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The Epstein-Barr virus lytic program is controlled by
the co-operative functions of two transactivators
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The propagation of herpesviruses has long been
viewed as a temporally regulated sequential process
that results from the consecutive expression of specific
viral transactivators. As a key step in this process,
lytic viral DNA replication is considered as a check-
point that controls the expression of the late structural
viral genes. In a novel genetic approach, we show that
both hypotheses do not hold true for the Epstein—-Barr
virus (EBV). The study of viral mutants of EBV in
which the early genes BZLF1 and BRLF1 are deleted
allowed a precise assignment of the function of these
proteins. Both transactivators were absolutely essen-
tial for viral DNA replication. Both BZLF1 and
BRLF1 were required for full expression of the
EBYV proteins expressed during the lytic program,
although the respective influence of these molecules on
the expression of various viral target genes varied
greatly. In replication-defective viral mutants, neither
early gene expression nor DNA replication was a
prerequisite for late gene expression. This work shows
that BRLF1 and BZLF1 harbor distinct but comple-
mentary functions that influence all stages of viral
production.
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Introduction

Herpesviruses encode between 60 and 100 genes, and
productive lytic infection is characterized by a temporally
regulated cascade in which three distinct kinetic classes of
transcripts are expressed in a sequential manner (Honess
and Roizman, 1974; Honess and Roizman, 1975; for a
review, see Roizman and Sears, 1996). Immediate early
(o) gene products are expressed under conditions of lytic
infection in the absence of de novo protein synthesis and
orchestrate the ensuing transcriptional cascade. The early
(B) genes and their products are involved primarily in viral
DNA replication and comprise the essential virus-encoded
DNA replication machinery and a number of enzymes
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that contribute to the biosynthesis of deoxynucleoside
triphosphates. The late (y) genes are subdivided into two
classes based on their apparent requirement for DNA
replication (Roizman and Sears, 1996). The expression of
true late genes, also called Y2 genes, seems to be strictly
dependent on the onset or completion of lytic DNA
replication since their expression is not observed in the
presence of inhibitory concentrations of drugs that block
viral DNA synthesis or with herpesviruses carrying
conditional mutations in early genes (Honess and
Roizman, 1974; Powell et al., 1975; Ward and Stevens,
1975; Holland et al., 1980; Conley et al., 1981;
Mavromara-Nazos and Roizman, 1987, 1989).

In contrast to the majority of herpesviruses, infection
with members of the y-herpesvirus family rarely leads to
the production of viral particles (for a review, see
Rickinson and Kieff, 1996). Instead, a state of latency is
readily established in which the viral DNA is transmitted
to the daughter cells. Nevertheless, reactivation from this
state of equilibrium to the productive, lytic phase can
occur. As a consequence, the host cell is destroyed and
viral particles are assembled and released. In the case of
Epstein—Barr virus (EBV), the physiological conditions
that lead to a reactivation of the latent virus are not clearly
defined, but expression of the viral gene BZLFI is
sufficient for lytic production in permissive cells
(Countryman and Miller, 1985; Takada et al., 1986).
BZLF1 is a transactivator that shows homologies to
members of the fos family of proteins (Farrell et al., 1989;
Urier et al., 1989) and has been implicated in the
transcription of human and viral genes (for a review, see
Speck et al., 1997). Several studies have identified a
second viral transactivator, BRLF1, as having the capacity
to induce the EBV lytic program (Hardwick et al., 1988;
Zalani et al., 1996; Ragoczy et al., 1998). These obser-
vations suggested that both proteins have redundant
properties. An additional level of complexity stems from
the observation that the BZLF1 protein activates the
promoters of BZLFI and BRLFI and, vice versa, the
BRLFI gene product up-regulates the expression of the
BZLF1 gene (Sinclair et al., 1991; Ragoczy et al., 1998).

According to the model initially based on the study of
the herpes simplex virus, the expression of the y2 late
genes of herpesviruses is strictly dependent on the
completion of lytic viral DNA replication (see above).
An identical model has been proposed for EBV on the
basis of experiments using inhibitors of the viral DNA
polymerase, such as phosphonoacetic acid (PAA)
(Summers and Klein, 1976; Yajima et al., 1976; Datta
and Hood, 1981). Incubation of EBV-infected cells in the
presence of PAA blocks not only the viral lytic DNA
replication, but also the expression of EBV late genes
(Serio et al., 1997). This assumption is supported by the
findings with the Raji cell line, which carries a mutant
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EBV. The Raji EBV genome contains a deletion in the
virally encoded single-stranded DNA-binding protein
BALF2 and is defective for lytic viral DNA replication
and late gene expression (Baer et al., 1984; Decaussin
et al., 1995).

