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Sequence Determinants of DNA Binding by
the Hematopoietic Helix—Loop—Helix
Transcription Factor TAL1: Importance of
Sequences Flanking the E-Box Core
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TALI is a helix-loop-helix transcription factor that is essential for hematopoiesis. In vitro DNA binding site
selection experiments have previously identified the preferred binding site for TAL1 heterodimers as AACA-
GATGGT. TAL1 homodimers do not bind DNA with significant affinity. A subset of other E-box sequences is
also bound by TAL1 heterodimers. Here, we present an analysis of TAL1 heterodimer DNA binding specificity,
using E-boxes derived from genomic clones, which were isolated by immunoadsorption of K562 erythroleukemia
cell chromatin with a TAL1 antibody. We show that TAL1 heterodimer binding to a CAGATG E-box is strongly
modulated by nucleotides flanking the E-box. A -10 base pair element consisting of the CAGATG E-box and
two flanking nucleotides in both the 5" and 3’ direction is sufficient for high-affinity binding. Certain mutations
of nucleotides in either the 5° (—1 and —2) or 3’ (+1 and +2) direction strongly inhibit binding. The importance
of flanking nucleotides also exists in the context of nonpreferred E-boxes recognized by TALI1 heterodimers.
Although there are no known target genes for TAL1, the regulatory regions of several genes involved in hemato-
poiesis contain the preferred E-box CAGATG. However, based on our results, the E-boxes in these potential
target genes contain flanking sequences that would be expected to significantly reduce TAL1 heterodimer bind-
ing in vitro. Thus, additional stabilizing forces, such as protein—protein interactions between TAL1 heterodimers
and accessory factors, may be required to confer high-affinity TAL1 heterodimer binding to such sequences.

TALI1 SCL Helix—loop-helix Transcription factor Hematopoiesis E-box Erythroid
Leukemogenesis T-ALL

ONE quarter of the cases of T-cell acute lympho- along any hematopoietic lineage in both in vitro and
blastic leukemia (T-ALL) involve a chromosomal in vivo assays (38). Mice homozygous for such a tar-
translocation or deletion that activates expression of geted disruption of Tall fail in embryonic develop-
the transcription factor TAL1 (4,10). TAL! is not nor- ment around day 9.5 of gestation. Yolk sac blood is-
mally expressed in T-cells. By contrast, malignant lands, the site of embryonic hematopoiesis, are
T-cells from the majority of patients with T-ALL, completely absent in the Tall mutant embryos (40,
even those without tumor-specific rearrangement in- 42). These observations indicate that the TAL! gene
volving TALI, express TAL1 (4). Based on these ob- product is essential for hematopoiesis and functions
servations, it has been hypothesized that ectopic ex- in the specification or maintenance of early hemato-
pression of TAL1 within immature T-cells is a poietic progenitor cells. TAL1 also seems to be in-
causative factor in this type of leukemia. volved later in hematopoietic development, during

Mouse embryonic stem cells homozygous for a differentiation along myeloid and erythroid lincages

targeted disruption of Tall are unable to differentiate (1,21,27,36,45).
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TALI is a member of the basic helix—loop-helix
(bHLH) family of transcription factors (4). Func-
tional bHLH dimers regulate transcription through
binding to a consensus DNA sequence known as the
E-box (CANNTG) (26). TALI1 forms functional het-
erodimers with other bHLH proteins, including E12
and E47, the ubiquitously expressed products of the
E2A gene (22,23). These TALI1 heterodimers bind
DNA with high affinity and sequence specificity (22—
24,31,47), whereas TAL1 homodimers appear to lack
DNA binding activity (22).

Using in vitro binding site selection methodology,
Hsu et al. (24) reported that the optimal binding site
for TAL1 heterodimers is AACAGATGGT. This
consensus was derived from experiments using heter-
odimers containing recombinant TAL1 and binding
partners synthesized either in vitro or from leukemic
cell extract. A strong preference was observed for the
E-box core; 77-93% of the E-boxes sequenced were
CAGATG (24). By contrast, a significant but more
modest preference was observed for the nucleotides
flanking the E-box: an A two nucleotides 5" of the E-
box (A_,), an A 5’ of the E-box (A_,), a G two nucleo-
tides 3" of the E-box (G,,), a T 3’ of the E-box (T,;)
(24). The preferred nucleotide at each of these flank-
ing positions was present at a frequency of 56-80%.
However, only 17% of the E-boxes had the preferred
nucleotide at all four flanking positions. The binding
site specificity of TAL1 complexes containing differ-
ent heterodimeric partners appeared to be identical
(24).

Sequences resembling the preferred TAL1 binding
site are present in the promoters/enhancers of several
genes that are candidates for regulation by TALIL.
These include the erythroid bridging factor LM02/
RBTN2 (AGCAGATGAT) (41), the T-cell-specific
tyrosine kinase Lck (CCCAGATGCA) (43), the he-
matopoietic stem cell antigen CD34 (TCCAGAT-
GCC) (4), the erythropoietin receptor (EpoR) (TA-
CAGATGAG) (33), the erythroid transcription
factor GATA-1 (GTCAGATGGC) (51), and the f-
globin locus (CCCAGATGTT). At present, none of
these genes have been shown to be regulated directly
by TALI.

