
1182–1191 Nucleic Acids Research, 2002, Vol. 30, No. 5 © 2002 Oxford University Press

Protein and drug interactions in the minor groove of DNA
Zdenek Morávek, Stephen Neidle1,* and Bohdan Schneider2

Faculty of Mathematics and Physics, Charles University, Ke Karlovu 5, Prague, Czech Republic, 1CRC Biomolecular
Structure Unit, Chester Beatty Laboratories, The Institute of Cancer Research, 237 Fulham Road, London SW3 6JB,
UK and 2Center for Complex Molecular Systems and Biomolecules, Dolejskova 3, CZ-18223 Prague, Czech Republic

Received October 29, 2001; Revised and Accepted December 17, 2001

ABSTRACT

Interactions between proteins, drugs, water and B-DNA
minor groove have been analyzed in crystal structures
of 60 protein–DNA and 14 drug–DNA complexes. It
was found that only purine N3, pyrimidine O2,
guanine N2 and deoxyribose O4′ are involved in the
interactions, and that contacts to N3 and O2 are most
frequent and more polar than contacts to O4′. Many
protein contacts are mediated by water, possibly to
increase the DNA effective surface. Fewer water-
mediated contacts are observed in drug complexes.
The distributions of ligands around N3 are significantly
more compact than around O2, and distributions of
water molecules are the most compact. Distributions
around O4′ are more diffuse than for the base atoms
but most distributions still have just one binding site.
Ligands bind to N3 and O2 atoms in analogous
positions, and simultaneous binding to N3 and N2 in
guanines is extremely rare. Contacts with two
consecutive nucleotides are much more frequent
than base–sugar contacts within one nucleotide. The
probable reason for this is the large energy of
deformation of hydrogen bonds for the one nucleotide
motif. Contacts of Arg, the most frequent amino acid
ligand, are stereochemically indistinguishable from
the binding of the remaining amino acids except
asparagine (Asn) and phenylalanine (Phe). Asn and
Phe bind in distinct ways, mostly to a deformed DNA,
as in the complexes of TATA-box binding proteins.
DNA deformation concentrates on dinucleotide
regions with a distinct deformation of the δ and ε
backbone torsion angles for the Asn and δ, ε, ζ and χ
for the Phe-contacted regions.

INTRODUCTION

Molecular recognition of DNA by small molecules and
proteins is a fundamental problem in structural biology and
drug design. Understanding of recognition in both sequence-
selective and sequence-neutral ways at the level of successful
prediction of binding modes and site selectivity will be
instrumental for improvements in the prediction and realization of
new molecules as potent and selective gene-regulatory drugs.

This study concentrates on interactions of ligands with an
important architectural feature of DNA, its minor groove. This
is the site of action for a large number of non-covalent binding
agents (1–3) and, in particular, for designed polyamide-based
sequence-specific molecules (4). The former tend to interact
with specific, mostly A/T sequences by means of a combination
of directed hydrogen bonding to base pair edges, van der
Waals interactions with the walls of the minor groove (5,6) and
generalized electrostatic interactions. These factors are also
responsible for protein–DNA recognition (7–9), and a number
of unifying rules governing the interactions have now been
elucidated (10–12) although it is now realized that the earlier
goal of a simple recognition code between amino acids and
bases is not attainable (13).

Relatively little is understood at present about the mode of
action at the molecular level of the majority of minor groove-
interacting drugs, although there is increasing evidence that
many act by directly blocking or inhibiting protein–DNA
recognition. It is commonly, though erroneously, assumed that
regulatory protein contacts with DNA are invariably through
the major groove, apart from a few notable exceptions such as
the minor groove TATA-box recognition by means of β-sheets.
The reality is rather different, and this study shows that at least
some minor groove contacts are common even for those
proteins whose principal recognition motif is via the major
groove.

MATERIALS AND METHODS

Structure selection

The Nucleic Acid Database, NDB (14), was used to search and
retrieve crystal structures of protein–DNA and drug–DNA
complexes. The initial sample set used contains more than
250 protein–DNA structures and 60 drug complexes.

