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Rta, encoded primarily by open reading frame 50, is well conserved among gammaherpesviruses. It has been
shown that the Rta proteins of Epstein Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus (KSHV, or
HHV-8), and murine gammaherpesvirus 68 (MHV-68; also referred to as �HV68) play an important role in
viral reactivation from latency. However, the role of Rta during productive de novo infection has not been
characterized in gammaherpesviruses. Since there are cell lines that can support efficient productive de novo
infection by MHV-68 but not EBV or KSHV, we examined whether MHV-68 Rta plays a role in initiating viral
lytic replication in productively infected cells. Rta, functioning as a transcriptional activator, can activate the
viral promoter of early lytic genes. The amino acid sequence alignments of the Rta homologues suggest that the
organizations of their functional domains are similar, with the DNA binding and dimerization domains at the
N terminus and the trans-activation domain at the C terminus. We constructed two mutants of MHV-68 Rta,
Rd1 and Rd2, with deletions of 112 and 243 amino acids from the C terminus, respectively. Rd1 and Rd2 could
no longer trans-activate the promoter of MHV-68 gene 57, consistent with the deletions of their trans-activation
domains at the C terminus. Furthermore, Rd1 and Rd2 were able to function as dominant-negative mutants,
inhibiting trans-activation of wild-type Rta. To study whether Rd1 and Rd2 blocked viral lytic replication,
purified virion DNA was cotransfected with Rd1 or Rd2 into fibroblasts. Expression of viral lytic proteins was
greatly suppressed, and the yield of infectious viruses was reduced up to 104-fold. Stable cell lines constitutively
expressing Rd2 were established and infected with MHV-68. Transcription of the immediate-early gene, rta,
and the early gene, tk, of the virus was reduced in these cell lines. The presence of Rd2 also led to attenuation
of viral lytic protein expression and virion production. The ability of Rta dominant-negative mutants to inhibit
productive infection suggests that the trans-activation function of Rta is essential for MHV-68 lytic replication.
We propose that a single viral protein, Rta, governs the initiation of MHV-68 lytic replication during both
reactivation and productive de novo infection.

Gammaherpesviruses are known to establish latency in lym-
phocytes and are associated with tumorigenesis. Two impor-
tant human pathogens in the family are Kaposi’s sarcoma-
associated herpesvirus (KSHV; also referred to as HHV-8)
and Epstein-Barr virus (EBV). KSHV and EBV are associated
with several malignancies, including B-cell lymphomas, naso-
pharyngeal carcinoma, and Kaposi’s sarcoma. Studies of
KSHV and EBV are limited by the lack of cell lines to support
efficient productive infection and by their restricted host
ranges. Murine gammaherpesvirus 68 (MHV-68; also referred
to as �HV68) is also a member of the gammaherpesvirus
family. Unlike KSHV or EBV, in vitro cell culture systems are
available to study productive de novo infection by MHV-68, as
well as latency and reactivation. MHV-68 forms plaques on
monolayers of many cell lines, making it relatively straightfor-
ward to genetically manipulate the viral genome. MHV-68 can
also establish productive and latent infections in laboratory
mice (23), which allows us to pursue questions that relate to
host-virus interactions (16, 17, 20, 21). Because of these ad-

vantages, MHV-68 offers an excellent model to study the bi-
ology and pathogenesis of gammaherpesviruses.

Herpesviruses have two distinct phases of their life cycle,
productive infection and latency. Reactivation from latency to
productive infection is essential for transmission of the virus
from host to host and thus is one important aspect of herpes-
virus biology. The molecular mechanisms of reactivation have
been extensively studied in KSHV and EBV. Cell lines derived
from KSHV- or EBV-associated lymphomas are latently in-
fected with virus. A viral protein, Rta (replication and tran-
scription activator) is primarily encoded by open reading frame
50 (ORF50), which is well conserved among gammaherpesvi-
ruses. EBV Rta and another viral protein, ZEBRA, function in
a cooperative manner to reactivate the viral lytic cycle (2, 5, 19,
27). Although ZEBRA plays a more prominent role in induc-
ing EBV lytic replication (4, 10, 14), Rta alone can disrupt
latency in some latently infected cell lines (19, 27). KSHV Rta
has been shown to be sufficient to reactivate the virus from
latently infected B cells derived from KSHV-associated lym-
phomas (13, 22). We have previously shown that MHV-68 Rta
is also able to disrupt viral latency and drive viral lytic repli-
cation to completion in a latently MHV-68-infected B-cell lym-
phoma line (26). These studies indicate that Rta of gamma-
herpesviruses plays a conserved role in virus reactivation.
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The Rta protein functions as a transcriptional activator. It
has been shown for several gammaherpesviruses, including
EBV, KSHV, MHV-68, herpesvirus saimiri, and bovine her-
pesvirus 4, that Rta activates the promoters of viral early lytic
genes in transient transfections and reporter assays (1, 9, 11,
18, 24). Amino acid sequence alignments of the Rta homo-
logues revealed that the most conserved region is at the N
terminus. This portion of EBV Rta was shown to mediate
DNA binding and dimerization (15). The C termini of the Rta
homologues are poorly conserved, but in each protein the
terminus is rich in acidic amino acids, which is a characteristic
of activation domains. The C-terminal portions of the EBV
and KSHV Rtas, including the acidic regions, have been shown
to function as potent activation domains (12, 15). Moreover,
deletion of the last 131 amino acids (aa) from the C terminus
of KSHV Rta not only abrogates the ability of Rta to trans-
activate but also creates a dominant-negative mutant that in-
hibits trans-activation by wild-type Rta (12).