We have initiated experiments using chromatin
immunoadsorption to identify TAL1 target genes.
This assay demands a physiological interaction be-
tween TAL1 and regulatory sequences of the target
genes. Previously, chromatin immunoadsorption has
been used to identify genes regulated by the thyroid
hormone receptor (7,8), c-Myc (20), and NF-E2 (15).
Analysis of the binding of TAL! heterodimers to
cloned DNA fragments obtained by chromatin immu-
noadsorption led us to analyze further the DNA bind-
ing specificity of TAL1 heterodimers. The experi-
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ments described herein confirm and extend the
previous work (24) showing that the DNA binding of
TAL1 heterodimers in vitro is critically dependent on
the nucleotides flanking an optimal E-box core.

MATERIALS AND METHODS

Production and Characterization of Anti-Human
TALI Polyclonal Antisera

Polyclonal antibodies specific for TAL1 were gen-
erated by immunizing rabbits with purified GST-
TALLI, a glutathione-S-transferase fusion protein that
contains amino acids 151-331 of TAL1 (2), encoded
by a truncated form of the human TAL! cDNA. To
determine the specificity of the antibodies, Western
blot analysis was performed with crude serum and
antibodies that had been affinity purified on a resin
containing immobilized GST-TALI1.

Nuclear extracts prepared from K562 human
erythroleukemia cells and MEL mouse erythroleuke-
mia cells (5 pl) were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (12%). Gels were transfered to Immobilon P
PVDF membrane (Millipore). Transfers were per-
formed at 15 V for 35 min using a semidry transfer
apparatus (BioRad) in 48 mM Tris, 39 mM glycine,
0.037% SDS, and 20% methanol. Blots were incu-
bated overnight in 25 mM Tris-HCl (pH 7.4), 137
mM NaCl, 2.7 mM KCl, 0.1% Tween-20 (Sigma)
(TBS-Tween), and 5% Block (Amersham). Primary
antibodies were diluted in TBS-Tween plus 1% BSA
to a final concentration of 1:1500 for crude serum or
1:100 for affinity-purified material. Blots were incu-
bated with primary antibody for 1 h. Unbound pri-
mary antibody was removed by washing the blots
three times for 5 min each with TBS-Tween. Blots
were then incubated for 1 h with a donkey-anti-rabbit
secondary antibody conjugated with horseradish per-
oxidase (Amersham), diluted 1:1000 in TBS-Tween
with 1% BSA. Blots were then washed three times
for 7 min each in TBS-Tween. Incubations and
washes were carried out at room temperature with
constant rotation. Blots were developed using the
ECL system (Amersham) and exposed to X-ray film.

Chromatin Immunoadsorption Assay

Immunoadsorptions were performed using a modi-
fication of the method of Bigler and Eisenman (7,8).
Nuclei from K562 cells (3 x 10") were isolated and
resuspended in 200 pl of a solution containing 10
mM Tris-HCI (pH 7.9), 10 mM MgCl,, 6 mM DTT,
5 pg/ml leupeptin, and 0.1 mM phenylmethylsulfonyl
fluoride (PMSF). Samples were then incubated with
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500 units of HindIll restriction endonuclease at 37°C
for 45 min. After digestion, nuclei were pelleted at
2000 x g for 2 min. Protein-DNA complexes were
eluted by incubation in 200 pl 12 mM Tris (pH 7.6),
3 mM EDTA, 5 mM DTT, 5 pg/ml leupeptin, and
0.1 mM PMSF at 4°C for 1 h with constant rotation.
Nuclear debris was pelleted by centrifugation at 2000
x g for 2 min. Aliquots of the supernatant (200 ul)
were transfered to a tube containing 20 Wl of 50%
protein A-Sepharose and 2 pl preimmune serum.
NaCl] and BSA were added to final concentrations of
100 mM and 1 mg/ml, respectively. The samples
were then incubated at 4°C for 30 min with constant
rotation. Following removal of the Sepharose pellet
by centrifugation, 100 pl of the supernatant was incu-
bated with 15 pg of affinity-purified TAL1 antisera
or preimmune serum for 2 h at 4°C with constant
rotation. The samples were then incubated with 10 pl
of 50% protein A-Sepharose for 1 h at 4°C with con-
stant rotation. The Sepharose pellets were washed
twice with 12 mM Tris-HCI (pH 7.6), 100 mM NaCl,
1 mg/ml BSA, 5 pg/ml leupeptin, and 0.1 mM PMSF
and resuspended in 50 pl of 10 mM Tris-HCI (pH
8.0), 1 mm EDTA (TE). After the addition of 10 ug
of yeast tRNA, samples were extracted once with
phenol/chloroform. The organic phase was extracted
a second time with TE. Pooled aqueous phases were
precipitated with ethanol, and the nucleic acid pellet
was resuspended in 20 pl TE (pH 7.6). The resus-
pended genomic DNA was ligated into HindIIl lin-
earized pB2SK+ vector (Stratagene) and used to
transform high-efficiency Escherichia coli JM109
competent cells (Promega).

DNA Sequence Analysis

Sequencing reactions were performed using an
AmpliTaq dye terminator cycle sequencing kit (Per-
kin Elmer). The reactions were run on an ABI DNA
sequencer and the results analyzed using EditView
software (Perkin Elmer). Genbank searches were per-
formed at NCBI using the BLAST program.

