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FIG. 7. Dimerization potential of Z, RAZ, and RAZ mutants.
35S-labelled Z (lanes 1, 5, 9, 13, and 17), RAZ (lanes 2, 6, 10, 14, and
18), RAZAR (lanes 3, 7, 11, 15, and 19), and RAZADIM (lanes 4, 8,
12, 16, and 20) translated in rabbit reticulocyte lysates were assayed for
the ability to dimerize with bacterially expressed GST-RAZ (lanes 13
to 16) or GST-Z fusion proteins (lanes 17 to 20). Controls for
nonspecific interactions with 35S-labelled proteins are glutathione-
Sepharose beads alone (lanes 5 to 8) or glutathione-Sepharose beads
coated with affinity-purified GST (lanes 9 to 12). Molecular weight
markers (in thousands) are indicated on the right.

cotranslated products showed that increasing amounts of
RAZAR caused a decrease in binding of Z homodimers (Fig.
9A; compare lanes 2 and 3 with lane 1). With this decrease was
an increase in binding of Z:RAZAR heterodimers and
RAZAR homodimers to DNA (lanes 2 and 3). Next, the effect
of increasing amounts of RAZ was tested. As expected, Z
binding decreased, presumably because of RAZ:Z het-
erodimers that are unable to bind DNA (Fig. 9A; compare
lanes 4 and 5 with lane 1).

Since the sizes of RAZ and Z proteins are nearly identical,
it is difficult to know whether cotranslation of RAZ with Z
RNA caused a decrease in translation of the latter, which is
then reflected in an artifactual decrease in DNA binding by Z.
To answer this question, the truncated mutant, RAZAR, which
can bind to ZREs, was used in a similar cotranslation-DNA-
binding experiment. RAZAR RNA was kept as the constant
RNA in cotranslations with increasing amounts of Z or RAZ
RNA (Fig. 8, lanes 6 to 10). Increasing the amount of Z
protein caused a decrease in RAZAR homodimer binding
(Fig. 9B, lanes 6 to 8) and the appearance of RAZAR:Z
heterodimers (lanes 7 and 8) and Z homodimers (lane 8).
When an increasing amount of RAZ RNA was used, RAZAR
homodimer binding decreased (Fig. 9B; compare lanes 9 and
10 with lane 6) without the appearance of RAZ/AR:RAZ
heterodimers. Therefore, although such heterodimers form
(Fig. 7), they do not bind DNA. Quantitation of the decreases
in RAZAR and Z DNA binding as a result of heterodimeriza-
tion to RAZ is shown graphically in Fig. 9C. The decrease in
DNA binding by RAZAR:RAZ heterodimers is entirely due to
complex formation rather than to a decrease in translational
efficiency of RAZAR as determined by densitometric quanti-
tation of 35S-labelled RAZAR protein (Fig. 8, lanes 6 to 10).

Finally, in transient assays, RAZAR was able to interfere
with activation of the BMRF1 promoter by Z (Fig. 5, fourth
lane). This result is expected since Z:RAZAR heterodimers
(although nonfunctional) can bind to ZREs and compete with
the functional Z:Z homodimers for binding to ZREs.
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FIG. 8. Cotranslation of Z, RAZAR, and RAZ in vitro transcripts.
A fixed amount of Z transcript was translated in the presence of
[35S]methionine either alone (lane 1), with increasing amounts of
RAZAR transcript (lanes 2 and 3), or with increasing amounts of RAZ
transcript (lanes 4 and 5). A fixed amount of RAZAR transcript was
translated either alone (lane 6), with increasing amounts of Z tran-
script (lanes 7 and 8), or with increasing amounts of RAZ transcript
(lanes 9 and 10). Densitometry was performed on SDS-PAGE-
resolved translation products and normalized to methionine content.
Molar amounts of the proteins relative to the constant proteins are
indicated above each gel. Since RAZ and Z comigrate, the molar
amount of RAZ in lanes 4 and 5 was estimated by subtracting the
amount of Z protein that was translated in lane 1.

RAZ diminishes early replicative antigens induced by Z in
latently infected Raji cells. The biologic importance of Z was
first indicated by showing that transfection of Z het DNA into
Raji cells caused viral reactivation (9). We carried out a similar
experiment in Raji cells transfected with both RAZ and Z
expression clones. The index of viral reactivation was detection
of early antigen-diffuse (EA-D) complex by Western blots
(immunoblots). As shown in Fig. 10, viral reactivation induced
by Z could be reduced or prevented by expression of RAZ.
This result correlates well with the reversal produced by RAZ
of transactivation of the BMRF1 (EA-D) promoter by Z
shown in Fig. 3. Under these conditions, RAZ has a striking
biologic effect on latent infection which is the reciprocal of that
produced by Z.

