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The role of the gamma-2 herpesvirus open reading frame (ORF) 73 gene product has become the focus of
considerable interest. It has recently been shown that the Kaposi’s sarcoma-associated herpesvirus (KSHV)
latency-associated nuclear antigen (LANA) is expressed during a latent infection and can modulate both viral
and cellular gene expression. The herpesvirus saimiri (HVS) ORF 73 gene product has some sequence
homology to LANA; however, the role of HVS ORF 73 is unknown. We have previously demonstrated that HVS
ORF73 is expressed in a stably transduced human carcinoma cell line, where HVS genomes persist as
nonintegrated circular episomes. This implies that there may be some functional homology between these
proteins. To further investigate the role of the HVS ORF 73 protein, the yeast two-hybrid system was employed
to identify interacting cellular proteins. We demonstrate that ORF 73 interacts with the cellular protein p32
and triggers the accumulation of p32 in the nucleus. Using reporter gene-based transient-transfection assays,
we demonstrate that ORF 73 can transactivate a number of heterologous promoter constructs and also
upregulate its own promoter. Moreover, ORF 73 and p32 act synergistically to transactivate these promoters.
The binding of ORF 73 to p32 is mediated by an amino-terminal arginine-rich domain, which contains two
functionally distinct nuclear localization signals. The p32 binding domains are required for ORF 73 transac-
tivating abilities and for ORF 73 to induce nuclear accumulation of p32. These results suggest that ORF 73 can
function as a regulator of gene expression and that p32 is involved in ORF 73-dependent transcriptional
activation.

Herpesvirus saimiri (HVS) is the prototype gamma-2 her-
pesvirus, originally isolated from its natural host the squirrel
monkey (Saimiri sciureus), in which it causes a persistent
asymptomatic infection. However, on experimental transfer to
other New World primates, HVS infection results in a number
of lymphoproliferative diseases within a few weeks (19). HVS
subgroups A and C possess the ability to immortalize common
marmoset T lymphocytes to interleukin-2-independent prolif-
eration (17, 49). Moreover, subgroup C viruses are capable of
transforming human, rabbit, and rhesus monkey lymphocytes
in vitro (5–8). HVS can also stably transduce a variety of
human cell lines, where the viral genome persists as multiple
nonintegrating circular episomes (22, 23, 46). HVS has signif-
icant homology to a number of other herpesviruses with onco-
genic potential, including the gamma-2 herpesviruses Kaposi’s
sarcoma-associated herpesvirus (KSHV) and murine gamma-
herpesvirus 68 and the gamma-1 herpesvirus Epstein-Barr vi-
rus (EBV). Their genomes are predominantly colinear, with
homologous genes in approximately the same locations and
orientation. However, conserved gene blocks are separated by
genes unique to each virus (1, 37, 45, 53).

The role of the open reading frame (ORF) 73 gene products

encoded by gamma-2 herpesviruses has become the focus of
considerable interest. Analysis of latent KSHV gene transcrip-
tion in the PEL cell line showed that a region spanning ORFs
71 to 73 is expressed and that separate mRNAs encoding ORF
73 and ORF 72 are generated from a common latency-specific
promoter (18). This observation is further supported by the
work of Sarid et al. (45a) and Talbot et al. (49a), who detected
two transcripts of approximately 6.0 and 2.0 kb in the BC-1 and
PEL cell lines, respectively. The larger transcript encodes the
ORF 73, ORF 72, and ORF K13 products, while the smaller
transcript encodes only the ORF 72 and ORF K13 products.
We have recently analyzed gene expression in an HVS persis-
tently infected human lung carcinoma cell line, A549, in which
the HVS DNA is stably maintained as multiple nonintegrated
circular episomes (23). Virus production can be reactivated
using chemical inducing agents, including tetradecanoyl phor-
bol acetate (TPA) and n-butyrate, suggesting that the infection
in A549 cells may be latent. Analysis of viral gene expression
using Northern blotting demonstrated that similar adjacent
sets of genes encoding the ORF 71 to 73 products are ex-
pressed in this stably transduced cell line. Moreover, these
genes are transcribed as a polycistronic mRNA species pro-
duced from a common promoter upstream of ORF 73.

In both HVS and KSHV, ORF 71 and ORF 72 encode an
anti-apoptosis protein, v-FLIP, and v-cyclin D homologue, re-
spectively (12, 29, 51). However, there is limited homology
between the HVS and KSHV ORF 73 proteins. KSHV ORF
73 encodes the latency-associated nuclear antigen (LANA).

* Corresponding author. Present address: School of Biochemistry
and Molecular Biology, University of Leeds, Leeds LS2 9JT, United
Kingdom. Phone: 44 (0) 113 343 3112. Fax: 44 (0) 113 343 3167.
E-mail: a.whitehouse@leeds.ac.uk.

† Present address: School of Biochemistry and Molecular Biology,
University of Leeds, Leeds LS2 9JT, United Kingdom.