Synthesis of TALI and E12 by In Vitro
Transcription/Translation

For synthesis of E12, the plasmid E12*pBS was
used. This plasmid is derived from the pBluescript
vector and encodes the full-length E12 polypeptide
driven. from the T3 promoter (R. Baer, unpublished
data). For the in vitro transcription, the plasmid was
linearized just 3’ of the coding sequence with Kpnl.
For the synthesis of TALI1, the tallM1/pTM3326
plasmid was used (24). This plasmid encodes the full-
length TAL1 polypeptide under control of the T7 pro-
moter. As the plasmid contains a T7 transcription ter-
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minator, it was not necessary to linearize it for the in
vitro transcription reactions.

The in vitro transcription and translation reactions
were performed using the TNT Coupled Reticulocyte
Lysate System (Promega). RNA is synthesized and
then translated in a single reaction containing rabbit
reticulocyte lysate as instructed by the manufacturer.
The 20-25 pl reactions contained 0.1 pig/ul of the
E12 plasmid and/or the TAL1 plasmid. Labeled reac-
tions were performed in the presence of [*S]methio-
nine (Dupont, >1000 Ci/mmol). The labeled reactions
were analyzed by SDS-PAGE (10%). For electropho-
retic mobility shift assays (EMSAs), the reactions
were performed with unlabeled methionine.

Oligonucleotide Probes

Single-stranded oligonucleotides were purified
from 12% denaturing polyacrylamide gels. DNA du-
plexes were generated by annealing two complemen-
tary single-stranded oligonucleotides in 10 mM Tris
(pH 8.0) with 50 mM KCIl. Double-stranded oligonu-
cleotides were end-labeled with [y-”PJATP (Dupont,
6000 Ci/mmol) by T4 polynucleotide kinase. The la-
beled probes were purified on Sephadex G-25 spin
columns (Boehringer Mannhiem).

Electrophoretic Mobility Shift Assay

Aliquots of the transcription/translation reactions
(3 ) or fractionated MEL cell nuclear extract (4 pul)
were incubated with 10% glycerol, 10 mM Tris-HC1
(pH 7.9), 20 mM HEPES (pH 7.9), 16 mM NaCl, 1.2
mM MgCl,, 1.25 pug poly(dI-dC), 7.5 ng BSA, and 1
mM DTT in a final reaction volume of 25 pul for 20
min at room temperature. For supershift experiments,
1 pl of preimmune or immune serum was added to
the binding reactions and incubated for another 15
min at room temperature. The protein-DNA com-
plexes were resolved on 6.5% nondenaturing poly-
acrylamide gels in 0.75 X TAE running buffer [30
mM Tris acetate (pH 8.0), 0.75 mM EDTA] at 200
V for 2 h at 4°C.

The intensity of bands representing protein~-DNA
complexes and free DNA were quantitated on a phos-
phorlmager (Molecular Dynamics) using ImageQuant
software. The concentration of bound DNA was de-
termined relative to known amounts of free DNA. In
the quantitative DNA binding experiments, nonlinear
regression analysis was performed using the Kaleida-
graph program (Synergy Software) to estimate the
equilibrium binding constant (K;) and the concentra-
tion of molecules competent for DNA binding (B,,).

Nuclear Extract Preparation

Isolation of nuclei and preparation of K562 and
MEL cell nuclear extracts was performed as de-
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scribed previously (29). MEL cell nuclear extract was
fractionated on a Resource-S cation exchange column
with a Pharmacia FPLC system as described pre-
viously (30). Because the binding activity was low,
fractions containing TALI were concentrated 13-fold
using a Centricon 30 microconcentrator (Amicon).
TALI DNA binding activity was assayed by EMSA
with the concentrated material (4 pi).

RESULTS
Charaterization of TALI Antisera

Antibodies directed against a transcription factor
that react with the DNA-bound factor without dis-
rupting the protein-DNA complex can be used in
chromatin immunoprecipitation assays to isolate ge-
nomic DNA fragments bound by the factor in intact
cells. The assay, which has been used to identify tar-
get genes for several factors (7,8,15,20), involves im-
munoprecipitating restriction enzyme solubilized
chromatin fragments with an antibody directed
against a transcription factor. To identify DNA se-
quences bound by TALI, we generated rabbit poly-
clonal antibodies against a GST-TALL1 fusion protein.
The specificity of the antiserum was determined by
Western blot analysis using K562 and MEL cell nu-
clear extracts as well as purified GST-TAL1l. As
shown in Fig. 1A, the antiserum reacted strongly with
GST-TAL1 (lane 4) and detected a series of ~43-kDa
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polypeptides in the nuclear extracts (lanes 2 and 3).
The detection of multiple TALI species is consistent
with previous reports of TALI isoforms resulting
from phosphorylation (13,17,39).

The ability of the antiserum to react with the
TALI-DNA complex was measured by EMSA (Fig.
2). DNA binding assays were performed with recom-
binant TALI/EI2 heterodimers synthesized by in
vitro transcription/translation in a rabbit reticulocyte
lysate and a previously described oligonucleotide
probe (TALIcon) containing the preferred site for
TALI heterodimer binding (AACAGATGGT) (24).
Figure 1B shows an SDS-PAGE analysis of TALI
and EI2 proteins synthesized in the presence of
[E]methionine. For EMSAs, TALI, E12, or TALI/
E 12 heterodimers were synthesized with nonradioac-
tive methionine.

