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Detailed analyses of the sequence-dependent solvation and ion atmosphere of DNA are presented based on molecular
dynamics (MD) simulations on all the 136 unique tetranucleotide steps obtained by the ABC consortium using the
AMBER suite of programs. Significant sequence effects on solvation and ion localization were observed in these
simulations. The results were compared to essentially all known experimental data on the subject. Proximity analysis
was employed to highlight the sequence dependent differences in solvation and ion localization properties in the grooves
of DNA. Comparison of the MD-calculated DNA structure with canonical A- and B-forms supports the idea that the G/C-
rich sequences are closer to canonical A- than B-form structures, while the reverse is true for the poly A sequences, with
the exception of the alternating ATAT sequence. Analysis of hydration density maps reveals that the flexibility of solute
molecule has a significant effect on the nature of observed hydration. Energetic analysis of solute—solvent interactions
based on proximity analysis of solvent reveals that the GC or CG base pairs interact more strongly with water molecules in
the minor groove of DNA that the AT or TA base pairs, while the interactions of the AT or TA pairs in the major groove
are stronger than those of the GC or CG pairs. Computation of solvent-accessible surface area of the nucleotide units in the
simulated trajectories reveals that the similarity with results derived from analysis of a database of crystallographic
structures is excellent. The MD trajectories tend to follow Manning’s counterion condensation theory, presenting a region
of condensed counterions within a radius of about 17 A from the DNA surface independent of sequence. The GC and CG
pairs tend to associate with cations in the major groove of the DNA structure to a greater extent than the AT and TA pairs.
Cation association is more frequent in the minor groove of AT than the GC pairs. In general, the observed water and ion
atmosphere around the DNA sequences is the MD simulation is in good agreement with experimental observations.
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1. Introduction

Solvation plays an integral role in stabilizing the structure of
the DNA molecule in condensed phase. DNA-ligand affinity
and specificity in solution is sensitive to solvation since
solvent reorganization and release on binding make impor-
tant thermodynamic contributions. The solvation of DNA at
the most elementary level consists of water molecules and
mobile ions, some of which are known to be ‘structured’ by
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the interactions with the ionic, hydrophilic and hydrophobic
sites on the sugar—phosphate backbone and in the major and
minor groove of the double helix. Beyond this, the detailed
molecular structure of DNA solvation depends on nucleotide
base pair sequence, both via direct interactions and indirectly
via sequence preferences for various DNA conformations.
Thus, knowledge of the magnitude and extent of sequence
effects on solvation is important in fully understanding DNA
structure and function at the molecular level.
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The four canonical nucleotide bases in DNA give rise to 10
unique dinucleotide base pair steps. The structure of each base
pair step may depend as well on sequence context, as in the case
of the ubiquitous A-tracts implicated in DNA bending. Consid-
ering only first neighbour bases of each step, the minimum
length of sequence required for detailed study of sequence-
dependent DNA structure is a contiguous sequence of four
nucleotide base pairs (tetranucleotide steps). Thus, a comprehen-
sive description of sequence effects on DNA requires consider-
ation of at least all 136 unique tetranucleotide steps, i.e. the 10
unique nucleotide base pair steps in all unique sequence contexts.

The available experimental data on DNA structure is frag-
mentary with respect to tetranucleotide steps, and does not yet
encompass all unique dinucleotide steps, much less all se-
quence contexts. With the latest advances in high-
performance computing, the problem of sequence effects on
DNA structure and solvation can be addressed by molecular
simulation. The method of choice is molecular dynamics (MD)
simulation in which an all-atom model can be treated including
explicit consideration of water and ions and provides a descrip-
tion of structure as a function of time. This article describes a
study of sequence-resolved B-DNA solvation based on MD
simulations on all 136 oligonucleotide tetramers. MD predic-
tions of sequence-dependent DNA hydration and ion solvation
are compared with available experimental data from diverse
biophysical measures and from crystallography. The general
features of DNA solvation are obtained, and a quite plausible
description of the structures adopted by water molecules and
ions in the vicinity of the B-form duplex is provided. Further
analysis of the results reveals considerable new knowledge of
the sequence-dependent nature of DNA solvation.

