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We have previously demonstrated that open reading frame (ORF) 50 and ORF 57 encode transcriptional
regulating genes in herpesvirus saimiri. ORF 50, a homolog of Epstein-Barr virus R protein, is a sequence-
specific transactivator, whereas ORF 57 acts posttranscriptionally. In this report, we demonstrate that the
OREF 57 gene is regulated by the ORF 50a gene product. We show that the ORF 57 gene is expressed at basal
levels early in the virus replication cycle and that thereafter it is transactivated by the ORF 50a gene product,
due to an increase in RNA levels. As it has been shown that the ORF 57 gene product downregulates ORF 50a
due to the presence of its intron, these combined observations identify a feedback mechanism modulating gene
expression in herpesvirus saimiri, whereby ORF 50a transcription is downregulated by the ORF 57 gene
product, a gene which it specifically transactivates. Furthermore, we propose that the intron-containing ORF
57 gene downregulates itself by the same mechanism as that for ORF 50a, as both genes are downregulated at

similar times during the replication cycle.

Herpesvirus saimiri (HVS) is a lymphotrophic Rhadinovirus
(gamma-2 herpesvirus) of squirrel monkeys (Saimiri sciureus),
which persistently infects its natural host without causing any
obvious disease. However, HVS infection of other species of
New World primates results in fulminant polyclonal T-cell
lymphomas and lymphoproliferative diseases (8). HVS is also
capable of transforming simian and human T lymphocytes to
continuous growth in vitro (4). The genome of HVS (strain
All) consists of a unique internal low-G+C-content DNA
segment (L-DNA) of approximately 110 kbp which is flanked
by a variable number of 1,444-bp high-G+C-content tandem
repetitions (H-DNA) (2). Analysis indicates that it has signif-
icant homology with the following herpesviruses: Epstein-Barr
virus (EBV), bovine herpesvirus 4, Kaposi’s sarcoma-associ-
ated herpesvirus (also called human herpesvirus 8), and mu-
rine gammaherpesvirus 68 (1, 5, 11, 12, 29, 41, 49). The genomes
of EBV, Kaposi’s sarcoma-associated herpesvirus, murine
gammaherpesvirus 68, and HVS have been shown to be gen-
erally colinear, in that homologous sequences are found in
approximately equivalent locations and in the same relative
orientation. However, conserved gene blocks are separated by
unique genes respective to each virus (1, 29, 30, 41, 49).

Gene expression during lytic replication is sequentially reg-
ulated and occurs in three main temporal phases: immediate-
early (IE), delayed-early, and late (19). Two major IE tran-
scripts encoded by the HindIII-G-IE gene (open reading frame
[ORF] 14) and the IE 52-kDa gene (ORF 57) have been
identified in HVS (2, 32, 33). Analysis of ORF 14 shows that it
does not exhibit homology with any EBV-encoded protein but
that it does contain homology with a putative superantigen
(48). It has recently been shown to bind major histocompati-
bility complex class IT molecules and to stimulate cell prolifer-
ation (54). The IE 52-kDa protein has been mapped to the
EcoRI-IE fragments of HVS and is homologous to genes iden-
tified in all classes of herpesviruses. These include the EBV
transactivator encoded by BMLFI, ICP27 of herpes simplex

* Corresponding author. Mailing address: Molecular Medicine Unit,
University of Leeds, St. James’s University Hospital, Leeds LS9 7TF,
United Kingdom. Phone: 113 2065865. Fax: 113 2444475. E-mail: A
.Whitehouse@leeds.ac.uk.

1967

virus (HSV), BICP27 in bovine herpesvirus 1, ORF 4 encoded
by varicella-zoster virus, UL69 in human cytomegalovirus, and
ICP27 in equine herpesvirus 1 (7, 20, 32, 35, 47, 53, 55).

