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Introduction

DNA is a long, thread-like macromolecule composed of two
helical polynucleotide chains. The chains are coiled around
a common axis and are antisymmetric with respect to the
helical axis. The most frequent conformation is a so-called
B-DNA in which the diameter of the double helix is ap-
proximately 20 Å.

Normally, this deoxyribose is bound to one of four dif-
ferent bases, adenosine, guanosine, cytosine and thymidine.
Each helix’ backbone is formed by the sequential linking of
the phosphate-sugar monomers. The base protrudes into the
helix with its plane lying perpendicular to the helical axis.
Adjacent bases are separated by approximately 3.4 Å along
the helix axis and related by a rotation of nearly 36 degrees.
Hence, the helical structure repeats after ten residues on each
chain. The two chains are held together by the stacking in-
teractions between adjacent bases and to a lesser extent by
the hydrogen-bonds (H-bonds) between opposing bases. Ad-
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enosine is always paired with thymidine and guanosine is
always paired with cytosine.

Proteins are polymers formed from a long chain of
sequentially linked amino acids that are held together by pep-
tide bonds. All proteins are built up from twenty different
amino acids, as compared with only four nucleotides in a
DNA molecule. Amino acids are capable of forming H-bonds;
they play a role in stabilising different conformations and
intermolecular binding. This leads to a much greater diver-
sity in the possible conformations of proteins. The three di-
mensional structure of proteins is much more complex than
that of DNA [1] and so far there is no general methodology
to predict the shape of a folded protein from the amino acid
sequence of its polypeptide chain.

Water profoundly influences the interactions of proteins
and DNA [2]. The polarity and hydrogen-bonding (H-bond-
ing) capability of water make it a highly interacting mol-
ecule. Water can (1) greatly weaken the electrostatic forces
and H-bonds between polar molecules by competing for their
attraction; (2) play both roles of an H-bond donor and, by
lending electron pairs of the oxygen atom, an acceptor; and
(3) form a variety of bridges between molecular donors and
acceptors. For protein-DNA complexes, these bridges may
be intra- or inter-molecular, e.g., phosphate-water-sugar, phos-
phate-water-base, base-water-base and various protein-wa-
ter-DNA water bridges.

In nucleic acids, tertiary structure is the result of an equi-
librium between electrostatic forces due to the negatively
charged phosphates, stacking interactions between the bases
due partially to hydrophobic and dispersion forces, H-bond-
ing interactions between the polar substitutents of the bases,

and the conformational energy of the sugar phosphate back-
bone [3]. The polynucleotide backbone exposes the nega-
tively charged phosphates to dielectric screening by the sol-
vent and promotes the stacked helical arrangement of adja-
cent bases in its preferred conformations. In this way, a hy-
drophobic core is produced where H-bonds between bases as
well as additional sugar-base, sugar-sugar and H-bonds of
protein-DNA are created. Thus, water molecules can increase
the stability of helical conformations of nucleic acids by
screening the charges of the phosphates and by bonding to
the polar exocyclic atoms of the bases [3]. Geiduschek and
Gray [4] first suggested that hydration plays a role in the
stability of nucleic acid helices and later proposed that the
base stacking forces together with H-bonding between com-
plementary bases were responsible for double helical struc-
tures in solution. In 1967, Lewin proposed that water bridges
contribute greatly to the stability of the DNA double helix in
the solution. Saenger and Westhof [5] emphasised the impor-
tance of water molecules and water bridges in nucleic acid
stability on the basis of crystallographic data. Westhof and
Beveridge [6] published simulation results sizing the impor-
tance of water molecules and water bridges in nucleic acids
[7].