The role of Rta during productive de novo infection has not
been well characterized. This is partially due to the lack of cell
lines that can support efficient productive infection of EBV or
KSHV. However, many cell lines are permissive for productive
infection by MHV-68, providing a good model to study the role
of Rta during de novo infection. It has been shown that after
productive infection of fibroblasts, transcription of the
MHV-68 rta gene is resistant to a protein synthesis inhibitor,
cycloheximide, indicating that rta of MHV-68 is an immediate-
early gene during productive de novo infection (11, 26). There-
fore, we hypothesize that MHV-68 Rta plays a critical role in
productive de novo infection, as it does in reactivation, by
activating the expression of other viral lytic genes and initiating
the cascade of gene expression, which ultimately leads to the
production of infectious virions. In this study we investigated
the role of Rta in productive infection by blocking Rta func-
tion. We constructed two Rta dominant-negative mutants by
deleting portions of the C terminus of the protein. These two
mutants exerted dominant inhibition on the trans-activation
function of wild-type Rta. Furthermore, the dominant-negative
mutants were able to suppress viral lytic replication following
transfection of virion DNA or infection with virus. Our results
support the hypothesis that Rta is essential for MHV-68 lytic
replication during productive de novo infection.

MATERIALS AND METHODS

Viruses, cells, and plaque assays. MHV-68 was originally obtained from the
American Type Culture Collection (VR1465), and the recombinant virus tw25
was constructed by homologous recombination to contain the enhanced green
fluorescence protein (EGFP) expression cassette inserted at nucleotide (nt) 1839
without disrupting any known ORF. The working virus stocks were grown by
infecting BHK-21 cells (ATCC CCL-10) at a multiplicity of infection (MOI) of
0.05 PFU/cell. BHK-21 cells (a baby hamster kidney fibroblast cell line) and 293T
cells (a human embryonic fibroblast cell line transfected with the E1 region of
adenovirus and the simian virus 40 [SV40] T antigen) were cultured in Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine serum. Virus infec-
tion was carried out as previously described (26). Plaque assays were performed
using monolayers of BHK-21 cells overlaid with 1% methylcellulose, as previ-
ously described (26).

Plasmid construction. pCMVFLAG/Rta contains the rta genomic sequence
fused to the FLAG sequence of pCMVFLAG (Kodak). The insert of the rta
sequence was generated by PCR using total DNA isolated from MHV-68-in-
fected BHK-21 cells as the template and a pair of primers, R3TR (5�-CTCTCT
GAATTCTGCAGCGATGGCCTCTGAC-3�) and R4 (26). The R3TR primer
contains an EcoRI site (underlined) and the translation initiation codon (bold-

face) of the rta gene corresponding to nt 66760 (25). The PCR product was
digested with EcoRI and XbaI and cloned into pCMVFLAG. To construct
pCMVFLAG/Rd1, the insert was generated by PCR using a cDNA clone of the
rta gene (26) as the template and a pair of primers, R3TR and Rd1 (5�-CTCG
TCTAGATTATTGCACAATATGCTGGACAG-3�). The Rd1 primer contains
an XbaI site (underlined), the translation termination codon (boldface), and the
sequence corresponding to nt 69037 to 69018. The PCR product was digested
with EcoRI and XbaI and cloned into pCMVFLAG. The same strategy was used
to construct pCMVFLAG/Rd2. The insert was generated by PCR using primers
R3TR and Rd2 (5�-CTCGTCTAGATTAAGACAGTCCTGAAAAGACCA-3�).
The Rd2 primer contains an XbaI site (underlined), the translation termination
codon (boldface), and the sequence corresponding to nt 68622 to 68641.

Transfections. All transfections were carried out using Lipofectamine Plus
reagent (Life Technologies, Gaithersburg, Md.) according to the manufacturer’s
recommendations. For the luciferase reporter assays (see Fig. 2 and 3), 1.6 � 105

293T or 7 � 104 BHK-21 cells/well were seeded in 24-well plates the day before
transfection. The reporter plasmid p57luc (50 ng) (11) and different amounts of
the protein expression plasmids (see Fig. 2 and 3) were used for transfections.
The empty vector pCMVFLAG was used to adjust the amount of total DNA
transfected to 600 ng for each transfection. The constitutively active pRLCMV
reporter (1 ng) was included in each transfection as an internal control for
normalizing variations among transfections. For virion DNA transfection, 1.6 �
105 293T or 7 � 104 BHK-21 cells/well were seeded in 24-well plates the day
before transfection. Virion DNA was isolated from tw25 virus; 0.2 �g of tw25
virion DNA and 0.2 �g of the protein expression plasmids (pCMVFLAG/Rta,
Rd1, or Rd2) or pCMVFLAG was transfected in each well.

Western blot analysis. Cells were lysed in Laemmli buffer containing 0.25 M
Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), 10% glycerol, 5% �-mer-
captoethanol, and 0.002% bromophenol blue. Ten percent of the total lysates
were heated to 95°C and subjected to electrophoresis on 10% polyacrylamide
gels along with the broad-range prestained protein molecular weight standard
(Bio-Rad, Hercules, Calif.). Proteins were electrotransferred (Bio-Rad) onto
nitrocellulose membranes (Amersham Pharmacia Biotech, Arlington Heights,
Ill.). To detect viral proteins, the membranes were blocked in phosphate-buff-
ered saline plus 0.1% Tween-20 and 5% nonfat powdered milk and incubated
with one of the primary antibodies, the rabbit hyperimmune serum against
MHV-68-infected rabbit cells (23) or the rabbit serum against the recombinant
M9 protein. The full-length MHV-68 M9 gene was cloned into pET30b(�)
(Novagen, Madison, Wis.), and the His6-tagged M9 protein expressed in Esch-
erichia coli was purified by nickel-nitrilotriacetic acid metal affinity chromatog-
raphy (Qiagen, Valencia, Calif.). The purified M9 protein was injected into a
rabbit for antibody production (Covance Research Products, Denver, Colo.).
The membranes were washed in phosphate-buffered saline containing 0.1%
Tween 20 and incubated with the secondary antibody, anti-rabbit immunoglob-
ulin G conjugated with horseradish peroxidase (Amersham Pharmacia Biotech).
The proteins were detected by the chemiluminescent detection ECL�PLUS
system (Amersham Pharmacia Biotech), and the signals were detected using a
STORM imaging system (Molecular Dynamics, Sunnyvale, Calif.). To reprobe
with a different antibody, the membranes were first stripped in buffer containing
100 mM �-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7) at 60°C
for 30 min. To detect the FLAG-tagged proteins or cellular �-actin, the mouse
monoclonal antibody against the FLAG epitope or �-actin (Sigma, St. Louis,
Mo.) was used as the primary antibody, and anti-mouse immunoglobulin G
conjugated with horseradish peroxidase (Amersham Pharmacia Biotech) was
used as the secondary antibody.