The ORF 57 gene product has transregulatory functions
which are independent of the target gene promoter sequences
and appear to be mediated at the posttranscriptional level,
whereas repression of gene expression appears to correlate
with the presence of introns, suggesting that ORF 57 is func-
tionally homologous to ICP27 (52). In addition, the more
widely studied homolog, ICP27, has been shown to be involved
in the switch from early to late gene expression (24-26, 38, 42,
44) and in the downregulation of viral IE and early genes and
is required for the expression of late genes (26, 38, 42, 45).
Furthermore, ICP27 contributes to the shutoff of host cell
protein synthesis and contributes to a decrease in cellular
mRNA levels during infection, as deletion mutant infections
result in higher levels of cellular protein synthesis and mRNA
levels than do wild-type infections (15, 16, 18, 46).

The second transcriptional activator encoded by HVS is
homologous to the EBV BRLF1 gene product, R (2, 31), a
sequence-specific transactivator (14). The HVS R gene or
OREF 50 produces two transcripts: the first is spliced, contain-
ing 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. The spliced
transcript is fivefold more potent in activating the delayed-
early ORF 6 promoter; the function of the nonspliced tran-
script is unclear (31, 50). Further analysis of ORF 50 indicates
that it responds to DNA-specific sequences; gel retardation
analysis has identified a consensus R-recognition sequence,
CCNyGG, required for transactivation by both ORF 50 tran-
scripts (51). Furthermore, the transactivating capability of the
ORF 50a gene product (which is produced from a spliced
transcript) is repressed by the IE ORF 57 gene product,
whereas the transactivating capability of ORF 50b (an un-
spliced transcript) is slightly enhanced by ORF 57 (52).

In this report, we demonstrate that the ORF 50a gene prod-
uct regulates ORF 57 gene expression in HVS. We show that
the ORF 57 gene is expressed at basal levels up to 18 h postin-
fection (hpi); thereafter it is transactivated by the ORF 50a
gene product, due to an increase in RNA levels. We have
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previously demonstrated that the ORF 57 gene product down-
regulates ORF 50a due to the presence of its intron (52). These
combined observations lead to a feedback mechanism modu-
lating gene expression in HVS, whereby ORF 50a is downregu-
lated by a gene which it specifically transactivates. In addition,
we propose that the intron-containing ORF 57 gene downregu-
lates itself by the same mechanism by which it represses ORF
50a.

MATERIALS AND METHODS

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.
Plasmids used in the transfections were prepared by using Qiagen plasmid kits
according to the manufacturer’s directions. OMK cells were seeded at 5 X 10°
cells per 35-mm-diameter petri dish 24 h before transfection. Transfections were
performed with DOTAP (Bocehringer Mannheim) as described by the manufac-
turer, with 2 pg of the appropriate DNAs.

Immunofluorescence analysis. OMK cells, seeded at 5 X 10° cells per 35-mm-
diameter petri dish, were infected at a multiplicity of infection of 1. These cells
were fixed with 4% formaldehyde in phosphate-buffered saline (PBS), washed in
PBS three times, 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 anti-ORF 57 SB antibody (a gift from
Rick Randall) was layered over the cells and incubated for 1 h at 37°C. Fluo-
rescein-conjugated anti-mouse immunoglobulin (Dako) at a 1:50 dilution was
added for 1 h at 37°C. After each incubation step, cells were washed extensively
with PBS. The immunofluorescence slides were observed with a Zeiss Axiovert
135TV inverted microscope with a Neofluar 40X oil immersion lens.

Plasmid constructs. In order to generate an ORF 57 promoter reporter gene
construct, the ORF 57 gene promoter was PCR amplified with primers 5'-CCC
AAG CTT CTT TGC CTG CAG GTG TTG and 5'-ACG TCT AGA TTG GGC
AGT TAG TCA CCA TAG. These oligonucleotides incorporated HindIII and
Xbal restriction sites, respectively, for convenient cloning of the PCR product.
The reaction (30 cycles of 1 min at 92°C, 1 min at 58°C, and 2 min at 72°C) was
performed with 4 U of Pfu (Stratagene). This fragment was inserted upstream of
the chloramphenicol acetyltransferase (CAT) coding region in pCATBasic (Pro-
mega) to derive pPORF57CAT1. To generate a transfer vector containing the
ORF 57 gene promoter and the ORF 57 coding region, viral DNA was digested
with PstI and the appropriate fragment was cloned into pUCIS8 to derive
pUCORF57. In order to generate an ORF 57 gene promoter reporter construct
with deleted ORF 50 response elements, a smaller ORF 57 promoter construct
was generated by PCR with the primer 5'-CCC AAG CTT GAT GGT CCA TTC
TAT TAG and the 3’ primer previously used. This fragment was then ligated
upstream of the CAT coding region to derive pPORF57CAT2.

