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The herpesvirus saimiri open reading frame (ORF) 50 produces two transcripts. The first is spliced, contains
a single intron, and is detected at early times during the productive cycle, whereas the second is expressed later
and is produced from a promoter within the second exon. Analysis of their gene products has shown that they
function as sequence specific transactivators. In this report, we demonstrate that the carboxy terminus of ORF
50b contains an activation domain which is essential for transactivation. This domain contains positionally
conserved hydrophobic residues found in a number of activation domains, including the herpes simplex virus
VP16 and the Epstein-Barr virus R proteins. Mutational analysis of this domain demonstrates that these
conserved hydrophobic residues are essential for ORF 50 transactivation capability. Furthermore, this domain
is required for the interaction between the ORF 50 proteins and the basal transcription factor TATA-binding
protein.

Herpesvirus saimiri (HVS) is a gammaherpesvirus of the
Rhadinovirus genus that persistently infects squirrel monkeys
(Saimiri sciureus) without causing an overt manifestation of
disease. However, infection of a number of New World pri-
mate species results in fulminant polyclonal T-cell lymphomas
and lymphoproliferative diseases (11). In addition, HVS is
capable of transforming simian and human lymphocytes to
continuous growth in vitro (4). The genome of HVS (strain
A11) consists of a unique internal low-G1C DNA segment
(L-DNA) of approximately 110 kbp, flanked by a variable
number of 1,444-bp high-G1C tandem repetitions (H-DNA)
(2). Sequence analysis indicates it shares significant homology
with the herpesviruses Epstein-Barr virus (EBV), bovine her-
pesvirus 4, Kaposi’s sarcoma-associated herpesvirus (or human
herpesvirus 8), and murine gammaherpesvirus 68 (1, 2, 5, 13,
14, 39, 40, 46, 51). The genomes of these viruses are generally
colinear, with large blocks of conserved genes interspersed by
relative small regions of sequence unique to each virus (2, 5,
39, 46, 51).

Gene expression in HVS is modulated by the two major
transcriptional regulating genes encoded by open reading
frame (ORF) 50 and ORF 57 (41, 42, 52, 54, 55). The ORF 57
gene product encodes a multifunctional protein capable of
both transactivation and repression of viral gene expression.
Transactivation of late viral genes occurs at a posttranscrip-
tional level, whereas repression of gene expression appears to
correlate with the presence of introns (54, 55). The ORF 50 or
R gene produces two transcripts. The first is spliced, contains
a single intron, and is detected at early times during the pro-
ductive cycle, whereas the second is expressed later and is
produced from a promoter within the second exon. The spliced
transcript is fivefold more potent in activating the delayed-
early ORF 6 promoter. However, the function of the non-
spliced transcript is unclear (41, 52). Further analysis of the

ORF 50 gene products have demonstrated that they activate
transcription directly following interactions with promoters
containing a specific sequence motif. Deletion and gel retar-
dation analysis have identified the consensus ORF 50 recogni-
tion sequence, CCN9GG, required for ORF 50 binding (53).
These response elements have significant homology to the
EBV R response element consensus sequence, GNCCN9
GGNG. It has been shown by guanine methylation studies that
the CCN9GG motif is essential for EBV R binding and sug-
gests that R binds to adjacent major grooves of the DNA
(16–18).

In addition to the DNA motif, to which sequence specific
transactivators bind, at least two functional components are
essential. These are inherent to the protein itself and include
structural domains which (i) direct the protein to its target, the
DNA-binding domain, and (ii) facilitate the initiation of RNA
transcription, the activation domain, by recruiting cellular pro-
teins at the promoter (38, 43). The latter is facilitated by the
interaction of the viral activation domain(s) with basal tran-
scription factors of the host, which has been demonstrated for
several viral transactivators, including adenovirus E1A (26,
36), herpes simplex virus VP16 (23, 48), the EBV Z (28) and R
(34) proteins, human T-cell leukemia virus (HTLV-1) Tax1
protein (6), and human immunodeficiency virus type 1 (HIV-1)
Tat (25).

Analysis of the ORF 50 homologue, the EBV R protein,
demonstrated that the deletion of amino acid sequences near
the carboxy terminus ablated its transactivation activity without
affecting its ability to bind DNA (21, 33). This finding sug-
gested that the domain(s) of EBV R, which contact cellular
transcription factors to facilitate viral transcription, are con-
tained in the carboxy terminus of the protein. To specifically
identify the activation domain(s), different segments of the
EBV R were linked to the DNA-binding domain of the yeast
transactivator GAL4 (20). These GAL4-R fusion proteins
were then assayed for the ability to activate the adenovirus
E1B promoter with an upstream GAL4 DNA-binding site,
linked to the chloramphenicol acetyltransferase (CAT) re-
porter gene. The carboxy terminus of the EBV R gene was
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demonstrated to be a potent activator of transcription. Char-
acterization of the activation domain of EBV R revealed three
overlapping copies of a motif containing positionally conserved
hydrophobic amino acids present in a number of other trans-
activators, including ORF 50, GAL4 (24), HSV-1 VP16 (10),
and adenovirus E1A (26). Furthermore, Hardwicke et al. (20)
showed that the carboxy terminus of the HVS ORF 50 protein
was capable of activating transcription in the assay described.
However, it was not determined whether these sequences were
essential to activate transcription. In this report, we demon-
strate that the carboxy terminus is essential for ORF 50 trans-
activation and for the interaction between the ORF 50 proteins
and the general cellular transcription factor TATA-binding
protein (TBP).