As shown in Fig. 2, the TALI antiserum can “su-
pershift” TAL1-DNA complexes. Transcription/
translation reactions in which no DNA template was
added were used as a negative control. These control
assays revealed proteins endogenous to the reticulo-
cyte lysate that bound the probe (lanes 2-4). No addi-
tional bands were detected in the reactions containing
TALI alone (lane 5). This observation is consistent
with previous reports, suggesting that TALI homodi-
mers lack DNA binding activity (24). By contrast,
reactions containing E12 alone generated two addi-
tional complexes (lanes 9-11). The relative mobility
of the lower mobility complex is consistent with that

1TALL

FIG. 1. (A) Immunodetection of TALI in K562 and MEL cell nuclear extracts. Nuclear extracts were resolved by SDS-PAGE and analyzed
by Western blotting with rabbit anti-human TALI antibody. The position of endogenous TALI polypeptides in K562 and MEL cell nuclear
extracts is indicated by the bracket. The purified GST-TAL1 fusion protein is indicated by an arrow. The proteolytic fragments of the fusion
protein are indicated by asterisks. (B) SDS-PAGE of TALI and E12 generated by in vitro transcription and translation. Lane 1, synthesis
of TALI and E12; lane 2, synthesis of E12 alone; lane 3, control reaction in which no DNA was added. The positions of TALI and EI2

are indicated by arrows.
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FIG. 2. Binding of recombinant TAL1/E12 heterodimers to the preferred TALI recognition site. TALI and E12 were transcribed and
translated in vitro and incubated with the TALIcon probe. EMSAs were performed as described in Materials and Methods, except that the
gel was run for 3 h. The components added to each reaction and the presence of preimmune serum (PI), immune serum (), or no serum (-)
are indicated at the top. Complexes resulting from the binding of proteins endogenous to the lysate to the probe are indicated as lysate. E 12/
X may represent a complex formed by the binding of a heterodimer between E 12 and a protein in the lysate to the probe. A protein-DNA
complex formed by the binding of a protein in preimmune and immune serum to the probe is indicated as serum. The positions of E12/E12,

TAL1/E12 complexes, and the probe are indicated.

expected for E12 homodimers, which bind E-box-
containing sequences (3). The faster migrating spe-
cies (E12/X) may represent a heterodimer between
E12 and an unknown protein in the reticulocyte ly-
sate. The TALI antibody does not affect the mobility
of this complex (lane 10). However, we cannot ex-
clude the possibility that this complex contains rabbit
TALLI, as the ability of the TALI antiserum to cross-
react with rabbit TALI is unknown. A complex that
migrated slightly slower than the E12/X complex was
unique to the reactions containing both TALI and
E12 (lanes 6-8). The relative mobility of this com-
plex, and the fact that it was supershifted by the
TALI antibodies (lane 7), suggests that it represents
a TAL1/E12 heterodimer bound to the DNA.

TALI Binding to E-Boxes From Clones Isolated by
Chromatin Immunoadsorption

To identify genes regulated by TALI, we used a
chromatin immunoadsorption assay, similar to that

described previously (7,8). Anti-TALI antibodies
were used to immunoadsorb native protein-DNA
complexes released from nuclei following restriction
endonuclease digestion. After deproteinization, the
DNA fragments were cloned and sequenced. Al-
though none of the sequenced clones were identical
to any known sequence, most of the clones had nu-
merous potential binding sites for both erythroid and
ubiquitous transcription factors. Several cloned DNA
fragments contained E-boxes, some of which might
be recognized by TALI. A detailed characterization
of the immunoadsorption results will be presented
elsewhere.

To determine whether TALI heterodimers can
bind to E-boxes in the clones, we generated oligonu-
cleotide probes based on the E-box sequences of the
clones (Fig. 3A). EMSAs were performed using in
vitro synthesized TALI/EI2. We observed binding of
TAL1/E12 to several of these oligonucleotides (Fig.
3B, lanes 2, 5, 8, 11). The identity of the protein-
DNA complexes was confirmed by addition of the
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TALIcon
21 EboxI
21 Ebox2
21Ebox3
170Ebox1
134Ebox2
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ACCTGAACAGATGGTCGGCT

TGTGGGGTAAAACACATGCCTGCCAGAAAT
TCCAAAAAGCAACAGCTGGCTGTGGGCTAG
TCCCCATCCTAACAGCTGGGGCAACAGTAA
TTCTCCTAGGAACACATGGCTTAATAATTA
CTTGAGGGACCTCAGATGTGGAAGAGGAGG

134Ebox2Mut CTTGAGGGACAACAGATGGTGAAGAGGAGG

Antibody - ip
E12

TALL + + + ++ ++ ++ 4+ + 4+ -+t -+

TR

probe

FIG. 3. EMSA analysis of TAL1/E12 binding to sequences from clones isolated by immunoadsorption. (A) One strand of the double-
stranded oligonucleotide probes is shown in the 5" to 3' orientation. (B) The presence (+) or absence (-) of TALI and E 12 in the in vitro
transcription/translation reactions and presence of preimmune serum (PI), immune serum (1), or no serum (-) in the binding reactions is
shown at the top of the gel. The positions of the TAL1/E12 complexes and the probes are indicated.