Plasmid and bacteriophage vectors containing restriction fragments represent-
ing the entire L-DNA of HVS have been previously described (21). The trans-
activator plasmids pORF50a and pAWHincll, which encode ORF 50a and 50b,
respectively, have been previously described (50).

CAT assay. Cell extracts were prepared 48 h after transfection and incubated
with ['*C]chloramphenicol in the presence of acetyl coenzyme A as described
previously (13). The percentage of acetylation of chloramphenicol was quantified
by scintillation counting (Packard) of appropriate regions of the thin-layer chro-
matography plate.

Total RNA extraction. RNA was extracted from OMK cells infected with HVS
(strain Al1) at 5 PFU/cell at various times postinfection. Cells were lysed with
Trizol reagent (Life Technologies). Chloroform (0.2 ml) was then added, and the
solution was vortex mixed for 20 s and stored at 20°C for 15 min. Samples were
centrifuged for 15 min at 4°C, and the aqueous phase containing nucleic acids
was precipitated with 0.5 ml of isopropanol. Afterwards, the pellet was washed
with 70% ethanol, resuspended in 50 pl of water, and stored at —70°C.

Primer extension analysis. Primer extension was performed essentially as
described by Sambrook et al. (43). First, a 20-bp oligonucleotide primer, 5'-GGT
ACA TTG ACG AAC TGA CT, homologous to the CAT coding region 70 bp
downstream of the initiation codon, was radiolabelled with [a-*P]ATP. A total
of 5 pg of RNA was mixed with 300 ng of the radiolabelled primer; the samples
were then boiled for 5 min and snap-chilled on ice. To the reaction mixtures were
added 1 mM (each) dATP, dTTP, dCTP, and dGTP; buffer (final concentrations,
50 mM KCl, 10 mM Tris-HCI [pH 8.3], 1.5 mM MgCl,), and 1 l of reverse
transcriptase (Life Technologies) in a final volume of 20 wl. The reaction was
performed at 42°C for 60 min, and primer extension products were electropho-
resed on a 6% acrylamide-7 M urea gel. After electrophoresis, the gel was dried
and bands were visualized by exposure to X-ray film.

Gel retardation analysis. The following sets of oligonucleotides were annealed
and labelled with T4 polynucleotide kinase in the presence of [y->?P]dATP: set
1,5'-GCA ATG TAT CCA CTA ATT ATG GAA ACA GAT and 5'-ACT TGT
TTC CAT AAT TAG TGG ATA CAT TGC; and set 2, GGT CCA TTC GAT
GTA GGC ATC TAC CAT AAA and 5'-TTT ATG GTA GAT GCC TAC ATG
CTT ACC TGG ACC. The radiolabelled oligonucleotides were incubated with
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FIG. 1. Analysis of the ORF 57 promoter. OMK cell monolayers were trans-
fected with 2 pg of pPORF57CAT1 by using DOTAP (Boehringer Mannheim), as
directed by the manufacturer; cells containing pPORF57CAT1 subsequently ei-
ther remained uninfected or were superinfected with 50 PFU of HVS (strain
Al1) per cell at 24 h posttransfection. Cells were harvested at 48 h posttrans-
fection, and extracts were assayed for CAT activity. Products from these assays
were separated by thin-layer chromotography and detected by autoradiography.
Percentages of acetylation were calculated by the scintillation counting of the
appropriate regions of the chromatography plate and are shown in graphic
format.

