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ZEBRA TPA + ZEBRA
+12 TPA inducibility Transactivation Fold induction
-2212p | [CAT 23 (2.49) 14 (1.1) 140 (12)
MIA/B + x—% [car 907 10 (1.3 60 (8)
MIC | x {CAT 16(1.9) 10 (0.9) 72 (5)
MIIA | X {caT 15 (1.2) 5 (0.7) 34 (4)
MIIB ¢ % [caT 27 (2.2) 3 (0.2) 34 (3)
Ml | x [CAT 402 16 (1.4  130(10)
-1592p | [cAT  5(0.7) 16 (1.0) 210 (25)
-129Zp [CAT 2 (0.5) 8 (0.5) 37 (2
1052p 1 [caT 12 (1.1) 2 (0.2) 16 (2)
-105MIl + X [cAT 5 (0.9) 2 (0.1) 6 (1)
-862Zp + {cat 5 (0.5) 2 (0.2) 9 (5)
-652p | {cAT 2 (0.4) 1(0.2) 1 (1)

FIG. 1. TPA induction and ZEBRA transactivation of ZpCAT constructs. ZEBRA transactivation values were calculated from the
activities of non-TPA-treated cells. Site-directed mutations are indicated by an X, and specific base changes are shown in Fig. 4. The data
were generated in three separate experiments (standard errors are shown in parentheses). A scatter plot of these data is shown in Fig. 2. CAT,

Chloramphenicol acetyltransferase.

DNase I protection assay revealed an additional footprint
which spans this sequence (ZIIIA) (Fig. 5). These data are
consistent with the functional analysis obtained with the Zp
deletions (Fig. 1 and 2). As discussed above, transactivation
was essentially abrogated by the —105Zp deletion, in which
both of these domains are deleted. Deletion of sequences up
to —129 bp also had an effect on ZEBRA transactivation.
This may be due to encroachment into this second ZEBRA
recognition sequence and/or it may reflect deletion of the
ZIC domain (see below).

Site-directed mutation of individual ZEBRA-binding do-
mains in Zp diminishes both binding and transactivation by
ZEBRA. Site-directed mutagenesis was used to mutate spe-
cifically the core ZEBRA-binding domains (MIIIA and
MIIIB; Fig. 4). Binding of ZEBRA was abrogated by muta-
tion of either the ZIIIA or ZIIIB core-binding domain (Fig.
5), while binding to the adjacent domain was not affected.
This finding indicates that ZEBRA binding ZIIIA and ZIIIB
is not cooperative. In addition, ZEBRA appears to bind to
the ZIIIB domain with a higher affinity than to the ZIIIA site.
Similarly, a significant diminution was observed when these
mutants were assayed for the ability to be transactivated by
ZEBRA (Fig. 1; Table 1). Mutation of ZIIIA resulted in a
reduction in ZEBRA transactivation from 14-fold to 5-fold,
while mutation of ZIIIB resulted in a more significant
reduction (from 14-fold to 3-fold). Importantly, the MIIIB
mutant plasmid is fully responsive to TPA, clearly distin-
guishing this transactivation domain from elements of Zp
involved in TPA induction. Mutation of the AP-1-like
ZEBRA-binding domain (ZIIIA), however, did result in a
reduction in TPA inducibility (from 23-fold to 15-fold).

Therefore, these two domains appear to be distinct not only
with respect to their nucleotide sequences but also with
respect to their functional behavior.

The ZII domain is unnecessary in the presence of ZEBRA.
Mutational analysis suggests that the ZI domains play a role
in achieving full ZEBRA transactivation. When either the
ZIA and ZIB elements or the ZIC element was mutated
(MIA-MIB and MIC, respectively), transactivation by
ZEBRA was reduced (Fig. 1 and 2). Moreover, the reduction
in Zp activity observed in the presence of both ZEBRA and
TPA was even more pronounced. The latter result is consis-
tent with the notion that these domains also play an impor-
tant role in the TPA inducibility of Zp. The results obtained
with MIA/B were, however, not corroborated by the effect
of deletion of the region from —221 to —159 bp, which
contains ZIA and ZIB. Indeed, deletion of these sequences
resulted in an increase in transactivation (Fig. 1 and 2).
Thus, the sequences between —221 and —159 bp may also
contain cis-acting elements which diminish ZEBRA transac-
tivation as well as sequences which positively affect trans-
activation. The effect of deletion of the ZIC domain was not
clear, since the —129Zp deletion, as discussed above, de-
letes not only the ZIC domain but also part of the ZIIIA
ZEBRA-binding domain.

