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B Lymphocyte-Induced Maturation Protein (Blimp)-1, IFN
Regulatory Factor (IRF)-1, and IRF-2 Can Bind to the
Same Regulatory Sites1

Tracy C. Kuo* and Kathryn L. Calame2*†

The transcriptional repressor B lymphocyte-induced maturation protein-1 (Blimp-1) is expressed in some differentiated cells and
is required for terminal differentiation of B cells. To facilitate identification of Blimp-1 target genes, we have determined the
optimal DNA recognition sequence for Blimp-1. The consensus is very similar to a subset of sites recognized by IFN regulatory
factors (IRFs) that contain the sequence GAAAG. By binding competition and determination of equilibrium dissociation constants,
we show that Blimp-1, IRF-1, and IRF-2 have similar binding affinities for functionally important regulatory sites containing this
sequence. However, Blimp-1 does not bind to all IRF sites, and specifically does not recognize IRF-4/PU.1 or IRF-8 sites lacking
the GAAAG sequence. Chromatin immunoprecipitation studies showed that Blimp-1, IRF-1, and IRF-2 all bind the IFN-�
promoter in vivo, as predicted by the in vitro binding parameters, and in cotransfections Blimp-1 inhibits IRF-1-dependent
activation of the IFN-� promoter. Thus, our data suggest that Blimp-1 competes in vivo with a subset of IRF proteins and help
predict the sites and IRF family members that may be affected. The Journal of Immunology, 2004, 173: 5556–5563.

B lymphocyte-induced maturation protein-1 (Blimp-1)3 is a
transcriptional repressor containing five Kruppel-type
zinc fingers that confer sequence-specific DNA binding.

It was originally cloned based on: 1) its ability to bind and repress
the human IFN-� promoter in vitro (1), and 2) its induction during
differentiation of the B cell lymphoma 1 lymphoma and its ability
to drive B cell lymphoma 1 differentiation (2). Blimp-1 is induced
upon terminal differentiation of B cells to plasma cells and is suf-
ficient to drive plasmacytic differentiation of activated B cells (3,
4). In addition to its importance in plasmacytic differentiation,
Blimp-1 also plays a role in myeloid differentiation (5). In adult
mice, Blimp-1 expression appears to be limited to terminally dif-
ferentiated cells, although expression is not limited to the hemo-
poietic lineages (D. Chang and K. Calame, unpublished
observations).

Conditional deletion of prdm1, the gene encoding Blimp-1, in B
cells demonstrated that Blimp-1 is required for plasmacytic differ-
entiation (6). These mice had significantly decreased Ig serum in
response to both T-dependent and T-independent Ags. During
plasmacytic differentiation, Blimp-1 regulates the expression of
�250 genes (7). However, only a few direct targets, in which
Blimp-1 binding and repression have been demonstrated, are
known. These include c-myc (8), whose repression is important for
cessation of cell cycle; CIITA (4), whose repression is important

for extinction of class II MHC on plasma cells; Pax-5 (9), whose
repression is required for plasmacytic differentiation; and Spi-B
and Id3 (7), involved in BCR signaling.

Blimp-1 binding sites in known direct target genes all share
similar sequences; however, a consensus binding sequence has not
been identified. The two initial target sequences shown to be bound
by Blimp-1 in vitro were the human IFN-� site, positive regulatory
domain I (PRDI) (1), and the c-myc site, plasmacytoma repressor
factor (8). Other target genes have binding sites with similar se-
quences to these two sites (see Fig. 4). Interestingly, all five func-
tional Blimp-1 binding sites have similarity with binding sites for
a family of transcription factors called IFN regulatory factors
(IRFs) (see Fig. 4).

IRFs play a role in antiviral responses, immune responses, and
hemopoietic development (10). The family consists of nine mem-
bers that share homology in their N-terminal domain, which con-
fers binding to DNA, but diverges in their C-terminal regions.
Many names have been given to the specific DNA element that
IRFs bind, including: 1) the IFN-stimulated response element,
A/GNGAAANNGAAACT, found in most IFN-inducible promot-
ers; 2) IFN consensus sequence, GAAAG/C

T/C, found in the MHC
class I promoter; and 3) the IRF element or PRD, G(A)AAAG/C

T/

CGAAAG/C
T/C, in the IFN-� promoter (11). These binding sites

are related to one another and to Blimp-1 sites.
Although IRFs are important in antiviral responses, they are also

important in hemopoietic cells. IRF-1, IRF-2, and IRF-3 are con-
stitutively expressed at low levels in most cell types (12, 13), while
IRF-4 (PU.1 interaction partner, lymphoid-specific IRF, NF en-
hancer motif 5) (14), IRF-7 (15), and IRF-8 (IFN consensus se-
quence binding protein) (16) are expressed primarily in hemopoi-
etic cells. Gene targeting of IRF-4 and IRF-8 has established their
importance in lymphocyte and macrophage maturation, respec-
tively (17, 18). Mice deficient in IRF-2, but not mice deficient in
IRF-1, exhibit defects in B cell development (19). However, mice
expressing an IRF-1 transgene driven by E� have decreased B cells
(20). IRF-1 and IRF-2 also affect cell proliferation: IRF-1 is a negative
regulator of cell proliferation, and IRF-2 antagonizes IRF-1 (12).
Blocking and overexpression studies have established an important
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role for IRF-7 in monocyte/macrophage differentiation (21). IRF-5
and IRF-6 are not well characterized; however, IRF-5 is primarily
expressed in lymphoid tissues and PBLs (22).

