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B cells express a unique E-box-binding activity that contains basic helix-loop-helix (bHLH) proteins encoded
by the E2A gene. E2A proteins play a central role in immunoglobulin gene transcription and are also required
for the generation of the B-lymphocyte lineage. In muscle, E2A proteins bind DNA as heterodimers with
muscle-specific bHLH partners, such as MyoD and myogenin, and these heterodimers are thought to be both
necessary and sufficient for muscle determination in cultured cells. Our results indicate that in B cells, the
bHLH partners for E2A proteins are not B-cell-restricted proteins, but are the E2A proteins themselves. UV
cross-linking, gel purification, and the analysis of ‘‘forced heterodimers’’ indicate that BCF1 is primarily a
homodimer of the E2A protein E47. Since E47 is widely expressed, our results argue for a difference in the
inherent DNA-binding properties of the E47 protein in B cells and may help explain the restricted B-lineage
defect observed in E2A-deficient mice.

The basic helix-loop-helix (bHLH) family of DNA-binding
proteins is represented by both cell type-restricted and widely
expressed members. The myogenic proteins MyoD, myogenin,
MRF4, and myf-5 are examples of cell type-specific bHLH
proteins whose expression is limited to skeletal muscle. They
are also examples of master regulatory proteins that, individ-
ually, have the capacity to initiate the expression of a cascade
of muscle-specific genes that imposes muscle phenotypes on a
variety of nonmuscle cell lines (for reviews, see references 20
and 27). The E proteins E2A, E2-2, and Heb are examples of
widely expressed bHLH proteins (11, 12, 16, 19). There are
three E2A proteins that arise from alternative splicing of the
E2A gene’s primary transcript. E47 and E2-5 differ only in
their N-terminal amino acids; a functional difference between
them has not been observed. The E12 protein differs from E47
and E2-5 in its bHLH region, which is encoded by alternative
E2A gene exons (14). E12 has been reported to bind DNA
poorly as a homodimer as a consequence of a negative domain
immediately N-terminal of the bHLH motif (25). Indeed, early
studies with E12 led to the observation that MyoD-E12 het-
erodimers bound DNA more avidly than either MyoD-MyoD
homodimers or E12-E12 homodimers (17). This, along with
the finding that MyoD and myogenin in muscle cells exist as
heterodimers with E proteins (15), led to the hypothesis that
the widely expressed bHLH proteins may typically bind DNA
as heterodimers with cell type-restricted bHLH proteins. Ge-
netic data with Drosophila bHLH proteins also support a gen-
eral involvement of heteromeric interactions among the mem-
bers of this protein family.
The E2A proteins were initially isolated as immunoglobulin

enhancer-binding proteins (11, 16) and insulin promoter-bind-
ing proteins (19). Indeed, transfection studies indicated that
they could activate the immunoglobulin heavy-chain (IgH) en-
hancer through a mechanism involving both derepression and
direct activation (7, 23). Interestingly, the E2-5 used in the
latter studies was able to activate transcription in fibroblasts
and in yeast cells, for which cell type-restricted partners prob-
ably do not exist. Whether the potent activity of these pre-
sumed homodimers was a consequence of gross overexpres-

sion—imparting characteristics not normally exhibited by
endogenous proteins—or due to some innate property of the
E2-5 protein is not known. Recent experiments showing that
MyoD cannot activate the IgH enhancer in transfection exper-
iments despite its ability to bind the enhancer in vitro suggest
that the functional properties of an E2A homodimer are dif-
ferent from those of a MyoD-E2A heterodimer (28). The in-
volvement of E2A proteins in immunoglobulin gene expression
is further supported by the existence of a B-cell-specific DNA-
binding activity, denoted BCF1, that contains E2A proteins (3,
13, 18). Because of its high sensitivity to an anti-E2A antiserum
and its comigration with E47 homodimers in native gels, BCF1
was postulated to be an E2A homodimer (18). However, the
wide cellular distribution of E2A RNA, combined with the
B-cell-specific expression of BCF1 and the finding of MyoD-
E2A heterodimers in muscle cells, makes it equally reasonable
to speculate that BCF1 is composed of heterodimers of E2A
and B-cell-restricted bHLH proteins.
Recent work indicates that E2A proteins are absolutely re-

quired for the B lineage in mice (4, 29). However, these find-
ings do not address the possibility of a B-cell-restricted bHLH
partner. The work presented here addresses this issue directly.
We find that BCF1 does not contain a B-cell-restricted bHLH
partner. Rather, BCF1 appears to be a homodimer of the E2A
protein E47, suggesting a unique difference in the properties of
E47 found in B cells.

