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Introduction

The basic helix-loop-helix (bHLH) proteins comprise a family of
over 240 transcriptional regulators, which are involved in di-
verse biological functions such as cell-growth control and
transformation, neurogenesis, sex determination, muscle differ-
entiation, and other essential processes.[1–5] A classification
scheme based upon structural, biochemical, and genetic data
divides bHLH proteins into four distinct classes.[6] Studies have
shown that class A bHLH proteins dimerize with many different
bHLH proteins; this allows them to have a profound effect on
the genesis and maintenance of many different cell lineag-
es.[7–11] Class B bHLH proteins show a tissue-restricted pattern
of expression. With a few exceptions, these proteins are inca-
pable of forming homodimers and preferentially heterodimer-
ize with members of class A.[7, 12] Class C bHLH proteins are
structurally unique in that they contain a leucine zipper on the
C-terminal side of the bHLH motif. The proteins of the last
class of bHLH proteins, class D, are also structurally unique,
lacking the basic region and being unable to bind DNA. Mem-
bers of this class are negative regulators of class A and class B
bHLH proteins.[13–16] The functionality of bHLH proteins in tran-
scriptional regulation is imparted by their ability to specifically
dimerize with class A bHLH proteins.

TAL1, a class B bHLH, is a pivotal regulatory protein ex-
pressed in pluripotent hematopoietic stem cells.[3, 17] The
normal pattern of TAL1 expression is restricted to cells of early
hematopoietic lineages, notably erythroid, mast, and early
myeloid cells.[18–20] Other studies indicate that TAL1 is also re-
quired for proper B- and T-lineage development.[3, 21] TAL1 was
first identified through its involvement in a T-cell acute lym-
phoblastic leukemia (T-ALL).[4] Heterodimers of TAL1 and mem-
bers of class A (such as E47, a member of the E family of bHLH
protiens) have been found in normal hematopoietic cells that
are undergoing erythroid differentiation as well as in leukemic
cells of T-ALL patients.[9, 12, 22] This indicates that both normal

and malignant properties of TAL1 are mediated by interaction
with class A bHLH proteins such as E47. As with most class B
bHLH proteins, TAL1 has been shown not to dimerize with
itself or interact with ID, a class D HLH.[23] Thus, heterodimer
formation with class A bHLH proteins is essential for the DNA-
binding activity and functional properties of class B bHLH
proteins.

Formation of a bHLH dimer is facilitated by stabilizing van
der Waals interactions between conserved hydrophobic resi-
dues located in the HLH region of each monomer.[24] Upon di-
merization, the HLH regions of both monomers form a parallel,
left-handed, four-helix bundle with a stable hydrophobic core.
Formation of this parallel four-helix bundle allows the basic
helix to contact the major groove of DNA, with each monomer
interacting with a DNA half-site.[24–27] Conserved amino acids
within the basic helix of each monomer make base-specific
and phosphate contacts over the DNA recognition sequence.
The putative DNA-recognition sequence of bHLH proteins was
first discovered from the kE2 site of the immunoglobulin
kappa gene enhancer.[7, 28] A consensus DNA site, the “E-box”, is
defined by the hexanucleotide sequence CANNTG, here the
inner two nucleotides can vary but the outer bases, CA- and
-TG, are absolutely conserved.
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The basic helix-loop-helix (bHLH) domain defines a class of tran-
scription factors that are essential for the regulation of many
genes involved in cell differentiation and development. To deter-
mine the role of the DNA sequence in driving dimerization speci-
ficity of bHLH transcription factors, we analyzed the DNA se-
quence in and around a consensus hexanucleotide binding site
(E-box). The bHLH domains of two transcription factors, E12 and
TAL1, were chemically synthesized. The minimal DNA binding
domain for both the E12 homodimer and the E12–TAL1 hetero-
dimer was determined, thereby extending the E-box by two base
pairs. Additional studies indicate that the presence of a thymine

in the first flanking position 5’ to the E-box prevents DNA binding
of both dimer complexes. The presence of a thymine or cytosine
in a flanking position two bases 5’ to the E-box decreases the af-
finity for the E12 homodimer twofold but completely inactivates
DNA binding for the E12–TAL1 heterodimer. Access to synthetic
DNA and protein enabled the analysis of specific interactions
between a conserved arginine residue in the basic helix of each
bHLH domain and adenine in a flanking position two bases 5’ to
the E-box. Our results indicate a key role of the DNA sequence
in driving dimerization specificity among bHLH transcription
factors.
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The bHLH motif provides an
interesting opportunity for
studying dimerization specificity
among class A and B bHLH pro-
teins. Binding studies conducted
on bHLH proteins have primarily
dealt with the recombinant full-
length proteins.[9, 14, 29–32] Howev-
er, the bHLH motif, of roughly
60 amino acids, has also been
synthetically generated and
shown to be capable of folding
and binding DNA.[33–36] We have
taken advantage of the small
size of the bHLH domain and
used solid-phase peptide-synthe-
sis methods to generate the
bHLH domains of both E12 and
TAL1. The correlation between
our results with a synthetic
bHLH domain and previous
studies with recombinant full-
length bHLH proteins[9, 14, 29–32]

allows for further investigation
of this domain in the absence of
the additional sequence ele-
ments in the full-length protein.