Docking of oligonucleotides to proteins presents a formi-
dable problem because the large number of atoms involved
and the flexibility of DNA molecules and the side chains of
the protein make the explicit search of binding space very
difficult if not impossible even for a single DNA sequence.
Therefore, most studies start with rigid-body matching in-
volving a system of filters designed to eliminate unfavour-
able conformations. Scoring is based on a surface
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Figure 1 Angles used in the
definition of the LJ potential
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complementarity (for instance, the DOCK algorithm [8]) or
an energy function or a combination of both. The energy func-
tion evaluates standard potentials such as electrostatic, van
der Waals, hydrophobic, and hydrogen bonding. The meth-
ods used to explore binding space range from simulated an-
nealing [9], to genetic algorithms [10], Monte Carlo [11, 12]
and graph theory approaches [13]. In a recent study, Aloy et.
al [14] developed an algorithm capable of performing a glo-
bal search of binding space using both shape complementarity
and electrostatic potential criteria. Advances in computing
also allowed structural flexibility to be incorporated in the
refinement of the results of rigid-body docking [11, 15]. An
extended overview of the recent developments in the simula-
tion of protein-protein and protein-DNA binding is given in
[16]. We should mention that most of these studies aim to
simulate a docking of several molecules into a complex that
matches the data observed in crystallography and NMR ex-
periments. The issue addressed here is the specificity of DNA
recognition by the proteins.

In our previous paper [17], we presented an analysis of
specificity of H-bonding in protein-DNA complexes without
involving water interactions. A Monte Carlo method was
employed to dock rigid DNA sequences (deformed in ac-
cordance with experimental data) to the established H-bond-
ing sites on the protein molecule. We showed that base pairs
with two or more hydrogen bonds are predicted correctly.
Here we give some further results showing that water mol-
ecules and water bridges play an important role in protein
binding to DNA. The water bridge in this paper refers to the
bridge between protein and DNA. We start out with the ex-
perimentally determined structures of several complexes con-
taining water bridges. Six protein-DNA complexes are ana-
lysed in this paper; zinc finger Zif268-DNA complex [18],
λ-receptor-DNA complex, MyoD transcription activation do-
main-DNA complex [19], human-chicken estrogen receptor-
DNA complex [20], MAT A1-ALPHA2-DNA ternary com-
plex [21], and TRAMTRACK protein-DNA complex [22] or
Zif268-DNA, LAMBDA-DNA, MyoD-DNA, ERDBD-DNA,
MAT-DNA, and TRAMTRACK-DNA. The sets of data for
all complexes are available in the PDB format from the Pro-
tein Data Bank [23]. We utilised the molecular dynamics simu-
lation package XPLOR [24] when experimental data for hy-
drogen atoms was not available in the X-ray crystal struc-
tures. The program Midas Plus [25] provided us with means
for visual examination of conformations. The remaining sec-
tions of the paper are: §2 data analysis; §3 our prediction of
protein bonding to DNA; §4 discussion.

Data Analysis

This section presents the analysis of water mediated bonds in
Protein-DNA complexes from crystallographic data. Water
is layered between the protein and the DNA, and in some
cases, one side of the water molecule is attached to the pro-
tein and the other to the DNA. We call such a configuration a
water bridge. In addition, there are water clusters that in-

clude molecules bound to the DNA and molecules bound to
the protein. We also regard these clusters as water bridges.
However, these types of clusters are relatively scarce with
most clusters attached only to the protein or only to the DNA.

LJ Potential For Hydrogen Bond

We define the length of H-bond to be the distance between
the centres of the acceptor atom and the hydrogen connected
to the donor. First, we search for the H-bonds to protein, DNA,
water bridges, and water clusters using an LJ potential [17]
between prospective atoms. We consider the H-bonds only if
they are shorter than 3.2Å. The formula for the LJ potential
is given below. The minimum of the potential is -0.5 kcal/
mol. H-bonds with LJ energy higher of equal to -0.2 kcal/
mol are regarded as weak.

For a system with N active H-bonds whose associated
donors and acceptors span distances ri, i = 1, 2,…, N, the
total system binding energy can be expressed as the sum of a
modified pair-wise LJ potential
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A and c0 is a normalising coefficient. Here r = r0 is the solu-
tion to the equation
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σ is a weakly pair-dependent coefficient that determines the
location of the minimum of the potential, the angles τ, π and
γ are defined in Figure 1 and r is the distance between the
donor and the acceptor. The form of the LJ potential Vi(r, γ,
θ, φ) we used above for H-bonds is an approximation. The
radial Lennard-Jones potential factor ((σ/r)6–1.5(σ/r)4) fol-
lows Brunger, which reflects the interaction between the two
charged particles (the donor and the acceptor). The angle fac-
tor cos(γ) + 3 cos(θ) cos(φ) is derived from the interaction
energy between two point dipoles (the donor-hydrogen and
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Table 1 H-bonds on Major Groove