nuclear extracts of untransfected cells or cells transfected with pORF50a and
prepared by the method of Andrews and Faller (3). The binding reactions were
performed in 20 pl of 100 mM KCI-20 mM HEPES (pH 7.3)-1% glycerol-0.2
mM EDTA-5 mM MgCl,—4 mM dithiothreitol-0.5 mM phenylmethylsulfonyl
fluoride with 1 pg of poly(dI-dC) as an nonspecific competitor. The protein-
nucleic acid complexes were separated on a 5% polyacrylamide gel, run in 1%
Tris-borate-EDTA buffer, and detected by autoradiography.

Northern blot analysis. Northern blot analysis was performed essentially as
described by Sambrook et al. (43). Total RNA was isolated from HVS-infected
OMK cells, harvested at intervals of 3 h up to 24 hpi and then at intervals of 6 h
until 48 hpi, and separated by electrophoresis on a 1% denaturing formaldehyde
agarose gel. The RNA was transferred to Hybond-N membranes and hybridized
with 32P-labelled randomly primed probes specific for ORF 57 and ORF 50
coding sequences.

RESULTS

The ORF 57 gene product appears at 12 hpi. In order to
determine the temporal appearance of the ORF 57 gene prod-
uct in HVS-infected cells, indirect immunofluorescence anal-
ysis of HVS-infected cells was performed. Infected cells were
harvested at intervals of 3 h up to 24 hpi and then at intervals
of 6 h until 48 hpi, incubated with an ORF 57-specific mono-
clonal antibody, and then stained with fluorescein-conjugated
anti-mouse immunoglobulin (data not shown). This revealed
strong fluorescence in the nuclei of infected cells, similar to
previous observations with HVS-infected cells (36, 37). Results
showed that the ORF 57 gene product appeared at between 9
and 12 hpi at very low levels; at 18 hpi, the amount of protein
was greatly increased.

The ORF 57 gene is transactivated by ORF 50a. Because of
this increase in the amount of ORF 57 gene product by 18 hpi,
we were particularly interested in determining whether the
ORF 57 gene promoter was transactivated by a virus gene
product. Therefore, the ORF 57 gene promoter was generated
by PCR amplification and ligated upstream of the CAT coding
region to derive pORF57CAT1. OMK cells were transfected
with pORF57CAT1; cells were then subsequently mock in-
fected or superinfected with 50 PFU of HVS per cell at 24 h
posttransfection. Cells were harvested at 48 h posttransfection,
and the cell extracts were assayed for CAT activity (Fig. 1).
The results show very low expression detected from the ORF
57 gene promoter in the absence of the superinfection; how-
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FIG. 2. Mapping the gene responsible for ORF 57 transactivation. OMK cell
monolayers were transfected with 2 pg of pPORF57CAT1 and a series of plasmids
which contained the entire L-DNA region of HVS (strain All). Cells were
harvested at 48 h posttransfection, and extracts were assayed for CAT activity.
Products from these assays were separated by thin-layer chromotography and
detected by autoradiography. Percentages of acetylation were calculated by the
scintillation counting of the appropriate regions of the chromatography plate;
error bars indicate the variations among three replicate assays.

ever, in the presence of HVS CAT activity was greatly en-
hanced, suggesting that the ORF 57 gene promoter was trans-
activated by a virus gene product.

In order to identify the gene product responsible for ORF 57
transactivation, a series of cotransfection experiments were
performed with pORF57CAT1 in the presence of a series of
plasmids which contained the entire L-DNA region of HVS
(strain A11) (21). Cells were harvested at 48 h posttransfec-
tion, and the cell extracts were assayed for CAT activity (Fig.
2). Results show that the ORF 57 gene promoter was transac-
tivated only by a virus gene product contained within the EcoD
fragment of the genome.