Isolation of cell lines expressing Rd2. 293T cells (5 � 106) were seeded in a
10-cm-diameter dish the day before transfection. The cells were cotransfected
with 10 �g of pCMVFLAG/Rd2 and 1 �g of pLTRpuro (kindly provided by
David Rawlings) by the calcium phosphate method. At 48 h posttransfection, the
cells were split 1:100 and grown in the medium containing 1 �g of puromycin/ml.
Individual colonies were picked, expanded, and tested for expression of Rd2 by
Western blot analysis using the antibody against the FLAG epitope (Sigma). Two
cell clones, designated 45-5 and V-30, displaying the highest expression levels of
Rd2, were chosen for further study.

RNA extraction and Northern blot analysis. Total RNA was extracted from
293T cells, using the guanidinium-acid phenol method as described by Chom-
czynski and Sacchi (3). One-third of the total RNA was treated with a mixture of
1 M glyoxal and 50% (vol/vol) dimethyl sulfoxide at 50°C for 30 min (7). The
glyoxalated RNAs were then separated on 1% agarose gels in circulating 10 mM
sodium phosphate buffer (pH 6.8). A 1-kb ladder (Life Techonologies) was
5�-end labeled with [�-32P]dATP, glyoxalated, and loaded onto the gels as the
size standard. The RNAs were transferred onto charged nylon membranes (Am-
ersham Pharmacia Biotech). The membranes were UV cross-linked and deg-
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lyoxalated at 80°C in 20 mM Tris-HCl (pH 8). Prehybridization and hybridization
were carried out at 65°C in 0.5 M K2HPO4 (pH 6.8) containing 7% SDS and 1%
bovine serum albumin. Probes were synthesized by the random-priming method
in the presence of [�-32P]dCTP using viral DNA fragments generated by PCR as
templates. The membranes were washed at 65°C in 40 mM sodium phosphate
(pH 6.8) buffer containing 5% SDS and 0.5% bovine serum albumin, then
washed with 2X SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
containing 0.1% SDS, and finally washed with 0.1X SSC containing 0.1% SDS.
Radioactivity was detected using a STORM imaging system. Before rehybrid-
ization with a different probe, the membranes were stripped at 80°C in 10 mM
Tris-HCl (pH 8) containing 1% SDS.

RESULTS

Construction of the Rta deletion mutants. We constructed
potential Rta dominant-negative mutants that retained the
ability to bind DNA but not to activate transcription, allowing
the mutants to compete with wild-type Rta for the target pro-
moter and interfere with the function of MHV-68 Rta. Al-
though functional domains of MHV-68 Rta have not been
defined, based on the amino acid sequence homology to EBV
and HHV-8 Rta, it is likely that the N terminus of MHV-68
Rta contains DNA binding and dimerization domains while
the activation domain is located at the C terminus. Therefore,
we deleted either 112 or 243 aa from the C terminus of the Rta
protein. The truncated Rta sequences were generated by PCR,
and the PCR products were cloned downstream of the FLAG
epitope sequence in pCMVFLAG. The resulting clones,
termed pCMVFLAG/Rd1 (aa 1 to 471) and pCMVFLAG/Rd2
(aa 1 to 340), together with the wild-type pCMVFLAGRta (aa
1 to 583) were individually transfected into 293T cells to ex-
amine protein expression. At 24 h posttransfection, total pro-
tein was harvested and analyzed by Western blot analysis, using
monoclonal antibody against the FLAG epitope (Fig. 1B).
Although the predicted size of wild-type MHV-68 Rta is 64
kDa, the protein expressed from pCMVFLAG/Rta showed an
apparent mobility of 90 kDa (Fig. 1B, lane 3). Likewise, the
KSHV Rta protein expressed from pCMVFLAG/Rta/KSHV
exhibited a mobility of 100 kDa (Fig. 1B, lane 2) despite the
predicted size of 76 kDa. Others have made a similar obser-

vation about KSHV Rta, and they attributed this size differ-
ence to phosphorylation (12). The truncated protein expressed
from pCMVFLAG/Rd1 was �70 kDa with a predicted size of
52 kDa (Fig. 1B, lane 4), and that expressed from pCMVFLAG
/Rd2 was �45 kDa with a predicted size of 37 kDa (Fig. 1B,
lane 5).

The Rta mutants fail to trans-activate the ORF57 promoter
and block trans-activation by wild-type Rta. To determine
whether Rd1 and Rd2 lost the ability to activate transcription,
each protein expression plasmid was transfected with a re-
porter construct, p57Luc, containing the firefly luciferase gene
driven by the MHV-68 ORF57 promoter. This viral promoter
has been shown to be responsive to wild-type MHV-68 Rta
(11). The results obtained from transfections in 293T cells are
summarized in Fig. 2A. There was �180-fold induction of
ORF57 promoter activity by the wild-type Rta. However, nei-
ther Rd1 nor Rd2 activated the ORF57 promoter, nor did
transfections of increasing amounts of either protein expres-
sion plasmid (up to 100-fold).