Results

Chemical synthesis of E12 and
TAL1

The bHLH domains of E12 and
TAL1 were manually synthesized
by using in situ neutralization
protocols for Boc solid-phase
peptide synthesis (Figure 1 a, E12
amino acids 549–607, and Figure 1 b, TAL1 amino acids 184–
244).[37] These synthetic bHLH domains are denoted E12 and
TAL1, corresponding to the names of the full-length polypep-
tide chains. E12 and TAL1 were purified by RP-HPLC and
folded. The purified peptides were analyzed by electrospray
ionization-mass spectrometry (ESI-MS) and the observed
masses matched the masses that were calculated by isotopic
composition. In the case of E12, the observed mass was
7020.6�1.0 Da with a calculated mass of 7018.2 Da. TAL1
yielded an observed mass of 7219.9�1.0 Da with a calculated
mass of 7217.6 Da.

Dissociation constants for the E12 homodimer and the E12–
TAL1 heterodimer binding to DNA

Determination of the true equilibrium dissociation constants
for the interaction of bHLH proteins with DNA requires analysis
of the coupled equilibria of protein dimerization and DNA
binding. Since bHLH dimerization occurs at micromolar protein

concentrations and DNA binding is observed at low nanomolar
concentrations, the contribution of protein dimerization to the
observed dissociation constant will be negligible under the ex-
perimental conditions used herein.[10] A series of oligonucleo-
tides was used for our binding studies (Figure 2). The apparent
dissociation constants (Kd) for both the E12 homodimer and
the E12–TAL1 heterodimer were measured for binding to the
kE2 E-box found in the immunoglobulin kappa chain en-
hancer.[28] Quantitative electrophoretic mobility shift assays
(EMSA) were used to investigate the interactions between E12
homodimers and E12–TAL1 heterodimers and DNA (Figure 3).
The Kd obtained for the E12 homodimer, 11.5�0.4 nm, reflects
a slightly higher affinity for DNA than was previously deter-
mined in the context of the recombinant protein (52 nm)
(see row A in Table 1).[32] Additionally, the Kd obtained for the
E12–TAL1 heterodimer, 2.4�0.3 nm, correlates well with previ-
ously obtained results of an E12–TAL1 heterodimer that con-
sisted of recombinant proteins (3.6 nm to 4.2 nm ; see row A in
Table 2).[30]

Figure 1. A) Amino acid sequence of the bHLH domain of the human E12. Regions of secondary structure are indicated
underneath. RP-HPLC trace obtained from pure material is shown to the left. The first peak that is shortened corre-
sponds to acetic acid. Electrospray ionization (ESI) mass spectrum of the HPLC purified product with the observed
protonation states labeled is also shown to the right. Reconstructed mass analysis of this spectrum is shown as inset.
B) Amino acid sequence of the bHLH domain of the human TAL1. Regions of secondary structure are indicated under-
neath. RP-HPLC trace of pure material is shown to the left. The first peak that is shortened corresponds to acetic acid.
ESI mass spectrum of the HPLC purified product with the observed protonation states labeled is shown to the right.
Reconstructed mass analysis of this spectrum is shown as inset.
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Minimal binding domain of both the E12 homodimer and
the E12–TAL1 heterodimer

While the E-box sequence is strictly defined, the minimal bind-
ing site required for bHLH-dimer binding has not been deter-
mined. Examination of three dimensional bHLH–DNA struc-
tures shows binding outside the E-box by each bHLH mono-
mer.[24, 27] This binding could both target certain flanking se-
quences and expand the DNA binding site. A number of
assays have been used to determine the preferred binding site
for bHLH dimers.[29, 30, 38, 39] These assays target the composition
of the E-box flanking sequences and show divergent length re-
quirements. In some cases, the two outer bases seem to be im-
portant; however, it has also been suggested that as many as

five bases outside of the E-box
are necessary for high-affinity
binding.[29] These studies, while
inconclusive, suggest that the
minimal binding sequence for a
bHLH dimer extends beyond the
six base pairs of the E-box.

In order to determine the min-
imal DNA sequence for bHLH-
dimer binding, E12 and TAL1
were allowed to homodimerize
or heterodimerize and then bind
to a library of double-stranded
DNA fragments that differed suc-
cessively in length by one base
pair.[40] This DNA library included
oligonucleotides that contained
parts or all of the kE2 E-box and
flanking sequences. Only DNA
fragments containing the neces-
sary elements for bHLH-dimer
binding are selected and bound
in this assay. The selection ex-
periment was performed at lim-
iting protein concentrations—
where less than 50 % of the DNA
was bound—in order to select
for DNA sequences containing
high-affinity binding sites. Libra-
ries were generated from either
the top or bottom strand DNA
templates; this enabled the de-
termination of flanking bases im-
portant for DNA binding both 5’
and 3’ to the E-box, respectively
(Figure 2). Selected DNA frag-
ments from each library were
then separated and identified
under denaturing sequencing
gel conditions (Figure 4). Indi-
vidual bands correspond to a
unique DNA fragment and are
represented by the last incorpo-

rated base. Quantitation of individual bands allowed for graph-
ical analysis of the binding data (Figure 5). Values for the natu-
ral log of [DNABound]/[DNATotal] were plotted as a function of the
last incorporated base. Values that are significantly negative
correspond to DNA fragments that do not contain a full E-box
and necessary flanking sequences. These are represented on
the right side of each graph as the length of the DNA frag-
ments decreases from left to right. A characteristic dip in the
beginning of the graphs corresponds to longer DNA fragments
that are under-represented in the unbound lanes due to an in-
crease in binding of these longer DNA fragments. Analysis of
the data for the E12 homodimer shows that binding of this
dimer is influenced by two base pairs flanking the 3’ side of
the E-box and only one base pair flanking the 5’ side of the E-

