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‘É·Ê±ÉÊ·´Ò¥ ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨¥ § ±μ´μ³¥·´μ¸É¨ ¢μ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ £μ³¥μ¤μ³¥´μ¢
¸ μ¶¥· Éμ·´μ° „�Š

�·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ¨´É¥·Ë¥°¸μ¢ ¶ÖÉ¨ ±μ³¶²¥±¸μ¢ ¡¥²μ±Ä„�Š, μÉμ¡· ´´ÒÌ ¨¸Ìμ¤Ö ¨§ ¶μ¤μ-
¡¨Ö É·¥Ì³¥·´ÒÌ ¸É·Ê±ÉÊ· ¨ ¸¢μ°¸É¢ ±μ´É ±É¨·ÊÕÐ¨Ì  ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É±μ¢. � Î ²Ó´ Ö ¸É ¤¨Ö
¶·μÍ¥¸¸  Ê§´ ¢ ´¨Ö μÌ · ±É¥·¨§μ¢ ´  Ô²¥±É·μ¸É É¨Î¥¸±¨³¨ ¶μÉ¥´Í¨ ² ³¨ ´  · ¸¸ÉμÖ´¨¨ μ±μ²μ 5 �A
μÉ ³μ²¥±Ê²Ö·´ÒÌ ¶μ¢¥·Ì´μ¸É¥° ¡¥²±μ¢ ¨ „�Š. “ ¡¥²±μ¢ Î¥É±¨° ¶μ²μ¦¨É¥²Ó´Ò° ¶μÉ¥´Í¨ ² ´ ¡²Õ-
¤ ¥É¸Ö Éμ²Ó±μ ¸μ ¸Éμ·μ´Ò, ±μ´É ±É¨·ÊÕÐ¥° ¸ „�Š,   ¢ ¦¥²μ¡ Ì „�Š Å ¸¨²Ó´Ò° μÉ·¨Í É¥²Ó´Ò°
¶μÉ¥´Í¨ ², É. ¥. μ¤´  ¨§ ËÊ´±Í¨° Ô²¥±É·μ¸É É¨±¨ ¸μ¸Éμ¨É ¢ ´ ¶· ¢²¥´¨¨ ¡¥²±  ¢ ¡μ²ÓÏμ° ¦¥²μ¡
„�Š. �  ¡²¨§±μ° ¸É ¤¨¨ Ê§´ ¢ ´¨Ö ´¥°É· ²¨§ Í¨Ö § ·Ö¤μ¢ Ëμ¸Ë Éμ¢ „�Š ²¨§¨´ ³¨ ¨  ·£¨´¨´ ³¨
¡¥²±  ´¥μ¡Ìμ¤¨³  ¤²Ö μ¸² ¡²¥´¨Ö Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  „�Š, ³¥Ï ÕÐ¥£μ μ¸´μ¢ ´¨Ö³
„�Š ÊÎ ¸É¢μ¢ ÉÓ ¢ μ¡· §μ¢ ´¨¨  Éμ³´ÒÌ ±μ´É ±Éμ¢ ¡¥²±  ¸ „�Š ¢ ¨´É¥·Ë¥°¸¥. “§´ ÕÐ Ö α-¸¶¨· ²Ó
¡¥²±  μ¡· §Ê¥É ± ± ¨´¢ ·¨ ´É´Ò¥, É ± ¨ ¢ ·¨ ¡¥²Ó´Ò¥ ±μ´É ±ÉÒ ¸ „�Š ¶μ¸·¥¤¸É¢μ³ μ¶·¥¤¥²¥´´ÒÌ
¸¶¥Í¨Ë¨Î¥¸±¨Ì ¡μ±μ¢ÒÌ £·Ê¶¶, ¶·¨Î¥³ ¢ ´¥±μÉμ·ÒÌ ¨§ ±μ´É ±Éμ¢ ÊÎ ¸É¢ÊÕÉ ³μ²¥±Ê²Ò ¢μ¤Ò. ˆ´¢ ·¨-
 ´É´Ò¥ ±μ´É ±ÉÒ ¢±²ÕÎ ÕÉ ¢Ò¸μ±μ¸¶¥Í¨Ë¨Î´Ò¥ ¢μ¤μ·μ¤´Ò¥ ¸¢Ö§¨ Asn-Ade, ´¥¶μ²Ö·´Ò¥ ±μ´É ±ÉÒ
£¨¤·μËμ¡´ÒÌ  ³¨´μ±¨¸²μÉ, ¸²Ê¦ Ð¨¥ ¡ ·Ó¥· ³¨ ¤²Ö Ë¨±¸ Í¨¨ ¡¥²±  ´  „�Š, ¨ ±² ¸É¥· ¨´É¥·-
Ë¥°¸´ÒÌ ³μ²¥±Ê² ¢μ¤Ò, μ¡¥¸¶¥Î¨¢ ÕÐ¨° ¶μ¤¢¨¦´μ¸ÉÓ, ´¥μ¡Ìμ¤¨³ÊÕ ¤²Ö ¤¨¸¸μÍ¨ Í¨¨ ±μ³¶²¥±¸ 
¡¥²μ±Ä„�Š. �¤´  ¨§ ³μ²¥±Ê² ¢μ¤Ò ¨´¢ ·¨ ´É´  ¨ · ¸¶μ²μ¦¥´  ¢ Í¥´É·¥ ¨´É¥·Ë¥°¸ . ˆ´¢ ·¨ ´É´Ò¥
±μ´É ±ÉÒ ¢μ ¢¸¥Ì ±μ³¶²¥±¸ Ì μ¡· §ÊÕÉ¸Ö ³μÉ¨¢μ³ TAAT ¶·Ö³μ° Í¥¶¨ „�Š. �´¨ ¢Ò¤¥²ÖÕÉ ¸¥³¥°-
¸É¢μ £μ³¥μ¤μ³¥´μ¢ ¸·¥¤¨ ¶·μÎ¨Ì „�Š-¸¢Ö§Ò¢ ÕÐ¨Ì ¡¥²±μ¢. ‚ ·¨ ¡¥²Ó´Ò¥ ±μ´É ±ÉÒ μ¡· §ÊÕÉ¸Ö ¸
μ¡· É´μ° Í¥¶ÓÕ „�Š ¨ μÉ¢¥Î ÕÉ §  ¸¶¥Í¨Ë¨Î´μ¸ÉÓ ¸¢Ö§Ò¢ ´¨Ö ¢´ÊÉ·¨ ¸¥³¥°¸É¢  £μ³¥μ¤μ³¥´μ¢.
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Structural and Electrostatic Regularities in Interactions of Homeodomains
with Operator DNA