The overlapping expression profiles of both Blimp-1 and IRF
proteins and the apparent similarity of IRF and Blimp-1 binding
sites prompted a more careful study of their binding capabilities.
We have determined the consensus binding sequence for Blimp-1
and found it to be similar to a subset of previously determined
consensus sequences for IRF proteins. We have also determined
equilibrium dissociation constants (Kd) for Blimp-1 and IRF pro-
teins using functional binding sites on known target genes. In vitro
binding studies, cotransfections, and in vivo chromatin immuno-
precipitation (ChIP) assays show overlapping binding of Blimp-1,
IRF-1, and IRF-2 on sites containing a GAAAG sequence and
functional competition between Blimp-1 and IRF-1. However,
Blimp-1 does not compete with IRF proteins binding to IRF-4/
PU.1 or IRF-8 sites lacking the GAAAG sequence. Thus, the tran-
scription of genes containing GAAAG in their Blimp-1/IRF sites
can potentially be regulated by the relative nuclear concentrations
of Blimp-1, IRF-1, and IRF-2.

Materials and Methods
Expression of rBlimp-1

Full-length murine Blimp-1 cDNA was amplified by PCR with the primers:
5�-NdeI-TACCCATATGAGAGAGGCTTATCTC and 3�-XhoI-TCCACT
CGAGAGGATCCATCGGTTC from PSK-Blimp-1 (8). This fragment
was ligated into the NdeI and XhoI sites of the expression vector PTYB2
(IMPACT T7 System; New England Biolabs, Beverly, MA). The purifi-
cation of rBlimp-1 protein was performed, as described in the IMPACT T7
manual, with the following modifications. Bacterial cultures were grown at
25°C. The cleavage buffer contained 400 mM NaCl, 50 mM Tris (pH 7.5),
0.2 mM EGTA, and 0.2 mM EDTA. The presence of Blimp-1 protein in
each fraction was determined by EMSA.

Random oligonucleotide selection

Random oligonucleotide selection with bacterially produced Blimp-1 was
performed, as described (23), with modifications. A pool of 50-bp degen-
erate oligonucleotides, containing a 20-bp core of random nucleotides
flanked by 15 bp of known sequences with restriction sites, was made
double stranded by extension using the N20R oligonucleotides for 1 min at
94°C, 1 min at 40°C, and 20 min at 72°C. The sequence of the random
oligonucleotide used was N20S-AGACGGATCCATTGCA-(N)20-CTG
TAGGAATTCGGA, and the primers used for amplification were N20R-
TCCGAATTCCTACAG and N20B-AGACGGATCCATTGCA. The dou-
ble-stranded N20S oligonucleotides were EtOH precipitated and digested
with BamHI and EcoRI to obtain 5� overhangs for fill in by Klenow with
�-dCTP. Initially, 500 ng of the radiolabeled N20S (each oligonucleotide
was calculated to be represented at least eight times) was incubated with
Blimp-1 (amount determined by doing EMSA and calculating the amount
necessary to bind 5% of radiolabeled c-myc probe) for 30 min on ice in
binding buffer containing 10 mM Tris (pH 7.5), 1 mM DTT, 1 mM EDTA,
0.3 mM ZnCl2,1 �g of poly(dI-dC), and 5% glycerol in a final volume of
50 �l. EMSA was performed in 1.5-mm-thick 6% acrylamide gel. The
shifted complex was excised from the gel and eluted from the acrylamide.
The selected pool of DNA was extracted with phenol-chloroform and pre-
cipitated with ethanol in the presence of glyco-blue (Ambion, Austin, TX).
The DNA pellet was resuspended in water. PCR was performed to amplify
the retrieved pool using the buffer conditions suggested by Sigma-Aldrich
(St. Louis, MO), along with the primers listed above, N20B and N20R. The
amplification protocol for the PCR was: an initial denaturation at 94°C for
3 min, followed by 45 s at 94°C, 1 min at 50°C, and 30 s at 72°C for 25
cycles, and a final extension at 72°C for 10 min. The cycle described above
was repeated two more times. Following the third round, a fraction of the
purified product from the PCR was T-A cloned into pGEM vector (Pro-
mega, Madison, WI).

Following the ligation, the vector was cut with NcoI and NotI to ensure
single inserts of the correct size. Fifty-one clones with correct inserts were
picked and sequenced using the fmol DNA Cycle Sequencing System
(Promega).

Relative affinity of selected oligonucleotides

The oligonucleotides of the clones used for competition EMSA were ob-
tained from Invitrogen Life Technologies (Carlsbad, CA) and annealed to
become double stranded. All of the oligonucleotides were designed so that
they contained the flanking sequences of the binding site in the c-myc gene
(CGCGTACAGAAAGGGAAAGGACTAG) and so that they only differed
in the 12-bp recognition sequence. All of the clones for competition listed
in Fig. 2A had the following flanking sequences: upper strand-CGCGTA
CAG-(12 nucleotides of the binding sequence)-CTAG and lower strand-
GCTAG-(12 nucleotides of the binding sequence)-CTGTA. Following an-
nealing of the two oligonucleotides, each annealed product was run on a
20% acrylamide gel to check the concentration of the annealed products.
Each binding reaction contained 0.025 pmol labeled c-myc gene oligonu-
cleotides and 7.5 �g of nuclear protein from P3X nuclear extracts in the
presence of increasing molar fold excess (3.125�, 6.25�, 12.5�, and
25�) of the cold oligonucleotides. All binding reactions with P3X con-
tained the binding buffer described above (2). The gels were dried and
quantified using a phosphor imager (ImageQuant; Amersham Pharmacia
Biotech, Piscataway, NJ).

