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Bright/ARID3a/Drill, a member of the ARID family of transcription factors, is expressed in a highly
regulated fashion in B lymphocytes, where it enhances immunoglobulin transcription three- to sixfold. Recent
publications from our lab indicated that functional, but not kinase-inactive, Bruton’s tyrosine kinase (Btk) is
critical for Bright activity in an in vitro model system, yet Bright itself is not appreciably tyrosine phos-
phorylated. These data suggested that a third protein, and Btk substrate, must contribute to Bright-enhanced
immunoglobulin transcription. The ubiquitously expressed transcription factor TFII-I was identified as a
substrate for Btk several years ago. In this work, we show that TFII-I directly interacts with human Bright
through amino acids in Bright’s protein interaction domain and that specific tyrosine residues of TFII-I are
essential for Bright-induced activity of an immunoglobulin reporter gene. Moreover, inhibition of TFII-I
function in a B-cell line resulted in decreased heavy-chain transcript levels. These data suggest that Bright
functions as a three-component protein complex in the immunoglobulin locus and tie together previous data
indicating important roles for Btk and TFII-I in B lymphocytes.

The transcription factor Bright (B-cell regulator of immu-
noglobulin H [IgH] transcription)/ARID3a/Drill is a B-cell-
specific protein first discovered in a mature mouse B-cell line,
BCg3R1-d, as a mobility-shifted protein complex that caused
three- to sixfold increases in p heavy-chain mRNA levels in
response to stimulation with a T-dependent antigen and inter-
leukin-5 (42, 43). Bright binds to A+T-rich regions of the
intronic heavy-chain enhancer previously identified as matrix
association regions and to regions 5’ of some variable heavy-
chain (V) promoters, including the V1 S107 family gene (15,
43). The cDNA for Bright was isolated in 1995, and the protein
was shown to interact with DNA as a multimeric complex that
included multiple copies of Bright (15). The Bright protein
structure consists of an acidic N-terminal domain of unknown
function, a DNA-binding A+T-rich interaction domain (ARID),
a putative transactivation domain, a protein interaction domain
containing a helix-turn-helix region, and a small carboxyl-terminal
domain with no assigned function.

Earlier studies indicated that Bruton’s tyrosine kinase (Btk),
the defective enzyme in X-linked immunodeficiency disease in
both mice and humans, is a component of the Bright DNA-
binding complex (28, 44). X-linked immunodeficiency disease
in mice, or X-linked agammaglobulinemia (XLA) in humans,
results in blocks in B-lymphocyte development that ultimately
lead to a deficient production of serum antibodies (9, 33, 40).
Patients with XLLA are unable to fight normal bacterial infec-
tions without frequent intravenous Ig treatments. Although
Btk was identified as the genetic defect in XLA many years
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ago, the mechanism by which Btk deficiencies lead to early
blocks at the pro-B- to pre-B-lymphocyte stages in humans
remains unclear.

Recently, an in vitro model system using an Ig reporter gene
was developed to determine if Btk contributed to Bright func-
tion (32). In this model system, Btk kinase activity was critically
required for Bright-dependent transactivation of the Ig heavy-
chain promoter. However, Bright itself was not appreciably
phosphorylated (44). These data led to the hypothesis that a
third protein, a Btk substrate, was associated with the Bright/
Btk complex (32).

Multiple substrates for Btk have been identified and include
BAMI11, STATS5a, G proteins, and the Btk-associated protein
(135 kDa; BAP135) first identified as a Btk substrate in acti-
vated human B cells (2, 13, 18, 20, 24, 41, 45). Later studies
proved that BAP135 was identical to the transcription factor
TFII-I (35). TFII-I is a ubiquitously expressed protein pro-
posed to function as both a basal transcription factor facilitat-
ing communication between basal machinery at the core pro-
moter and a transcription activator contributing to protein
complexes assembled at upstream sites (36). There are multi-
ple isoforms of TFII-I produced by alternative splicing that
include A, «, B, and y forms of 957, 977, 978, and 998 amino
acids, respectively, and these proteins are differentially ex-
pressed in various cell types (reviewed in reference 34). Each
isoform contains a leucine zipper sequence at the N-terminal
region and six direct helix-loop-helix I-repeats. Two nuclear
localization signals, a DNA-binding domain, and a C-terminal
activation domain have also been identified within these forms
(34). The N-terminal domain, including the first 90 amino
acids, was shown to be important both for the formation of
dimers and for interaction with Btk (37).
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TFII-I has numerous potential phosphorylation sites and
likely contributes to the transcription of multiple genes in
many tissues. Tyrosine residues 248 and 249 are documented
phosphorylation sites for Btk in vitro and, therefore, may be
important in B lymphocytes (12, 29, 37, 45), while Y248 was
indicated as a phosphorylation substrate for JAK2 and src
family kinases (23). Other signaling molecules, such as mito-
gen-activated protein kinase, phosphorylate TFII-I at S633
(22). Mutation of this serine, S633A, yielded a form of TFII-I
that was ineffective in inducing c-fos promoter activation in
transient transfections (21). In another study, TFII-I associ-
ated with a protein called BAM11 and contributed to tran-
scriptional coactivation of a reporter construct (16). In this
case, however, the phosphorylation status of TFII-I was not
directly examined. Due to the complexity of the protein and
the numerous serine/threonine and tyrosine phosphorylation
sites within TFII-1, it has been difficult to demonstrate which
phosphorylation sites are most critical for the regulation of
individual pathways.