It has previously been shown that the EcoD fragment en-
codes the HVS R protein transactivator encoded by ORF 50
(31). This gene is homologous to the EBV R gene product
(BRLF1) (2, 31). Therefore, we hypothesized that the ORF 57
gene promoter may be transactivated by one of the ORF 50
gene products. Cotransfection studies were performed to as-
sess the effect of the ORF 50a and 50b gene products on the
OREF 57 gene promoter. Results shown in Fig. 3 indicate that
the ORF 57 gene promoter was transactivated only in the
presence of the ORF 50a gene product, to the same extent as
EcoD, suggesting that ORF 50a is the only gene responsible for
ORF 57 transactivation; ORF 50b exerted no effect on the
OREF 57 promoter.

To further demonstrate that the ORF 57 gene promoter is
transactivated by ORF 50a, pUCORF57, a plasmid containing
the ORF 57 promoter and coding region, was cotransfected in
the absence or presence of pORF50a. Cells were harvested at
48 h posttransfection, incubated with an ORF 57-specific an-
tiserum, and then stained with fluorescein-conjugated anti-
mouse immunoglobulin (Fig. 4). This revealed strong fluores-
cence of the nuclei of pUCORF57-cotransfected cells only in
the presence of pORF50a, further implicating ORF 50a as the
gene product responsible for ORF 57 transactivation.

OREF 50a transactivation of ORF 57 leads to an increase
in mRNA levels. It has been shown that the ORF 50a gene
product increases the level of CAT activity produced from
the ORF 57 promoter. To ascertain whether this rise is due
to an increase in the levels of CAT mRNA in the presence
of the transactivator, primer extension analysis was per-
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FIG. 3. ORF 57 is transactivated by the ORF 50a gene product. (a) Sche-
matic representation of the location of ORF 50a and ORF 50b within the
L-DNA of HVS. (b) OMK cell monolayers were transfected with 2 ug of
pORF57CAT1 in the absence and presence of either pPORF50a or pAWHincII,
which encodes ORF 50a or ORF 50b, respectively. Cells were harvested at 48 h
posttransfection, and extracts were assayed for CAT activity. Products from these
assays were separated by thin-layer chromotography and detected by autoradiog-
raphy. Percentages of acetylation were calculated by the scintillation counting of
the appropriate regions of the chromatography plate; error bars indicate the
variations among three replicate assays.

formed. Total RNA was isolated from untransfected OMK
cells or from cells transfected with pORF57CAT1 or co-
transfected with pORF57CAT1 and pORF50a, harvested at
24 hpi, and hybridized with a **P-labelled primer homolo-
gous to the CAT coding region. Primer extension was then
performed, and results are shown in Fig. 5. A primer exten-
sion product of 259 bp was observed with RNA harvested
from cells transfected with pORF57CAT1, mapping the
transcription start site of ORF 57 to bp 78272 of the pub-
lished sequence. A similar-sized product was observed with
RNA isolated from cells cotransfected with pPORF57CAT1
and pORF50a, suggesting that the transactivation does not

FIG. 4. Immunofluorescence analysis of ORF 57 transactivation. OMK cells
were transfected with 2 ug of pUCORF57 in the absence (a) and presence (b) of
pORF50a, incubated with an ORF 57-specific antiserum, and then stained with
fluorescein-conjugated anti-mouse immunoglobulin.
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FIG. 5. RNA analysis of ORF 57 transactivation. Total RNA was isolated
from OMK cells (lane 1), OMK cells transfected with pPORF57CAT1 (lane 2),
and OMK cells cotransfected with pPORF57CATI1 and pORF50a (lane 3) at 24
hpi and hybridized with a 3?P-labelled primer homologous to the CAT coding
region. Primer extension was performed, and the primer extension products were
run on a 6% acrylamide-7 M urea gel and visualized by exposure to X-ray film.
Mwt, molecular weight in thousands.

alter the mRNA initiation site. However, increased levels of
primer extension product were produced upon transactiva-
tion with pORF50a, indicating that transactivation by ORF
50a on the ORF 57 gene promoter is due to an increase in
RNA levels.