Interfaces of ˇve DNA-homeodomain complexes, selected by similarity of structures and patterns of
contacting residues were compared. The long-range stage of the recognition process was characterized by
electrostatic potentials about 5 �A away from molecular surfaces of both protein and DNA. For proteins,
clear positive potential is displayed only at the side contacting DNA, while grooves of DNA display a
strong negative potential. Thus, one functional role of electrostatics is guiding the protein into the DNA
major groove. At the close-range stage, neutralization of the phosphate charges by positively charged
residues is necessary for decreasing the strong electrostatic potential of DNA, allowing nucleotide bases
to participate in formation of protein-DNA atomic contacts in the interface. The protein's recognizing
α-helix was shown to form both invariant and variable contacts with DNA by means of the certain speciˇc
side groups, with water molecules participating in some of the contacts. The invariant contacts included
the highly speciˇc Asn-Ade hydrogen bonds, nonpolar contacts of hydrophobic amino acids serving as
barriers for ˇxing the protein on DNA, and interface water molecule cluster providing local mobility
necessary for the dissociation of the protein-DNA compex. One of the water molecules is invariant
and located at the center of the interface. Invariant contacts of the proteins are mostly formed with the
TAAT motive of promoter DNA's forward strand. They distinguish the homeodomain family from other
DNA-binding proteins. Variable contacts are formed with the reverse strand and are responsible for the
binding speciˇcity within the homeodomain family.

The investigation has been performed at the Laboratory of Information Technologies, JINR.
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INTRODUCTION

A vast majority of known studies of protein-DNA complexes are related to
the binding site of proteins with double-stranded DNA in the B-form in the re-
gion of its major groove [1Ä9]. In paper [4] speciˇc features of protein surface
patches of DNA-binding domains, such as accessibility, electrostatic potential,
hydrophobicity, as well as residue propensity and conservation have been ana-
lyzed. Positive electrostatic potential appears to be the most effective feature for
the binding site recognition. In this case [4], about 68% of 56 nonhomologous
DNA-binding proteins was correctly described by the prediction. This approach
has been improved by adding information about the secondary structure of the
protein binding motif [5] and the shape of contacting molecular surface [6]. In
this paper we try to deduce the structural and electrostatic regularities in the
organization of the protein-DNA complex.

Among various complexes with known spatial structures, complexes of tran-
scription factors bound to double-stranded operator B-DNA (Fig. 1) are the most
wide-spread ones. In all these cases the main binding site is formed by a
single recognizing α-helix bound with the region of the DNA major groove. The
interaction between polar side groups of protein and DNA presents an essential
part of the interactions, as shown earlier [9]. On the other hand, it is well known
that the polar groups on the surface of globular proteins are joined into clusters.
For example, side groups of charged amino acids form sign-alternating charge
clusters which can be considered as protein surface structural invariants [10].
Such clusters are available in 86% of nonhomologous protein structures [11]. We
have shown that all polar side groups of protein form polar clusters, and some
large clusters play a distinctive functional role in the binding of some protein-
DNA complexes [12, 13]. A similar functional role of polar cluster was clearly
revealed for different protein-RNA complexes as well [14]. Therefore, at present
a key role of polar residue clusters is essentially deˇned both for protein-DNA
and protein-RNA complexes.

Contacts between protein and DNA have been traditionally identiˇed from
coordinates of the corresponding DNA/protein pairs of atoms using stereochemical
criteria, such as distance thresholds between the atoms for hydrogen bonds or
nonpolar contacts. It should be noted that such a deˇnition of contacts is not
sufˇcient for all cases, because it ignores the structural context of occurrence
of each given contact, namely ®structural relationships¯ between the path of the
protein backbone at each amino acid and the plane of each nucleotide base [15].
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Fig. 1. Spatial backbone model of a complex of transcription factor Å homeodomain
Msx-1 from E. coli with a fragment of operator DNA. Only one protein binding domain A
is shown, whose third recognizing α-helix forms contacts with atomic groups of B-DNA
in the region of the major groove

In that work, however, one family of proteins, namely the homeodomain family,
was identiˇed in which those relationships were found to be very similar within
this particular family and very different from all other families. This prompted us
to select this family for analysis, considering also that homeodomains are known
as the most ancient and conservative.