Our previous studies suggested that the Bright/Btk complex
required a third protein for transcription activation (32) and
that this protein was likely to be a Btk substrate. Preliminary
evidence from a hamster cell line demonstrated that a 107-kDa
protein that coprecipitated with transiently transfected Bright/
Btk also cross-reacted with anti-TFII-I antibody (32). We
therefore sought to determine if Bright associated with endog-
enous TFII-I in B lymphocytes and whether such an associa-
tion explained the requirement for a third protein in our Ig
model system. The data described herein define regions of
Bright required for an interaction with TFII-I and suggest that
TFII-I is functionally important for Bright activity. Moreover,
the tyrosine residues previously identified as Btk substrates are
critical for Bright function in this system.

MATERIALS AND METHODS

Plasmids. The Ig reporter construct contained the S107 V1 heavy-chain
genomic sequence from —574 base pairs 5’ of the transcription start site through
the leader sequence, first intron, and 146 bases of the coding sequence, along
with a 1-kb Xbal fragment containing the intronic p enhancer (32). The full-
length human Bright expression construct was described previously (28). Each of
the mutant forms of Bright was constructed using a recombinant two-step PCR
technology. A mutant mouse Bright protein with an N-terminal deletion (A216)
was provided by P. Tucker (University of Texas, Austin, TX) (15). The Btk-green
fluorescent protein (GFP) fusion construct was a gift from William Rodgers
(Oklahoma Medical Research Foundation, Oklahoma City, OK). Wild-type
TFII-I and mutant constructs were described previously and include a dominant
negative form (p70) and mutant forms with a leucine zipper deletion (AN90), a
nuclear localization sequence deletion (ANLS1), and a Btk phosphorylation site
mutation (YY248/249FF) (37). A GFP expression plasmid, pmaxGFP (Amaxa,
Gaithersburg, MD), was used in some cases.

Cell culture and transient transfections. The mouse B-cell line BCg3R-1d and
the human B-cell lines CLO1 and Raji were grown in RPMI 1640 supplemented
with 5% fetal calf serum as previously described (42). The T-cell hybridoma line
KD3B5.8 (a gift of D. Farris, Oklahoma Medical Research Foundation) and
Cos-7 cells (ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s
medium (Life Technologies Inc., Gaithersburg, MD) with 10% heat-inactivated
fetal calf serum (Atlanta Biologicals, Norcross, GA), 5 X 107 M B-mercapto-
ethanol (Sigma, St. Louis, MO), 10 mM sodium pyruvate, 1X minimal essential
medium nonessential amino acids, 0.5X minimal essential medium amino acids,
and 50 pg/ml penicillin-streptomycin (all from Invitrogen, Carlsbad, CA).
BCg3R-1d cells were stimulated with CD40 ligand for 18 h as previously de-
scribed (44) to ensure the presence of functionally active Bright DNA-binding
complexes and were transfected with 5 pg of DNA including a GFP reporter
plasmid by using program T27 with the Cell Line Nucleofector kit T (Amaxa)
according to the manufacturer’s directions. Cos-7 transfections were performed
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using calcium phosphate precipitation. Briefly, 10 pg of each plasmid DNA was
mixed with 450 wl of warm water and 50 pl of CaCl, (2.5 M) and was added
dropwise to 500 pl of prewarmed 2X HEPES-buffered saline containing 0.28 M
NaCl, 0.05 M HEPES, 1.5 mM NA,HPO, (pH 7.5). This solution was vortexed
and added to 75%-confluent Cos-7 cells. Medium was changed after 4 to 6 h.
Transfected cells were sorted 48 h later for GFP expression using a MoFlo cell
sorter (Cytomation, Inc., Fort Colllins, CO) by either the Oklahoma Medical
Research Foundation or the University of Oklahoma Health Sciences Center
Flow Cytometry Core Facility. The purity of sorted cells was typically 90 to 97%.

Real-time and semiquantitative PCR. Approximately 200,000 GFP-positive
cells were collected for RNA isolation. RNA was isolated using Tri-Reagent
(Molecular Research Center, Inc., Cincinnati, OH) and immediately treated with
DNase I according to the manufacturer’s protocol (Ambion, Austin, TX). Quan-
tities were measured by spectrophotometry using a Unicam UV1 spectropho-
tometer (Spectronic Unicam). Reactions to generate cDNA included 300 ng
RNA, a 1 mM concentration of a deoxynucleoside triphosphate mix, 25 pM
V1-specific or random primer (Integrated DNA Technologies, Coralville, IA), 40
units RNasin (Promega, Madison, WI), and 200 units SuperScript II RNase H
reverse transcriptase (RT) (Invitrogen). Reactions without RT were performed
in parallel as negative controls. Semiquantitative PCR of p heavy-chain mRNA
from the BCg3R-1d cell line was assessed using a forward primer from the V1
variable region (5'-GTATCCAGTGTGAGGTGAAGC-3") and a reverse
primer from exon 1 of Cp (5'-GAGCTTCCCATCCTTTAGCCA-3") after 40
cycles of 93°C for 30 s, 59°C for 25 s, and 72°C for 40 s. Levels of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were amplified with forward (5'-TTAG
CACCCCTGGCCAAGG-3') and reverse (5'CTTACTCCTTGGAGGCCA
TG-3") primers to assess relative mRNA levels among samples. Intensities of
the PCR products were determined using LumiAnalyst 3.0 software (Roche,
Indianapolis, IN).

Real-time quantitative RT-PCR was performed with specific TagMan primers
and probes (Integrated DNA Technologies) that spanned the first intron of the
V1 gene as described previously (32). Reactions were performed with 96-well
plates using the following conditions: 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s and 55°C for 1 min. Standards were run with
every experiment for consistency and quantification of the amplified DNA.
Standard curves were generated by averaging cycle threshold (Cy) values for
triplicate reactions performed with 10-fold serial dilutions (from 10~* ng to 20
ng) of plasmid containing the V1 gene. Data from triplicate samples were
averaged and converted to ng of product by using the standard curve and
analyzed using ABI Prism 7700 SDS software (Applied Biosystems). GAPDH
transcripts were measured to ensure that the transcription of other genes was not
affected by the transfected proteins, and results are reported as average C,
values.