11612



LANA is a large (222- to 234-kDa) protein exhibiting a dis-
tinctive nuclear speckling pattern (30, 31, 42). It interacts with
a number of cellular proteins, including RING3, a homologue
of the Drosophila female sterile homeotic gene product (39),
p53 (20), retinoblastoma protein (41), and proteins of the
mSin3 corepressor complex (33). Moreover, in cells harboring
KSHV episomes, LANA and KSHV DNA colocalize at dis-
crete points in interphase nuclei and along mitotic chromo-
somes. This suggests that LANA is involved in episomal main-
tenance by tethering viral genomes to host cell chromosomes
(2, 3, 15). In support of this hypothesis is the observation that
LANA can bind the histone H1 protein in immunoprecipita-
tion assays (15). These results have led to the suggestion that
although unrelated by sequence homology, KSHV LANA is a
functional homologue of the EBV EBNA-1 protein, which is
essential for episomal maintenance and also functions as a
transcriptional regulator (26, 40, 48). To date, no similar func-
tion of HVS ORF 73 has been reported.

In this study we have further investigated the role of the
HVS ORF 73 protein. The yeast two-hybrid system was em-
ployed to identify interacting cellular proteins, using HVS
ORF 73 as bait. We demonstrate that ORF 73 interacts with
the cellular protein, p32. First isolated associated with the
splicing factor SF2/ASF (32), p32 interacts with a number of
additional cellular and viral proteins, including human immu-
nodeficiency virus type 1 (HIV-1) Rev (34, 50) and Tat (56,
57), herpes simplex virus type 1 (HSV-1) ORF P (10) and
ICP27 (11), adenovirus core protein V (35), rubella virus cap-
sid protein (4), and EBV EBNA-1 protein (13, 52, 54). Al-
though the function of p32 is as yet undetermined, it has been
suggested to play roles in splicing (11, 32, 38, 50), nucleocyto-
plasmic transport (9, 11, 35), maintenance of oxidative phos-
phorylation (36), transcriptional activation (52, 54, 56, 57), and
possibly latent-cycle DNA replication (13, 52). To address the
implications of this interaction, we demonstrate that ORF 73
and p32 have a synergistic effect on the transactivation of a
number of heterologous promoters and its own promoter. In
addition, ORF 73 mutants lacking the p32 binding domain
were defective for reporter gene upregulation. These results
suggest that ORF 73 can function as a regulator of gene ex-
pression and that p32 is involved in ORF 73-dependent tran-
scriptional activation.

MATERIALS AND METHODS

Yeast two-hybrid screen for ORF 73-interacting proteins. The Gal4-based
yeast two-hybrid system screening technique (14) was used to identify proteins
that interacted with the ORF 73 protein. The “bait” plasmid was constructed by
cloning the ORF 73 coding region, previously excised from p73GFP (23) as a
BamHI-XhoI fragment, into pGBT9 (GAL41–147DNA-BD, TRP1) (Clontech) to
derive the GAL4 DNA-binding domain (DBD) fusion, pDBD73. A human
kidney cDNA-GAL4 activation domain fusion library in the vector pACT2
(GAL4768–881AD, LEU2) (Clontech) was used to identify ORF 73-interact-
ing proteins. The bait plasmid was transformed into Saccharomyces cerevisiae
strain HF7c (MAT� ura3-52 his3-200 ade2-101 lys2-801 trp1-901 leu2-3,112
gal4-542 gal80-538 LYS2::GAL1UAS-GAL1TATA-HIS3 URA3::GAL417-MERS(x3)-
CYC1TATA-lacZ) (Clontech). Clones were selected on minimal synthetic dropout
medium in the absence of tryptophan. Yeast clones harboring the bait plasmids
were then sequentially transformed with the “prey” library. Positive clones po-
tentially harboring ORF 73-interacting species were identified both by their
ability to grow on medium without tryptophan, leucine, and histidine and by the
detection of �-galactosidase activity, as specified by the manufacturer (Clon-
tech). Plasmids were isolated from positive yeast clones, selecting for pACT2
cDNA library plasmids by transformation of the leucine auxotroph into Esche-

richia coli strain HB101. Clones were then grouped by size and restriction
analysis.

To confirm the specificity of the interactions, pACT-2 library plasmids were
transformed in yeast strains harboring no plasmid, yeast containing pGBT9
vector only, yeast containing pLAM5 (a GAL4 human lamin C fusion), or
pDBD73. Only library plasmids demonstrating a requirement for the pDBD73
plasmid for induced expression of HIS3 or lacZ reporter genes were considered
further and selected for DNA sequencing.

Viruses, cell culture, and transfections. HVS-GFP (23), based on 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. Cos-7 cells were also maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum. Plasmids used in the trans-
fections were prepared using Qiagen Plasmid kits as specified by the manufac-
turer. Cells were seeded at 5 � 105 cells per 35-mm-diameter petri dish 24 h prior
to transfection. Transfections were performed using Lipofectamine (Life Tech-
nologies) as described by the manufacturer, with 2 �g of the appropriate DNAs.

Plasmid constructs. The yeast two-hybrid ORF 73 deletion series was pro-
duced by excising the ORF 73 amino and carboxy termini from p73�1-6GFP (24)
as BamHI-XhoI fragments and ligated into pGBT9 (Clontech), to obtain the
GAL4 DBD fusion, pDBD73�1-3. The ORF 73 bacterial expression constructs
were constructed by a similar procedure, cloning into pGEX4T-3, to yield the
expression constructs pGST73, pGST73N, pGST73�Acidic, and pGST73C, re-
spectively.