Among inducible transcription factors, homeodomains are nearly the most
important ones in eukaryotes since they control differentiation development of
embryonic cells into tissue or organ-speciˇc cells. Initially discovered in fruit
	ies, these factors have been found in all vertebrates [16]. Structurally, homeo-
domains are three-helical bundles accompanied, at their N-terminus, by a basic
loop. Their recognizing helix is the C-terminal helix, and this helix is penetrating
the major groove [17]. Interactions of homeodomains with DNAs have been
extensively reviewed in [18], but no attempt to reveal the functional meaning of
contacts or classify those contacts has been performed. According to the SCOP
database [19], there are nearly 30 homeodomains with known structures, and the
entire number of PDB entries in the homeodomain-like family is about 150 [20].
Most homeodomains, even those widely differing in primary structures, have very
similar tertiary structures, coinciding as a rule with RMS deviation below 1 �A,
and within RMS of 0.6 �A in the recognizing helix. Structures of homeodomains
very often remain practically unchanged upon binding to DNA [21, 22]. A recent
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molecular dynamics study has shown that not only the structure but also the
mobility of the ®engrailed¯ homeodomain remains the same in the DNA-bound
as in the free form [23]. Thus, the homeodomain backbones have rather a rigid
conformation, so the complication of major structural changes of protein upon
binding with DNA is excluded. This facilitates the functional assignment of
each feature of protein-DNA recognition, such as electrostatic ˇelds of DNA and
homeodomains, polar contacts including hydrogen bonds, nonpolar contacts, and
water molecules mediating interactions in the DNA-homeodomain complex.

The DNA-binding protein domains, in the complexes we have selected, sat-
isˇed the following criteria:

Å similarity of tertiary structures having three α-helical segments and be-
longing to the homeodomain family;

Å similarity of the binding pattern of polar residues located on the surface
of the recognizing α-helix;

Å sufˇcient resolution (better than 2.5 �A) to capture interfacial water mole-
cules.

These selected homeodomains differ from each other within 0.6Ä0.8 �A in
their overall backbone coordinates and within 0.2Ä0.4 �A in the backbone coor-
dinates of the recognizing helix. Considering that the RMS difference between
molecules of the same protein in two complexes within the same asymmetric
unit may reach 0.5 �A [24], these differences are practically within the exper-
imental error. All DNAs in the complexes considered herein are close to the
canonical B-form. The PDB entries for the selected structures belong to the
following homeodomains: Msx-1 (1IG7, [25]), antennapedia (9ANT, [26]), en-
grailed (3HDD, [21]), paired (1FJL, [27]), and Pit-1 (1AU7, [24]). Thus, these
homeodomains are practically identical in terms of their protein backbone, and
typical of the homeodomain family. However, the pairwise homology of the
amino acid sequences of the recognizing α-helix was below 50%, and pair ho-
mology of the nucleotide sequence for the binding DNA-segment was also low.
Even with the low homologies, we have clearly observed a common functional
meaning of the majority of available contacts between the factor and DNA in
these complexes.

Since the protein-DNA recognition is known to have a hierarchical na-
ture [28], we analyzed separately nonspeciˇc long-range electrostatic interactions
followed by speciˇc interatomic contact interactions including close-range van
der Waals and hydrogen-bonding contacts.

1. METHODS

Atomic coordinates of complexes were taken from the Nucleic Acid Data-
base [29]. PDB codes are 1IG7-A, 9ANT-A, 3HDD-A, 1FJL-A, and 1AU7-A2,
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where last digits indicate the protein domains used in the analysis. High-resolution
crystallographic data, up to 2.5 �A, were chosen as the only suitable for analysis.
Such data give sufˇcient accuracy of atomic positions and include molecules of
structural water, which play a signiˇcant role in the binding of protein to DNA.
In this work, the residues belonging to the N-terminal ®arm¯, are not analyzed
because this region is disordered in the free homeodomains.

In addition to an ordinary used numbering given in the PDB ˇles, we in-
troduced two numbering systems of amino acid residues. One was describing
the positions i of amino acids within the recognizing helix beginning with the
position i+ = 0 assigned to the ˇrst amino acid contacting DNA. For example,
the position number i+ = 0 relates to Lys146 for complex 1IG7. The second
numbering system is based on Msx-1 homeodomain (PDB 1IG7) as a count for
all other protein's sequences unless otherwise speciˇed.

Since the complexes are embedded in water medium, it is very reasonable
to distinguish hydrophilic and hydrophobic interactions as proposed in [14]. The
hydrophilic interaction is caused by polar groups of atoms such as =NH, -OH,
-NH2, -NH+

3 , =CO and -COO−. These groups interact with each other and
with water to form hydrogen or ionic bonds. The hydrophobic interactions are
determined by nonpolar groups of atoms such as ≡CH, -CH2-, -CH3, -SH and
-CH=CH-. Evaluation of these interactions for the binding area can be done by
calculating the number of contacts of polar and nonpolar atomic groups. The
distance limits of atomic contacts were taken from [3]. The direct and water-
mediated contacts of polar atoms were determined at distances less than 3.35 �A.
These contacts specify hydrophilic interactions and could be related to hydrogen
and partially ionic bonds. Contacts between nonpolar atoms were determined at
distances less than 3.9 �A. Both types of interatomic interactions were analyzed
between binding protein domains of transcription factors and double-stranded
DNA fragments in the region of the major groove.

Structural alignments of tertiary structures of ˇve complexes were used to
identify the invariant and the variable subsets of the atomic contacts. At the ˇrst
stage of the procedure we superimposed the axes of the recognizing helixes of
all considered transcription factors. At the second stage we superimposed those
atoms of amino acids which form common for all complexes contacts with the
bases atoms of DNA taken from X-ray data. In this case we have also used three
reference points:

Å atom C of amide group of Asn 51 (i+ = 5);
Å atom N7 of adenine (TAAT motif of 5'-chain of DNA, Fig. 3) contacting

with Asn 51;
Å atom O of central water molecule contacting with Asn 51.
By means of this procedure we determine the common atomic contacts for all

ˇve complexes and represent visually their spatial arrangements. All such contacts
we considered below as invariant. The procedures were performed by using

4



the MOLMOL software (http://www.mol.biol.ethz.ch/groups/wuthrich group/soft-
ware). All structures of the complexes were manually superimposed onto the
structure of the Msx-1 homeodomain (any other transcription factor could be
also selected), alternately for the recognizing helix and the entire homeodomain.
In both cases we have obtained very similar results, further we have used an
alignment with the recognizing helixes. The RMS deviation of the Cα atoms
for amino acids participating in the contacts according to the above-mentioned
distance criteria was found to be within 0.5 �A. While the RMS values for the
Cα atoms for the entire homeodomain were found to be below 0.75 �A. These
values have been obtained by repeated procedures in order to reˇne and adjust
the structures. A coincidence for positions of contacting atoms of protein and
DNA with RMS below 1.0 �A has been deˇned as a numerical measure of invariant
contacts. Other contacts will be considered as variable, and they were not analyzed
in detail in this paper.