MATERIALS AND METHODS
Analyses of nuclear DNA-binding activities. HeLa and RD rhabdomyosar-

coma cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum, 100 U of penicillin per ml, and 100 mg of
streptomycin per ml. Namalwa, Raji, and Jurkat cell lines were grown in RPMI
containing 10% fetal bovine serum, 13 nonessential amino acids, 100 U of
penicillin per ml, and 100 mg of streptomycin per ml. Aza-myoblast P-2 cells (a
gift of Harold Weintraub, Hutchinson Cancer Research Center) were main-
tained in DMEM containing 20% fetal bovine serum, 100 U of penicillin per ml,
and 100 mg of streptomycin per ml. P-2 cells were differentiated at 80% conflu-
ence by changing the medium to DMEM containing 10 mg of insulin and 10 mg
of transferrin per ml for 48 h. Nuclear extracts were prepared by the procedure
described before (24), modified to include the following protease inhibitors in
the nuclear resuspension buffer: leupeptin, 10 mg/ml; pepstatin A, 1 mg/ml;
aprotinin, 1 mg/ml; and phenylmethylsulfonyl fluoride, 1 mM.
The probes used for electrophoretic mobility shift assays (EMSAs) are shown

in Table 1. Probes were labeled with Klenow fragment (Promega), [a-32P]dCTP,
[a-32P]dATP, dGTP, and either dTTP (for octamer, Pu.1, mE4, and mE5) or
5-bromo-dUTP (Sigma) (for mE5-UV).
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Binding reaction mixes (15 to 20 ml) contained 1 to 3 ml of nuclear extract or
bacterially produced DE47 (where specified), 1 ng of labeled probe, 25 ng of
unlabeled competitor (where specified), 1 ml of antibody (where specified), and
2 mg of poly(dI:dC) in 12 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-eth-
anesulfonic acid)-NaOH (pH 7.9)–4 mM Tris-HCl (pH 7.9)–60 mM KCl–1 mM
EDTA–1 mM dithiothreitol (DTT)–12% (vol/vol) glycerol. Samples were re-
solved on 5% polyacrylamide gels (29:1, acrylamide-bisacrylamide) at room
temperature with 0.53 TBE (45 mM Tris-borate, 1 mM EDTA [pH 8]). For the
UV cross-linking analysis of complexes formed on the mE5-UV probe, the gel
was exposed to UV light (300 nm; Fotodyne transilluminator) for 15 min, and
protein-DNA complexes within individual gel slices were then resolved by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visu-
alized by autoradiography.
Preparation of SDS-PAGE-fractionated extracts. Wet cell pellets were dis-

solved in 23 SDS loading buffer, boiled for 5 min, and resolved by SDS-PAGE.
Molecular mass standards were used to estimate the molecular masses of pro-
teins in each part of the gel, and slices were isolated accordingly (see figure
legends). The proteins in each slice were electroeluted with an Electro-Eluter
(Bio-Rad model 422), dialyzed against 50 mM Tris-HCl (pH 8)–150 mM NaCl,
and precipitated with acetone solution (80% acetone, 10 mM Tris-HCl [pH 8], 30
mM NaCl) overnight at 2808C. Proteins were collected at 48C by centrifugation
(15 min, 10,000 rpm; Beckmann JA-20) and suspended in 6 M guanidinium-HCl
(pH 8). Proteins were renatured at 48C by dialyzing against TM buffer (50 mM
KCl, 50 mM Tris-HCl [pH 7.9], 1 mM EDTA, 1 mM DTT, 20% [vol/vol]
glycerol). For fraction mixing experiments, eluted proteins were mixed prior to
dialysis against TM buffer.
Expression of transfected proteins. The E2-5 expression plasmid pCMVE2-5

