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DNA minor groove electrostatic potential: influence of sequence-specific transitions of the
torsion angle gamma and deoxyribose conformations

M.Y. Zhitnikova* and A.V. Shestopalova

O. Ya. Usikov Institute for Radiophysics and Electronics, National Academy of Sciences of Ukraine, Acad. Proskury Street, 12
Kharkiv 61085, Ukraine
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The structural adjustments of the sugar-phosphate DNA backbone (switching of the γ angle (O5′–C5′–C4′–C3′) from
canonical to alternative conformations and/or C2′-endo → C3′-endo transition of deoxyribose) lead to the sequence-
specific changes in accessible surface area of both polar and non-polar atoms of the grooves and the polar/hydrophobic
profile of the latter ones. The distribution of the minor groove electrostatic potential is likely to be changing as a result
of such conformational rearrangements in sugar-phosphate DNA backbone. Our analysis of the crystal structures of the
short free DNA fragments and calculation of their electrostatic potentials allowed us to determine: (1) the number of
classical and alternative γ angle conformations in the free B-DNA; (2) changes in the minor groove electrostatic poten-
tial, depending on the conformation of the sugar-phosphate DNA backbone; (3) the effect of the DNA sequence on the
minor groove electrostatic potential. We have demonstrated that the structural adjustments of the DNA double helix (the
conformations of the sugar-phosphate backbone and the minor groove dimensions) induce changes in the distribution of
the minor groove electrostatic potential and are sequence-specific. Therefore, these features of the minor groove sizes
and distribution of minor groove electrostatic potential can be used as a signal for recognition of the target DNA
sequence by protein in the implementation of the indirect readout mechanism.

Keywords: electrostatic potential; DNA conformation; minor groove recognition

Introduction

One of the most important and still unresolved problems
of modern molecular biology and biophysics is to under-
stand the nature of molecular recognition, in particular,
the specific mechanisms of protein–DNA recognition:
how does such large and diverse number of DNA-
binding proteins recognize their specific binding sites?

At present, the following conceptions of highly
specific protein–DNA recognition are based on two
mechanisms of protein-DNA readout: direct and indirect.

Direct readout is recognition of short DNA fragments
resulting from formation of the specific hydrogen bonds
between protein amino acids and nucleotide functional
groups. The basis for this mechanism of recognition is a
unique arrangement of the bases atomic groups–donors
and acceptors of hydrogen bonds in the major groove
of the DNA (Coulocheri, Pigis, Papavassiliou, &
Papavassiliou, 2007; Seeman, Rosenberg, & Rich, 1976).
In the minor groove, arrangement of donors and
acceptors of hydrogen bonds, determined by the base
sequence, does not allow to distinguish T/A from A/T
and G/C from C/G pairs (Coulocheri et al., 2007).

The second mechanism is indirect readout
(Otwinowski et al., 1988; Rohs, West, Liu, & Honig,

2009; Travers, 1989). It is based on the ability of the
DNA molecules to sequence specific deformations and
conformational transitions, which lead to deviations of
DNA structure from the canonical B-DNA double helix.
Polymorphism of the double helix and different propen-
sity of specific DNA sequences to structural adjustment
are used by proteins to recognize their binding sites.
Many proteins combine different mechanisms of readout
to achieve greater specificity of protein–DNA recognition
(Rohs et al., 2010).

The thousands of available X-ray and NMR struc-
tures were analyzed for better understanding of protein-
DNA recognition process (Rohs, West, Liu et al., 2009).
Recently new, expanded and refined, conceptions of the
direct and indirect readout mechanisms were formulated
(Rohs, West, Sosinsky et al., 2009). Authors of the
review (Rohs et al., 2010) propose to use the more pre-
cise terms: ‘base readout’ when protein recognizes a par-
ticular base pair, and ‘shape readout’ when protein
recognizes a particular DNA shape.

Obviously, local deviation of the DNA double helix
conformation leads not only to changes in its shape, but
also to changes in the physicochemical properties, particu-
larly at relatively short sequences. One of the most
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important physical parameters of the DNA double helix is
the distribution of the electrostatic potential, because DNA
is a polyanion with a negative net charge (Cherstvy, 2011;
Chin, Sharp, Honig, & Pyle, 1999; Manning, 1978). This
negative charge is located on the phosphate groups
(Jayaram, Sharp, & Honig, 1989; Pullman & Pullman,
1981; Weiner, Langridge, Blaney, Schaefer, & Kollman,
1989), which contain the bulk of charge, while the
deoxyriboses provide an opportunity for hydrophobic
interactions in addition to the hydrophobic functional
groups of the bases, such as the thymine methyl group.

For an ideal B-DNA helix, negative electrostatic
potential of AT-containing sequences in the minor groove
is higher than that of GC-containing DNA (Jayaram
et al., 1989). This difference is caused by the presence
of various electronegative and electropositive atoms in
A/T and G/C base pairs. The G/C base pair in the minor
groove has a positively charged N2H2 group of Guanine.
In the AT sequence (A-tract) the negative electrostatic
potential of minor groove is affected by negatively
charged N3 Adenine atoms, O2 Thymine atoms
(Jayaram et al., 1989), and the tendency of A/T pairs to
narrow minor groove (Rohs, West, Liu et al., 2009;
Rohs, West, Sosinsky et al., 2009; Rohs et al., 2010).
So, DNA electrostatic potential correlates with GC con-
tent but does not correspond to it exactly and is strongly
dependent on both the sequence arrangement and its con-
text, especially flanking regions (Osypov, Krutinin, &
Kamzolova, 2010).