MATERIALS AND METHODS

Plasmid constructs. The 39 deletion series which contained the putative ORF
50b transcription start site and 71,188 bp of the published sequence (2) but
removed larger portions of the carboxy terminus was constructed by PCR am-
plification from viral DNA (strain A11) by using the forward primer 59-CAG
AAT TCG ATG CAG CGC CTT GTA TAT ACT and a series of reverse
primers consisting of D1 (59-CAG AAT TCC TAG CCA AGG TCT TCA ATA
TCT AC), D2 (59-CAG AAT TCC TAT GAA CAT AAA ACT GGA GGT GC),
D3 (59-CAG AAT TCC TAG TCA TCT GTT TCT GCT TCG T), D4 (59-CAG
AAT TCC TAC ACA GAT GAT GAA GTA CAT GG), and D5 (59-CAG AAT
TCC TAT GGT ACT GTA GGT AAC ATT TCA G); these oligonucleotides
incorporated EcoRI restriction sites for the convenient cloning of the PCR
products. Each fragment was inserted into the eukaryotic expression vector
pBKCMV (Stratagene) to derive pBK50D1-5.

A range of mutants containing site-directed changes within the hydrophobic
residues of the carboxy terminus of ORF 50b were generated by a PCR-based
method which incorporated the alteration of one or more of the conserved
residues to glycine (underlined) in the 39 primer: M1 (59-CGC GAA TTC TTC
ATC ATT TAA AAA ATC TTG TAA AGA CAT AGG AAA TGA GCC
GCC), M2 (59-CGC GAA TTC TTC ATC ATT TAA AAA ATC TTG GCC
AGA CAT AGG AAA TGA TAA GCC), M3 (59-CGC GAA TTC TTC ATC
ATT TAA GCC ATC TTG TAA AGA CAT AGG AAA TGA TAA GCC), M4
(59-CGC GAA TTC TTC ATC ATT GCC AAA ATC TTG TAA AGA CAT
AGG AAA TGA TAA GCC), M5 (59-CGC GAA TTC TTC ATC ATT GCC
AAA ATC TTG GCC AGA CAT AGG AAA TGA TAA GCC), M6 (59-CGC
GAA TCC TTC ATC ATT GCC GCC ATC TTG TAA AGA CAT AGG AAA
TGA TAA GCC), M7 (59-CGC GAA TTC TTC ATC ATT GCC GCC ATC
TTG GCC AGA CAT AGG AAA TGA TAA GCC), and M8 (59-CGC GAA
TTC TTC ATC ATT GCC GCC ATC TTG GCC AGA CAT AGG AAA TGA
GCC GCC). In addition, a site-directed mutant containing alterations in residues
flanking the conserved hydrophobic residue domain (M9 [59-CGC GAA TTC
TTC ATC ATT TAA AAA ATC TTG TAA AGA CAT AGG AAA TGA TAA
GCC AAG GTC TTC AAT TAC TAC GCC GCC]) was used as a control. These
oligonucleotides incorporated EcoRI restriction sites for the convenient cloning
of the PCR products. Each fragment was inserted into the transfer vector
pBKCMV to derive pBK50M1-9.

In producing the construct pGST50, a 332-bp fragment containing bp 71845 to
72177 of the published sequence was generated by PCR using the primers
59-CCG GAA TCC GCC AGC CCT AGA AAG CTT and 59-CCG GAA TTC
GGT TGA ATG TTC GAT GAG; these oligonucleotides incorporated EcoRI
restriction sites to facilitate subcloning into the expression vector pGEX-2T,
yielding pGST50. In addition, pGST50C contains the last 50 amino acids of the
ORF 50 carboxy terminus fused with glutathione S-transferase (GST). The
carboxy-terminal ORF 50 fragment was generated by PCR amplification from
viral DNA (strain A11), using the forward primer 59-CGC GGA TCC ACA GAT
GAC AAT ATA TTA GCT and reverse primer 59-CCG GAA TTC TAG TTA
GAC ATT ACA C; these oligonucleotides incorporated BamHI and EcoRI
restriction sites, respectively, to facilitate subcloning into the expression vector
pGEX-2T to derive pGST50C.

In vitro transcription-translation. Protein expression from individual clones
of the pBK50 deletion series was analyzed by in vitro transcription-translation
using the TNT system (Promega) according to the manufacturer’s instructions.
Transcription was initiated from the bacteriophage T3 promoter situated up-
stream of the cloned ORF 50b fragments in pBKCMV. The synthesized products
were then separated on a 12% polyacrylamide gel and detected by autoradiog-
raphy.