Structures were selected on the basis of their crystallographic
and biological features. Complexes of DNA were selected
which (i) do not have sugar or phosphate modifications, or
base mismatches and (ii) have diffraction data to a resolution
≥2.5 Å for protein and 2.0 Å for drug complexes. Duplicate
structures of complexes of identical molecules with the same
packing (identical space group and similar cell dimensions)
were excluded. Finally, only complexes with protein or drug
bound in the DNA minor groove were analyzed and those with
intercalating drugs were excluded. Sixty protein–DNA
complexes and 14 drug–DNA complexes satisfied these
criteria and are listed in Table 1.
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Ligand interactions

The interactions between DNA atoms and ligands, i.e. atoms of
bound proteins, drugs or water oxygens, were identified by
applying a distance limit of 3.4 Å using the program DIST
(15). The interacting ligand plus the nucleotide were placed in
a common Cartesian coordinate system, by overlapping the
nucleotide base atoms over the bases of an averaged nucleotide
(16). The calculated contacts were classified as either polar or
hydrophobic on the basis of the atom types involved. All over-
lapped ligand atoms were defined as forming a building block.

Fourier averaging

The resulting 3D distributions of ligand atoms from a building
block interacting with nucleotides were statistically evaluated
using the Fourier averaging method. ‘Distribution densities’
were calculated for each building block using the standard
crystallographic procedure for computing electron densities.

The density maps were visually inspected with the program O
(17). The fitted peak positions represent the averaged positions
of the interacting ligand atoms and are referred to as binding
sites. Detailed descriptions of the Fourier averaging method
can be found in Schneider and co-workers (18,19).

Patterns of binding

Ligands can interact with different minor groove atoms,
forming distinct binding motifs. Each pattern has been labeled
with the name of the DNA atom and the nucleotide type (Pu for
the purines adenine, A, guanine, G, and inosine, I, and Py for
the pyrimidines cytosine, C, and thymine, T). For example, the
motif N3(Pu) comprises contacts made to a N3 atom of a
purine. Not all types of motifs make enough contacts to be
analyzed; for example, there are few guanine ones in drug–
DNA minor groove complexes.

If a motif involves two nucleotides, we use the following
abbreviations. Atoms in the first nucleotide are labeled by
subscript i. The atoms of the previous nucleotide, i.e. in the
5′ direction, have the index i – 1, and those in the subsequent
nucleotide in the 3′ direction have the index i + 1. A similar
nomenclature is used for nucleotides in the complementary
DNA chain, with the subscript j being used instead of i.

A ligand contacting two subsequent bases via one atom
bridge can contribute to two Fourier-averaged peaks.
Independence of peaks in two nucleotide motifs was therefore
checked by applying a transformation T to one of them, corre-
sponding to the relation between two consecutive nucleotides
in the standard BI conformation. The peaks were resolved as
independent when they did not overlap within 0.5 Å. As the
transformation is only approximate for nucleotides in
deformed double helices the peak independence cannot be
tested in severely deformed nucleotides with a highly variable
backbone conformation as in complexes with TATA-box
binding complexes.

RESULTS AND DISCUSSION

The statistics of contacts between the DNA minor groove
atoms and ligands are shown in Table 2. It is apparent that only
the atoms O2(Py), N3(Pu), N2/C2(Pu) and O4′ of deoxyribose
make a significant number of contacts. Most are formed by the
base atoms N3(Pu)/O2(Py). N2(G) forms many water-mediated
contacts in protein complexes. Atom O4′ is involved in a
significant number of hydrophobic interactions.

We first analyzed basic binding motifs, formed between a
single minor groove atom and one or two ligand atoms.
Distributions of these contacts are shown in Figures 1 and 2,
and their geometrical parameters are listed in Table 3. The
composite motifs involving two DNA atoms from either one or
two nucleotides are discussed in a subsequent section.