2. Background
2.1 DNA hydration

The importance of hydration on the structure of DNA was
recognized quite early in the history of structural biology
(Franklin and Gosling 1953). However, due to the complex-
ity of the problem with respect to DNA structure and func-
tion, the nature of DNA solvation at the molecular level
remains an open question even today. The literature on this
topic is extensively described in texts (Saenger 1984; Westhof
and Beveridge 1989; Berman and Schneider 1999) and
articles (Leikin et al. 1993; Eisenstein and Shakked 1995;
Umrania et al. 1995; Chalikian and Breslauer 1998; Egli
et al. 1998). There is experimental evidence that the stability
and conformational preferences of the DNA double helix
depends on the relative humidity of fibres (Leslie et al.
1980) and water activity in solution (Malenkov et al.
1975). In fibres, the A-form of DNA is preferred under
conditions of lower relative humidity (~76%), while increas-
ing the relative humidity to ~86% stabilizes the B-form
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(Saenger 1984). Osmotic stress experiments confirm that
the water activity around DNA is directly correlated to the free
energy required to deform the double helix (Ruggiero et al.
2001). A conformational transition from B-DNA to the
A-form can also be induced by increased ionic strength
(Nishimura ef al. 1986). Excess salt in GC-rich sequences
may cause a transition to the left-handed Z-form (Jovin et al.
1987). We restrict our attention here to the right-handed
forms of DNA, essentially the family of B-form structures
characteristic of right-handed duplexes. However, in B-form
sequences of DNA, structures may locally adopt an A-form or
be situated along the continuum of structures of right-handed
DNA from A to B, and this is believed to have functional
significance in DNA recognition. Thus, the hydration of A-
form structures as well as B-form is relevant to this study. The
terminology used to discuss DNA hydration is not consistent
from one paper to another in the literature, and we take care
herein to formally define our terms with the hope of more
uniformity on this matter in subsequent research.

The basic idea that solvent water in the immediate vicinity
of DNA adopts a structure incompatible to crystallization
with bulk water was first reported by Kuntz (Kuntz et al.
1969), and this result subsequently posed questions about the
nature and extent of water structures around DNA. There is
now extensive experimental data on DNA hydration from
molar volumes, densities and compressibilities (Chalikian
and Breslauer 1998), dielectric relaxation (Umehara et al.
1990), neutron diffraction (Shotton et al. 1997) and molec-
ular spectroscopy (Halle and Denisov 1998). The essential
picture that emerges from this data is that the anionic, hy-
drophilic and hydrophobic constituents of DNA interact
strongly with waters in the neighbourhood of the duplex
and result in local water structures distinct from that of bulk
water. This local structure extends a considerable distance
from the surface of a DNA duplex and consists of regions in
which the local density is somewhat higher than that of bulk
water (Chalikian ef al. 1994). The nature of DNA hydration
is also reflected in the mobilites of the molecules and ions
involved. Spectroscopic studies of ultrafast dynamics of
DNA hydration indicate two time constants, one at ~1 ps
behaving bulk-like, and the second at ~12 ps indicative of
water molecules with reduced mobility (Pal ef al. 2003). An
issue of interpretation is that various experiments probe differ-
ent regions and aspects of the structured hydration. In this
article, we adopt the terminology that the structured hydration
consists of solvation shells demarcated in principle by the
peaks and valleys in DNA—water radial distribution functions.
Within the boundary of the first solvation shell, some fraction
(but now all) of the solvent water molecules and ions are in
direct contact with DNA atoms, and referred to as ‘bound’.

The concept of structured hydration applies of course to
both the A-form and B-form of DNA, but at a higher level of
resolution there are significant differences. Spectroscopic,
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gravimetric and volumetric studies indicate that the local
hydration of a B-form duplex consists of ~30 water mole-
cules per nucleotide base pair (bp) and about 28.7 structured
waters per nucleotide in the A-form DNA. Dielectric relax-
ation measurements (Umehara et al. 1990) indicate at least
18—19 waters in the B-form and ~13—-15 waters in the A-
form. X-ray diffraction and optical microscopy measure-
ments on fibre DNA indicate 27 water molecules per GC
base pair and 44 waters per AT pair (Albiser et al. 2001). In
these studies about 11 water molecules per nucleotide pair
are observed in A-form structures irrespective of the se-
quence composition. Variations in the reported number of
water molecules in the hydration layer are anticipated be-
cause of the differences in experimental settings and the fact
that the experiments might be looking at different aspects of
solvation properties. Buoyant density experiments on DNA
fibres indicate that AT pairs involve 2 more water molecules
than GC pairs (Tunis and Hearst 1968). This is in contrast of
apparent molar volume and compressibility measurements
(Chalikian et al. 1994), which indicate that GC base pairs are
solvated more strongly than the AT base pairs in DNA
sequences. Mixed AT/GC sequences while favouring B form
DNA have been noted to be ‘less hydrated’ than homopol-
ymers (Chalikian et al. 1994). DNA molecules are always
hydrated to some extent, and thus the ‘extent’ or ‘degree’ of
hydration need to be made more precise and quantitative to
be useful. There is a well-established propensity of AT-rich
sequences for B-form DNA and GC-rich sequences for A-
form structures (Pilet and Brahms 1972). The correlation
between the base sequence composition of DNA and prefer-
ential stability has been focus of a number of experimental
and theoretical studies, and there is a considerable literature
on A- and B-philicity scales (Mazur et al. 1989; Hunter
1993; Ivanov and Minchenkova 1994; Basham et al. 1995;
Tolstorukov et al. 2001), which have proved to be useful in
this study for validating the accuracy of MD on DNA.

