MOLECULAR AND CELLULAR BIOLOGY, Sept. 2000, p. 6342-6353
0270-7306/00/$04.00+0

Vol. 20, No. 17

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Selective DNA Binding and Association with the CREB Binding

Protein Coactivator Contribute to Differential Activation
of Alpha/Beta Interferon Genes by Interferon
Regulatory Factors 3 and 7

RONGTUAN LIN,"?* PIERRE GENIN,"> YAEL MAMANE,"* axp JOHN HISCOTT">?3

Terry Fox Molecular Oncology Group, Lady Davis Institute for Medical Research," and Departments of Microbiology
and Immunology® and Medicine,> McGill University, Montreal, Quebec, Canada H3T 1E2

Received 27 January 2000/Returned for modification 22 March 2000/Accepted 2 June 2000

Recent studies implicate the interferon (IFN) regulatory factors (IRF) IRF-3 and IRF-7 as key activators of
the alpha/beta IFN (IFN-o/f3) genes as well as the RANTES chemokine gene. Using coexpression analysis, the
human IFNB, IFNA1, and RANTES promoters were stimulated by IRF-3 coexpression, whereas the IFNA4,
IFNA7, and IFNA14 promoters were preferentially induced by IRF-7 only. Chimeric proteins containing com-
binations of different IRF-7 and IRF-3 domains were also tested, and the results provided evidence of distinct
DNA binding properties of IRF-3 and IRF-7, as well as a preferential association of IRF-3 with the CREB
binding protein (CBP) coactivator. Interestingly, some of these fusion proteins led to supraphysiological levels
of IFN promoter activation. DNA binding site selection studies demonstrated that IRF-3 and IRF-7 bound to
the 5'-GAAANNGAAANN-3’ consensus motif found in many virus-inducible genes; however, a single nucleo-
tide substitution in either of the GAAA half-site motifs eliminated IRF-3 binding and transactivation activity
but did not affect IRF-7 interaction or transactivation activity. These studies demonstrate that IRF-3 possesses
a restricted DNA binding site specificity and interacts with CBP, whereas IRF-7 has a broader DNA binding
specificity that contributes to its capacity to stimulate delayed-type IFN gene expression. These results provide
an explanation for the differential regulation of IFN-o/3 gene expression by IRF-3 and IRF-7 and suggest that

these factors have complementary rather than redundant roles in the activation of the IFN-a/3 genes.

Interferons (IFNs) are multifunctional secreted proteins in-
volved in antiviral defense, cell growth regulation, and immune
activation (44). Alpha/beta IFN (IFN-o/B) is produced by vi-
rus-infected host cells and constitutes the primary response
against virus infection, while gamma IFN (IFN-y), a TH1 cy-
tokine produced by activated T cells and natural killer cells, is
crucial in eliciting the proper immune response and pathogen
clearance. Virus infection induces the transcription and syn-
thesis of multiple IFN genes (16, 33, 44); newly synthesized
IFN interacts with neighboring cells through cell surface re-
ceptors and the Janus-activated kinase (JAK)-STAT signaling
pathway, resulting in the induction of over 30 new cellular
proteins that mediate the diverse functions of the IFNs (6, 18,
21, 39). Among the many virus- and IFN-inducible proteins are
members of the growing family of interferon regulatory factors
(IRFs), which now consists of nine members, as well as several
virus-encoded IRFs (4). The presence of IRF-like binding sites
in the promoter regions of the IFNB and IFNA genes impli-
cated the IRFs as direct regulators of IFN-o/B gene induction
(11-14, 29). Within the IRF family, IRF-3 and IRF-7 have
recently been identified as key regulators of the induction of
IFNs (reviewed in reference 26).

IRF-3 is expressed constitutively in a variety of tissues and
demonstrates a unique response to virus infection (1). Latent
cytoplasmic IRF-3 is posttranslationally modified and activated
through phosphorylation of specific serine residues located in
its C-terminal end following virus infection or treatment with
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double-stranded RNA (24, 45-47). Overexpression of IRF-3
significantly enhances virus-mediated expression of IFN-a/B
genes and results in the induction of an antiviral state (19).
Other studies have demonstrated that transcription of the CC-
chemokine RANTES is upregulated by virus infection, medi-
ated through IRF-3 activation and binding to overlapping
ISRE-like elements in the —100 region of the RANTES pro-
moter (23).

Structure-function analysis has revealed that IRF-3 contains
an N-terminal DNA binding domain (DBD); a strong but
atypical transactivation domain, located between amino acids
134 and 394, a region that also contains a nuclear export se-
quence element; a proline-rich region; and an IRF association
domain (IAD). Two autoinhibitory domains in IRF-3 form an
intramolecular interaction that results in a closed conforma-
tion and masks the IAD and the DBD to prevent nuclear
translocation and subsequent DNA binding (25). Following
virus infection, inducible phosphorylation of IRF-3 at the car-
boxy terminus relieves the intramolecular association between
the two autoinhibitory domains, unmasking the IAD and the
DBD. The conformational change in IRF-3 results in the for-
mation of homodimers through the IAD. IRF-3 dimerization
leads to cytoplasmic to nuclear translocation, association with
the CREB binding protein (CBP) coactivator, and stimulation
of DNA binding and transcriptional activities (reviewed in
references 17 and 26). IRF-3 phosphorylation ultimately re-
sults in its degradation via the ubiquitin-proteasome pathway
(24, 34). These biological features implicate IRF-3 as an im-
portant component of the immediate-early response to virus
infection (17, 26).

IRF-7 was first described to bind and repress the Qp pro-
moter region of the Epstein-Barr virus (EBV) EBNA-1 gene,
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which contains an ISRE-like element (31, 48). Unlike IRF-3,
IRF-7 is not expressed constitutively in cells; rather, expression
is induced by IFN, lipopolysaccharide, and virus infection. As
with IRF-3, virus infection appears to induce the phosphory-
lation of IRF-7 at its carboxy terminus, a region that is highly
homologous to the IRF-3 C-terminal end (27, 37). IRF-7 also
localizes to the cytoplasm in uninfected cells and translocates
to the nucleus after phosphorylation (2, 37). Two groups have
identified potential serine residues targeted for inducible phos-
phorylation by analogy to IRF-3. Marie et al. mutated Ser425
and Ser426 in murine IRF-7, based on homology to Ser385 and
Ser386 in IRF-3. The mutant was not phosphorylated and did
not activate IFN-a gene expression (27). Sato et al. generated
a deletion mutant in which the region containing the potential
sites of inducible phosphorylation between amino acids 411 to
453 was truncated. The mutant no longer translocated to the
nucleus following virus infection, implicating inducible phos-
phorylation as a critical step for translocation (37).

Because of the common and distinct biological features of
IRF-3 and IRF-7, we sought to identify the molecular basis for
the differential activation of IFN-a/B genes by IRF-3 and
IRF-7 in response to virus infection. Our results indicate that
the distinct DNA binding specificities of IRF-3 and IRF-7—
together with the different capacities of the IRF-3 and IRF-7
C-terminal domains to bind the CBP coactivator—provide an
explanation for the differential regulation of IFN-a/f gene
expression by these two transcription factors.

