4 LZ and p53 TD to impart their typical
multimerization properties on ORF50ALR agreed with the data
shown in Fig. 6B: the LR is not the only region of ORF50 that
contributes to Rta multimerization. To determine the transcrip-
tional consequences of replacing the ORF50 LR with the GCN4
LZ and the p53 TD, we expressed each transiently in SLK cells
and compared them to WT ORF50 for transactivation of the
K-bZIP reporter plasmid. As shown in Fig. 14B, ORF50ALR-
GCN4 was unable to transactivate the reporter at all input plas-
mid amounts. This suggests that octamers and higher-order mul-
timers of ORF50 are transcriptionally nonfunctional.

ORF50ALR-p53TD was severely debilitated in transactiva-
tion at low amounts of input plasmid (Fig. 14B). Increasing
amounts of transfected ORF50ALR-p5S3TD showed a dose-
responsive increase in transactivation. Maximal transactivation
by this ORF50 chimera never exceeded 66% of WT levels in
SLK cells (Fig. 14B and data not shown). In 293 cell transfec-
tions, ORF50ALR-p53TD was more debilitated than in SLK
cells, with a maximal transactivation of ca. 30% of WT levels.
These data suggest that the pS3 TD was not sufficient to fully
replace the WT transcriptional function of the ORF50 LR,
possibly because of its inability to form tetramers. Hexamers of
ORF50ALR-p53TD thus appear to be partially functional in
transactivation. As a control, Fig. 14D shows that both ORF50
chimeras were well expressed in SLK cells.

DISCUSSION

In this report, we have demonstrated that tetramers of
ORF50/Rta are sufficient to transactivate transcription and
induce lytic viral reactivation of KSHV from latency. WT

prepared and analyzed as described in the legend to Fig. 2. (D) Equiv-
alent amounts of WT ORF50, 50ALR-GCN4, and 50ALR-p53TD
were expressed in SLK cells. Extracts from the transfection experiment
for panel B were analyzed by SDS-PAGE/Western blotting, using
anti-Rta primary serum.
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ORF50 protein forms tetramers and decamers and a minor
amount of hexamers in solution (Fig. 8). The LR (aa 244 to
275) (Fig. 1) is one component of Rta that contributes to the
extent of Rta multimerization and is required for Rta tet-
ramerization (Fig. 13). Deletion of the LR abolishes transac-
tivation by Rta (Fig. 2) and severely impairs induction of re-
activation (Fig. 11). Deletion of the LR does not eliminate
interaction of ORF50/Rta with RBP-Jk or with DNA (Fig. 3).
Mutation of the LR by site-directed mutagenesis (Fig. 9 and
10) or complete replacement with heterologous multimeriza-
tion domains (Fig. 14) alters the multimerization state of Rta.
Replacement of three central leucine residues with prolines in
the Rta LR generates the protein ORF50-L3P (Fig. 7A), which
primarily forms tetramers and, importantly, retains WT func-
tion in transactivation and viral reactivation (Fig. 9 and 11).
Since reactivation stimulated by ORF50/Rta was not com-
pletely abrogated by deletion of the LR (Fig. 11), the mutant
retains some of its function in infected cells. In extracts from
reactivating PEL cells, Rta is cross-linked into complexes
consistent with dimerization and tetramerization, though a
significant portion of Rta remains monomeric under these
conditions (Fig. 11B).

Our study demonstrates that, as the extent of Rta multi-
merization increases, the ability of Rta to transactivate tran-
scription decreases. Hexamers of Rta are partially active, but
higher-order multimers are inactive (Fig. 14). Neither WT Rta
nor any of our Rta variants formed monomers in solution.