Since the experimental link between herpesvirus DNA
replication and progression through the different phases of
the lytic viral program was only indirect, we wished to
address this question using a genetic approach. Recently,
we have succeeded in cloning the complete EBV genome
in Escherichia coli on a single plasmid (Delecluse et al.,
1998). After DNA transfection into 293 cells, this EBV
genome is fully functional in that the latent phase of
EBV’s life cycle is maintained and production of infec-
tious virion particles can be induced at will. In addition,
any mutation can be introduced into the EBV genome in
E.coli such that even genetic alterations that affect
essential genetic elements can be studied (Delecluse
et al., 1999). In order to examine the genetic requirement
for induction of the lytic phase of EBV as well as its full
execution, we introduced two non-functional mutations in
the EBV genome. By insertional mutagenesis, the BZLF1
and BRLFI genes were disrupted, rendering the mutant
genomes non-functional in terms of virion synthesis. The
mutant virus genomes were termed BZLF1-KO and
BRLF1-KO, respectively. They were transferred via
DNA transfection into 293 cells in order to obtain latently
infected cell lines (Delecluse et al., 1998). The ability of
the BZLF1 and BRLFI immediate early genes to induce
early and late gene expression and DNA replication was
analyzed in these cell lines.

We demonstrate here that both transactivators are
required for early and late gene expression as well as for
viral DNA replication. It appears that (i) both BZLF1 and
BRLFI1 are mandatory at all stages of virion production
and (ii) have non-redundant functions. Unexpectedly, lytic
DNA replication is not required to allow expression of
some late genes of this herpesvirus.

Results

Construction of the EBV mutant viruses

The complete genome of the B95.8 strain of EBV cloned
onto an F-factor replicon, termed EBV/F-factor, was
moved into a recA-positive, recBC-negative E.coli strain
(BJ5183) (Delecluse et al., 1998). This strain allows
further genetic manipulation with linear DNA fragments
by homologous recombination (Hanahan, 1983; Delecluse
et al., 1999). The BZLF1 gene and the BRLFI gene were
disrupted by insertional mutagenesis with the aid of the
kanamycin or tetracycline resistance gene using the
method of targeted allelic exchange as described in
Materials and methods. In order to confirm the successful
disruption of the target gene, DNA plasmids derived from
bacterial clones that carry individual recombinant EBV/F-
factor molecules were digested with restriction enzymes
(Figure 1). DNAs were analyzed further by Southern blot
analysis with specific probes. The results confirmed the
mutations of the two loci (data not shown). The modified
genomic EBV DNAs (BZLF1-KO and BRLF1-KO) were
used to stably transfect 293 cells that have been shown
to support the EBV lytic program (Delecluse et al.,
1998). After transfection of the BZLF1-KO DNA and
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Fig. 1. Restriction fragment analysis of both BZLF1-KO and
BRLF1-KO mutant DNAs in comparison with the wild-type
B95.8/F-factor DNA. The BZLFI gene was exchanged against the
kanamycin resistance gene via homologous recombination. DNA was
purified from a chloramphenicol- and kanamycin-resistant E.coli clone
and digested with the BamHI restriction enzyme. The restriction pattern
of the mutant BZLF1-KO DNA was compared with that obtained with
wild-type B95.8/F-factor DNA. Both restriction fragment patterns were
identical, with two exceptions. A new fragment was generated by
replacement of the BamHI fragment that carries the BZLF1 gene
(disappearance of the 1.8 kb fragment in B95.8/F-factor) with the one
that carries the kanamycin resistance gene (appearance of a 2.8 kb
fragment in BZLF1-KO DNA) (see also Figure 6A). Both rearranged
fragments are indicated by an arrow. The same procedure was applied
to the BRLFI gene. In this case, the 3.6 kb BamHI fragment that
carries the BRLF1 gene was exchanged with a 6.9 kb fragment that
carries the tetracycline resistance gene.

hygromycin selection, two cell clones grew out. The
clones were green fluorescent protein (GFP) positive (the
F-factor replicon also carries the gene for GFP) and
encompassed the rearranged BZLF1 locus by Southern
blot analysis (data not shown). An identical approach gave
rise to the generation of ten 293 cell clones that carry a
viral strain in which the BRLFI gene was deleted
(data not shown). For convenience, these cells are called
293-BZLF1-KO and 293-BRLFI1-KO throughout the
manuscript. To confirm the integrity of the BZLF1-KO
mutant, 293-BZLF1-KO cells were transfected with a
BZLF1 expression plasmid and cell-free supernatants
were used to infect Raji cells. The supernatants proved to
contain infectious particles as indicated by GFP expression
(Figure 2). The viral concentration in these supernatants
was ~103 viral particles/ml as estimated by counting the
proportion of GFP-positive Raji cells. Similar results
were obtained by transfection of a BRLF1 expression
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A 293-BZLF1-KO supernatant

Fig. 2. Complementation of the BRLFI and BZLFI mutants. GFP
expression in Raji cells incubated with supernatants from
293-BZLF1-KO cells transfected with an expression plasmid encoding
BZLF1 (A) or from 293-BRLF1-KO cells transfected with BRLF1 (B).
A 1 ml aliquot of supernatant was mixed with 10* Raji cells.

GFP fluorescence was investigated 48 h after infection (left panel);
corresponding phase contrast light microscopy (right panels)
(magnification X200). After incubation with supernatants from
293-BZLF1-KO cells, ~10% of the Raji cells were GFP positive,
indicating a virus titer of at least 10% infectious viruses/ml. In the case
of 293-BRLF1-KO cells, the virus titer could also be estimated as
being at least 10° infectious viruses/ml.

plasmid into the 293-BRLF1-KO cells (Figure 2). These
experiments show that the phenotype introduced by
disruption of the BZLF1 or BRLF1 gene can be function-
ally complemented in trans by the introduction of the
missing proteins.