Electrostatic potentials were determined by solving the PoissonÄBoltzmann
equation, as speciˇed in [30]:

−∇(ε(r)∇ϕ(r)) = 4π(ρ0(r) + ρ1(ϕ(r)),

where ρ0(r) = Σiziqδ(ri) is the charge distribution of the protein molecule,
ρ1(ϕ(r)) = Σjzjnjq exp (−zjqϕ(r)/kBT ) is the distribution of the mobile elec-
trolyte charges, ϕ(r) is the electrostatic potential, ε(r) is the dielectric constant
assumed to be 2 inside the protein and 80 outside, r(x, y, z) is the radius vector
of each observation point, zi and ri are the charge and the radius vector of the
ith atom of the molecule, zj and nj are charges and concentrations of electrolyte
ions, respectively, q is the proton charge, kB is the Boltzmann constant, T is the
absolute temperature.

The atomic coordinates of either protein or DNA were taken from the spec-
iˇed PDB ˇles without further modiˇcations. Charges zi were taken from the
AMBER force ˇeld [31]. The electrolyte is assumed to be univalent (z1 = −1;
z2 = 1) at physiological concentration of 150 mM. Solution is sought with the
ˇnite-difference multigrid method using a sequence of nested ˇnite-difference
grids, the ˇnest grid having 192 × 192 × 192 points so that the interval between
grid points is less than 1 �A. Analytical solution available when ε = const is used
as the ˇrst approximation as well as to establish the boundary conditions. Poten-
tials were mapped onto the surface 5.5 and 3.0 �A away from the van der Waals
surface, and the color was coded so that red was the negative (ϕ < −0.5kBT/q)
potential, white Å neutral (−0.5kBT/q � ϕ � 0.5kBT/q), and blue Å positive
(ϕ > 0.5kBT/q). The choice of 5.5 �A distance for potential mapping is explained
by the facts that, at this distance away from the van der Waals surface, the surface
is approximately 7 �A away from the charges contributing to the potential, which
is equal to the Bjorrum length. At this length the interaction energy between two
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unit charges in water equals kBT . At distances larger than 5.5 �A, the energy of
electrostatic interaction becomes comparable to that of the thermal motion. At
distances smaller than 3.0 �A, the PoissonÄBoltzmann equation may no longer be
valid because of electronic 	uctuations and correlations [32].

2. RESULTS

2.1. Electrostatic Properties of Interacting Partners for Complexes of
Homeodomains with Operator DNA at the Distances 3.0Ä5.5 �A. For all ˇve
protein factors, the map of the electrostatic potential onto 3.0 and 5.5 �A equidis-
tant surfaces is shown in Fig. 2. A region of this surface is facing the major
groove of DNA. This region will be further termed the front surface. The oppo-
site surface of the protein will be termed the back surface. Characteristic regions
of the positive potential are visible on the front surface and almost completely
neutral potential on the back surface.

At the distance of 5.5 �A positive potential occupies almost the entire front
surface for the antennapedia (9ANT-A) protein, about 0.75 for the engrailed
(3HDD-A) protein, about 0.5 for both the Msx-1 (1IG7-A) and the paired (1FJL-
A) proteins, and less than 0.25 for the Pit-1 (1AU7-A2) protein. Overall charges

Fig. 2. Electrostatic potentials of protein factor molecules at the distances of 5.5 and 3.0 �A
from their van der Waals surfaces. Left sub-table shows the front side of the protein
surface contacting DNA, right sub-table shows the back side of the protein surface
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for those proteins are +7, +8, +6, +2, +3 q, and dipole moments 339, 517, 439,
468, 557 D, respectively [33]. For the Msx-1 protein, the positive potential re-
gion at the front side encompasses the recognizing helix excluding two amino
acid residues at its central part. The positive potential region for the engrailed
and antennapedia proteins covers not only the entire recognizing helix, but also
the laterally adherent regions. The positive potential region of the paired protein
is delimited by negatively charged amino acids located at both ends of the recog-
nizing helix. Unlike the remaining four homeodomains, recognizing helix of the
Pit-1 protein is entirely encompassed by the neutral potential, while the positive
potential is located in the laterally adherent regions. Thus, large areas of positive
potential are present only on the front surface of all ˇve homeodomains, while
the back surface is almost completely neutral.

For the 3.0 �A equidistant surfaces, the front surface of all proteins is com-
pletely covered with positive potential, again with the exception of the Pit-1
protein displaying neutral potential in the region corresponding to the center of
the recognizing helix. The back surface is ˇlled with a mosaic distribution of
small patches of positive and negative potentials, with the exception of Msx-1,
for which a large area of positive potential expands to the back surface, covering
about 30% of it.

Electrostatic potentials of the DNA fragments at 3.0 and 5.5 �A distances
from their molecular surfaces were shown to be determined by charges on the
DNA phosphates in the range of realistic degrees of neutralization by counterions
0.3Ä0.5 (data not shown).