Since neither Rd1 nor Rd2 trans-activated the ORF57 pro-
moter, the mutant protein expression plasmids were individu-
ally cotransfected with the wild-type Rta expression plasmid at
different ratios to determine whether they inhibited trans-acti-
vation of wild-type Rta. Increasing amounts of pCMVFLAG/
Rd1 or pCMVFLAG/Rd2 (5 to 500 ng) were cotransfected
with constant amounts of pCMVFLAG/Rta (5 ng) and p57Luc
(5 ng). As the ratio of Rd1 or Rd2 to Rta increased, the
percentages of wild-type activity were gradually reduced (Fig.
2B). In cotransfections of 100-fold excess (500 ng) of either
pCMVFLAG/Rd1 or pCMVFLAG/Rd2 with pCMVFLAG/
Rta (5 ng), wild-type Rta activity was reduced by 87 and 95%,
respectively.

The same transfections were also carried out in a hamster
cell line, BHK-21 (Fig. 3). The level of induction by wild-type
Rta was �6-fold higher in BHK-21 cells than in 293T cells.
This was due to a lower basal activity of p57luc in BHK-21 cells
than in 293T cells. In BHK-21 cells, low levels of trans-activa-
tion were detected for Rd1. This Rd1 activity was dose depen-

FIG. 1. Construction and expression of wild-type and mutant Rta proteins. (A) The structures of the wild-type and mutant Rta proteins are
shown, with the open boxes representing the DNA binding domains, the hatched boxes representing the dimerization domains (DZ), and the
shaded boxes representing the activation domains. The size of each protein is indicated at the right. (B) Wild-type and mutant Rta proteins are
expressed in 293T cells. The coding sequences of Rta, Rd1, and Rd2 were individualy cloned into pCMVFLAG. The cells were transfected with
the empty vector, pCMVFLAG (lane 1), pCMVFLAG/Rta/KSHV (lane 2), pCMVFLAG/Rta (lane 3), pCMVFLAG/Rd1 (lane 4), or pCMVFLAG
/Rd2 (lane 5). Ten percent of the total cell lysates was loaded onto a 10% denaturing polyacrylamide gel. Western blot analysis was carried out
using the monoclonal antibody against the FLAG epitope. The masses of individual proteins in the molecular weight standard are indicated at the
left.
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dent, with induction up to 21.7-fold when 500 ng of plasmid
DNA was transfected; however, this was only �2% of wild-
type Rta activity (Fig. 3A). In contrast, no trans-activation was
detected for Rd2. The results of cotransfection studies in
BHK-21 cells (Fig. 3B) show a trend of inhibition of wild-type
Rta activity similar to that seen in 293T cells (Fig. 2). Cotrans-

fections of 100-fold pCMVFLAG/Rd1 or pCMVFLAG/Rd2
with pCMVFLAG/Rta resulted in a reduction in wild-type Rta
activity by 77 and 83%, respectively.

MHV-68 Rta dominant-negative mutants inhibit viral lytic
replication. Transfection of purified MHV-68 virion DNA into
fibroblasts leads to expression of viral lytic proteins and pro-
duction of infectious viruses. Since Rd1 and Rd2 were able to
inhibit trans-activation of wild-type Rta, we examined whether
introducing these two Rta dominant-negative mutants could
affect lytic replication initiated from transfected virion DNA.
The virion DNA used in this study was isolated from a recom-
binant virus constructed in our laboratory, tw25, which con-
tains the insertion of the EGFP expression cassette driven by
the cytomegalovirus (CMV) promoter at the left end of the
viral genome. The tw25 virus exhibits a growth curve similar to
that of wild-type MHV-68 and allows us to monitor the in-
fected cells, which fluoresce green upon exposure to UV light
(data not shown).

293T cells were cotransfected with equal amounts (0.2 �g
each) of tw25 virion DNA and empty vector (pCMVFLAG) or
the vector containing the expression cassette of wild-type Rta,
Rd1, or Rd2. At 24 h posttransfection, the percentages of
EGFP-positive cells were similar, indicating no difference in
transfection efficiency. Expression of viral proteins was ana-
lyzed by Western blotting using anti-MHV-68 polyclonal se-
rum, which recognizes multiple lytic antigens (Fig. 4A). At day
2 posttransfection, synthesis of viral proteins was detected in

FIG. 2. Rd1 and Rd2 function as dominant-negative mutants of
Rta in 293T cells. (A) Rd1 and Rd2 do not activate the ORF57
promoter. 293T cells were cotransfected with 50 ng of the reporter
construct, p57Luc, and 5 ng of pCMVFLAG/Rta, or 5 to 500 ng of
pCMVFLAG/Rd1, or 5 to 500 ng of pCMVFLAG/Rd2. The total
amounts of plasmid DNA were brought up to 600 ng with pCMVFLAG.
The control transfection was carried out with 550 ng of pCMVFLAG
and 50 ng of p57Luc. Each transfection included 1 ng of pRLCMV
containing the Renilla luciferase gene driven by the constitutively ac-
tive CMV promoter for nomalization of variations among transfec-
tions. At 48 h posttransfection, total cell lysates were harvested for
analysis of luciferase activity. Normalized luciferase activity was calcu-
lated by dividing the level of firefly luciferase activity by the level of
Renilla luciferase activity in each transfection. The fold induction was
then calculated by dividing the level of normalized luciferase activity by
that of the control transfection. Standard deviations derived from four
experiments are shown in parentheses. (B) Rd1 and Rd2 inhibit wild-
type Rta trans-activation of the ORF57 promoter. 293T cells were
transfected with 50 ng of p57Luc and 5 ng of pCMVFLAG/Rta alone
or with 5 to 500 ng of pCMVFLAG/Rd1 or 5 to 500 ng of pCMVFLAG/
Rd2. Total cell lysates were harvested at 48 h posttransfection, and the
luciferase activity in each transfection was measured. The fold induction
was calculated as described above. Wild-type Rta activity was expressed as
the percentage of the fold induction relative to cotransfection of p57Luc
and pCMVFLAG/Rta. Standard deviations derived from four experi-
ments are expressed as error bars.