Western blotting and immunoprecipitation. Whole-cell extracts were pre-
pared from transfected Cos-7 cells 36 h posttransfection using hypotonic lysis as
previously described (43). Briefly, cells were scraped from flasks using a cell
scraper (Costar, Corning, NY) and washed twice in phosphate-buffered saline
containing protease inhibitors (500 pM dithiothreitol, 500 wM phenylmethyl-
sulfonyl fluoride, 21 wM leupeptin, 750 nM aprotinin) before suspension in
extraction buffer (20 mM HEPES [pH 7.9], 420 mM NaCl, 1 mM MgCl,, 0.2 mM
EDTA, 20% glycerol). Cells were homogenized with pestles, and lysates were
collected after 15 min of 4°C centrifugation at 12,000 X g. Lysates were dialyzed
at room temperature for 2 h in storage buffer (20 mM HEPES [pH 7.9], 100 mM
KCl, 0.2 mM EDTA, 20% glycerol) containing protease inhibitors. Total protein
was measured by a modified Bradford assay (Bio-Rad, Richmond, CA).

Whole-cell lysates from transfected Cos-7 cells (200 pg) were precleared with
protein A-Sepharose beads for 30 min. Precleared protein extracts were added to
anti-glutathione S-transferase (GST; Amersham Biosciences), anti-myc (Invitro-
gen), or isotype control (anti-Sp1) antibodies in phosphate-buffered saline con-
taining protease inhibitors (phenylmethylsulfonyl fluoride [5 X 107> M], leupep-
tin [1 X 1072 mg/ml], aprotinin [5 X 107> mg/ml], and sodium vanadate [30
mM]) and rocked at 4°C for 2 h before the addition of protein A-Sepharose (25
wl; 1:1 slurry) and further incubation at 4°C for 12 h. Immunoprecipitates were
washed five times with wash buffer (100 mM Tris-Cl, 500 mM NacCl, 0.1% Tween
20, pH 8) containing protease inhibitors, and proteins were eluted by the addi-
tion of sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis sample
buffer and boiling for 5 min. Samples were run on 7.5% SDS-polyacrylamide gels
using standard protocols and transferred to nitrocellulose membranes (Protran;
Schleicher & Schuell, Keene, NH). CLO1 cells were stimulated with phorbol
myristate acetate (PMA; 10 pg/ml) for 48 h to induce the Bright complex prior
to use in immunoprecipitation assays. Bright and Btk were detected with rabbit
anti-Bright (gift of P. Tucker) and with anti-Btk C-20 (Santa Cruz Biotechnology,
Santa Cruz, CA), respectively, and alkaline phosphatase-labeled goat anti-rabbit
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FIG. 1. Bright DNA-bound complexes are supershifted by antibod-
ies to TFII-I. Mobility shift assays were performed with the prototypic
Bright binding site (bf150) and nuclear extracts from the BCg3R-1d
B-cell line (lanes 1 to 6) or with rabbit reticulocyte lysates containing
an amino-terminally truncated form of in vitro-translated mouse
Bright, A216 (lanes 7 to 12). Antisera to Btk, TFII-I, or a peptide in the
amino-terminal domain of Bright (p29) were added to the extracts as
indicated. Dilutions of the anti-TFII-I serum (1:2 and 1:10) were also
used. Supershifted bands are indicated with an arrow.

Ig (Southern Biotech, Birmingham, AL). TFII-I was detected with goat anti-
peptide TFII-I or goat anti-GST (Amersham Biosciences, Piscataway, NJ) and
alkaline phosphatase-labeled rabbit anti-goat Ig (Southern Biotech). All blots
were visualized using alkaline phosphatase conjugate substrate development
reagents (Bio-Rad).

Probes and EMSASs. Electrophoretic mobility shift assays (EMSAs) were per-
formed with 4% nondenaturing polyacrylamide gels as previously described (43).
The prototypic Bright binding site (a 150-bp BamHI-FokI fragment called bf150)
from the S107 V1 5’ flanking sequence (43) was labeled with y-*?P and used as
a probe. Five micrograms of protein was added to the probe and incubated for
15 min prior to electrophoresis. In some cases, antibodies were added to the
samples for 5 min prior to incubation with the probe. Recombinant Bright and
TFII-I were prepared as previously described (28, 37). In vitro-translated Bright
was produced with TNT-coupled rabbit reticulocyte lysates (Promega).

Antibody-facilitated DNA precipitation. The BCg3R-1d B-cell line stimulated
for 20 h with 20 pg/ml lipopolysaccharide to induce Bright activity (44) or a
negative-control T hybridoma cell line, KD3B5.8 (a gift of D. Farris, Oklahoma
Medical Research Foundation), was subjected to cross-linking and immunopre-
cipitation as previously described (32). Polyclonal anti-peptide TFII-I (32) or
control goat Ig was incubated overnight at 4°C with precleared sonicated ex-
tracts. Immunoprecipitated DNA was phenol-chloroform purified and subjected
to PCR at 95°C for 40 s, 60°C for 1 min, and 72°C for 2 min for 40 cycles with a
10-min extension at 72°C using primers (forward, 5'-CTAGATCCACATGTAT
GATTT-3'; reverse, 5'-GTCTTTCAGACAATAGATTGG-3') that amplify a
150-bp Bright-binding region of the V1 gene (43).