Figure 2. Oligonucleotides used in this study. E-boxes are underlined and shown in boldface letters. Dashed lines indi-
cate additional bases not shown that correspond to bases indicated in kE2 DNA sequence. The sequences are illus-
trated so as to allow for emphasis on important flanking sequences. Oligonucleotides are represented 5’ to 3’ on
the top strand oligonucleotide and the complimentary oligonucleotide represented 3’ to 5’. Positions indicated by a
“� number” indicate the number of bases 5’ from the E-box on the top strand. Positions shown by a “ + number” in-
dicate the number of bases 5’ from the E-box on the bottom strand.
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box. Analysis of the data for the E12–TAL1 heterodimer shows
that the binding of this dimer is also influenced by two base
pairs flanking the 3’ side of the E-box and only one base pair
flanking the 5’ side of the E-box. The minimal binding do-
mains, 5’-GCCACCTGC-3’, determined for both homodimer–
and heterodimer–DNA complexes, have an asymmetric se-
quence with 5’ overhangs on either side of the E-box. The re-
quirement of additional bases outside the E-box for both the
E12 homodimer and the E12–TAL1 heterodimer is consistent
with earlier studies suggesting that protein–DNA contacts
occur outside the E-box.[24, 27]

Figure 3. A) EMSA of E12 homodimer binding to kE2 DNA oligonucleotide. The Kd was determined to be 11.5 nm. B) EMSA of E12–TAL1 heterodimer binding to kE2
DNA oligonucleotide in the presence of 75 nm TAL1. The Kd was determined to be 2.4 nm.

Table 1. Dissociation constants of the E12 homodimer bound to DNA oligo-
nucleotides of varying sequences. Only the E-box and flanking sequences
are shown for the top strand (5’–3’). E-boxes are indicated by bold typeface
and underlined. Columns with N/A are shown for DNA oligonucleotides
unable to bind E12 homodimer. The apparent Kds and standard deviation
for at least three determinations are given.

Oligo E-box and flanking E12–E12 [nm]

A kE2 -GCCACCTGCC- 11.5�0.4
“wild-type”

B ET1 -AACAGATGGT- 10.7�0.3
TAL1 preferred

C E12HDU1 -GUCACCTGCC- 12.7�0.4
uracil in �1 position

D E12HDU3 -GCCACCTGAC- 13.2�0.7
uracil in + 1 position

E E12HDU5 -GUCACCTGAC- 12.0�0.2
uracil in both

F E12HDC1 -CCCACCTGCC- 26.4�1.5
cytosine in �2 pos.

G E12HDC3 -GCCACCTGCG- 23.2�1.4
cytosine in +2 pos.

H E12HDC5 -CCCACCTGCG- 28.4�0.5
cytosine in both

I E12HDT1 -TCCACCTGCC- 25.1�2.0
thymine in �2 pos.

J E12HDT3 -CCCACCTGCA- 20.7�1.3
thymine in +2 pos.

K E12HDT5 -TCCACCTGCA- 21.6�1.2
thymine in both

L E12UP1 -GTCACCTGCC- N/A
thymine in �1 pos.

M E12D1 -GCCACCTGAC- N/A
thymine in +1 pos.

N ETUP1 -ATCAGATGGT- N/A
thymine in �1 pos.

O ETD1 -AACAGATGAT- N/A
thymine in +1 pos.

Table 2. Dissociation constants (Kd) of the E12–TAL heterodimers bound to
DNA oligonucleotides of varying sequences. Only the E-box and flanking se-
quences are shown for the top strand (5’–3’).

Oligo E-box and flanking E12–TAL1 [nm]

A kE2 -GCCACCTGCC- 2.4�0.3
“wild-type”

B ET1 -AACAGATGGT- 1.0�0.2
TAL1 preferred

C E12HDU1 -GUCACCTGCC- 1.5�0.2
uracil in �1 position

D E12HDU3 -GCCACCTGAC- 1.7�0.2
uracil in +1 position

E E12HDU5 -GUCACCTGAC- 2.2�0.2
uracil in both

F E12D1 -GCCACCTGAC- N/A
thymine in +1 pos.

G ETUP1 -ATCAGATGGT- N/A
thymine in �1 pos.

H ETD1 -AACAGATGAT- N/A
thymine in +1 pos.
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Role of E-box-flanking sequences in dimerization and DNA
binding

Quantitative EMSAs were used to measure binding constants
for either the E12 homodimer or the E12–TAL1 heterodimer
with E-box oligonucleotides of differing flanking sequences. An
E-box “half site” showing preferential binding to a TAL1 mono-
mer has previously been determined to be 5’-AACAGATGGT-3’,
with the E-box underlined and the preferred half site for TAL1
being 5’-ATG-3’.[30] The E12–TAL1 heterodimer binds to an E-
box sequence without the preferred half site, with an observed
dissociation constant of 2.4�0.3 nm, while the same complex
yields a dissociation constant of 1.0�0.2 nm for an E-box se-
quence with the preferred half site (row B in Tables 1 and 2).
The E12 homodimer showed comparable affinity for both DNA
sequences, with Kds of 10.7�0.3 nm for the preferred se-
quence and 11.5�0.4 nm for the kE2 binding sequence. There-
fore, the preferred TAL1 sequence does not show discrimina-
tion between E12 homodimer binding and E12–TAL1 hetero-
dimer binding.