was made by inserting the HindIII-BamHI fragment from pSVAE2-5 (11) into
pCMV5 (1). The expression vector for the N-terminally truncated E2-5 (DE47),
pCHNE2-5C, was constructed by inserting the NotI-BamHI fragment from the
E2-5 cDNA into pCHN. pCHN was made by placing oligonucleotides coding for
a hemagglutinin epitope (YPYDVPDYA) and simian virus 40 T antigen nuclear
localization signal (PKKKRKV) downstream of the cytomegalovirus promoter in
pCMV5. pCHNE2-5C expresses a truncated E2-5 with a hemagglutinin epitope
and nuclear localization signal at its N terminus. Transfections of NIH 3T3 cells
were carried out essentially as described before (8) with 5 mg of expression vector
and 10 mg of an unrelated plasmid to bring the total plasmid amount to 15 mg per
100-mm plate. DE47 was expressed in bacteria as an oligohistidine fusion protein
by using the bacterial expression plasmid pDSE2-5C (map available upon re-
quest). Purification of DE47 from bacterial extracts was achieved by nickel
chelate chromatography (Novagen) per the manufacturer’s instructions.
Analyses of endogenous E2A proteins and RNAs. For Western (immunoblot)

analysis (26), nuclear extracts of Namalwa, Raji, Jurkat, and HeLa cells were
mixed with an equal volume of 23 SDS loading buffer and boiled for 5 min. After
resolution by SDS-PAGE, proteins were transferred to nitrocellulose mem-
branes (BA85; Schleicher & Schuell). Membranes were then exposed to the
anti-E2A monoclonal antibody YAE (13) (generous gift of C. Nelson, University
of California at Riverside), followed by horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin antibody (ECL; Amersham) per the manufacturer’s
instructions.
For phosphorylation analysis, cells were pretreated with phosphate-free me-

dium for 2 h and incubated with 32P (1 mCi/ml) for 3 h. Nuclear extracts were
prepared, and E2A proteins were precipitated with the monoclonal antibody
MAb G98-271.1.3 (3) (generous gift of C. Murre, University of California at San
Diego). Pellets were washed three times with RIPA buffer (150 mM NaCl, 1%

Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris-HCl [pH 8]), resolved
by SDS-PAGE, and visualized by autoradiography.
For analysis of E47 (E2-5)- and E12-specific mRNAs, polyadenylated RNA

was isolated from Namalwa and HeLa cells (FastTrack; Invitrogen) per the
manufacturer’s instructions. Reverse transcription reactions were carried out
with 100 and 200 ng of each RNA, and PCRs were carried out with E2A primer
1 (59-GGAGAAGAAGGAGCTGAAGG-39) and primer 2 (59-AGGCTGCTT
TGGGATTCAGG-39) end labeled with 32P. PCR products were cut with PstI
and XmaI, resolved by PAGE, and visualized by autoradiography.

RESULTS

BCF1 DNA-binding activity does not correlate with levels of
individual E2A proteins. It has been shown previously that
E2A proteins from B cells bind DNA as part of a B-cell-
restricted activity denoted BCF1. To examine E2A in cells in
which DNA binding cannot be detected, we used monoclonal
antibodies raised against human E2A. Because these antibod-
ies recognize the human protein only, we resorted to studying
E2A in human cell lines. In agreement with the results ob-
tained with mouse cell lines (3, 13), human cells also identified
BCF1 as a B-cell-specific E-box-binding activity (Fig. 1A).
BCF1 was detected in two mature B-cell lines (Namalwa and
Raji) and not in muscle-derived rhabdomyosarcoma (RD)
cells, T cells (Jurkat), or cervical carcinoma cells (HeLa). The
BCF1 in Namalwa cells bound to probes corresponding to both
the mE5 and mE4 E boxes within the IgH enhancer (Fig. 1B)
and reacted completely with antibodies specific for the E2A
protein and not with antibodies directed against the related
bHLH protein E2-2 (Fig. 1B) or Heb (data not shown).
Western analysis detected E2A protein in the nuclei of all

five of the human lines (top band, Fig. 1C). Although the levels
of E2A protein were observed to vary somewhat from cell line
to cell line, we found no correlation between the levels of E2A
protein and DNA binding by BCF1. Raji and HeLa cells, for
example, expressed similar levels of the E2A protein, but
BCF1 activity was only detected in Raji cells. Likewise, Na-
malwa, RD, and Jurkat cells expressed comparably high levels
of E2A protein, but only Namalwa cells contained BCF1.
Human E2A proteins include three alternatively spliced