RESULTS

A TFII-I-related protein associates with the Bright DNA-
binding complex. Our previous data suggested that a third
protein, related to TFII-I, associated with Bright (32). To de-
termine if TFII-I associated with Bright in B lymphocytes,
mobility shift assays were performed using the prototypic
Bright binding site (a 150-bp BamHI fragment called bf150)
from the V1 S107 5’ flanking sequence and nuclear extracts
from BCg3R-1d cells (Fig. 1). When anti-peptide antibodies to
the amino terminus of Bright (anti-p29), Btk, and TFII-I were
added to the reaction mixtures, they supershifted the Bright
DNA complexes (lanes 2 to 5), supporting the idea that a
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FIG. 2. Bright, TFII-I, and Btk coprecipitate from the human B-
cell line CLO1. Whole-cell extracts from PMA-stimulated CLO1 cells
were immunoprecipitated (IP) with goat anti-Btk (C20), anti-TFII-I,
anti-Bright, or control goat Ig (Anti-Gtlg) and then immunoblotted
(IB) for the presence of the indicated proteins. The first lane (load)
contains 5% of the total protein used for each precipitation reaction.
Relative molecular weights are indicated.

protein serologically related to TFII-I was a component of the
Bright complex. Because the Bright complex is large, and su-
pershifting with anti-TFII-I was not complete at any available
concentration (lanes 4 to 6), an in vitro-translated, amino-
terminal-deletion form of Bright (A216) (15) was also assessed
for reactivity with these antibodies. While anti-p29 no longer
reacted with the complex (lane 9), both the anti-Btk and anti-
TFII-I antibodies produced clear supershifted bands (lanes 8
and 10 to 12). Previous data showed that Btk was present in
reticulocyte lysates and that TFII-I is ubiquitously expressed
(44). These data confirm earlier experiments indicating the
presence of Btk in the Bright complex (32, 44) and indicate
that the amino-terminal portion of Bright is not required for
interactions with Btk or with the TFII-I-related protein.

Endogenous Bright, Btk, and TFII-I are associated in a
human B-cell line. Immunoprecipitation of protein extracts
from human CLO1 B cells with anti-Btk, anti-TFII-I, and anti-
Bright (lanes 2 to 4) indicated that complexes containing all
three proteins exist in these cells (Fig. 2). Control goat immu-
noglobulin (lane 1) did not precipitate any of the three pro-
teins. Each of the three antibodies precipitated both the 120
and 128 isoforms of TFII-I as previously observed (5, 29, 45).
These results support earlier data showing an association of
Btk and TFII-I in activated human B cells (45) and allow us to
conclude that the TFII-I-related protein in the Bright complex
is TFII-I.

TFII-I and Bright associate with the promoter of a heavy-
chain gene in a B-cell line. The EMSA and immunoprecipita-
tion assay suggest that TFII-I can associate with the Bright
complex but do not address whether these proteins act to-
gether on the Ig locus in B cells. To address this issue, CHIP
assays were performed on the B-cell line BCg3R-1d, which
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FIG. 3. Bright and TFII-I associate in a DNA-bound complex on
the V1 promoter in a B-cell line. Antibody-facilitated chromatin im-
munoprecipitation was performed with stimulated BCg3R-1d B cells
or the T-cell hybridoma KD3BS5.8, using anti-Bright, anti-TFII-I, or
goat Ig (Anti-Gtlg). Immunoprecipitated DNA was PCR amplified at
final dilutions of 1:100, 1:500, and 1:1,000 (represented by triangles)
for the presence of the IgH V1 promoter. Ten percent of the DNA
used for each immunoprecipitation was used as a positive control
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expresses the V1 heavy-chain gene from a transfected Ig gene
containing two Bright binding sites, including the prototypic
Bright site necessary for Bright-induced transcription in vitro
(32, 42). Figure 3 shows that both anti-Bright and anti-TFII-I
precipitated the bf150 Bright binding site from the B-cell line
but not from a T-cell line that contains but does not express the
V1 gene. These data suggest that Bright and TFII-I associate in
vivo to regulate the V1 gene in B cells.

Discrete regions of the Bright protein interaction domain
are required for association with TFII-I. In order to determine
which regions of Bright are important for interactions with
TFII-1, a series of deletion mutants of human Bright was pro-
duced and is depicted in Fig. 4a. Because EMSA data from Fig.
1 suggested that the acidic amino-terminal domain of Bright
was not required for either DNA-binding activity or an asso-
ciation with TFII-I and Btk, no additional mutants were pro-
duced for that domain. A point mutation in human Bright
(Y324A) homologous to the point mutation that resulted in a
dominant negative form of mouse Bright (27) was introduced
in the DNA-binding domain. In addition, mutants with dele-
tions of the activation domain, the helix-turn-helix regions of
the protein interaction domain, and the carboxyl terminus
were generated (Fig. 4a).

Mobility shift assays of extracts from Cos-7 cells transfected
with mutant Bright were used to determine if the mutations
affected DNA-binding activity (Fig. 4b). As predicted from the
murine Bright data (27), mutation of tyrosine 324 to alanine
resulted in a protein that failed to interact with DNA. Deletion
of the carboxyl-terminal domain and 25 amino acids of the
protein interaction domain (A531) resulted in a protein that no
longer bound DNA. Likewise, deletion of most of the activa-
tion domain, including the two helix-turn-helix regions of the
protein interaction domain (AHelix-1,2), resulted in proteins
that failed to bind DNA. On the other hand, mutants lacking
the activation domain and only the first of the helix-turn-helix
regions (AHelix-1) retained DNA-binding activity, suggesting
that only helix 2 is necessary for DNA-binding activity. Simi-
larly, deletion of up to 544 amino acids of the carboxyl end
(A544) resulted in proteins capable of binding DNA (not
shown). Mutant protein levels used for the EMSAs are shown
by Western blotting (Fig. 4c). Together, these data suggest that
tyrosine 324 in the ARID domain and amino acids 459 to 544
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of the protein interaction domain of human Bright are critical
for DNA-binding activity.