Base atom patterns

Interactions with N3/O2 base atoms account for the majority of
the polar contacts to the B-DNA minor groove. The fundamental
difference between protein and drug contacts lies in the
proportion of mediating (i.e. bridging) water molecules: they
mediate a significant portion of protein interactions but only a
few in the case of drugs. The portion of water-mediated inter-
actions is larger for C•G than for T•A base pairs. The latter
form almost as many hydrophobic as polar contacts whereas

Table 1. Listing of the structures analyzed in this
study

The NDB codes for protein–DNA complexes start
with the two letters PD. Codes for drug–DNA
complexes start with the two letters GD and GH.
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C•G form many fewer. All these observations are in agreement
with the more polar character of C•G compared with T•A base
pairs.

The Fourier-averaged 3D distributions of ligand atoms inter-
acting with the N3(Pu)/O2(Py) minor groove atoms are shown
in Figure 1A–D. Densities of the distributions show that most
contacts are concentrated into well-defined and relatively tight
regions. The purine contact distribution maps (Fig. 1A–D) are
significantly more compact than pyrimidine ones (Fig. 1E–H).
The contact distributions involving water molecules are the
most compact, for both purines and pyrimidines. Of the direct
ligand–DNA interactions, the most compact and well-defined
distributions are those involving polar contacts. The hydro-
phobic interactions result in distributions with similar
dimensions and only slightly larger volumes. A significant
feature of both polar and hydrophobic protein contacts is the
presence of secondary peaks, which are visible in Figure 1. The
nature of these secondary peaks is analyzed in a subsequent
section.

The density maps allow one to determine sites of preferred
binding by fitting the map to peak positions. The binding sites
are characterized by their positions relative to the DNA (Table 3).
The similarity of the positions of the N3 and O2 binding sites
is apparent both from Table 3 and Figure 1. All binding sites
are shifted above the base planes in the 5′ direction. The
amplitude of this shift is similar for all binding sites, ∼1 Å for
Pu and 1.5 Å for Py, and may be a consequence of steric

constraints by the adjacent DNA atoms. The hydrophobic sites
lie closer to the base plane.

All motifs, apart from the water distributions, are elongated
along the helical axis, more so for Py than Pu and more for
hydrophobic than polar contacts. Polar interactions generally
make only one binding site. Analysis of the geometric parameters
(Table 2) shows that the geometries of the polar binding sites
are similar for all types of ligands, with differences in distance
<0.2 Å and in angles <20°. The purine dihedral angles are
smaller than the pyrimidine ones by ∼30°, reflecting the greater
distance of the pyrimidine binding sites from the base plane.

Hydrophobic binding sites differ from the polar ones by a
larger spread of their distributions, greater distances from the
O2/N3 atom (∼3.2 Å) and by greater variations in the dihedral
angle θ. Hydrophobic contact distributions for pyrimidines
tend to cluster in multiple peaks. All these characteristics agree
with the non-directional nature of hydrophobic interactions.
These fall into two classes. In the first, hydrophobic interactions
are the only interactions involving the ligand, whereas in the
second category, hydrophobic interactions accompany
energetically more favorable hydrogen bonding. In protein
complexes, each of these classes of hydrophobic interaction
produces a distinct binding site, whereas in drug complexes,
both classes of contacts contribute to both binding sites.

In order to estimate the dispersion of binding sites around the
N3 and O2 atoms, we have calculated the radii of spheres
enclosing all binding sites of these motifs. The radii report the
distance of the most distant binding site from the center of
mass of all binding sites. The radius calculated for all primary
binding sites of the N3(Pu) motifs is 0.52 Å, and 1.3 Å for the
O2(Py) motifs. The O2 distributions are therefore more scattered
than the N3 ones. The larger scatter around pyrimidines can be
attributed to their ability to interact with ligands directed from
both above (the majority) and below the base plane; purines
strongly prefer ligands directed from above the plane (i.e. the
5′-end).

The N2(G) motif forms many contacts in protein complexes,
with a particularly large number of water-mediated contacts. This
is in contrast to the extremely low occurrence of N2(G)–water
interactions in uncomplexed B-DNA structures (19). The motif
has a well-defined distribution with a clear binding site near the
guanine plane. Binding-site geometries are given in Table 3.

