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During EBYV infection, lytic DNA replication activates late gene expression in tfrans via an uncharacterized
pathway. In this study, we mapped the target of this regulatory cascade to a variant TATA box (TATTAAA) and
the 3’ flanking region within the core promoter of the BcLF1 gene. The inherent late activity of this core
promoter is, surprisingly, disrupted by a heterologous enhancer, suggesting that late gene expression is
regulated through core promoter sequences located in a transcriptionally inert environment.

Lytic infections of DNA viruses are characterized by cas-
cades of temporally regulated gene expression ultimately lead-
ing to the release of infectious virus. Progression through the
viral life cycle is monitored at specific checkpoints; the basic
organization of these checkpoints is strikingly similar from
bacteriophage to mammalian viruses (33). In the case of Ep-
stein-Barr virus (EBV), entry into the lytic phase of infection is
regulated at the level of expression of the immediate-early
genes for ZEBRA and Rta (4, 10, 31, 45). Transcription of
these products proceeds in the presence of translational inhib-
itors (2, 44). Expression of the early genes is directed by the
immediate-early factors (24), and together, these two groups
stimulate replication of the viral genome (2, 7, 8, 44). Follow-
ing this checkpoint, the structural proteins are synthesized (5,
21, 32, 35, 43) and assembled into mature virions during the
late phase of infection. Virion particles encapsidate the newly
replicated viral genomes and are then released to initiate a new
round of infection.

While lytic replication of the viral genome serves as a key
checkpoint in the production of infectious virus, the mecha-
nism by which this event releases the expression of late prod-
ucts has not been elucidated in any viral system. The available
information, however, suggests a complex relationship be-
tween these two processes. In EBV infection, for example, the
viral genome must be amplified for infected cells to support
expression of late products (24); however, the transcriptional
template itself need not be replicated (36). EBV DNA repli-
cation acts in trans, likely initiating a cascade of events which
culminates at specific late promoter sequences. By using a
reporter assay with EBV-infected human B cells as a model
system, we have identified the cis target of this regulatory
pathway as the first step in understanding the link between
replication and late gene expression.

We have previously demonstrated in EBV-infected human B
cells that cloned viral promoters of different temporal classes
retain the ability to direct viral stage-specific expression of a
reporter gene (36). Expression from the BcLF1 late promoter,
BcLF1 chloramphenicol acetyltransferase (CAT), exhibits rep-
lication-dependent activity: reporter gene expression is mark-
edly decreased by treatment with an inhibitor of the viral DNA
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polymerase, phosphonoacetic acid (32, 43) (Fig. 1). In contrast,
amplification of the viral genome does not alter the level of
reporter gene expression from an early viral promoter,
BMRF1 CAT, in comparison with the vector control, pCAT
Basic (Fig. 1). The faithful recapitulation of viral gene expres-
sion by these cloned promoters in infected cells has provided
us with an experimentally tractable model to study the regula-
tion of late gene expression in EBV. We have employed a
combination of deletional mutagenesis and hybrid promoter
construction between BcLF1 and BMRF1 sequences (Fig. 2)
to elucidate the cis modulator of late gene expression reported
here.

Deletional analysis of the BMRF1 and BcLF1 promoters
suggested that their distinct expression patterns were reflected
in different structural organizations. Promoters transcribed by
RNA polymerase II are composed of multiple cis-active com-
ponents residing in two regions, the core promoter and the
enhancer (for a review, see reference 49). The core promoter
is defined by the presence or absence of two basal DNA ele-
ments: the TATA box and the initiator (41). These elements
are thought to act in concert to position the basal transcrip-
tional machinery correctly for accurate initiation of transcrip-
tion. Enhancers of transcription are believed to increase the
occupancy of these sites from a distance, thus stimulating gene
expression (for a review, see reference 49).