forms: E12, E47, and E2-5. E47 and E2-5 have the same bHLH
domain and differ in their N-terminal amino acids. Since a
functional difference between E47 and E2-5 has not been ob-
served, we will henceforth use the name E47 for both of these
proteins as a matter of convenience. E12 differs from E47 in
that it contains a distinct bHLH domain. It has been reported
that E12 does not bind DNA as a homodimer because of the
presence of a negative domain immediately N-terminal to the
bHLH (25). This region is different in E47, which binds DNA
well as a homodimer in vitro. It is formally possible that cell
type-specific differences in DNA binding by E2A could be a
consequence of cell type-specific differences in the expression
of E12 versus E47. For example, B cells may express E47, while
other cell types express E12. We therefore examined the rel-
ative levels of E12 and E47 transcripts in HeLa cells and
Namalwa cells by a PCR-based protocol that distinguishes the
two transcripts (Fig. 2). E12 and E47 RNAs were reverse
transcribed and amplified with a single set of primers, and the
PCR products were subsequently distinguished by restriction
analysis. Two concentrations of cDNAs were used to verify the
linearity of the assay. We found that both HeLa and Namalwa
cells expressed predominantly E47 and that E12 constituted a
relatively minor species in both cell types. We conclude that
cell type-specific differences in DNA binding are not a conse-
quence of cell type-specific expression of differently spliced
variants of E2A.
We also looked for gross differences in phosphorylation be-

tween E2A proteins expressed in the various cell lines. E2A

TABLE 1. Probes used for EMSAs

Probe Sequence

mE4......................................59-GATCAAACACCACCTGGGTAAT-39
39-TTTGTGGTGGACCCATTACTAG-59

Mutant mE4........................59-GATCAAACTCTAGATGGGTAAT-39
39-TTTGAGATGTACCCATTACTAG-59

mE5......................................59-GATCCCAGAACATTTGCAGCAG-39
39-GGTCTTGTGGACGTCGTCCTAG-59

Mutant mE5........................59-GATCCCAGAACATTTGCAGCAG-39
39-GGTCTTGTAAACGTCGTCCTAG-59

Octamer ..............................59-GATCCCTGGGTAATTTGCATTTCTAA-39
39-GGACCCATTAAACGTAAAGATTCTAG-59

Mutant octamer .................59-GATCCCTGGGTAATGTTCAGTTCTAA-39
39-GGACCCATTACAAGTCAAGATTCTAG-59

PU.1.....................................59-GATCCCTCTGAAAGAGGAACTTGG-39
39-GGAGACTTCGATAGCGAACCCTAG-59

Mutant PU.1.......................59-GATCCCTCTGAAGCTATCGCTTGG-39
39-GGAGACTTCGATAGCGAACCCTAG-59

mE5-UV ..............................59-CCAGAACACC-39
39-GGTCTTGTGGACGTCGTCCTAG-59
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was seen to be phosphorylated in both Jurkat cells and Namal-
wa cells (Fig. 1D) and also in the Raji, HeLa, and RD cell lines
(data not shown). We conclude that phosphorylation at this
level of analysis does not regulate E2A’s DNA-binding activity,
although we cannot discount the possibility that phosphoryla-
tion of a subset of amino acids may be important.
An E47 fraction from B cells is sufficient to generate E-box-

binding activity. It has been proposed that certain bHLH pro-
teins bind DNA as obligate heterodimers. Indeed, hetero-
dimers of MyoD and E12 produced in vitro bind DNA better
than homodimers of either protein alone (17). Moreover, the
major E-box-binding species in muscle extracts are het-
erodimers of E2A proteins and MyoD and/or myogenin (15).
Thus, DNA binding by E2A proteins can be activated by cell
type-specific bHLH proteins. We therefore asked whether B
cells also harbor a B-cell-specific bHLH protein that stimulates
DNA binding by E47.
We first examined the composition of BCF1 by UV cross-