MATERIALS AND METHODS

Plasmid constructions and mutagenesis. Plasmids expressing the wild-type
and mutated forms of IRF-3 were described previously (23-25). IRF-7 expres-
sion plasmids were prepared by cloning the IRF-7A ¢cDNA (PCR amplified from
pcDNA-IRF-7A; a gift from L. Zhang and J. Pagano) into the pFlag-CMV-2
(pFlag-IRF-7) or 5'-myc-pcDNA3 (myc-IRF-7) vector. The point mutations of
IRF-7 and the IRF-7 or IRF-3 chimeras were generated by overlap PCR mu-
tagenesis with Vent DNA polymerase (New England Biolabs). Mutations were
confirmed by sequencing. The deletion mutations of IRF-7 were generated by
PCR. The IFNB-pGL3 luciferase reporter was generated by cloning the EcoRI-
Taql fragment (—280 to +20; filled in with the Klenow enzyme) from pUCB26
into the Nhel site (filled in with the Klenow enzyme) of the pGL3-basic vector
(Promega). The RANTES-pGL3 luciferase reporter was prepared by cloning the
BgllI-Sall fragment (—397 to +5; filled in with the Klenow enzyme) from the
RANTES-CAT reporter plasmid (25) into the Nhel site (filled in with the
Klenow enzyme) of the pGL3-basic vector. IFNA-pGL3 reporters (Al, —140 to
+9; A2, —400 to +60; A4, —620 to +50; A7, —120 to +4; Al4, —140 to +60)
were generated by cloning the PCR products from 293 cell genomic DNA into
the Smal site of the pGL3-basic vector. For the construction of a minimum
thymidine kinase (TK)-luciferase promoter containing one, two, or four copies of
positive regulatory domain I (PRDI)-like and TG sites from the IFNA1, IFNA2,
or IFNA14 promoters or two copies of the IRF-3 or IRF-7 binding sites, the
double-stranded oligonucleotides were cloned into the Smal site of the TK-
pGL3 vector. IRF-3(4E)/pGEX-4T-2 (P10E/Q15E/N28E/K29E), IRF-3(+9)/
pGEX-4T-2 (66-SSRG-69 and 75-AERAG-79), DBD-IRF-3-7/pGEX-4T-2
[IRF-3(1-67)-IRF-7(74-150)], and DBD-IRF-7-3/pGEX-4T-2 [IRF-7(1-73)-
IRF-3(68-133)] were generated by PCR and cloned into the pGEX-4T-2 vector.

Cell cultures, transfections, and luciferase assays. All transfections for lucif-
erase assays were carried out with human embryonic kidney 293 cells grown in
aMEM (GIBCO-BRL) supplemented with 10% fetal bovine serum, glutamine,
and antibiotics. Subconfluent cells were transfected with 10 ng of the pRLTK
reporter (Renilla luciferase for internal control), 100 ng of the pGL-3 reporter
(firefly luciferase; experimental reporter), and 200 ng of expression plasmids by
the calcium phosphate coprecipitation method. The reporter plasmids were
RANTES-pGL3, IFNB-pGL3, IFNA1-pGL3, IFNA2-pGL3, IFNA4-pGL3, and
IFNA14-pGL3 (38). The transfection procedures were previously described (22).
At 24 h after transfection, the reporter gene activities were measured by a
dual-luciferase reporter assay according to the manufacturer’s instructions (Pro-
mega).

PCR-assisted DNA binding site selection from random oligonucleotides. Bind-
ing site selection was performed as described previously but with slight modifi-
cations (41). The random double-stranded DNA oligonucleotides were synthe-
sized by PCR using a random oligomer (5'-CCGACGCTCAGTGAATTCG
[N]3)TGGATCCGGTTCACATGGC-3") and forward and reverse primers with
the sequences 5'-CCGACGCTCAGTGAATTCG-3" and 5'-GCCATGTGAAC
CGGATCCA-3', respectively. The amplification reaction was carried out using 5
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wg of random oligomer, 10 pg of forward primer, and 10 pg of reverse primer for
three cycles, with each cycle consisting of 1.5 min at 95°C, 2 min at 55°C, and 2
min at 72°C. The binding mixture (25 wl) contained 10 mM Tris-HCI (pH 7.5),
1 mM EDTA, 50 mM NaCl, 2 mM dithiothreitol [DTT], 5% glycerol, 0.5%
Nonidet P-40 [NP-40], 10 pg of bovine serum albumin (BSA) per wl, 62.5 pg of
poly(dI-dC) per ml, 100 ng of IRF-3-glutathione S-transferase (GST) or IRF-
7-GST recombinant protein, and 1 pg of double-stranded N28. After incubation
for 15 min, 10 wl of glutathione-Sepharose beads (Pharmacia) was added, and
the mixture was incubated with constant rotation for 15 min at room tempera-
ture. Protein-DNA complexes were washed twice with 500 pl of cold binding
buffer without BSA, and poly(dI-dC). The bound DNA was eluted at 50°C in 120
wl of elution buffer 1 (5 mM EDTA, 0.5% sodium dodecyl sulfate [SDS], 100 mM
sodium acetate, 50 mM Tris-HCI [pH 7.6]). The DNA was then recovered by
ethanol precipitation. The recovered DNA was amplified by PCR using 100 pmol
of forward primer and 100 pmol of reverse primer for 15 cycles under the
conditions described above. After five rounds of selection, the protein-DNA
complexes were separated by electrophoresis with a 5% polyacrylamide gel in
0.5X Tris-borate-EDTA (TBE). The bound DNA was excised from the dry gel
and eluted in 400 pl of elution buffer 2 (0.5 M ammonium acetate, 1 mM EDTA
[pH 8.0]). Bound DNA was recovered by ethanol precipitation and amplified by
PCR. The products were then digested with EcoRI and BamHI, cloned into
pBluescript KS(+), and subjected to sequence analysis.

Immunoblot analysis. To confirm the expression of the transgenes, equivalent
amounts of whole-cell extract (20 pg) were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) with a 10% polyacrylamide gel. After electrophoresis,
proteins were transferred to a Hybond transfer membrane (Amersham) in a
buffer containing 30 mM Tris, 200 mM glycine, and 20% methanol for 1 h. The
membrane was blocked by incubation in phosphate-buffered saline (PBS) con-
taining 5% dried milk for 1 h and then probed with anti-Flag antibody M2
(Sigma) in 5% milk-PBS at a dilution of 1:3,000. These incubations were done
at 4°C overnight or at room temperature for 1 to 3 h. After four 10-min washes
with PBS, the membrane was reacted with a peroxidase-conjugated secondary
goat anti-mouse antibody (Amersham Corp.) at a dilution of 1:2,500. The reac-
tion was then visualized with an enhanced chemiluminescence detection system
as recommended by the manufacturer (Amersham).

Immunoprecipitation and immunoblot analysis of protein-protein interac-
tions. 293 cells were cotransfected with expression plasmids encoding wild-type
or mutated forms of IRF-3 or IRF-7. Whole-cell extracts (200 to 500 ug) were
prepared from cotransfected cells and incubated with 2 ul of anti-myc antibody
9E10, anti-CBP antibody A-22, anti-CBP antibody N-15, anti-TAF;p250 anti-
body 6B3, or anti-PCAF antibody (a gift from X. Yang) cross-linked to 30 pl of
protein A-Sepharose beads for 1 h at 4°C. Precipitates were washed five times
with lysis buffer (23) and eluted by boiling the beads for 3 min in SDS sample
buffer. Eluted proteins were separated by SDS-PAGE, transferred to a Hybond
transfer membrane, and incubated with anti-Flag, anti-CBP, anti-p300, anti-
PCAF, anti-TAF;p250, or anti-myc antibody (1:1,000 to 1:3,000). Immunocom-
plexes were detected by using a chemiluminescence-based system.