The BMRF1 early promoter exhibited classic promoter con-
struction (49) with strong enhancer sequences 5’ to the basal
core elements (Fig. 1, compare BMRF1 CAT to BMRF1 core)
(13, 14, 22, 46). In contrast, the BcLF1 late promoter repre-
sented a novel promoter class in which regulation occurred
exclusively through a core promoter with a unique TATA box,
independently of upstream or downstream sequences. Progres-
sive removal of sequences outside of the late BcLF1 core
promoter (i.e., upstream of the TATA box and downstream of
+6 relative to the transcriptional start site) had no conse-
quence for either the replication dependence or amplitude of
reporter gene expression in this system (Fig. 1). Indeed, ex-
pression from a 36-bp promoter spanning —30 to +6 of the
BcLF1 late promoter, BcLF1 core (Fig. 2), exhibited an even
greater replication dependence than did the full-length pro-
moter (Fig. 1, compare BcLF1 CAT to BcLF1 core). This
ability to direct strong late temporal expression exclusively
through the core region was an intrinsic property of the BcLF1
promoter, as the analogous region of an early promoter,
BMRF1 core, did not support this pattern (Fig. 1, compare
BcLF1 core to BMRF1 core). This functional difference be-
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FIG. 1. Activities of lytic promoters and their corresponding core fragments in EBV-infected cell line HH514-16. The activities of the promoter fragments are
expressed as average CAT activity relative to BcLF1 CAT activity in HH514-16 cells (30) cotransfected with ZEBRA as previously described (36). CAT activities are
standardized to luciferase activities expressed from the cotransfected pGL2 promoter plasmid (36). The data represents the average of at least two separate
transfections, and the error bars indicate the standard error of the mean. The white bars represent the activity of the promoter fragments during the early lytic cycle
(PAA [phosphonoacetic acid|/ZEBRA), while promoter activity during the late lytic cycle (ZEBRA) is shown in gray. The ratio of late activity to early activity (late

index) for each promoter fragment is shown below the graph.

tween early and late core promoters, furthermore, suggested
that DNA replication stimulates gene expression by a se-
quence-dependent mechanism rather than by evoking a glo-
bally acting change in the basal transcriptional machinery.
Exploiting the functional differences between late and early
promoter core sequences to characterize cis-active regulatory
elements further, we constructed a series of hybrid early and
late core promoters (Table 1 and Fig. 2, bottom) and analyzed
their ability to direct replication-dependent expression of CAT
in EBV-infected human B cells. Bisection of the core promot-
ers at —9 relative to the transcriptional start site localized the
replication-dependent cis-active site to the 5’ end of the late
core promoter, between —30 and —10, suggesting that the
initiator element was neither necessary nor sufficient for late
gene expression (Fig. 2 and 3, compare cM to Mc). Substitu-
tion of the BMRF1 early gene TATA box into ¢cM (Fig. 2,
bottom) abolished replication-dependent activity from that
promoter (Fig. 3, compare cM to McM). Reciprocally, intro-
duction of the BcLF1 late gene TATA box into Mc (Fig. 2,
bottom) imparted increased replication dependence to this
promoter, albeit at a reduced level (Fig. 3, compare Mc to
cMc). Sequences between —25 and —10 of the BcLF1 pro-
moter restored full-level activity to this hybrid promoter (Fig.
3, compare cMclII and cMcIII to cMc), but this region did not
alter expression in the presence of an early gene TATA box
(Fig. 3, compare BMRF1 core to McM, McMII, and McMIII).
Despite the functional differences between the early and late

promoter TATA sequences, both were capable of binding to
purified TATA binding protein (TBP) in vitro (data not
shown). Surprisingly, core promoters with late activity pro-
duced identical electrophoretic mobility shift patterns when
incubated with nuclear extracts from virally infected cells dur-
ing the early or late phase (data not shown). Therefore, late
gene expression in EBV infection was mediated through a
basal transcriptional element, the TATA box, without obvious
recruitment of additional DNA binding factors, a mechanism
proposed in other viral systems (27).