BZLF1 and BRLF1 mutually induce their expression
We first wished to test the ability of both immediate early
genes to activate their expression mutually. As expected,
transfection of BZLFI into the 293-BZLF1-KO cell line
resulted in expression of the BRLF1 protein (Figure 3,
lower panel). Conversely, the transfection of the BRLFI
expression plasmid into the 293-BRLF1-KO cell line led
to the synthesis of the BZLF1 protein, as shown by western
blots with monoclonal antibodies (Figure 3, upper panel).

Characterization of the 293-BZLF1-KO cell line
Using the 293-BZLF1-KO cell line, we investigated the
role of BRLF1 in the viral lytic program, the contribution
of BZLF1 to B-cell immortalization and the molecular
basis for the ability of 12-O-tetradecanoyl-13-acetate
(TPA) and butyrate to activate the lytic program in
permissive cells.
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Fig. 3. Reciprocal induction of BZLF1 and BRLF1. Western blot
analysis of 293-BZLF1-KO or 293-BRLF1-KO cells transfected with
an expression vector encoding either BRLF1 or BZLF1. Upper panel:
BZLF]1 expression pattern. Lower panel: BRLF1 expression pattern.
The B95.8 cell line that spontaneously produces EBV virions was used
as a positive control. Complementation of 293-BRLF1-KO with a
BRLF1 expression plasmid or of 293-BZLF1-KO with a BZLF1
expression plasmid leads to the expression of both transactivators,
showing that BZLF1 induces the expression of BRLF1, and vice versa.
In 293-BZLF1-KO cells transfected with a BRLF1 expression plasmid
or in 293-BRLF1-KO cells transfected with a BZLF1 expression
plasmid, the expression pattern was limited to the expression of the
transfected gene. Untransfected 293-BZLF1-KO or 293-BRLF1-KO
cells provided additional negative controls.

Lytic DNA replication was readily restored after
transfection of the BZLFI gene (Hammerschmidt and
Sugden, 1988) into the 293-BZLF1-KO cells, as expected
(Figure 4). Similarly, all early and late viral proteins tested
could be detected after transfection with BZLF1 (Table I;
Figure 5A). In contrast, lytic DNA replication did not take
place nor was virus released when 293-BZLF1-KO cells
were transfected with BRLF1 alone (Table I; Figure 4).
Furthermore, only limited expression of the early antigen
EA-D (BMRF1) could be observed in these settings
(Table I). Both findings could be related since EA-D
antigens include proteins that are mandatory for the
formation of a functional DNA replication complex
(Fixman et al., 1992, 1995). The expression of the three
viral late proteins gB (or gpl125 encoded by the BALF4
gene), pl60 [or major viral capsid protein (m-VCA)
encoded by the BcLFI1 gene] and the viral envelope
glycoprotein gp350 (encoded by the BLLFI gene) was
analyzed further in the cell line that carries the BZLF1-KO
mutant virus genome, by immunostaining techniques
(Figure 5A; Table I). The results of these experiments
are summarized in Table I. They show that gB-positive
and gp350-positive cells could be detected in
293-BZLF1-KO cells after transfection with the BRLF1
gene. In contrast, staining for the m-VCA antigen stayed
negative. Transfection with a control vector consisting of
the empty expression plasmid backbone alone did not give
rise to any viral gene expression (data not shown). After
introduction of BRLFI or BZLFI into 293-BZLF1-KO
cells, the proportion of positive cells for the late viral
proteins gp350 and gB was comparable (Table I).
However, the intensity of staining for gp350 was slightly
stronger after transfection with BZLF] than after transfec-
tion with BRLFI. The percentage of gB-positive cells
corresponded directly to the percentage of BRLFI-
positive cells (Table I).
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Table 1. Viral protein expression pattern

Cells Plasmids Anti- Anti- Anti- Anti- Anti- Anti- Raji cell
BRLF1 BZLF1 EA? ¢B m-VCA 2p350 infection®
293-BRLF1-KO BRLF1 +++ +++ +++ +++ +++ +++ yes
BZLF1 - +++ +++¢ + - - no
293-BZLF1-KO BRLF1 +++ - + +++¢ - ++ no
BZLF1 +++ +++ +++ +++ +++ +++ yes

+, <2% of cells are positive; ++, 2-15% of cells are positive; +++, >15% of cells are positive.
30wing to the diffuse character of the staining, a precise evaluation of the number of positive cells is difficult. +++ indicates that the majority of the

cells are positive, + indicates that <10% are positive.

®10% of the Raji cells are positive for GFP after incubation with supernatants from the indicated cell line after transfection with the indicated

plasmids.
¢Staining less intense than that obtained with the wild-type virus.

293- 293-
BRLF1-K{} BZLFI-KO Raji
BZLF1 + - - + -
BRLF1 - + + - -
— -
Circular —
A

Linear — . .