Protein expression and purification. The IRF-3-GST and IRF-7-GST fusion
proteins were expressed and isolated from Escherichia coli DH5a following 3 h
of induction with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) (Pharma-
cia) at 37°C. Bacterial extracts in PBS containing 1% Triton X-100 were incu-
bated with glutathione-Sepharose beads for 20 min at room temperature. After
three washes with PBS, the fusion proteins were eluted with 15 mM glutathione
in PBS.

Electromobility shift assay (EMSA). Whole-cell extracts were prepared 48 h
after transfection with 5 pg of expression plasmids. Cells were washed with PBS
and lysed in 10 mM Tris-Cl (pH 8.0)-60 mM KCIl-1 mM EDTA-1 mM DTT-
0.5% NP-40-0.5 mM phenylmethylsulfonyl fluoride-10 pg of leupeptin per
ml-10 g of pepstatin per ml-10 pg of aprotinin per ml-0.5 ng of chymostatin
per pl-0.25 wM microcystin. Equivalent amounts of whole-cell extract (20 pg) or
various amounts of recombinant proteins were assayed for IRF-3 or IRF-7
binding by gel shift analysis using a 3*P-labeled double-stranded oligonucleotide
corresponding to the ISRE region of the RANTES promoter (5'-CTATTTCA
GTTTTCTTTTCCGTTTTGTG-3'), the PRDI region of the IFNB promoter
(5'-GAGAAGTGAAAGTG-3"), the PRDIII region of the IFNB promoter (5'-
GAAAACTGAAAGGG-3'), the PRDI-PRDIII region of the IFNB promoter
(5'-GAAAACTGAAAGGGAGAAGTGAAAGTG-3'), the PRDI-like and TG
regions of the IFNA1 promoter (5'-GGAAAGCAAAAACAGAAATGGAAA
GTGG-3'), the PRDI-like and TG regions of the IFNA2 promoter (5'-GAAA
GCAAAAAGAGAAGTAGAAAGTAA-3'), the PRDI-like and TG regions of
the IFNA14 promoter (5'-GGAAAGCCAAAAGAGAAGTAGAAAAAAA-
3"), and selected IRF-3 and IRF-7 binding sites. Complexes were formed by
incubating the probe with 20 pg of each whole-cell extract or various amounts of
recombinant proteins. The binding mixture (20 wl) contained 10 mM Tris-HCI
(pH 7.5), 1 mM EDTA, 50 mM NaCl, 2 mM DTT, 5% glycerol, 0.5% NP-40, 10
ng of BSA per ml, and 62.5 g of poly(dI-dC) per ml added to reduce nonspecific
binding. After 20 min of incubation with the probe, extracts were loaded on a 5%
polyacrylamide gel (60:1 cross-link) prepared in 0.5X TBE. After 2 h at 200 to
250 V, the gel was dried and exposed to Kodak film at —70°C overnight. To
demonstrate the specificity of protein-DNA complex formation, a 200-fold molar
excess of unlabeled oligonucleotide was added to the binding mixture before
labeled probe was added.
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FIG. 1. Activities of IRF-7 and IRF-3 fusion proteins. The structures of the fusion proteins are illustrated schematically (Pro, proline-rich domain; TAO,
transactivation domain; SRD, signal response domain; CAD, constitutive activation domain; ID, inhibitory domain). IRF-7/3A contains 541 amino acids, 246 from
IRF-7 (1 to 246) and 295 from IRF-3(5D) (133 to 427). IRF-7/3B consists of 495 amino acids, 200 from IRF-7 (1 to 200) and 295 from IRF-3(5D) (133 to 427). IRF-7/3C
consists of 445 amino acids, 150 from IRF-7 (1 to 150) and 295 from IRF-3(5D) (133 to 427). IRF-3/7 contains 265 amino acids, 132 from IRF-3 and 133 from IRF-7
(A247-467). For transactivation assays, 293 cells were transfected with the pRLTK control plasmid, the RANTES-pGL3, IFNB-pGL3, IFNA1-pGL3, or IFNA4-pGL3
reporter plasmid, and the expression plasmids encoding IRF-3, IRF-3(5D), IRF-7, IRF-7(D477/479), IRF-7(A247-467), IRF-3/7, or IRF-7/3, as indicated. Luciferase
activity was analyzed at 24 h posttransfection by the dual-luciferase reporter assay as described by the manufacturer (Promega). Relative luciferase activity was measured
as fold activation (relative to the basal level for the reporter gene in the presence of the pFlag-CMV-2 vector after normalization to cotransfected relative light unit
activity); the values represent the average of three experiments performed in duplicate, with variability of 10 to 25%.

RESULTS

Differential induction of IFNA and IFNB promoters by
IRF-3 and IRF-7. The IRF-7 transcription factor shares many
structural features with IRF-3, including a structurally con-
served DBD and a serine-rich C-terminal region that is the
target of virus-inducible phosphorylation (27, 37). Because of
the involvement of IRF-3 in the activation of immediate-early
IFNB and IFNA genes and the role of IRF-7 in the induction
of delayed-type IFNA genes (27), we compared the activation
of IFN-a/B and RANTES promoters by different forms of
IRF-3 and IRF-7. During studies on the structure and function
of IRF-7, two constitutively active forms of IRF-7 were gen-
erated (R. Lin, Y. Mamane, and J. Hiscott, submitted for
publication), one with a substitution of Ser477 and Ser479 with
the phosphomimetic Asp [IRF-7(D477/479)] and the other
with a deletion of a portion of the C-terminal domain [IRF-7
(A247-467)]. Plasmids expressing wild-type IRF-3, IRF-3(5D)
(25), IRF-7, IRF-7(D477/479), and IRF-7(A247-467) were co-
transfected into 293 cells together with the IFNB, RANTES,
and different IFNA promoter constructs and examined for
their ability to stimulate reporter gene activity. As shown in
Fig. 1, both IFNB and RANTES promoters were activated by
IRF-3 or IRF-7. The constitutively active form of IRF-3 acti-
vated IFNB and RANTES luciferase reporter gene activities
200- and 150-fold, respectively, while IRF-7 resulted in 88- and

38-fold stimulation of IFNB and RANTES promoter activities,
respectively. Substitution of Ser477 and Ser479 with the phos-
phomimetic Asp resulted in a form of IRF-7 that activated
the IFNB and RANTES promoters up to 220- and 85-fold,
respectively, while IRF-7(A247-467) activated the IFNB and
RANTES promoters up to 830- and 277-fold, respectively.

The IFNA1 and IFNA2 promoters were activated 108-fold
(Fig. 1) and 38-fold (data not shown), respectively, by the
constitutively active form of IRF-3, demonstrating that both
promoters are recognized and activated by IRF-3. However,
the IFNA14 promoter was not induced by IRF-3(5D) co-
expression (Fig. 1). The IFNA4 and IFNA7 promoters re-
sponded in the same manner as the IFNA14 promoter (data
not shown), not being induced by IRF-3(5D). When IRF-7 was
used to induce the IFNA promoters, all five IFNA promoters
were strongly transactivated by wild-type IRF-7 (50-fold induc-
tion of IFNA7 to 100-fold induction of IFNA4) or by the two
constitutively active forms of IRF-7. In all cases, the induction
of these IFNA reporter gene constructs by IRF-7 or IRF-7
(D477/479) was enhanced four- to eightfold by concomitant
Sendai virus infection (data not shown). This experiment con-
firms the differential responsiveness of IFNA and IFNB genes
to induction by IRF-3 or IRF-7.