FIG. 3. Rd1 and Rd2 function as dominant-negative mutants of
Rta in BHK-21 cells. The transfections described in the legend to Fig.
2 were repeated in BHK-21 cells. (A) Rd1 and Rd2 do not activate the
ORF57 promoter. (B) Rd1 and Rd2 inhibit wild-type Rta trans-acti-
vation of the ORF57 promoter.
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cells cotransfected with virion DNA and empty vector (Fig. 4A,
lane 2); however, more viral proteins were produced in cells
receiving virion DNA and pCMVFLAG/Rta (Fig. 4A, lane 5).
The results suggest that wild-type Rta might promote and
accelerate viral gene expression from transfected virion DNA.
Expression of viral proteins was more pronounced at day 4
(Fig. 4A, lanes 3 and 6) and day 6 (Fig. 4A, lanes 4 and 7)

posttransfection. In contrast, expression of viral lytic proteins
was not detected at any time point in cells cotransfected with
virion DNA and pCMVFLAG/Rd1 (Fig. 4A, lanes 8 to 10) or
pCMVFLAG/Rd2 (Fig. 4A, lanes 11 to 13). During the course
of the 6-day transfection experiment, no cell death was ob-
served for the EGFP-positive cells (data not shown), indicating
that inhibition of viral protein expression could not be attrib-

FIG. 4. Rd1 and Rd2 inhibit MHV-68 lytic protein expression from transfected virion DNA in 293T cells. pCMVFLAG (0.2 �g; lanes 2 to 4),
pCMVFLAG/Rta (0.2 �g; lanes 5 to 7), pCMVFLAG/Rd1 (0.2 �g; lanes 8 to 10), or pCMVFLAG/Rd2 (0.2 �g; lanes 11 to 13) was cotransfected
into 293T cells with 0.2 �g of virion DNA derived from the recombinant green fluorescent protein-expressing virus tw25. Total cell lysates were
harvested at 2, 4, and 6 days posttransfection (as indicated above the lanes), and 10% of each lysate, including a negative control of untransfected
cells (lanes 1), was used for Western blot analysis. (A) Expression of MHV-68 lytic proteins is suppressed by Rd1 and Rd2. The membrane was
probed with the polyclonal rabbit serum against the MHV-68-infected cell lysates (anti-MHV-68). (B) Expression of MHV-68 M9 protein is
suppressed by Rd1 and Rd2. The membrane was probed with anti-M9 polyclonal rabbit serum. (C) Wild-type and mutant Rta proteins are
expressed in 293T cells. The membrane was probed with the monoclonal antibody against the FLAG epitope (anti-FLAG). (D) The levels of
cellular �-actin were examined (anti-actin). The membrane was probed with monoclonal antibody against cellular �-actin.
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uted to apoptosis caused by overexpression of Rd1 or Rd2. We
used a rabbit polyclonal antibody against the full-length
MHV-68 M9 protein for Western blots. The M9 gene of
MHV-68 has homology to a capsid gene (ORF65) of HHV-8
and has been shown to be expressed as a late gene (26). Rd1
and Rd2 also inhibited the expression of the M9 protein from
transfected virion DNA (Fig. 4B, lanes 8 to 13). The expression
of wild-type Rta, Rd1, and Rd2 was examined using the mono-
clonal antibody against the FLAG epitope (Fig. 4C). Although
the same amounts of protein expression plasmid DNA were
transfected, lower levels of wild-type Rta were detected rela-
tive to Rd1 or Rd2, suggesting that Rd1 and Rd2 might be
more stable than wild-type Rta. The expression levels of all
three proteins did not significantly change over time.

The viral titers in the supernatants from transfections were
measured by plaque assays (Fig. 5). At day 2 posttransfection,
there was �7.5-fold increase in the level of infectious viruses
produced from transfections of wild-type Rta with virion DNA
compared to the control transfection of empty vector with
virion DNA. This result is consistent with the Western blot
analysis data showing that more viral proteins were synthesized
when wild-type Rta was cotransfected with virion DNA (Fig.
4A and B, lanes 2 to 7). However, when pCMVFLAG/Rd1 was
cotransfected with virion DNA, the level of infectious viruses
was reduced 240-fold compared to the control transfection of
empty vector with virion DNA. Cotransfections of pCMVFLAG/
Rd2 with virion DNA led to even further reduction in virus
production (�7 � 104-fold). Although the level of infectious
viruses produced from cotransfections of virion DNA and
pCMV/FLAG/Rd1 or pCMVFLAG/Rd2 increased 10-fold be-
tween day 2 and day 4 posttransfection, it was still much lower
than in cotransfections of virion DNA and empty vector. No
further increase was detected at day 6 posttransfection. The
results are consistent with the Western blot analysis results

(Fig. 4A and B, lanes 8 to 13), indicating that Rd1 and Rd2
inhibit virus lytic replication after transfection of virion DNA.