Polyclonal antibody generation. Polyclonal antisera was raised against a por-
tion of recombinant ORF 50 protein. The ORF 50 fragment was expressed as a
GST fusion protein in Escherichia coli DH5a and purified from crude lysates by
affinity chromatography with glutathione-Sepharose 4B as specified by the man-
ufacturer (Pharmacia Biotech). The purified recombinant protein was used to
generate a polyclonal antibody in New Zealand White rabbits by using standard
protocols.

Viruses, cell culture, and transfections. HVS (strain A11) was propagated in
owl monkey kidney (OMK) cells which were maintained in Dulbecco modified
Eagle medium (Life Technologies) supplemented with 10% fetal calf serum
(FCS). Plasmids used in the transfections were prepared by using Qiagen plas-
mid kits according to the manufacturer’s directions. OMK cells were seeded at
5 3 105 cells per 35-mm-diameter petri dish 24 h prior to transfection. Trans-
fections were performed with DOTAP (Boehringer Mannheim) as described by
the manufacturer, using 2 mg of the appropriate DNAs.

Immunofluorescence analysis. Cells were fixed with 4% formaldehyde in phos-
phate-buffered saline (PBS), washed in PBS, and permeabilized in 0.5% Triton
X-100 for 5 min. The cells were rinsed in PBS and blocked by preincubation with
1% (wt/vol) nonfat milk powder for 1 h at 37°C. A 1:20 dilution of anti-ORF 50
antibody was layered over the cells and incubated for 1 h at 37°C. Fluorescence-
conjugated anti-rabbit immunoglobulin (1:50 dilution; Dako) was added for 1 h
at 37°C. After each incubation step, cells were washed extensively with PBS. The
immune fluorescence slides were observed in a Zeiss Axiovert 135TV inverted
microscope with a Neofluar 403 oil immersion lens.

CAT assay. Cell extracts were prepared 48 h after transfection and incubated
with [14C]chloramphenicol in the presence of acetyl coenzyme A as described
previously (15). The percentage acetylation of chloramphenicol was quantified by
scintillation counting (Packard) of appropriate regions of the thin-layer chroma-
tography plate.

Immunoprecipitation analysis. OMK cells were seeded at 106 cells per 35-
mm-diameter petri dish and washed in labelling medium (minimum essential
medium minus methionine and cysteine plus 2% FCS). Controls remained un-
transfected, were transfected with 2 mg of the appropriate DNAs, or were
infected with HVS at a multiplicity of infection (MOI) of 1. The cells were
incubated with 2 ml of the labelling medium containing 200 mCi of Pro-mix 35S
in vitro cell labelling mix plus 10% FCS (Amersham) for 24 h. Cells were
harvested and lysed with lysis buffer (0.3 M NaCl, 1% Triton X-100, 50 mM
HEPES buffer [pH 8.0]) containing protease inhibitors (leupeptin and phenyl-
methylsulfonyl fluoride [PMSF]). For each immunoprecipitation, 20 ml of the
anti-ORF 50 polyclonal antibody was incubated with protein A-Sepharose beads
(Pharmacia Biotech) for 16 h at 4°C. The beads were then pelleted and washed
four times in PBS. Each cell lysate was then added to the beads and incubated
for 16 h at 4°C. The beads were then pelleted, washed four times in lysis buffer,
and resuspended in Laemmli buffer; precipitated polypeptides were resolved on
a sodium dodecyl sulfate (SDS)–12% polyacrylamide gel and analyzed by auto-
radiography.

Gel retardation assay. Gel retardation assays were performed as previously
described (53). Briefly, two oligonucleotides encoding the ORF 50 response
elements, 59-TTA AAA ATT TCC TGT CAA TGT GGT TTG CTT GG and
59-CCA AGC AAA CCA CAT TGA CAG GAA ATT TTT AA, were annealed
and labelled by using T4 polynucleotide kinase in the presence of [g-32P]dATP.
The radiolabelled oligonucleotides were incubated for 20 min with nuclear ex-
tracts of untransfected OMK cells or cells transfected with the appropriate
DNAs prepared by the method of Andrews and Faller (3). The binding reactions
were performed in 20 ml of binding buffer (100 mM KCl, 20 mM HEPES [pH
7.3], 1% glycerol, 0.2 mM EDTA, 5 mM MgCl2, 4 mM dithiothreitol, 0.5 mM
PMSF) with 1 mg of poly(dI-dC) as an unspecific competitor. The protein-nucleic
acid complexes were separated on a 5% polyacrylamide gel, run in 1% Tris-
borate-EDTA (TBE) buffer, and detected by autoradiography.

Immunoblot analysis. Immunoblot analysis was performed with the immuno-
precipitation samples described above. Precipitated polypeptides were resolved
on an SDS–12% polyacrylamide gel and then soaked for 10 min in transfer buffer
(25 mM Tris, 192 mM glycine, 20% [vol/vol] methanol, 0.1% SDS). The proteins
were transferred to nitrocellulose membranes by electroblotting for 3 h at 250
mA. After transfer, the membranes were soaked in PBS and blocked by prein-
cubation with 2% (wt/vol) nonfat milk powder for 2 h at 37°C. Membranes were
incubated with a 1/1,000 dilution of the anti-TFIID monoclonal antibody (Pro-
mega), washed with PBS, and incubated for 1 h at 37°C with a 1/1,000 dilution of
anti-mouse immunoglobulin conjugated with horseradish peroxidase (Dako) in
blocking buffer. After five washes with PBS, the nitrocellulose membranes were
developed by using enhanced chemiluminescence (Pierce) according to the man-
ufacturer’s directions.