Competitive EMSA with Blimp-1 and IRF binding sites was performed,
as described above. The oligonucleotides used were: PRDI (AAGG-
GAGAAGTGAAAGTGGGAAATT), Pax-5 (TCGGAGAGCGATTCACT
TTCCAAAA), CIITA (CAGTCCACAGTAAGGAAGTGAAATTAATTT),
Spi-B (GCTCCCCTACTTTCCCTGCCTCCCCCA), Id3 (CTGCTTAGAC
CTCCCTTTCCCTCCTTCTTCTGCAATCTCA), IRF-1 site inducible NO
synthase (iNOS) (GTCAATATTTCACTTTCATAATGG), IRF-2 site histone
H4 (GGCGCGCTTTCGGTTTTCAATCGGT), IRF-4 site Ig � (GATAAA
AGGAAGTGAAACCAAG), IRF-8 site MHCI (GGTCCTCAGTTTCACT
TCTGCA), and nonspecific (CCTTGCCACATGACCTGCTT).

Determination of equilibrium dissociation constants

Kd were determined using EMSA. Various labeled oligonucleotide con-
centrations (5 � 10�1 to 2 � 10�8 M) were mixed with a fixed amount of
rBlimp-1, IRF-1, IRF-2, or IRF-4/PU.1 (protein concentration was deter-
mined arbitrarily for each protein to achieve saturation of binding) in a 20
�l vol using the binding buffer: 100 mM Tris (pH 7.4), 500 mM NaCl, 10
mM EDTA, and 50% glycerol. Blimp-1-binding reactions were incubated
on ice for 30 min, and the IRF-binding reactions at room temperature for
20 min. The shifted bands were quantified by phosphor imager. The ratio
of bound DNA/free DNA against bound DNA was plotted, and the Kd were
determined from the equation, Kd � �1/slope. IRF-1 and IRF-2 plasmids
were generously provided by D. Thanos (Columbia University), PU.1 plas-
mid by K. Ozato (National Institutes of Health, Bethesda, MD), and IRF-4
from A. Pernis (Columbia University).

ChIP

ChIP were conducted, as described previously (24, 25). A total of 20 �g of
chromatin from HeLa cells was used for each immunoprecipitation using 5
�g of IRF-1 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-13041), IRF-2
(Santa Cruz Biotechnology; sc-498), and 20 �l of rabbit antiserum to the
C-terminal region (aa 740–856) of Blimp-1. HeLa cells were infected with
Sendai virus (SPAFAS) for 2 h in serum-free medium and then replaced
with serum-containing medium for another 4 or 22 h. DNA was resus-
pended in 100 �l, and input samples represent 1% of total DNA. Input
samples were diluted 1/4, and immunoprecipitation fractions were diluted
1/2. PCR conditions were specific to each primer set, but the general con-
ditions were as follows: 94°C (3 min), 94°C (30 s), 55°C (CSF-1), or 65°C
(IFN-�) (30 s), 72°C (30 s), 72°C (10 min) for 30–35 cycles. All PCR were
amplified in 50 �l reactions, and the products were ran on 1.5% agarose
gels, transferred to nylon membranes, and hybridized with 32P-labeled in-
ternaloligonucleotides.Theprimersetsusedwere:IFN-�(5�-GCTTTCCTTT
GCTTTCTCCCAAGTC-3� and 5�-CCTTTCTCCATGGGTATGGCC-3�)
and CSF-1 (5�-CTCTTCCTCCTGATAGCTCCATGA-3� and 5�-CACT
ATGTTAGCCAGGATGGTCTC-3�). Internal oligonucleotide for hybrid-
ization was IFN-� (5�-TTCCCACTTTCACTTCTCCC-3�).

Immunoprecipitation and immunoblot analysis

Whole cell extracts were prepared from HeLa cells infected with Sendai
virus for 0, 6, and 24 h, as described above. A total of 60 �g of cell extracts
was separated on SDS-PAGE, transferred onto membranes, and incubated
with anti-IRF-1 (1/500; Santa Cruz Biotechnology) or IRF-2 (1/500; Santa
Cruz Biotechnology). Blimp-1 was immunoprecipitated using a rabbit
polyclonal Ab (1/100) from 1000 �g of cell extracts for 1 h at room tem-
perature. A total of 20 �l of protein A-Sepharose beads was added and
incubated for another 30 min at room temperature. Precipitates were
washed four times and eluted by boiling the beads in SDS sample buffer.
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Transfection and luciferase assay

Transient transfections of NIH/3T3 cells and luciferase assay were per-
formed, as previously described (26). Plasmids used for transfections were:
IRF-1, Blimp-1, and p�Lux (gifts from K. Ozato (National Institutes of
Health), M. Davis (Stanford University, Stanford, CA), and B. Sherry
(North Carolina State University, Raleigh, NC), respectively).

Results
Determination of a consensus Blimp-1 binding sequence

A consensus binding site would facilitate identification of Blimp-1
target genes and help understand whether DNA recognition by
Blimp-1 and IRF proteins may overlap. Therefore, full-length
rBlimp-1 protein was used in a binding selection protocol to re-
cover Blimp-1 binding sites from a pool of random oligonucleo-
tides. Bacterially expressed Blimp-1 was purified using the IM-
PACT T7 system (see Materials and Methods). In an EMSA using
an oligonucleotide probe containing the c-myc binding site, this
protein showed a single complex with DNA (Fig. 1, lane 6). The
binding specificity of the recombinant protein (Fig. 1, lanes 6–10)
was similar to that of endogenous Blimp-1 (Fig. 1, lanes 1–5) (8).
rBlimp-1 was allowed to bind a pool of 50-bp oligonucleotides
containing 20 bp of random sequences flanked by known se-
quences, containing restriction sites for both amplification and
cloning. The bound oligonucleotides were selected using a prepar-
ative EMSA, and selected oligonucleotides were amplified by
PCR. Bound oligonucleotides were enriched by three rounds of
binding and amplification. Following amplification of the third
round, the selected oligonucleotides were cloned and sequenced.