2.2. Patterns of Binding of the DNA Fragments and the Homeodomains
in the Complexes. Nucleotides involved in contacts of operator DNA with the
protein differ strongly between the two DNA chains, both in terms of the identity
of the nucleotides and their positions in the nucleotide sequences (Fig. 3). Here
the nucleotides, which contact residues of the recognizing α-helix, are under-
lined. Practically, all ˇve sequences which are marked as 3'-end display variable
contact regions. In fact, the homology is observed only for the limited sequence
part 5`-TAAT which is designated in the ˇgure as the 5'-end. It is the part of
the sequence that deˇnes the conservative motive. The subsequent nucleotide
region shows only a very weak homology, so it can be regarded variable. The
forward (Watson) strand of the conservative motive and the reverse (Crick) strand
of the variable region form the speciˇc structural pattern recognized by the home-
odomain. Indeed, nucleotides of the forward strand of the 5`-’

’ motif form
contacts with conservative amino acids in positions i+ = 1 and 5, while amino
acids in positions i+ = 4 and 8 form contacts with the reverse DNA strand
(Figs. 3, 4).

Let us consider aligned sequences of the recognizing helix of transcription
factors more closely. Here the polar residues, which form contacts with B-DNA
in the region of the major groove, are hatched. The whole protein domain's
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Fig. 3. Nucleotide sequences of two DNA chains of ˇve considered complexes. Alignment
was performed on the promoter part TAAT which is shown in grey color. All binding
nucleotides are underlined. Left ˇrst column lists PDB codes of complexes

Fig. 4. Amino acid sequences of the recognizing α-helix for ˇve considered transcription
factors. Polar residues, which form contacts with B-DNA in the region of the major
groove, are shown in grey boxes. Positions i+ of these residues, which form contacts with
probability more than 60%, are listed in the upper line

chains have lengths of 58, 57, 55, 65 and 68 residues for 1IG7-A, 9ANT-A,
3HDD-A, 1FJL-A, and 1AU7-A2, respectively, and they rather differ in the
sequences. Sequences of the third recognizing α-helix are presented in Fig. 4.
The average pair homology of the common part of a recognizing helix of 17
residues makes 49%, and homology values vary from 29 to 70% (Table 1).

We marked the positions of binding polar residues with identity in three or
more complexes. These distinctive positions i+ are equal to 0, 4, 5, 7 and 9,
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Table 1. Pair homology by residue identity of recognizing α-helix of factor transcrip-
tions, %

1IG7 9ANT 3HDD 1FJL 1AU7
1IG7-A 100 70.6 70.6 47.1 47.1
9ANT-A 100 76.5 52.9 35.3
3HDD-A 100 58.8 29.4
1FJL-A 100 41.2

1AU7-A2 100
Note. Averaged homology of all pairs is equal to 49.1%

and they are occupied by residues Lys (Arg), Gln, Asn, Arg and Lys (Arg). The
positions 0, 7, 9 close to the edge of helix are occupied by the positively charged
residues. Central positions 4, 5 are occupied by the residues with neutral side
groups containing the partially positive amino group, and the partially negative
carbonyl group. All considered polar residues are located on the external surface
of recognizing α-helix, and only 1Ä2 nonpolar residues. The lengths of recog-
nizing helices are of 18, 19, 19, 23 and 17 residues. This corresponds to about
six turns of the α-helix for factor 1FJL-A and four turns for all the other factors,
although the part of the recognizing helix that contacts DNA has the same length,
17 residues.

Let us consider the structurally aligned contacts of transcription factors with
DNA in the complex of homeodomain Msx-1 with DNA (Figs. 4, 5). Below,
we are comparing such contacts across several complexes, and thus identify the
invariant and variable features of the system of protein-DNA contacts. Within
such a system, the contacts are spatially arranged in a manner speciˇc to the
homeodomain family.

Each of the conservative lysine and arginine residues in positions 0, 7, 9,
11, 12 (Lys146, Arg153, Lys155, Arg157, Arg158) forms polar contacts with
phosphate groups directly or via a water molecule. These amino acids are en-
compassing the recognizing helix, thus forming the periphery of the recognizing
helix interaction with DNA bases of the 5`-TAAT motive.

The position i+ = 5 is occupied by a highly conservative amidic side
chain Asn151. The asparagine residue forms a highly speciˇc bidentate polar
contact with the bold-marked adenine of the 5`-TAAT motive. Position i+ = 2 is
occupied by conservative hydrophobic Trp148, which belongs to the hydrophobic
core of the homeodomain and at the same time has contacts with the sugar-
phosphate backbone forward DNA strand of the 5`-TAAT motive.

In positions i+ = 4, 8 diverse amino acids of variable chemical nature are
located. Position i+ = 4 is occupied by Gln150 in 1IG7, 9ANT, 3HDD, 1FJL
complexes or Cys150 in 1AU7. Position i+ = 8 is occupied by Ala154 in
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1IG7, 3HDD, 1FJL complexes, Met154 in 9ANT, and residue Gln154 in the
structure 1AU7, which forms bidentate contact with adenine of reverse DNA
strand (5`-TAAT). The system of contacts of amino acids residues in positions
i+ = 4, 8 of the considered complexes is variable because these residues are
contacting bases of the reverse DNA strand neighboring the TAAT, thus forming
the 5`-TAATNNN motive.

In position i+ = 1, the conservative Ile/Val147 is located, forming a nonpolar
contact with the methyl group of the thymine 7 (numbering as in 1IG7) from the
5`-TAAT motive. This contact can be strengthened by a contact involving the
amino acid in the position i+ = 4, such as Cys150 in the 1AU7-A2 structure.
Besides, this contact may be accompanied by a nonpolar contact of the thymines
complementary to the adenines in the 5`-TAAT motive with amino acids in other
positions such as 8 (Met154 in antennapedia homeodomain).