Chimeric IRF-7 and IRF-3 proteins produce supraphysi-
ological induction of RANTES and IFN promoters. The pos-
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FIG. 2. DNA binding activity of IRF-7/3 chimeric proteins. (A) An EMSA
was performed with whole-cell extracts (20 pug) derived from 293 cells transfected
with various Flag-tagged IRF-7 or IRF-7/3 expression plasmids. At 24 h post-
transfection, cells were infected with Sendai virus for 6 h (+) or left uninfected
(—), as indicated. The 3?P-labeled probe corresponded to the PRDI-PRDIII
(5'-GAAAACTGAAAGGGAGAAGTGAAAGTG-3") motif of the IFNB pro-
moter. (B) Twenty micrograms of whole-cell extracts from panel A was analyzed
by immunoblotting (IB) with anti-Flag antibody. F7(2D), F, D477/479.

sibility that these two factors possess distinct DNA binding
and/or activation properties was next evaluated by generating
chimeric proteins containing the IRF-7 or IRF-3 N-terminal
DBD fused to the IRF-3(5D) or IRF-7 C-terminal transacti-
vation domain (Fig. 1). Chimeric proteins containing the IRF-7
DBD and the IRF-3(5D) transactivation domain (IRF-7/3A,
IRF-7/3B, and IRF-7/3C) strongly activated RANTES, IFNB,
IFNAI, and IFNA4 promoter activities (Fig. 1) as well as
IFNA7 and IFNA14 promoter activities (data not shown). In
most cases, the levels of transactivation were 10- to 20-fold
higher than those observed with the constitutively active forms
of IRF-3 or IRF-7. Although the chimeric protein containing
the IRF-3 DBD and the IRF-7 transactivation domain (IRF-
3/7) was a strong transactivator for the RANTES, IFNB, and
IFNAI1 promoters, IRF-3/7 only weakly stimulated expression
from the IFNA4, IFNA7, and IFNA14 promoters (Fig. 1 and
data not shown). This result suggests that the DBDs of IRF-3
and IRF-7 recognized different DNA binding sites or pos-
sessed distinct affinities for the same DNA site, with this se-
lectivity contributing to the differential regulation of IFN-a/B
gene expression.

Expression of the IRF-7/3A, IRF-7/3B, or IRF-7/3C chi-
meric proteins was therefore analyzed by an EMSA to corre-
late transactivation with DNA binding activity. In uninfected
cells, an IRF-7-PRDIII-PRDI complex was identified (Fig. 2,
lane 3), whereas after virus infection, a slower-migrating form
of the IRF-7-PRDIII-PRDI complex was detected (Fig. 2, lane
4). The higher-molecular-weight IRF-7-PRDIII-PRDI com-
plex was also detected in IRF-7(D477/479)-expressing cells
before and after virus infection (Fig. 2, lanes 5 and 6), remi-
niscent of the effect of IRF-3(5D) (25). The IRF-7/3 chimeric
proteins all possessed constitutive DNA binding activity that
appeared to be enhanced about fourfold by virus infection,
although increased DNA binding appeared to be the result of
higher protein levels in the infected cell extracts, as detected by
immunoblotting (Fig. 2B).

IRF-7 does not interact with the CBP coactivator. IRF-3
(5D) was previously shown to associate with the CBP coacti-
vator (25); therefore, we next examined the interaction of CBP
with IRF-7 or with IRF-7/3 chimeric proteins by immunopre-
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cipitation of Flag-tagged IRF forms. After immunoprecipita-
tion of endogenous CBP with anti-CBP antibody A-22 (Fig.
3A), immunoblot analysis with anti-Flag antibody revealed that
IRF-7/3A, IRF-7/3B, or IRF-7/3C associated with CBP in both
unstimulated and virus-infected cells (Fig. 3A, lanes 5 to 10),
while IRF-7 did not interact with CBP (Fig. 3A, lanes 11 and
12). These data indicate that the strong transactivation activity
displayed by the IRF-7/3 chimeric proteins was due to the
DNA binding activity of the IRF-7 domain, coupled with the
capacity of the IRF-3(5D) C-terminal domain to associate with
the CBP coactivator. Two other histone acetyltransferase co-
activators (p300 and PCAF) were also examined, and both
p300 and PCAF associated with IRF-3 in virus-infected cells
but failed to interact with IRF-7 (Fig. 3B and C).

The transcription initiation factor TFIID is a multimeric
protein complex composed of TATA-binding protein (TBP)
and many TBP-associated factors (TAF;s). TAF;s are impor-
tant cofactors that mediate activated transcription by pro-
viding interaction sites for distinct transcriptional activators.
TAF,;250 serves as the core subunit of TFIID and interacts
with a variety of other TAF;s as well as TBP. TAF;250 is
required for the activation of particular genes and associates
with components of the basal transcriptional machinery, such
as TFIIA, TFIIE, and TFIIF (7). In addition, TAF,;250 func-
tions as both a protein kinase and a histone acetyltransfer-
ase (7, 30). Therefore, we also examined the interaction of
TAF;250 with IRF-3 and IRF-7. IRF-3 constitutively associ-
ated with TAF;250, and this interaction was further enhanced
by virus infection (Fig. 3D, lanes 1 and 2); IRF-7 also weakly
interacted with TAF;250 in unstimulated or virus-infected
cells (Fig. 3D, lanes 3 and 4). These results suggest that IRF-3
and IRF-7 may recruit TAF;250 to target promoters and ac-
tivate transcription.

Distinct DNA binding specificities of IRF-3 and IRF-7. Re-
combinant IRF-3 and IRF-7 proteins were next used to mea-
sure protein-DNA interactions within the ISRE domain of the
RANTES promoter and the PRDI-PRDIII region of the IFNB
promoter. In an EMSA analysis, IRF-3 bound strongly to both
PRDI-PRDIII and RANTES ISRE probes (Fig. 4A, lanes 1 to
3 and 7 to 9), whereas IRF-7 bound more strongly to PRDI-
PRDIII than to the RANTES ISRE (Fig. 4A, lanes 4 to 6 and
10 to 12). The PRDI and PRDIII regions of the IFNB pro-
moter were separately evaluated to determine whether IRF-3
and IRF-7 binding could be localized to an individual domain
of the IFNB promoter. IRF-3 strongly bound to the PRDIII
probe (Fig. 4B, lanes 7 to 9) but failed to bind to the PRDI
probe (Fig. 4B, lanes 1 to 3); strikingly, IRF-7 bound to the
PRDI probe (Fig. 4B, lanes 4 to 6) but did not bind to the
PRDIII probe (Fig. 4B, lanes 10 to 12).

Binding of recombinant IRF-3 and IRF-7 to the regulatory
regions of different IFNA promoters (IFNA1, IFNA2, and
IFNA14) which contained PRDI-like binding sites was also
analyzed (Fig. 4C). Both IRF-3 and IRF-7 bound strongly to
the IFNAL1 probe (Fig. 4C, lanes 1 to 6). Interestingly, probes
from the equivalent regions of IFNA2 and IFNA14 associated
with IRF-7 (Fig. 4C, lanes 10 to 12 and 16 to 18) but failed to
bind detectable IRF-3 protein (Fig. 4C, lanes 7 to 9 and 13 to
15).