H-Bond 1 H-Bond 2 H-Bond 3
Protein Base Type DNA Site LJ DNA Site LJ DNA Site LJ

Pair (kcal/mol) (kcal/mol) (kcal/mol)

Zif268 2 Direct N7 -0.48 O6 -0.38
3 Cluster N7 -0.47

Bridge O6 -0.31
4 Direct N7 -0.47 O6 -0.27

Cluster H41 -0.12
5 Direct H61 -0.20
6 Direct N7 -0.47

Cluster H41 -0.09
7 Direct N7 -0.49 O6 -0.37

Bridge H61 -0.12
8 Direct N7 -0.48 O6 -0.36 H41 -0.38
9 Bridge N7 -0.43 O6 -0.29

10 Direct O6 -0.38
11 Direct H61 -0.25

MAT 13 Cluster O4 -0.27
15 Cluster N4 -0.34 O6 -0.43 H42 -0.11
17 Direct N7 -0.49 O4 -0.41 H61 -0.22
18 Direct N7 -0.45 O6 -0.24

ERDBD 12 Direct N7 -0.43
13 Bridge N7 -0.35 O4 -0.32
14 Direct N7 -0.34 H41 0.45

Bridge O6 -0.37
15 Direct O6 -0.28
16 Bridge N7 -0.40

Cluster O4 -0.29

TRAMTRACK 6 Direct N7 -0.48
7 Direct N7 -0.49 O6 -0.25

Bridge H41 -0.42
8 Direct N7 -0.44 O6 -0.35 H41 -0.40
9 Direct N7 -0.48 H61 -0.36

10 Direct O4 -0.38
Cluster N7 -0.47

LAMBDA 10 Direct N7 -0.40 O6 -0.30
11 Direct H41 -0.47
12 Direct N7 -0.17 O6 -0.16 H41 -0.18

Cluster N7 -0.48
13 Direct N7 -0.37
15 Cluster H41 -0.20
17 Direct N7 -0.49 H61 -0.37

Bridge O4 -0.29

MyoD 5 Bridge O6 -0.34 H41 -0.13
Cluster N7 -0.14

6 Bridge N7 -0.45
8 Cluster N7 -0.14 O6 -0.46 H41 -0.40

Cluster N7 -0.16
9 Cluster N7 -0.46

10 Direct H41 -0.17
Bridge N7 -0.18

11 Bridge N7 0.29 O4 -0.19
12 Cluster N7 -0.23
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the antecedent-acceptor) [17]. We emphasise that the energy
minimisation is sensitive to the detailed form of the poten-
tial, including specifically the angular factors. In this sec-
tion, we use the LJ potential formula above. We set c0 = 1, α
= 6, β = 4.

Interactions in the analysed complexes for which LJ po-
tential is evaluated are shown in Figure 2.

Six Protein-DNA Complexes

In this subsection, we will describe six different protein-DNA
complexes: (1) Zinc finger Zif268-DNA complex, (2) MAT
A1-ALPHA2-DNA ternary complex, (3) human-chicken
estrogen receptor-DNA complex, (4) TRAMTRACK protein-
DNA complex, (5) the λ-repressor mutant-DNA complex, and
(6) transcription activation MyoD BHLH domain-DNA com-
plex. All hydrogen bonds for each base pair in each complex
used in the calculations are shown in Table 1.

Zinc finger Zif268:  The zinc finger is a motif that is re-
peated in tandem to recognise DNA sequences of different
lengths. Each finger is based on a similar framework, and
each interacts with a small number of base pairs. The strength

of the interaction can be varied by changes in the sequence
of both the protein and the DNA and by varying the length of
the spacing between the fingers. These changes allow a high
level of specificity in recognition, and this modular design
offers a large number of combinatorial possibilities for spe-
cific recognition of DNA [26].