linking analysis. Figure 3 shows the proteins cross-linked to a
labeled mE5 probe when a gel slice containing various E-box-
binding complexes (lanes 1 to 3) was exposed to UV light. E47
produced in Escherichia coli bound DNA as a homodimer
(complex B, lane 1, Fig. 3A; note that this E47 was produced
from a cDNA that is just under full length). When a gel slice
containing this complex was exposed to UV light and labeled
proteins were resolved by SDS-PAGE, a single protein was
detected (Fig. 3B, lane B). Similarly, a deleted version of E47
(DE47) produced in E. coli also bound DNA as a homodimer
(complex A, lane 3, Fig. 3A), and UV cross-linking identified a
single protein species, as expected (Fig. 3B, lane A). When the
BCF1 complex from B-cell extracts (complex D, lane 2, Fig.
3A) was similarly analyzed, three labeled proteins were ob-
served (Fig. 3B, lane D). One of these had the expected mo-
bility of native E47. The second and third species had apparent
molecular masses of approximately 30 and 190 kDa.
To assess whether the 30-kDa and 190-kDa proteins were

tightly associated with the BCF1 complex or, instead, were
cross-linked as a consequence of coincidental comigration, we
altered the mobility of the BCF1 components in the gel. We
did this by adding the bacterially produced DE47 to the B-cell
extract. This resulted in the appearance of a heteromeric com-
plex between the components of BCF1 and DE47 (Fig. 3A,
complex C, lane 3). This complex is not formed when HeLa or
NIH 3T3 cell extracts are mixed with DE47, indicating that it
retains the B-cell-specific components of BCF1 (data not
shown). When a gel slice containing the altered-mobility com-
plex was exposed to UV light, three proteins were detected
(Fig. 3B, lane C). One had the mobility expected of native
E2A, one had the mobility of DE47, and a third appeared to be
the ;30-kDa protein. We conclude that the mobility of the
;30-kDa protein shifted when DE47 was added to the B-cell
extract, either as a direct consequence of heterodimer forma-
tion (with DE47) or through stable association with E47 or
other components of BCF1. We are unable to draw any con-
clusions concerning the ;190-kDa protein, which was not re-
tained in the altered-mobility complex.FIG. 1. BCF1 in human cell lines contains E2A protein but does not corre-

late with E2A expression levels. (A) BCF1 is detected in human B-cell lines
(Namalwa and Raji), but not in muscle-derived rhabdomyosarcoma cells (RD),
T cells (Jurkat), or cervical carcinoma cells (HeLa). DNA-binding reactions were
carried out as described in Materials and Methods. Each panel depicts DNA-
binding activities with different radiolabeled probes in an electrophoretic mobil-
ity shift assay. Lanes: —, no competitor DNA; M, mutant competitor DNA; W,
wild-type competitor DNA added to the binding reaction mixes. (B) Namalwa
BCF1 binds two E boxes in the IgH enhancer and contains E2A but not E2-2
proteins. Namalwa cell nuclear extracts were incubated with probes correspond-
ing to the mE5 sites and mE4 sites of the IgH enhancer alone or in the presence
of anti-E2A monoclonal antibody, anti-E2-2 monoclonal antibody, or competitor
DNA corresponding to a mutant mE4 site (ME4), a wild-type mE4 site (WE4),

a mutant mE5 site (ME5), or a wild-type mE5 site (WE5). (C) Western analysis
of E2A in nuclear extracts from Namalwa, Raji, RD, Jurkat, and HeLa cells. The
expected molecular mass of E2A is consistent with migration of the upper band.
Other bands likely represent other proteins that are also recognized by the YAE
monoclonal antibody. Sizes are shown in kilodaltons. (D) Autoradiogram of E2A
protein immunoprecipitated from 32P-labeled Namalwa and Jurkat cells with
monoclonal antibody MAb G98-271.1.3. Similar results were obtained with the
YAE monoclonal antibody.
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We next tested the idea that the 30-kDa protein functions
like MyoD to stimulate the DNA-binding activity of native
E2A. To do this, we resolved cell extracts by SDS-PAGE and
then tested the DNA-binding activity of proteins eluted and
renatured from individual gel slices representing different-
sized proteins. Since we had a reasonable expectation for the
results of this experiment with muscle cells (i.e., E-box-binding
activity should be enhanced upon heterodimer formation), we
used differentiated P-2 muscle cells as a positive control (Fig.
4A). When unfractionated P-2 extracts were tested for E-box-
binding activity, a major cluster of complexes was observed
(Fig. 4A, lane 2). These complexes were shown previously to
contain MyoD-E2A and myogenin-E2A heterodimers (15).
When the P-2 extracts were first resolved by SDS-PAGE and
the DNA-binding activity of renatured proteins eluted from
individual gel slices was examined, very little activity was re-
covered (Fig. 4A, lanes 3 through 8). The gel slice that con-
tained E2A (slice A) gave rise to a small amount of binding
activity that comigrated with a minor, slow-mobility complex
observed in the unfractionated extract (Fig. 4A, lane 3). The
gel slices that contained the myogenic bHLH proteins (slices C
and D) gave rise to no DNA-binding activity on their own (Fig.
4A, lane 6). However, when the proteins of slice A and slice D
were mixed prior to renaturation, a strong stimulation of
DNA-binding activity was seen, and this activity comigrated
with the major complexes observed with the unfractionated
extract (Fig. 4A, lane 11). These results confirm that muscle
cell-derived E2A proteins bind DNA better as heterodimers
with myogenic bHLH proteins.