The sequences of 51 cloned oligonucleotides were determined
and aligned (Fig. 2A). Among the 51 clones, there were 18 differ-
ent sequences, including two sequences that did not align with the
other oligonucleotides (data not shown). One sequence, repre-
sented by clone 1, was obtained most often. The frequency of each
sequence was considered in determining the consensus sequence.
The two nonaligned sequences were not included. The alignment
of 16 different sequences revealed a 12-bp consensus binding site
for Blimp-1 (Fig. 2B). This is similar to a 10-bp consensus se-

quence obtained using a recombinant fusion protein containing
GST and the Blimp-1 zinc finger domain in a similar selection
(data not shown). The high conservation of GAAAG at positions
6–10 emphasizes the importance of these five nucleotides for rec-
ognition by Blimp-1. The variability of the residues in positions
1–4 suggests that more flexibility is allowed in this region for
Blimp-1 binding.

The affinity of Blimp-1 binding to selected oligonucleotides was
determined in an EMSA using endogenous Blimp-1 from nuclear
extracts of plasmacytoma P3X, a probe containing the c-myc site
and different oligonucleotides as cold competitors. Unlabeled oli-
gonucleotide competitors were added in increasing molar excess
(Fig. 3). The relative affinity of Blimp-1 for each oligonucleotide
was calculated from the ratio of the oligonucleotide required to
compete half of the bound complex relative to the c-myc oligonu-
cleotide required to compete half of the complex, X50/c-myc50.
Thus, ratios under 1 are sequences for which Blimp-1 has a higher
affinity than for the c-myc sequence; ratios greater than 1 are se-
quences for which Blimp-1 has a lower affinity than for the c-myc
sequence. High affinity binding sites were defined as sequences
having a X50/c-myc50 ratio lower than 1.5, medium affinity as a

FIGURE 1. Recombinant and endogenous Blimp-1 bind to the same
DNA sequence. Endogenous (lanes 1–5) or recombinant (lanes 6–10)
Blimp-1 was incubated with 32P-labeled oligonucleotides containing the
Blimp-1 binding site in the c-myc gene, in the presence of specific (c-myc)
or nonspecific (N.S.) unlabeled competitor oligonucleotides. A single
DNA-protein complex was seen using both types of Blimp-1. In the pres-
ence of 3.125� and 25� molar fold excess of the specific competitor, the
rBlimp-1 complex was ablated similarly to the endogenous Blimp-1 com-
plex (lanes 7 and 8 vs lanes 2 and 3, respectively). Neither Blimp-1 com-
plex was affected by nonspecific competitor (lanes 4 and 5, endogenous
Blimp-1 vs lanes 9 and 10, rBlimp-1). N is a nonspecific complex.

FIGURE 2. Consensus binding sequence for Blimp-1. A, Fifty-one se-
lected clones were sequenced, and 18 different sequences were obtained;
two sequences that did not align are not shown. The sequences were
aligned, and similar sequences are enclosed by the box. The frequency in
which each oligonucleotide sequence was obtained is indicated at the right.
Clone 1 was isolated with the highest frequency. The affinity of the sites,
as determined by cold competition EMSA, shown in Fig. 3A, is indicated
as high (H), medium (M), or low (L) affinity sites, respectively. B, The
consensus of the 16 aligned sequences was calculated by the number of
times a particular nucleotide appears in each column of the 12-bp align-
ment. In determining the consensus, the frequency with which each se-
quence was isolated was taken into account. When one base occurred 90%
or more, alternate bases are not listed in the consensus. The consensus appears
at the bottom of each column. C, Using only the sequences that were high and
medium affinity Blimp-1 sites (A), the number of times each nucleotide is
represented at each position was recalculated, resulting in an 11-bp consensus.
The frequency that each oligonucleotide was represented was not considered;
the derived consensus appears at the bottom of each column.
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ratio between 1.5 and 2, and low affinity as a ratio above 2. Nine
sequences were high affinity binding sites, two were medium, and
five were low affinity sites (Fig. 2A). However, the oligonucleotide
selected with the highest frequency (clone 1) was not bound with
higher affinity than the other high affinity sites. Sequences con-
taining the GAAAG motif were better competitors than ones that
did not. All the lower affinity binding sites lacked the GAAAG
motif. This further confirms the importance of the GAAAG motif.
There can be variability in the 5� portion, but certain nucleotides
are favored, such as AG at positions 2 and 3.

A consensus binding sequence was reformulated, using only
high and medium affinity sequences. Also, because clone 1 se-
quence was not the highest affinity site, we suspected that its high
representation might be due to a cloning artifact, and therefore, we
did not take frequency into account. Using this approach, the con-
sensus was found to be an 11-bp sequence (Fig. 2C), which is very
similar to the previously determined consensus (Fig. 2B), except
for the difference in the first position. Therefore, we are confident
(A/C)AG(T/C)GAAAG(T/C)(G/T) represents a good consensus
binding sequence for Blimp-1. A comparison of this consensus to
known Blimp-1 sites is shown in Fig. 4. We note that the PRDI site
in the IFN-� promoter fits the consensus sequence perfectly.