The same cotransfections were repeated in BHK-21 cells.
The transfection efficiencies based on examining the EGFP-
positive cells were similar in all samples. Inhibition by Rd1 and
Rd2 of viral lytic protein expression from transfected virion
DNA was also detected (Fig. 6). At days 4 and 6 posttransfec-
tion, high levels of viral proteins were synthesized in cells
cotransfected with virion DNA and pCMVFLAG (Fig. 6A,
lanes 3 and 4) or pCMVFLAG/Rta (Fig. 6A, lanes 6 and 7).
Very little viral protein was detected in cotransfections of
virion DNA with pCMVFLAG/Rd1 (Fig. 6A, lanes 8 and 9) or
pCMVFLAG/Rd2 (Fig. 6A, lanes 11 and 12) at days 2 and 4
posttransfection. However, the amounts of viral proteins were
increased from day 4 to day 6 posttransfection (Fig. 6A, lanes
10 and 13) but were still much less than in the control trans-
fections (Fig. 6A, lanes 3 and 4). Rd1 and Rd2 also inhibited
the expression of the MHV-68 M9 protein (Fig. 6B, lanes 8 to
13). The levels of the three FLAG-tagged Rta proteins in
BHK-21 cells, unlike expression in 293T cells (Fig. 4C), de-
creased over time (Fig. 6C). At day 6 posttransfection, expres-
sion of Rd1 and Rd2 was barely detectable (Fig. 6C, lanes 10
and 13). The level of inhibition by Rd1 and Rd2 mirrored the
expression level of the proteins, indicating that Rd1 and Rd2
suppressed expression of viral lytic proteins from transfected
virion DNA.

The production of infectious viruses from transfected
BHK-21 cells was examined (Fig. 7). Wild-type Rta also en-
hanced the production of infectious viruses by �2- to 3-fold at
day 4 and �7-fold at day 6 posttransfection, consistent with the
data obtained from 293T cells. The maximal amount of infec-
tious viruses produced from BHK-21 cells cotransfected with
virion DNA and empty vector (Fig. 7) was similar to that from
transfected 293T cells (Fig. 5), but the kinetics of virus pro-
duction were slower. At day 2 posttransfection, virus produc-
tion from cotransfection of virion DNA and pCMVFLAG/Rd1
or pCMVFLAG/Rd2 was reduced 290- (Rd1) and 4,000-fold
(Rd2) compared to cotransfection of virion DNA and
pCMVFLAG. The virus yield from cotransfections of virion
DNA and pCMVFLAG/Rd1 or pCMVFLAG/Rd2 was greatly
increased from day 2 to day 4 posttransfection, when the levels
of Rd1 and Rd2 were declining (Fig. 6C). The viral titers were
further increased from day 4 to day 6 posttransfection and
were comparable to or slightly (twofold) lower than the max-
imal viral titer obtained in the control cotransfection of virion
DNA and pCMVFLAG. The data indicate that Rd1 and Rd2
block virus production in BHK-21 cells and that this block is
alleviated when the levels of Rd1 and Rd2 are reduced.

Viral replication is suppressed in cell lines constitutively
expressing Rd2. In transient cotransfections of virion DNA
and the plasmids expressing Rd1 and Rd2, the Rta dominant-
negative mutants inhibit expression of viral lytic proteins and
production of infectious viruses. Since Rd2 exhibited more
prominent inhibitory effects than Rd1 (Fig. 2 to 7), we estab-
lished stable 293T cell lines constitutively expressing Rd2 to
examine how productive de novo infection was affected in the
presence of Rd2. Two cell clones with the highest expression
levels of Rd2, 45-5 and V-30, were used for MHV-68 infection.

We first determined the stage of MHV-68 infection at which
lytic replication was affected by examining the transcription of

FIG. 5. Rd1 and Rd2 inhibit the production of infectious viruses
after transfection of virion DNA in 293T cells. The supernatants from
the transfections described in the legend to Fig. 4 were harvested, and
the viral titers were determined using plaque assays. The assays were
repeated three times for each transfection. Standard deviations are
expressed as error bars.
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viral genes. A high multiplicity of infection (MOI) was used to
detect the less abundant rta transcript. The three cell lines,
parental 293T, 45-5, and V-30, were infected at 3 PFU/cell, and
total RNA was harvested at 4 and 15 h postinfection for North-
ern blot analysis. To study transcription of the rta gene, we

used a probe derived from the 0.7-kb region at the 3� end of the
rta gene, so the probe was not hybridized to the transcript
generated from pCMVFLAG/Rd2 (Fig. 8A, lane 4). It has
been shown that the rta gene of MHV-68 is expressed as an
immediate-early gene during productive de novo infection (11,

FIG. 6. Rd1 and Rd2 inhibit MHV-68 lytic protein expression from transfected virion DNA in BHK-21 cells. The transfections described in the
legend to Fig. 4 were repeated in BHK-21 cells. Total cell lysates were harvested at 2, 4, and 6 days posttransfection (as indicated above the lanes),
and 10% of each lysate, including a negative control of untransfected cells (lanes 1), was used for Western blot analysis. (A) Expression of MHV-68
lytic proteins is suppressed by Rd1 and Rd2. The membrane was probed with the polyclonal serum against MHV-68-infected cell lysates
(anti-MHV-68). (B) Expression of MHV-68 M9 protein is suppressed by Rd1 and Rd2. The membrane was probed with a rabbit serum against
the MHV-68 M9 protein (anti-M9). (C) Wild-type and mutant Rta proteins are expressed in BHK-21 cells. The membrane was probed with the
monoclonal antibody against the FLAG epitope (anti-FLAG). (D) The levels of cellular �-actin were examined. The membrane was probed with
monoclonal antibody against cellular �-actin (anti-actin).

9268 WU ET AL. J. VIROL.



26). In parental 293T cells, a major 2-kb band was detected as
early as 4 h, and the intensity was greater at 15 h postinfection
(Fig. 8A, lanes 2 and 3). The size of the rta transcript in 293T
cells is consistent with that in BHK-21 cells (26). In 45-5 and
V-30 cells, the 2-kb rta transcript was not detected until 15 h
postinfection, and the intensity was much lower than that in
parental 293T cells. These results indicate that transcription of
the rta gene is inhibited in the presence of Rd2. Similar inhib-
itory effects were obtained when analyzing transcription of a
viral early gene, the thymidine kinase gene (tk), which was
greatly reduced in 45-5 and V-30 cells compared to 293T pa-
rental cells. These findings suggest that expression of viral lytic
genes is impaired at a very early stage following MHV-68
infection of Rd2-expressing cells. This is not due to 45-5 and
V-30 cells becoming less infectible by MHV-68. We infected
parental 293T, 45-5, and V-30 cells with a recombinant
MHV-68 containing the expression cassette of the �-galacto-
cidase marker driven by the CMV immediate-early promoter.
At 18 h postinfection, the percentages of �-galactosidase-pos-
itive cells were similar in the three cell lines, indicating that
there were no differences in their susceptibilities to MHV-68
infection (data not shown).