Fig. 4. Analysis of DNA replication in BZLF1-KO and BRLF1-KO
viral mutants after transfection of expression plasmids that carry the
BZLF1 or BRLFI genes. In cells latently infected with EBV, the viral
DNA is present as an episome. In contrast, during lytic replication,
newly synthesized viral DNA is linear. Both circular and linear forms
can be distinguished readily after separation on a Gardella agarose gel
electrophoresis, followed by Southern blot hybridization with an
EBV-specific probe. Lytic replication was clearly identified after
transfection of BZLF1 into the 293-BZLF1-KO cell line or of BRLF1
into the 293-BRLF1-KO cell line. In contrast, neither transfection of
BRLF1 into the 293-BZLF1-KO cell line nor transfection of BZLF1
into the 293-BRLF1-KO cell line could give rise to any detectable
DNA replication. The cell line Raji is defective for the lytic program
and was used as a negative control.

As EBV predominantly infects B cells, we extended our
experiments to include these cells. Three immortalized
B-cell lines generated with the BZLF1-KO mutant (see the
next paragraph) were transfected with BZLF1 and BRLFI.
In the immortalized B-cell lines, due to the low
transfection efficiency, only a few cells (<1 out of 1000)
showed expression of both gB and gp350 after transfection
with BZLF1 (data not shown). Transfection with BRLF]
alone led to infrequent expression of BRLFI, gB and
gp350 (<1 cell out of 1000 was positive for these proteins,
data not shown). In general, these results are in agreement
with those obtained in 293 cells. In conclusion, the BRLF1
protein alone leads to synthesis of some but not all EBV
late genes in lytic replication-defective EBV mutants, in
both epithelial and lymphoid cells, but the viral lytic
program is not fully complete in the absence of BZLF1.

To determine whether BZLF1 contributes to the
immortalizing potential of EBYV, virus stocks were
produced after transfection of the BZLFI gene into

293-BZLF1-KO cells and used to infect primary B
lymphocytes from the peripheral blood of a healthy
donor. Four weeks after infecting 107 primary B cells,
20 cell clones grew up that expressed GFP. B cells from
the same donor were also infected with supernatants from
the B95.8 cell line. No difference in cell proliferation was
noticed between the established cell lines generated with
the BZLF1-KO virus or with B95.8 virus (data not shown).
In order to exclude the possibility that the virus that led to
B-cell immortalization was the result of recombination
between the genome of the BZLFI-KO virus and the
transfected BZLF1 expression plasmid, Southern blot
analysis was performed. None of the B-cell lines obtained
after infection with BZLF1-KO virus showed any evi-
dence of such recombination events (Figure 6A).
Similarly, when one of the immortalized B-cell lines was
induced with TPA and butyrate for 3 days and tested for
BZLFI expression by western blot analysis, no expression
of BZLF1 could be detected (Figure 6B). Therefore, it
appears that immortalized B-cell lines infected with either
wild-type EBV or the BZLF1-KO mutant virus do not
differ with regard to B-cell proliferation.

Co-culturing of 293 cells that carry the complete EBV
genome with primary human B lymphocytes leads to the
generation of immortalized B-cell lines (Sugden, 1984;
Delecluse et al., 1998). In contrast, co-culturing of primary
B lymphocytes with 293-BZLF1-KO cells did not give rise
to any immortalized B cells even after incubation for
>6 weeks on feeder cells. In a very similar experiment,
treatment of 293-BZLF1-KO cells with TPA and butyrate,
two drugs known to activate EBV’s lytic program in
latently infected cells (zur Hausen et al., 1978), followed
by extensive washings and co-incubation with primary B
lymphocytes, did not give rise to immortalized cells. In
line with these observations, no GFP-positive cells could
be detected after incubation of Raji cells with culture
supernatants from 293-BZLF1-KO cells induced with
TPA and butyrate. In conclusion, the BZLF1-KO mutant
definitely requires BZLF '] in trans for virion production.

Characterization of the 293-BRLF1-KO cell line

The 293-BRLF1-KO cell line allows an evaluation of the
functions of BZLF1 in the absence of BRLFI.
Transfection of a BZLF1 expression plasmid into the
293-BRLF1-KO cell line was followed by strong expres-
sion of the EA-D antigen (Figure 5B). However, the level
of EA-D expression was less intense than that obtained
after introduction of BRLF1 into the 293-BRLF1-KO cells
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293-BZLF1-KO cells
A

+ BRLF1 + BZLF1

B 293-BRLF1-KO cells

gp350

+ BRLF1 + BZLF1

=8

Fig. 5. Production of the EBV lytic proteins EA-D, gB and gp350 after transfection of a BRLF1 or BZLF1 expression plasmid into 293-BZLF1-KO
cells (A) or 293-BRLF1-KO cells (B). In each panel, a negative control consisting of untransfected cells is included. Fixed cells were incubated with a
specific monoclonal antibody and a second anti-mouse antibody coupled to the Cy5 fluorochrome. Stained cells were visualized under UV light
(magnification X100).
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Fig. 6. Immortalized B cells generated by infection of primary lymphoid cells with the BZLF1-KO EBV mutant do not carry the BZLFI gene.