Sequences within the ORF 57 gene promoter are essential
for transactivation by the ORF 50a gene product. By deletion
analysis and gel retardation assays, the ORF 50 responsive
elements contained within the ORF 6 promoter were mapped
to within 38 bp (51). Sequences homologous to the ORF 50
response element consensus sequence contained within the
ORF 6 promoter are present within the ORF 57 promoter,
corresponding to bp 77508 to 77521 of the published sequence.
In order to determine if these sequences are essential for ORF
57 transactivation, an ORF 57 promoter in which the putative
ORF 50 response elements were deleted was generated by
PCR amplification. This fragment was ligated upstream of the
CAT coding region to derive pORF57CAT?2. Cotransfection
studies were performed to assess the effect of the ORF 50a
gene product on the altered ORF 57 gene promoter. The
results of the cotransfection experiments with pPORF57CAT2
in the absence or presence of ORF 50a are shown in Fig. 6 and
demonstrate that ORF 50a transactivation of the ORF 57 gene
promoter required the putative ORF 50 response elements.

To determine which sequences within the ORF 57 gene
promoter were necessary for ORF 50 responsiveness, gel re-
tardation experiments were performed with a set of oligonu-
cleotides which spanned the putative response elements. Ra-
diolabelled probes were incubated with DNA-binding protein
extracts from untransfected cells and from cells transfected
with pORF50a, and the products were separated on a poly-
acrylamide gel (Fig. 7a). Results show the formation of a re-
tarded complex with oligonucleotide set 1 and extracts of cells
transfected with pORF50a. No other complex was identified
with other oligonucleotides with untransfected or transfected
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FIG. 6. ORF 57 transactivation requires the ORF 50 response elements
contained within its promoter. (a) An ORF 57 promoter was generated by PCR
amplification which deleted the putative ORF 50 response elements (RE); this
fragment was ligated upstream of the CAT coding region to derive pPORF57CAT?2.
(b) OMK cell monolayers were transfected with 2 pg of pPORF57CAT?2 in the
absence and presence of pORF50a. Cells were harvested at 48 h posttransfec-
tion, and extracts were assayed for CAT activity. Products from these assays were
separated by thin-layer chromotography and detected by autoradiography. Per-
centages of acetylation were calculated by the scintillation counting of the ap-
propriate regions of the chromatography plate; error bars indicate the variations
among three replicate assays.

cells, indicating that the sequences specific for ORF 50 respon-
siveness are contained within the 30 bp of oligonucleotide set
1, which contains bp 77500 to 77529 of the published sequence.
Unlabelled oligonucleotide was shown to compete with this
reaction (Fig. 7b), further suggesting that this 30-bp sequence
was essential for ORF 57 transactivation and contained the
OREF 50 response elements. However, at present we are unable
to determine whether the ORF 50a gene product binds to the
ORF 50 response elements directly or whether a protein(s)
induced by ORF 50 promotes protein-DNA complex forma-
tion leading to transactivation, and this is currently being in-
vestigated.

Time of expression of ORF 57 and ORF 50a and 50b. ORF
50a thus transactivates the ORF 57 gene due to an increase in
RNA levels. To further examine this transactivation, we deter-
mined the time during the lytic replication cycle when ORF 57
and ORF 50a and 50b transcripts were produced. Northern
blot analysis was performed with total RNA from infected
OMK cells. Infected cells were harvested at intervals of 3 h up
to 24 hpi and then at intervals of 6 h until 48 hpi, separated by
electrophoresis on a 1% denaturing formaldehyde agarose gel,
blotted onto a nylon membrane, and hybridized with radiola-
belled probes specific for ORF 57 and ORF 50, respectively.
Results indicate that low levels of ORF 57 are present from 9
hpi; however, levels dramatically increase from 18 hpi until 21
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FIG. 7. Gel retardation analysis. To locate the ORF 50 response elements
contained within the ORF 57 gene promoter, gel retardation assays were per-
formed on oligonucleotides mapping to this region. (a) Set 1: untransfected cells
(lane 1) and pORF50a-transfected cells (lane 2); set 2: untransfected cells (lane
3) and pORF50a-transfected cells (lane 4). (b) Gel retardation experiments were
repeated in the presence of increased amounts of unlabelled set 1 oligonucleo-
tides. The retarded complexes were separated on a 5% polyacrylamide gel, run
in 1% Tris-borate-EDTA buffer, and detected by autoradiography.

hpi, and thereafter ORF 57 levels are visibly reduced (Fig. 8a).
OREF 50a became visible between 12 to 15 and 21 hpi, whereas
ORF 50b appeared at between 18 and 24 hpi (Fig. 8b). These
results further suggest that the ORF 50a gene product regu-
lates ORF 57 gene expression.

