












MM). Cells were transfected, and localization of the proteins
was monitored by fluorescent microscopy before and after
infection (Fig. 7). Prior to infection, the wt IRF-3 is cytoplas-
mic, and following infection, it accumulates in the nucleus.
Infected cells that express high levels of wt IRF-3 display some
residual cytoplasmic fluorescence. This may be due to limiting
amounts of CBP/p300 in the nucleus. The NES-wt displays a
very different behavior, as it remains localized in the cytoplasm
even following infection. Therefore, the new upstream NES is
functional, and nuclear export is always dominant in the NES-
wt. However, the NES-wt contains two NES, one at the new
site and one at the native site, and this duplication may in-
crease export efficiency. To evaluate IRF-3 containing a single
relocated NES, a NES was inserted upstream, and the native
NES site was eliminated in the NES-IL/MM. The NES-IL/MM
behaved as wt IRF-3: it was cytoplasmic before infection and
nuclear following infection. This result eliminates the possibil-
ity of NES masking by CBP/p300 binding as a mechanism of
IRF-3 nuclear localization. In NES-IL/MM, the functional
NES was repositioned upstream of the first amino acid of
IRF-3 and outside the CBP/p300 binding region, but it was still

rendered ineffective following infection. Together, these re-
sults provide evidence that IRF-3 localization in the nucleus
following infection is due to its retention by CBP/p300.

To definitively determine whether interaction with CBP/
p300 is responsible for the nuclear accumulation of IRF-3, we
tested the behavior of IRF-3 when recombinantly joined to
CBP. The coding region of GFP–IRF-3 was joined in frame
with full-length CBP. Transfection of the GFP–IRF-3–CBP
expression plasmid into cells in the absence of infection dem-
onstrated complete nuclear localization of the fusion protein
(Fig. 8b). In contrast, the control GFP–IRF-3 protein is local-
ized in the cytoplasm (Fig. 8a). To avoid any interference of
the carboxyl terminus of IRF-3 with endogenous CBP/p300, we
used a.a. 1 to 327 of IRF-3 to generate GFP–IRF-3–CBP.
Production of the expected fusion protein was confirmed by
Western blotting of nuclear extracts with appropriate antibod-
ies (data not shown). This experiment provides direct evidence
for the ability of CBP/p300 association to dictate IRF-3 cellular
localization. Together, the results support the role of CBP/
p300 interaction with phosphorylated IRF-3 in promoting nu-
clear accumulation of IRF-3 and formation of the DRAF1
complex following viral infection.

DISCUSSION

We first identified DRAF1 as a cellular transcription factor
that is activated in response to viral infection (11, 12). DRAF1
recognizes a DNA target that includes the ISRE and several
adjacent adenine residues. The induction of a subset of the
IFN-stimulated genes indicates that DRAF1 may provide a
critical defense response to viral infection and contribute to
host survival. This dsRNA-induced defense mechanism may
have evolved prior to cytokine mediators of the immune sys-
tem or may have evolved concurrently, as there is some evi-
dence that IRF-3 may also participate in the induction of the
IFN genes (28, 44, 51, 57).

DRAF1 is now known to be a multimeric transcription fac-
tor containing the subunits IRF-3 and CBP or p300 (3, 31, 44,
51, 52, 57). IRF-3 is the key modulator of DRAF1 formation
(Fig. 9). In this report, we present evidence that the IRF-3
protein normally shuttles between nuclear and cytoplasmic
compartments. Resident in the cytoplasm, IRF-3 is phosphor-
ylated in response to the presence of dsRNA. It subsequently
accumulates in the nucleus in association with CBP or p300 to
form DRAF1, which induces the transcription of responsive
genes. The association of IRF-3 with p300 does not appear to

FIG. 7. Effect of relocation of the IRF-3 NES. The NES of IRF-3 was
inserted in frame between GFP and the first amino acid of wt IRF-3 to create
GFP–NES–IRF-3 (NES-wt) or it was inserted into the NES-deficient mutant
(NES-IL/MM). The constructs were transfected into cells that were left un-
treated (a, c, e) or were infected with NDV (b, d, f), and fluorescent images are
displayed. A diagrammatic representation of the constructs is shown.

FIG. 8. Localization of a recombinant IRF-3–CBP fusion protein to the
nucleus. HEC-1B cells were transfected with expression plasmids encoding either
(a) GFP–IRF-3 (a.a. 1 to 327) or (b) GFP–IRF-3 (a.a. 1 to 327)–CBP. Fluores-
cence microscopic images display protein localization. Diagrammatic represen-
tation of the GFP–IRF-3–CBP construct is shown.
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require any virus-induced modification of p300. A carboxyl
region of p300 protein synthesized in vitro demonstrates spe-
cific binding to IRF-3 (Fig. 2). This domain coincides with an
interaction region of CBP that was shown to bind IRF-3 in vivo
(31). This region contains four putative helical repeats that are
differentially required for interaction with the NCoA-1/SRC-1
transcriptional coactivator of nuclear hormone receptors (34).
Activated IRF-3 may successfully compete with NCoA-1 or
other transcription factors for the limiting amounts of CBP and
p300 that are present in cells (27, 56). For this reason, IRF-3
recruitment of CBP/p300 may be part of a cellular stress re-
sponse to direct transcription specifically to genes involved in
immune defense.