(A) Southern blot analysis of cell lines infected either with the BZLF1-KO mutant or with wild-type EBV. Blots were hybridized with the construct
used to generate the BZLF1-KO mutant that consists of the kanamycin resistance gene flanked by the first two-thirds of the first BZLF'1 exon and
sequences 5" and 3" from this gene. Whereas the wild-type EBVs carry the intact BZLF1 gene (1.8 kb fragment), only recombined fragments could be
detected in the cell population infected by the viral mutant (2.8 kb fragment) (see also Figure 1). (B) Western blot analysis of cell lines infected either
with the BZLF1-KO mutant or with wild-type EBV. After TPA and butyrate induction, cells that carry the wild-type EBV DNA (B95.8 and B95.8
LCL), but not those that carry the EBV viral mutant (BZLF1-KO LCL9), show clear production of the BZLF1 protein. Proteins extracted from the
above-described lymphoid cell lines (20 pg for the BZLF1-KO mutant, 4 pg for the control cells) were separated by SDS-PAGE, blotted onto a
nitrocellulose membrane and incubated with an antibody specific to the BZLF1 protein (Z130).

293 cells

+pgp350 + BRLF1

+ gp350

o-gp350

Fig. 7. The BRLF1 immediate early protein induces the expression of
¢p350 in EBV-negative cells. Expression of the EBV late protein
gp350 after transfection of the gp350 gene that codes for gp350

(left panel, magnification X 100) and after co-transfection of the gp350
gene and BRLF1 into 293 cells (right panel, magnification X100).

(Figure 5B; Table I). No DNA replication could be
observed after transfection of 293-BRLF1-KO cells with
BZLF1, using a Gardella gel analysis, indicating that
BRLF]1 is absolutely required for viral lytic DNA repli-
cation (Figure 4). At this stage, we cannot distinguish
between a direct contribution of BRLF1 itself to the lytic
replication, and an indirect mechanism in which BRLF1

activates viral proteins required for DNA replication.
Finally, the pattern of expression of the late EBV proteins
was investigated in 293-BRLF1-KO cells transfected with
BZLF 1. Whereas no expression of the gp350 protein or the
m-VCA antigen could be detected, the gB protein was
found to be expressed, although the level of expression
was lower than that observed after transfection with
BRLF1 (Figure 5B; Table I).

The BRLF1 gene product induces the expression of
the gp350 gene in EBV-negative cells
In order to dissect further the observed effect of BRLF1 on
the expression of the EBV late genes, we cloned the gp350
gene and its promoter region onto a simple prokaryotic
vector plasmid. In a transient transfection assay, this
plasmid was introduced alone and in combination with the
BRLF1 expression plasmid into EBV-negative 293 cells.
The gp350 gene was expressed at a low level when
transfected alone, but strong induction was observed when
both BRLF1 and gp350 were introduced concomitantly
into these cells (Figure 7). This result indicates that
BRLF1 alone is able to activate the expression of this EBV
late gene even in the absence of the viral genome.

To ensure that the observed activation of gp350 gene
expression by the gp350 protein reflects the situation
during the lytic program of EBV, the 5’ terminus of the
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Fig. 8. The BRLF1 protein activates the expression of the gp350 gene
from its established promoter. The 5" end of the gp350 mRNA from
293 or 293-BZLF1-KO cells transfected with an expression plasmid
encoding BRLF1 was determined using primer extension. B95.8 cells
and untransfected 293 cells provided the positive and negative controls,
respectively. Introduction of a BRLF1 expression plasmid into 293 or
293-BZLF1-KO cells gave rise to the synthesis of a gp350-specific
mRNA, similar in size to the gp350 mRNA found in the B95.8 cells.
The BRLF1-mediated activation of the gp350 mRNA therefore reflects
the situation during the EBV lytic program in B95.8 cells. However, an
additional gp350 mRNA transcript, slightly shorter in size, could also
be detected in B95.8. At this stage, it is not clear whether this reflects
the fact that the B95.8 cell line is derived from marmoset cells, or the
contribution of additional viral factors apart from BRLF1 during viral
lytic replication.

gp350 mRNA was analyzed using primer extension. In this
assay, a radiolabeled oligonucleotide specific for gp350
mRNA was used as a primer for reverse transcription of
total RNA extracted from B95.8 cells, 293-BZLF1-KO
cells transfected with a BRLF1 expression plasmid and
293 cells co-transfected transiently with the gp350 gene
and a BRLF1 expression plasmid. The result of this
experiment is shown in Figure 8. This experiment
confirmed the ability of BRLF1 to activate the expression
of gp350, even in an EBV-negative cell. The level of
expression of the gp350 gene in 293-BZLF1-KO induced
with the expression vector for BRLFI was comparable in
intensity to that observed in B95.8 cells as a positive
control. In B95.8 cells, this analysis revealed two slightly
divergent gp350 mRNAs. In all cases, the 5" terminus of
the generated gp350 mRNA was nearly identical, suggest-
ing that BRLF1 induces the gp350 gene from the identified
promoter (Beisel et al., 1985).