Unlike mutation of the ZI domains, mutation of ZII did not
have a deleterious effect on ZEBRA transactivation (Table
1; Fig. 1). Mutation of ZII (MII) had little effect on ZEBRA
transactivation of Zp (14- to 16-fold), and the MII mutant
exhibited essentially the same superinducibility with TPA
and ZEBRA (—221Zp, 140-fold; MII, 130-fold). Moreover,
the activity of MII in the presence of ZEBRA and TPA
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FIG. 2. TPA inducibility and ZEBRA transactivation of ZpCAT
deletion constructs. Solid squares denote induction of the indicated
site-directed mutants with TPA-BZLF1 (lower panel).

approaches the activity of the unmutated promoter (—221Zp)
in the presence of ZEBRA and TPA (Table 1). Therefore, the
ZI1I domain does not appear to be involved in the synergism
between ZEBRA transactivation and TPA induction. As
discussed in the accompanying report (6), in the absence of
ZEBRA, mutation of ZII had the most marked effect on
TPA-inducible activity. Indeed, mutation of the ZII domain
decreased TPA-inducible activity to between 8 and 16% of
that of the unmutated promoter activity. In the presence of
ZEBRA, the TPA-inducible activity of Zp was largely unaf-
fected by mutation of the ZII domain, suggesting that in the
presence of ZEBRA the contribution of the ZII domain to
the overall activity of Zp is nominal.

Although unlikely, it is possible that mutation of the ZII
domain altered ZEBRA transactivatability. As discussed
above, ZEBRA has been shown to bind to an AP-1 site (5),
and although ZEBRA does not appear to bind to the ZII
domain (a putative AP-1 site), the mutation introduced into
the ZII domain may have transformed it into a recognition
sequence to which ZEBRA can bind and transactivate Zp.
This might compensate for the loss of normal ZII function.
To test this possibility, a mutant promoter was constructed
in which the ZEBRA transactivation domains were deleted
and the ZII domain was mutated as in the MII mutant
(—105MII). A comparison of —105Zp with —105MII (Fig. 1)
showed that mutation of ZII results in the expected loss of
TPA inducibility while transactivation was unaffected. We
therefore conclude that transactivation by ZEBRA largely
compensates for mutation of the ZII domain by interaction
through the ZIII domains.
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FIG. 3. BZLF1 protein (ZEBRA) binds directly to its own pro-
moter. A partially purified bacterial extract containing a TrpE-
ZEBRA fusion protein was generated as described in Materials and
Methods. One-microliter volumes of partially purified TrpE-BZLF1
extracts (p)ATH2-BZLF1) or control extracts (P ATH2) were used in
binding reactions. Footprint analysis of nuclear extracts prepared
from Ramos (an EBV-negative BL-cell line) and B95-8 (an EBV-
infected marmoset cell line) cells were performed by using 80 pg of
nuclear protein. ZIA, ZIB, ZIC, ZID, and ZII refer to regions
protected by cellular factors (6), and ZIII refers to the ZEBRA-
binding domain. The promoter fragment used for footprinting was
labeled on the antisense strand. N.E., No extract.