The protein-DNA interfaces for all ˇve homeodomains contain 10Ä20 water
molecules. Among those water molecules, we can select the central water mole-
cule, w0. This water molecule is speciˇed in corresponding PDB ˇles (1IG7 Å
residue number of 186, 9ANT Å 855, 3HDD Å 413, 1FJL Å 900, and 1AU7 Å
732). It has completely used its hydrogen bonding capacities, and forms hydro-
gen bonds with Asn151, Gln150, and T7 (5`-TAAT) but not with other water
molecules, which are located more than 3.8 �A away.

3. DISCUSSION

3.1. Electrostatic Potentials of Homeodomains and DNA. The electrosta-
tic potentials of homeodomains indicate that large areas of positive potential
are present only on the front surface of all ˇve homeodomains both 5.5 and
3.0 �A away from the protein. The back surface is almost completely neutral
at 5.5 �A, and shows mosaic patches at 3.0 �A. The electrostatic ˇelds of DNA
and protein at 5.5 �A distance begin to contribute to steering of the protein to
DNA through positive potential of the protein interacting with negatively charged
phosphates. For this reason, fractions of the front surface areas occupied by the
positive potential can be used as rough estimates of the contribution of the protein
electrostatic ˇeld to long-range protein-DNA recognition. Neither differences in
overall charges alone nor differences in dipole moments alone can explain the
observed differences in potentials. This is apparently caused by compensation
of the contribution of the back surface protein positive charges Lys, Arg to the
electrostatic potential by the nearby negatively charged Glu and Asp residues,
while contributions of the front surface positive charges remain uncompensated,
and thus determine the potential of the front surface. The number of uncompen-
sated charges varies less than two charge units over the ˇve complexes, while
the fraction of the front surface positive potential varies from 0.25 to 1, i.e.,
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four times. We conclude that some of the positively charged residues do not
participate in long-range recognition. The suggested function of such residues in
protein-DNA contact is neutralization of the charges of DNA phosphates. Only
after phosphate charges are neutralized, recognition of the distribution of negative
potential caused by the bases in the major groove becomes possible.

The electrostatic potential of DNA is strongly negative for the whole DNA
molecule in the physiological solution. At about 5Ä10 �A distance from the DNA
molecular surface, it provides a suitable orientation of the protein molecule [34].
However, tight contact could not be realized due to the lack of a speciˇc interac-
tion at the distances considered. We have found that the electrostatic potential of
DNA 3Ä5 �A away from its molecular surface is dominated by the charges of the
phosphate groups rather than those of nucleotide bases. Accordingly, the charges
of the phosphate groups of DNA must be neutralized before the nucleotide may
take part in close-range protein-DNA recognition. Thus, function of the positively
charged amino acids of the homeodomain in its recognition of DNA should be
dual. One is to provide a speciˇc orientation of the protein with respect to DNA,
and the other is to neutralize the charges of the phosphates, which is necessary
for speciˇc, short-range recognition. This is also supported by the observation
that the positively charged amino acids, ˇve in the case of 1IG7, are located at
the ends of the recognizing helix. They lead to neutralization of the phosphate
charges in the vicinity of the recognized 5`-TAAT motive.

Details of the distribution of electrostatic potentials of proteins at 5.5 �A
emerging in the Pit-1 (1AU7-A2) and Msx-1 (1IG7-A) structures could be ex-
plained by local conformational features of the recognizing helices. Indeed, at the
protein factor Pit-1 neutral potential at the center of recognizing helix is formed
by the Ile/Val147 and Cys150, positions 1 and 4, screening the nearby positive
charges. In the Msx-1, the sidechain conformation of the Gln150, also position 4,
slightly differs from the remaining proteins. This makes the negatively charged
oxygen closer to 5.5 �A of the molecular surface, so a spot of the neutral potential
appears near the center of the recognizing helix.

3.2. Distribution of Polar Contacts of Protein between DNA Bases and
Phosphates. We can ˇnd common intermolecular contacts by selecting all con-
servative or very similar contacts among all complexes. At ˇrst, we consider
the contacts in complex Msx-1 (code 1IG7, Fig. 5). Here protein atomic groups
forming contacts with DNA are shown in black. Direct contacts are presented by
ˇlled arrows, and water mediated contacts Å by dotted arrows. In this complex,
the amount of water mediated polar contacts is less than a half of the total polar
contacts. For all ˇve complexes, it also comprises about a half of the total amount
of polar contacts. All observed contacts could be divided in two different groups.
The ˇrst group represents contacts of phosphate groups with positive charged
residues of the protein factor, that can be considered as contacts nonspeciˇc by
DNA sequence. These residues are Lys146, Arg152 and Lys155, their positions
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Fig. 5. Contact system between protein and DNA in the region of the major groove of
DNA for the complex with homeodomain Msx-1 (PDB code 1IG7). Binding atomic groups
of bases and phosphates are shown in black color. Large rectangle shows the invariant
promoter sequence part of DNA. Small rectangles contain names of binding protein polar
residues. Filled arrow lines designate direct intermolecular contacts. Dotted arrow lines
designate structural water mediated contacts. Symbol i+ shows binding polar residues
positions along the recognizing helix

on the α-helical surface are 0, 7 and 9. The second group represents contacts of
the bases with noncharged residues which can be considered as contacts speciˇc
by DNA sequence. These are Gln150 and Asn151, whose positions are 4 and 5,
and in addition also Lys146, position 0. Note that Asn151 is contacting bases
of the forward strand of the canonical TAAT motive of promoter region, while
Gln150 Å the reverse strand outside the motive.