Discussion

As a member of the herpesvirus family, EBV codes for a
complex protein network, and the switch between the
latent and the lytic gene expression program illustrates this
complexity. The observation that only a minority of cell
lines infected with the same viral strain will support the
EBV lytic cycle spontaneously suggests that cellular
conditions interfere with various stages of virus synthesis.
Therefore, the appropriate experimental setting for the
dissection of the viral molecular mechanisms that lead to
the production of infectious particles is EBV-positive cell
lines that support the lytic program, in which the viral
genes that govern virus production can be induced or
suppressed at will. Similarly, a genetic approach with
knock-out mutants of the different genes and cis-elements
is critical to dissect essential aspects of this program. In
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this study, we analyze two viral mutants that lack either the
BZLFI gene or the BRLF1 gene. These mutations, which
both block the completion of the lytic phase of EBV’s life
cycle at different stages, allowed us (i) to illustrate the
functions of the immediate early genes BRLF1 and BZLF ]
in an independent manner and (ii) to analyze the link
between lytic DNA replication and late gene expression.
As a technical prerequisite, cloning of the complete EBV
genome in a prokaryotic host turned out to be an important
step towards the generation of loss-of-function viral
mutations.

The first information we gained from the analysis of
these EBV mutants is that both BRLFI and BZLFI genes
can reactivate the viral genome from its latent state with
comparable efficiencies. In the context of a natural
infection, it is unclear which of the two proteins is
activated first. Our data argue against a scenario that puts
the BZLF1 protein upstream of the BRLF1 protein in the
lytic cascade. This observation does not rule out cellular
factors in some cell types further modulating the
interaction between both transactivators, and therefore
accounts for apparently contradictory reports in the
literature regarding the ability of BRLFI to induce the
lytic program in B cells.

A step-by-step analysis of the viral synthesis showed
that both BRLF1 and BZLF]1 are required to complete the
lytic program (Figures 2-5; Table I). The production of
the EA-D viral antigen is mainly the result of BZLFI
expression, although BRLF1 can induce this antigen at a
low level. Both BZLF1 and BRLF1 were found to be
necessary for lytic DNA replication. At present, it is not
clear whether BRLF1 interacts directly with the DNA
molecule during viral DNA replication, as has been proven
for BZLF1, or whether its contribution to replication is
limited to the induction of proteins that act in trans on viral
DNA replication. 293 cells that carry the BZLFI1-KO
mutant genome in a latent form do not release virus
spontaneously or after stimulation with TPA and/or
butyrate. This mutant genome can be induced to undergo
virus production only after transfecting an expression
plasmid encoding BZLF1. This result confirms previous
observations that TPA and butyrate activate the EBV lytic
program indirectly by induction of BZLF1 (Flemington
and Speck, 1990; Speck et al., 1997 and references
therein). Extending our observations to the late viral
proteins, we show here that expression of the gp350
protein absolutely requires BRLF1 but does not seem to be
influenced directly by BZLF1. The ability of BRLF1 to
induce the synthesis of the gp350 transcript could be
confirmed using primer extension. The gp350 mRNA
produced after introduction of a BRLFI expression
plasmid into the 293-BZLF1-KO cells was very close in
size to that identified in the B95.8 cell line, which supports
the EBV lytic program spontaneously, indicating nearly
identical promoter usage. This provides additional support
for a physiological role for BRLF1 in inducing the
expression of the gp350 gene. BRLF1 remains less potent
than BZLFI in inducing the expression of gp350 in
293-BZLF1-KO cells, which means that both transactiv-
ators together are more effective than BRLF1 alone
(Table I). Therefore, BZLF1 must contribute indirectly to
the expression of gp350. Other genes, such as gB, seem to
be induced by both immediate early proteins, but again



wild-type level of expression could be obtained only with
a combination of BRLFI and BZLFI1. Finally, the
induction of the p160 component of the VCA complex
could be observed only when both transactivators were
present, whereas the single expression of one of them was
ineffective (Table I). These results indicate that both
transactivators are required at all steps of the lytic
program, mainly in a co-operative manner, although the
contributions of both immediate early proteins varies
greatly with the target gene. Using the Raji cell line,
Ragoczy and Miller (1999) partially reached our conclu-
sions with regard to the viral protein expression pattern.
These authors found that in Raji cells, BZLFI has a
negative effect on the ability of BRLF1 to induce late gene
expression. We did not find any evidence for such an effect
in our system, but in contrast showed that BZLF1 itself
induces the expression of the gB protein and clearly
contributes indirectly to the expression of gp350 and
m-VCA. The fact that BRLF1 cannot induce the expres-
sion of BZLF1 in Raji cells shows that this cell line has
encountered additional modifications that render a precise
analysis of the function of both transactivators difficult to
interpret.

The co-transfection of BRLF1 and gp350 in EBV-
negative 293 cells led to a strong expression of the late
protein, indicating that gp350 expression is independent of
other viral proteins and/or ongoing DNA replication
(Figure 7). This observation does not rule out other viral
proteins positively or negatively modulating the expres-
sion of gp350 or other late genes. As no typical BRLF1-
specific binding site could be detected in the promoters of
the genes for m-VCA and the gp350, no direct mechanism
for this induction currently can be proposed (Gruffat et al.,
1990). Using primer extension, we could confirm the
ability of BRLFI to activate the expression of the gp350
gene in an EBV-negative cellular context. This experiment
also showed that the gp350 mRNA starts from the genuine
promoter region, reinforcing the idea that the observed
transactivating potential of BRLF1 was specific.