TALI antiserum, which retarded complex migration
(Fig. 3B, lanes 3, 6, 9, 12). Oligonucleotide probes
bound by TALI/EI 2 competed effectively for hetero-
dimer binding to the TALIlcon probe (data not
shown). The TALI/EI2 interaction with the probes
was E-box dependent, as mutation of the E-box abol-
ished the ability to both bind and compete (data not
shown). Each of the E-boxes tested was distinct from
the preferred site of TALIcon, indicating that TALI
heterodimers can interact with a variety of E-boxes.
Probes derived from clones with the E-box se-
quences, AACACATGAG and GGCATATGAT,
were also examined and showed no evidence for
TAL1/E12 binding (data not shown).

Surprisingly, we observed no binding of TALI/
E 12 to the 134Ebox2 probe (Fig. 3B, lane 15), which
contained an E-box identical to the TALIcon probe.
Moreover, in competition experiments, a 400-fold ex-
cess of the unlabeled 134Ebox2 probe did not com-
pete efficiently for TAL1/E12 heterodimer binding to
the labeled TALIcon probe (data not shown). These
observations suggest that nucleotides flanking the E-
box core can strongly modulate TALI/EI2 binding

and that the core itself is insufficient for high-affinity
binding.

Importance of Nucleotides Flanking the E-Box for
TALI Binding

In the in vitro binding site selection experiments
that defined the preferred binding site of TALI heter-
odimers, some preference was observed for the nucle-
otides 5' (-1,-2) and 3' (+1,+2) of the E-box core
(24). The diversity of flanking sequences obtained in
the selection experiments suggested that these posi-
tions were less important determinants of binding
than the core sequences (24). However, our observa-
tion that TALI heterodimers fail to bind probes con-
taining the preferred E-box core, which are divergent
at the nucleotides flanking the E-box, suggested that
these flanking nucleotides are critical determinants of
binding.

Comparison of the sequence of the 134Ebox2
probe to that of the TALIcon probe revealed that
these oligonucleotides differ in numerous positions
beyond the two nucleotides flanking the E-box. To
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determine whether nucleotides extending beyond the
+2 and -2 positions relative to the E-box are impor-
tant factors in TAL1/E12 binding, we mutated the
two bases flanking each side of the E-box of probe
134Ebox2, so that they were identical to those in the
TALI con probe (Fig. 3A). Indeed, TAL1/E12 hetero-
dimers bound this probe, 134Ebox2Mut (Fig. 3B,
lane 18).

Quantitative EMSAs were used to estimate the af-
finity of TAL1/E12 heterodimers for the TALIlcon
(Fig. 4B) and 134Ebox2Mut probes (Fig. 5B). Titra-

A

ACCTGAACAGATGGTCGGCT

Oligo (fmoles) 2.5 5 10 20 40 60 80 100120

TAL1/E12 -»

probe -»

DNA Concentration (nM)

FIG. 4. Quantitative EMSA analysis of recombinant TALI/EI2
heterodimer binding to the TALIcon probe. (A) Sequence of one
strand of the double-stranded TALIcon oligonucleotide probe is
shown in the 5' to 3' orientation. (B) EMSA analysis of binding
reactions in which increasing amounts of the labeled probe were
incubated with recombinant TAL1/E12 heterodimers as described
in Materials and Methods. The positions of the TALI/EI2 com-
plexes and the probe are indicated. (C) The concentration of the
TAL1/E12-DNA complexes (pM) was determined by quantitation
with a Phosphorlmager and plotted as a function of the total DNA
concentration (nM) in the binding assay. Nonlinear regression
analysis was used to estimate the equilibrium binding constant (Kd
=4.2 + 1.4 nM) and the concentration of molecules competent for
DNA binding (Bm=47.3 +9.2) (mean = S E, n=4).
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CTTGAGGGACAACAGATGGTGAAGAGGAGG

Oligo (fmoles) 25 5 10 20 40 80 s0100120
TAL1/E12 -»

FIG. 5. Quantitative EMSA analysis of recombinant TALI/EI2
heterodimer binding to the 134Ebox2Mut probe. (A) Sequence of
one strand of the double-stranded TALIcon oligonucleotide probe
is shown in the 5’ to 3" orientation. (B) EMSA analysis of binding
reactions in which increasing amounts of the labeled probe were
incubated with recombinant TAL1/E12 heterodimers as described
in Materials and Methods. The positions of the TALI/EI2 com-
plexes and the probe are indicated. (C) The concentration of the
TAL1/E12-DNA complexes (pM) was determined by quantitation
with a phosphorlmager and plotted as a function of the total DNA
concentration (nM) in the binding reactions. Nonlinear regression
analysis was used to estimate the equilibrium binding constant (Kd
= 3.6 + 2.2 nM) and the concentration of molecules competent for
DNA binding (Bm= 6.5 £ 2.2) (mean * SE,n = 4).

tions were performed with a constant amount of in
vitro translated TAL1/E12 and increasing concentra-
tions of the labeled probes. After quantitation on a
Phosphorlmager, nonlinear regression analysis was
used to estimate the equilibrium binding constant
(AT, a measure of affinity. TALI heterodimers bound
the TALIcon probe with an apparent Kd of 4.2 nM
(Fig. 4C). A Kdof 3.7 nM was estimated for binding
to the 134Ebox2Mut probe (Fig. 5C). The fact that
these Kdvalues are similar indicates that TALI heter-
odimers have a roughly equivalent affinity for both
probes. These Kd values indicate high-affinity pro-
tein-DNA interactions and resemble Kd values for
other bHLH-DNA interactions, including those in-
volving E12 heterodimers (9,14). Together, these
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data suggest that a 10 base pair element consisting of
the E-box core and two flanking nucleotides in both
the 5' and 3' directions is sufficient for high-affinity
TALI/EI 2 binding. In addition, nucleotides outside
of the 10 base pair element do not measurably effect
binding.