Comparison of Blimp-1 and IRF binding sites

Structural studies on the DNA binding domains of IRF-1 and
IRF-2 indicate their recognition sequences to be GAAA and
AANNGAAA (in which N can be any nucleotide), respectively
(27, 28). Oligonucleotide selections for IRF-1 and IRF-2 have de-
termined their consensus sequence to be (G/C)(A)AAA(N)2–
3AAA(G/C)(T/C) (29). The secondary structure of the DNA binding
domain of other IRF family members is similar to that of IRF-1 and
IRF-2, suggesting that all the family members recognize similar DNA
sequences (30). The IRFs bind to a core sequence GAAANT/C, as
monomers, dimers, or multimers (10). IRF-1, IRF-2, and IRF-8 bind
either GAAAGT/C or GAAACT/C, while IRF-7 prefers GAAAGT/C,
and IRF-3 and IRF-4 prefer GAAACT/C. Because the Blimp-1 con-
sensus binding site (Figs. 2C and 4) closely resembles that subset of
IRF binding sites containing GAAAGT/C, the possibility that Blimp-1
and IRF proteins could bind similar targets was explored.

Cold oligonucleotide competitions in an EMSA were used to
examine the ability of Blimp-1 to bind known IRF sites. Repre-
sentative IRF binding sites were selected, choosing sites bound by
IRFs that are known to play a role in hemopoietic cells. Binding
sites in target genes regulated by IRF-1 (iNOS) (31), IRF-2 (his-
tone H4) (32), IRF-4/PU.1 (Ig-�) (14), and IRF-8 (MHCI) (33)
were selected. Their sequences are listed in Fig. 4. We note that the
IRF-1 and IRF-2 sites chosen contain the GAAAGT/C motif, while
the IRF-8 site chosen does not.

FIGURE 3. Affinity of selected oligonucleotide sequences determined
by binding competition. A, All 16 oligonucleotides were tested for their
ability to compete for Blimp-1 binding in cold competition EMSA. En-
dogenous Blimp-1 bound to a 32P-labeled oligonucleotide representing the
Blimp-1 site in the c-myc gene was challenged with 3.125�, 6.25�,
12.5�, and 25� molar excess of each oligonucleotide. Self competition
with the c-myc sequence and the nonspecific sequence, C2, is also shown.
The affinity of each site was determined by calculating the ratio of the
concentration of competitor oligonucleotide required to block 50% of
Blimp-1 binding over the concentration of c-myc sequence required to
block 50% of Blimp-1 binding (X50/c-myc50). Values greater than 1 rep-
resent lower affinity binding sites compared with the c-myc gene, and val-
ues �1 represent a higher affinity binding site compared with the c-myc
gene. We defined high affinity sites as sites with X50/c-myc50 below 1.5,
medium affinity sites as ratios between 1.5 and 2, and low affinity sites as
ratios above 2. Among the 16 sequences, 9 are high, 2 are medium, and 5
are low affinity sites. The indicated high and medium affinity sites were
used to redetermine the consensus for Blimp-1 (Fig. 2C). B, The data for
representative clones are plotted as the ratio of the c-myc gene retarded
against the molar fold excess of the competitor. Illustrated are the repre-
sentative curves for self competition: high (clones 1, 2, and 15), medium
(clone 13), and low affinity (clone 10) sites.

FIGURE 4. Comparison of Blimp-1 and IRF target sequences. Previ-
ously defined Blimp-1 binding sites from all six known target genes are
listed in the top group, and selected IRF binding sites from established
target genes are listed in the lower group. Only IRFs that have been shown
to have roles in hemopoietic development are listed with an example of
each of their targets. The consensus for Blimp-1 determined in this study
is shown, along with an IRF consensus sequence (11). We have chosen to
show a dimer of the IRF core motif; however, members of the IRF family
could bind to single, double, or multiple repeats of this core. Bolded and
dotted nucleotides indicate identity to the consensus. The boxed nucleotides
represent the most conserved nucleotides of the Blimp-1 consensus. Eleven
and 12 bp of the targets are shown to compare with the 11-bp Blimp-1 con-
sensus and 12-bp IRF-E (IFN regulatory factor element), respectively.
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The relative binding affinity of Blimp-1 for these sites was de-
termined in an EMSA using nuclear extract from P3X cells and the
c-myc probe in the presence of cold competitors (Fig. 5A). The
X50/c-myc50 ratio for the IRF sites was calculated and is shown in
Fig. 5B. As discussed earlier, ratios under 1 indicate sequences for
which Blimp-1 has a higher affinity than for the c-myc sequence;
ratios greater than 1 indicate sequences for which Blimp-1 has a
lower affinity than for the c-myc sequence.

Blimp-1 binds IRF-1 and IRF-2 sites in the IFN-� and histone
H4 genes with affinity similar to that for the c-myc site (Fig. 5B).
However, Blimp-1 binds to the IRF-1 site in the iNOS gene, with
a lower affinity (ratio of 1.53 � 0.03). Blimp-1 binds with much
lower affinity to the IRF-4/PU.1 site in Ig-� and the IRF-8 site in
a MHCI gene, ratios of 6.8 and 6.5, respectively. This is probably
due to that fact that the GAAAG motif is not present in either site.