The analysis of three immortalized B-cell lines gener-
ated with the viral BZLF1-KO mutant showed the same
results with regard to the ability of BRLF1 to induce the
expression of the late genes, although the number of gB-
and BRLF1-positive cells was much lower, reflecting the
technical difficulties in transfecting newly established
immortalized B-cell lines.

The viral particles that were produced after transfection
of BZLF1 in 293-BZLF1-KO cells were infectious and
retained their ability to immortalize B cells, indicating that
the BZLF1 gene is not required in cis for the maintenance
of B-cell immortalization. This result does not rule out a
contribution of the BZLFI gene product at the level of
initiation of B-cell immortalization since the BZLF1
protein might be incorporated into the virion particle, as
has been discussed before (Serio et al., 1996), similarly to
the herpes simplex virus transactivator VP16 (Vmw65)
(Post et al., 1981; Preston et al., 1984; Campbell and
Villarreal, 1988).

In both 293-BZLF1-KO and 293-BRLF1-KO cells, late
gene expression could be achieved even in the absence of
DNA replication (Figures 4 and 5). At first sight, this
observation contradicts previous work that showed a strict
dependency of viral late gene expression on viral DNA

EBV lytic DNA replication

replication (for a review see Roizman and Sears, 1996). In
theory, viral replication can influence gene expression
either by providing a multitude of viral templates available
for transcription of late genes, or by giving rise to
unmodified, e.g. unmethylated, or, as is the case for
herpesviruses, even histone-free DNA progeny. Our
results clearly show that the amplification of the viral
DNA template or ongoing lytic DNA replication is not
required for late gene expression. One theoretical
possibility would be that both transactivators induce a
modification of the viral DNA, e.g. demethylation,
independently of viral replication per se. The transfection
of BZLFI into the 293-BZLF1-KO cell line did not
influence the viral methylation status (our unpublished
data), but additional DNA modifications cannot be
excluded. Serio et al. reported data on the basis of
transient reporter assays in which synthesis of the viral late
proteins followed activation of the EBV lytic program, but
in which a bona fide replication of the DNA template to be
transcribed was not required (Serio et al., 1997, 1998).
This type of experiment has been debated controversially
in the field of herpes simplex virus (Roizman and Sears,
1996). One of the central arguments that favors the
existence of a link between EBV lytic DNA replication
and viral gene expression is the indirect inhibition of late
genes in lytically induced cells by compounds such as
PAA or others that interfere with viral DNA replication
(see Introduction). Since, to our knowledge, no universal
genetic system to study the lytic phase of herpesvirus
replication has been available previously, the possibility
that PAA directly influences the expression of late genes
has not been tested. In line with this assertion, we found
that PAA reduces, but does not completely inhibit, the
transactivating effects of BRLF1 on the gp350 gene in
EBV-negative 293 cells (our unpublished observations).

In conclusion, the analysis of these two EBV mutants
unequivocally assigned different but co-operative roles to
the BRLF'I and BZLFI viral genes at each step of the viral
lytic synthesis. Our study underscores the potential of
genetic analysis to address essential lytic functions of
herpesviruses.

Materials and methods
Cells

The 293 line is a transformed epithelial cell line whose differentiation
stage is not fully characterized (Graham et al., 1977). Raji and Namalwa
are EBV-positive human Burkitt’s cell lines (Pulvertaft, 1964; Nyormoi
et al., 1973). B95.8 is a lymphoblastoid cell line obtained by infection of
marmoset monkey peripheral blood leukocytes with EBV (Miller et al.,
1972). B lymphocytes from peripheral blood buffy coats, adenoids and
tonsils were purified on a Ficoll cushion after T-cell rosetting using sheep
erythrocytes as described (Zeidler et al., 1996). All cell lines were grown
in RPMI 1640, 10% fetal calf serum (Life Technologies, Eggenstein,
Germany). Induction of the EBV lytic program was achieved by
incubation of the cell lines with a combination of the phorbol ester
TPA (100 ng/ml final concentration) and sodium butyrate (3 mM final
concentration) in standard medium for 3 days.