We performed the same analysis with B-cell extracts (Fig.
4B). In the particular experiment shown, the B-cell extract
gave rise to BCF1 along with some additional E-box-binding
complexes whose presence varies from extract to extract. Be-
cause of this variability, these complexes have not been char-
acterized further. Unlike the situation seen with the muscle
extracts, the E2A-containing gel slice from B cells gave rise to
an E-box-binding activity that comigrated with BCF1 (Fig. 4B,
lane 16). We estimated that this represented very good recov-
ery of DNA-binding activity, approximately 10% of the input
BCF1. Proteins from other gel slices, including the slice pre-
dicted to contain the 30-kDa protein (slice E), had no effect on
the DNA-binding activity generated from the E2A-containing
slice (Fig. 4B, lanes 21 through 24). This result, taken with the
result from the UV cross-linking, suggests that the E2A from B
cells binds DNA well either as a homodimer or, alternatively,
as a heterodimer with a similar-sized protein. Although the
30-kDa protein may be a part of the BCF1 complex and im-
portant for E2A function, it does not appear to regulate E2A’s
DNA-binding activity. These results are consistent with those
of Park and Walker (21), who likewise concluded that BCF1
(LEF1) is a dimer of similar-sized proteins (21).
Lack of DNA binding by E2A in cells other than muscle cells

and B lymphocytes (e.g., Jurkat and HeLa cells) could be due
to association of inhibitory proteins such as those represented
by the Id family. We tested this by fractionating HeLa cell
extracts by SDS-PAGE and examining DNA binding by E2A.
Similar to the results obtained with the P-2 muscle extracts, the
DNA binding by E2A from HeLa cells was poor, with an
estimated specific activity 1/20 that observed in Namalwa cells
(data not shown). This indicates that the lack of binding by
E2A may be a property intrinsic to the protein in certain cell
types.
BCF1 is an E47 homodimer. We exploited DE47’s ability to

generate B-cell-specific complexes of intermediate mobility to
further assess the composition of BCF1. Our reasoning, illus-
trated in Fig. 5A, was as follows. If BCF1 contains two distinct
bHLH proteins, then the forced heterodimers generated upon
addition of DE47 should be of two types: one would be the
E47-DE47 dimer, and the other would be a dimer of DE47 and
the ‘‘other’’ bHLH partner within BCF1. This reasoning as-

FIG. 2. E47 (E2-5) is the major bHLH splice variant in HeLa and Namalwa
cells. Polyadenylated RNA was isolated from HeLa cells and Namalwa cells and
subjected to reverse transcription (RT)-PCR analysis as diagrammed in the
upper portion of the figure. The structure of the E2A gene, with E12- and
E47-encoding exons, is shown, along with the structures of the corresponding
alternatively spliced mRNAs. Cutting the mixture of end-labeled PCR products
with XmaI and PstI gives rise to products diagnostic of E12 and E47 mRNAs,
respectively. The lower portion of the figure indicates the results obtained for
each cell line with two different amounts of total polyadenylated RNA.