To examine in more detail the preference for nu-
cleotides flanking the E-box, we generated a series
of oligonucleotide probes based on the 134Ebox2Mut
sequence. Each oligonucleotide contained a base pair
substitution mutation in a single flanking nucleotide
(Figs. 6A, 7A). EMSAs were performed with increas-
ing concentrations of DNA probe to assess the ability
of TALI heterodimers to bind these probes relative
to the 134Ebox2Mut probe (Figs. 6B, 7B). Substitu-
tion of the A, nucleotide 5' of the E-box with a T
resulted in almost complete abolition of DNA bind-

A
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ing (Fig. 6C). By contrast, substitution at this position
with a C only had a minimal effect on binding (Fig.
6C). The oligonucleotide probe containing a G sub-
stitution displayed intermediate binding (Fig. 6C).
Substitution of the A nucleotide at the -2 position
relative to the E-box with either a C or T resulted
in a strong reduction in TALI/EI 2 binding, although
binding was still detectable (Fig. 6C). The presence
of a T at this position resulted in a significant loss of
binding relative to the 134Ebox2Mut probe, but bind-
ing was consistently higher than with other substitu-
tions at this position (Fig. 6C).

On the 3' side of the E-box, substitution of the G
nucleotide adjacent to the E-box with an A or a C
virtually eliminated TAL1/E12 binding (Fig. 7C). In-
troduction of a T at this position only slightly af-
fected binding (Fig. 1C). The substitution of the T at

W”dtype cttgagggacaacagatggtgaagaggagg
-1C CTTGAGGGACACCAGATGGTGAAGAGGAGG

-16 CTTGAGGGACAGCAGATGGTGAAGAGGAGG
AT CTTGAGGGACATCAGATGGTGAAGAGGAGG
-2¢ CTTGAGGGACCACAGATGGTGAAGAGGAGG
26 CTTGAGGGACGACAGATGGTGAAGAGGAGG
2T CTTGAGGGACTACAGATGGTGAAGAGGAGG

Wildtype  -1C 16 il 2 26 o
— *
TAL1l/E12 —
probe — ' mMmm WWwW ir 4.0

DNA Concentration (nM)

FIG. 6. Importance of nucleotides 5 of the preferred CAGATG E-box for TALI/EI 2 binding. (A) Sequences of one strand of each of the
double-stranded oligonucleotide probes used is shown in the 5' to 3" orientation. (B) EMSA analysis of binding reactions in which increasing
amounts of labeled probe were incubated with recombinant TAL1/E12 heterodimers as described in Materials and Methods. The positions
of the TAL1/E12 complexes and the probes are indicated. (C) The concentration of the TAL1/E12-DNA complexes (pM) was determined
by quantitation with a Phosphorlmager and plotted as a function of the total DNA concentration (nM) in the binding reactions so that the

relative binding to different probes could be directly compared.
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W||dtype cttgagggacaacagatggtgaagaggagg

+1A CTTGAGGGACACCAGATGATGAAGAGGAGG
+1C CTTGAGGGACAGCAGATGCTGAAGAGGAGG
+IT CTTGAGGGACATCAGATGTTGAAGAGGAGG
+2A CTTGAGGGACCACAGATGGAGAAGAGGAGG
+2C CTTGAGGGACGACAGATGGCGAAGAGGAGG
+2G CTTGAGGGACTACAGATGGGGAAGAGGAGG

B

TAL1/E12 -

probe -

DNA Concentration (nM)

FIG. 7. Importance of nucleotides 3' of the preferred CAGATG E-box for TAL1/E12 binding. (A) Sequences of one strand of each of the
double-stranded oligonucleotide probes used is shown in the 5' to 3" orientation. (B) EMSA analysis of binding reactions in which increasing
amounts of labeled probe were incubated with recombinant TAL1/E12 heterodimers as described in Materials and Methods. The positions
of the TALI/EI2 complexes and the probes are indicated. (C) The concentration of the TAL1/E12-DNA complexes (pM) was determined
by quantitation with a Phosphorlmager and plotted as a function of the total DNA concentration (nM) in the binding reactions so that the

relative binding to different probes could be directly compared.

the +2 position with a C had no effect on binding,
whereas an A or a G at this position strongly inhib-
ited binding (Fig. 1C). Thus, certain substitutions of
each nucleotide flanking the E-box core can result in
a profound loss of binding. Most nucleotide substitu-
tions significantly reduced the amount of the TALI/
E12-DNA complex formed. These results support a
major role for the nucleotides in each of the four po-
sitions flanking the E-box in determining high-affin-
ity TALI binding.