The amino-terminal ORF 73 deletion bacterial expression constructs were
produced by a PCR-based method using full-length mutants of pORF73
p73�NLS1, p73�NLS2, and p73�NLS1�2 (24) as templates. PCR amplication
was performed using the forward primer 5�-CGC GGA TCC ATG GCG CCC
AGA AGA AGA AAA GCG and the reverse primer 5�-CCG GAA TTC GTC
ATC GTC GCC TTG AGG CTT CAG TTT TCG TCT TCT CTT GCG. These
oligonucleotides incorporated BamHI and EcoRI restriction sites, respectively,
which facilitated the cloning of the PCR product into pGEX-2T, to yield
pGST73NLS�1, pGST73NLS�2, and pGST73NLS�1�2.

pSV40-CAT and pRSV-CAT, containing the simian virus 40 and Rous sar-
coma virus minimal promoters upstream of the chloramphericol acetyltrans-
ferase (CAT) reporter genes, were kindly provided by G. E. Blair, University of
Leeds. The ORF 73 promoter-CAT reporter construct has been previously
described (23). The p32 eukaryotic expression vector was produced by amplifi-
cation of the complete p32 coding region using the forward and reverse primers
5�-GCA GAT CTA TGC TGC CTC TGC TGC GCT GCG TG and 5�-GTG
AAT TCT ACT GGC TCT TGA CAA AAC TCT, respectively. These oligonu-
cleotides incorporated BglII and EcoRI restriction sites, respectively, to facilitate
cloning into pIRESGFP in order to derive p32IRESGFP.

GST pull-down assays. The ORF 73 deletion series were expressed as gluta-
thione S-transferase (GST) fusion proteins in E. coli DH5�. A fresh overnight
culture of transformed E. coli was diluted 1:20 with Luria-Bertari medium con-
taining ampicillin (100 �g/ml). After growth at 37°C for 2 h, the culture was
induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and grown at
37°C for a further 4 h. The cells were harvested by centrifugation and resus-
pended in 0.1 volume of lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl,
1% Triton X-100). They were then 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 protein-bound beads were then
incubated for 16 h at 4°C with Cos-7 cell extracts previously lysed with lysis buffer
(0.3 M NaCl, 50 mM Tris-HCl [pH 8.0], 1% Triton X-100, 0.1% sodium dodecyl
sulfate [SDS]) containing protease inhibitors (AEBSF; Roche). The beads were
then pelleted, washed four times in lysis buffer, and resuspended in Laemmli
buffer, and the precipitated polypeptides were resolved on an SDS–12% poly-
acrylamide gel. The proteins were then transferred to nitrocellulose membranes
by electroblotting and probed by immunoblot analysis.

Coimmunoprecipitation assays. OMK cells were left uninfected, transfected
using 2 �g of the appropriate DNAs, or infected with HVS at multiplicity of
infection of 1. After 48 h, the cells were harvested and lysed with lysis buffer (0.3
M NaCl, 1% Triton X-100, 50 mM and HEPES buffer [pH 8.0] containing the
protease inhibitors leupeptin and phenylmethylsulfonyl fluoride). For each im-
munoprecipitation 50 �l of the ORF 73 polyclonal antiserum (24) was incubated
with protein A-Sepharose beads (Pharmacia Biotech) for 16 h at 4°C. The beads
were then pelleted, washed, and incubated with each respective cell lysate for
16 h at 4°C. The beads were then pelleted and washed, and precipitated polypep-
tides were resolved on an SDS–12% polyacrylamide gel and analysed by immu-
noblot analysis.
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p32 and glucose oxidase column pull-down assays. Bacterially expressed p32
was purified by charge affinity chromatography and coupled to activated Sepha-
rose to generate p32 columns as previously described (35). A control matrix was
prepared by the same method using 5 mg of purified glucose oxidase (GO)
(Sigma). Pull-down assays were performed with 50 �l of p32 or GO column
material and 200 �l of infected or transfected cell extract as previously described
(35). After being washed, bound proteins were resuspended in Laemmli buffer
and precipitated polypeptides were resolved on an SDS–12% polyacrylamide gel.
The proteins were then transferred to nitrocellulose membranes by electroblot-
ting and probed by immunoblot analysis.

Immunoblot analysis. Immunoblot analysis was performed with the pull-down
samples. Precipitated polypeptides were resolved on an SDS–12% polyacryl-
amide 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 the trans-
fer, the membranes were soaked in phosphate-buffered saline (PBS) and blocked
by preincubation with 2% (wt/vol) nonfat milk powder for 2 h at 37°C. The
membranes were then incubated with either a 1:400 dilution of affinity-purified
p32 polyclonal antiserum (35), a 1:500 dilution of monoclonal p32 antiserum
(11), a 1:1,000 dilution of green fluorescent protein monoclonal antiserum (Clon-
tech), or a 1:2,000 dilution of GST monoclonal antiserum (Sigma), washed with
PBS, and incubated for 1 h at 37°C with a 1:1,000 dilution of anti-rabbit or
anti-mouse immunoglobulin conjugated with horseradish peroxidase (Dako) in
blocking buffer. After five washes with PBS, the nitrocellulose membranes were
developed using enhanced chemiluminescence (Pierce) as specified by the man-
ufacturer.

