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Abstract

A three dimensional model of the basic Helix-Loop-Helix motif and its
sequence specific recognition of DNA is described. The basic-helix I is mod-
eled as a continuous a-helix because no a-helix breaking residue is found
between the basic region and the first helix. When the basic region of the two
peptide monomers are aligned in the successive major groove of the cognate
DNA, the hydrophobic side chains of the helix I-helix I come in van der Waals
proximity. In this way, the end residues of the helix I-helix I are placed far
from each other so that a “loop” is needed to bring the helix II-helix II close
together for hydrophobic interactions and therefore dimerization. The proposed
sequence specific recognition is by hydrogen bonding of the conserved Asn (or
Thr) and Glu side chains to the consensus guanine and adenine respectively.
The methyl group of Thr and the hydrophobic residue next to it also produce a
hydrophobic pocket for recognition of the methyl group of the consensus thym-
ine. The highly conserved Arg's interact with backbone phosphates and a direct
recognition of base pairs by Arg's is not likely.

Introduction

Protein-DNA interaction is of central importance
in biology and plays a role in gene expression and
regulation, DNA recombination and replication, strand
scission and other biological processes. An essential
part of gene expression and regulation is the binding
of a regulatory protein (transcriptional factor) to spe-
cific DNA sequences. Analysis of these proteins has
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indicated that they are modular in nature containing
separate motives for DNA binding, dimerization and
transcriptional activation [1]. These motives are rela-
tively small and they have been grouped in several
kinds of structural classes namely: helix-turn-helix,
zinc finger, leucine zipper and basic helix -loop-helix.

The X-ray structures of protein-DNA complexes
of helix-tumn-helix [2] and zinc finger [3] proteins
which have been studied have demonstrated many im-
portant structural details of the protein-DNA recogni-
tion. Also, the secondary structure of a leucine zipper
protein has been studied by 2D-NMR [4], but no
structural data has appeared on the basic helix -loop-
helix proteins.



J.Sci..R. Iran

The basic helix -loop-helix (bHLH) motif is about
60 amino acid residue common to a number of pro-
teins (Figure 1) involved in cell type determination or
transcriptional regulation {5, 6]. It contains a basic re-
gion amino terminal to another subdomain, tentatively
assigned a helix-loop-helix (HLH) secondary struc-
ture [5].

By mutational studies, it has been shown that the
basic region is the DNA binding and recognition ele-
ment whereas the HLH domain mediates dimerization
and forms homo and heterodimers [S-8]. Some of the
bHLH proteins bind to DNA only as heterodimers [9,
10]. Recently, proteins have been identified which
contain the HLH domain but lack the basic region and
it has been suggested that they may negatively regu-
late other HLH proteins through the formation of non-
functional heterodimers [6, 11, 12].

It has also been shown that replacing the helix I,
helix II or the loop of MyoD with the analogous se-
quence of Drosophila AS-C/T4, both of which con-
tain the bHLH motif, has no substantial effect on DNA
binding in vitro although replacing the basic region
allows the DNA binding but fails to activate the
muscle program [7]. Deletion of either helix I, loop or
helix II as well as mutation of any residue to Pro in
helix I and helix II disrupt the dimerization and there-
fore DNA binding [7]. The loop region is the most
flexible part of the protein and most of the mutations
and insertions do not affect the DNA binding or
dimerization [7, 13]. Only if oc-helix forming residues
are inserted while deleting the o-helix breaking ones
are no dimers formed [7].

In MyoD, the basic region has three distinet groups--
of basic residues B1-B3, (Figure 1). Only mutation in
the B1 region and insertion between B1-B2 is permit-
ted [7], suggesting that the DNA binding and recogni-
tion codes are distributed from the B2 to the B3 re-
gion. Substitution of Pro in the basic region disrupts
DNA binding while keeping the dimerization [7], sug-
gesting that the basic region has an o-helix structure
when bound to DNA. The methylation interference
studies indicate that the basic region of the bHLH pro-
teins interacts with the major groove of DNA [14].

Although the bHLH families of proteins have indi-
vidual sequence specificity for binding which are not
totally dyad-symmetric [15, 17], a general cognate,
NNCANNTGNN, is common among them. Experi-
mental observations indicate that interactions between
heterologous bHLH proteins generate complexes that
bind specifically to a commom DNA sequence [8].

Here we describe a model for the bHLH motif and
its sequence specific recognition of DNA,
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Experimental Section

All graphic work was done on a personal /RIS [18]
using the Insight 11 [19] and BIOGRAF [20] programs.
The preferred MyoD binding site [15] with dyad-sym-
metric sequence of GACAGCTGTC (the bold bases
refer to the consensus ones) were built in as a right-

handed B-DNA [21). From the other studies it is
known that DNA interacts with proteins in the right-
handed B conformation [2].