Thus, in vitro RAZ acts as a transdominant repressor of Z
transactivation by forming heterodimers which are unable to
bind to ZREs. This is the first demonstration of such a

repressor mechanism among the herpesviruses and stands
unique among the alternately spliced transdominant repressors
whose usual inhibitory mechanism involves direct binding to
specific DNA sites and blocking of transactivation.
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FIG. 9. Analysis of DNA-binding potential of RAZ:Z and RAZ:
RAZAR heterodimers. For electrophoretic mobility shift assays, equal
amounts of unlabelled programmed reticulocyte lysate from Fig. 8
were reacted with the 32P-end-labelled ZRE-containing probe. (A) Z
protein alone (lane 1) and with increasing amounts of RAZAR protein
(lanes 2 and 3) or increasing amounts of RAZ protein (lanes 4 and 5).
(B) RAZAR protein alone (lane 6) and with increasing amounts of Z
protein (lanes 7 and 8) or increasing amounts of RAZ protein (lanes
9 and 10). The molar amounts of RAZAR, RAZ, or Z relative to the
constant proteins are indicated above the respective bars. (C) De-
creases in Z or RAZAR DNA binding as a result of heterodimeriza-
tion with RAZ, relative to the controls in panels A and B, were

measured by densitometry and are presented graphically. Lanes used
for each densitometry sample are indicated below each column and
refer to lanes shown in panels A and B. Triangles above the bars
indicate increasing molar amounts of RAZ. The exact amounts of
RAZ used are indicated above the corresponding lanes in panels A
and B.

DISCUSSION

In this paper, we demonstrate that a previously detected but
uncharacterized EBV gene product, RAZ, can modulate in
vitro the function of the single viral protein, Z, that initiates
viral reactivation. Moreover, RAZ has a biologic effect, as

shown by the ability of RAZ to curtail or prevent viral
reactivation induced by Z in latently infected cells. Although
viral proteins that augment the reactivation cascade are known
(7, 10, 26, 29), until now a virally encoded negative regulator of
Z function has not been proposed.
RAZ presents a new mechanism for transdominant repres-

sion of transcriptional activation. The predicted viral protein,
which has yet to be detected in vivo, is the result of alternate
splicing between the open reading frames encoding the imme-
diate-early transactivators, R and Z. We have shown that in
vitro RAZ acts as an inhibitor of Z activity by forming RAZ:Z
heterodimeric complexes which are unable to bind specific
DNA-response elements. This RAZ-dependent inhibition of
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FIG. 10. RAZ inhibits expression of early antigen (EA-D) in
induced Raji cells. Raji cells were transfected with a control plasmid
(pHD1013, lane 1) or expression clone pEBV-RIZ (lanes 2 to 5) and
increasing amounts of pCMV-RAZ (lanes 3 to 5). The cells were
harvested 24 h after transfection, and equal amounts of protein were
loaded onto an SDS-PAGE gel. The gel was transferred to a polyvi-
nylidene difluoride membrane and then blotted with 1:40 EA-D
monoclonal antibody (Dupont). Molecular weight markers (in thou-
sands) are indicated on the left.

DNA binding is the result of an 86-aa domain contributed to
the protein by R, replacing the Z transactivation domain.
Elements of such a transdominant mechanism have been

described for both viral and cellular systems (20). The bovine
papillomavirus E2 transactivator is differentially spliced to
yield two repressors, E2-TR and E8/E2 (8, 34, 35), both of
which share C-terminal DNA-binding and dimerization do-
mains with E2. Whereas E2-TR is a truncated form of E2,
E8/E2 contains the E8-coding sequence replacing the transac-
tivation domain of E2, a situation analogous to the generation
of RAZ transcripts. However, unlike RAZ the E8 open
reading frame does not inhibit E8/E2 homodimers or E8/
E2:E2 heterodimers from binding to DNA-recognition sites.
A similar strategy is used in cytolytic infections such as those

produced by adenovirus. The adenovirus ElA region contains
a single open reading frame that encodes both a positive and a
negative transcription regulatory factor. These two proteins
differ by 46 aa as a result of differential mRNA splicing (39).
However, unlike bovine papillomavirus E2 proteins, adenovi-
rus ElA does not bind DNA but mediates transcriptional
regulation through cellular transcription factors.
RAZ-like inhibition ofDNA binding has been demonstrated

with the cellular protein Id (inhibitor of DNA binding), which
associates with the basic helix-loop-helix proteins, MyoD, E12,
and E47, involved in muscle differentiation (2, 27). Unlike
RAZ, Id does not result from alternate splicing but is ex-
pressed from a unique gene; furthermore, Id exerts its poison-
ing effect because it lacks the basic domain region adjacent to
the helix-loop-helix domain that is essential for DNA binding.
A transcriptional regulatory protein such as RAZ which