Importance of Nucleotides Flanking the E-Box for
TALI Binding to Nonpreferred E-Boxes

Previously, we observed binding of TAL1/E12
heterodimers to oligonucleotide probes 170EboxI
and 21Ebox3, which contained E-boxes differing
from the preferred core (Fig. 3). To estimate the af-
finity of these interactions, we performed quantitative

DNA binding analysis as described previously (Figs.
8, 9). However, the interaction between these oligo-
nucleotides and TALI/EI2 heterodimers appeared to
be of low affinity, as the binding was not saturated
over a wide range of oligonucleotide concentrations.
Consequently, we were unable to estimate Kdvalues.
The low-affinity nature of these interactions is con-
sistent with the observation that TALI heterodimers
exhibit a strong preference for the CAGATG E-box
(24). Three of the four nucleotides flanking the E-
box in probe 170EboxI were identical to those in the
optimal binding site. However, this probe contained
a C in the +2 position rather than a T (Fig. 8A). On
the 134Ebox2Mut probe, a T to C substitution at this
position only minimally affected binding (Fig. 6C).
Therefore, we postulated that the low affinity of
TALI/EI 2 binding to this probe may simply reflect
the E-box core preference.

To test this hypothesis, we generated an oligonu-
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TTCTCCTAGGAACACATGGCTTAATAATTA

170Et)OXI Milt TTCTCCTAGGAACACATGGTTTAATAATTA

B

Oligo (fmoles)
TAL1/E12-

probe —

FIG. 8. Importance of nucleotides flanking the nonpreferred CACATG E-box for TALI/EI2 binding. (A) Sequences of one strand of the
double-stranded 170Eboxl and 170EboxIMut oligonucleotide probes. (B) EMSA analysis of binding reactions in which increasing amounts
of the labeled probe were incubated with recombinant TALI/EI 2 heterodimers as described in Materials and Methods. The positions of the
TAL1/E12 complexes and the probes are indicated. (C) The concentration of the TAL1/E12-DNA complexes (pM) was determined by
quantitation with a Phosphorlmager and plotted as a function of the total DNA concentration (nM) in the binding reactions (mean * SE,

n=4).

cleotide, 170EboxIMut, which was identical to
170Eboxl, except that it contained a T at the +2 posi-
tion (Fig. 8A). TALI heterodimers bound to the
170EboxIMut probe (Fig. 8B). As expected, this in-
teraction was of low affinity and did not differ signif-
icantly from that of 170Eboxl (Fig. 8C). In the
21Ebox3 oligonucleotide, three of the four flanking
nucleotides differed from the optimal sequence (Fig.
9A). Very low levels of binding were observed with
the 21Ebox3 probe (Fig. 9B). To examine the effects
of flanking sequences on TALI heterodimer binding
to this E-box, we generated the oligonucleotide probe
21Ebox3Mut. This probe was identical to 21Ebox3,
except that it contained optimal flanking sequences
(Fig. 9A). These substitutions resulted in a significant
increase in the amount of TALI heterodimer-DNA
complex formed (Fig. 9B, C). However, the presence
of optimal flanking sequences surrounding a subopti-

mal E-box was insufficient to generate a high-affinity
interaction. Nonetheless, it is clear that the preference
for specific flanking nucleotides exists even in the
context of different E-box core sequences.

The analyses described above were performed
with in vitro-synthesized TALI heterodimers. To de-
termine whether binding of endogenous TALI com-
plexes exhibited a specificity similar to recombinant
TAL1/E12, EMSAs were performed with TALI het-
erodimers from fractionated MEL cell nuclear extract
(data not shown). Resource S cation exchange col-
umn fractions containing TALI heterodimers were
identified by EMSA using the TALIcon probe. A
TALI complex, which was disrupted by addition of
TALI antisera, eluted from the column at approxi-
mately 200 mM NaCl. The mobility of the complex
as identical to that observed with the in vitro-gener-
ated TALI/EI2 heterodimers, suggesting that the
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TCCCATCCTAACACGTGGGGCAACAGTAA

21 Ebox3Mut TCCCATCCTAACACGTGGTGCAACAGTAA

Oligo (fmoles) s 10 20 20 80 100160 220

TAL1/E12 *

probe -

21Ebox3

5 10 20 40 60 80 100 120

21Ebox3Mut

DNA Concentration (nM)

FIG. 9. Importance of nucleotides flanking the nonpreferred CACGTG E-box for TAL1/E12 binding. (A) Sequences of one strand of the
double-stranded 21Ebox3 and 21Ebox3Mut oligonucleotide probes. (B) EMSA analysis of binding reactions in which increasing amounts
of the labeled probe were incubated with recombinant TAL1/E12 heterodimers as described in Materials and Methods. The positions of the
TALI/EI2 complexes and the probes are indicated. (C) The concentration of the TAL1/E12-DNA complexes (pM) was determined by
quantitation with a Phosphorlmager and plotted as a function of the total DNA concentration (nM) in the binding reactions (mean + SE,

n=4).

TALI heterodimeric partner in this MEL cell com-
plex may be EI2. The amount of complex formed
with endogenous TALI heterodimers was very low,
which likely reflects the low abundance of TALI in
the fractions. However, the sequence specificity of
the endogenous TALI complex and the recombinant
TAL1/E12 heterodimers appeared to be similar.