Immunofluorescence analysis. Cells were fixed with 4% formaldehyde in 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 1:100 dilution of goat p32 polyclonal antiserum (Santa
Cruz), was layered over the cells, which were then incubated for 1 h at 37°C.
Texas red-conjugated anti-goat immunoglobulin (Dako) (1:200 dilution) was
then added for 1 h at 37°C. After each incubation step, the cells were washed
extensively with PBS. The p73GFP deletion series contained a carboxy-terminal
green fluorescent protein fusion tag, which allowed direct visualization of these
proteins, as previously described (24). Samples were visualized using a Leica TCS
SP confocal microscope with a PlanApo 100� UV oil immersion lens, collecting
data from the three channels sequentially.

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 (21). The percent acetylation of chloramphenicol was quantified using
a Bio-Rad FX molecular phosphorimager.

RESULTS

p32 interacts with the HVS ORF 73 gene product. To iden-
tify ORF 73-interacting cellular proteins, 1.5 � 106 indepen-
dent cDNA clones of a human kidney cDNA library fused to
the GAL4 activation domain were screened. A total of 48
clones were identified which activated histidine and �-galacto-
sidase reporter gene expression in the presence of the ORF
73-DBD fusion protein. The specificity of the interaction was
confirmed by transforming the putative ORF 73-interacting
cellular clones into yeast strains harboring no plasmid, yeast
containing pGBT9 vector only, yeast containing pLAM5 (a
GAL4 human lamin C fusion), or pDBD73. Only library plas-
mids demonstrating a requirement of pDBD73 for induced
expression of histidine and �-galactosidase reporter genes
were considered further. The sequences of clones that fulfilled
all these criteria were determined and searched against the
EMBL/GenBank database using the Blast tool. Analysis re-
vealed that four ORF 73-interacting clones corresponded to
the cellular protein p32.

p32 and HVS ORF73 interact in vitro. To confirm whether
this interaction could also be observed in vitro, GST pull-down
experiments were performed. The full-length ORF 73 coding
region was cloned into the expression vector pGEX4T-3, al-

lowing expression of the ORF 73 product as a GST fusion
protein. Protein extracts prepared from untransfected Cos-7
cells were incubated with GST alone or ORF73GST protein
bound to glutathione-Sepharose beads. Bound proteins were
then separated by SDS-polyacrylamide gel electrophoresis
(PAGE), and the presence of p32 was detected by Western
blotting using a p32 polyclonal antibody (35) (Fig. 1a). The
expression of the GST-ORF 73 fusion protein was confirmed
by Western blotting with a mouse monoclonal anti-GST anti-
body (Fig. 1b). The results demonstrated that p32 bound to the
ORF 73-GST fusion protein but not GST alone. In addition, a
control lane of whole-cell lysate was used to estimate that
approximately 50% of cellular p32 interacts with GST-ORF 73.

In addition, to confirm the GST pull-down analysis, coim-
munoprecipitation studies were performed. Control untrans-
fected OMK cells were compared with cells transfected with
p73GFP or HVS-infected cells (multiplicity of infection, 1).
After 24 h, the cells were harvested and cell lysates were
utilized in coimmunoprecipitation analysis with an ORF 73
polyclonal antiserum (24). Polypeptides precipitated from un-
transfected, transfected, and infected cellular extracts were
then resolved by SDS-PAGE and transferred to a nitrocellu-
lose membrane. Immunoblot detection was performed using
antiserum specific for p32. The results demonstrate that in
both ORF 73-transfected and HVS-infected cells, ORF 73
specifically interacts with p32 (Fig. 1c).

HVS ORF 73 interacts with rMp32-Sepharose. Potentially
the interaction between cellular p32 and bacterially expressed
GST-ORF 73 fusion proteins could be mediated by minor
bacterial contaminants from GST-purified proteins or could be
a result of abnormal folding of the ORF 73 fusion protein.
Therefore we used bacterially expressed p32 (which is purified
by a different protocol from that of GST-ORF 73) to affinity
purify ORF 73 expressed in ORF 73-transfected cells or from
HVS-infected cells. Recombinant p32 (35) coupled to Sepha-
rose beads was incubated with extracts from mock-infected or
HVS-infected OMK cells, untransfected Cos-7 cells, or cells
transfected with pcDNAGFP or p73GFP. After a washing step,
bound proteins were eluted from the Sepharose beads and
separated by SDS-PAGE. Western blotting revealed that ORF
73 was bound to recombinant p32 in both infected (Fig. 1d, i)
and p73GFP-transfected (Fig. 1e, i) cells. The p32 protein is
highly acidic with a strong net negative charge (pI 4.2). Poten-
tially the interaction between p32 and ORF 73 could be the
result of an indiscriminate charge-based interaction. To deter-
mine whether the interaction was specific, a protein with a
similar pI to p32, GO, was used in similar experiments. Re-
combinant GO coupled to Sepharose beads was incubated with
extracts from mock-infected, HVS-infected, or p73GFP-trans-
fected cells. Western blotting revealed no interaction between
ORF 73 and recombinant GO in HVS-infected (Fig. 1d, ii) or
ORF 73-transfected (Fig. 1e, ii) cells. This suggests that the
interaction between HVS ORF 73 and p32 is not indiscrimi-
nate and that the proteins can also bind in the absence of any
other viral proteins.