combines inhibition ofDNA binding with alternate splicing has
not been described previously. The closest cellular counterpart
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to RAZ is the recently described I-Rel protein which contains
a domain inhibitory to DNA binding within 121 amino-
terminal residues not found in other rel-related proteins (52).
I-Rel can heterodimerize with the p5O subunit of NF-KB to
inhibit DNA-binding activity. Deletion of the first 121 aa
generates a protein, I-Rel(A5'), that gains the ability to bind to
DNA as an I-Rel(A5'):p5O heterodimer, analogous to the
effect of the deletion of the R domain from RAZ. However,
like Id, I-Rel is expressed from a unique gene.

In transient assays, the viral protein RAZ can modulate
transcriptional activation by Z quite precisely. RAZ should be
able to regulate Z-induced EBV replication during disruption
of latency as shown in Fig. 10 and perhaps in primary infection
as well. A major regulatory role for RAZ will depend upon
demonstration that RAZ protein is produced in sufficient
amounts in infected cells to affect Z function. An important
aspect of the function of the Z transactivator is the synergistic
stimulation of transcription via multiple ZRE sites found in
numerous EBV promoters (4). Promoters containing the larg-
est number of ZRE sites are activated in in vitro transcription
assays at lower Z-protein concentrations. Thus, genes contain-
ing the greatest number of high-affinity ZREs would be
activated earlier, and genes with fewer sites would be activated
later as Z concentrations rise during the cytolytic cycle. The
results presented here have biologic implications for the EBV
reactivation mechanism in that transcriptionally active concen-
trations of Z can be altered by titration with RAZ into inactive
heterodimers. Thus, promoters which would be most sensitive
to Z concentration variations would contain one or two ZREs,
perhaps of low affinity.

Expression of RAZ RNA is governed by the same promoter
used for the bicistronic expression of the R and Z proteins
(41). The effect of the Z transactivator is first augmented by
the appearance of the R transactivator (10, 26) expressed from
the bicistronic mRNAs. An early RNA species having a size
similar to that of RAZ was detected by Biggin et al. (3). The
production of RAZ at a later time point after the early
promoters have been activated may then serve to limit poten-
tial toxicity of the Z protein and to promote the transition from
early to late gene expression and completion of the viral cycle.
Similar roles have been proposed for herpes simplex virus
ICP4 protein, which autoregulates its own expression by block-
ing transcription initiation (44, 50) and for the herpes simplex
virus virion host shutoff function, which downregulates imme-
diate-early and early gene expression by destabilizing mRNA
(33, 49). Another possibility being studied is that RAZ, since it
retains its DNA-binding domain, may bind to a late promoter.
Not understood are the cellular and viral functions that

modulate the kinetics and relative amounts of RAZ versus Z
RNAs generated by differential splicing. It is likely that the
mechanisms regulating splicing of the RAZ versus BRLF1-
BZLF1 bicistronic messages are dependent on cell type. In
certain cells, RAZ mRNA may be generated earlier or in
greater abundance than the bicistronic messages. In these
situations, it is possible that the ability of RAZ to inhibit
Z-induced activation of early EBV promoters may have the
effect of maintaining viral latency. The effect of Z can also be
modulated by cellular factors such as c-myb, a positive regula-
tor (30), and retinoic acid receptors, which are negative
regulators of Z (54). We have not yet confirmed which
EBV-infected cell types express RAZ protein because of the
current unavailability of high-affinity antibodies that distin-
guish between Z and RAZ. We are in the process of preparing
RAZ- and Z-specific antibodies that will allow us to determine
the biologic role of RAZ in EBV infection states.
A biologic role for RAZ is strongly suggested by results

shown in Fig. 10 in which increasing amounts of the RAZ
expression clone transfected in Raji cells dampened viral
reactivation induced by Z as assayed by reduction in amount of
EBV replicative antigen complex (EA-D) induced. This result
correlates with effects on the EA-D promoter shown in Fig. 2.
Similar experiments are being done in different cell lines, and
under different induction conditions, to test whether the
modulatory effect of RAZ may be related to tightness of the
latent state and ease of inducibility. Recently Miller (43) has
reviewed the original observations with induction by Z het
DNA, pointing out that some Z het preparations were ineffi-
cient in inducing viral reactivation for unknown reasons. It is
possible that these constructs also expressed RAZ. Thus, the
controls on viral reactivation are likely to engage a complex
interplay between programmed viral factors against a back-
ground of cellular factors that contribute to the process.
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