TALI Binding to E-Boxes in Regulatory Regions of
Putative TALI Target Genes

Certain single base deviations from the preferred
flanking sequences result in poor binding of TALI/
E12. For example, the 134EBox2 probe, which ex-
hibited no TALI heterodimer binding, contained nu-
cleotides at three of the four flanking positions (C 2
T_h G+, which would be expected to significantly
reduce binding. Thus, by extension, we predict that
TALI heterodimers would interact weakly in vitro

with E-boxes in regulatory regions of the putative
TALI target genes, LM02, Lck, CD34, EpoR, GATA-1,
and the p-globin locus. In each case, at least one
of the nucleotides flanking the CAGATG E-box
would be predicted to significantly inhibit binding.
For the P-globin locus control region (LCR), the CC-
CAGATGTT sequence within hypersensitive site 2
differs from the preferred sequence at three of the
four flanking nucleotides. Two of these differences,
C.i and T+, would not be predicted to strongly reduce
binding. However, the presence of a C at the -2 posi-
tion would be expected to have a major impact on
binding. As predicted, TALI/EI2 heterodimers
bound weakly to this sequence (Fig. 10, lane 2). The
binding of endogenous TALI heterodimers in MEL
cell nuclear extract to the LCR sequence has been
reported previously (16). The CCCAGATGAT se-
quence from the Lck promoter differed from the
P-globin LCR sequence at the +1 (C vs. T) and +2
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TALICONn ACCTGAACAGATGGTCGGCT

|3-globin

gcttagggtgtgtgcccagatgttctcagc

LCk gaatctcttgcccagatgcaccctggaggg

TAL1/E12

probe

1 2 3

FIG. 10. Binding of recombinant TAL1/E12 to E-boxes from potential TALI target genes. (A) One strand of each double-stranded oligonu-
cleotide probe is shown in the 5' to 3' orientation. (B) TALI and E12.were transcribed and translated in vitro and incubated with each of
the labeled probes. EMSA analysis was performed as described in Materials and Methods. The positions of the TALI/EI2 complexes and

the probes are indicated.

(A vs. T) flanking positions. This sequence was rec-
ognized specifically by TALI heterodimers, but with
low affinity (Fig. 10, lane 3). Thus, if TALI recog-
nizes these sequences in vivo, additional factors may
be required to stabilize the interaction.

DISCUSSION

Here, we show that the binding of TALI hetero-
dimers to a CAGATG E-box is strongly modulated
by nucleotides flanking the E-box. Previous studies
have assessed the importance of nucleotides flanking
an E-box in sequence-specific DNA binding by other
bHLH proteins (12,18,32). This phenomenon has
been studied for Myc, Max, and USF, three bHLH
proteins that bind preferentially to CACGTG ele-
ments. Sequence variation flanking this common E-
box has been shown to differentially affect the bind-
ing of hetero- and homodimers (6,19). For example,
the presence of a T at the 5' side of the E-box signifi-
cantly inhibited the binding of Myc/Max heterodim-
ers, but not Max or USF homodimers (6,19). These
observations suggested that flanking nucleotides play

a major role in the ability of these transcription fac-
tors to discriminate between CACGTG binding sites.
Likewise, nucleotides flanking CAGATG E-boxes
may contribute to differential binding of the related
proteins TALI, TAL2 (50), LYL1 (35), and other
factors that bind preferentially to this E-box.

Mechanisms of binding site discrimination by
structurally related transcription factors, based on
variable flanking sequences surrounding a common
core recognition motif, appear to be a common
theme. For example, the GATA transcription factors,
which regulate hematopoiesis and other aspects of
development [reviewed in (49)], comprise a group of
homologous zinc finger proteins that recognize the
core sequence GATA. Subtle variations in both the
core motif and flanking sequences confer preferential
binding by the individual GATA proteins (28,34). By
combining a cell- and tissue-specific expression pat-
tern, distinct sequence preferences for DNA recogni-
tion, and potentially distinct coactivators (44), a con-
siderable number of target genes can be regulated by
a limited set of related proteins.

The results described herein may have a signifi-
cant impact on the ability to evaluate potential TALI
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heterodimer binding sites and target genes. We have
not found the 10 base pair high-affinity TALI bind-
ing site, AACAGATGGT, in regulatory regions of
any hematopoietic genes. The fact that the E-boxes
on regulatory regions of hematopoietic genes indi-
cated above are low-affinity sites may reflect a re-
quirement for additional factors to confer high-affin-
ity TALI heterodimer binding. In this regard, if a
high-affinity TALI site was present, TALI hetero-
dimers might bind stably and constitutively. This sce-
nario would be avoided if physiological targets of
TALI have low-affinity sites, and additional factors
are required to generate a stable nucleoprotein com-
plex. Such a layer of regulation may be necessary,
because TALI heterodimers are relatively resistant to
inhibition by Id proteins, which negatively regulate
many bHLH transcription factors (25,37).

A requirement for protein-protein interactions to
stabilize TALI association with a nonoptimal E-box
was shown recently (48). In these studies, a large
multimeric complex containing TALI, E47, GATA-1,
LMO02, and LDB1/NL1 bound a CAGGTG E-box,
which was part of the preferred binding site for the
complex. Interestingly, however, LDB1 was shown
recently to oppose the stimulatory effect of TALI on
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hematopoiesis (46). It is unclear whether this antihe-
matopoietic activity is related to the modulation of
TALI DNA binding specificity through formation of
a multimeric complex. The identification of addi-
tional TALI-interacting proteins that modulate the af-
finity and/or specificity of TALI DNA binding, ac-
companied by functional studies to measure the
influence of these proteins on transactivation by
TALI, should facilitate our understanding of how
TALI controls hematopoiesis.
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