DISCUSSION

In this report, we have further investigated the regulation of
viral gene expression in HVS. Results presented in this report
have identified a novel model of regulation of gene expression
in HVS, summarized in Fig. 9. Central to this model are the
virally encoded gene products ORF 57 and ORF 50a. The
OREF 57 gene is produced at low levels from 9 hpi until it is
transactivated by the early ORF 50a gene product at 18 hpi.
Sequences within the ORF 57 promoter are essential for trans-
activation by the ORF 50a gene product, which results in an
increase in RNA levels of the ORF 57 transcript. In addition,
OREF 50a transactivates other genes which contain ORF 50
response elements within their promoters, for example, the
major DNA-binding protein (31, 50, 51). Once transactivated
by ORF 50a, the ORF 57 gene product has several functions.
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FIG. 8. Northern blot analysis of the expression of ORF 57 and ORF 50
genes. RNA was isolated from infected cells at intervals of 3 h up to 24 hpi and
then at intervals of 6 h until 48 hpi, separated by electrophoresis on a 1%
denaturing formaldehyde agarose gel, blotted onto a nylon membrane, and
hybridized with radiolabelled probes specific for ORF 57 (a) and ORF 50 (b).
Also shown are results of determination of RNA loading by hybridization with a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe (c).
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FIG. 9. Schematic representation of the role and interactions of the ORF 57
and ORF 50 genes which regulate gene expression in the HVS replication cycle.
DE, delayed early; REs, response elements.

First, it has been shown to transactivate a range of HVS genes
through posttranscriptional modification. Second, it downregu-
lates ORF 50a, due to the presence of an intron within its
coding region (52). Therefore, we believe that a feedback
mechanism involving ORF 50a and ORF 57 is in operation, a
mechanism which regulates gene expression in HVS, whereby
a gene is downregulated by the product of the gene that it has
previously transactivated. Third, we believe that the intron-
containing ORF 57 gene is responsible for its own downregu-
lation by the same mechanism by which it represses ORF 50a,
as both genes are downregulated at similar times during the
replication cycle.

This series of events regulating gene expression in HVS
differs from that in other herpesviruses. IE genes in all her-
pesviruses are defined as those which can be transcribed
efficiently in the absence of de novo protein synthesis. There-
fore, they mostly encode transcriptional regulators which are
required for viral gene expression. However, despite their
obvious role in virus replication the major IE genes are not
conserved among herpesviruses. For example, during HSV
replication five IE genes, ICP0O, ICP4, ICP22, ICP27, and
ICP47, are expressed in the absence of viral protein synthesis.
Only one of these genes is conserved in HVS; ORF 57 is
homologous to ICP27; this, however, may not be surprising, as
HSV and HVS belong to different subfamilies of the herpes-
virus genera. However, EBV, a member of the same subfamily
as HVS, also differs from HVS in the IE genes which it en-
codes. Upon reactivation, two major IE genes which are the
key transactivating genes in EBV are expressed. The first, the
IE BZLF1 gene product, Z, is sufficient to trigger reactivation
when overexpressed in latently infected cells (6, 10, 40). Z is
able to transactivate several promoters containing Z-respon-
sive elements, as well as to regulate its own promoter (10, 22,
34, 40). The second IE protein, the BRLF1 gene product, R, is
also a sequence-specific transactivator. HVS does not encode a
Z homolog; however, ORF 50 is homologous to the EBV R
protein. Therefore, it suggests that the two genes encoded by
HVS which are homologous to genes found in other herpes-
viruses play a critical role in the HVS replication cycle. In
addition, we believe that a third, as yet unidentified gene may
be responsible for the transactivation of ORF 50a.