For several decades, the complementarity between
both the shape and the electrostatic surface potential of
the binding partners has been noted (Lavery & Pullman,
1982; Matthew & Ohlendorf, 1985; Weber & Steitz,
1984), but the influence of the structure of DNA on its
electrostatic surface potential has only recently been dis-
covered (Rohs et al., 2010; West, Rohs, Mann, & Honig,
2010). Regions with a narrow minor groove are associ-
ated with enhanced negative electrostatic potential (Rohs,
West, Sosinsky et al., 2009). Decrease in minor groove
width leads to phosphates getting closer to each other
and, consequently, to the increase in the minor groove
negative electrostatic potential (Tullius, 2009). One of
the ways of shape readout mechanism realization is
‘recognition’ of A-tracts by proteins containing Arginine,
which have excess positive charge (e.g. HOX group pro-
tein (Rohs, West, Liu et al., 2009; Rohs, West, Sosinsky
et al., 2009; West et al., 2010)). The study of role of
minor groove geometry in the recognition of DNA
sequence has shown that HOX group proteins can detect
minimal changes in the minor groove geometry and elec-
trostatic potential (Joshi et al., 2007). Hence, shape read-
out includes any form of structural readout based on
global and local DNA shape features, including the stiff-
ness of DNA double helix, conformational flexibility,
and shape-dependent electrostatic potential (Harteis &

Schneider, 2014; Savelyev, Materese, & Papoian, 2011;
Slattery et al., 2014).

In addition to minor groove width, DNA electrostatic
potential can be influenced by the distribution of electron
density of base pairs ‘at the bottom’ of the groove, the
conformation of the deoxyribose, and the position of the
phosphates relative to the boundaries of the grooves
(Lavery & Pullman, 1982; Srinivasan et al., 2009).

The formation of many DNA–protein complexes
requires the B→A transition of DNA, such as observed
in GC-rich stretches of DNA. For example, the bound
DNA in the Tc3 transposase-DNA complex has a distinct
and extensive electronegative potential patch on the G-
side of its A-like major groove (Boschitsch & Fenley,
2011; Harris et al., 2012). The protein Tc3 transposase
has several positively charged side chains along one side
of the major groove and in the narrow minor groove,
forming numerous hydrogen bonds and salt bridges in
the grooves (Watkins, van Pouderoven, & Sixma, 2004).
Apparently, these unique features of the electrostatic
potential around A-DNA are very relevant to biological
processes (Harris et al., 2012; Locasale, Napoli, Chen,
Berman, & Lawson, 2009). In addition, deoxyribose
switching from B- to A-like form contributes to the for-
mation of hydrophobic contacts in the minor groove,
increasing the accessible surface area (ASA) of the bases
and sugar phosphate backbone atoms (Locasale et al.,
2009; Tolstorukov, Jernigan, & Zhurkin, 2004).

An additional mechanism for DNA to adopt a com-
plementary form to its binding partner is through the
deviation from the Watson–Crick double helix and the
formation of Hoogsteen base pairs (Honig & Rohs,
2011). The different base-pairing geometry affects the
shape of the DNA-binding site, its electrostatic potential,
and in turn, the strength of DNA–protein interactions
(Kitayner et al., 2010).

Analysis of crystallographic structures of protein–
DNA complexes shows that the conformational changes
of the sugar-phosphate DNA backbone can be used as a
mechanism of DNA recognition in the minor groove
(Moravek, Neidle, & Schneider, 2002; Tolstorukov et al.,
2004; Zhitnikova, Boryskina, & Shestopalova, 2014). For
example, the BI and BII conformations of the sugar-
phosphate DNA backbone affect the size of the minor
groove (Heddi, Abi-Ghanem, Lavigne, & Hartmann,
2010; Moravek et al., 2002; Svozil, Kalina, Omelka, &
Schneider, 2008). This influence is the result of correlation
that exists between position of phosphate in BII conforma-
tion and local parameters of base pairs (Roll and Displace-
ment) (Djuranovic & Hartmann, 2003, 2004; Hartmann,
Piazzola, & Lavery, 1993; Winger, Liedl, Pichler,
Hallbrucker, & Mayer, 1999). The negative Roll values
and displacement of base pairs in the direction towards the
major groove is observed in the BII conformations. These
structural changes in the sugar-phosphate backbone lead
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to changes in the sizes of the grooves: minor groove
becomes deeper and wider, and the major groove becomes
shallow and narrow (Oguey, Foloppe, & Hartmann, 2010).

The complete results of high-resolution proteins,
DNA, and protein–DNA complexes crystal structures
provide an opportunity for successful statistical analysis
of classical and alternative sugar-phosphate backbone
conformations simultaneously with dinucleotide and tet-
ramer sequence effects as a key factor for understanding
the influence of conformational fitting on DNA–protein
complexation. The results of numerous investigations
demonstrate that the analysis of a large set of
dinucleotides and tetramers belonging to crystal
oligomers (Coulocheri et al., 2007; Locasale et al., 2009;
Otwinowski et al., 1988; Rohs, West, Liu et al., 2009;
Rohs, West, Sosinsky et al., 2009; Rohs et al., 2010;
Tullius, 2009 and references therein) are in agreement
with available solution data (Rhodes & Klug, 1981; Rife
et al., 1999; Ulyanov & James, 1995; Wynveen, Lee, &
Kornyshev, 2008). So one can directly extrapolate the
fine structure of a given DNA sequence from a crystal to
solution state and crystal structure analysis should be a
fruitful method to better understand the conformational
peculiarities available to nucleic acids.