We next examined the expression of viral proteins in cells
infected at different MOIs. Cell lysates were harvested at day
2 postinfection and analyzed by Western blotting, using anti-
MHV-68 polyclonal rabbit serum (Fig. 9A) or a polyclonal
antibody against the recombinant MHV-68 M9 protein (Fig.
9B). The expression of viral proteins, including M9, was re-
duced in 45-5 and V-30 cells compared to parental 293T cells
at the MOIs examined. However, the reduction was more
profound at lower MOIs.

The viral titers in the supernatants collected at day 2 postin-
fection from infected cells were measured by plaque assay (Fig.
10). At a low MOI of 0.1 PFU/cell, virus production was re-

duced �24-fold in 45-5 cells and �360-fold in V-30 cells rel-
ative to that in parental 293T cells. When the cells were in-
fected at a high MOI of 3 PFU/cell, there was a 15-fold
reduction in virus production from 45-5 cells and a 23-fold
reduction from V-30 cells relative to that produced from pa-
rental 293T cells.

DISCUSSION

Our previous studies have shown that MHV-68 Rta is suf-
ficient to reactivate MHV-68 and drive the lytic cycle to com-
pletion in latently infected B cells (26). In this study, the func-
tion of Rta during productive infection of permissive 293T and
BHK-21 cells was examined. We constructed two mutants of
MHV-68 Rta, Rd1 and Rd2, with 112 (Rd1) and 243 (Rd2) aa
deleted from the C terminus, where the putative trans-activa-
tion domain is located. Rd1 and Rd2 were unable to activate
the MHV-68 ORF57 promoter and functioned as dominant-
negative mutants to inhibit trans-activation of wild-type Rta.
Cotransfection of the Rd1 or Rd2 expression plasmid with
MHV-68 virion DNA suppressed the synthesis of viral proteins
and the production of infectious virions. Furthermore, viral
lytic replication was inhibited in cells constitutively expressing
Rd2. Therefore, these results provide strong evidence support-
ing the pivotal role of Rta during productive infection of per-
missive cells by MHV-68 in addition to viral reactivation in
latently infected B cells.

MHV-68 Rta was previously demonstrated to activate the
ORF57 promoter (11). Our study shows that C-terminal dele-
tions in Rta abrogated its ability to trans-activate, consistent
with the hypothesis that a trans-activation domain resides at
the C terminus. In the presence of Rd1 or Rd2, activation of
the ORF57 promoter by wild-type Rta was reduced. Thus, Rd1
and Rd2 exhibit dominant inhibitory effects on Rta trans-acti-
vation. This is not due to nonspecific inhibition by high levels
of Rd1 or Rd2, since the activity of the internal control con-
taining the Renilla luciferase reporter driven by the CMV pro-
moter was not significantly reduced (data not shown). How-
ever, further investigation will be required to elucidate the
mechanism by which the dominant-negative mutants disrupt
the function of wild-type Rta. One possibility is that the mu-
tants dimerize with wild-type Rta and these heterodimers are
no longer able to activate transcription of the reporter gene.
Although the N terminus of MHV-68 Rta shares significant
homology with EBV Rta, which was shown to dimerize, it has
yet to be proven whether MHV-68 Rta or the mutants can
form homo- or heterodimers. Another possibility is that the
dominant-negative mutants compete for binding to the pro-
moter, thereby preventing wild-type Rta from binding and
activating the promoter.

The results from this study clearly suggest that Rta trans-
activation is essential for MHV-68 lytic replication in permis-
sive cells. When MHV-68 lytic replication was initiated by
transfection of purified virion DNA into fibroblasts, cotrans-
fection of either Rd1 or Rd2 expression plasmid suppressed
expression of viral lytic proteins and virus production (Fig. 4 to
7). Productive de novo infection was severely compromised in
cell lines constitutively expressing Rd2 (Fig. 8 to 10). The
inhibitory effects of the Rta dominant-negative mutants are
most likely due to their ability to inhibit the trans-activation

FIG. 7. Rd1 and Rd2 inhibit the production of infectious viruses
after transfection of virion DNA in BHK-21 cells. The supernatants
from the transfections described in the legend to Fig. 6 were harvested,
and the viral titers were determined using plaque assays. The assays
were repeated three times for each transfection. Standard deviations
are expressed as error bars.
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function of wild-type Rta synthesized from the viral genome.
Moreover, Rd2 was more effective than Rd1 in suppressing
viral lytic replication in cotransfection studies (Fig. 4 to 7),
which correlates with the greater inhibition of wild-type Rta
trans-activation by Rd2 (Fig. 2 and 3). We hypothesize that
Rd2 exhibits more prominent dominant inhibitory effects be-
cause Rd2 has a larger truncation and thus has less residual
trans-activation activity than Rd1.