For all other complexes the systems of intermolecular polar contacts appear
to be quite similar (Table 2). Overall, contacts of the proteins are distributed
almost equally between DNA phosphates and DNA bases. However, a signiˇcant
regularity was disclosed when we considered the contacts of protein polar residues
in deˇnite positions of amino acids in the primary structure (Table 3). The
positive charged residues in positions 7 and 9 are bound mainly with phosphates.
Oppositely, the residues of the N-terminal part of the helix in positions 0, 4,
and 5 are bound mainly with the bases. This distinctive regularity allows one
to discriminate groups of contacts according to their probable functions. It can
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Table 2. Intermolecular contacts with DNA of invariant positions of polar residues for
recognizing α-helix of factor transcriptions

Residue position i+ Polar residues Complexes of factor with DNA, PDB code
1IG7-A 9ANT-A 3HDD-A 1FJL-A 1AU7-A2

9 Lys (Arg) 1P - - - 1P - 2P - - -
7 Arg 2P 3B 2P - 2P - 1P - 1P -
5 Asn - 1B 1P 2B 1P 2B 1P 4B 1P 2B
4 Gln 1P 3B - - - 3B 1P 2B - -
0 Lys (Arg) 1P 1B - - - 1B - - 1P 2B

Note. Contacts with phosphates and bases of nucleotides designate as P and B. Corresponding num-

ber is equal to amount of contacts

`

Table 3. Average amount of factor contacts with DNA per each type of polar residues

Residue Polar binding residue Amount of contacts
position i+ Phosphates Bases

9 Lys (Arg) 0.8 0
7 Arg 2.0 0.6
5 Asn 0.8 2.2
4 Gln 0.4 1.6
0 Lys (Arg) 0.4 0.8

Total: 4.4 5.2

be also noted that the contacts are shared nearly equally between two chains of
DNA. As seen in Fig. 3, the contacts in the forward and reverse DNA chains are
shifted by two or three nucleotides with respect to each other.

3.3. Set of Invariant Contacts for All Considered Complexes. The contact
system of complex 1IG7 is similar in some common sense to the other four
complexes (Table 4). Here the conservative polar contacts are marked in bold.
The complicated net of contact interactions between protein and DNA in the
region of the major groove becomes much simpler when we consider only contacts
common for all complexes. We imply a contact to be common if it occurs at least
in 4 of total 5 complexes. The most signiˇcant polar contacts are summarized in
Table 5. In this table, we have also included contacts of charged residue Lys146
(i+ = 0) though this residue does not always form an exact ionic contact. Note
that the total amount of invariant contacts in all considered complexes reaches
above 80%. There is also one speciˇc contact of the thymine methyl group with
the hydrophobic amino acid in position 1 (data not shown).

A general scheme of conservative contacts in the complex 1IG7 is presented
in Fig. 6. It contains interatomic contacts of polar and nonpolar atomic groups, and
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Table 4. Contacts between polar groups of protein and DNA in complex 1IG7-A

i+ Protein Contact DNA DNA Contact Protein i+
residue Chain B Chain C residue

9 Lys 155 NZ --------- O2P T7 A24 N6 --- w --- OD1 Asn151 5
2 Trp 148 NE1 --- w --- O2P A8 A23 - - - -
2 Trp 148 NE1 --- w --- O1P A8 ‘22 O2P --------- NH1 Arg 153 7
5 Asn 151 ND2 --- w --- O2P A8 C22 N4 ---------- OE1 Gln 150 4
5 Asn 151 ND2 --------- N7 A8 T21 O2P --- w --- NH1 Arg 153 7
5 Asn 151 ND2 --- w --- O5∗ A8 T21 O5* --- w --- NH1 Arg 153 7
5 Asn 151 ND2 ---------- N7 A9 T21 O2P --- w --- NH2 Arg 153 7
5 Asn 151 OD1 ---------- N6 A9 T21 O1P --- w --- NH2 Arg 153 7
5 Asn 151 OD1 --- w0 --- O4 T10 T21 O2P --- w --- OE1 Gln 150 4
4 Gln 150 NE2 --- w0 --- O4 T10 T21 O5* --- w --- OE1 Gln 150 4
4 Gln 150 NE2 --- w ---- O4 T11 T21 O4 --- w --- NZ Lys 146 0
4 Gln 150 OE1 --- w ---- O4 T11 T20 O2P --------- NZ Lys 146 0

Note. Common for all ˇve considered complexes contacts are marked in bold. Letter w

designates structural water molecule, w0 Å water molecule of central binding cluster

Table 5. Conservative contacts between polar groups of protein and DNA in complexes
of double-stranded operator DNA with transcription factors

i+ Protein Contact DNA Complex, PDB code
residue nucleotide 1IG7 9ANT 3HDD 1FJL 1AU7

Nonsigniˇcant (Ä) DNA chain
9 Lys 55 NZ --------- O2P T + Ä + (+) Ä
2 Trp 48 NE1 --- w --- O1P A + + + + +
5 Asn 51 ND2 -- w0 --- O2P A + + + + Ä
5 Asn 51 ND2 --------- N7 A + + + + (+)
5 Asn 51 OD1 --- w0 --- O4 T + + + + +
4 Gln 50 NE2 -- w --- O4 T + + + + Ä

Signiˇcant (+) DNA chain
7 Arg 53 NH --------- O2P T(C) + + + + +
0 Lys 46 NZ --------- OP T + Ä Ä Ä +

Note. Signs + or Ä designate presence or absence of corresponding binding contact. Sign

in brackets (+) marks insigniˇcant variation in contact: for instance, exchange of Lys by

Arg in complex 1FJL or exchange of atom N7 by N6 in complex 1AU7. Total amount of

presence in the complexes of all listed conservative contacts is equal to 82.5%

the binding protein residues and DNA bases are shown in grey. Protein molecules
have 4 binding polar and 2 nonpolar residues on the surface of the recognizing
helix in positions 1, 4, 5, 7, 8 and 9. A DNA molecule has three binding nu-
cleotides: T7 and T10 from one chain and C22 from the other chain. The third
essential participant of the complex formation is the set of 10Ä20 molecules of
structural water. It should be noted that this scheme can be considered as common
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Fig. 6. Contact system between protein and
DNA common for all considered factors in
the region of the major groove of DNA.
Large rectangle shows the invariant pro-
moter sequence part of DNA. The atomic
groups forming intermolecular contacts are
shown in grey color. Scheme is based on
numbering of complex 1IG7

for all ˇve considered complexes with
the unique pattern of polar binding
residues on the surface of the recog-
nizing α-helix.