Previously, we have shown that the structural
adjustment of the sugar-phosphate DNA backbone
(switching of the γ angle (O5′–C5′–C4′–C3′) from canon-
ical to alternative conformations and/or C2′-endo →
C3′-endo transition of deoxyribose) lead to the sequence-
specific changes in ASA of both polar and non-polar
atoms of the grooves and the polar/hydrophobic profile
of the latter ones (Zhitnikova et al., 2014). Consequently,
polarity of the grooves changes: the minor groove
becomes more polar and major groove becomes more
hydrophobic. The distribution of the minor groove elec-
trostatic potential is likely to be changing as a result of
such conformational rearrangements in sugar-phosphate
DNA backbone.

To justify the assumption we have analyzed, the
available crystal structures of protein–DNA complexes
focusing on sequence-specific preferences of γ angle
transitions from the canonical gauche + to the alternative
gauche– and trans conformations and switching of
deoxyribose ring configuration from C2′-endo (B-like) to
C3′-endo (A-like) conformation.

As it is known, the free DNA sequences reveal same
structural changes as the protein–DNA complexes
(Locasale et al., 2009; Oguey et al., 2010). Therefore,
studying the conformational features of the free B-DNA is
important for understanding the mechanisms of protein–
nucleic acid recognition in the early stages of the highly
specific protein–DNA complex formation processes.

Our analysis of the crystal structures of the free
DNA fragments and calculation of their electrostatic
potentials allowed us to determine: (1) the number of

classical and alternative γ angle conformations in the free
B-DNA; (2) changes in the minor groove electrostatic
potential, depending on the conformation of the sugar-
phosphate DNA backbone; (3) the effect of the DNA
sequence on the minor groove electrostatic potential.

Materials and methods

Data-set of crystallographic structures

The presented analysis was based on the data-set
excluded from NDB (Berman et al., 1992; Narayanan
et al., 2014). The analyzed database contains 70 crystal-
lographic structures with resolution better than 2 Å
(Table 1). All structures contain double-stranded DNA
fragments with non-modified bases. In order to avoid
end effects all terminal bases were extracted from the
analysis. The maximal and minimal lengths of used
DNA fragments were 12 base pairs (34 structures) and 6
base pairs (2 structures) respectively. There were
oligonucleotides of 11 base pairs (1 structure), 10 base
pairs (32 structures), and 9 base pairs (1 structure) in our
set of DNA fragments. In total, we analyze 830 nucleo-
tides (or 415 base pairs) including 65.4% of A/T base
pairs and 34.6% of G/C base pairs.

All 70 fragments of free B-DNA that we have cho-
sen were divided into groups according to their two cen-
tral base pairs or steps of nucleotide pairs (step, Table 1
and hereinafter).

From each group, we selected unique hexamers with
the same central steps flanked by different steps of
nucleotide pairs. We reviewed 23 unique hexamer
sequences with 14 of them being represented by only
one sequence and the other nine sequences being repre-
sented by two or more sequences.

It should be noted that sequences selected for the anal-
ysis are palindromic, i.e. they are identical in 5′-3′ direc-
tion of the Strand I and 3′-5′ direction of the Strand II.

Calculation of DNA conformational parameters

The values of torsion angle γ (O5′–C5′–C4′–C3′) and
sugar phase angle (P) were calculated with 3DNA/
CompDNA program (Gorin, Zhurkin, & Olson, 1995;
Lu & Olson, 2008).

Values of γ angle were classified according to
classical three-fold pattern into: gauche + (60° ± 30°),
trans (180° ± 30°), gauche – (300° ± 30°) conformations.
The sugar conformations were defined according to val-
ues of phase angle P: B-like (C2′-endo or ‘South’,
90° < p < 220°) and A-like (C3′-endo or ‘North’,
−60° < p < 90).

All complementary pairs of nucleotides were
numbered in both directions starting with the central
positions ±1, followed by ±2 and ±3 etc.

Minor grove electrostatic potential and conformation of sugar-phosphate DNA backbone 3
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Pair of nucleotides was considered as having an alter-
native conformation of γ angle if at least one of the
nucleotides in any of the complementary chains had an
alternative conformation (‘switched pair of nucleotide’).
Step of nucleotide pair was considered as having alterna-
tive conformation of γ angle, if the second nucleotide of
the step from 5′-end of any of two strands had an alter-
native conformation (switched nucleotide pair step).

A-like nucleotides comprised 0.5% of all examined
nucleotides. The number of nucleotides containing the
trans- and gauche-conformations of γ angle, amounted to
0.4 and 0.6% of the total number of nucleotides (or 0.7–
1.2% of the examined pairs of nucleotides), respectively.

Minor groove width was calculated with 3DNA/
CompDNA program (Gorin et al., 1995; Lu & Olson,
2008) based on the algorithm of El Hassan and Calladine
(El Hassan & Calladine, 1998).

Calculation of electrostatic potential

The calculation of electrostatic potentials was performed
using the software package DelPhi (Li et al., 2012),
which was based on the solution of the nonlinear Pois-
son–Boltzmann equation. All calculations were done at
physiological salt concentration of 0.145 M. The charges
and atomic radii were taken from the Amber force field
(Cornell et al., 1995). The following dielectric parameters
were used: internal molecular dielectric constant ε = 2
and the dielectric constant of the surrounding water
ε = 80.

Electrostatic potential was calculated at the reference
point i located near ‘bottom’ of minor groove, approxi-
mately in the plane of the base pair i (Figure 1).