The most detailed experimental data on DNA hydration at
the molecular level comes of course from crystallography.
Analysis of residual electron densities obtained from diffrac-
tion experiments yields information about waters which are
crystallographically ordered, typically those which make
direct non-covalent contacts with the DNA. One problem
in establishing the significance of these observations is that
crystallographically ordered water is a fraction of the total
structured water around DNA but thermodynamic stability
involves the entire consort. Schneider and Berman
(Schneider et al. 1992, 1993, 1998; Schneider et al. 1993;
Schneider and Berman 1995) have carried out a comprehen-
sive statistical survey of crystallographic hydration of DNA
based on optimally aligned electron density distributions for
all available B-form oligonucleotide crystal structures. They
have investigated the extent to which hydration sites show a
high degree of transferability, and demonstrated that a
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generic description of hydration localized at the base pair
level could successfully predict the hydration of a dodeca-
nucleotide sequence. Well-defined hydration sites are delin-
eated for the hydrophilic donor and acceptors sites in the
major and minor grooves of the duplex, cones of hydration
around anionic phosphates.

Specifically, crystallographic hydration sites for B-form
DNA were found in the minor groove at purine N3, pyrim-
idine O2 atoms and at purine N6/0O6 and N7, and pyrimidine
N4/04 atoms in the major groove. Other major groove sites
are purine C6 and G N2, which may be a shared site with C
02. These hydration sites also provide the critical functional
groups required to make direct recognition at the protein-
nucleic interface (Seeman et al. 1976), thereby linking the
energetics of desolvation to the thermodynamics of binding
and recognition (Privalov et al. 2007). While our focus in
this article is on B-form DNA, within B-form structures,
some steps, especially those with high GC content, may
exhibit A-form-like local structures or structures between
B-form and A, depending on sequence. Hydration and tran-
sition between different DNA forms affects the sequence-
specific local deformability of DNA, which is another factor
contributing to specificity during ligand recognition (Olson
et al. 1998).Water molecules in A-DNA crystals reveal a
highly ordered network with some performing the role of a
stereospecific ‘handle’ in the recognition by cognate protein
(Eisenstein and Shakked 1995; Schwabe 1997; Reddy et al.
2001). The crystallographic hydration sites are similar but
more complex in A-form DNA, and in addition G O6 and C
CS5 are mentioned, the latter in alternating C/G sequences
(Egli et al. 1998). In A-form structures, the typical inter-
phosphate distance is optimal for accommodating a single
water molecule bridging the two PO, groups and it has been
proposed that this so-called ‘economic’ use of a water mol-
ecule may be significant in relative stability of the A-form at
lower water activity (Saenger ef al. 1986). In case of B-DNA
structures, the phosphate groups are separated to the extent
that only the second shell water molecules can bridge the
groups (Schneider et al. 1998). It is more common to ob-
serve water bridges between PO,  groups and hydration sites
on nucleotide bases. Anionic phosphates dominate the hy-
dration of the sugar—phosphate backbone at the expense of
ester oxygen hydration.

In a number of cases, there is crystallographic evidence
for hydration structures in which the sites form networks
such as spines, filaments, polygons and even more elaborate
two- and three-dimensional networked structures. The minor
groove spine in AT-rich tracts of B-form DNA is the most
celebrated of these hydration structures, and has been direct-
ly linked to thermodynamic stability (Chen and Prohofsky
1993), supported by the results of a novel grand canonical
MC simulation (Guarnieri and Mezei 1996). Beyond this,
there has been considerable speculation about the role of
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higher-order solvation structures in DNA stability, but this is
a complicated matter since the definition of these structures
is not unique and also must be defined with respect to
statistical weights to make a convincing argument. As a
consequence, it has not generally been possible to link
higher-order solvation structures unequivocally to thermo-
dynamic stability, but this remains a desirable outcome.