GST pulldown assay. The ORF 50 carboxy terminus was expressed as a GST
fusion protein in E. coli DH5a. A fresh overnight culture of transformed E. coli
was diluted 1 in 20 with Luria-Bertani medium containing ampicillin (100 mg/ml).
After growth at 37°C for 2 h, the culture was induced with 1 mM isopropyl-b-
D-thiogalactopyranoside and grown at 37°C for a further 4 h. The cells were
harvested by centrifugation and resuspended in 0.13 lysis buffer (100 mM Tris-
HCl [pH 8.0], 200 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.5 mM PMSF).
Cells were sonicated and stored on ice for 30 min, and cellular debris was
pelleted. The recombinant protein was purified from crude lysates by incubation
with glutathione-Sepharose 4B affinity beads as specified by the manufacturer
(Pharmacia Biotech). The beads containing the GST-ORF 50 carboxy-terminus
fusion were then incubated with OMK cell lysates previously lysed with lysis
buffer (0.3 M NaCl, 1% Triton X-100, 50 mM HEPES buffer [pH 8.0]) containing
protease inhibitors (leupeptin and PMSF) for 16 h at 4°C. The beads were then
pelleted, washed four times in lysis buffer, and resuspended in Laemmli buffer;
precipitated polypeptides were resolved on an SDS–12% polyacrylamide gel.
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The proteins were then transferred to nitrocellulose membranes by electroblot-
ting and probed for TFIID as described above.

RESULTS

Deletion analysis of the carboxy terminus of ORF 50. To
analyze the sequences which are essential for transactivation
by the ORF 50 protein, a 39 deletion series of the ORF 50b
coding region was produced. The carboxy-terminal deletion
series contained the putative ORF 50b transcription start site
at 71,188 bp of the published sequence (2) but removed larger
portions of the carboxy terminus. Each fragment was inserted
into the transfer vector pBKCMV (Stratagene) to derive
pBK50D1-5 (Fig. 1). All constructs were confirmed by DNA
sequencing (data not shown). In addition, the complete coding
region of ORF 50b contained as a HincII cassette was excised
from pAWHincII (9) and inserted into pBKCMV to derive the
control plasmid pBK50b.

To investigate protein expression from each clone of the
pBK50 deletion series, in vitro transcription-translation was
performed with the TNT system (Promega). Transcription was
initiated from the bacteriophage T3 promoter situated up-
stream of the cloned ORF 50b fragments in pBKCMV. Results
showed that pBK50b generated a product of approximately 41
kDa and that each ORF 50b deletion construct supported the
production of a major protein species. Moreover, the apparent
molecular weights of these proteins were consistent with con-
secutive deletions of the ORF 50b gene product, ranging from
approximately 38.5 kDa following expression from pBK50D1
to 29 kDa for pBK50D5 (Fig. 2), although the proteins from
pBK50b and pBK50D1 were produced at low levels.

Furthermore, to determine the expression levels and subcel-
lular localization of ORF 50b and the deletion series, a poly-
clonal antiserum was raised against a portion of recombinant
ORF 50 protein. Unfortunately, the ORF 50 polyclonal anti-
serum did not react on a Western blot of HVS-infected or
ORF 50-transfected cells (data not shown). Therefore, to de-
termine if each deletion produced a protein product, immu-
nofluorescence analysis of HVS-infected and transient trans-
fected cells was performed. Immunofluorescence analysis of
HVS-infected cells resulted in a strong fluorescence of the
nuclei of infected cells. Similar results were observed with
pBK50b- and pBK50D1-transfected cells; no reaction was ob-
served with untransfected cells (Fig. 3). Similar nuclear immu-
nofluorescence staining was observed with pBK50D2-5-trans-
fected cells (data not shown). This finding suggested that each
deletion construct produced a protein which localized to the
cell nucleus.

The carboxy terminus is essential for ORF 50 transactiva-
tion of the ORF 6 promoter. To identify the sequences essen-

FIG. 1. Schematic representation of the carboxy-terminus deletion series of
the ORF 50b protein. A series of 39 mutants were constructed by PCR amplifi-
cation and ligated into the eukaryotic expression vector pBKCMV to derive
pBK50D1-5.

FIG. 2. In vitro transcription-translation analysis of ORF 50 deletion series.
Protein expression from pBK50b (lane 1), pBK50D1 (lane 2), pBK50D2 (lane 3),
pBK50D3 (lane 4), pBK50D4 (lane 5), and pBK50D5 (lane 6) was analyzed by in
vitro transcription-translation. Transcription was initiated from the bacterio-
phage T3 promoter situated upstream of the cloned ORF50b fragments in
pBKCMV. The synthesized products (indicated by arrows) were then separated
on a 12% polyacrylamide gel and detected by autoradiography. Sizes are indi-
cated in kilodaltons.