Reference point i is defined as a geometric center
between O4′ atoms of i + 1 nucleotide in Strand I (5′-3′
direction) and i-1 nucleotide in Strand II (3′-5′ direction)
of DNA double helix. This definition of reference point
allows one to estimate the minor groove electrostatic
potential for single complementary nucleotide pair (Joshi
et al., 2007).

For selected sequences, we plotted the dependence of
minor groove electrostatic potential on the position of a par-
ticular complementary pair of nucleotides (see Figures 3–6
below).

The hexamers with central AT step (the largest group
containing 44 structures) have similar profile of the
minor groove electrostatic potential. Therefore, for the
analysis of this group, we selected 8 hexamers that have
4 sequences with different nucleotide composition. To
analyze the same dependence of GAATTC hexamer (35
structures), we chose 3 structures with minimal,
maximal, and intermediate values of the minor groove
electrostatic potential.

In some structures, DNA is strongly bent into the
major groove and the reference point clashed with amino
group of Guanine, causing large positive values of elec-
trostatic potential of the minor groove (Table 1).
Sequences which contain pairs of nucleotides with posi-
tive values of electrostatic potential were not included in
the analysis of minor groove potential sequence
specificity, but they were used in statistical analysis.
Structures which contain pairs of nucleotides with posi-
tive values of electrostatic potential (1JTL, 432D, 1Z8 V,
1ZFB) were not included in the analysis of distribution
of hexanucleotide electrostatic potential of minor groove,
but they were used in overall statistical analysis.

Table 1. PDB IDs of free B-DNA crystallographic structures selected for the analysis. PDB IDs of crystal structures with plotted
distributions of the minor groove electrostatic potential are represented in bold.

Step Hexamer NDB (PDB) ID Step Hexamer NDB (PDB) ID

AACGTT 5DNB, 1EN3, 1EN8 TTTAAA 1IKK, 1SK5
AGCGCT 1EN9, 1ENE, 1ZF5 TATATA 473D
ATCGAT 1D23 TA ATTAAT 1D49

CG GACGTC 423D ACTAGT bdj061
CTCGAG 196D, 251D GTTAAC 1ZF0
GTCGAC 1ZF7 AGTACT 1D8G
GCCGGC 1ZFB* AAATTT 1S2R, 4AH1
TGGCCA 334D, 126D ATATAT 1D56, 1D57
AAGCTT 158D CAATTG 1JTL*, 432D*, 1Z8 V*, 1S23, 431D

GC AGGCCT 1BD1 AT 1BNA, 1DOU, 1EHV, 1ENN, 1FMS, 1FQ2, 1JGR,
1M6F, 1VZK, 1ZFF, 1ZPH, 2B0 K, 2B3E, 2DYW, 2GVR,

GAGCTC 1ZFG GAATTC 3U08, 2GYX, 2I2I, 355D, 360D, 3U05, 3U0U,
TG AATGTT 3BSE 428D, 442D, 443D,
GA AAGAAA 307D 453D, 455D, 463D, 476D, 477D, 4AGZ, 7BNA,

9BNA, 3U2 N, 2QEG

*Structures with positive values of electrostatic potential.
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Calculation of similarity matrix

To analyze the dependence of the minor groove electro-
static potential shape on the DNA structure and
sequence, we calculate similarity matrixes based on
Euclidean distance.

Euclidean distance reflects similarity of objects to
each other. The greater the distance, the more objects
differ. This measure is the geometric distance in the mul-
tidimensional space. In our calculations, every curve of
the electrostatic potential is represented by a point in a
multidimensional space. Its similarity to the other curves
is determined as the corresponding distance between two
different points. For identical curves, the Euclidean dis-
tance is equal to 0.

This approach allowed us to compare the profile of
the minor groove electrostatic potential for the same and
different sequences within selected groups.

Results

General statistical analysis of the minor groove
electrostatic potential distribution

Some facts follow the general analysis of our calcula-
tions of minor groove size and its electrostatic potential
of all DNA fragments selected for our data-set.

The first is that the electrostatic potential and the
width of the minor groove depend on the position of
pairs of nucleotides relative to the center of free B-DNA
fragment. Negative electrostatic potential at the ends of
the short DNA fragments decreases (in absolute value)
approximately 2.5 times, wherein the minor groove
width increases by 10% (about 1Å) (Figure 2).

This fact is explained by the long-range nature of the
electrostatic interaction. Therefore, for analysis of the
fragments containing more than 9 complementary pairs
of nucleotides, we use the central hexamer only. This

length is enough to reduce the influence of the missing
phosphate groups on the minor groove electrostatic
potential (see Supplemental data for details).

The second fact is that general analysis of the
sequence specificity of the minor groove electrostatic
potential shows that A/T pairs are characterized by more
negative minor groove electrostatic potential than G/C
pairs, which is consistent with the literature data (Hud &
Plavec, 2003; Jayaram et al., 1989; Rohs et al., 2010).

Electrostatic potential of hexanucleotides with different
γ angle conformation

According to our data, the transitions of γ angle from
canonical gauche + conformation to alternative trans
conformation, observed only in nucleotide pairs

Figure 1. Schematic view of the reference point i, which is defined as geometric center between O4′ atoms of i − 1 and i + 1
nucleotides.
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containing A/T bases, lead to the increase (in absolute
value) in negative electrostatic potential (Table 2).