Identification of consensus DNA binding sites for IRF-3 and
IRF-7. All of the above studies suggested that IRF-3 and IRF-7
recognized different binding sites. To clarify IRF-3 and IRF-7
DNA binding site specificities, a PCR-based DNA binding site
selection strategy (41) was used to select a panel of oligonu-
cleotides recognized by IRF-3 and/or IRF-7. Candidate bind-
ing sites generated from a pool of radiolabeled oligonucleo-
tides containing 28 random base pairs were incubated with
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antibody A-22 (A), anti-p300 antibody N-15 (B), anti-PCAF antibody (C), or anti-TAF;p250 antibody 6B3 (D). Immunoprecipitated complexes (upper panel) or 20
ng of whole-cell extracts (middle panel) was analyzed by SDS-8% PAGE and subsequently probed with anti-Flag antibody M2. The membranes shown in the upper
panel were reprobed with anti-CBP antibody A-22 (A), anti-p300 antibody N-15 (B), anti-PCAF antibody (C), or anti-TAF;;p250 antibody 6B3 (D) (lower panel). IP,

immunoprecipitation; IB, immunoblotting.

recombinant IRF-3-GST or IRF-7-GST; the IRF-bound oli-
gonucleotides were eluted, PCR amplified, and used as input
for subsequent rounds of selection and purification. The PCR-
amplified oligonucleotides recovered after each round of se-
lection were subjected to gel shift analysis using recombinant
IRF-3-GST (Fig. 5A) or IRF-7-GST (Fig. 5B). Oligonucleo-
tides selected with IRF-3 consisted of enriched sequences that
bound to IRF-3 (Fig. 5A, lanes 1 to 5) but interacted weakly
with IRF-7 (Fig. 5A, lanes 6 to 10), while oligonucleotides
selected with IRF-7 bound weakly to both IRF-7 (Fig. 5B,
lanes 6 to 10) and IRF-3 (Fig. 5B, lanes 1 to 5). After five
rounds of selection, bound oligonucleotides were purified from
the gel, PCR amplified, and prepared for sequencing. The

sequences recovered from 16 cloned IRF-3 binding sites and
the consensus sequence are shown in Fig. 6. The sequences
selected with IRF-3 were virtually identical to the consensus
sequence recognized by IRF-1 and IRF-2 (5'-GAAANNGAA
ANN-3') (41).

Interestingly, the sequences recovered from 28 cloned IRF-7
binding sites were closely related to the IRF-3 consensus se-
quence, but upon closer examination it became clear that
IRF-7 bound with greater flexibility than IRF-3 to the consen-
sus binding site (Fig. 7). For example, from the sequences
selected with IRF-3, 12 out of a total 16 sequences contained
the tandem repeat GAAANNGAAANN motif, while from the
sequences selected with IRF-7, only 5 of 28 sequences con-
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FIG. 4. Binding of IRF-3 and IRF-7 to IRF binding sites of the IFN and RANTES promoters. (A) Recombinant N-terminal IRF-3 and IRF-7 bind to PRDI-PRDIII
and RANTES ISRE probes. An EMSA was performed with the indicated amounts of recombinant protein; the 3?P-labeled probe corresponded to the PRDI-PRDIII
region (5'-GAAAACTGAAAGGGAGAAGTGAAAGTG-3') or the ISRE of the RANTES gene (5'-CTATTTCAGTTTTCTTTTCCGTTTTGTG-3"). (B) Recom-
binant N-terminal IRF-3 and IRF-7 bind to PRDI and PRDIII probes. An EMSA was performed with the indicated amounts of recombinant protein; the 3°P-labeled
probe corresponded to PRDI (5'-GAGAAGTGAAAGTG-3") or PRDIII (5'-GAAAACTGAAAGGG-3'). (C) Recombinant N-terminal IRF-3 and IRF-7 bind to the
PRDI-like and TG sites from the IFNA1, IFNA2, and IFNA14 promoters. An EMSA was performed with the indicated amounts of IRF-3 or IRF-7 and **P-labeled
probes corresponding to the following PRDI-like sites: IFNA1, 5'-GGAAAGCAAAAACAGAAATGGAAAGTGG-3'; IFNA2, 5'-GAAAGCAAAAAGAGAAGT
AGAAAGTAA-3'; and IFNA14, 5'-GGAAAGCCAAAAGAGAAGTAGAAAAAAA-3'".
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FIG. 5. Gel shift analysis of selected IRF-3 and IRF-7 binding sites. Oligonucleotides selected with recombinant IRF-3-GST (lanes 1 to 5) or IRF-7-GST (lanes
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or IRF-7-GST (B) was used in each binding reaction. The number of selection cycles is shown above each lane. Arrows indicate protein-DNA complexes.

tained the GAAANNGAAANN motif. The majority of the
IRF-7 binding sites had a minimum of one nucleotide replace-
ment in either the 5'-GAAA or the 3'-GAAA motif of the
half-site. Thus, for IRF-7, either the 5’ or the 3’ half-site
consisted of GAAANN and the other half-site contained at
least one nucleotide substitution. This result indicates that a
single nucleotide alteration in the GAAANNGAAANN con-
sensus site precluded the binding of IRF-3 to ISRE or PRDI-
like sites, whereas the nucleotide replacement(s) did not affect
IRF-7 DNA binding.

Binding of IRF-3 and IRF-7 to selected sequences. The dif-
ference between the DNA binding sites selected with IRF-3
and IRF-7 is minimally a single nucleotide replacement in one
of the GAAA core sequences of the GAAANNGAAANN
motif. Oligonucleotides from the binding site selection were
subjected to a DNA gel shift binding competition analysis to
determine the relative binding affinities of IRF-3 and IRF-7 for
different sites. IRF-3 binding to the GAAACCGAAACT oli-
gonucleotide (Fig. 8A, a) was competed by the homologous
GAAACCGAAACT motif (a) or the AAAACCGAAACT
motif (e) (Fig. 8A, lanes 2 and 6) but not by oligonucleotide b,
¢, d, f, or g (Fig. 8A, lanes 3 to 5, 7, and 8), which were altered
by one nucleotide in one of the GAAA core motifs. With
IRF-7, all oligonucleotides (a to f) (Fig. 8A, lanes 10 to 15)
were able to compete for the binding of IRF-7 to the GAAA
CCGAAACT motif. The competition for binding was specific,
since oligonucleotide g, which contained one intact GAAANN
half-site, failed to compete for the binding of either IRF-3 or
IRF-7 (Fig. 8A, lanes 8 and 16).

The ability of IRF-3 and IRF-7 to activate transcription from
minimal TK promoter constructs linked to two copies of oli-
gonucleotides a to f was next examined (Fig. 8B). Cotransfec-
tion of the constitutively active form of IRF-3 led to an 18- and
28-fold induction of reporter genes containing two copies of
GAAACCGAAACT (Fig. 8B, a) and AAAACCGAAACT (e)
motifs, respectively. However, no induction was observed from
promoter constructs containing two copies of TAAACCGAA
ACT, CAAACCGAAACT, GAATTCGAAAGT, or GAAAG
TGAACGC (Fig. 8B, b, ¢, d, and {). Interestingly, coexpression
of IRF-7(A247-467) stimulated expression from all reporter
genes to different extents, consistent with the DNA binding
competition analysis results.