The sequence of the bHLH part of MyoD (Figure
1) was used for model building. The basic region was
modeled as an a-helix based on the mutational studies
[7] and the similarity between the basic regions of
bHLH and leucine zipper motives. The latter has a
loose helix structure in solution [4] and forms a de-
fined helix structure when bound to DNA [22]. We
predict that the basic region of ‘the bHLH motif be-
haves in a similar way. It is also known that proteins
interact with DNA in the major groove by the topol-
ogy of an o-helix {2, 3]. An a-helix can readily fit to
the major groove of DNA and the amino acid side
chains penetrate toward the base pairs and backbone
phosphates, (for a proposed f -sheet recognition topol-
ogy see [23]).

The basic and helix I regions of MyoD were built
as a continuous o-helix because no helix breaking
residue between the basic region and helix I of bHLH
proteins is found. The side chains conformations in
model building are those typically found in proteins
(24].

The basic region o-helices were docked in the ma-
jor groove of the cognate DNA so that the side chains
of the conserved residues point toward the major
groove of the DNA. The conformations of the basic
(Arg and Lys), Asn 8 or Thr 8 and Glu 11 side chains
in the basic region were changed to improve hydrogen
bonding and charge complementarity of protein-DNA
residues. The Dreiding forcefield [25] was used for the
minimization of protein-DNA interaction energy,
while fixing the DNA and o-helix backbone coordi-
nates. The 0.1 kcal/mol change in energy and 0.01
unit change in RMS value were used for energy mini-
mization. The changes in strain energy are not re-
ported as they have no significance in these types of
studies.

In this study, we consider the dyad-symmetry of
the cognate DNA and the dimeric peptide, and there-
fore the interaction between one monomer of bHLH
motif and half of the binding site will be described.
The base pairs within each half site from the 5'-3'
direction (GACAG) are given numbers 1-5, while the
complementary bases (CTGTC) are given negative
numbers (-1, -5). The peptides are numbered from the
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~ :~(F1gure 2). The Thr mf:thyl gmup in this position h‘ts F
van der Waals interaction with the methyl group of
thymine -4 and together with the hydmphabxc ﬂ:de 3

- chain at position 9 produces a hydmphc)b:c pocket for

e recugmmcm of the thymine -4 methyl group. The car-
- boxylate side chain of Glu 11 accepts a hydrogen bond
~ from one of the NH2 protons of adenine 4 and acts as

~ the second specific recognition element for the con-
sensus base pairs. In this model, all of the Arg side
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and Leu 25 residues to the Asp and Glu disrupted
dimerization [13] indicating that the hydrophobic in-
teractions are crucial for helix I-helix I interactions.

In this model, the helix I-helix I axes are approxi-
mately perpendicular to each other and there is no pos-
sibility for the formation of a helix I-helix I coiled
coil structure [5] or helix I-helix II hydrophobic type
of interaction [7].

Perpendicular alignment of helix I-helix I axes
puts the end residues of these helices apart from each
other so that a “loop” is needed to bring the helix 1I-
helix II in reasonable proximity for dimerization. The
dimerization is mediated by the hydrophobic forces as
mutation of hydrophobic residues in helix II to hydro-
philic ones disrupted dimer formation [13].

Apart from the necessity of a “loop”, the second
helices could dimerize in two different ways, i. €. par-
allel (whether coiled coil or not) and antiparallel. The
loop size (at least 9 residues) allows for both types of
dimerization (Figure 4). In myc subfamily of the
bHLH proteins, helix II is part of a leucine zipper,
therefore a parallel coiled-coil structure for that pro-
tein is expected. In the MyoD and E12/E47 subfami-
lies, the helix II is not a part of a leucine zipper and
may form a different packing. The mutational studies
of the loop region [7, 13] and highly conserved Lys at
the beginning of helix II might be better explained
with an antiparallel alignment of helices II in MyoD
and E47. The positive charge on Lys could be stabi-
lized efficiently with the negative end of the dipole of
the other helix, therefore explaining why mutation of
Lys to Ala disrupted dimerization [13]. A mutational
study by deleting residues from the loop region could
be performed to test the anti versus parallel alignment
of helices II. From modeling, an anti alignment is pre-
dicted to be more amenable to dimer disruption when
the loop is shortened. Also, mutation of Lys to Leu
could demonstrate if the positive charge of Lys is im-
portant, for dimer formation of Lys serves as a sub-
stituent of Leu.
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