The role of flanking base pairs in binding affinity for both
the E12 homodimer and the E12–TAL1 heterodimer was exam-
ined next. The convention 5’�1 denotes the base position one
base from the 5’ end of the E-box, and 5’�2 denotes the base
two bases 5’ to the E-box. The presence of a thymine base at
5’�1, on the top or bottom strand of either the kE2 E-box or
the TAL1-preferred E-box sequence, inhibited DNA binding
with protein concentrations of up to of 150 nm (Figure 6 A).
Interpretation of results with protein concentrations above
150 nm was not possible due to multiple binding complexes,
determined by smearing and supershifiting of the DNA. Substi-
tution of uracil for thymine in either the 5’�1 position of the
top or bottom strand restores DNA binding of both dimer
complexes; this indicates that the thymine methyl group inter-
feres with DNA binding for both the E12 homodimer and E12–
TAL1 heterodimer. Binding affinities measured for the E12
dimer complex to uracil containing oligonucleotides mirror
binding affinities previously obtained with the kE2 oligonucleo-
tide (see rows C, D, and E in Table 1). Additionally, binding af-
finities measured for the E12–TAL1 dimer complex to uracil-
containing oligonucleotides were also consistent with binding
affinities obtained for the kE2 oligonucleotide (see rows C, D,
and E in Table 2).

Arginine contacts from a bHLH monomer to bases flanking
the E-box have been observed in both the E47 and MyoD crys-
tal structures.[24, 27] A water-mediated hydrogen bond between
the d amino group of this arginine and the N7 of adenine at
5’�2 has been suggested to facilitate DNA binding. The role of
N7 in the purine ring, found in either adenine or guanine at a
position two bases removed from the E-box, was then assayed.
The flanking sequences were probed by determining the bind-
ing affinities of the E12 homodimer for oligonucleotides with
either a cytosine (see rows F, G, and H in Table 1) or thymine
(see rows I, J, and K in Table 1) at 5’�2. The observed dissocia-
tion constants revealed a twofold decrease in DNA-binding af-
finity for the E12 homodimer with this substitution.

Figure 4. A) Sequencing ladder of bound and unbound DNA for E12 homodi-
mer titrations with two DNA libraries. Lanes 1–5 correspond to DNA fragments
from a top-strand library while lanes 6–9 correspond to DNA fragments from a
bottom-strand library (Figure 2). The E-box is indicated with a box. Lanes 1, 5,
and 9 correspond to DNA fragments in the unbound fractions. Lanes 2, 3, 4
and 6, 7, 8 correspond to DNA fragments that were able to bind E12 homodi-
mers at varying E12 monomer concentrations ; up to 44 % (lane 2) or as low as
24 % of DNA found to bind (lane 8). B) Sequencing ladder of bound and un-
bound DNA for E12–TAL1 heterodimer titrations with two DNA libraries. Lanes
1–5 correspond to DNA fragments from a top-strand library and lanes 6–10
correspond to DNA fragments from a bottom-strand library (Table 1). The E-box
is indicated with a box. Lanes 5 and 9 correspond to DNA fragments in the un-
bound fractions while lanes 1 and 10 correspond to total input DNA. Lanes 2,
3, 4 and 6, 7, 8 correspond to DNA fragments that were able to bind E12 ho-
modimers at varying E12 monomer concentrations ; up to 28 % (lane 6) or as
low as 16 % DNA was found to bind (lane 8).
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Oligonucleotides flanked with
cytosine or thymine at 5’�2
were also assayed with E12 in
the presence of TAL1 under con-
ditions in which E12–TAL1 het-
erodimers were previously ob-
served. However, even in the
presence of TAL1, only E12 ho-
modimers were observed with
dissociation constants similar to
that of the E12-only titrations
(Figure 7, and Table 3). The ab-
sence of E12–TAL1 heterodimers
indicates a decreased ability of
the TAL1 monomer to bind an E-
box with either cytosine or thy-
mine at 5’�2. Thus, the presence
of either a guanine or adenine
two bases 5’ to the E-box is im-
portant for high-affinity binding
of the E12 homodimer and the
E12–TAL1 heterodimer.

Role of arginine, R557, in DNA
binding assessed by using
amino acid analogues

Since DNA contacts outside the
E-box are mediated though an
arginine residue, R557, located
within the basic helix,[24] the role
of this amino acid residue in

binding affinity for both the homo- and heterodimer was ex-
amined. E12 was synthesized by using solid-phase peptide syn-
thesis and resin-splitting methods, which allowed the genera-
tion of both wild-type and E12 with unnatural amino acid sub-
stitutions in parallel. In this synthesis, R557, was substituted
with either ornithine or citruline (Table 4). E12 protein titrations

Figure 5. Graphical analysis of bands from Figure 3 for both the E12 homodimer and the E12–TAL1 heterodimer. The
E-box is underlined. In both cases the full-length DNA oligonucleotide is the first data point and the DNA fragments
become shorter as the graph progresses left to right. & corresponds to data points for the E12 homodimer, while ^

corresponds to data points for the E12–TAL1 heterodimer. Arrows indicate base endpoints obtained from each of the
curves. A) This graph shows binding reactions carried out with a bottom-strand library. The data indicate that two
base pairs flanking the 3’ end of the E-box on the bottom strand contribute to DNA binding of both the E12 homo-
dimer and the E12–TAL1 heterodimer. A) This graph shows binding reactions performed with a top-strand library. The
data indicate that only one base pair flanking the 3’ end of the E-box on the top strand are necessary for DNA binding
of both the E12 homodimer and the E12–TAL1 heterodimer.