The Zif268-DNA considered here consists of 129 water
molecules, the protein with 85 residues and ten base pairs of
DNA. The protein has 3 zinc finger motifs within its sequence.
Its crystal structure shows that the α-helix with each zinc
finger fits directly into the major groove of DNA and that
residues from the NH2-terminal portion of each α-helix con-
tact the base pairs in the major groove [18].

The water molecules stay on the concave surfaces of the
protein and DNA [5]. Water molecules serve mainly as space
fillers but they also form H-bond bridges between protein
and DNA. There are 20 H-bonds in this structure (seven wa-
ter bridges) spanning all 10 base pairs. To minimise the time
of computation we chose only base pairs with two or more
H-bonds.

The DNA in Zif268-DNA has a B-form DNA structure
with a slight distortion [18]. The base pairs 2 — 4 and 8 —
10 have the same sequence (GCG) and they are more dis-
torted than the others.

D H

− +

A
AA

−
+

Protein (DNA)

DNA (Protein)

(a)

A
AA

−
+H

H

O

−
+

DNA (Protein)Water

(c)

O H

H

+

−H
H

O

−
+

Water

Water

(d)

D H

− +
O H

H

+

−

Protein (DNA)

Water

(b)

Figure 2 Four kinds of dipole-dipole interactions in the DNA-Protein-Water system. D denotes Donor, A denotes Acceptor,
and AA denotes Acceptor Antecedent



130 J. Mol. Model. 1999, 5

Protein Base H-bond Lab Predictions
Pair Number Sequence A1 A2 B

Zif268 2 2 G G G
3 2 C C C
4 3 G G G
6 2 G G G
7 3 G G G
8 3 G G G
9 2 C C C

MAT 13 1 T C G
15 3 C C C
17 3 T T T
18 2 C C C

ERDBD 12 1 G G G
13 2 A A A
14 3 C C C
15 1 C C C
16 2 T T T

TRAMTRACK 6 1 A G G
7 3 G G G
8 3 G G G
9 2 A A A

10 2 T T T

LAMBDA 10 2 G G G
11 1 C C C
12 4 G G G
13 1 G G G
15 1 G G A
17 3 A A A

MyoD 5 3 C C C C
6 1 A G G A
8 3 C C C C
9 1 T T C T

10 2 G G G G
11 2 T T T T

Table 2 Prediction results
for six complexes

MAT A1-ALPHA2-DNA ternary complex:  The MAT A1-
ALPHA2-DNA ternary complex consists of two protein do-
mains attached to a DNA fragment 19 base pairs long. There
are 57 water molecules that form five water bridges between
the DNA and the protein.

Human-chicken estrogen receptor-DNA complex: This is
a dimer of the complex with each monomer consisting of
two identical zinc-finger sequences 74 amino acids long bound
to the 17 base pairs long DNA fragment. There are 158 water
molecules that form five water bridges.

TRAMTRACK protein-DNA complex:  This is a transcrip-
tion regulation protein. The complex consists of two zinc-
finger peptides bound to the DNA. There are two protein
domains 66 amino acids long, two DNA duplexes 19 base
pairs long, and 57 water molecules grouped into 36 clusters.

To reduce the amount of computation we analysed only a
monomer structure. This monomer contains two water bridges.

The λλλλλ-repressor mutant-DNA complex: This is another tran-
scription regulation protein with three substituted amino ac-
ids. The complex was refined as a dimer consisting of two
protein domains 92 amino acids long and two DNA mol-
ecules 20 base pairs long. There are 92 water molecules
grouped in 63 clusters. We chose a monomer that included
three water bridges.

Transcription activation MyoD BHLH domain-DNA com-
plex: MyoD proteins are a family of myogenic factors that
control the development of skeletal muscle cells. This struc-
ture contains the basic helix-loop-helix domain of MyoD
complexes with the 14-base pair DNA fragment. The protein
component consists of two polypeptides 68 and 62 amino
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acids long. Contacts between the protein and the DNA are
facilitated by 17 water molecules. There is a single direct H-
bond and 13 water bridges spanning seven base pairs. To
minimise the time of computation we omitted the twelfth
base pair which has a single relatively weak H-bond (-0.233
kcal/mol). We did however, include three other base pairs,
with each having a single strong H-bond.