The ORF 73 amino-terminal arginine-rich domain is re-
quired for p32 binding. To map the domain within ORF 73
required for its specific interaction with p32, a series of ORF
73 deletions were expressed in yeast as fusions with GAL4-
DBD (Fig. 2a). Competent yeast strain HF7c was cotrans-
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formed with p32AD, pDBD73�1, pDBD73�2, and pDBD73�3
and assessed for the ability to grow on selective medium and
activate �-galactosidase. The results indicated that the amino
terminus of ORF 73 was sufficient for its interaction with p32
(Fig. 2a).

To determine whether the ORF 73 amino terminus was

required for the interaction with p32, a GST pull-down analysis
was performed. The amino and carboxy termini of ORF 73
were expressed as GST fusion proteins. Protein extracts pre-
pared from untransfected Cos-7 cells were incubated with GST
alone or GST-ORF73 deletion proteins bound to glutathione-
Sepharose beads. Bound proteins were then separated by SDS-

FIG. 1. The ORF 73 protein interacts with the cellular protein p32. (a) Control GST alone and GST-ORF 73 were expressed in E. coli and
purified from crude lysate by incubation with glutathione-Sepharose 4B affinity beads. Protein extracts of untransfected cells were incubated with
GST or GST-ORF 73 proteins. Bound proteins were resolved by SDS-PAGE (12% polyacrylamide), and p32 was detected by Western blotting
using p32 antiserum. A control lane of whole-cell lysate is shown to estimate the level of interaction between p32 and GST-73. (b) To confirm the
expression of GST and GST-ORF 73 proteins, Western blot analysis was performed using a mouse monoclonal GST antibody. (c) Mock-infected
(Uni), HVS-infected, pcDNAGFP-transfected, or p73GFP-transfected cell extracts were incubated with ORF 73 polyclonal antiserum bound to
protein A-Sepharose beads. The beads were then pelleted and washed, and precipitated polypeptides were resolved on an SDS–12% polyacryl-
amide gel and analyzed by immunoblot analysis with p32 antiserum. (d) Mock-infected OMK (Uni) and HVS-infected cell extracts were incubated
with rp32-Sepharose (i) or rGO-Sepharose (ii). After being washed and eluted, the cells were separated by SDS-PAGE and analyzed by Western
blotting with ORF 73 polyclonal antisera. (e) Untransfected Cos-7 and pcDNAGFP-transfected or p73GFP-transfected cell extracts were
incubated with rp32-Sepharose (i) or rGO-Sepharose (ii). After being washed and eluted, the cells were separated by SDS-PAGE and analyzed
by Western blotting with GFP monoclonal antisera.
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PAGE, and the presence of p32 was detected by Western
blotting using a p32 polyclonal antibody (Fig. 2b, i). As a
control, the expression of the GST-ORF 73 deletion fusion
proteins was confirmed by Western blotting with a mouse
monoclonal anti-GST antibody (Fig. 2b, ii). Results demon-
strated that p32 specifically bound to the ORF 73 amino ter-
minus, confirming the analysis in the yeast two-hybrid assay.

To delineate the sequences within the ORF 73 amino ter-
minus required for p32 binding, further amino-terminal dele-
tions were expressed as GST fusion proteins (Fig. 3a). Since it
is thought that arginine- and lysine-rich regions of the adeno-
virus minor core protein V are responsible for mediating an
interaction with p32 (D. A. Matthews, unpublished observa-
tions), we speculated that the interaction between HVS ORF
73 and p32 may be mediated by one or both of the arginine-
rich nuclear localization signal (NLS) regions present in the
HVS ORF 73 amino terminus (24). Therefore, amino-terminal
mutant proteins lacking either one or both of the NLS regions
were expressed as GST fusion proteins and pull-down analysis
was performed using untransfected Cos-7 cellular lysates.
Western blotting with a p32 polyclonal antibody indicated that
the complete amino-terminal region showed a strong interac-

tion with p32, as described above. Moreover, results demon-
strate that deletion of either amino-terminal arginine-rich re-
gion reduced p32 binding to approximately 30% of the levels
observed using the complete ORF 73 amino terminus. Fur-
thermore, deletion of both arginine-rich domains completely
abolished p32 binding (Fig. 3b, i). As a control, expression of
the GST-ORF 73 deletion fusion proteins was confirmed by
Western blotting with a mouse monoclonal anti-GST antibody
(Fig. 3b, ii). This suggests that both amino-terminal arginine-
rich domains are required for the specific interaction with p32.