Figure 6. A) EMSA of the E12 homodimer bound to the TAL1 prefer-
red DNA oligonucleotide. Titration of the protein to a concentration
of 150 nm induces binding greater than one dimer–DNA complex.
The smearing of the DNA in this lane indicates more than one
bound species, characteristic of nonspecific DNA binding. B) EMSA of
E12 homodimer titration identical to the one observed in (A). In this
case the DNA oligonucleotide, E12UP1, contained a thymine base
upstream of the E-box in the first flanking base position. No binding
was observed until 150 nm where a smeared lane indicates the pres-
ence of unspecific DNA–protein binding.

Figure 7. These EMSAs illustrate the difference in migration of the two dimer–DNA com-
plexes. Lanes 1 to 8 are an EMSA in which only E12 homodimers are observed in the pres-
ence of excess TAL1 (150 nm). Lane 1 is DNA only. Lanes 2–8 are E12 monomer titrations
to an oligonucleotide, E12HDT1, that contains a thymine base two flanking bases 5’ to the
E-box (Table 1). The presence of this thymine base inhibits E12–TAL1 heterodimer formation
and only E12 homodimers are observed. Lane 9 is from an EMSA titration to kE2, wild
type, DNA oligonucleotide. TAL1 concentration is in excess, 150 nm, and E12–TAL1 hetero-
dimers are observed. E12–TAL1 heterodimers migrate slower in the acrylamide gel allowing
for separation of the two dimer–DNA complexes.
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with DNA oligonucleotides yielded no protein binding by
either the E12–ornithine or the E12–citruline proteins when
using protein concentrations of up to 1 mm. This suggests at
least a 100-fold loss in binding affinity by these substitutions.
Acetylating the ornithine side chain did not restore binding.
These results suggest an important role of the charge and hy-
drogen-bonding capability of the arginine guanidino group in
mediating DNA binding (Figure 8).

Discussion

Our studies demonstrate synthetic access to members of each
of the major classes of bHLH DNA binding domains and shed
new light on the mechanisms of dimerization specificity
amongst bHLH proteins. Our synthetic DNA-binding domains
exhibit affinities for their respective DNA targets that are com-
parable to those obtained with full-length recombinant pro-
teins. The minimal binding domain determined in this study
showed a DNA sequence that extended beyond the E-box by
two base pairs and the importance of these flanking sequen-
ces in dimerization specificity. The molecular basis for homodi-

merization and heterodimerization among the bHLH proteins
must originate within the amino acid sequences of these pro-
teins. An asymmetric binding pattern is observed in the E47
homodimer structure when bound to the E-box, 5’-AA
CACCTGGC-3’, with the E-box underlined. An arginine within
the basic helix of one E47 monomer makes a contact outside
of the E-box to the adenine at position 5’�2 to the E-box
(Figure 9). Additionally, selection studies on bHLH–DNA com-
plexes reveal a discrimination against thymine at a 5’�1 posi-
tion. In order for an arginine in the basic helix of an E47 mono-
mer to make contacts with the adenine two bases outside the
E-box, the side chain of arginine must stretch across the first
flanking base. Binding assays of both the E12 homodimer and
the E12–TAL1 heterodimer revealed an inability of either com-
plex to bind DNA when thymine was located 5’�1 to the E-
box. The substitution of uracil in this position completely re-
stores high-affinity binding; this indicates that the thymine
methyl group inhibits the correct orientation of the arginine
side chain.

The arginine responsible for making contacts outside the E-
box is strictly conserved in all bHLH proteins but is absent in
bHLHZip. Comparison of structures between Max, a bHLHZip,
and E47 (another class A bHLH), reveal a different DNA-binding
pattern.[41] While E47 makes contacts outside the E-box, Max
does not. Binding affinities are 1.3 nm for the Max homodimer,
270 pm for the Max–Myc heterodimer, and 160 nm for the Myc
homodimer to a DNA sequence 5’-GCCACGTGAC-3’.[42] The
presence of an adenine immediately 3’ to the E-box positions
a thymine on the bottom strand 5’ to the E-box, a position
earlier determined to interfere with bHLH–DNA binding.

A water-mediated contact between the conserved arginine
in the basic helix of bHLH proteins (R557 in E12) and the N7 of
adenine 5’�2 was observed in the E47 and MyoD struc-
tures.[24, 27] Substitution of guanine for this adenine did not de-
crease binding affinities of either the E12 homodimer or the
E12–TAL1 heterodimer complex. Substitution of cytosine or
thymine for adenine decreased E12 homodimer binding two-
fold. No E12–TAL1 heterodimer binding was observed in titra-
tions of E12 with excess TAL1 to oligonucleotides containing

Table 3. Dissociation constants (Kd) of the E12 homodimers bound to DNA
oligonucleotides of varying sequences in the presence of excess TAL1. Only
the E-box and flanking sequences are shown for the top strand (5’–3’) oligo-
nucleotide.