FIG. 3. Expression levels and subcellular localization of ORF 50b and 50D1
proteins. A polyclonal antiserum was raised against a portion of recombinant
ORF 50 protein and used in immunofluorescence analysis of cells mock trans-
fected (i), HVS infected (MOI of 1) (ii), and transiently transfected with pBK50b
(iii) and pBK50D1 (iv).
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tial for ORF 50 transactivation activity, 1 mg of each deletion
plasmid was cotransfected with 1 mg of pAWCAT2. This plas-
mid contains the CAT coding region under the control of the
ORF 50-responsive ORF 6 promoter (52). Plasmid pBK50b
was also used in the assay as a positive control. Cells were
harvested after 48 h and assayed for CAT activity by standard
methods (15) (Fig. 4). Reduced CAT activity was observed
when the deletion constructs were used to transactivate pAW-
CAT2. However, pBK50b was shown to transactivate the ORF
6 promoter to levels similar to those found previously (52).
This suggested that the sequences contained within bp 72350
to 72402 of the published sequence, which were deleted in
pBK50D1, are essential for transactivation by the ORF 50b
gene product.

The carboxy-terminal 50D1 mutant produces a stable pro-
tein which binds to the ORF 50 response elements. To deter-
mine whether the lack of transactivation of the ORF 6 pro-
moter was due to the removal of the ORF 50b carboxy
terminus, or whether the removal of these sequences affected
the protein stability or DNA-binding ability of the ORF 50b
protein, immunoprecipitation and gel retardation assays were
performed with pBK50D1. First, to determine whether the
expression vector pBK50D1 produced a stable protein com-
pared to the wild-type 50b protein in transfected and infected
cells, immunoprecipitation analysis was performed. OMK cells
remained untransfected, were transfected with 2 mg of pBK50b
or pBK50D1, or were infected with HVS at an MOI of 1. The
cells were then incubated in the presence of 35S in vitro cell
labelling mix for 24 h and harvested, and cell lysates were
utilized in immunoprecipitation analysis using the anti-ORF 50
polyclonal antibody. The results demonstrate that a protein of
the correct size is produced and precipitated with the anti-

ORF 50 antibody from cell lysates transfected with pBK50D1
(Fig. 5a). In addition, the precipitated protein was produced in
quantities similar to those for the wild-type protein, suggesting
that deletion of the last 14 amino acids does not affect ORF 50
protein stability.

We have previously determined, using deletion analysis and
gel retardation assays, the ORF 50 response elements con-
tained within the ORF 6 promoter to which ORF 50b binds
(54). To determine if the 50D1 protein could bind to these
sequences, gel retardation assays were performed. Radiola-
belled probes encoding the ORF 50 response elements were
incubated with DNA-binding protein extracts from untrans-
fected cells and cells transfected with pBK50b or pBK50D1.
The protein-nucleic acid complexes were then separated on a
polyacrylamide gel (Fig. 5b). Results show the formation of a
retarded complex using the extracts of cells transfected with
pBK50b and pBK50D1. Unlabelled oligonucleotide was shown
to compete with this reaction (data not shown), further indi-
cating that the protein produced from pBK50D1 has the ability
to specifically bind to the ORF 50 response elements. It must
be noted that the 50D1 protein seems to bind the oligonucle-
otides at a greater affinity; this observation is currently under
investigation. However, these two experiments demonstrate
that pBK50D1 produced a stable protein which could bind to
the ORF 50 response elements. This result further suggests
that the sequences contained within the carboxy-terminal 14
amino acids are essential for transactivation by the ORF 50b
gene product.

Mutational analysis of the ORF 50b transactivation do-
main. The deletion of the carboxy-terminal 14 amino acids
abrogates the transactivating capability of ORF 50b. As previ-
ously described, the carboxy terminus of ORF 50 contains a
motif of positionally conserved hydrophobic amino acids ho-
mologous with the EBV R protein. To determine the impor-
tance of the conserved hydrophobic amino acids for ORF 50b

FIG. 4. Analysis of the ORF 50b carboxy-terminus deletion series. OMK cell
monolayers were transfected with 1 mg of pAWCAT2 or cotransfected 1 mg of
each deletion plasmid, using DOTAP transfection reagent (Boehringer Mann-
heim) according to the manufacturer’s instructions. Cells were harvested at 48 h
posttransfection, and cell extracts were assayed for CAT activity. Percentages of
acetylation were calculated by the scintillation counting of the appropriate re-
gions of the chromatography plate and are shown in graphical format; the
variations between three replicated assays are indicated.