Guanine could simultaneously form two hydrogen bonds
with two ligands by its minor groove atoms N2 and N3.
Ligands L2 and L3 could then form an additional hydrogen
bond in a system N2–L2–L3–N3 but such a system was
observed extremely rarely. Only a few protein atoms were
found binding at the same time to N3 and N2 in a simpler system
N2–L3–N3. The low occurrence of the system N2–L2–L3–N3 is
in part a consequence of the relative positions of N2, N3 and
their binding sites. In protein–DNA motifs, the distance between
the sites L2 and L3 is 2.2 Å, and in the protein–water–DNA motif
is 2.5 Å. These distances are shorter than the optimal hydrogen
bonding distance. However, a relatively small displacement
from the average binding site could optimize the hydrogen
binding between ligands L2 and L3. Even so, regardless of the
distance between L2 and L3, the angles of the putative
hydrogen bonds would be unfavorable; the angle N2–L2–L3 is
78° and N3–L3–L2 is 88° and both values are far from the
optimal value of ∼120°.

Table 2. The numbers of ligand interactions with atoms in the DNA minor
groove

The numbers (columns 2–5) are shown as percentage fractions of the ‘Total
Number of Contacts’ (column 6). The number of nucleotides studied is
listed in the last column. The numbers of base–water–drug interactions
and all G–drug ones are negligible and are not listed. A, adenine; G, guanine;
I, inosine; T, thymine; C, cytosine.
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Patterns of interaction around the deoxyribose oxygen
atom O4′
Distributions of contacts around the O4′ atom are shown in
Figure 2, and the geometries of the averaged binding sites are
given in Table 3. There are more hydrophobic than polar
contacts in all O4′ motifs (Table 2). Their predominance
becomes apparent when the O4′ motifs are compared with the
N3/O2 motifs, where polar contacts are dominant. Hydro-
phobic contacts dominate in the O4′ motifs as many are
secondary contacts accompanying energetically more favorable
hydrogen bonding to N3/O2. In a similar way to the N3/O2
motifs, water molecules mediate a substantial number of the
polar contacts in protein complexes and are rare in the drug
motifs involving O4′.

Maps of the O4′ distributions are in general more diffuse and
occupy significantly larger volumes than distributions of the
N3/O2 base motifs. The radius of the sphere that encloses all
the binding sites of O4′ motifs is 2.5 Å. Most O4′ distributions
still correspond to just one binding site. The binding sites of all
O4′ distributions are in such positions that they may connect
the deoxyribose O4′ with the N3/O2 atoms of the previous
base. This effect is more pronounced for hydrophobic inter-
actions.

Polar contacts, especially to proteins, tend to form more
diffuse distributions than hydrophobic contacts. Broad polar
distributions have a simple explanation. Similar to the hydro-
phobic contacts, most polar interactions are in such positions

that they can form a bridge between atoms O4′ and N3/O2 of
the previous base. In addition, a few polar contacts form a
cooperative bond between O4′ and N3/O2 within an individual
nucleotide. Averaging of these two types of contact results in
broadening of the distributions.

Composite patterns

Table 4 lists basic statistics for composite motifs, in which one
or two ligand atoms interact with two DNA minor groove
atoms. It should be stressed that all such contacts had been
analyzed previously as part of one of the motifs discussed
above. Table 4 shows that contacts between two nucleotides
are much more frequent than contacts within a nucleotide. The
frequency of the dinucleotide base–base and deoxyribose–base
motifs is approximately the same. Each motif produced several
binding sites. The only sites to be independent were those that
did not overlap on applying the transformation T as discussed
in the Materials and Methods. Most single-atom motifs have
one independent binding site, and most two-atom motifs have
two. This indicates a strong stereochemical preference for
optimal binding sites.