Also of interest is the time at which the gene product of
OREF 57 is produced in the HVS replication cycle. ORF 57 is
believed to be an IE gene product due to the production of this
transcript in cells infected with 25 PFU/cell and incubated in
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the continuous presence of cycloheximide, but it was undetect-
able in RNA samples infected with 5 PFU/cell (33). In addi-
tion, transfection experiments show very low or undetectable
basal expression from the ORF 57 gene promoter. Further-
more, we have shown that ORF 57 is transactivated by the
OREF 50a gene product. This contrasts with IE genes encoded
by HSV, which appear much earlier in the replication cycle
than the IE ORF 57 of HVS; maximum levels of these gene
products occur at 2 to 4 hpi (17). It is also evident that the
second transactivator, ORF 50, is expressed later in the repli-
cation cycle than is the homologous gene in EBV; ORF 50 is
an early gene, whereas the EBV homolog is an IE gene. This
suggests that the initiation of the replication cycle in HVS is
significantly slower compared with that in other herpesviruses.

In addition, IE genes for many herpesviruses may have sev-
eral methods for their own downregulation during the replica-
tion cycle. It is believed that HSV ICP4 turns off its own
synthesis and that this autoregulation correlates with the bind-
ing of the protein to a cis-acting site across the transcription
initiation site of the gene (28, 39). In addition, the IE EBV Z
protein regulates a range of genes including its own promoter
(by autoregulation). Its promoter contains several AP-1-like
upstream elements that appear to mediate activation in the
presence of low levels of Z protein and repression in the
presence of high levels of Z (9, 23). We propose that the ORF
57 gene product may be responsible for its own downregulation
due to the presence of an intron within its own coding region.
We have shown that the ORF 57 gene product specifically
downregulates ORF 50a due to the presence of its intron (52),
at approximately 24 hpi, which is the same time at which ORF
57 is repressed to basal levels, suggesting that the same down-
regulation mechanism may be utilized in the presence of high
levels of ORF 57.

However, despite differences between the HVS transregula-
tory genes, their homologs do have similarities. For example,
ORF 50 and its EBV homolog are both sequence-specific
transactivators (51). We have also demonstrated that repres-
sion of gene expression mediated by ORF 57 is dependent on
the presence of an intron within the target gene coding region
(52). Similar results have been demonstrated with HSV-1
ICP27; repression of CAT constructs by ICP27 correlated with
the presence of introns 5" or 3’ to the target gene coding region
(45). Homologs of ORF 57 are present in all classes of her-
pesviruses, and sequence analysis demonstrates that these
genes are conserved only at the C-terminal region of the pro-
tein. This region has been shown to be essential for the inhib-
itory effect of ICP27 (44). We believe that the ORF 57 gene
product contains a functional domain within the C terminus
which is required for the repressor function of this protein. At
present, further studies are being undertaken to determine if
this domain is essential for the repressor activity of ORF 57. In
addition, to further assess and confirm the results presented in
this report about the roles of ORF 57 and the ORF 50 gene
product in the viral replication cycle, viral mutants are re-
quired. Therefore, attempts are being made to produce recom-
binant viruses with deletions in these genes.

In summary, we have analyzed the interactions between the
two known transcriptional regulatory genes encoded by HVS.
We have demonstrated that the IE ORF 57 gene is expressed
at basal levels early in the virus replication cycle; thereafter, it
is transactivated by the ORF 50a gene product, which binds to
specific sequences contained within the promoter region of
OREF 57. Therefore, in conjunction with previous work dem-
onstrating that the ORF 57 gene product downregulates ORF
50a due to the presence of its intron, we propose a feedback
mechanism which modulates gene expression in HVS, whereby

J. VIROL.

OREF 50a is downregulated by ORF 57, a gene which is spe-
cifically transactivates.
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