FIG. 5. The carboxy-terminal ORF 50D1 construct produces a stable protein
which binds to the ORF 50 response elements. (a) OMK cells were seeded at 106

cells per 35-mm-diameter petri dish and washed in labelling medium. Controls
remained untransfected (lane 1) or were transfected with 2 mg of pBK50D1 (lane
2), pBK50 (lane 3) or infected with HVS (lane 4). The cells were incubated in
labelling medium, harvested, and then lysed after 24 h. For each immunopre-
cipitation, 20 ml of the anti-ORF 50 polyclonal antibody was incubated with
protein A-Sepharose beads for 16 h at 4°C. Immunoprecipitations were then
performed with each cell lysate, using the anti-ORF 50 antibody. Beads were
then pelleted, washed, and resuspended in Laemmli buffer; precipitated polypep-
tides were resolved on an SDS–12% polyacrylamide gel and analyzed by auto-
radiography. (b) Gel retardation assays were performed as previously described
(53). Briefly, the ORF 50 response elements contained in a set of oligonucleo-
tides were annealed and radiolabelled. These were incubated with nuclear ex-
tracts of untransfected OMK cells (lane 1) or cells transfected pBK50b (lane 2)
and pBK50D1 (lane 3). The protein-nucleic acid complexes (indicated by arrow)
were separated on a 5% polyacrylamide gel, run in 1% TBE buffer, and detected
by autoradiography.
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transactivation activity, we constructed a range of site-directed
mutations (Fig. 6a) by a PCR-based method which incorpo-
rated the alteration of one or more of the conserved residues
to glycine. In addition, residues flanking the hydrophobic res-
idue domain were altered to glycine to serve as an appropriate
control. Each fragment was inserted into the transfer vector
pBKCMV to derive pBK50M1 to pBK50M9. All constructs
were confirmed by DNA sequencing (data not shown). To
identify the residues within the ORF 50b transactivation do-
main which are essential for ORF 50 transactivation, 1 mg of
each construct was cotransfected with 1 mg of pAWCAT2.
Cells were harvested after 48 h and assayed for CAT activity
(Fig. 6b). Results show that the mutations of asparagine resi-
dues at bp 72334 to 72337 of the published sequence, which
flank the conserved hydrophobic residues, had little, if any,
effect on ORF 50 transactivation capability. However, muta-
tion of the conserved leucine residue at bp 72361 of the pub-
lished sequence reduced CAT activity by approximately 10%.
Moreover, single mutations at the conserved leucines at bp
72379 and 72391 and phenylalanine at bp 72388 of the pub-
lished sequence proved highly detrimental to ORF 50b trans-
activation, reducing CAT activity by 57, 75, and 72%, respec-
tively. Furthermore, multiple substitutions of these residues

completely abrogated biological activity, showing that these
conserved hydrophobic residues are essential for ORF 50
transactivation activity.

The carboxy-terminal mutation 50M7 produces a stable
protein which binds to the ORF 50 response elements. To
determine whether these mutations within the hydrophobic
residues, specifically M7, affect protein stability or the ability of
ORF 50 to bind to the response elements’ immunofluores-
cence, immunoprecipitations and gel retardation assays were
performed as described above. To determine if pBK50M7 pro-
duced a protein product which localized to the nucleus, immu-
nofluorescence analysis of pBK50M7-transfected cells was per-
formed. A strong nuclear fluorescence was observed in cells
transfected with pBK50M7, as previously described (Fig. 7a).
Similar results were observed with the remaining mutant con-
structs in transfected cells (data not shown). To determine
whether the expression vector pBK50M7, which abrogated
transactivation capability of the ORF 50b protein, produced a
stable protein compared to wild-type 50b, immunoprecipita-
tions were performed. Results demonstrate that a stable pro-
tein product is produced, at levels similar to those for the

FIG. 6. Mutational analysis of the ORF 50b transactivation domain. (a) The
carboxy-terminal 14 amino acids contain a motif of positionally conserved hy-
drophobic amino acids homologous with the EBV R protein (boldface). A range
of site directed mutations were constructed such that one or multiple conserved
hydrophobic residues were replaced with a glycine residue (boldface). (b) OMK
cell monolayers were transfected with 1 mg of pAWCAT2 or cotransfected with
1 mg of each 50b mutation plasmid, using DOTAP transfection reagent. Cells
were harvested at 48 h posttransfection, and cell extracts were assayed for CAT
activity. Percentages of acetylation were calculated by scintillation counting of
the appropriate regions of the chromatography plate and are shown in graphical
format; the variations between three replicated assays are indicated.