Earlier studies demonstrated that monomers of Bright failed
to bind DNA and led to identification of the protein interac-
tion domain in mouse Bright (15). These data were confirmed
in studies showing the presence of dimeric forms of Bright in
nuclear extracts and by data showing that mutant proteins with
point mutations in the ARID domain of mouse Bright that
interfered with DNA-binding activity acted as dominant neg-
ative proteins when expressed with wild-type Bright (27).
Therefore, each of the human mutants that failed to bind DNA
by EMSA was assessed for its ability to coprecipitate as a dimer
with wild-type Bright. myc-tagged full-length or mutant forms
of Bright that altered the size of the proteins relative to the
nontagged forms of the proteins were used for these experi-
ments. Full-length Bright was coprecipitated by anti-myc anti-
bodies with the tagged wild-type protein and each of the tagged
Bright mutants tested except the A531 mutant (data not
shown). The results of these experiments are summarized in
Table 1 and define the 85 amino acids between positions 459
and 544 as critical for human Bright dimerization, consistent
with observations for mouse Bright.

Immunoprecipitation experiments were performed with the
human Bright mutants to determine which regions of Bright
are critical for an association of Bright with TFII-I. In this case,
the human B-cell line Raji, which does not express endogenous
Bright DNA-binding complexes (28), was used for expression
of the Bright mutants. Figure 4d shows that each of the mu-
tants that bound DNA by EMSA (Fig. 4b) also coprecipitated
with TFII-I with either anti-Bright or anti-TFII-I antibodies.
However, the A531 mutant did not coprecipitate with TFII-I.
While the AHelix-1 mutant retained the ability to interact with
TFII-1I, the AHelix-1,2 mutant did not precipitate with TFII-I
(not shown). Results are summarized in Table 1. These data
indicate that amino acids 459 to 544 are critical for an associ-
ation of Bright with TFII-I.

Wild-type Bright interacts with several mutants of TFII-I.
Multiple mutant forms of TFII-I have already been described,
and some of those lack function as a transcription factor (8).
As an initial step to determine if mutants of TFII-I could be
used to assess whether TFII-I contributed functionally to
Bright activity, Cos-7 cells were transfected with wild-type
Bright as well as wild-type and mutated forms of TFII-I, GST
tagged to distinguish those proteins from endogenous TFII-1.
Immunoprecipitation experiments were performed using anti-
Bright antibodies (Fig. 5). Wild-type TFII-I; the nuclear local-
ization sequence mutant (ANLSI); a mutant lacking the
amino-terminal leucine zipper domain (AN90); a dominant
negative protein lacking the carboxyl terminus of the protein,
including I region repeats 5 and 6 (p70); and a protein with
mutations of two tyrosines previously shown to be targets for
Btk phosphorylation, YY248/249FF (YYFF) (8, 12, 37), all
coprecipitated with wild-type Bright as shown by immunoblot-
ting with anti-GST antibodies. Control goat Ig failed to pre-
cipitate wild-type Bright or TFII-I under any conditions, as
shown in lane 1. Similarly, Bright coprecipitated with each of
the mutants when anti-GST antibodies were used to immuno-
precipitate the proteins (not shown). These data indicate that
Bright’s interaction with TFII-I does not require the leucine
zipper, carboxyl terminus, or I region repeats 5 and 6 (8).
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FIG. 4. Bright-TFII-I interactions require amino acids in the protein interaction domain of Bright. (a) A schematic diagram shows the protein
domains and motifs of wild-type human Bright (WT) and the mutant constructs produced. The Y324A point mutation acts as a dominant negative
(DN). A216 is a mouse protein construct. The boxes in the protein interaction domain denote helices 1 and 2. Deletions to individual amino acids
are noted. (b) An EMSA was performed using wild-type and mutant forms of Bright (Br). Lane 1 contains only probe, while lane 2 contains

wild-type Bright (arrow). (c¢) Quantities of Bright proteins used in panel

b are shown by Western blotting. (d) Anti-Bright, anti-TFII-I, or an

isotype-matched control antibody (Gtlg) was used for immunoprecipitation (IP) of protein extracts from transfected Raji cells. Blots were
developed (immunoblotted [IB]) for Bright and/or TFII-I as indicated. Gtlg, goat Ig.

Moreover, these data suggest that these mutants of TFII-I can
be used to assess the functional contribution of TFII-I to
Bright-enhanced transcription of an Ig reporter gene.

TFII-I activity is necessary for enhanced transcription of an
Ig reporter gene by Bright and Btk. We previously designed an

Ig reporter vector that exhibits Bright- and Btk-dependent
enhanced transcription from a Bright binding site upstream of
the basal Ig promoter (32). Because TFII-I is ubiquitously
expressed, it is not clear from those data whether endogenous
TFII-I might also be required for transcriptional activation in
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TABLE 1. Activities of Bright mutants

Presence or absence of:

Bright protein DNA-binding

activity

TFII-I

Dimerization” S
association

+

Wild type
Dominant negative
A216°

A374

AHelix-1
AHelix-1,2

A549

A544

A531

++ 4+ + o+

ND
ND

I+ + 1+ ++
I+ + | +++++

“ Data were obtained from EMSAs using murine Bright.
» ND, not done.