2.2 DNA ion atmosphere

DNA is a polyanion in solution at neutral and physiological
pH, and counterions are required to achieve electroneutrality.
Typical experimental conditions and cellular environments
involve even higher levels of ionic strength. Positively
charged counterions associate with the negatively charged
phosphates on the DNA backbone and, analogous to the
structured hydration, exhibit a structured distribution encom-
passing the DNA surface and are generally referred to as the
‘ion atmosphere.” The ion atmosphere was predicted theo-
retically (Manning 1978; Anderson and Record Jr 1982) and
shown to generally account for a considerable amount of
observed behaviour of DNA in solution. An important result
from these studies is the idea of ‘counterion condensation’.
The idea is that no matter how dilute the solution, a number
of counterions remain in close proximity to the DNA as
opposed to being dissociated as in the case of small ion
pairs. Condensed counterions were predicted to compensate
for a large fraction of phosphate charges, predicted by Man-
ning to be ~76% and independent of concentration. This
follows from a simple argument based on molecular thermo-
dynamics (Jayaram and Beveridge 1990, 1991; Jayaram et al.
1991). Parallel studies of this problem carried out based on
Poisson—Boltzmann calculations are in substantial accord
with the basic ideas (Jayaram ef al. 1989). The initial pre-
dictions about the nature and extent of the ion atmosphere of
DNA were subsequently confirmed by computer simulation
(Jayaram and Beveridge 1996; Young ef al. 1997a, b) on
specific sequence cases. The extent to which these results
can be generalized and are sequence dependent is investigat-
ed in the present study.

Crystal structures provide evidence for site-bound ions
(Tereshko et al. 1999) especially in the case of divalents,
and in some structures charged organic co-crystallization
agents such as spermine have been found in major groove
regions (Robinson and Wang 1996). The possibility of some
fractional population of monatomic inorganic ions in the
grooves of DNA was initially predicted by MD simulation
(Young et al. 1997a, b). This idea led to a lively debate in the
literature (Shui et al. 1998; Chiu et al. 1999) since a signif-
icant groove population of ions would affect binding affin-
ities. At this point in time, the fractional occupancies of ion
involved seem to be small and sequence dependent (McConnell
and Beveridge 2000; Rueda et al. 2004). The level that would
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be significant with respect to conformational stability and
ligand binding has not yet been established. We revisit the
idea of groove populations of ions in the context of the
results we have acquired in this study (vide infra).

2.3 Molecular simulation studies

Reviews are available of the earlier literature on computer
simulation studies of DNA hydration (Feig and Pettitt 1998)
and ion atmosphere (Jayaram and Beveridge 1996). Beyond
the observations noted above, obtaining a comprehensive
molecular model of DNA hydration and ion atmosphere
from thermodynamic and spectroscopic measurements is a
highly underdetermined problem, particularly since DNA
solvation at a temperature must be viewed as a Boltzmann
ensemble of thermally accessible structural forms. While
computationally intensive, a complete description of the
structure of DNA including solvation consistent with Boltz-
mann statistical thermodynamics can now be obtained theo-
retically from Monte Carlo (MC) and molecular dynamics
(MD) computer simulations, subject of course to approxima-
tions intrinsic to the assumed force field and simulation
methodologies and computational protocols. In studies
aimed at validating all atom models of MD on DNA includ-
ing explicit water and ions, comparisons of calculated DNA
conformations with those observed from crystal structures
(Young et al. 1997a, b) and from the NMR structures in
solution (Arthanari et al. 2003) have been in remarkably
close accord when the best force fields are used (Cheatham
III and Young 2000; Perez et al. 2007a, b). A comparison of
MD on DNA with time-resolved Stokes-shift experiments
focuses specifically on the dynamics of water and ions near
DNA (Sen et al. 2009). Extensive MD studies have been
reported on DNA bending (Beveridge et al. 2004a, b) and
flexibility (Orozco et al. 2008). The A to B transition is
uniquely sensitive to water activity, and has been successful
described by molecular dynamics simulations (Cheatham IIT
and Kollman 1996; Sprous et al. 1998; Knee et al. 2008).
Most importantly in this study, the water molecules and ions
included in these trajectories can be used to obtain calculated
water and ion density distributions and thus extract a com-
putational model of DNA solvation (Ponomarev et al. 2004).
A number of recent articles have addressed some specific
issues of DNA solvation based on MD results, including the
minor groove spine of hydration (Subramanian et al. 1988;
Guarnieri and Mezei 1996) and possible ion insertion into
grooves of DNA (Young ef al. 1997a, b). As noted above, a
grand canonical MC simulation study (Jayaram and Beveridge
1991) and MD simulations of the ion atmosphere of DNA
(Young et al. 1997a, b) generally supported the structure and
energetics of counterion condensation theory and provided
some predictions about sequence effects.
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The use of Ewald summation method for the treatment of
long-range electrostatics remarkably improved the quality of
MBD simulations on DNA (York et al. 1995). Subsequently,
multiple simulations have addressed the issue of DNA hy-
dration to various extents (Cheatham III and Kollman 1997;
Duan et al. 1997). A particularly thorough study of the
hydration of A- and B-forms of the pentameric duplex of
sequence d(CsTs) in explicit water and 0.8 M excess NaCl
was reported by Feig and Pettitt (1999). These simulations
used both the AMBER and CHARMM force field, and the
analysis was based on the shell structure of hydration
obtained from a variation of quasi-component distribution
functions using the proximity criterion (Mehrotra and Bev-
eridge 1980; Mezei and Beveridge 1986). Their calculations
indicate some 29 water molecules in the primary hydration
shell in agreement with densitometric measurements, and
found ~20 water hydrogen bonded directly to the DNA in
agreement with dielectric relaxation, resolving the discrep-
ancies between the two sets of experiments. The number of
bound waters is decreased in A-form compared with B-form,
and less for AT compared with GC base pairs. The calculat-
ed hydration densities generally match crystallographic hy-
dration sites and provide evidence for up to three shells of
hydration. Water molecules in the primary hydration layer
are seen to be shifted and rearranged, but do not dehydrate
the DNA. The effect of ions reduced the mobility but not the
number of waters partially immobilized by the presence of
ions. The agreement between MD results specifically on
dCsTs obtained by Feig and Pettitt and general experimental
results is quite encouraging, and effectively points out the
additional information about solvation of DNA at the mo-
lecular level that can be obtained from computer simulation.