We were limited in our visualization of higher-order mul-
timers of WT Rta because their molecular masses approached
and exceeded the limits of resolution of both BN-PAGE and
size exclusion chromatography (Fig. 8 and Table 1). Therefore,
we took advantage of a C-terminal-truncation mutant of Rta,
called ORF50ASTAD (Fig. 1), that we had previously shown to
inhibit Rta-mediated transactivation and KSHV reactivation
(52). In that study, ORF50ASTAD and WT Rta proteins
bound to each other directly, suggesting that ORF50ASTAD
functions frans-dominantly by forming inactive mixed multi-
mers with WT Rta protein. Expressed as a fusion to MBP,
ORF50ASTAD (aa 1 to 505) formed tetramers, similar to WT
ORF50 (Fig. 8). However, solutions of ORFS0ASTAD had a
significantly greater hexamer content than those of WT
ORF50 and a substantially lower decamer content. This sug-
gested that the C terminus of Rta, deleted in ORF50ASTAD,
contributes to decamer formation of the WT protein. Chang,
et al. recently showed that the C terminus of ORF50 inhibits
DNA binding and the stability of the cognate protein and
proposed a model in which the C terminus binds directly to the
Rta N terminus to mediate this inhibition (15). Mutations in a
KKRK motif, located between aa 527 and 530, reversed this
effect (15) (Fig. 1A). Although we have not formally tested this
interaction, our present data, as listed below, support the hy-
pothesis of Chang et al. (15): the ORF50ASTAD truncation (i)
eliminates the KKRK motif, (ii) increases the tetrameric con-
tent, and (iii) decreases the decameric content of the resulting
protein. In the context of the cognate ORF50 protein, we
predict that this increase in ratio of tetramer to decamer will be
found to be consistent with an increase in transcriptional ac-
tivity and stimulation of reactivation.

We reasoned that characterizing the frans-dominant mecha-
nism of ORFS0ASTAD would provide important insights into the
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function of the WT ORF50 protein and molecular regulation
of reactivation. We showed that deletion of the LR in
ORF50ASTAD ablated its ability to inhibit the WT ORF50 pro-
tein (Fig. 4) and eliminated direct interaction between the two
proteins (Fig. 5). This strongly supported our hypothesis that the
dominant negative ORF50ASTAD protein functioned by forming
mixed multimers with WT ORF50. However, the data does not
exclude alternative mechanisms for ORFS0ASTAD’s trans-dom-
inant phenotype. ORF50ASTAD protein contains all of the do-
mains required for (i) Rta promoter association (by binding DNA
or interacting with heterologous DNA binding proteins) (51, 79),
(ii) stimulation of RBP-Jk DNA binding activity (10), (iii) binding
to histone deacetylase 1 (32), and (iv) E3 ubiquitin ligase activity
(102) (Fig. 1A). In many cases, single-amino acid substitutions
within each domain ablate each of these functions (Fig. 1A).
Conceivably, the frans-dominant phenotype of ORF50ASTAD
might not result from forming inactive heteromers with WT Rta.
Instead, ORF50ASTAD’s dominant negative phenotype might
result from forming homomultimers that compete with homo-
multimeric, WT Rta for any of these functions. Similarly, the
inability of LR mutants in the context of the WT ORF50 protein
to reactivate KSHV might result from inhibiting direct and nec-
essary interactions of the LR with heterologous proteins or DNA.
Although our experiments show that the LR is not required for
Rta to bind RBP-Jk, the K-bZIP promoter, or the Nut-1/PAN
promoter (Fig. 3), Rta contacts other proteins and promoters not
tested here. Furthermore, our experiments do not distinguish
those putative mechanisms from LR’s role in Rta tetramerization;
the LR deletion might eliminate homomultimeric interactions of
Rta that are, in turn, required for heteromeric interactions of Rta
with DNA or heterologous proteins. The Rta LR (aa 244 to 275)
contains four heptapeptide repeats with leucines in every seventh
position (Fig. 1B). The LR can therefore be aligned with LZ
domains, such as that of the yeast protein GCN4 (Fig. 1B). LZs
fold into alpha helices that mediate multimerization by forming
coiled-coil structures with other LZs. In coiled coils, the amino
acid positions of “a” and “d” (Fig. 1B) are typically hydrophobic
residues, and “d” is most often leucine (34-36, 63, 64, 83, 97, 104,
105). The amino acid positions of “g” and “e” are frequently
charged residues. Although the Rta LR partially satisfies these
rules by containing leucines in its “d” positions, only two of the
“a,” “g,” and “e” amino acids follow the conventions for typical
coiled coils. Furthermore, the LR contains five “helix-breaking”
prolines (3, 36, 54, 62, 67, 97, 98). Therefore, it is unlikely that the
LR forms a coiled-coil structure. In support of this prediction,
substitution of the core leucines of the LR did not affect Rta’s
function (Fig. 9 and 10). Substitution of three leucines with hy-
drophilic amino acids did not affect ORF50’s multimerization
(Fig. 10), and substitutions with prolines “stabilized” the Rta
tetramer (mutant L3P) (Fig. 9). We were also unable to generate
a transcriptionally active Rta protein by replacing its LR with
derivatives of the regulated dimerization motif from the FK506
binding protein (20) (data not shown), suggesting that the Rta LR
does not mediate homodimeric interactions.