In general, binding sites in the two-atom motifs have
geometries that are more similar to those of the basic motifs as
two interacting ligand atoms in the two-atom motifs can
independently optimize their positions. The binding sites of
hydrophobic two-atom motifs are mostly located close to O4′
atoms, with a low propensity to form hydrogen bonds, whereas
polar contacts generally prefer the surroundings of base atoms

Figure 1. The distribution densities of protein, drug and water contacts found within a radius of 3.40 Å from purine N3 and pyrimidine O2 base atoms. (A–D) Densities
around adenine N3 and (E–H) densities around the thymine O2 atom. (A and E) Polar protein atoms; (B and F) hydrophobic protein atoms; (C and G) water-mediated
proteins contacts; (D and H) polar drug atoms. All maps are in stereo.
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N3/O2. Polar bonds to the base atoms form primary, well-
oriented hydrogen bonds, which are stabilized by hydrophobic
contacts to O4′.

Dinucleotide motifs

The second nucleotide (labeled i + 1) in each interacting
dinucleotide was superimposed over the averaged mono-
nucleotide template. Superposition of the complete dinucleotide
led to high root mean square deviations, of ∼0.5 Å, due to large
variations in DNA backbone geometry in the set of structures
studied.

(O4′)i + 1–(N3/O2)i motifs. Polar protein contacts to purine
nucleotides produce two independent binding sites in one-atom
motifs and three in two-atom motifs. One- and two-atom
protein binding produces binding sites with similar geometry
whereas drug-binding sites are different for one- and two-atom
motifs. The one-atom motif has a similar position near O4′, as
in the basic O4′ motif (see above), whereas the two-atom
motive is shifted towards the base. A significant number of
one-atom connections are formed by water molecules. Hydro-
phobic protein contacts in both one- and two-atom motifs are
formed mostly by phenylalanine (Phe) residues, for those
complexes with distorted DNA geometry. All hydrophobic
drug interactions are made simultaneously by two-ligand

atoms, and the geometries of their two binding sites are similar
to those of the basic motifs.

Basei + 1–basei motifs. One-atom contacts are observed only in
proteins, with the binding sites having similar geometry
parameters to the sites in the basic motifs. Contacts in the two-
atom motifs produce the same binding sites as observed for the
basic motifs in both drug and protein complexes. Hydrophobic
contacts are rarely observed.

O4′i + 1–O4′i motifs. In this one-atom motif, only the hydro-
phobic contacts of drugs produce one independent binding site,
all other types of contacts producing two independent sites.
This is just another manifestation of the more diffuse binding
to the deoxyribose O4′ atom. Geometries of polar binding
differ from those of the O4′ basic motif. In drug binding, there
is an apparent shift of the binding sites towards each other to a
mutual distance of 1.9 Å, whereas in protein complexes atoms
are situated near the base planes ∼2.6 Å apart. Geometries of
contacts of the two-atom motives are similar to the interactions
of the basic motives.

Mononucleotide motifs (O4′–N3/O2)

Two-atom connections have different geometries for drugs and
proteins. The geometry of protein binding does not depend on

Figure 2. The distribution densities of protein, drug and water contacts found within a radius of 3.40 Å from deoxyribose O4′ atoms in purine and pyrimidine
nucleotides. (A–D) Densities around O4′ in adenine, and (E–H) densities around O4′ in thymine. (A and E) Polar protein atoms; (B and F) hydrophobic protein
atoms; (C and G) water-mediated proteins contacts; (D and H) polar drug atoms. All maps are in stereo.
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residue type and the binding sites are near the positions for the
basic motifs. Drug binding resembles the binding of the basic
motifs for pyrimidine residues whereas in purines there is an
apparent change in positions of both base and sugar sites.

Statistics for the mononucleotide motifs are given in Table 4.
It shows that the numbers of one-atom contacts are lower in the
mononucleotide O4′i–basei motifs than in the O4′i + 1–basei
motifs despite the similarity of the average distances between
the O2/N3 and O4′ atoms. Some of these average distances in a
large sample of B-DNA molecules are: O4′i–O2i, 3.6 Å; O4′i–N3i,
3.8 Å; N3i–O4′i + 1, 3.9 Å; N3i–N3i + 1, 3.9 Å; O2i–O4′i + 1, 4.0 Å;
O2i–O2i + 1, 4.1 Å; O4′i–O4′i + 1, 4.8 Å.