DISCUSSION

In this study, we mapped two ZEBRA-binding-transacti-
vation domains within Zp (ZIIIA and ZIIIB). The DNase I
footprint analysis shown here revealed that ZEBRA protects
two domains within Zp. It has been reported (5) that ZEBRA
binds to a site within the EBV BSLF2/BMLF1 promoter
region which contains a consensus AP-1 recognition se-
quence. Binding of ZEBRA to AP-1-like sites has also been
observed in the promoter regions of the EBV BHLF1 and
BHRF1 genes (D. S. Hayward, personal communication).
We have demonstrated here that the BZLF1 promoter
contains an AP-1-like ZEBRA-binding-transactivation do-
main. At the core of this sequence is a sequence with
6-of-7-bp homology to a consensus AP-1 site (—129 TGAG
CCA —123 bp versus TGAGTCA). Moreover, mutation of
this domain has a significant effect on TPA inducibility.
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FIG. 4. Sequence of Zp and locations of footprinted domains.
Overbrackets indicate sense (+) strand footprints, and underbrack-
ets indicate antisense (—) strand footprints. ZI repeat sequences are
indicated by overbars (solid regions indicate A+T-rich domains).
Specific base changes introduced in the site-directed mutations are
shown below the corresponding sequences. ZIA, ZIB, ZIC, ZID,
and ZII refer to regions protected by cellular factors (6).
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FIG. 5. Mutation of ZIIIA or ZIIIB abrogates ZEBRA binding.
Zp, MIIIA, or MIIIB was labeled on the sense strand, and increas-
ing amounts of fusion protein were added to binding reactions (0.04,
0.2, 1, or 5 pl). For the control lane (C), S ul of TrpE extract was
used. The specific nucleotide changes introduced into the ZIIIA or
ZI1IB domain are shown in Fig. 4.
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FIG. 6. Proposed model for induction of BZLF1 transcription
during onset of the viral lytic cycle. Initial activation of Zp by TPA
occurs through the ZI and ZII domains, leading to low-level BZLF1
transcription. Synthesis of a critical level of ZEBRA allows trans-
activation by ZEBRA at the ZIII domain which, in conjunction with
TPA activation at the ZI domains, leads to high-level BZLF1
transcription.

Within the ZIIIB domain, there are no recognizable AP-
1-binding sequences. The distinction between the elements
involved in TPA induction and the ZIIIB domain was further
demonstrated by site-directed mutagenesis, which affected
ZEBRA binding and transactivation but did not decrease
TPA inducibility. These data suggest that ZEBRA can bind
to sequences other than AP-1 sites, indicating that there is
some degree of degeneracy in ZEBRA-binding specificity.
We do not know the reason for the apparent distinction
between the ZIIIB domain and ZIIIA or other previously
identified ZEBRA transactivation sites. Interestingly, ZIIIB
appears to be a high-affinity ZEBRA-binding site (Fig. S;
unpublished data).

Urier et al. (19) reported previously that ZEBRA transac-
tivation can occur only if the cis-acting transactivation
domain is near the CAP site. Therefore, the presence of two
cis-acting elements, one of which appears to be a high-
affinity site, may be a means by which initial transactivation
of BZLF1 transcription can occur at lower ZEBRA concen-
trations. This might ensure the appropriate temporal se-
quence of early events in the initiation of the viral lytic cycle.
Interestingly, deletion of sequences between —129 and —105
results in a significant increase in activity in the absence of
the ZEBRA transactivator (6). This deletion excises the
entire ZIIIB ZEBRA recognition sequence in addition to a
few bases of the flanking sequence. These data suggest the
presence of a negative element near the ZIIIB domain and
therefore the possibility that ZEBRA may function in part to
displace a putative repressor protein. This, however, re-
quires further investigation.

On the basis of the results presented here, we propose a
two-step model for Zp activation (Fig. 6). Initial induction of
Zp by TPA involves activation of the TPA response ele-
ments (ZI and ZII domains), which leads to low-level Zp
activity, and this results in production of correspondingly
low levels of ZEBRA. If the initial activation signal is
sufficient to allow synthesis of adequate levels of ZEBRA,
an autoactivation loop is established which leads to high-
level ZEBRA expression and thereby activation of other
early viral promoters. Although the data presented here
suggest that factors binding to the ZI domains are important
for both TPA inducibility and ZEBRA transactivation, mu-
tation of the ZII domain has little effect on Zp activity in the
presence of ZEBRA. Therefore, ZEBRA binding to the
ZIIIA and ZIIIB domains appears to functionally supercede
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the requirement for a functional ZII domain. This would then
obviate the requirement for a sustained TPA signal at the ZII
AP-1-like domain.
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