HVS ORF 73 triggers an accumulation of p32 in the nucleus.
p32 is localized predominantly to the mitochondria of many
different cell types but has also recently been observed in the
nucleus at low levels (9, 44). To ascertain the effect of ORF 73
expression on the subcellular localization of p32, indirect im-
munofluorescence was performed. p32 subcellular localization
was compared in mock- or HVS-infected cells and Cos-7 cells
transfected with a range of ORF 73-GFP deletion expression
constructs (24). In both untransfected and pcDNAGFP-trans-
fected cells, p32 was predominantly cytoplasmic in a mitochon-
drial pattern as previously described (9, 16, 35, 36, 47). In
contrast, p73GFP-transfected cells (Fig. 4i to vii) and HVS-

FIG. 2. The ORF 73 amino terminus is sufficient for p32 binding. (a) A series of ORF 73 deletions were inserted into pGBT9. Each deletion
plasmid was cotransformed into HF7c with p32AD and assessed for the ability to grow on selective medium and activiate �-galactosidase
expression. �, results of a positive interaction; �, no interaction. (b) Control GST alone, GST-73N, GST-�Acidic, and, GST-73C were expressed
in E. coli and purified from crude lysate by incubation with glutathione-Sepharose 4B affinity beads. Protein extracts of untransfected cells were
incubated with GST or GST-ORF 73 deletion proteins. (i) Bound proteins were resolved by SDS-PAGE (12% polyacrylamide), and p32 was
detected by Western blotting using p32 antiserum. (ii) To confirm the expression of GST and GST-ORF 73 deletion fusion proteins, Western blot
analysis was performed using a mouse monoclonal GST antibody.
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infected cells (Fig. 4viii to x) demonstrated an accumulation of
p32 in the nucleus. Results suggested that the accumulation of
p32 in the nucleus might be dose dependent, whereby more
p32 colocalized with ORF 73 in cells that were expressing ORF
73 to higher levels (data not shown). We noted that there is
some degree of similarity in the localization of ORF 73 and
p32, particularly in ORF 73-GFP-transfected cells at the nu-
clear periphery (Fig. 4v and vii). However, in the infected cells
this is less obvious (Fig. 4viii and x); potentially this slight
difference may be a result of the presence of other virus pro-
teins in the infected cells. Similar p32 nuclear accumulation

results have also been observed using an ORF 73-myc tagged
protein in both Cos-7 and OMK cells (data not shown).

In addition, to determine whether the amino-terminal argi-
nine-rich domains were required for p32 nuclear accumulation,
p32 redistribution was assessed in p73NLS�1-transfected cells
(Fig. 4xi to xiv) and p73NLS�2-transfected cells (data not
shown). Results demonstrate that when either one of the argi-
nine-rich domains was removed, p32 did not accumulate in the
nucleus. This indicates that both ORF 73 amino-terminal argi-
nine-rich domains, which are required for p32 binding, are
necessary for the accumulation of p32 in the nucleus.

FIG. 3. The ORF 73 amino-terminal arginine-rich domains are required for p32 binding. (a) A further series of amino-terminal ORF 73
deletions were expressed as GST fusion proteins. (b) Control GST alone, GST-73N, GST-73�NLS1, GST-73�NLS2, and GST-73�NLS1�2 were
expressed in E. coli and purified from crude lysate by incubation with glutathione-Sepharose 4B affinity beads. Protein extracts of untransfected
cells were incubated with GST or GST-ORF 73 amino deletion proteins. (i) Bound proteins were resolved by SDS-PAGE (12% polyacrylamide),
and p32 was detected by Western blotting using p32 antiserum. (ii) To confirm the expression of GST and GST-ORF 73 amino deletion fusion
proteins, Western blot analysis was performed using a mouse monoclonal GST antibody.

VOL. 76, 2002 HVS ORF 73-p32 INTERACTION 11617



The p32-interacting domains of ORF 73 are required for
ORF 73-dependent transactivation. It has previously been
shown that p32 interacts with the EBV EBNA-1 protein (13,
52, 54). p32 has been implicated in the activation of transcrip-
tion by EBNA-1 or in EBV genome replication and/or main-
tenance. To determine whether p32 plays a role in ORF 73-
mediated transactivation, we first confirmed whether ORF 73
augments transcription from a set of reporter plasmids. A
series of transient-transfection assays were performed to assess

the effect of the ORF 73 protein on the heterologous simian
virus 40 and Rous sarcoma virus promoters, driving expression
of the CAT reporter gene. Cos-7 cells were transiently trans-
fected with either pSV40CAT or pRSVCAT in the absence or
presence of pcDNAGFP or p73GFP (24). They were harvested
at 48 h posttransfection, and the cell extracts were assayed for
CAT activity. The results shown in Fig. 5 indicate that ORF 73
has the ability to transactivate both heterologous promoter
constructs approximately three- to fourfold (Fig. 5), suggesting