In order to investigate whether these small differences in
inter-atomic distance can explain the differences in frequencies
of one-atom motifs from Table 4, energies of the averaged
motifs have been compared with energies of a hydrogen
bonding system in the optimal geometry. Both dinucleotide
and mononucleotide motifs were modeled as one hydrogen
donor, ligand D and two acceptors, DNA minor groove atoms
A1 and A2 in an Acceptor . . . Donor . . . Acceptor (A1 . . . D . . . A2)
system. An example of such a system is shown in Figure 3A.
The influence of deformation in the A1 . . . D . . . A2 system
was estimated by assuming that one hydrogen bond, A1 . . . D,
was optimal. Deformation energies of the other bond, D . . . A2,
were calculated around four starting geometries corresponding
to the respective geometries of ligand binding to the basei–O4′i,
basei–O4′i + 1, basei–basei + 1 and O4′i–O4′i + 1 motifs. The position
of ligand D relative to the DNA acceptor A2 was estimated by
the binding site position in each motif (Table 3) and the system
D . . . A2 was modeled as a water dimer (Fig. 3B).

Deformation energies of hydrogen bonding between D and
A2 were calculated using the Gaussian program (20) with the
6–31 + G bases set, together with the MP2 method for estimation
of correlation energy. The deformations were modeled by

Table 3. Geometries of binding sites of proteins, drugs and water to
adenine and guanine N3 [A(N3), G(N3)], guanine N2 [G(N2)] and
thymine and cytosine O2 [T(O2), C(O2)]

A distance ‘d’ is measured between a base atom (N3, N2 or O2) and a
ligand atom X, an angle ‘α’is defined as C4–N3–X for N3 purine motifs,
C2–N2–X for N2 guanine motifs and C2–O2–X for pyrimidine motifs.
The dihedral angle θ is defined as N9–C4–N3–X for the N3 purine
motif, N3–C2–N2–X for the guanine N2 motif and N1–C1–O2–X for the
pyrimidine motifs. The geometries of the binding sites A(N3)–water and
T(O2)–water in the uncomplexed DNA are shown for comparison (19).

Table 4. Numbers of composite motifs with one interacting ligand atom and
two interacting ligand atoms

Indexes (i) and (i + 1) label studied nucleotides in one strand, x and x ± 1 label
nucleotides in the opposite stand. Numbers of contacts in the ‘Protein–DNA’
columns include water-mediated contacts. The number of water-mediated
drug–DNA contacts is negligible. Contacts of dimer–drug binding complexes
were not analyzed for inter-strand contacts.

Figure 3. Interactions for a dinucleotide motif and their quantum chemical
modeling. (A) The ligand, D, hydrogen bond donor, interacts with base atom
A1 and deoxyribose O4′, both acceptors. (B) The system (A) simplified as a
water dimer: the interaction between A1 and D is assumed to have ideal
geometry and the D . . . O4′ hydrogen bond was modeled as a water dimer.
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systematically changing (i) the angle O1 . . . H2–O2 when the
mirror plane of the water dimer is conserved, (ii) the same
angle without conservation of the mirror plane, (iii) the
distance O1 . . . O2 due to changes in angle O1 . . . H2–O2 and
(iv) torsion H1–O1 . . . O2–H2. Each parameter was systematically
varied in 40–60 steps and their deformation energies were estimated
from the constructed curves.

The results show that any deformation considered causes the
largest loss of energy in the mononucleotide O4′i–basei
motif. The deformation penalties were ∼10 kJ/mol for angle
deformations (i) and (ii), 2 kJ/mol for the distance variations
[see (iii) above], and only 0.5 kJ/mol for torsion deformations.
These penalties are at least twice as high as for any of the other
composite motifs for each type of deformation. Deformations
following interactions of proteins and drugs with the B-DNA
minor groove are more complex than the simple model used
here, but it does suggest that the finding that the deformation
penalties of the O4′i–basei motifs are always highest, and may
contribute to their low occurrence.