FIG. 7. The ORF 50 carboxy-terminal mutation, 50M7, produces a stable
protein which binds to the ORF 50 response elements. (a) Subcellular localiza-
tion of ORF 50M7 protein, determined by immunofluorescence analysis of cells
mock transfected (i) or transfected with pBK50M7 (ii). (b) OMK cells were
seeded at 106 cells per 35-mm-diameter petri dish and washed in labelling
medium. Controls remained untransfected (lane 1) or transfected with 2 mg of
pBK50b (lane 2) or pBK50M7 (lane 3). The cells were incubated in labelling
medium, harvested, and then lysed after 24 h. For each immunoprecipitation, 20
ml of the anti-ORF 50 polyclonal antibody was incubated with protein A-Sepha-
rose beads for 16 h at 4°C. Immunoprecipitations were then performed with each
cell lysate, using the anti-ORF 50 antibody. These samples were then pelleted,
resuspended in Laemmli buffer, resolved on an SDS–12% polyacrylamide gel,
and analyzed by autoradiography. (c) Gel retardation assays were performed as
previously described (53). Briefly, the ORF 50 response elements contained in a
set of oligonucleotides were annealed, radiolabelled and then incubated with
nuclear extracts of untransfected OMK cells (lane 1) or cells transfected pBK50b
(lane 2) and pBK50M7 (lane 3). The protein-nucleic acid complexes (indicated
by the arrow) were separated on a 5% polyacrylamide gel, run in 1% TBE buffer,
and detected by autoradiography.
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wild-type protein, from pBK50M7 (Fig. 7b). Furthermore, to
determine if the 50M7 protein could bind to these sequences,
gel retardation assays were performed. Results show the for-
mation of a retarded complex, using extracts of cells trans-
fected with pBK50b and pBK50M7 (Fig. 7c). Unlabeled oligo-
nucleotide was shown to compete with this reaction (data not
shown), further indicating that the protein produced from
pBK50M7 has the ability to specifically bind to the ORF 50
response elements. These three experiments demonstrate that
the mutations within the hydrophobic residues, specifically the
mutations contained within 50M7, of the ORF 50 transactiva-
tion domain are responsible for the lack of transactivation by
the ORF 50b gene product.

The hydrophobic residues contained within the ORF 50
transactivation domain, specifically 50M7, are essential for
the interaction with TBP. Hydrophobic residues have been
proposed to be important in protein-protein interactions be-
tween activating proteins and the cellular transcription ma-
chinery. To determine if the conserved hydrophobic residues
within the carboxy-terminal activation domain were essential
for interactions with cellular transcription factors, immunoblot
analysis was performed with pBK50M7-transfected cells. Ra-
diolabelled cell lysates from either untransfected cells or cells
transfected with pBK50b or pBK50M7 were incubated with
protein A-Sepharose beads, previously bound to the anti-ORF
50 polyclonal antibody. Immunofluorescence on duplicate
samples was performed to ensure transfection efficiency (data
not shown). Polypeptides precipitated from transfected cellu-
lar extracts by the anti-ORF 50 antibody were then resolved by
SDS-polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane, and immunoblot detection was per-
formed with an anti-TFIID monoclonal antibody which specif-
ically recognizes TBP. Immunoprecipitations using the
pBK50b-transfected cell lysate specifically recognized the TBP.
However, the pBK50M7 (containing mutations within the
acidic transactivation domain) cell lysate did not react with the
antibody (Fig. 8). This finding suggests that the hydrophobic
residues contained within the carboxy-terminal acidic transac-
tivation domain, specifically the mutations containing within
M7, are essential for the interaction of ORF 50b with the
cellular transcription factor TBP.

The carboxy-terminal domain of ORF 50 is sufficient for the
interaction with TBP. To determine whether the carboxy-ter-
minal domain is sufficient for the interaction between the ORF
50b protein and TBP, GST pulldown analysis was performed.
The ORF 50 carboxy terminus was expressed as a GST fusion
protein, or the control GST alone, in E. coli and purified from

crude lysates by incubation with glutathione-Sepharose 4B af-
finity beads (Fig. 9a). These protein bound beads were then
incubated with an OMK cell lysate. The beads were then pel-
leted and washed, and the cellular proteins precipitated by
GST or the GST-ORF 50 fusion protein were resolved on an
SDS–12% polyacrylamide gel. The proteins were then trans-
ferred to nitrocellulose membranes by electroblotting and
probed for TBP as previously described. Results demonstrate
that GST alone did not precipitate TBP but TBP did interact
with the GST-ORF 50 carboxy terminus fusion protein (Fig.
9b). This finding suggests that the ORF 50 carboxy terminus is
responsible for the interaction with the cellular transcription
factor TBP.

DISCUSSION

Transcriptional activators have the ability to stimulate in
vitro the assembly of transcription preinitiation complexes (9,
31) as well as transcriptional elongation by RNA polymerase II
(57). This activation directly or indirectly is dependent on the
interaction between the general transcriptional machinery and
the transcriptional activators. Transcriptional activators have
at least two distinct domains, the DNA-binding domain and
the activation domain (43). The activation domain enhances
the transcription of target genes. Three major classes of acti-
vation domains have been identified according to their amino
acid composition: acidic negatively charged, proline rich, and
glutamine rich (38).