Previously, we have found that the ASA of polar
atoms of sugar-phosphate backbone in minor groove of
B-like DNA in complexes with proteins increases from
33.8 to 36.7 Å2 upon transition of γ angle to trans confor-
mation resulting in significant increase in minor groove
polarity (Zhitnikova et al., 2014). But it should be noted
that such changes in the ASA are not so significant in the
free B-DNA fragments. The increased electronegativity
of minor groove in sites of localization of such switched
pairs of nucleotides is most likely to be explained by the
changes in minor groove width. Our calculations of mean
values of free B-DNA minor groove width confirmed this
assumption. They show that average value of minor
groove width is reduced for complementary pairs of
nucleotides with trans conformation compared to the
value of average minor groove width for the ones with
classic gauche + conformation (Table 2).

Transition into gauche-conformation, on the contrary,
leads to the decrease in minor groove electronegativity
for complementary pair of A/T nucleotides and to a
smaller extent for G/C ones. Such effect might be caused
by widening of minor groove. Analysis of average val-
ues of minor groove width for switched pairs of nucleo-
tides showed that in the gauche-conformation, the
average minor groove width increases (Table 2). In other
words, the reduction of the minor groove electronegativ-
ity in the presence of switched gauche-nucleotides is
caused by the increase in the minor groove width.

Analysis of average values of minor groove width
for switched nucleotides showed that in the gauche-
conformation, the average minor groove width increases
(Table 2). In other words, the decrease in the minor
groove electronegativity in the presence of switched

gauche-nucleotides is caused by the widening of minor
groove.

The C2′-endo → C3′-endo transition of deoxyribose
does not lead to significant changes in the values of the
minor groove electrostatic potential neither for A/T or G/
C pair of nucleotides; although for pairs of A/T nucleo-
tides with A-like sugar rings, the decrease in the minor
groove width was observed in comparison with its size
for the B-like conformation of deoxyribose (Table 2).

Distribution of hexanucleotide electrostatic potential

We have analyzed in detail the sequence specificity of
the distribution of minor groove electrostatic potential in
dependence on the positions of the complementary pairs
of nucleotides relative to the center of the DNA frag-
ments. Positions (−1), (1) determine two central pairs of
nucleotides. Such dependencies have been plotted for all
DNA structures under investigation. We also have calcu-
lated and plotted the similarity matrix based on the anal-
ysis of the Euclidean distances.

CG step

The analysis of the hexamers with central CG step
shows that their minor groove electrostatic potentials are
characterized by similar forms which are practically inde-
pendent of the flanking pairs of nucleotides (Figure 3(a)).
The similarity coefficients for these hexamers are
≤3 (Figure 3(b)). So the influence of the nucleotide
composition on the values and the distribution of minor
groove electrostatic potential for these hexamers are not
significant. At the same time, it is known that the xCGx
tetramers are sufficiently flexible (Fujii, Kono, Takenaka,
Go, & Sarai, 2007). Therefore, according to our data, we

Table 2. The average values of electrostatic potential (kT/e) and width (Å) of minor groove for A/T ad G/C pair of nucleotides with
different γ angle conformations: gauche+, gauche−, trans and sugar pucker: B-like or A-like. The average values of minor groove
width for nucleotide pair steps in particular positions are given in parentheses.

Position

A/T G/C

Potential
Minor groove

width Potential
Minor groove

width

gauche+, B-like
±1 −9.4 10.4 −5.5 11.2
±2 −8.4 10.3 −5.4 11.7
±3 −6.8 11.2 −5.8 12.7

trans, B-like
±2 −10.0 9.3 (10.6) – –

gauche−, B-like
±1 −5.1 11.9 (11.7)
±2 −6.6 12.3 (11.25)
±3 −4.8 14.4 (13.4)

gauche+, A-like
±2 −8.5 9.6 (10.0) −5.5 11.2 (11.5)
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assume that the effect of flanking pairs of nucleotides on
minor groove electrostatic potentials of structures with
central CG step is significantly less than their conforma-
tional mobility.

The ATCGAT sequence contains the most rigid flank-
ing AT dimer on its ends. It might be the reason for
peculiarity of this hexamer in the group. The rigid flank-
ing dimer induces the narrowing of the minor groove up
to 9.7 and 9.8 Å at the ends of the fragment (minor
groove width in the center fragment is 13.1 Å), and, con-
sequently, the electronegativity of minor groove is
increased. The nucleotides with ‘switched’ γ angle were
not found in this group of hexamers.

GC step

The profile of the minor grove electrostatic potential for
sequences with rigid central GC step varies slightly
(Figure 4), but a bit more than for sequences with the
central CG step. According to our data, the average
value of electrostatic potential for these sequences is
−5.76 ± 1.76 kT/e.

It should be noted that deformability of the xGCx
tetranucleotides is the least dependent on the flanking
dimers in comparison with deformability of any other
tetramers with the central purine–pyrimidine steps (Fujii
et al., 2007). Hence, xGCx tetranucleotides are ‘rigid’
relative to both structure mobility and to variability of
the forms of minor groove electrostatic potential.

The maximal similarity (the minimal value of similarity
coefficient) for the shapes of minor groove electrostatic
potential among the fragments of this group is observed for
hexamers AAGCTT and AGGCCT (Figure 4(b)). The
minimal similarity (the maximal similarity coefficients,
Figure 4(b)) is obtained for the hexamers, which contain

switched pairs of nucleotides with alternative γ angle
conformations: GAGCTC and TGGCCA (nucleotides with
alternative gauche-conformation are underlined in particular
sequences Figure 4(a)).

The complementary pairs in hexamer GAGCTC with
switched nucleotides in gauche- γ angle conformation
has more negative minor groove electrostatic potential.
Such values of electrostatic potential can be explained
by two effects: the changes in (1) the minor groove
width and (2) the ASA of polar atoms in sugar-
phosphate backbone. The minor groove widths for the
steps with switched complementary pair of nucleotides
are 12.4 and 12.3 Å (−2 and 2 positions in hexamer
GAGCTC, respectively).