that system. Therefore, real-time PCR was used to quantify the
amount of Ig transcription in Cos-7 cells cotransfected with the
reporter plasmid, Bright, Btk, and wild-type or dominant neg-
ative (p70) TFII-I (Fig. 6). Transfected cells were sorted by
flow cytometry to ensure that the data were derived from
viable and equivalently transfected cell populations. The re-
porter plasmid and empty vectors corresponding to the same
amount of DNA used for the expression plasmids were used in
control samples. Quantities of IgH mRNA were determined
from the average of triplicate C values by using a standard
curve. Addition of wild-type TFII-I to Bright-plus-Btk-trans-
fected cultures resulted in an approximately 2.5-fold increase
in Ig transcription. On the other hand, addition of dominant
negative TFII-I (p70) to Bright-plus-Btk-transfected cells dra-
matically decreased Bright-enhanced transcription (Fig. 6).
GAPDH levels were assessed to demonstrate that transcrip-
tion of genes not dependent on Bright was not affected by the
transfected genes, and Bright proteins did not differ signifi-
cantly among the different transfectants. The mRNA half-life
of GAPDH was reported for several cell lines and ranges from
8.5 to 24 h (4, 25). The experiments shown in Fig. 6 were
performed at 48 h and did not reveal significant differences in
GAPDH levels between wild-type TFII-I- and dominant neg-
ative TFII-I-transfected cells. C, values relative to baseline are
given in the legend for Fig. 6. These data suggest that TFII-I is

IP: Gtlg Ol-Bright

€ 3 o =
= = ]
- 2 A o
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e
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IB: Bright oy "
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critically important for Bright-induced transcription in this
model system.

Tyrosine mutants of TFII-I fail to induce Ig mRNA in the
presence of Bright and Btk. Earlier studies indicated that the
kinase activity of Btk was critically required for Bright-induced
transcription of the Ig reporter gene (32). However, Bright
itself was not appreciably phosphorylated. Both anti-Bright
and anti-TFII-I antibodies precipitated TFII-I from the human
CLO1 B-cell line (Fig. 7a). When immunoblotted with an-
tiphosphotyrosine-specific antibodies, both isoforms of TFII-I
were phosphorylated. More importantly, transfection of
YY248/249FF TFII-I with Bright and Btk produced less tran-
scription of the Ig reporter gene than when wild-type TFII-I
was used (Fig. 7b), suggesting that, in this model system, the
YY/FF mutant functions as a dominant negative protein. To-
gether, these experiments support previous data demonstrat-
ing that TFII-I is a substrate for Btk (12, 37) and suggest a
relationship between the phosphorylation state of TFII-I and
Bright functional activity.

Inhibition of TFII-I activity in a B-cell line affects immuno-
globulin heavy-chain transcript levels. The CHIP data in Fig. 2
suggested that endogenous Bright, Btk, and TFII-I bound 5’ of
the V1 promoter in activated BCg3R-1d cells. Unlike plasma
cell lines that express the V1 gene, this cell line continues to
express endogenous Btk. To determine if the Bright complex in
these cells was susceptible to inhibition by dominant negative
forms of TFII-I, similarly to the reporter gene used in Fig. 6
and 7, BCg3R-1d cells were transfected with a GFP expression
construct and either wild-type TFII-I, p70 dominant negative
TFII-1, or the tyrosine YYFF mutant. Transfected cells were
identified by GFP expression and isolated by flow cytometry.
Semiquantitative PCR was performed for both GAPDH and
the V1-containing IgM heavy chain. Figure 8 shows the results
of two of three experiments performed. Both the p70 and
tyrosine mutants of TFII-I inhibited immunoglobulin tran-
script levels relative to wild-type TFII-I levels. These data are
consistent with the results obtained using the Cos-7 model
system and suggest that Bright activation of the V1 immuno-
globulin gene in this B-cell line requires TFII-1.

Exogenous TFII-I enhances Bright DNA-binding activity.
Although the previous experiments suggest that TFII-I is crit-
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FIG. 5. The amino- and carboxyl-terminal domains of TFII-I are not required for interactions with Bright. Wild-type Bright and several
GST-tagged TFII-I mutants (lanes 2 to 6) were coexpressed in Cos-7 cells and immunoprecipitated (IP) with anti-Bright and immunoblotted (IB)
with anti-GST and anti-Bright antibodies (left panel). Control goat Ig (Gtlg) did not precipitate Bright or TFII-1, as shown for the Bright—plus—
wild-type TFII-I transfectant (lane 1). Protein levels prior to IP (Load) are shown in the right panel.
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FIG. 6. TFII-I contributes to Bright-activated transcription of an IgH reporter plasmid. (a) Cos-7 cells were transfected with an IgH reporter plasmid
and wild-type Bright (Br), Btk, and either a wild-type or dominant negative (p70) TFII-I expression vector. Appropriate empty expression vectors were
used to maintain equivalent levels of DNA in the control (Ctl) transfected cells. [gH mRNA levels were quantified from GFP-positive sorted transfectants
using triplicate real-time PCR samples and a standard curve relating IgH mRNA quantities to average C, values. Data represent a minimum of three
experiments. Standard error bars are shown. GAPDH levels for the control transfectants gave an average C; value of 21, while the Bright-Btk-p70-
transfected cells gave a value of 22 and were within a cycle for each of the other transfectants. Baseline values averaged 37 to 40. (b) Western blots of
proteins from transfected cells used in panel a demonstrate equivalent levels of Bright and TFII-I proteins in the transfected cells. IB, immunoblotting.

ical for Bright function as a transcription activator, the mech- To determine if TFII-I also contributes to the stability of the
anism(s) by which TFII-I contributes to increased transcription Bright complex, purified TFII-I was used in an EMSA with
is unknown. Previously, we reported that exogenous Btk ap- Cos-7 extracts containing suboptimal levels of Bright (Fig. 9).