Binding of different amino acids

The frequencies of interaction of different amino acids with
atoms of the DNA minor groove are shown in Figure 4. Three
amino acids, arginine (Arg), asparagine (Asn) and Phe, form
most contacts, and geometries of their binding were studied in
most detail. Arg is found in most complexes studied whereas
Asn and Phe binding in the minor groove are found only in
seven protein–DNA complexes in the studied sample (NDB
codes pde009, pde016, pdr031, pdt009, pdt012, pdt025,
pdt036; for references see Table 1). These structures, mostly
complexes of TATA-box binding proteins, have sharply bent
DNA in regions where Asn and Phe bind.

Binding of Arg, Asn and Phe to bases. The distributions of Arg
atoms, both polar and hydrophobic, in the purine N3 and
pyrimidine O2 motifs are indistinguishable from distributions

of other amino acids except Asn and Phe. Thus, the Arg NH
nitrogen atoms form well-defined hydrogen bonds to N3/O2 at
similar positions to the polar atoms of the other amino acids.
As a consequence, the adjacent Arg atom CZ can approach
within 3.4 Å of the base atoms N3/O2 and these hydrophobic
interactions contribute to the observed secondary hydrophobic
peak in the distribution.

Most Asn and Phe contacts are cooperative contacts to two
consecutive nucleotides in those regions of DNA where it is
bent. Distributions of these contacts are distinct from the
distributions of amino acid contacts in straight DNA. The
binding sites are located above the purine base plane (2.7 Å for
Asn, 3.1 Å for Phe) to enable interaction with two subsequent
bases. There are a few instances of Asn and Phe residues that
bind to straight DNA, where there is binding to one nucleotide
only.

Binding of Arg, Asn and Phe to deoxyribose O4′. The distribution
of Arg contacts is again the same as the distribution of other
amino acids. Asn and Phe make mostly hydrophobic contacts
in complexes with bent DNA. For Asn, these hydrophobic
contacts arise as a consequence of the simultaneous binding of
the Asn atom ND or OD to two N3/O2 atoms of two nucleotides.
An Asn hydrophobic atom, normally CB, can form a secondary
contact to O4′. A small energetic contribution from such a
van der Waals interaction can be significant in the overall
stabilization of protein–DNA complex. The importance of the
CB–O4′ interaction is supported by the tight overlap of Asn
residues interacting with O4′ in the deformed complexes. A
few polar Asn contacts were found only in complexes with
straight DNA.

Deformation of the DNA backbone and binding of Asn and
Phe. Both Asn and Phe deform DNA from its standard BI
conformation in a distinct way. DNA deformation is localized
between the first and second nucleotide to which the amino
acid interacts, and is concentrated on a few backbone torsion
angles. Table 5 shows that the Asn binding primarily affects
torsion angles δ and ε, whereas for Phe angles δ, ε, ζ and χ are
altered.

Figure 4. Frequencies of binding of amino acids arginine (ARG), asparagine
(ASN), phenylalanine (PHE) and the remaining seventeen amino acids (REST)
to purine N3 and pyrimidine O2. For each amino acid, dark gray bars on the
left show numbers of contacts of polar amino acid atoms, and light gray bars
on the right show numbers of contacts of hydrophobic amino acid atoms; the
upper bar always shows numbers of contacts to O2, the lower bar to N3.