These values are larger than the width of B-DNA
minor groove. Therefore, enhancement of electronegativ-
ity in this case probably might not be explained by the
decrease in minor groove width. We have previously
shown (Zhitnikova et al., 2014) that for ‘switched’
nucleotides with gauche-γ angle the ASA of polar atoms
of the sugar-phosphate backbone in the minor groove
increases by 1.5 times in the protein-nucleic acid com-
plexes. Thus the observed changes of electrostatic poten-
tial can be determined by difference in the ASA of polar
atoms of sugar-phosphate backbone of nucleotides with
switched γ angle.

The TGGCCA hexamers are represented by two struc-
tures, which differ in the shape of electrostatic potential
(Figure 4(a)). It should be noted that these structures have
various conformations of the sugar-phosphate DNA
backbone. One of them has switched pair of nucleotides
with nucleotide in gauche-conformation of γ angle
(TGGCCA), and the average value of the negative elec-
trostatic potential is greater (in absolute value) in this
position (Figure 4(a)).
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Figure 3. (a) The dependence of the electrostatic potential on the nucleotide position for the sequences with the central CG step,
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TA step

The DNA fragments with central TA step are character-
ized by a significant dispersion of the electrostatic poten-
tial values in the minor groove (Figure 5(a)).

What is the reason for such behavior of minor
groove electrostatic potential of these sequences? It is
known that tetranucleotides xTAx (especially TTAA)
were found to be highly deformable (Fujii et al., 2007).
According to our calculation, the distribution of the
minor groove electrostatic potential of these sequences
also significantly depends on the nucleotide composition
of the flanking nucleotides.

Switching from the classical gauche + γ angle
conformation into the alternative trans conformation (nu-
cleotides with alternative trans conformation are under-
lined in particular sequences) for complementary pair of

nucleotides in ATTAAT hexamer and two complemen-
tary pairs of nucleotides in TTTAAA hexamer leads to
the substantial distinction in the profile of their minor
groove electrostatic potential (Figure 5(a)). The main rea-
son of this difference is the augmentation of the elec-
tronegative potential for the complementary pair of
nucleotides with ‘switched’ γ angles for one of the
TTTAAA hexamers. The minor groove width of the step
with switched pair of nucleotides (position 2, TTTAAA)
is reduced to 8.5 Å that causes the substantial growth of
the minor groove electronegativity (Figure 5(a)).

At the same time ATTAAT and TTTAAA hexamers
with switched pairs of nucleotides both in the position
−2 are characterized by the similar profiles (the
minimal value of similarity coefficient, Figure 5(b)).
They also have similar minor groove widths in −2
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positions (10.8 and 10.7 Å respectively), which are not
substantially different from B-DNA minor groove width.
Consequently their electronegativity is increased
significantly less.

AT step

The minor groove electrostatic potentials of the
CAATTG, AAATTT and GAATTC hexamers with the
most rigid tetramer AATT (six structures) are character-
ized by similar forms (Figure 6(a)), but they have some
differences in the absolute values (~2 kT/e).

The minor groove electronegativity of such fragments
is increased in two central pairs of nucleotides. These
data are in agreement with the observation that A-tract
narrows minor groove and in this way leads to augmen-
tation of the minor groove electronegative potential
(Rohs, West, Liu et al., 2009; Rohs, West, Sosinsky
et al., 2009; West et al., 2010). It should be noted that
the tetranucleotides with central AT step have sufficiently
rigid structures (Nikolov et al., 1996). Perhaps, low
deformability of these tetramers defines small variability
of the electrostatic potential values independently of the
flanking nucleotide pairs.

The ATATAT hexamers with central TATA tetranu-
cleotide (two structures) are characterized by the least
similarity of the shape of the minor groove electrostatic
potential in comparison with all other DNA fragments in
this group (Figure 6(b)). They have an inverse correla-
tion and more positive minor groove electrostatic poten-
tial (Figure 6(a)). This effect is explained by the
tendency of TATA sequences to widen the minor groove
(Nikolov et al., 1996) and, thus, to reduce the elec-
tronegative potential.

The γ angle transition into alternative gauche-
conformation of G/C switched nucleotide pair (nucleotide
with alternative gauche-conformation is underlined:
GAATTC, Figure 6(a)), does not lead to noticeable
change in the value of the minor groove electrostatic
potential in this position.

In addition, it should be noted that some of the PDB
structures under investigation have explicitly resolved
divalent counterions, which may affect to the DNA con-
formation and the values of electrostatic potential. Indeed
to calculate the minor groove electrostatic potentials and
plotted the results as represented on Figures 3–6 we have
selected 31 PDB structures. Twenty-three of these struc-
tures were obtained with divalent metal ions: Mg2+ and
Ca2+ (1EN3); Mg2+ (5DNB, 1EN8, 1EN9, 1ENE, 1D23,
423D, 1IKK, 1D49, 4AH1, 1D57, 431D, 1DOU, 3U08);
Ca2+ (196D, 1ZF7, 334D, 158D, 1SK5, 1ZF0, 1D8G,
1D56); Ni2+ (473D) and 8 structures without such ions
(1ZF5, 251D, 126D, 1BD1, 1ZFG, bdj061, 1S2R, 1ZFF).