Differential gene activation by the IRF-like and TG motifs of
IFNA promoters. To determine whether the PRDI-like and TG
sites (—98 to —71) of the different IFNA promoters were suffi-
cient to mediate virus-induced or IRF-3- or IRF-7-activated ex-
pression, the same sequences that were used as probes in the
EMSA were cloned upstream of a minimal TK promoter in the
pGL3 luciferase reporter construct. As shown in Table 1, row 1,
a single copy of PRDI-like and TG sites from the IFNA1 pro-
moter was not responsive to Sendai virus infection and was only
weakly activated by the constitutively active form of IRF-3 (5-
fold); this element was moderately induced by coexpression of
either IRF-7 (6-fold) or the constitutively active form of IRF-7

GAACGGAAACCGAAAGTTCCTCCTCCAAC
GGAAAGCGAAACTGGTAGTCTGTTCGTCC
GAAAGCGAAATCACCCAGTGGAGGGGAAT
GAAACCGAAACTGGTGGCGACTCCTTATT
GGAATCTGAAACGGAAAGCTAGTACCTGC
GAAACGGAAACTATGTGAGTGCGAAGGGG
GCGCGATGGGAGGGAAAAGGAAAGCGAA
GGCATCCGATGCCTACCGAAACCGCAATT
GAAATGGTTACTCGAAACCGAAACCGAGA
GAAAACAGAAACACGGCGGCATACGTCAG
GAAACCGAAAGTAGTCGGCCACACAGCCT
GGAAAGTGAAATCGACTGGCCTCAACCAG
GAAACCGATAATTGATGCCTGACATATTA
GGAAAGTGAAATCGACTGGCCTCAACCAG
GAAAAGGAAACTTGGCTATGGTGCAACGG
GAATTCGAAAGGTGGTACCACCGCTCTAGTCAGGA

Consensus
G 15 0 0 0 4 4 16 0 0 0 5 1
A 1 161615 1 1 0 151516 1 1
T ¢ 0 0 1 2 2 ¢ 0 1 0 4 8
C 0 0 0 0 9 9 0 1 0 0 6 6

G A A ACGCGG A A A NT/IC

FIG. 6. Consensus sequences binding to IRF-3. Sequences of 16 cloned
IRF-3 binding sites derived by five rounds of binding site selection are shown.
Each sequence was aligned with respect to its homologous sequence (in boldface
type). The frequency of each nucleotide at each position of the homologous
sequence and the consensus sequence are shown at the bottom.
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(18-fold). Sendai virus infection together with IRF coexpression
further augmented (two- to threefold) the induction of the PRDI-
like and TG sites from the IFNA1 promoter. Two copies of the
PRDI-like and TG sites from the IFNA1 promoter were gener-
ally more responsive to IRF-3 and IRF-7 stimulation (Table 1,
row 2). In particular, IFNA1 was strongly activated by the con-
stitutively active forms of IRF-3 and IRF-7 (300- and 270-fold
induction, respectively). Two copies of the PRDI-like and TG
sites from the IFNA1 promoter were also responsive to Sendai
virus infection (12-fold induction). Coexpression of different
forms of IRF-3 or IRF-7 generally had the effect of increasing the
virus-induced activation of the IFNA1 promoter (Table 1, row 2).

The construct carrying a single copy of the PRDI-like and
TG regions of IFNA2 was similarly weakly responsive to IRF
coexpression and/or virus activation (Table 1, row 3). However,
two copies of the PRDI-like and TG sites from the IFNA2
promoter were strongly activated by the constitutively active
form of IRF-7 (120-fold induction) but were not activated by
IRF-3(5D) (Table 1, row 4), consistent with the differential
binding of IRF-7 and IRF-3 to the IFNA2 promoter (Fig. 4C).
Two copies of the PRDI-like and TG sites from IFNA14 were
activated modestly by IRF-7 (about 3- to 10-fold) but were not
stimulated by IRF-3(5D) (Table 1, row 5). Even with four
copies of the PRDI-like and TG sites from IFNA14, the acti-
vation of this promoter by IRF-7 and/or Sendai virus infection
was in the range of 20- to 80-fold (Table 1, row 6). These
results support the observations of Fig. 1 and 4 demonstrating
that the PRDI-like and TG sites of the IFNA promoter are
differentially regulated by the IRF-3 and IRF-7 transcription
factors. The requirement for multimerization of these domains
further suggests that these elements likely cooperate with
other cis regulatory elements to control IFNA gene expression.

Primary sequence differences in the DBD of IRF-7 contrib-
ute to DNA binding affinity. The results from PCR-mediated
DNA binding site selection indicated that IRF-3 binds to the
consensus site recognized by IRF-1 and IRF-2 (5'-GAAA
NNGAAANN-3") (41), while IRF-7 binds with greater flexi-
bility than IRF-3 to a related sequence (Fig. 6 and 7). In an
attempt to identify amino acid differences that may contribute
to differential DNA binding specificity, the amino acid se-
quences within the DBDs of IRF-1, IRF-2, IRF-3, and IRF-7
were compared by sequence alignment. Two major differences
are present in IRF-7: (i) IRF-7 contains four acidic residues
in the N-terminal region of the DBD (E,(E,; in helix al
and D;,E;s in antiparallel B sheet B1), compared with
P,,Q,sN,4K,, in IRF-1, IRF-2, and IRF-3); and (ii) IRF-7
contains a four-amino-acid insert (SSRG) in loop L2 and a
five-amino-acid insert (AERAG) in helix a3 (9) (Fig. 9A). To
determine whether these amino acid differences could alter
DNA binding specificity, the construct IRF-3(4E) (P10E/
QI5E/N28E/K29E) was generated; in this construct, the
PQONK residues of IRF-3 were converted to glutamic acid (E).
Also, IRF-3 was modified to include nine additional amino
acids [IRF-3(+9)], which included the SSRG amino acids after
position 66 and the AERAG amino acids after position 75.
Hybrid DBD chimeric proteins IRF-3-7 [IRF-3(1-67)-IRF-7
(74-150)] and DBD-IRF-7-3 [IRF-7(1-73)-IRF-3(68-133)]
were also generated by PCR and cloned into the pGEX-4T-2
vector. As shown in Fig. 9B, the IRF-3(4E) (lanes 3 and 4),
IRF-3(+9) (lanes 5 and 6), and DBD-IRF-7-3 (lanes 9 and 10)
fusion proteins were able to bind to the IFNA2 probe, sug-
gesting that these amino acid sequence differences may con-
tribute to differential DNA binding specificity. However, all of
the mutated or chimeric proteins were characterized by a de-
crease in DNA binding affinity of more than 100-fold com-
pared with the affinity of wild-type IRF-3 (Fig. 9B, lanes 1 and
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GGGACAGTCGGTGTATGGCAAACGAAAGT
GGAAACTAACAGCTTGAATCATGGCACAG
GAAAGTGAACGCAAGGCAACCTCGCTCTA

GAGAATGGAAAGATGCCTAGGTCGCATGG
GTAGGAAAAGCGAAAGTGGGAACTAGTAA

GAATTCGAAAATGGACGTGCTGGTCAGAG
GAAAATGAAACTCTACCTGTGATCGCTTA
TGCTAAAGTACTGTACGAAACCGAATTC
GAAAATCCAATTACGCTGCATCGACAGG
GAATTCGAAAATCTGTATATTTACTACC
GAATTCGAAACTGCAGGCACGAGGCGTC
GACGAAACTGAAACAGTGCCTTCGGAGCA
GGGTACGCAGTTCAACACTAAAACGAATGT
GACGGTTACAATCCGAAATCGCGCATTCC
GGGCTCCCAATCCGAAATGGAAAACAGCG
GAAAGTTAAGATGCTGAGGTGACATAGGA
GAAAGTGAATGTTGCTTGGATTAGCCTGA
GAATTCGAAATGAACGTGTCTTGTAGGA
GAATTCGAAACTCGTGGGCGTAGATGCA
GAATTCGAATGTGGAGCAATGTTTTCCG
GAATTCGACGTTTACCAAACGGGTTTTC
GAATTCGAAAGTCGATTGCACTACTTAA
GGAAACGAAAATTACAACGGTAACGAGCC
GAAAGTGTAACCTTTACGGGTCAAGCGCG
GAATTCGAAAGTTAGTTGCAGAAAGGAG
GAATTCGAAAGTTAGTTTTACTAAGTTC
GGAAAGTGAAATCGACTGGCCTCAACCAG
GAAAAGGAAACTTGGCTATGGTGCAACGG