peared to stabilize Bright DNA-binding activity by EMSA (32). Suboptimal levels of Bright (diluted 1:16 in lane 4) showed
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FIG. 7. Tyrosines within TFII-I are important for its contribution to Bright activity. (a) Extracts (Ext) from the human B-cell line CLO1 (lane
4) were immunoprecipitated (IP) with anti-TFII-I (lane 1), anti-human Bright (Anti-HuBr) (lane 2), or control goat Ig (Anti-Gtlg) (lane 3),
Western blotted (immunoblotted [IB]), and developed with anti-pTyr or anti-TFII-I antibodies. The 120 and 128 isoforms of TFII-I are identified.
(b) Quantitative real-time PCR was used to measure [gH mRNA in sorted GFP" cells transfected with a reporter plasmid and expression vectors
for Bright, Btk, and either wild-type TFII-I or the YY248/249FF (Y Y/FF) mutant form of TFII-I. Control cells (Ctl) were transfected with the same
quantity of DNA but used empty vectors with the reporter plasmid. GAPDH C values from triplicate experiments varied from 23 to 25 among
the three transfected groups. Data were taken from three independent experiments. Standard error bars are indicated.
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FIG. 8. Dominant negative TFII-I reduces immunoglobulin mRNA levels in a B-cell line. Serial dilutions of cDNA prepared from wild-type
(WT), p70, or YYFF TFII-I transfected BCg3R-1d cells were PCR amplified for the V1 p heavy chain and GAPDH. The results of two individual
experiments are shown (a and b). Quantification of the V1 levels relative to the GAPDH level in each lane indicated threefold reductions relative
to WT levels for p70 transcripts in both experiments and threefold and twofold reductions for the YYFF mutant in panels a and b, respectively.
A Western blot indicates relative transfected protein levels in the lower portion of panel a. The positive control in the first lane (+) is an extract

from Cos-7 transfected cells containing wild-type TFII-I.

little to no binding activity alone. Similarly, TFII-I alone did
not show any significant binding to the probe under these
conditions (lane 3). However, when increasing amounts of
TFII-I were added to Bright (lanes 5 to 7), the Bright DNA-
binding activity was increased in a concentration-dependent
fashion. These data suggest that TFII-I contributes to the sta-
bility of the Bright complex but does not bind to the 150-bp
fragment of DNA containing the Bright binding site with
enough stability to be detected by EMSA.
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FIG. 9. Recombinant TFII-I enhances Bright DNA-binding activ-
ity. Mobility shift assay mixtures containing extracts from Bright (Br)-
expressing Cos-7 cells (neat in lane 2 or at a suboptimal 1:16 dilution
in lanes 4 to 7) were incubated with 2, 3, and 4 pg (lanes 5, 6, and 7,
respectively) of purified TFII-I prior to addition of the bf150 Bright
binding site probe. Probe alone was assayed in lane 1. An arrow
indicates the Bright complex.

DISCUSSION

Our earlier studies showing that kinase-active Btk was re-
quired for Bright activity in a model system using an Ig re-
porter assay suggested that a Btk substrate was critical for
transcription activation in this assay (32). Data presented here
show that TFII-I is a component of the Bright DNA-binding
complex and that it is associated with endogenous Bright in a
human B-cell line. A region of 85 amino acids highly conserved
between mouse and human Bright was required for the asso-
ciation of Bright and TFII-I. Experiments using dominant neg-
ative forms of TFII-I, including one that was not efficiently
phosphorylated by Btk, indicated that TFII-I was critically re-
quired for Bright-induced activation of an Ig reporter gene.
Furthermore, dominant negative forms of TFII-I also effec-
tively inhibited Ig transcript levels in a B-cell line. These data
extend our previous studies indicating an important role for
Btk in Bright function and provide functional evidence that
supports other studies suggesting a link between Btk-in-
duced phosphorylation of TFII-I and human B-lymphocyte
activation (45).

Mobility supershift, CHIP, and immunoprecipitation exper-
iments indicate that TFII-I is a component of the Bright com-
plex. Results from Fig. 2 show that endogenous forms of
Bright, Btk, and TFII-I proteins associate in a human B-cell
line. Both the 120- and 128-kDa isoforms of TFII-I coprecipi-
tated with Bright. Dimerization of TFII-I has been reported,
and several isoforms are expressed in multiple cell lines (5, 8).
Previous data showed coprecipitation of 120 and 128 isoforms
with Btk from activated human B cells (45). These data are
consistent with earlier data identifying Btk as a functionally
important component of the Bright complex (32). They further
suggest that Btk, Bright, and TFII-I form a protein complex
that is recruited to the Ig locus.

The domains important for mouse Bright activity have been
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described previously (15) and are predicted to be similar in the
human protein due to the high homology between mouse and
human Bright/ARID3a. Because Btk defects result in human
disease that differs phenotypically from the murine disease by
exhibiting earlier blocks in B-lymphocyte development (9), it
was important to examine the structural properties of human
Bright as well as its association with Btk and TFII-I. Mobility
shift data demonstrate that a point mutation within the ARID
domain of human Bright is sufficient to interfere with DNA
binding, as has been observed for murine Bright (27). Further-
more, the data presented in Fig. 4 and Table 1 support previ-
ous findings, suggesting that DNA-binding activity and the
ability to form dimers are strongly correlated (15, 27) and
extend those studies to better define the amino acids involved
in human Bright. Finally, we show that an 85-amino-acid se-
quence within the protein interaction domain that partially
overlaps the region required for Bright dimerization is critical
for TFII-I interactions. Immunoprecipitation data from trans-
fected Cos-7 cells (Fig. 5) suggest that TFII-I can associate
with human Bright in the absence of Btk. The domains re-
quired for association of Btk with Bright have not been
mapped because most systems also contain endogenous
TFII-I. Indeed, Btk may associate with Bright only through its
interactions with TFII-I.