The affinity of Blimp-1 for its previously identified sites in target
genes for Blimp-1 and IRF proteins was also studied using this
approach (sequences in Fig. 4). Blimp-1 binds its sites in the Pax-5
and Spi-B genes with similar relative affinity as that for the IRF-1
site in iNOS (X50/c-myc50 � 1.77 � 0.17 and 1.37 � 0.16 vs
1.53 � 0.03). The Spi-B gene site has the closest match to the
consensus, containing the GAAAG motif and the two nucleotides,
A and G, in positions 2 and 3 that were consistently seen in the
high affinity sites selected by Blimp-1 binding (Fig. 2A). Both the
Pax-5 and the iNOS sites lack the A and G in positions 2 and 3 and
had lower affinities. The Blimp-1 sites identified in Id3 and CIITA
are bound with lower relative affinity compared with IRF-1 and
IRF-2 sites. The CIITA site does not contain the GAAAG motif,
consistent with low binding affinity. The Id3 site contains this mo-

tif, but still has a relatively low binding affinity, showing that other
parts of the binding site can also affect affinity. However, in the
sites that do not contain the GAAAG motif, GAAAT (in the
CIITA, for example) is a higher affinity binding site than GAAAC
in Ig-� and MHCI (2.47 � 0.15 vs 6.8 and 6.5, respectively). Thus,
Blimp-1 binds a subset of IRF sites, particularly those identified as
IRF-1 or IRF-2 sites, with affinity comparable to or greater than its
affinity for known Blimp-1 sites.

Similar dissociation constant shared between Blimp-1 and IRFs

Equilibrium dissociation constants (Kd) for Blimp-1 and various
IRF proteins binding to representative sites were determined using
EMSA (Fig. 6B). 32P-labeled oligonucleotides (5 � 10�11 to 2 �
10�8 M) were incubated with a constant amount of rBlimp-1,
IRF-1, IRF-2, or IRF-4/PU.1 (14). DNA bound to protein was
separated from the free probe by electrophoresis, and the amount
of free and bound DNA was quantified to generate a binding iso-
therm. A Scatchard plot was used to calculate the Kd as �1/slope
(Fig. 6A). The Kd of Blimp-1 binding to the c-myc site was found
to be 1.93 � 0.35 nM. Kd for IRF-1 and IRF-2 binding to the c-myc
site were found to be 2.09 � 0.64 nM and �3.0 nM, respectively,
comparable to the affinity of Blimp-1 (Fig. 6B). No stable complex
was observed with IRF-4/PU.1 binding to the c-myc site, consis-
tent with data in Fig. 5.

The Kd for Blimp-1 and IRF proteins at IRF sites were also
determined (Fig. 6B). At the IFN-� site, IRF-1 and IRF-2 bind
with a Kd of 1.53 � 0.61 nM and �1.82 nM, respectively, which

FIGURE 5. Affinity of Blimp-1 binding to IRF sites determined by
competition binding. A, Oligonucleotides representing functional IRF-1,
IRF-2, IRF-4/PU.1, and IRF-8 binding sites were used as cold competitors
to challenge the Blimp-1/c-myc gene complex. Illustrated is a plot of the
ratio of Blimp-1/c-myc complex vs the molar fold excess of each compet-
itor, as described for Fig. 3A. B, The relative affinities of the sites were also
determined as a ratio of X50/c-myc50, indicated on the right. For the
Blimp-1 target sites tested, there are IRF sites with similar or better affin-
ities, specifically IRF-1 (1.53 � 0.03) and IRF-2 (0.99 � 0.12) sites. How-
ever, the IRF-4 and IRF-8 sites tested are low affinity sites.

   

   

 

   

   

 

   

FIGURE 6. Determination of Kd for Blimp-1 and IRF proteins binding
to previously identified Blimp-1 and IRF sites. A, Measurement of the
affinity of rBlimp-1 binding to its site on the c-myc gene. EMSA was
performed with an increasing molar amount of the c-myc gene in the pres-
ence of constant amount of rBlimp-1. The smaller graph represents the
amount of 32P-labeled c-myc gene bound by Blimp-1 against unbound
(free) labeled c-myc gene. As illustrated, the reactions have reached satu-
ration for Blimp-1 binding. The larger graph is a Scatchard plot of the ratio
of bound c-myc gene over free c-myc gene against bound c-myc gene. The
equilibrium dissociation constant, Kd, for Blimp-1 binding to the c-myc
gene is determined by Kd � �1/slope. B, Equilibrium dissociation con-
stants for Blimp-1 and IRF at Blimp-1 (c-myc gene), IRF-1/IRF-2/Blimp-1
(IFN-�), and IRF-4 (Ig-�) sites. For protein-site combinations that were
repeated three or more times, SDs are included. For combinations that were
only repeated twice, averages of two values are given: IRF-2/c-myc (2.4
and 3.6 nM) and IRF-2/IFN-� (1.36 and 2.27 nM).
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are both very similar to the affinity of Blimp-1 at this site, 1.74 �
0.28 nM. Blimp-1 bound the IRF-4/PU.1 site in the Ig-� gene
poorly, and a Kd could not be determined; however, IRF-4/PU.1
bound the site with a Kd of 2.87 � 0.87 nM, which is similar to a
previously determined Kd for its binding to this site (34). Thus, the
equilibrium dissociation constants confirm that Blimp-1, IRF-1,
and IRF-2, but not IRF-4/PU.1, bind with similar affinity to a sub-
set of functionally important sites.

Blimp-1 binds IRF-1/2 sites in vivo and competes functionally
with IRF-1

To explore the functional consequences of our in vitro binding
studies, we asked whether Blimp-1 binds in vivo to sites predicted
by our Kd determinations and whether Blimp-1 can compete func-
tionally with IRF-1. As a model to study potential binding com-
petition among IRF-1, IRF-2, and Blimp-1 in vivo, we chose virus-
induced transcription of the IFN-� gene, which has received
extensive studies. IRF-1, IRF-2, and Blimp-1 bind in vitro to the
PRDI site of the IFN-� promoter (1, 35), and IRF-1 and IRF-2
have been shown to bind the IFN-� promoter in vivo following
virus infection (24, 36–43). Although the roles of IRF-1, IRF-2,
and Blimp-1 in the regulation of the IFN-� gene have not been clearly
established, IFN-� is the only gene in which all three proteins are
known to bind in vitro and in which IRF1 and IRF-2 are known to
bind in vivo, providing a good setting for our experiment.