FIG. 4. The ORF 73 protein accumulates p32 in the nucleus. In all color images, ORF73-GFP or ORF 73 in infected cells stains green, 4;
6-diamidino-2-phenylindole (DAPI) stains blue, and p32 stains red. Images represent a single 0.36-�m focal plane approximately halfway through
the cell. Bars, 10 �m. Cells were transfected with p73GFP (i and v), infected with HVS (viii), or transfected with p73�NLS1GFP (xi). Each
experiment resulted in nuclear localization of ORF73 (or the GFP fusion protein), as shown by DAPI costaining (ii and xii). For infected cells,
ORF73 was detected by ORF73 polyclonal antiserum and an anti-rabbit fluorescein thiocyanate conjugate (viii). In all cases, p32 was detected using
an p32 antiserum (Santa Cruz) and an anti-goat Texas red conjugate (iii, vi, ix, and xiii). Images iv, vii, x, and xiv are an overlay of the three channels
(i to iii), (v to vi), (viii to ix), and (xi to xiii), respectively.
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FIG. 5. The p32-binding domain is required for ORF73-dependent transactivation. Cos-7 cells were transfected with pSV40CAT (a), pRSV-
CAT (b), p73�4 (c), or pAWCAT1 (d) in the presence of pGFP, p73GFP, p73GFP�p32, p32, p73�NLS1, p73�NLS1�p32, p73�NLS2, or
p73�NLS2�p32. The cells were harvested at 48 h posttransfection, and cell extracts were assayed for CAT activity. Results are shown in graphical
form, where CAT activity is presented as fold induction over background levels. The variations between two replicated assays are indicated. (e)
(i) Cos-7 cell extracts, untransfected (lane 1) or transfected with p73GFP (lane 2), p73�NLS1 (lane 3), or p73�NLS2 (lane 4), were resolved by
SDS-PAGE, and GFP was detected by Western blotting using GFP antiserum. (ii) Cos-7 cell extracts transfected with p73GFP (lane 1),
p73GFP�p32 (lane 2), p73�NLS1�p32 (lane 3), or p73�NLS2�p32 (lane 4) were resolved by SDS-PAGE, and p32 was detected by Western
blotting using p32 antiserum.
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that ORF 73 can function as a transcriptional activator. Fur-
thermore, the coexpression of p32 and ORF 73 resulted in a
six- to eightfold increase in CAT activity, suggesting that p32
can cooperate with ORF 73 to stimulate transcription syner-
gistically, since limited activation was observed with p32 alone.
To confirm that p32 is implicated in ORF 73-dependent trans-
activation, the transient-transfection experiments were re-
peated with ORF 73 mutants lacking the amino-terminal
arginine-rich p32-binding site. Transient transfections were
repeated in the absence or presence of p73NLS�1GFP or
p73NLS�2GFP. The results demonstrated that deletion of the
amino-terminal arginine-rich p32-interacting domains abro-
gated the ability of ORF 73 to activate the heterologous pro-
moters (Fig. 5). As a control, the transfection efficiency was
monitored by calculating the number of GFP-expressing cells.
In addition, equivalent expression of p73GFP, ORF 73 dele-
tions, and p32 was confirmed by Western blot analysis (Fig.
5e). The results demonstrate that the wild-type ORF 73 con-
struct was expressed to levels similar to those of the p32-
binding domain deletions. Therefore, these results suggest that
p32 binding to ORF 73 is required for ORF 73-dependent
transactivation.

To elucidate whether p32 binding is required for ORF 73-
mediated transactivation of any HVS promoters, we deter-
mined whether ORF 73 regulated its own viral promoter or an
ORF 50-responsive DE ORF 6 promoter. Recent analysis has
demonstrated that LANA positively autoregulates its own pro-
moter (27, 43). A series of transient-transfection assays were
performed to assess the effect of the ORF 73 protein on p73�4,
a plasmid consisting of an ORF 73 639-bp promoter fragment
upstream of the CAT reporter gene (23), and pAWCAT1, a
plasmid containing the DE ORF 6 promoter upstream of
CAT (55). Cos-7 cells were transiently transfected with ei-
ther p73�4CAT or pAWCAT1 in the absence or presence of
pcDNAGFP, p73GFP, and p32IRESGFP. Cells were har-
vested at 48 h posttransfection, and the cell extracts were
assayed for CAT activity. The results demonstrate that ORF 73
has the ability to positively autoregulate its promoter approx-
imately fivefold. Moreover, the coexpression of ORF 73 and
p32 has a synergistic effect on the transactivation of the ORF
73 promoter, as observed with the heterologous promoters
(Fig. 5c). Also, deletion of the amino-terminal arginine-rich
p32-interacting domains abrogated the ability of ORF 73 to
activate its own promoter. In contrast, neither ORF 73 nor p32
has any effect on the transcriptional upregulation of the DE
ORF 6-ORF 50-responsive promoter. This suggests that the
ORF 73-p32 interaction does not function as a general tran-
scriptional transactivator. Thus, ORF73 affects a specific sub-
set of promoters and its interaction with p32 augments these
effects.

DISCUSSION

In this study we have utilized the yeast two-hybrid system
and in vitro pull-down analysis to demonstrate that HVS ORF
73 interacts with the host cellular protein p32. Our data also
indicate that the association between p32 and ORF 73 is
charge based since p32 is highly acidic and the binding requires
basic regions on ORF 73. This charge-based interaction is not

indiscriminate, however, since ORF 73 does not interact with a
similarly charged acidic protein, GO.

Also known as SF2-associated protein, TAP, or gC1qR, p32
was originally isolated from HeLa cells by copurification with
the nuclear pre-mRNA splicing factor ASF/SF2 (32). The pro-
tein is synthesized as a pro-protein of 282 amino acids that
resides in the cytoplasm before undergoing cleavage of amino
acids 1 to 73 to generate the mature form of the protein, which
is located in the mitochondria (25). However, recent analysis
has shown that p32 accumulates in the nuclei of transfected
cells after treatment with actinomycin D, leptomycin B, or
TPA, suggesting that p32 can shuttle between the mitochon-
dria and the nucleus (9, 44).