Comparison of the early BMRF1 TATA box sequence (CA
TAAAT) to that of the late BcLF1 TATA box sequence (TA
TTAAA) (1) implicated three potential positions for regula-
tion. A total of 13 (72%) of 18 TATA box sequences from
known EBV late promoters contained a T at the fourth posi-
tion, while this variation was not observed in any latent or early
EBV TATA boxes (1). By comparison, the promoters of sev-
eral homologs of EBV late genes in Kaposi sarcoma-associated
herpesvirus, a related gammaherpesvirus, contained a T in the
fourth position of the TATA box (34), and this variant also
occurred in 30% of the promoters in the eukaryotic database
(3). Mutation of this T to an A, restoring the consensus TATA
box sequence (20, 29, 48) to the late BcLF1 core promoter,
abolished replication-dependent activity (Fig. 3, compare
BcLF1 core to BcLF1 core [T—A]). While the activity of this
promoter is extremely low, expression was reproducibly higher
than that obtained with both the vector control and an A-to-G
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FIG. 2. Schematic diagram of promoter fragments. Checked bars represent sequences from the BcLF1 late promoter, while striped bars correspond to sequences
from the BMRF1 early promoter. Numbering relative to the transcriptional start site is shown above the schematics, and an expanded view of the core promoters is

shown in the lower portion of the diagram.

mutation in the second position of the TATA box (TGTTAA)
which disrupts TBP binding (48 and data not shown). These
data strongly implicate the alternative TATA box sequence
(TATTAAA) in late temporal regulation of viral gene expres-
sion in EBV-infected human B cells.

An obvious explanation for these observations was active
repression of late promoter activity through the unique TATA
box prior to lytic viral DNA replication. To address this pos-
sibility, we constructed a hybrid promoter linking the BMRF1
early enhancer region (13, 14, 22, 46) to the BcLF1 late core
promoter (Mc Full II, Fig. 2). As is characteristic of early
promoters, this promoter directed reporter gene expression to
nearly identical levels before and after lytic replication of the
viral genome (Fig. 4). The ratio of these activities was nearly
identical to that of the wild-type BMRF1 early promoter (Fig.
4, compare BMRF1 CAT to Mc Full IT). The late TATA box
sequence was, therefore, able to support expression from an
upstream enhancer element, fulfilling its well-documented role
as a basal transcriptional element (49). In the absence of an

upstream enhancer, however, the late TATA box sequence
functioned in temporal regulation, directing replication-de-
pendent gene expression (Fig. 3). These observations were
consistent with the activity of the BcLF1 core promoter within
its normal context: the region 5’ to the BcLF1 core promoter
in the viral genome did not confer activity when transferred to
a heterologous core promoter, and removal of this region did
not alter expression from its own promoter (Fig. 1).

The TATA box has classically been regarded as a static
component in the temporal regulation of gene expression.
While this element is absolutely required for activity from most
promoters, the expression pattern is generally dictated by spe-
cific regulators acting outside of the core promoter (19, 28).
Recently, however, general transcription factors, such as alter-
nate TBPs or TBP-associated factors, have been directly im-
plicated in temporal or cell type-specific expression (6, 12, 37),
although the mechanisms by which these factors target a spe-
cific promoter have yet to be elucidated. Other studies have
hinted at the importance of enhancer-TATA sequence cross
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TABLE 1. Oligonucleotides used to construct promoters

Construct Sequence(s)”
CITHIL et senee AACTGCAGTATTAAACCGGGTGGCAGCTCCT GGCAGTCATTCATCTAGAGC
AACTGCAGCATAAATTCTCCTGCCTGCCTCTGCTCTGGTACGTTGTCTAGAC
MC e AACTGCAGCATAAATTCTCCTGCCTGCCTCCTGGCAGTCATTCATCTAGAGC
CMC i AACTGCAGTATTAAATC TCCTGCCTGCCCCTGGCAGTCATTCATTCTAGAGC
cMcll AACTGCAGTATTAAATCTCCTGGCAGCTCCTGGCAGTCATTCATTCTAGAGC

cMclII.. AACTGCAGTATTAAACCGGGTGCCTGCCCCTGGCAGTCATTCATTCTAGAGC

CM i AACTGCAGTATTAAACCGGGTGGCAGCTCTGCTCTGGTACGTTCTCTAGAGC
MCM s AACTGCAGCATAAATCCGGGTGGCAGCTCTGCTCTGGTACGTTGTCTAGAGC
McMII AACTGCAGCATAAATCCGGGTGCCTGCCTCTGCTCTGGTACGTTGCTAGAGC