Instead, our data support an essential role for proline resi-
dues in determining the extent of Rta multimerization. In this
way, prolines in the LR region seem to limit the extent of
multimerization, while leucines seem to promote formation of
higher-order multimers. The substitution of three central
leucines in the LR region with prolines in the ORF50-L3P
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mutant (Fig. 7A) vastly favored formation of tetramers that
had WT activity in transcription and reactivating KSHV from
latency (Fig. 9 and 11). Conversely, substitution of the LR with
the GCN4 LZ, a four-membered leucine heptapeptide repeat
that is completely devoid of prolines (Fig. 7A), yielded a chi-
meric protein that formed decamers or higher-order multimers
that were transcriptionally inactive (Fig. 14). Phylogenetic
comparisons of the LR also support the notion that the leucine
repeat per se is not the key feature of aa 244 to 275 required
for WT ORF50 function. Four of the leucines and all five
prolines in the KSHV Rta LR are conserved in its homologs
from gamma-2-herpesviruses of Old World primates (Fig. 1A).
However, only the central PXXL peptide is conserved in all of
Rta’s gammaherpesvirus homologs (Fig. 1A).

We hypothesize that prolines outside of the LR (aa 244 to 275)
also play a role in Rta oligomerization. The LR was required for
the transcriptional functions of both the WT Rta and
ORFS50ASTAD proteins (Fig. 2 and 4). However, it was not
sufficient to mediate the interaction between WT Rta and Rta aa
1 to 272 (Fig. 6). Instead, the smallest truncation of Rta that
interacts with WT Rta contained aa 1 to 414 (ORF50AAatll)
(Fig. 4). These data implicate a requirement for the LR plus
C-terminal amino acids (276 to 414) in self-interactions of Rta
and suggest that LR plus N-terminal amino acids (1 to 243) are
not sufficient. Our observations that the GCN4 LZ, the heat
shock factor trimerization domain, and the p53 TD were unable
to confer dimerization, trimerization, or tetramerization, respec-
tively, on Rta when substituted for the LR (Fig. 14 and data not
shown) also support the notion that regions of Rta located out-
side the LR are critical for determining the multimerization state
of the protein. A striking difference between the N and C termini
flanking the LR is their respective proline contents. Amino acids
1 to 243 of Rta contain 4.1% proline (10 residues), while aa 276
to 691 contain 13.2% proline (55 residues). Both leucines and
prolines commonly participate in protein-protein interactions (57,
83, 96). Our data do not distinguish between a cis-acting role for
prolines in the structure of an individual Rta monomer or a direct
participation of prolines in interactions between Rta monomers.
Interestingly, ORF50ASTADALR could not interact with and
inhibit WT ORF50 (Fig. 4 and 5) but retained the ability to form
homodecamers (Fig. 13). These data suggest that the LR confers
on ORF50 a lower relative dissociation constant that is not over-
come by mixing WT homomultimers with LR-mutated homomul-
timers.