Here we show that expression of ORF 73 is responsible for
the accumulation of p32 in the nucleus. Similar observations
have been demonstrated for other p32-interacting viral pro-
teins, including EBV EBNA-1, HSV-1 ICP27, and adenovirus
protein V (11, 35, 52, 54). At present, the mechanism of p32
nuclear redistribution is unknown. Potentially, viral proteins
bind to nascent p32 in the cytoplasm before p32 interacts with
the mitochondrial protein import machinery. This might aug-
ment the levels of extra mitochondrial p32 available for nucle-
ar-cytoplasmic shuttling. Indeed, ORF 73 may also increase
the rate of nuclear import of p32. For example, p32 may bind
ORF 73 protein at one of the NLS regions and the complex
may be imported via the second NLS on ORF 73. On the other
hand, the accumulation of p32 in the nucleus might result from
a failure of nuclear transport pathways required for p32 export.
However, mutants of ORF 73 lacking only one NLS are still
transported to the nucleus but are unable to trigger nuclear
accumulation of p32. Thus, it is difficult to envisage how rein-
statement of the missing second NLS leads to deficient export
of p32 from the nucleus. The fluorescent-image data do not
demonstrate unequivocally that p32 and ORF 73 exclusively
colocalize in either infected or transfected cells, although they
appear to be in similar locations. This may indicate that the
interaction between p32 and ORF 73 in the nucleus is dynamic
or that the p32-ORF 73 complex (perhaps containing addi-
tional factors) is not readily detectable in situ by the anti-p32
serum used here.

Although the exact physiological function of p32 remains
unknown, it has been shown to be important in maintaining
oxidative phosphorylation in yeast mitochondria (36). The
highly asymmetric distribution of aspartic and glutamic acids
on the surface of the p32 trimer is a feature reminiscent of the
Ca2� storage protein calsequestrin (28). Through its associa-
tion with the splicing factors ASF/SF2 and SR30pc, p32 has
also been implicated in control of gene expression at a post-
transcriptional level (38). This specific function of p32 has been
implicated in the mechanism by which both HIV-1 Rev and
HSV-1 ICP27 inhibit cellular splicing (11, 34, 50).

In addition to its role in splicing, p32 functions as a tran-
scriptional activator and is implicated in the regulation of both
HIV-1 and EBV gene expression. HIV-1 Tat associates with
p32, and in this context p32 is thought to function as a coac-
tivator of viral gene expression (56, 57). Deletion analysis of
p32 identified a highly acidic carboxy terminus that acts as a
strong transactivating domain, which is required for the bind-
ing of p32 to the general transcription factor, TFIIB (56).
Therefore, these results suggest that p32 bridges Tat to the
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cellular transcription machinery via TFIIB (56). However, de-
letion mutations of p32 may also have affected the more re-
cently reported ability of p32 to multimerize, which may com-
plicate the interpretation of the data.

EBV EBNA-1 can function as a transactivator of viral la-
tency promoters but lacks a detectable activation domain (26,
40, 48). EBNA-1 interacts with p32 through two basic arginine-
glycine-rich domains and is a possible coactivator of EBNA-1-
dependent transactivation (52, 54). Here we show that the
HVS ORF 73 protein interacts with p32 via basic regions, ORF
73 can function as a transcriptional activator, and p32 acts
synergistically with ORF 73 to upregulate transcription. More-
over, we have demonstrated that deletion of the amino-termi-
nal arginine-rich p32 interacting domain abrogated the ability
of ORF 73 to activate the heterologous promoters. This sug-
gests that p32 binding to HVS ORF 73 plays a key role in ORF
73-dependent transactivation. To the best of our knowledge,
this is the first observation of HVS ORF 73 protein functioning
as a transcriptional activator and suggests some functional
similarities to EBNA-1 and KSHV LANA, both of which have
transactivating properties. Additionally, our data suggest that
ORF 73 activates promoters from other virus families and its
own promoter, indicating that there could be a broad range of
responsive promoters. However, it does not activate the ex-
pression of HVS ORF 6, implying that it is, at least, restricted
in what type of HVS promoter it modulates. At present we
have only preliminary analysis demonstrating the transactivat-
ing capability of HVS ORF 73 on its own regulatory region.
The mechanism by which HVS ORF 73 transactivates gene
expression remains to be elucidated, and it will be of interest to
determine whether p32 bridges ORF 73 to the cellular tran-
scriptional machinery in a similar manner to HIV-1 Tat (56).
Experiments are under way to determine if ORF 73 (or ORF
73-p32 complex) binds promoters directly to regulate tran-
scription or if transcription regulation occurs via an indirect
method. It is also interesting that reporter gene assays have
demonstrated that KSHV LANA can exert a positive or neg-
ative effect on gene expression (27, 33, 43). It also remains to
be elucidated whether HVS modulates similar viral and cellu-
lar gene expression and whether LANA-dependent transacti-
vation is also dependent on an interaction with p32.

In summary, we have demonstrated that the HVS ORF 73
protein functions as a transcriptional activator and interacts
with the cellular protein p32, leading to its accumulation in the
nucleus. An amino-terminal arginine-rich domain, which con-
tains two distinct NLSs, is required for this interaction. Further
analysis suggests a role for p32 in ORF 73-dependent tran-
scriptional activation.
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