Consensus
G 241 0 0 6 4 24 0 0 2 11 1
A 2 26 28 17 5 0 2 26 26 21 4
T 1 0 0 11 12 9 1 1 0 4 7 18
c 110 0 5151 1 2 1 6 7

G A AATMNCT G A A A N T/C

FIG. 7. Consensus sequences binding to IRF-7. Sequences of 28 cloned
IRF-7 binding sites derived by five rounds of binding site selection are shown.
Each sequence was aligned with respect to its homologous sequence (in boldface
type). The frequency of each nucleotide at each position of the homologous
sequence and the consensus sequence are shown at the bottom.

2) or IRF-7 (lanes 11 and 12). These results indicate that
primary sequence information does not predict crucial amino
acid residues involved in differential specificity. Rather, the
intact three-dimensional structure of IRF-3 and IRF-7 is re-
quired to convey subtle differences in DNA binding specificity.

DISCUSSION

In the present study, we sought to examine the molecular
basis for the differential regulation of several members of the
IFN-o/B gene family (IFNA and IFNB) by IRF-3 and IRF-7.
The IFNB, IFNAI1, IFNA2, and RANTES promoters were
activated by coexpression of either IRF-3 or IRF-7, whereas
the IFNA4, IFNA7, and IFNA14 promoters were exclusively
activated by IRF-7 and not by IRF-3. Analysis of protein-DNA
interactions revealed that recombinant IRF-3 and IRF-7 se-
lectively bound to different regions of the IFNB promoter;
IRF-3 bound preferentially to the PRDIII domain of the IFNB
promoter, while IRF-7 interacted exclusively with the PRDI
domain. PCR-mediated DNA binding site selection results
demonstrated that IRF-3 recognized the IRF consensus ele-
ment 5'-GAAANNGAAANN-3'. Replacement of a single nu-
cleotide within the GAAA core half-site was sufficient to pre-
clude IRF-3 DNA binding. IRF-7 bound to a related sequence
motif but with greater flexibility than IRF-3; a single nucleo-
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FIG. 8. Characterization of selected binding sites. (A) An EMSA was performed with 20 ng of recombinant IRF-3-GST (lanes 1 to 8) or IRF-7-GST (lanes 9 to
16), 3?P-labeled oligonucleotide a (5'-GAAACCGAAACTGAAACCGAAACT-3'), and a 1,000-fold molar excess of competitor DNA. Selected binding sites (two
copies, indicated beside the gel as a to g) were used as competitors. (B) Activation of selected promoters by IRF-3 and IRF-7. 293 cells were transfected with the pRLTK
control plasmid, reporter constructs containing the minimum TK-luciferase promoter and two copies of selected binding sites (designated a to f), and the active forms
of IRF-3(5D) and IRF-7(A247-467) expression plasmids, and luciferase activity was analyzed at 24 h posttransfection. Relative luciferase activity was measured as fold
activation (relative to the basal level for the reporter gene in the presence of the pFlag-CMV-2 vector after normalization to cotransfected relative light unit activity);
the values represent the average of three experiments performed in duplicate, with variability of 10 to 25%.

tide replacement did not decrease IRF-7 DNA binding. These
results demonstrate that the DNA binding site specificities of
IRF-3 and IRF-7, together with the different capacities of the
IRF-3 and IRF-7 C-terminal domains to bind the CBP coac-
tivator, provide a partial explanation for the differential regu-
lation of IFN-o/p gene expression by these two transcription
factors.

The chimeric forms of IRF-7 and IRF-3 generated during the
present study combined the DNA binding specificity of the IRF-7
DBD with the strong transactivation capacity of the IRF-3(5D)
C-terminal domain. When tested with the IFNA and IFNB pro-
moters, 10- to 20-fold-higher levels of reporter gene activity were
observed with the chimeric proteins than with the constitutively
active forms of either protein alone. Furthermore, the strong
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transcriptional activity of the IRF-7/3 chimera was not matched
by the IRF-3/7 fusion protein. It is possible that the more re-
stricted DNA binding specificity of the IRF-3 DBD and the ap-
parent lack of interaction of IRF-7 with the histone acetyltrans-
ferase coactivators account for the difference between these
chimeric forms. The failure of wild-type IRF-7, constitutively ac-
tive IRF-7, or virus-activated IRF-7 to associate with CBP, p300,
or PCAF was surprising, particularly since IRF-7 was able to
stimulate IFN gene expression (Fig. 1). It is possible that IRF-7
interacts in a restricted manner with a distinct histone acetyltrans-
ferase coactivator or recruits coactivators only when bound to
DNA and in association with other factors. The activity of IRF-
7/3 in human cells stably transfected with IRF-7/3-expressing con-
structs has been difficult to characterize, since it appears that the
expression of the chimeric protein is proapoptotic. Inducible reg-
ulation of the IRF-7/3-expressing constructs may provide an in-
teresting system for examining downstream IRF-regulated genes.

TFIID has been identified as a potential target for transcrip-
tional regulation (40). TFIID is a multimeric protein complex
consisting of TBP and many TAF;s. Although TBP alone is
able to bind core promoters containing TATA elements and
can support basal transcription, TAF;s are required for acti-
vated transcription. Some TAF;s have been shown to serve as
coactivators that directly contact enhancer-bound activators to
modulate gene-specific transcription (43). TAF;;250 (CCG1),
a cell cycle regulatory protein thought to be important for
progression through G, phase, is one of the TAF subunits of
TFIID (36). It binds directly to TBP as well as several other
TAFs, including TAF;32 and TAF;70 (5). TAF;250 has also
been shown to possess both histone acetyltransferase activity
(30) and a protein kinase activity (7). The histone acetyltrans-
ferase activity of TAF[;250 is conserved in yeasts, flies, and
humans and may play an important role in controlling access of
the transcription machinery to nucleosome-bound promoter
sequences. TAF;250 is a bipartite protein kinase, consisting of
N- and C-terminal kinase domains, and directly interacts with
and phosphorylates RAP74, the large subunit of TFIIF (7, 35).
The association of TAF;250 with IRF-3 and IRF-7 may target
histone acetylation to IRF target promoters and allow TFIID
to gain access to transcriptionally repressed chromatin.

In virus-infected human and murine cells, IFNA and IFNB
genes are coordinately induced, and their individual mRNAs
are expressed at different levels. Human IFNAI, IFNA2, and
IFNAA4 are highly expressed in virus-infected peripheral blood
mononuclear and lymphoblastoid Namalwa cells; their respec-
tive mRNA levels are 5- to 20-fold higher than those of IFNAS,
IFNA7, IFNAS, and IFNA14 in the same cells (15). Since the
virus-responsive elements within the IFNA gene promoters
contain multiple GAAANN sequences similar to the PRDI
and PRDIII domains of IFNB, many studies have shown that
the PRDI-like sites of the human IFNA gene promoters are
essential for IFNA-induced expression (reviewed in reference
3). In this study, we show that IRF-7 specifically binds to the
PRDI site of the IFNB gene promoter. Activation of the IFNA
gene promoters by IRF-7 likewise occurs through the binding
of IRF-7 to the PRDI-like sites of the IFNA gene promoters,
based on the fact that recombinant IRF-7 binds to the PRDI-
like sites of the IFNA1, IFNA2, and IFNA14 promoters.