IRF-3 isolated from the cytoplasm of uninfected cells cannot
bind to CBP/p300. Modification of IRF-3 is necessary both for
interaction with p300 and for binding to an ISRE-containing
DNA target (Fig. 2 and 3) (52). Our group and others have
shown that, following infection, an increase in serine phos-
phorylation of IRF-3 correlates with its activation (31, 52, 57).
Although the precise sites of phosphorylation that exist prior
to or following infection remain to be determined, mutational
analyses indicate the importance of carboxyl-terminal serine
residues (31, 57). We studied various domains of wt IRF-3 or
the constitutively active IRF-3/5D synthesized in vitro for in-
teraction with CBP/p300. This approach circumvents the in
vivo requirement of proper cellular localization or activation
for analysis. A relatively large domain of IRF-3 (150 to
427 a.a.) appears to be required for binding (Fig. 3). It has
been suggested that prior to infection intramolecular interac-
tions within IRF-3 prevent DNA binding or CBP/p300 binding,
since an amino-terminal domain of IRF-3 (98 to 197 a.a.) can
be coimmunoprecipitated with a carboxyl-terminal domain of
IRF-3 (328 to 427 a.a.) when transiently expressed in cells (32).
Our results are consistent with the hypothesis that the carbox-
yl-terminal modifications of IRF-3 do not serve primarily to
bind CBP/p300, but serve to alter the conformation of IRF-3 to
enable recognition of a previously concealed domain in wt
IRF-3.

This biochemical characterization of the interaction between
IRF-3 and CBP/p300 provided insight into the mechanisms
regulating nuclear-cytoplasmic localization of IRF-3 in re-
sponse to viral infection. The sequences that function in nu-
clear export and import of IRF-3 are located outside the CBP/
p300 interaction region, and this interaction only occurs
following viral infection and the resulting IRF-3 phosphoryla-
tion. Cellular localization is not a random event, but is pre-
cisely controlled by soluble shuttling receptors. These recep-
tors bind to specific signal sequences and, by interaction with
the small GTPase Ran and nuclear pore complexes, effect
translocation across the nuclear pore (25, 33, 37, 41, 42, 50, 53).
In this report, a site-directed mutational analysis was used to
identify an NLS in IRF-3. The NLS appears to function con-
stitutively and is responsible for trafficking IRF-3 to the nu-
cleus. Nevertheless, the dominance of an NES results in IRF-3
accumulation in the cytoplasm in the absence of infection. The
NLS sequences are recognized by a family of importin-a re-
ceptors. All of these receptors can bind to classical NLS se-
quences such as that found in the SV40 T antigen. However, in
our analyses, only Qip1 and KPNA3 could bind to IRF-3 in an
in vitro assay. Selectivity in importin-a recognition of NLSs has
been reported in a yeast two-hybrid system with a bipartite
NLS of DNA helicase Q1/RecQL (46). The NLS of IRF-3
appears to be a short basic sequence, and the importin-a family
may have signal binding preferences for distinct NLSs. It is
possible that this selectivity plays a physiological role in pro-
viding less-efficient nuclear import and the subsequent domi-
nance of IRF-3 nuclear export to maintain high levels in the
cytoplasm for signal reception. However, it is critical that the
IRF-3 NLS constantly shuttle IRF-3 into the nucleus so that
following infection and modification it will be in the correct
cellular location to bind CBP/p300 and induce gene transcrip-
tion.

The accumulation of IRF-3 in the nucleus during infection
appears to be due to the ability of CBP/p300 to retain it in the
nucleus. The complex formed between IRF-3 and CBP/p300
following infection is resistant to high concentrations of salt
and detergent lysis, indicating a relatively strong association
(52). There is precedence in other systems for nuclear seques-
tration via interaction with proteins resident in the nucleus (1).
CBP and p300 proteins are constitutively resident in the nu-
cleus. p300 has been shown to possess a functional NLS within
its amino terminus, a region distant from the IRF-3 binding
site, and CBP possesses a similar sequence in a corresponding
region (19). Our experiments shown in Fig. 7 address the
possibility of physical masking of the IRF-3 NES by CBP/p300
binding or alternate mechanisms that lead to nuclear accumu-
lation of IRF-3 following viral infection. The addition of a
duplicate copy of the NES upstream of wt IRF-3 (NES-wt),
outside the region of CBP/p300 binding, confers cytoplasmic
localization even following infection. Since this effect is due to
the concerted export function of both the new and native
NESs, the result excludes an inhibitory modification of the
native IRF-3 NES during infection. If a single NES is main-
tained in IRF-3 but is repositioned upstream of the IRF-3 NES
mutant (NES-IL/MM), away from the CBP/p300 binding do-
main, it still accumulates in the nucleus following infection, as
does wt IRF-3. Thus, when there is a single functional NES in
IRF-3, even if it is distant from the CBP/p300 binding region,
viral infection results in nuclear accumulation. These results
exclude the possibility of physical masking of the NES by
CBP/p300 binding as a mechanism for IRF-3 nuclear localiza-
tion. Rather, it appears that IRF-3 nuclear accumulation fol-
lowing infection is due to sequestration by CBP/p300 resident
in the nucleus. This is supported by the complete nuclear

FIG. 9. Conceptual model of IRF-3 cellular localization. Prior to infection,
the dominant effect of the NES results in cytoplasmic localization of IRF-3 (left).
Following infection, phosphorylation of IRF-3 results in nuclear association with
CBP or p300. The CBP/p300 binding results in the sequestration of the IRF-3 in
the nucleus to form the DRAF1 transcription factor (right).

4166 KUMAR ET AL. MOL. CELL. BIOL.

 on M
ay 11, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


localization of a fusion protein encoding GFP–IRF-3–CBP in
the absence of viral infection (Fig. 8). The CBP/p300 transcrip-
tional coactivators cooperate with an ever-growing number of
DNA binding factors. To our knowledge, this is the first report
providing evidence for a function of CBP/p300 in nuclear se-
questration, and future studies may reveal that it serves this
function for other transcription factors that also receive acti-
vation signals in the cytoplasm.
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