Prediction

The general idea for our computer simulations [17] is that
we generate a DNA sequence, fix it, and then carry on trans-
lation and rotation of the protein configuration to minimise
the total LJ potential of every combination of the protein
binding to the DNA. Figure 3 shows the general idea for our
program. The parallel version of the program consists of a
master process that keeps track of the current sequence and a
number of client processes that request new sequences from

the master process, compute their binding energies and store
results in the log file. This simple parallelisation technique
allows us to achieve linear scalability for any number of
processing nodes. Upon completion of the program we sort
each proposed binding configuration in terms of its LJ po-
tential and check the rank of the experimentally defined struc-
ture with this list. The algorithm itself consists of several
stages designed to reduce the number of Monte Carlo
minimisations; (1) geometric hashing matching pairs of H-
bonding sites, using the square-well potential; (2) least-
squares minimisation of pairwise distances to rank the pre-
diction given by the above step, which is then used to further
filter out insignificant matches; and (3) Monte Carlo search-
ing to stochastically minimise the system’s LJ energy. The
first two elements determine rigid body motions that attempt
to bring serial pairs of atoms, one from the DNA and one
from the protein, into coincidence. In this paper we extended
this stage to allow oxygen atoms to have up to two H-bonds.
As in our previous paper, only unique matches were allowed.
We provide results with (Method B) and without (Method A)

Translation

Rotation

PROTEIN

DNA   Sequences

DNA

4L

Figure 3 Schematic diagram of the binding and docking al-
gorithm. The algorithm has three steps: filter,  comparison,
and optimisation. There are 4L different combinations of DNA
sequences, where L is the number of base pairs. The defor-
mations of B-DNA are induced by the experimental DNA se-
quence. Given a protein with P H-bond potential bonding
sites (acceptor or donor). We try to predict which sequence

of DNA to which the protein binds. For Zif268-DNA com-
plex, we consider 20 potential binding sites  on the protein
and 8 base pairs of DNA. For 8 base pairs with 4 choices
each, we have 48 = 65536 possible DNA sequences. There
are 32 potential H-bond binding sites on each 8-bp DNA se-
quence. We look for 16 H-bonds match. Thus, the total number
of possible matches is 48 × (32

16) × (20
16) × 16!  ≈ 1028.
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this feature. To reconstruct the geometry of H-bonds between
pairs of points, we fix one end of the H-bond in the data and
compute an “ideal” position for the other by extending, from
the first point, in the ideal direction predicted for a H-bond.
We then use this extended ideal point as the centre of the
square well or quadratic potential when locating the other
end of the H-bond in the data. A more detailed description of
our algorithms can be obtained from our previous paper [17].

Computations were conducted on a Beowulf-type [27] par-
allel cluster on 4 to 18 300Mhz Pentium II nodes. Search
times varied from several hours to several days depending on
the number of base pairs considered and the number of hy-
drogen bonding sites on the protein.

Conceptually, for the present analysis, we regard the wa-
ter molecules which form the water bridges to be rigidly con-
nected to the protein. We will present the prediction for the
six complexes introduced in the previous section. The results
from both, unique matching (Prediction A) and multiple
matching (Prediction B), methods are summarised in the Ta-
ble 2.

Zif268-DNA:  There are H-bonds in the major groove on every
base pair of the DNA in Zif268-DNA. To reduce the compu-
tational time we selected the seven base pairs which contain
two or more H-bonds.

The predicted pattern completely matches the experimental
one. In this case, Method B achieved a better separation be-
tween the best and the next best predicted patterns (-6.326
and -6.215 kcal/mol with B vs. -5.998 and -5.997 kcal/mol
with A).

MAT A1-ALPHA2-DNA ternary complex:  This structure
has a small number of H-bonds all of which where used in
the computation. The base pair with a single H-bond was
predicted incorrectly. The experimental structure was ranked
third by the Method B while Method A rejected it at the geo-
metric filtering stage.

Human-chicken estrogen receptor-DNA complex: In this
case a perfect match was achieved despite the presence of
two single bond base pairs. Both methods produced the same
results.