McMIII........ AACTGCAGCATAAATTCTCCTGGCAGCTTCTGCTCTGGTACGTTGTCTAGAC
CMIN (TA) o AACTGCAGTATAAAACCGGGTGGCAGCTCCTGGCAGTCATTCATCTAGAGC
MCFUIL TI? .ot snesseneens AACTGCAGGGATCCAGGAGCTGTT

GAGGCGGCAGGAGATTTAATAATTCT
TCTCCTGCCTGCCTCTGCTCTGGTATTCATTCGGATAAC
GCTCTAGATGAATGACTGCCAGGAGCTGCCACCCGGTTTAA TACCCAGAAA

“ TATA sequences are italicized, and the transcriptional start site is underlined for the minimal promoters. Core promoters were cloned between the PstI and Xbal
sites of pCAT Basic (Promega).

> Mc Full II fuses BMRF1 promoter sequences between —335 and —31 relative to the start of transcription to BcLF1 promoter sequences between —30 and +6.
The oligonucleotides listed were used in a two-step PCR.

talk (25, 39, 40, 47, 48), but the dominant regulation in these promoter architectures in the EBV genome. The BMRF1 early

cases is always the promoter-specific enhancer rather than the promoter directs expression through sequences outside of the
basal element. Here, we have characterized a system in which core promoter (Fig. 1) (13, 14, 22, 46). In contrast, temporal
an alternate TATA sequence itself directs temporal expression expression from the B¢cLF1 late promoter is solely dependent
which is enhanced by nearby cis-active sequences. upon a variant TATA element and its interaction with flanking

Our findings indicate the existence of at least two distinct sequences within the core promoter (Fig. 3). While both the

200 S

100 -

Average Relative CAT Activity

0 o e
2 2 S 3 = b 3 g g g z 3
s = 3 : g ° 3 : 5 58 i @
o © S b= = T = >
- A < <
2 = & 2

=] S

o

=]

[=3

/M

Construct

LateIndex 203 2.0 10.9 242 181 190 17 1.6 1.9 1.3 3.1 2.0

FIG. 3. Activities of hybrid core promoter fragments in EBV-infected cell line HH514-16. Shading is described in the legend to Fig. 1. The data represents the
average of at least two separate transfections. PAA, phosphonoacetic acid.
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FIG. 4. Effect of fusion of the BcLF1 core promoter to the BMRF1 enhancer. See Fig. 1 for a description of the constructs. Shading is described in the legend to
Fig. 1. The data represents the average of at least two separate transfections. PAA, phosphonoacetic acid.

early enhancer and late core promoter are autonomous regu-
latory units, their combination into a heterologous system (Fig.
4) leads to an observed dominance of the early enhancer,
rather than a hybrid expression pattern. This complex interac-
tion suggests that regulatory mechanisms active before and
after amplification of the EBV genome are unique and high-
lights the importance of studying both basal expression and
enhancer contributions to observed expression patterns.
Comparison of these results with the extensive work com-
pleted on herpes simplex virus (HSV) late gene expression
reveals both striking similarities and unique adaptations by
EBV. For example, late gene expression in both EBV and
HSV (v,) is dependent upon lytic DNA replication, but the
requirement is in cis for HSV (18, 26, 38, 48) and in trans for
EBV (36). A cis regulator of late gene expression in HSV, as in
EBV, occurs near the core promoter (9, 11, 15, 16, 18, 23). In
both HSV and EBV, early minimal promoters cannot func-
tionally substitute for late minimal promoters (Fig. 3) (15), but
late minimal promoters can support replication-independent
expression from early enhancers (Fig. 4) (15). While both
viruses have targeted regulatory elements near late core pro-
moters, the specific targets are unique. HSV late gene expres-
sion requires specific sequences within the vicinity of the tran-
scriptional start site (9, 11, 15, 16, 18, 23), but in contrast to
EBV, the TATA boxes of early and late genes are interchange-
able in HSV (17, 42). Identification of the cis regulators of late
gene expression in both HSV and EBV are important initial
steps in ultimately understanding the complex link to lytic
DNA replication, but a complete understanding requires iden-

tification of trans factors, basal or promoter specific, interact-
ing with these elements. The work presented here provides a
foundation for a detailed mechanistic understanding of late
gene expression regulation in EBV.
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