Oligo E-box and flanking E12–E12 [nm]

A E12HDC1 -CCCACCTGCC- 18.2�1.4
cytosine in �2 pos.

B E12HDC3 -GCCACCTGCG- 21.2�1.5
cytosine in +2 pos.

C E12HDC5 -CCCACCTGCG- 20.1�1.0
cytosine in both

D E12HDT1 -TCCACCTGCC- 27.7�2.5
thymine in �2 pos.

E E12HDT3 -CCCACCTGCA- 25.6�2.5
thymine in +2 pos.

F E12HDT5 -TCCACCTGCA- 20.5�1.4
thymine in both

Table 4. Unnatural amino acid substitutions for R557 in E12. The side-chain
structures of arginine, ornithine, citruline, and acelylated ornithine are
shown. For all DNA-binding experiments, the kE2 DNA oligonucleotide was
used.

Amino acid Side chain DNA binding

A arginine 3.0 nm

B ornithine >150 nm

C acetylated ornithine >150 nm

D citruline >150 nm

Figure 8. Cartoon illustration of the basic helix and helix one of two bHLH
monomers bound to DNA sequence kE2. The arginine residue conserved in all
bHLH proteins and shown to bind outside the E-box is shown in magenta. This
arginine stretches across the 5’�1 position to make base specific and phos-
phate backbone contacts with the 5’�2 base.
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cytosine or thymine in place of adenine. Instead, only E12 ho-
modimer binding is observed. In the crystal structure of E47,
only one monomer is observed to make this base-specific con-
tact through arginine to adenine while the other monomer
makes only phosphate contacts with the DNA outside the E-
box.[24] Substitution of cytosine or thymine on only one side of
the E-box decreased DNA binding. This was comparable to
substituting cytosine or thymine in both positions. The struc-
ture of E47 is a static representation of the structure, and it is
likely that in solution there is a contribution from both mono-
mers that make contacts to the purine ring of either adenine
or guanine.

The guanidino side chain group of the conserved arginine
residue was shown to be important for DNA binding.[24] Muta-
genesis of this arginine residue (R557 in E12) interfered with
DNA binding. This further suggests the importance of a specif-
ic protein–DNA contact outside the E-box sequence. Examina-
tion of the bHLHZip protein sequences showed no conserved
arginine residue in a position comparable to the bHLH pro-
teins. The high affinity of bHLHZip complexes for DNA and the
absence of the conserved arginine responsible for DNA con-
tacts outside the E-box reveal a different binding pattern for
bHLHZip proteins compared to bHLH proteins.

E12 homodimers are able to bind an E-box with cytosine or
thymine at 5’�2, albeit with a twofold decrease in affinity. An
extra helical turn located at the end of helix one in E12 ex-
tends the dimer interface between two E12 monomers as well

as providing a salt bridge. E47
has also been shown to be able
to bind DNA sequences with a
thymine at position 5’�2.[28] This
study compared qualitative
binding of the E47 homodimer
to E-boxes found in both the
IgH gene enhancer, m1–m5, and
in the Ig kappa chain enhancer,
kE1-kE3. The binding of E47
to the kE2 sequence, 5’-
GCCACCTGCC-3’, was not com-
peted by the addition of mE1,
5’-GTCAAGTGGC-3’, or mE3, 5’-
GTCATGTGG-3’; both sequences
contain a thymine in the first
flanking position. However, the
binding of E47 was competed
by the addition of mE5, 5’-
TGCAGGTGTT-3’, which contains
a thymine in the second position
flanking the E-box.

The ability of bHLH dimers to
discriminate against DNA bind-
ing based on the presence of
base pairs flanking the E-box af-
fords the transcriptional process
another level of regulation
(Figure 9). Additionally, the ex-
tension of the E-box into a ten-

base-pair sequence decreases the number of available sites.
The regulation of dimer formation on the DNA by both the se-
quence of the inner two nucleotides and the flanking sequen-
ces allows an E-box to specifically target a dimer pair, thereby
activating specific genes. The spatial and temporal expression
of both the tissue-specific bHLH and inhibitory HLH proteins,
in addition to the higher affinity of a heterodimer complex to
DNA, ensures that expression of class B bHLH proteins guaran-
tees the formation of heterodimer complexes. However, the
introduction of an E-box sequence capable of preferentially
binding a class A homodimer complex in the presence of
class B bHLH proteins, targets that E-box for class A homodim-
ers exclusively. Additionally, E-boxes can discriminate between
binding of bHLH dimers and bHLHZip proteins.

Experimental Section

Synthesis of E12 and TAL1: The bHLH domain of E12 (amino acids
549–607)[28] (Figure 1 a) was manually synthesized by using step-
wise solid phase peptide synthesis (SPPS). In situ neutralization
BOC chemistry protocols were followed according to Schnolzer
et al. and p-methylbenzhydrylamine (MBHA) resin was used leaving
an amide at the C terminus.[37] Synthesis was carried out for a
0.2 mmol scale by using 1.1 mmol of each Boc-amino acid to
couple. Each amino acid was converted into active esters by
using 2-(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium (HBTU,
1.0 mmol), in DMF (0.5 m) and an excess (0.5 mL) of diisopropyl-
ethylamine. Coupling times averaged 15 min for each activated