Table 5. DNA backbone torsion angles deformed by interaction with
TATA-box proteins

The ‘DNA–Asn’ values show torsion angles for nucleotides in contact
with Asn, and ‘DNA–Phe’ shows torsion angles for nucleotides in
contact with Phe. The ‘Average BI-DNA’ lists average torsion angles for
the BI conformation, as calculated in Schneider et al. (82). Numbers in
parentheses are standard estimated deviations. δ = C5′–C4′–C3′–O3′,
ε = C4′–C3′–O3′–P, ζ = C3′–O3′–P–O5′, χ = O4′–C1′–N9/N1–C4/C2.
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CONCLUSIONS

This study has shown that only purine N3, pyrimidine O2,
guanine N2 and deoxyribose O4′ atoms are involved in DNA
minor groove interactions with protein, drug and water
molecules (Table 2). Contacts to N3 and O2 are the most
frequent. These atoms form more polar than hydrophobic
contacts whereas O4′ makes more hydrophobic than polar
contacts. Many of these hydrophobic contacts are secondary
ones accompanying energetically more favorable hydrogen
bonding to N3/O2.

The density distributions around the N3 atom are significantly
more compact than distributions around O2 (Fig. 1). Binding
sites are in similar positions for all motifs (Table 3) and the N3
and O2 sites occupy analogous positions around the bases. All
binding sites are shifted above the plane of a base in the
5′ direction. The guanine N2 binding motifs have well-defined
distributions with single binding sites. Simultaneous binding to
guanine N3 and N2 is observed rarely, cooperative binding of
two ligands to N3 and N2 is not observed.

The stability of positions of the binding sites relative to the
bases reflects the fact that spacing between hydrogen bond
donors is crucial for effective minor groove binding. This
explains the observation of a lack of correlation between the
geometric properties of the minor groove hydrogen bonds and
the nature of the DNA ligand (6).

Distributions around O4′ are, in general, more diffuse than for
the base atoms but most of them still have just one binding site
(Fig. 2). Contacts between bases and sugars from two consecutive
nucleotides are much more frequent than base–sugar contacts
within one nucleotide. The probable reason for this is the large
energy of deformation of hydrogen bonds for the one nucleotide
motif. Connections involving both DNA strands are less
frequent than those within a strand.

Many protein contacts to bases are mediated by water,
especially interactions to N2(G) (Table 2). We suggest that
amino acids, most of which have flexible side chains, are able
to optimize their interactions by employing water molecules as
mediators, possibly to increase the effective contact surface.
This is in agreement with the finding that water molecules at
the protein–DNA interfaces fill up the cavities between both
macromolecules and enable close packing of their interfaces
(9). In contrast, only a few water-mediated contacts have been
observed in drug complexes. More rigid drug molecules
interact with the minor groove atoms more or less as a single
entity and either do not require or are unable to use water for
optimizing their interactions with DNA.

Water distributions were found to be the most compact of all
the distributions studied here. This apparent contradiction has
a simple explanation. A water molecule has the highest degree
of freedom of all ligands and consequently is more readily able
to optimize its position relative to the DNA. In this context, it
is not surprising that water molecules can act as effective
probes of nucleic acid binding sites (21).

The present sample of protein–DNA complexes shows that
three amino acids, Arg, Asn and Phe, bind to the minor groove more
frequently than any others. Arg is the most frequent amino acid
ligand of all, in agreement with its high propensity for protein–DNA
interfaces (8). Both the polar and hydrophobic contacts of Arg are,
in principle, stereochemically indistinguishable from binding of
other amino acids, apart from Arg, Asn and Phe.

The stereochemistry of Asn and Phe binding differs from
other amino acids and each other. They bind mostly to the
minor groove of a sharply bent DNA helix, as in the complexes
of TATA-box binding proteins. These Asn and Phe residues
cooperatively contact two consecutive nucleotides and
distributions of interacting atoms of these two amino acids are
distinct from the distributions of the other amino acid contacts
in straight DNA. The DNA backbone is characteristically
deformed at the nucleotides to which Asn and Phe bind. The
deformations are primarily at the backbone torsion angles δ
and ε in case of Asn, and δ, ε, ζ and especially χ for Phe
binding (Table 5).

Binding of Phe from TATA-box binding proteins is known
to cause extensive DNA deformation by unstacking two
consecutive bases as a result of the Phe aromatic ring wedged
between them (22–25). The deformation is accompanied and
perhaps stabilized by the interaction of sterically close Asn and
the resulting DNA deformation is well-defined.
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