We determined whether Blimp-1, like IRF-1 and IRF-2, also
binds the IFN-� promoter in vivo (Fig. 7) by using ChIP. HeLa
cells were treated with Sendai virus to induce IFN-� transcription.
In this system, IRF-1 is induced rapidly, binding peaks at 6 h, and
decreases to become undetectable by 24 h (41). IRF-2 is consti-
tutively expressed and is induced by IRF-1 following virus infec-
tion (44, 45). IRF-2 is more stable than IRF-1 (12) and remains
elevated 24 h postinfection. Blimp-1 is also induced 6 h postin-
fection (1). The induction of these proteins was confirmed in our
cells by immunoblots (Fig. 7A). IRF-1, IRF-2, and Blimp-1 were
immunoprecipitated from HeLa cell chromatin at 0, 6, and 24 h
postinfection. Primers were designed to amplify the region of the
IFN-� promoter spanning PRDIII-I and, as a negative control, a
region of CSF-1, an unrelated gene not regulated by any of the
proteins. IRF-1 showed significantly increased binding, and IRF-2
showed modestly increased binding to the IFN-� promoter at 6 h,
as previously reported (24, 36, 41). At 24 h, IRF-1 binding was not
detected, and IRF-2 was low and variable in different experiments.
There was a relatively low amount of Blimp-1 bound before virus
treatment, which increased at 6 h and remained elevated at 24 h.
Thus, Blimp-1 does bind in vivo to the IFN-� promoter in the
PRDIII-I region, and the amount of binding in vivo increases at 6 h
postinfection in accordance with the increase in Blimp-1 protein.
Interestingly, Blimp-1 remained bound to a greater extent at 24 h
postinfection, although the total protein levels decreased.

Cotransfections using a reporter dependent on the IFN-� pro-
moter were performed to assess the functional consequences of
Blimp-1 binding. Regulation of the endogenous IFN-� gene is
complex and involves many factors (36, 41); however, studies
have shown that IRF-1 binding alone is capable of inducing a
reporter dependent on the IFN-� promoter (46). Thus, we exam-
ined the effects of Blimp-1 on IRF-1-dependent activation of the
IFN-� promoter. Cotransfection of an IRF-1 expression plasmid
caused an �14� induction of transcription. When the amount of
IRF-1 expression plasmid was kept constant and increasing
amounts of Blimp-1 expression plasmid were included, greater
than 75% of the IRF-1-dependent activation was lost, and this
repression was dependent on the amount of Blimp-1 expression
plasmid added. Thus, in this assay, Blimp-1 can compete effec-

tively with IRF-1 on the IFN-� promoter. Taken together, these
data provide evidence that Blimp-1 binds in vivo to sites in which
IRF proteins, including IRF-1 and IRF-2, bind, and that Blimp-1
can compete functionally with IRF-1.

FIGURE 7. Blimp-1, IRF-1, and IRF-2 bind the IFN-� promoter in
vivo. A, Whole cell extracts of HeLa cells were harvested 0, 6, and 24 h
postinfection with Sendai virus. A total of 500 �g of whole cell extracts
was electrophoresed in 8% SDS-PAGE and Western blotted with Abs to
IRF-1, IRF-2, and actin. A total of 1000 �g of whole cell extracts was
immunoprecipitated with Blimp-1 Ab and then separated, as described
above. B, ChIP assay from HeLa cells using Abs to IRF-1, IRF-2, and
Blimp-1 at 0, 6, and 24 h postinfection with Sendai virus. The region
encompassing the PRDIII-I site was amplified by PCR (2-fold dilutions),
and input DNA were also amplified (4-fold dilutions) as a control for
equivalence of the starting material. Amplification of an unrelated gene,
CSF-1, was used as a negative control. The data shown are representative
of three experiments. C, NIH/3T3 cells were transiently transfected with
the IFN-� reporter construct p�Lux alone, with IRF-1 plasmid and in-
creasing amount of Blimp-1 plasmid. Luciferase activity was measured
24 h posttransfection. Each bar shows the mean of three wells. The data
shown are representative of three experiments.
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Discussion
Identification of the Blimp-1 consensus binding sequence

A nonbiased selection was used to identify a consensus binding
sequence for full-length Blimp-1. The same protocol selected a
nearly identical consensus for a truncated protein containing the
Blimp-1 zinc finger domains fused to GST, consistent with the
understanding that the zinc finger domains confer sequence-spe-
cific DNA recognition (47). In both determinations, the GAAAG
motif was invariant, emphasizing its importance for Blimp-1 bind-
ing to DNA. The consensus matches closely with known Blimp-1
binding sites on previously identified target genes (Fig. 4). How-
ever, a functionally important Blimp-1 binding site in one well-
established target gene, CIITA (Fig. 5), is a relatively low affinity
site that does not contain a perfect GAAAG motif. Thus, low af-
finity sites that do not completely match the consensus can mediate
Blimp-1 repression in vivo. This consensus binding site will be
helpful for future studies to identify genes that are direct targets of
Blimp-1 by identifying potential binding sites. Indeed, we used
this consensus to identify Blimp-1 binding sites in the Spi-B and
Id3 genes, which were found by microarray studies to be repressed
in response to Blimp-1 (7).