Figure 9. Schematic of transcriptional regulation imparted through the DNA sequence. In this network, class A, B, and
C bHLH proteins are binding to the E-box and flanking sequences shown to be targeted by these specific dimers in
vivo. DNA bases within and flanking the E-box that are responsible for specifying dimer binding are shown by arrows.
Class A bHLH homodimers preferentially bind over class A–class B heterodimers to E-box flanking sequences contain-
ing a cytosine or thymine, arrow 1. Class C dimers preferentially bind over both class A homodimers and class A–
class B heterodimers to E-box sequence flanking sequence containing a thymine, arrow 2. Class A homodimers and
class A–class B heterodimers preferentially bind over class C dimers to the E-box sequence with varying sequence of
the inner two nucleotides, while class C dimers are restricted by the inner base sequences, arrow 3. Both class A homo-
dimers and class A–class B heterodimers are inhibited by the class D proteins. Small changes in binding affinities can
have profound consequences for the ultimate read-out of transcriptional responses.
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amino acid with a longer coupling time (45 min) for the first amino
acid. Due to the large amount of glutamine residues in both TAL1
and E12, dichloromethane (DCM) washes were preformed before
and after treatment with trifluoroacetic acid (TFA).[37] Coupling
times were increased (30 min) for residues directly proceeding glu-
tamines to allow for resin swelling as well as amino acid coupling.
Only one amino acid, Cys 576, seemed to continually present cou-
pling problems. This reside is at the end of helix 1 and is incorpo-
rated after a glutamine half way through the synthesis. Proteins
containing this cysteine deletion were cleanly separated from
product on the reversed-phase high-performance liquid chroma-
tography (RP-HPLC).

The bHLH domain of TAL1 (amino acids 185–244)[43] (Figure 1 b)
was also prepared on MBHA resin. The synthesis of TAL1 mirrored
E12 in conditions and scale. TAL1 does not contain any cysteine
residues and had no problematic couplings.

Analogues of the bHLH domain of E12 were synthesized by using
a resin-splitting method. In this method, synthesis of E12 on MBHA
resin was carried out as usual until the residue C-terminal to argi-
nine, R557, was coupled. After coupling of E558 the resin was split
into three separate reaction vessels. Each aliquot of resin was then
deprotected with TFA followed by a DMF wash. In one vessel, argi-
nine was coupled for wild type E12, and in another vessel ornithine
was coupled, and in the last vessel citruline was coupled. Each of
these couplings was allowed to proceed for 30 min. After coupling,
the synthesis was carried out in each vessel as for wild-type E12.
These three proteins were then cleaved and purified as outlined
below. The typical yield from each synthesis was roughly 10 %.

Cleavage and purification: The N terminus was acetylated on E12
and TAL1 prior to cleavage from the resin. Cleavage from the resin
was carried out in anhydrous HF for 1.5 h at 4 8C in the presence
of p-cresol (4 % v/v), which acted as a scavenger. Following cleav-
age, peptides were precipitated with ice-cold ether and dissolved
in acetic acid (50 % v/v). Synthetic product polypeptides were puri-
fied by semipreparative RP-HPLC by using a linear gradient of 30–
60 % buffer B (90 % acetonitrile, 0.1 % TFA in H20) over 60 min at a
flow rate of 10 mL min�1. Fractions were analyzed by electrospray
ionization mass spectrometry (PE Sciex API-III). Peptide masses
were calculated from the experimental m/z from all of the ob-
served protonation states of the peptide. Fractions with the correct
mass were pooled and lyophilized.

Protein folding : Pure lyophilized material of E12 and TAL1 was dis-
solved in 50 % acetic acid. A Pharmacia PD-10 column was then
used to separately exchange both proteins into storage buffer
(20 mm Hepes, pH 6.8, 25 mm ammonium sulfate, 100 mm KCl,
1 mm EDTA). Protein fractions were collected and in all cases the
proteins were eluted from the size exclusion columns before either
guanidine (6 m) or acetic acid (50 % v/v). Fractions containing pro-
tein were determined by using Bio-Rad protein stain. These frac-
tions were then centrifuged to pellet-aggregated protein and the
supernatants pooled. 100–150 nmol was then removed for amino
acid analysis. DTT (10 mm) and glycerol (10 % v/v) were added to
each sample. These samples were then dispensed into aliquots
and stored at �80 8C. All protein concentrations were determined
by amino acid analysis carried out by AAA Laboratories (Seattle
WA).

DNA labeling : The oligonucleotides used for gel shift assays were
obtained from Genosys Biotechnologies, Inc. The “wild type” oligo-
nucleotide sequence used was based on the immunoglobulin
kappa chain enhancer with the E-box underlined.[28] The sequence
of the top strand is: 5’-TCGAACTGGCCACCTGCCTGGATC-3’

(Figure 1). Complimentary single-stranded oligonucleotides were
labeled with [c-32P] ATP in kinase buffer (70 mm Tris-HCl pH 7.6,
10 mm MgCl2, 5 mm DTT) with 10 units of polynucleotide kinase at
37 8C for 1.5 h. Oligonucleotides were then precipitated in 2.5 m

ammonium acetate, 20 mg glycogen, and 4 volumes of ethanol. La-
beled oligonucleotides were then resuspended in annealing buffer
(100 mm Tris-HCl pH 7.6, 10 mm MgCl2). Complimentary labeled oli-
gonucleotides were annealed as follows: 3 min at 95 8C, 10 min at
70 8C, 10 min at 37 8C, and 10 min at ambient temperature. Labeled
double-stranded oligonucleotides were separated from single-
stranded oligos on a 15 % nondenaturing polyacrylamide gel.
Double-stranded oligonucleotides were then eluted from the poly-
acrylamide gel, overnight at 37 8C. Purified labeled double-stranded
oligonucleotides were resuspended in TE and stored at �20 8C.