Recent molecular and biological results have also suggested
a temporal regulation of IFN gene activation by IRF-3 and
IRF-7 (reviewed in reference 26). IFN-a/B genes can be sub-
divided into two groups: (i) immediate-early genes activated in
response to virus infection by a protein synthesis-independent
pathway (IFNB and murine IFNA4, which is equivalent to
human IFNA1); and (ii) delayed-type genes (which include the
other IFNA subtypes), whose expression is dependent on de
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TABLE 1. Activation of PRDI-like and TG motifs from distinct
IFNA promoters by IRF-3 and IRF-7¢

Relative luciferase activity for the following construct
in the presence (+) or absence (—)
of Sendai virus infection:

Promoter
(no. of copies) IRF-3 IRF-7
CMV-2  IRF-3 (5D) IRF-7 (D477/479)
-+ - o+ - + - + - +
IFNA1 (1) 1 14 10 36 48 73 65 22 18 46
IFNAI (2) 1 12 93 25 302 267 57 329 271 592
IFNA2 (1) 1 11 09 1.7 08 1.6 47 124 78 21
IFNA2 (2) 1 26 1.1 47 20 82 31 212 123 362
IFNA14(2) 1 11 08 19 08 1.3 33 63 52 96
IFNA14 (4) 1 1.6 09 29 08 22 24 47 32 86

“ 293 cells were transfected with the pRLTK control plasmid, IFNA TK-pGL3
reporter constructs (minimum TK-luciferase promoter containing one, two, or
four copies of PRDI-like and TG sites from the IFNA1, IFNA2, or IFNA14
promoters), and various IRF-3 and IRF-7 expression plasmids, as indicated.
Eight hours after transfection, cells were infected with Sendai virus (+) or left
uninfected (—), as indicated. Luciferase activity was analyzed at 24 h posttrans-
fection. Relative luciferase activity was measured as fold activation (relative to
the basal level for the reporter gene in the presence of the pFlag-CMV-2 vector
after normalization to cotransfected relative light unit activity); the values rep-
resent the average of three experiments performed in duplicate, with variability
of 10 to 25%.

novo protein synthesis (27). Following virus infection, IRF-3,
NF-kB, and ATF-2-c-Jun are posttranslationally activated by
inducer-mediated phosphorylation. These proteins cooperate
to form a transcriptionally active enhanceosome at the IFNB
promoter, together with the CBP transcriptional coactivator
and the chromatin-associated high-mobility-group protein (9,
20, 28, 32, 42). IRF-3 also upregulates murine IFNA4 expres-
sion (27). Secreted IFN produced from a subset of initially
infected cells acts through an autocrine and paracrine loop
which requires intact IFN receptors and JAK-STAT pathways.
IFN activation of the IFN-stimulated gene factor 3 complex
results in the transcriptional upregulation of IRF-7 (27, 37).
Virus infection activates IRF-7 through inducible phosphor-
ylation, and phosphorylated IRF-7 participates together with
IRF-3 in the transcriptional induction of immediate-early and
delayed-type IFN genes (27, 37). In mice with a targeted dis-
ruption of either STAT-1, p48, or the IFN-o/p receptor, IRF-7
is not upregulated; hence, the amplification loop of IFN in-
duction is not observed. Finally, the formation of distinct ho-
mo- or heterodimers between activated IRF-3 and activated
IRF-7 may lead to differential regulation of target IFNA genes
(27, 37).

Recently, the crystal structure of the DBDs of IRF-1 and
IRF-2 bound to DNA demonstrated that AANNGAAA is the
sequence physically recognized by IRF-1 and IRF-2 (8, 10).
Our DNA binding site selection demonstrated that DNA se-
quences recognized by IRF-3 are identical to the IRF-E con-
sensus element G(A)AAANNGAAANN, the consensus se-
quence for IRF-1 and IRF-2 (41). IRF-7 binds to related
sequence elements but with greater flexibility in binding site
specificity. From the sequences selected with IRF-3, 12 out of
a total 16 sequences contained a tandem repeat of GAAA,
while with IRF-7, only 5 out of 28 sequences contained the
GAAANNGAAANN consensus motif. Most of the sequences
selected with IRF-7 had at least one nucleotide replacement in
either the 5'-GAAA or the 3'-GAAA core motif. Further-
more, the oligonucleotides containing two copies of selected
IRF-7 binding sites with one nucleotide replacement in either
5'-GAAA (GAATTCGAAAGT) or 3'-GAAA (GAAAGTG
AACGC) were able to compete for IRF-7 binding but not for
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FIG. 9. Amino acids of IRF-7 involved in different DNA binding specificities. (A) Sequence alignment of the DBDs of IRF-7, IRF-3, IRF-2, and IRF-1. The
sequential numbering of IRF-7 is shown at the top. Identical residues in IRF-1, IRF-2, and IRF-3 but not IRF-7 are shown in boldface type. (B) Binding of mutated
forms of IRF-3 or IRF3 and IRF7 chimeric recombinant proteins to the PRDI-like- and TG sites from the IFNA1 and IFNA2 promoters. An EMSA was performed
with the indicated amounts of recombinant GST fusion proteins and **P-labeled probes corresponding to the following PRDI-like sites: IFNA1, 5'-GGAAAGCAA
AAACAGAAATGGAAAGTGG-3'; and IFNA2, 5'-GAAAGCAAAAAGAGAAGTAGAAAGTAA-3'.

IRF-3 binding to IRF-E. Consistent with their DNA binding
activities, reporter constructs carrying two copies of these two
binding sites were activated by a constitutively active form of
IRF-7 but not by a constitutively active form of IRF-3.

As shown in Table 1, several PRDI-like sequences from differ-
ent IFNA promoters were also analyzed for IRF-3 and/or IRF-7
transactivation. IRF-7 bound to the PRDI-like motif of the
IFNAL, IFNA2, and IFNA14 promoters and activated tran-
scription from the reporter gene promoters containing these
motifs. In contrast, IRF-3 bound to the PRDI-like motif of
IFNAL1 and activated the expression of a reporter gene con-
taining the PRDI-like motif from IFNA1 but did not bind to
or activate related sequences from IFNA2 or IFNA14.

The flexibility in the binding site specificity of IRF-7 indi-

cates that more target genes may be recognized by IRF-7 than
by IRF-3; for example, genes containing the sequence GAA
NNGAAANN (interleukin 4, HLA-B7, major histocompatibil-
ity complex class I, H-2D?, immunoglobulin AB, 2’,5"-oligoad-
enylate synthase, and Mx) or the sequence GAAATGGAA
GAG (interleukin 7 receptor) may be preferentially activated
by IRF-7 but not by IRF-3. The restricted binding site speci-
ficity of IRF-3 is nonetheless consistent with its role as a spe-
cific inducer of immediate-early IFN genes. In conclusion, we
have demonstrated that despite an overall similarity in struc-
ture between IRF-3 and IRF-7, both transcription factors pos-
sess unique functional characteristics and share complemen-
tary rather than redundant roles in the activation of the IFN-
o/B genes.
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