Consider, for example, hexamer AACGTT from
group with central CG step which is represented by three
structures (1EN3 with Mg2+ and Ca2+; 5DNB, 1EN8
with Mg2+). According to our calculations, the values of
their potential and profiles of their distribution in the
minor groove are almost identical (Figure 3). Hexamer
AGCGCT is also represented by three structures, two of
which contained Mg2+ (1EN9, 1ENE), and one is
obtained without such ion (1ZF5). According to our cal-
culations, the values of their potential and the shape of
their distribution in the minor groove are also almost
identical (Figure 3). In this group of hexamers, the maxi-
mum difference in potential values and their distribution
in the minor groove are observed for hexamer ATCGAT
with Mg2+ (1D23).
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All these facts, in our opinion, allow one to assert
that the presence of divalent ions does not explain the
observed changes in potential values and in their pro-
file. So it is not necessary to take into account the
presence of divalent ions in calculations of electrostatic
potentials and their potential influence for the value
and profile of electrostatic potential in the minor
groove.

Sequence specificity of γ angle transitions

Sequence analysis of short DNA fragments shows that
all complementary pairs of nucleotides with alternative γ
angle conformations are present in three groups of hex-
amers under investigation. The gauche-conformation is
observed in the groups with central GC (Figure 4(a)) and
AT (Figure 6(a)) dimers. The trans conformation of γ
angle is found in the group with hexamers containing
central TA step (Figure 5(a)). This fact is in agreement
with our data (Zhitnikova et al., 2014). It should be
noted that the nucleotides with gauche-conformation of γ
angle are observed in the hexamers with rigid central
xGCx tetranucleotides which are characterized by
insignificant dispersion of minor groove electrostatic
potentials.

Complex of exonuclease ExoX with two DNA
fragments

We have considered the complex of DNA with ExoX
exonuclease as an example of existence of the correlation
between γ angle conformation, minor groove width, and
distribution of electrostatic potential of short DNA
fragments.

The exonucleases play an essential role in DNA
repair mechanisms. Their function is to remove damaged
nucleotides from the 3′ end of the DNA or intact nucleo-
tides in the recombination process (Burdett, Baitinger,
Viswanathan, Lovett, & Modrich, 2001; Dermic, 2006;
Viswanathan, Burdett, Baitinger, Modrich, & Lovett,
2001; Wang et al., 2013). Endonuclease ExoX belongs
to the DnaQ family which is one of the largest superfam-
ilies of 3′-5′ exonucleases. The ExoX exonuclease is one
of the several redundant exonucleases involved in the
mismatch repair system, UV repair, homologous recom-
bination, and stabilization of the tandem repeats in
E. coli (Viswanathan et al., 2001).

The fragments of DNA in the complexes with ExoX
exonuclease use both Watson–Crick base pairs (PDB
4FZX, conserved DNA with 3′ overhanging dsDNA) and
non-Watson-Crick base pairs (PDB 4FZZ, mismatched
DNA with 3′ recessed mismatch-containing dsDNA)
(Wang et al., 2013).

The first step of the ExoX-DNA complex formation
is the ‘capture’ of the DNA fragment by means of the
interaction between protein surface and sugar-phosphate
backbone of the DNA target site. Formation of such con-
tacts prevents protein ‘slipping off’ the binding sites on
DNA before reaction of phosphodiester bond cleavage
starts. The contacts also help to keep the DNA chain in
the correct position and orientation. Then exonuclease
‘cuts’ phosphodiester bond with subsequent removal of
nucleotides.

According to Wang and co-authors (Wang et al.,
2013) the protein-binding site contains Lysine, Tyrosine,
and Asparagine amino acids in both ExoX–DNA com-
plexes (Lys111, Tyr112 and Asn114: PDB 4FZX, for
conserved DNA, and PDB 4FZZ, for mismatched DNA)
interacting with sugar-phosphate DNA backbone. Resi-
dues Lys101 and Arg104 form specific positively
charged binding site with AT step of DNA strand com-
plementary to substrate (Wang et al., 2013).

Our calculations of the electrostatic potential have
shown that mismatched DNA in complex with ExoX has
more narrow minor groove and enhanced negative elec-
trostatic potential at AT step in comparison with con-
served DNA (Table 3) and interacts with Lys101 and
Arg104 of ExoX (Figure 7(a)).

The conformation of the mismatched DNA fragment
(PDB ID 4FZZ) is also significantly different from the
conformation of conserved DNA fragment (PDB ID
4FZX). In the 4FZZ complex Adenine which interacted
with Arg104 (A1) has a value of γ angle close to such in
gauche-conformation (Table. 3).

According to our data (Zhitnikova et al., 2014), such
γ angle switching provides maximal value of ASA of
O3′ atom in the minor groove. The local rearrangement
of the sugar-phosphate DNA backbone creates conditions
for formation of the hydrogen bond between O3′ atom
of nucleotide containing Adenine A1 and Arg104
(Table 3, Figure 7(b)).

In the complex of ExoX exonuclease with conserved
DNA (4FZX) the conformation of γ angle of nucleotide
containing Adenine A1 is close to the trans conforma-
tion (Table. 3). In this situation only electrostatic interac-
tion is possible in the minor groove between DNA
fragment and protein.

The distance between the interacting atoms O3′ …
HNH is about 3.4 Å (Figure 7(b)) that is larger than the
optimal distance between the donor and acceptor groups
required to form the hydrogen bond. So the observed
structural changes in the mismatched and conserved
DNA sugar-phosphate backbone in the complexes are in
agreement with the concept of the higher specificity of
ExoX exonuclease to mismatched DNA, which is
important to increase the efficiency of non-replicative
synthesis (Wang et al., 2013).