The Blimp-1 binding consensus is closely related to the binding
consensus for IRF proteins. Indeed, the Blimp-1 consensus is iden-
tical with the PRDI site in the IFN-� promoter, in which Blimp-1
has been shown to bind in vitro (1). IRF-1 and IRF-2 are known to
bind this site to induce IFN-� transcription in response to virus
infection (35, 48). Our competition studies show that Blimp-1 also
binds to other sites originally identified as IRF-1 or IRF-2 sites.
However, Blimp-1 cannot bind all IRF sites. Specifically, we have
shown that it does not bind to the IRF4/PU.1 or IRF-8 sites tested
(Figs. 5B and 6B).

IRF family proteins bind to two variations of the core IRF con-
sensus sequence: GAAAGT/C and GAAACT/C. IRF-1 and IRF-2
can bind either sequence, while IRF-7 prefers GAAAGT/C and
IRF-3 prefers GAAACT/C (49–51). IRF-4 and IRF-8 bind DNA as
complexes with other proteins, often ets family proteins (14, 52–
54). IRF-4/PU.1 preferentially binds elements containing
GAAACT/C (34, 53). Most, but not all identified IRF-8 sites also
contain GAAACT/C (40, 41). We showed that Blimp-1 preferen-
tially binds to sequences containing GAAAGT/C. It binds well to
IRF-1 and IRF-2 sites containing GAAAGT/C, but does not bind
IRF-4 or IRF-8 sites lacking it. Based on this information, we
predict that Blimp-1 will bind to many IRF sites containing
GAAAGT/C and may interfere with IRF-1, IRF-2, IRF-7, or IRF-8
at those sites. It is unlikely to interfere with the binding of IRF-3
and IRF-4 or of IRF-1, IRF-2, and IRF-8 on sites lacking
GAAAGT/C. However, these predictions, based on in vitro binding
constants, cannot take into account the complexity of the nucleus
in vivo. Proteins bound at adjacent sites or protein modifications,
associations, or sequestration may alter the relative binding affinity
of Blimp-1 or IRF proteins in vivo.

Blimp-1, IRF-1, and IRF-2 as competitors

Kd for Blimp-1 and IRF proteins binding to functionally important
sites were determined. Interestingly, Blimp-1, IRF-1, and IRF-2
have similar Kd for previously identified Blimp-1 and IRF binding
sites containing GAAAG. Thus, in cells in which more than one of
these proteins is present, competition for binding sites containing
GAAAG is a possibility. It is also likely that small differences in
the Kd (Fig. 6B) or in protein concentrations could affect compe-
tition for binding in vivo.

ChIP analyses demonstrated binding of endogenous Blimp-1, as
well as IRF-1 and IRF-2, to the IFN-� promoter following Sendai

virus infection of HeLa cells (Fig. 7). Furthermore, in cotransfec-
tion assays, Blimp-1 was able to compete functionally for IRF-1-
dependent activation of the IFN-� promoter (Fig. 7C). These re-
sults provide evidence that binding competition between IRF-1,
IRF-2, and Blimp-1 may be important in vivo, but the role of these
three proteins in the regulation of the IFN-� remains to be clari-
fied. In general, protein concentration and Kd are predicted to be
important variables in determining site occupation, but other vari-
ables may also play a role, including: 1) cofactors or adjacently
bound proteins that alter affinity; 2) posttranslational modifications
that alter the affinity; or 3) sequestration of particular proteins
away from certain genes. One of these factors may explain the
persistent binding of Blimp-1 to the IFN-� promoter in vivo 24 h
postinfection, despite decreased total protein.

Blimp-1, IRF-1, and IRF-2 (10–12, 30) may interact in the con-
text of plasmacytic differentiation, in which a role for Blimp-1 is
well documented (55, 56). IRF-1 and IRF-2 levels remain constant
during B cell development (57), while Blimp-1 is induced during
terminal differentiation to plasma cells (2, 6–8, 58). Thus, delicate
regulation of target genes in which all three proteins can bind
could be achieved by changes in relative protein concentrations
during induction of Blimp-1 and subtle differences in binding af-
finities for specific sites. Interestingly, although IRF-4 is highly
expressed in plasma cells (14, 17, 53), our data suggest that IRF-4
and Blimp-1 do not recognize the same sites, and therefore, are
unlikely to compete for regulation of any genes.

The in vitro (Figs. 3, 5, and 6) and in vivo (Fig. 7) data showing
that Blimp-1, IRF-1, and IRF-2 can bind the same sites also pro-
vide a molecular mechanism to explain a previously confusing
observation in mice expressing a truncated form of Blimp-1 in
their B cells (59). The truncated protein binds DNA, but cannot
repress transcription, and was designed as a binding site compet-
itor of Blimp-1. However, the mice have abnormalities in periph-
eral B cell development before the stage when Blimp-1 has been
detected. Based on the data presented in this work, this develop-
mental block is probably caused by interference with binding of
IRF1/2 to genes they regulate in maturing B cells. Consistent with
this suggestion, IRF-2�/� mice have defective B lymphopoiesis
(19), demonstrating a requirement for IRF-2 in B cell develop-
ment. IRF-1 and IRF-2 target genes in B cells are not completely
defined, but may include c-myc, p21 (60, 61), or c-myb (62).

In summary, our studies have identified IRF-1 and IRF-2 as
proteins that can compete with Blimp-1 for binding in vitro, and
have provided evidence that these three proteins can bind in vivo
and functionally compete in the IFN-� promoter. This gives a basis
for future studies to identify other genes in which regulation may
be finely tuned by differential occupation of sites recognized by
IRF proteins and Blimp-1.
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