3.4. Functional Sense of Protein-
DNA Contacts. First we select a large
group of contacts Å the central bind-
ing cluster. The binding atomic groups
of protein and DNA are shown here
by grey color (Fig. 7, a). This clus-
ter consists of the central molecule w0

of structural water mediating the bind-
ing contacts of two residues Gln150
and Asn151 with the base T10. This
nucleotide is a part of the promoter
sequence TAAT. For convenience we
have used here the designation taken
from the complex 1IG7. However, we
consider only the common contact sys-
tem. In fact, the mentioned residues
can also form some other contacts. It is
worth noting that in these residues both
side groups, NH2 and CO, are form-
ing contacts with DNA. Another dis-
tinct feature is that almost all valences,
three of total four, of structural water
molecule are occupied.

The second group includes contacts of two positively charged residues Arg153
and Lys155 with phosphate groups of nucleotides T7 and C22 (Fig. 7, b). As seen
above, the negatively charged sugar-phosphate backbone of B-DNA has a strong
shielding effect on the ˇeld of base groups situated at the bottom of the major
groove of DNA. These two residues function as positively charged compensators
of two negatively charged phosphates of different chains of DNA. And this al-
lows forming the contacts of protein residues with less accessible bases of atomic
groups at the bottom of the major groove of B-DNA.

The third group of contacts presents nonpolar barriers of the protein-DNA
binding site from two sides along the DNA chain (Fig. 7, c). These are bridges in
DNA molecule composed of methyl groups of closely situated bases T7. . . T25
and T11. . . T21 of different sides of B-DNA. In the complex the protein nonpolar
residues Ala154 and Ile147 are located here, respectively.
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Fig. 7. Groups of homeodomain-DNA contacts with speciˇc functional sense marked in
grey: a) central binding contact cluster; b) positively charged compensators of phosphate
negative charges of both DNA chains; c) nonpolar ˇxing barriers of the protein-DNA
binding site; d) set of 10Ä20 water molecules providing local conformational mobility

Finally, fourth groups of functionally signiˇcant contacts consist of a set
of 11Ä12 closely situated ˇxed molecules of structural water. These molecules
are inside of the whole contact interface region between the protein and DNA
(Fig. 7, d). This water cluster may provide local conformational mobility necessary
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for the dissociation process. Roles for interface water molecules were ˇrst noted
in [35] and discussed in the review [36].

We can see that almost all common intermolecular contacts of the recognizing
helix have distinctive functions to be performed. However, where is the binding
speciˇcity of each individual complex realized? First, even a small variation
of similar amino acid residues, such as Lys and Arg, seems to be signiˇcant.
Second, there is a strong difference in DNA sequences of the noncanonical parts
outside the promoter motive TAAT (see Fig. 3). It is this part of DNA that
forms contacts with the protein and thus determines some speciˇc details of the
interface. Therefore, we can suggest that DNA sequence immediately following
the TAAT motive and located in this motive's complementary strand is mainly
responsible for the speciˇcity of binding within the considered group of complexes.
Those nucleotides form contacts with amino acids in positions 4 and 8 which are
essentially variable, which is valid also for the entire homeodomain family (data
not shown).

This study is an attempt to consider contacts of DNA bases with protein side
chains within an entire interface. To analyze the interfaces in the set of ˇve
proteins together with the 3D structure of entire proteins, we applied a manual
structural alignment. The manual alignment used herein combines comparisons
of individual contacts in the interfaces with comparisons of the overall fold of
the protein domains, thus combining the features of chemical and stereochemical
recognition as speciˇed in [37], or the description of contacts with structural
relationships as speciˇed in [15]. In this context it may be useful to recall
that the structure of the complex only re	ects the eventual state of protein-
DNA recognition, the recognition being a dynamical process. While strictly
deˇned contacts may determine speciˇcity of binding in the eventual complex,
and operating similarly to the ®lock-and-key¯ principle, the contacts that do not
satisfy the stereochemical criteria, may be termed ®loose contacts¯. The latter
provide the degrees of freedom in the speciˇc docking of protein to DNA, playing
the role of dumpers and docking ropes, attenuating the diffusional and collisional
mobility of the groups involved in speciˇc contacts, and thus facilitating the
speciˇc docking.

CONCLUSION

The comparative analysis of contact interactions of ˇve complexes of the
homeodomain transcription factors with fragments of operator DNA has shown
that, despite rather low pair homology of the binding helix and the recognized
DNA sequence, the regularities relating structural features to function could be
very clearly revealed in all considered complexes. Only ˇve examples turned out
to be sufˇcient for identiˇcation of both the general and the speciˇc features of the
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protein-DNA recognition, due to the evolutionary conservation and the rigidity of
homeodomain family. We suggest that the found regularities should be valid for
the protein-DNA complexes of the entire homeodomain family as we revealed by
considering the expanded set of complexes presented in the review [18]. While
the invariant contacts likely specify the family of homeodomains, the variable
contacts provide speciˇcity of individual complexes within the homeodomain
family.
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