10 M.Y. Zhitnikova and A.V. Shestopalova

https://www.researchgate.net/publication/11921005_Redundant_Exonuclease_Involvement_in_Escherichia_coli_Methyl-directed_Mismatch_Repair?el=1_x_8&enrichId=rgreq-86d0d63287558c10743b5e75dab45e59-XXX&enrichSource=Y292ZXJQYWdlOzI1NjM3NjQwNTtBUzo0NDA5NTA3MjUwNTg1NjBAMTQ4MjE0MjI1MzkzNg==


Conclusions

The results of the crystallographic analysis of free DNA
structures allows us to determine the existence of the cor-
relations between DNA sequence, structural conformation
of the sugar-phosphate backbone, minor groove width and
distribution of the minor groove electrostatic potential.

In the present investigation, we confirm our earlier
results which determined the sequence-specificity of the γ
angle transitions (Zhitnikova et al., 2014). We have found
that the gauche-conformation is observed in hexamers
with central GC step while the trans conformation of γ
angle is observed in hexamers containing central TA step.

We also determined that the γ angle transitions affect
minor groove size and electrostatic potential.

Transition of γ angle into trans conformation leads to
narrowing of the minor groove that, in its turn, causes
the increase of negative electrostatic potential. On the

contrary, switching to alternative gauche- γ angle confor-
mation induces the decrease of negative electrostatic
potential for both A/T and G/C complementary pairs of
nucleotides. These changes can be explained by the
increase of the minor groove width in sites with switched
gauche-complementary pairs of nucleotides.

Transition of γ angle from classical gauche + confor-
mation into alternative trans conformation in hexamers
with central TA step results in substantially different
forms of distribution of minor groove electrostatic
potential. The main reason is as follows: the narrowing
of the minor groove in the sites of the switched comple-
mentary pairs of nucleotides induces the local increase in
the minor groove electronegativity.

In hexamers with central GC step transition to the
alternate gauche-conformation of γ angle also leads to
the increase in minor groove electronegativity for

Table 3. Structural parameters and values of minor groove electrostatic potential (kT/e) for 5′-GGATCC-3′ sequence of conserved
DNA (PDB ID 4FZX) and mismatched DNA (PDB ID 4FZZ). The γ angle conformation is shown in parentheses.

Sequence
Strand I −3G −2G −1A 1T 2C 3C
Strand II −3C −2C −1T 1Aa 2G 3G

4FZX
angle γ Strand I 33.1 (g+) 36.3 (g+) 37 (g+) 11.2 (~g+) 31.7 (g+) 15 (~g+)b

angle γ Strand II −11.6 (~g–) −131.6 (~t) 18.3 (~g+) 125.2 (~t)b −172.4 (t)b 42 (g+)
Electrostatic potential −4.9 −5.7 −6.2 −5.9 −3.8 −3.5
Minor groove width 12.6 12.9 13.0 13.4 –c

4FZZ
angle γ Strand I 157.5 (t)b 162.2 (t)b –132.2 (~t) 25.4 (~g+) –109 (~g–) 131.1 (~t)b

angle γ Strand II 7.2 (~g+) –25.6 (~g–) –90.8 (~g–) –107.1
(~g–)

31.4 (g+) 49.8 (g+)

Electrostatic potential −3.4 −5.3 −7.4 −6.9 −4.2 −3.5
Minor groove width 13.4 12.1 12.3 12.2 14.0

aAdenine interacting with Arg104.
bNucleotide with A-like sugar pucker.
c4FZX and 4FZZ fragments have different amount of nucleotides after 5′-GGATCC-3′ hexamer, so there is no value of minor groove width for CC
step of 4FZX structure.

Figure 7. Complexes of ExoX exonuclease with two DNA fragments: (a) the distribution of the minor groove electrostatic potential
for the binding site (5′-GGATCC-3′) of 4FZX and 4FZZ structures; (b) contacts between Lys101 and Arg104 with sugar-phosphate
DNA backbone of specific binding site with central AT step. The structure of conserved (4FZX) and mismatched (4FZZ) complex are
highlighted in yellow and pink colors respectively. The hydrogen bond between O3′ atom of nucleotide containing Adenine and H
atom of the amino group NH2 of Arg104 (rO3′ … HNH = 3.1 Å) is shown by the dotted line.
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hexamer GAGCTC. However, the augmentation of nega-
tive electrostatic potential in this case might not be
explained by the decrease in minor groove width, and
the observed growth of the absolute value of electrostatic
potential can be determined by difference in the ASA of
polar atoms of sugar-phosphate backbone of nucleotide
with switched γ angle.

It should be noted that the most flexible sequences
with central pyrimidine-purine steps are characterized
by different forms of distribution of minor groove
electrostatic potential. The hexamers with central TA
step are characterized by a significant diversity of the
profiles of the electrostatic potential, while the same
profiles for sequences with central CG step are
remarkably similar. Apparently, the distribution of the
minor groove electrostatic potential of hexamers with
central TA step is more influenced by flanking nucleo-
tide pairs, whereas hexamers with central CG step are
less sensitive to the nucleotide composition of the
neighboring pairs.

Thus, our data confirm an important role of the
structural reconstruction of the sugar-phosphate DNA
backbone in the mechanisms of indirect protein–nucleic
acid recognition. We have demonstrated that the struc-
tural adjustments of the DNA double helix (the confor-
mations of the sugar-phosphate backbone and the
minor groove dimensions) induce changes in the
distribution of the minor groove electrostatic potential
and are sequence-specific. Therefore, these features of
the minor groove sizes and distribution of minor
groove electrostatic potential can be used as a signal
for recognition of the target DNA sequence by
protein in the implementation of the indirect readout
mechanism.
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