The inhibitory effects of the dominant-negative mutants on
viral lytic replication were consistently more pronounced in
293T cells than in BHK-21 cells (Fig. 5 versus Fig. 7). One
explanation for this result is differential protein expression in
the two cell lines. The expression levels of the Rta dominant-
negative mutants decreased with time in BHK-21 cells com-
pared to 293T cells (Fig. 4 versus Fig. 6). The transcripts for
Rd1 and Rd2 were expressed from pCMVFLAG-based vec-

FIG. 8. Transcription of tk and rta genes is suppressed in stable cell lines expressing Rd2. Two cell lines, 45-5 and V-30, stably transfected with
pCMVFLAG/Rd2 and the parental 293T cells (P) were infected with wild-type MHV-68 (3 PFU/cell). Total RNA from uninfected (U) or infected
cells was harvested at 4 or 15 h postinfection, and 30% of each RNA sample was used for Northern blot analysis. (A) Transcription of rta is reduced
in 45-5 and V-30 cells. The probe was derived from the rta gene (nt 68651 to 69378). (B) Transcription of tk is reduced in 45-5 and V-30 cells. The
same membrane was stripped and rehybridized with a probe derived from the tk gene (nt 32879 to 34813). (C) The RNA loadings were examined
by rehybridizing with a probe derived from the cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene.
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tors, which contain the SV40 replication origin. Therefore, we
would expect the protein expression levels to be greater and
more sustained in 293T cells, which constitutively express the
SV40 T antigen.

Upon infection of Rd2-expressing stable cell lines (45-5 and
V-30), viral replication was significantly impaired, with the
greatest inhibitory effects observed at the lowest MOI of 0.1
PFU/cell compared to 1 or 3 (Fig. 8 to 10). Our interpretation
of this result is that cells infected at higher MOIs contain
greater numbers of viral genomes and thus express higher
levels of wild-type Rta, overcoming the inhibition of Rd2. As
the MOI of MHV-68 increases, the ratio of Rd2 to wild-type
Rta synthesized from the virus decreases, resulting in less re-
pression of Rta function and viral lytic replication. Although
45-5 and V-30 cells express high levels of Rd2, it remains to be

determined whether these levels are sufficient to completely
block wild-type Rta function and viral lytic replication.

We have previously proposed a model for the function of
MHV-68 Rta (26). In this model, Rta is the central viral factor
determining the outcome of MHV-68 infection, lytic replica-
tion or latency. During productive de novo infection of per-
missive cells, Rta is one of the earliest viral proteins to be
expressed and functions as a transcriptional activator to induce
the cascade of viral lytic gene expression, which ultimately
leads to viral DNA replication and production of infectious
virions. Upon infection of nonpermissive cells, Rta expression
is suppressed, preventing the initiation of lytic replication, and
the virus establishes a latent infection. In response to certain
stimuli, Rta expression is activated or derepressed, latency is
disrupted, and the virus undergoes reactivation, entering the

FIG. 9. Viral protein expression is inhibited in stable cell lines expressing Rd2. 45-5, V-30, and the parental 293T (P) cells were infected with
wild-type MHV-68 at the different MOIs (PFU/cell) indicated above the panel. Total cell lysates were harvested at day 2 postinfection, and 10%
of each lysate was used for Western blot analyses. (A) Expression of viral lytic proteins is reduced in 45-5 and V-30 cells. The membrane was probed
with polyclonal serum against MHV-68-infected cell lysates. (B) Expression of M9 (a viral late protein) is reduced in 45-5 and V-30 cells. The
membrane was probed with polyclonal antibody against the recombinant MHV-68 M9 protein. (C) The protein loadings were examined by
reprobing with monoclonal antibody against cellular �-actin.
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productive phase. This model is supported by our previous
finding that ectopic Rta expression in latently infected cells
activates the entire viral lytic cycle (26) and the results from
this study, which demonstrate that the inhibition of Rta trans-
activation blocks viral lytic replication in permissive cells.
Moreover, expression of viral proteins and production of in-
fectious viruses is enhanced by overexpression of Rta (Fig. 4 to
7). Therefore, Rta plays a key role in initiating viral lytic
replication, not only during reactivation in latently infected
nonpermissive cells but also during de novo infection of per-
missive cells. This study also suggests that the function of Rta
is most likely mediated through its ability to trans-activate. Our
preliminary data showed that the Rta dominant-negative mu-
tants, Rd1 and Rd2, failed to reactivate the virus in latently
infected cells and interfered with wild-type Rta reactivation of
latent viruses (data not shown).

In the alpha and beta subfamilies of herpesviruses, more
than one immediate-early gene is expressed and controls the
initiation of lytic gene expression. We do not know whether
gammaherpesvirus MHV-68 encodes other immediate-early
proteins in addition to Rta. EBV encodes two immediate-early
proteins, ZEBRA and Rta, and both are important in activat-
ing the viral lytic cycle in latently infected cells. KSHV Rta is
an immediate-early protein and is sufficient to induce viral lytic
replication. KSHV also encodes a homologue of ZEBRA, but
KSHV ZEBRA is an early lytic protein following reactivation
and is incapable of reactivating latent virus. It appears that
MHV-68 does not encode a ZEBRA homologue. Moreover,
since MHV-68 Rta alone can reactivate latent virus and inhi-
bition of Rta function is sufficient to block viral lytic replication
at an early stage in permissive cells, other unidentified imme-
diate-early genes, if there are any, may not play a major role in
activating the cascade of viral gene expression.

The regulation of Rta expression plays a primary role in
determining the outcome of MHV-68 infection and controlling

the switch from latency to lytic replication. However, the mech-
anisms by which Rta expression is regulated are not clear.
Cellular factors are likely involved in activating expression of
immediate-early genes, since transfection of purified virion
MHV-68 DNA is sufficient to initiate viral lytic replication.
Another possible regulator of Rta expression is Rta itself.
Autoactivation of the rta gene during reactivation has been
demonstrated for KSHV and has been proposed to be an
important strategy to enhance Rta expression and maximally
activate the viral lytic cycle (6, 8). Our results show that tran-
scription of MHV-68 rta following productive virus infection
was repressed in Rd2-expressing cells, consistent with the in-
terpretation that Rd2 interferes with Rta autoactivation.

Using MHV-68, we can manipulate Rta expression to create
a virus that constitutively enters the lytic cycle or a virus that is
quiescent even in permissive cells. These recombinant viruses
will be valuable reagents to examine the role of viral latency
and lytic replication in viral pathogenesis, using infection of
mice as a model.
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