The functional significance of TFII-I in the Bright complex
was demonstrated using an in vitro model system previously
shown to be dependent on both Bright DNA-binding activity
and Btk kinase activity (32). Although TFII-I is ubiquitously
expressed, addition of exogenous TFII-I further enhanced
Bright-dependent activation of the Ig reporter gene over two-
fold (Fig. 6). These results are similar to findings of Hirano et
al., in whose work enforced expression of TFII-I led to in-
creased transcriptional induction of a reporter by Btk and the
activation domain of BAM11 (16). However, gene targets for
BAMI11 have not yet been identified. Expression of the p70
dominant negative form of TFII-I that lacks an activation do-
main inhibited VB promoter activity in a T-cell system (7).
Dominant negative TFII-I expression in our model system
resulted in only 25% of the transcription induced by Bright and
Btk alone and only 10% of the activity observed when wild-
type TFII-I was expressed with Bright and Btk. However, tran-
scription of the housekeeping gene GAPDH was only modestly
affected by either form of TFII-I, suggesting that the effects
observed with the Ig reporter were not due to general effects
on all transcription. These data indicate that TFII-I is critically
required for Bright-induced Ig transcription in this model system.

TFII-I was originally identified as a substrate for Btk in B
cells (45). TFII-1 is a large protein and has multiple potential
phosphorylation sites (6, 8) which may play important roles in
many intracellular pathways. Indeed, most cells contain phos-
phorylated forms of TFII-I, and the TFII-I that coprecipitated
with Bright in CLO1 cells was no exception (Fig. 7). Several
tyrosines toward the amino terminus of TFII-I were suggested
to be phosphorylated by Btk (12, 37). Bright-dependent tran-
scription activation in our in vitro model system was totally
dependent upon tyrosines at positions 248 and 249 of TFII-I
(Fig. 7), suggesting that the mutations in TFII-I resulted in a
dominant negative protein. These data are consistent with pre-
vious experiments showing a critical requirement for Btk ki-
nase activity for Bright-induced transcription activation (32).
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Although we have not addressed whether the requirement
for TFII-I in Bright-induced transcription extends to all Bright
target genes, V1 Ig gene expression in the B-cell line
BCg3R-1d was inhibited by both the p70 form of TFII-I and
the YYFF tyrosine mutant (Fig. 8). Transfection of wild-type
TFII-I did not affect Ig transcription in those cells. These data
support the findings from the in vitro model system and suggest
that endogenous Bright and Btk can be inhibited by dominant
negative forms of TFII-I. However, it is not clear whether
TFII-1/Bright/Btk complexes are important for the transcrip-
tion of all immunoglobulin heavy-chain genes, as some V;
promoter-flanking regions do not contain obvious Bright bind-
ing sites (14). Nonetheless, a model for Bright-enhanced acti-
vation of at least some Ig genes involving Bright DNA-binding
activity—interaction of Bright with TFII-I/Btk and subsequent
phosphorylation of TFII-I by Btk—can be envisioned.

The precise mechanism by which TFII-I contributes to tran-
scription activation remains unclear, but data from Fig. 9 suggest
that one function of TFII-I is to stabilize Bright DNA-binding
activity. Our chromatin-facilitated immunoprecipitation data in-
dicate that Bright and TFII-I are recruited to the Ig promoter of
the V1 gene. However, these experiments do not imply that
TFII-I binds directly to the Bright binding motif, or even nearby
sequences. Indeed, TFII-I alone failed to bind the 150-bp frag-
ment containing the prototype Bright site by EMSA (Fig. 9). In
other systems, TFII-I has been shown to bind upstream of basal
reporter sequences (17, 21, 30). Therefore, sequences between
the Bright site and the transcription start site may bind TFII-I. It
is less likely that sequences upstream of the Bright sequence are
important for Ig activation, because such sequences are absent
from the Ig reporter construct. On the other hand, TFII-I was
originally suggested to play an important role in activating TATA-
less promoters through sequences near the transcription start site
and was even shown to play a role in the transcription of immu-
noglobulin promoters (7, 11, 39). The V1 reporter system used
here lacks a typical consensus TATA box and contains several
putative initiator-like sequences. Additional experiments will be
required to determine if TFII-I binds directly to the V1 promoter
region and which additional promoter sequences are critical for
Bright-dependent TFII-I activation.

The data presented here are the first to show that TFII-I
associates with the transcription factor Bright and that this
association is functionally significant for Ig transcription in
vitro. In addition, these data extend findings demonstrating
that Btk is also a key component of the Bright regulatory
complex and suggest that its major role in this system is to
phosphorylate TFII-I. Other cytoplasmic roles for Btk contrib-
ute significantly to events in B-cell activation (1, 3, 19, 31, 38),
but the functional significance of the nuclear Btk reported by
our lab and others (26, 44) was not clear. Our data now suggest
that nuclear Btk, Bright, and TFII-I may be important for Ig
transcription in vivo.

Defects in Btk have long been associated with blocks in
B-lymphocyte development and subsequent failure to produce
serum Ig (10, 33, 40). The data presented here do not address
whether the Bright/TFII-I/Btk complex plays a role in B-cell
development through regulation of the Ig locus. Nor do they
rule out additional roles for Btk that do not require Bright
and/or TFII-1. However, it is interesting to speculate that fail-
ure to upregulate surface Ig in antigen-stimulated B cells due
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to inappropriate functioning of the Bright complex could result
in blocks in B-cell differentiation. Alternatively, other critically
important gene targets for Bright/Btk/TFII-I may contribute to
B-cell differentiation. Additional experiments using Bright-de-
ficient systems are in progress to explore these questions.
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