In this report, we demonstrate that the HVS ORF 50 protein
contains an acidic transactivation domain within the carboxy
terminus, which is essential for the transactivating capability of
the protein. Analysis of the HVS ORF 50 activation domain
indicates that it contains positionally conserved hydrophobic
residues with activation domains found in a variety of viral,
yeast, and mammalian transcriptional activators, including
HSV-1 VP16, EBV R, GAL4, GCN4, Sp1, and CTF (10, 20).
Site-directed mutagenesis indicates that these conserved hy-
drophobic residues are required for full transactivation activity
of the ORF 50b protein, further suggesting that these hydro-
phobic residues are essential components of the ORF 50 acti-
vation domain. Moreover, extensive mutational analysis of the
activation domains present in a number of other proteins, such
as VP16 (10), p53 (30), Sp1 (12), c-Fos (37), E1a (29), and
GAL4 (27), have shown that these conserved bulky hydropho-

FIG. 8. The hydrophobic residues contained within the transactivation do-
main are required for the interaction with TBP. Immunoblot analysis was per-
formed with the immunoprecipitation samples, untransfected control cells (lane
1) and cells transfected with 2 mg of pBK50b (lane 2) or pBK50M7 (lane 3).
Polypeptides were resolved on an SDS–12% polyacrylamide gel and then trans-
ferred to nitrocellulose membranes. After transfer, the membranes were
blocked, incubated with a 1/1,000 dilution of the anti-TFIID monoclonal anti-
body, washed, and incubated for 1 h at 37°C with a 1/1,000 dilution of anti-mouse
immunoglobulin conjugated with horseradish peroxidase in blocking buffer. Af-
ter five washes with PBS, the nitrocellulose membranes were developed, using
enhanced chemiluminescence.

FIG. 9. The ORF 50 transactivation domain is sufficient for the interaction
with TBP. (a) The control GST alone (lane 1) and the GST-ORF 50 carboxy
terminus fusion protein (lane 2) were expressed in E. coli DH5a and purified
from crude lysates by incubation with glutathione-Sepharose 4B affinity beads.
(b) The beads containing GST alone (lane 1) or the GST-ORF 50 carboxy
terminus fusion protein (lane 2) were then incubated with OMK cell lysates. The
beads were then pelleted, washed, resuspended in Laemmli buffer, and resolved
on an SDS–12% polyacrylamide gel. The proteins were then transferred to
nitrocellulose membranes by electroblotting and probed for TFIID.
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bic residues are also essential for transcriptional activation.
Hydrophobic residues may be involved in the direct protein-
protein interactions between the activation domain and the
cellular transcription machinery and/or in maintaining the
structure of the activation domain. Circular dichroism spec-
troscopy has demonstrated, however, that the spectra of the
wild-type p53 activation domain and a mutated activation do-
main had no significant difference in structure (7). This finding
suggests that the hydrophobic residues play a role in the inter-
action of the activation domain and cellular transcription fac-
tors.

It is interesting that the activation domain of the ORF 50
homologue, EBV R protein, is comprised of two domains, a
potent acidic activation domain and a proline-rich domain. It
has been shown that the acidic region, which contains three
overlapping copies of a motif containing the conserved hydro-
phobic residues, plays a central role in transcriptional activa-
tion (20). However, although the proline-rich domain has
alone no activity, it increases the R protein-activating potential
in a cell-specific manner (34). This finding suggests that this
proline-rich domain may be required for stabilizing the inter-
action of the EBV R transactivation domain and target mole-
cules. However, although analysis of the HVS ORF 50 carboxy
terminus shows that a number of proline residues are present,
we believe that this region does not constitute a proline-rich
domain. Mutational analysis of these proline residues will help
in addressing their role, if any, in ORF 50’s transactivation
capability.

In addition, we have preliminary data to suggest that the
ORF 50 transactivation domain is required for the interaction
of ORF 50 with TBP. A key role in transcription initiation by
RNA polymerase II is the binding of a multisubunit complex,
TFIID, to the TATA element close to the transcription start
site. The major component of the TFIID complex is TBP,
which is also required for transcription of RNA polymerase I
and III promoters. In addition, a number of TBP-associated
factors are assembled into the TFIID (reviewed in references
45 and 50) and interact with more distant transcription factors,
binding to enhancer elements and to RNA polymerase II and
its accessory proteins, allowing transcription initiation. Many
activation domains have been shown to interact with TBP.
These include the acidic activation domains of VP16 (23, 48),
p53 (8, 32, 35, 47, 49), c-Fos and c-Jun (44), c-Myc (22), v-Rel
and c-Rel (56), E2F-1 (19), the EBV Z (28) and R (34) pro-
teins, HTLV-1 Tax1 protein (6), and HIV-1 Tat (25). The
direct interaction between the ORF 50 transactivation domain
and a component of the cellular transcription machinery may
have several functions. It may be involved in the stabilization of
the interaction of TFIID with promoter DNA, as shown for
EBV Zta (28). Second, recruitment of TFIIB into the initiation
complex may be enhanced in the presence of ORF 50, as
demonstrated in assays using the VP16 transactivation domain,
or in the recruitment of other general transcription factors into
the initiation complex. Alternatively, it may play a role in
enhancing the rate of transcription elongation. The data re-
ported herein suggests a preliminary finding of the interaction
between ORF 50 and TBP. The specific role of the ORF
50-TBP interaction requires further investigation.

In summary, we have demonstrated that the carboxy termi-
nus of ORF 50 is essential for transactivation. It contains a
motif of positionally conserved hydrophobic amino acids found
in a number of activation domains. Mutational analysis has
shown that these conserved hydrophobic domains are essential
for transcriptional activation and for the interaction between
the ORF 50 proteins and the cellular transcription factor TBP.
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