Wang, et al., addressed Rta multimer formation using an
EMSA approach with Rta generated in RRLs and a labeled
probe from the nut-1/PAN promoter (88, 89). That study
found that Rta amino acids 1 to 377 were sufficient to bind
DNA and form a heterodimeric complex with WT Rta. Dele-
tion of aa 11 to 112 impaired heterodimer formation. However,
that mutation also impaired DNA binding of Rta to the nut-
1/PAN promoter (88, 89), so it is difficult to compare to our
data since ours was DNA independent. Nonetheless, that re-
port suggests that a region of Rta N-terminal to the LR is also
important for oligomerization, and dimers of Rta might be
sufficient to activate the PAN promoter. Epstein-Barr virus
Rta forms DNA-independent dimers dependent on its N ter-
minus, as well (55). Song et al. also noted that KSHV Rta (aa
1 to 320) appears to form multiple oligomers in EMSA (78).

The multimerization state of Rta likely affects multiple as-
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pects of Rta’s function at different promoters. Liao et al. have
identified a phased repeat of A/T-rich trinucleotides that is
conserved in multiple Rta-responsive KSHV promoters (49).
The ability of Rta to transactivate transcription increases pro-
portionally to the number of A/T repeats in a reporter plasmid
(49). Multimers but not dimers of Rta bound to the K-bZIP/
RAP promoter in that study. Liao et al. thus proposed that Rta
makes long-range contacts along promoter DNA that are fa-
cilitated by its ability to multimerize (49). Our data prove that
tetramerization is essential for Rta-mediated transactivation of
the K-bZIP/RAP promoter; accordingly, hexamers of Rta chi-
meras were less transcriptionally active. Using sucrose gradient
centrifugation, Liao et al. concluded that semipure Rta pri-
marily formed hexamers in solution; however, chemical cross-
linking combined with EMSAs in that study demonstrated that
tetramers of Rta were the largest complexes that bound
to DNA (49). These EMSA data agree with our functional
analyses.

We have recently reported that maximal transactivation of
the RRE of the ORF57/Mta promoter corresponds with ter-
nary complex formation among Rta, the cellular protein RBP-
Jk, and DNA (10). Mutations of the ORF57 RRE that reduced
or eliminated Rta transactivation and ternary complex forma-
tion mapped to both sides of the RBP-Jk site. Furthermore, a
C-terminal truncation of Rta that retained its ability to bind to
the Mta RRE and to RBP-Jk in solution was nonetheless
unable to form the ternary complex. Although WT Rta inde-
pendently formed three different complexes on the Mta RRE
in EMSAs, suggestive of multimerization, only two of these
complexes interacted with DNA-bound RBP-Jk to form the
ternary complex (10). Based on these data together with those
of the present study, we propose that Rta activates transcrip-
tion of some promoters by forming multimers that bind to and
straddle cellular promoter binding proteins. Indeed, we and
others have found that full activation of the K-bZIP promoter
by Rta requires DNA binding of Rta, RBP-Jk (10, 92),
C/EBPa (88, 89), and octamer-1 (K. Carroll, F. Khadim, D.
Palmeri, and D. M. Lukac, unpublished data).

Less than 10% of PEL cells transfected with an Rta expression
vector express viral lytic proteins (44, 52, 53, 68; D. Palmeri, S.
Spadavecchia, K. Carroll, and D. M. Lukac, unpublished data), so
it is likely that regulation of Rta’s expression and function are
critical for lytic reactivation. We propose that the multimerization
of Rta is an important regulatory point for the lytic switch. Under
the conditions used in this study, we did not detect monomers of
purified Rta in solution. Since oligomerization of Rta was inde-
pendent of concentration even at 50 ng/pl, it suggests that the K,
for Rta self-association is probably very small and not biologically
meaningful. However, since hexamers (and higher-order multi-
mers) appeared to be nonfunctional, this also suggests an upper
limit to Rta concentration that is permissive for reactivation. As
we tested Rta purified from E. coli, our study did not address the
role of posttranslational modifications in Rta multimerization.
Indeed, Rta has been shown to be modified in vivo by phosphor-
ylation and poly(ADP- ribosylation) (33, 52). Our data strongly
support prolines as a major determinant of Rta multimerization.
Protein domains containing prolines are well-established targets
of kinases and hydroxylases, and prolines make significant con-
tributions to protein structure by their rigid aromatic side chains
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and isomerization (4, 96, 106). Proline-dependent multimeriza-
tion would thus be an attractive target for regulating Rta function.
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