Electrophoretic mobility shift assays (EMSA): Radiolabeled
double-stranded oligonucleotides were equilibrated in the binding
buffer (20 mm Hepes, pH 8, 100 mm KCl, 1 mm EDTA, 5 % glycerol,
and 0.01 % NP40). DNA concentrations used ranged from 30–
60 pm. For protein titrations, serial dilutions of protein stock so-
lution were equilibrated with the DNA in assay buffer and bovine
serum albumin (BSA, 2.5 mg mL�1) for 30 min at ambient tempera-
ture in 20 mL aliquots. Samples were then loaded onto 10 % non-
denaturing polyacrylamide Bio-Rad minigel and run for 25 min at
125 V cm�1 in Tris-borate buffer (88 mm), pH 8.3. E12 was titrated
as above.

E12–TAL1 titrations were carried out in two different ways. TAL1, in
dilution buffer (20 mm Hepes, pH 6.8, 25 mm ammonium sulfate,
100 mm KCl, 1 mm EDTA, 0.01 % NP40), was equilibrated with the
DNA for 30 min. TAL1 concentration was held constant. E12, also
diluted into the same buffer, was titrated into the TAL1–DNA com-
plex and also allowed to equilibrate for 30 min. Alternatively, E12
was diluted and titrated with the DNA and allowed to equilibrate
for 30 min, TAL1 was then added to each sample in a constant
concentration and equilibrated for 30 min. No difference was ob-
served when either TAL1 or E12 was added to the DNA first ; there-
fore, in the presented data E12 was equilibrated with DNA and
then TAL1 was added.

Radioactivity in a given band was quantitated with a Molecular
Dynamics Phosphoimager System by using ImageQuant software.
Quantitated data were plotted as fraction DNA bound versus total
titrated monomer E12 protein concentration.

Apparent dissociation constants were determined with the follow-
ing equation by using KaleidaGraph software:

f ¼ ½P�n
½P�n þ K d

n

where n is the cooperativity coefficient, Kd is the apparent dissoci-
ation constant, [P] is the monomer concentration of E12, and f is
the fraction of DNA bound. All dissociation constants reported
herein are the average of several determinations, and standard
deviations are given.

Primer extension assay: DNA templates were designed to contain
the kE2 E-box and flanking sequences (Figure 2). Complementary
15 base primers were designed to bind to these oligonucleotides
at the 3’ ends. These DNA fragments and primers were obtained
from Genosys Biotechnologies, Inc. The primers were purified by
RP-HPLC and the DNA templates desalted. Primers were labeled
with [c �32P] ATP. Labeled primers were then resuspended in TE
buffer.
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Labeled primers (2 pmol mL�1) were annealed to the templates
(5 mg mL�1) in Sequenase buffer (40 mm Tris-HCl, pH 7.5, 20 mm

MgCl2, 5 mm NaCl) for 5 min at 95 8C, 1 min at ambient tempera-
ture and then transferred to ice. Annealed primer was extended 5’
to 3’ in the above buffer, which contained each dNTP (33 mm),
each ddNTP (3 mm), DTT (10 mm), and 2.0 units of Sequenase (USB
Sequenase v. 2.0). This extension was allowed to react for 10 min
at 37 8C. The DNAs were then precipitated with ethanol and DNA
fragments were resuspended in TE buffer and stored at �20 8C.

EMSAs were used to separate the DNA–protein complexes and un-
bound DNA from the primer-extension generated DNA library.
EMSA conditions for the binding were the same as outlined before
with the exception that the reactions were run by using total DNA
concentration of approximately 0.014 pmol per 20 mL reaction. E12
homodimers or E12–TAL1 heterodimers were allowed to bind the
double-stranded DNA libraries and then separated on a 10 % non-
denaturing polyacrylamide gel run for 1.5 h at 223 V cm�1. To deter-
mine the percentage DNA bound, radioactivity in a given band
was quantitated with Molecular Dynamics PhosphorImager by
using ImageQuant software. Bands corresponding to complexed
and uncomplexed double-stranded DNAs were excised and soaked
overnight at 37 8C in SDS stop buffer (25 mm Tris-HCl, 250 mm

NaCl, 12.5 mm EDTA, and 0.05 % SDS). The DNA fractions were
then purified by phenol extraction (twice), ethanol precipitation,
and resuspended in TE.

Loading buffer (95 % formamide, 20 mm EDTA, 0.05 % bromophe-
nol blue, and 0.05 % xylene cyanol) was added to the DNA samples
from above. These were then incubated for 3 min at 70 8C and
loaded onto a prerun (1500 V cm�1) 12 % denaturing polyacryl-
amide sequencing gel and resolved for 2.5 h (Figure 4). Radioactivi-
ty in each band was quantified as before. These data were then
plotted as the natural log of the ratio between bound and total
DNA to the nucleotide position for chain termination (Figure 5).

ln

�
DNAbound

DNAtotal

�
¼ 0

indicates that the base pair is not required for binding. The more
negative the number the greater the requirement for that base
pair.
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