FIG. 3. UV cross-linking identifies E47 and possibly additional proteins in
the BCF1-DNA complex. (A) EMSA of various proteins binding to the mE5-UV
probe. Lane 1, E. coli-produced E47; lane 2, Namalwa BCF1; lane 3, Namalwa
BCF1 mixed with E. coli-produced DE47. (B) Each complex (A to D) was
cross-linked with UV light and resolved by SDS-PAGE. The expected mobilities
of DNA-bound cellular E47, E. coli-produced E47 (note that the cDNA is not
full length), and DE47 are indicated. X, unknown protein found in both BCF1
and the BCF1-DE47 heteromeric complex. Sizes are shown in kilodaltons.
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sumes that both the endogenous E47 and the ‘‘other’’ bHLH
protein dimerize equally well with bacterial DE47, an assump-
tion supported by the observation that the intermediate com-
plex is also cell type restricted. If BCF1 contains an E47 ho-
modimer, then the intermediate complexes would contain only
E47-DE47 dimers. We used a monoclonal antibody (YAE) that
recognizes an epitope within the N-terminal region of E47 and
thus is missing in the DE47 protein. By Western analysis, this
antibody is specific and does not identify any B-cell-specific
proteins (Fig. 1C) (12). If the intermediate complex contains
only E47-DE47 dimers, the intermediate complex should be
completely supershifted when the antibody is added to the
DNA-binding reaction mix. If the intermediate complex rep-
resents a mixture of dimers, then only half of them should be
shifted by the antibody. Those that are dimers of DE47 and the

other bHLH protein would be resistant to the antibody, since
neither protein would contain the epitope.
As a positive control for the experiment, we transiently

transfected E47 and DE47 expression vectors into NIH 3T3
cells and analyzed E-box-binding activities in nuclear extracts.
As shown in Fig. 5B, these extracts contained E47 homodimers,
DE47 homodimers, and E47-DE47 heterodimers. When the ex-
tracts were treated with increasing amounts of the antibody
prior to the DNA-binding assay, both the E47 homodimers and
E47-DE47 heterodimers were completely supershifted, result-
ing in two corresponding complexes of slower mobility. As
expected, the DE47 homodimers were completely resistant to
the antibody.
When the same analysis was carried out on B-cell extracts

that contained BCF1 and added bacterial DE47, exactly the

FIG. 4. BCF1 can be generated by SDS-PAGE-purified E47. Nuclear extracts from either (A) P-2 myotubes or (B) Namalwa cells were purified by SDS-PAGE,
and the E-box-binding activities of proteins eluted from individual gel slices were analyzed by EMSA. Lanes 2 and 15 show binding activity of unfractionated nuclear
extracts. Lanes 3 to 8 and 16 to 20 show binding activities from gel slices representing proteins in the indicated molecular mass ranges. Lanes 9 to 13 and 21 to 24 indicate
the binding activities of mixed samples.

FIG. 5. BCF1 is an apparent E47 homodimer. (A) Rationale. The YAE monoclonal antibody recognizes an N-terminal epitope in E47 that is not present in DE47.
The reactivity of BCF1-DE47 heteromeric complexes to the antibody will therefore indicate if any complexes lack the epitope because of dimerization of DE47 with
a novel bHLH protein. (B) Results obtained with nuclear extracts of NIH 3T3 cells transfected with both an E47 cDNA (E2-5) and DE47 in the absence (lane 1) or
presence (lanes 2 to 5) of increasing amounts of the YAE antibody. (C) Results of the same experiment with Namalwa nuclear extracts mixed with E. coli-produced
DE47 (lanes 7 to 12). Lanes 6 and 13 show DNA binding from Namalwa nuclear extract alone and E. coli-produced DE47 alone, respectively.
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same result was seen (Fig. 5C). Both the BCF1 complex and
the intermediate complex were completely shifted by the an-
tibody, while the DE47 homodimers were resistant. This result
is exactly that expected if BCF1 is an E47 homodimer.

DISCUSSION

A central question in developmental biology addresses the
issue of how cell lineages are determined. Although it is well
established that transcription factors play a major role, little is
known about the nuclear events that trigger lineage commit-
ment in mammalian systems. Studies of mice carrying gene
knockouts have shown that particular transcription factors may
be necessary for a given lineage, but for many cases, the ques-
tion remains whether the transcription factor is involved in the
decision making per se. The myogenic bHLH proteins are
clear exceptions. Myogenin, for example, is absolutely required
for myoblast differentiation, but is also sufficient for myogenic
determination in many established cell lines (10). Similarly, the
combined efforts of MyoD and myf-5 are also both necessary
and sufficient for myogenic determination (22, 24). The classi-
fication of MyoD and myogenin as bHLH proteins has focused
attention on other cell type-specific bHLH proteins and their
potential roles in lineage commitment. One such example is
Mash-1, a bHLH protein that displays a restricted tissue dis-
tribution and is necessary for the formation of olfactory and
autonomic neurons in the mouse (9). However, forced expres-
sion of Mash-1 in embryonal carcinoma cells does not drive
neuronal differentiation. Hence, Mash-1 falls short of the myo-
genic bHLH proteins in dominantly reprogramming gene ex-
pression.
We have focused our attention on the role of BCF1 in