Recombinant plasmids

pMBO131 is an F-factor-based prokaryotic replicon that carries the
F-factor origin of replication, the chloramphenicol resistance gene and
partitioning genes (O’Connor et al., 1989). To construct the BZLF1-KO
mutant, the Xbal-Sall fragment (EBV coordinates 98 398—105 301) that
spans the BZLFI locus in the EBV genome was cloned onto the plasmid
pBluescript IIsk(-) to yield p2084. The Xbal fragment from the pCP15
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plasmid (Cherepanov and Wackernagel, 1995) that carries the kanamycin
resistance gene was ligated to the Nhel-cleaved p2084 plasmid to produce
p2088. This cloning step resulted in the deletion of the second exon, both
introns and the last third of the first exon of the BZLFI gene (EBV
coordinates 102 389-103 388), as well as in a frameshift of the last
BZLF1 exon by the insertion of the kanamycin resistance gene. The
p2451 plasmid consists of the p2084 plasmid in which the Sfil-EcoNI
fragment that spans the BRLFI locus was replaced by the Pvull fragment
from pCP16, which carries the tetracycline resistance gene. After
linearization, DNA fragments from p2088 or from p2451 were introduced
into the BJ5183 bacterial strain as described (Delecluse et al., 1999). The
expression plasmid for BZLF1 has been described by Hammerschmidt
and Sugden (1988). The HindlIIl fragment from the EBV genome that
contains the BRLF1 gene was cloned onto the pKRV expression plasmid
(p2130). The p2303 plasmid clone consists of the gp350 gene cloned onto
the pBluescript IIsk(+) vector. Plasmids were propagated in E.coli strain
DH5a., with the exception of the F-factor-based constructs, which were
amplified in E.coli strain DH10B.

DNA transfections

DNA transfections into 293 cells were performed using lipofectamine in
Optimem minimal medium (Life Technologies, Eggenstein, Germany).
For electroporation, lymphoid cells (107 cells) were washed in RPMI 1640
without fetal calf serum, resuspended in 250 pl of the same medium and
placed with the plasmid DNA to be transfected in 0.4 cm wide
electroporation cuvettes. Cells were transfected using an electroporator
(Bio-Rad Laboratories, Munich, Germany) at 250 V and 960 uF.

Infections

Raji cells (1 X 10 were infected overnight with filtered (0.45 um pore
size) supernatants (1 ml) from 293-BZLF1-KO or 293-BRLF1-KO cells
in which the lytic program had been induced by transfecting an
expression plasmid encoding BZLF1 or BRLF1 (Hammerschmidt and
Sugden, 1988). Primary B cells (1 X 107) were infected with 5 ml of
BZLF1-KO-containing supernatants as described (Hammerschmidt and
Sugden, 1989). B cells were then plated in 96-well cluster plates
(2 X 105/well) and fed once a week. Infection of the same primary B cells
with the wild-type EBV (B95.8) was performed in parallel, as well as
mock infections.

Southern blot analysis
DNA preparation and hybridization were performed as described
(Delecluse et al., 1998).

Immunostaining

Detection of the diffuse early antigen (EA-D or BMRF-1) (Chemicon
International, Temecula, CA), the gB and the p160 components of the
viral capsid antigen complex encoded by BALF4 and BcLFI, respect-
ively (Chemicon International, Temecula, CA; Kishishita et al., 1984),
and of the gp350 antigen (Hoffman er al., 1980; hybridoma HB168
obtained from ATCC) in lytically induced 293-BZLF1-KO or
293-BRLF1-KO cells was carried out as described previously
(Delecluse et al., 1998). Immunostaining with the antibody specific to
the BRLFI gene product (clone 5A9, 1:500 dilution) was performed after
fixation of the cells in acetone/methanol (1/1 v/v) for 20 min.

Western blot analysis

Proteins were extracted by incubating the cells in a standard buffer (1%
NP-40, 0.1% Tween-20, 1 mM phenylmethylsulfonyl fluoride) for 15 min
followed by sonication for 5 s. After centrifugation, aliquots of the
supernatants were kept at —-80°C in 20% glycerol. Up to 20 pug of proteins
denatured in Laemmli buffer for 5 min at 95°C were separated on a 10 or
12.5% SDS—polyacrylamide gel and electroblotted onto a nitrocellulose
membrane (Hybond C, Amersham). After pre-incubation of the blot in
phosphate-buffered saline (PBS) 1% milk dry powder, a monoclonal
antibody against the BZLF1 protein (Z130) or the BRLF1 protein (clone
5A9) was added overnight at 4°C (Mikaelian et al., 1993). After extensive
washings in PBS, the blot was incubated for 1 h with a goat anti-mouse
secondary antibody coupled to horseradish peroxidase (Immunotech,
Marseille, France). Bound antibodies were revealed using the ECL
detection reagent (Amersham, UK).

Primer extension

An oligonucleotide (TTGATGCTTTTTGCCCCCGACATCG; EBV
coordinates 91 974-91 998) specific for the gp350 gene was
5" radiolabeled using T4 polynucleotide kinase in the presence of
[-?P]ATP (Amersham, UK). The labeled oligonucleotide was purified
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on a 10% acrylamide gel and annealed with mRNAs from the B95.8
cell line, from 293 cells transfected with an expression plasmid coding
for BRLF1 or from 293-BRLF1-KO cells transfected with an expres-
sion plasmid coding for BRLFI1. After reverse transcription with
Superscript™II Reverse Transcriptase (Life Technologies, Eggenstein,
Germany) and addition of RNase A, the samples were separated on an 8%
denaturing acrylamide gel. Gels were vacuum dried for 1 h at 80°C and
exposed for 3 days at —80°C using intensifying screens. Mspl-digested
pBR322 DNA (New England Biolabs, MA) was radiolabeled and used as
a DNA molecular weight reference.
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