TRAMTRACK-DNA complex:  There is a single mismatch
occurring at the base pair with a single H-bond. Both meth-
ods produced the same top pattern.

The λλλλλ-repressor mutant-DNA complex: This structure fea-
tures rather uneven distribution of H-bonds and we decided
to include base pairs with a single bond into the computation
to provide more data on the performance of the algorithm on
such base pairs.

The match appeared to be perfect with Method A but we
had to increase the tolerance of the first filtering stage to
prevent the experimental pattern from being excluded from
the calculation. Method B mispredicted a base pair with a
single H-bond, the experimental structure was ranked sec-
ond.

MyoD-DNA complex: This structure also features base pairs
with a single H-bond. In addition, there are multiple weak
bonds (defined as having a Lennard-Jones potential higher
than -0.20).

Method A had two structures tied for the first place. The
one that was marginally better has one mismatch, the second
one has two. Both mismatches occur at the base pairs with a
single H-bond. Method B ranked the experimental structure
on top followed by several structures, including those pre-
dicted by Method A, with insignificant differences in the to-
tal LJ potential.

Discussion

Sequence recognition involves direct H-bonding and van der
Waals interactions between protein side chains and edges of
base pairs exposed in the grooves of duplex DNA [28]. Elec-
trostatic forces are involved in stabilising DNA-protein com-
plexes but make a lesser contribution to sequence specificity
since these occur at the charged phosphate groups. Van der
Waals forces and electrostatic interactions between positively
charged groups on the protein and phosphates on DNA are
excluded from the computations since these forces contrib-
ute primarily to the free energy of stabilisation as opposed to
sequence specificity. However, these interactions result in the
distortion of the DNA geometry and we take them indirectly
into account by modelling the distortion by the experimental
conformation of DNA. The modelling algorithm was im-
proved from the one used in our previous paper to include
intra base pair distortions like “propeller twist”. Using pro-
tein structures derived from DNA-protein complexes in which
coordinates were established by X-ray diffraction techniques,
we have analysed all possible DNA sequences to which these
proteins might bind, ranking them in terms of Lennard-Jones
potential for the optimal docking configuration. Water mol-
ecules, which can form hydrogen-bonded bridges between
phosphate and base, phosphate and sugar, as well as proteins
and DNA, are included in the analysis. Results of our study
support the view (review by Berg and von Hippel, 1988 and
Steitz, 1990) [29, 30] that H-bonding between side chains of
proteins and sites exposed in the major groove of DNA are
the critical determinants of recognition for proteins that bind
in a sequence-specific manner to DNA.

A number of simplifying assumptions were made in for-
mulating the algorithms used in this study. First, a potential
energy function was constructed which involved only H-
bonds. Second, where bidentate bonds formed between side
chains of proteins and DNA may be relevant to specificity
[28], we considered only one to one donor-acceptor type H-
bonding with the binding sites on the major groove of the
DNA. Third, the protein and the DNA were treated as rigid
bodies during the matching process. Finally, the choice of a
Lennard-Jones potential for H-bonds was necessarily approxi-
mate; moreover, the angular component used for thus equa-
tion was based on a dipole-dipole interaction [31], an assign-
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ment that proved superior to the angular factor used for mo-
lecular mechanics simulations [25].

The algorithm developed to predict the binding specificity
of DNA-protein complexes was successfully extended to com-
plexes containing water-mediated bridges. Six data sets
yielded correct predictions for all base pairs that had two or
more H-bonds (23 out of 23). Although predictions for base
pairs with a single H-bond were unstable (5.5 out of 9) they
were better than the random result. Evidently, the inclusion
of water bridges in the analysis increases the number of base
pairs with two or more H-bonds, thus improving the results.
A variation of the algorithm that allowed up to two matches
for a single oxygen atom proved to be useful, producing im-
provements in three cases and a mismatch for a base pair
with a single H-bond in one case. Further refinements of our
project will use molecular dynamics to simulate the protein
binding interaction to DNA [32, 33]. The availability of ad-
ditional experimentally determined data sets should help to
further validate the model and simulations.
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