B-cell-specific transcription and in B-cell determination. BCF1
has been shown previously to contain E2A proteins (3, 13, 18)
and has been implicated in both activating and derepressing
the IgH enhancer (7, 23). Recent results with E2A knockout
mice indicate that the E2A protein is required for the B-cell
lineage (4, 29). It is likely that the lack of B cells in E2A-
deficient mice is due to the loss of BCF1. Nevertheless, the
B-cell phenotype is puzzling given the wide tissue distribution
of the E2A protein. Something besides E2A expression per se
must also be important for B-cell determination. That BCF1
activity is restricted to B cells indicates that DNA binding by
E2A is activated in a novel way in B cells. The mechanism of
this activation will be key to understanding why E2A is re-
quired only for the B-cell lineage.
A central issue addressed in this study concerns the possible

existence of a B-cell homolog of MyoD. Our finding that DNA
binding by E2A does not correlate with levels of the various
E2A proteins suggests a posttranslational mechanism of regu-
lation. The paradigm established in muscle cells is that DNA
binding by E2A is stimulated (posttranslationally) by the myo-
genic bHLH proteins. Our results with SDS-PAGE-fraction-
ated muscle extracts confirm this. Moreover, our UV cross-
linking experiments initially suggested an involvement of
additional proteins in the BCF1 complex. However, our results
do not support a role for these proteins in stimulating DNA
binding by E2A proteins in a manner analogous to MyoD. Our
analysis of SDS-PAGE-fractionated B-cell extracts indicates
that E47 alone may be sufficient to generate BCF1. Our anal-
ysis of forced heterodimers with DE47 supplies direct evidence
that E47 is the only bHLH protein component of BCF1.
Our results support the idea that E2A proteins—E47 in

particular—vary from cell type to cell type. The E2A proteins
in B cells may be unique in their ability to bind DNA as
homodimers; in muscle cells and pancreatic cells, they clearly

prefer to bind DNA as heterodimers (2, 15). The E2A proteins
in other cell types may not bind DNA under any circumstances.
Indeed, our experiments with HeLa cell-derived E47 and NIH
3T3 cell-derived E47 have failed to reveal DNA binding even
in the presence of DE47 or MyoD (C.-P.S., unpublished). A
non-DNA-binding form of E2A has also been observed in B
cells, but the physiological significance is a mystery (13). These
properties of endogenous E2A proteins are not reflected in
transfection studies. Both E12 and E47 expression plasmids
have been shown to activate transcription in both B cells and
non-B cells. It is likely that this reflects the artificial nature of
these assays due to overexpression of these proteins.
Benezra has recently shown that transcriptional activation by

E47 alone requires the formation of a disulfide-linked ho-
modimer (5). Indeed, in support of the conclusions of this
work, Benezra detected disulfide-linked homodimers in B-cell
extracts. However, these constituted only a minor fraction of
the overall BCF1 activity and thus cannot account for its B-
cell-specific expression. Moreover, B cells are not unique in
their ability to oxidize E47, since the protein is active when
overexpressed in a variety of cell types, including yeast cells.
Also, we observed covalently linked dimers directly after trans-
fection of NIH 3T3 cells (24a).
Although our results indicate that gross differences in phos-

phorylation are not involved in regulating E2A, it is possible
that specific phosphorylation events are. When the bHLH-zip
protein Max is phosphorylated by casein kinase II at a single
serine residue, it loses its ability to bind DNA as a homodimer
but not as a heterodimer with Myc (5). Perhaps a similar
situation exists for E2A. The facts that E47 isolated from E.
coli binds DNA well in the absence of additional factors and
that E2A overexpressed in transient assays of NIH 3T3 cells or
in stable transformants of yeast cells argue that a specific E2A
modification machinery may be involved in turning expression
off in inappropriate cell types. We propose either that such
machinery does not exist in B cells or that its activity is neu-
tralized.
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