Molecular dynamics simulations of canonical A-form
DNA structure in water using the AMBER force field leads
to a rapid transition of the solute structure to a qualitatively
B-like structure (Cheatham III and Kollman 1996). Detailed
analysis of the water structure around one such transitioning
DNA structure has revealed that considerable delay, to the
extent of 5-7 ns, is observed before the solvent structure
reorganizes to the new DNA conformation (Stefl and Koca
2000). The convergence of ions in the course of a simulation
can be an even slower process. Recent analysis of ion
distribution around a palindromic DNA sequence indi-
cates that simulations extending up to 100 ns might be
required to achieve a symmetric ion distribution that
such a sequence would call for (Ponomarev et al
2004). Varnai and Zakrzewska (2004) have shown that Na*
and K" counterions exhibit different groove binding propen-
sities in the course of MD simulations with the Na" binding
to both grooves in a sequence-dependent manner while
the K" ion mainly visits the major groove. Rueda et al.
(2004) have observed that the insertion of Na' ions in the
minor groove of DNA is a very rare event because of
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thermodynamic reasons. They note that in the situation
where ions bind inside the minor groove, they remain
trapped for fairly long times by current routine simulation
lengths (~10 ns) but do not dramatically influence the duplex
structure. While the size of Na" and K" ions differ only
slightly, their solvent shell display quite different behaviour.
The g(r) between Na* and water drops to near zero between
the first and second shell, while the lowest value of the g(r)
between K" and water is of the order of 0.5, This behaviour
was observed already in early simulations (Mezei and
Beveridge 1981) and confirmed recently employing the
force field used in this study (Mezei, unpublished). This
difference translates into a fairly rigid solvation shell for Na",
since the 0.01 observed for the g(r) minimum translates into
a barrier between the two shells of kT In(0.01)~2.8 kcal/mol.
At this point in time, MD simulations on a B-DNA of up to
1 us have been dynamically stable (Perez et al. 2007a, b).

2.4 Continuum and integral equation solvation models

Recently, there have been attempts to model solvation in
MD and MC simulations of DNA using dielectric continuum
models based on Poisson—Boltzmann (PB) theory and/or the
generalized Born (GB) approximation. While preliminary
results were encouraging (Tsui and Case 2000), other calcu-
lations of this type show various degrees of pathology (Dixit
et al. 2006) and efforts are ongoing to improve the quality of
such simulations (Chocholousova and Feig 2006). An alter-
nate application of the continuum solvation approach re-
ferred to as the MM PB/GB SA employs trajectories of the
DNA derived from simulation employing explicit solvent to
carry out post facto free energy analysis of the solvation
thermodynamics (Jayaram et al. 1998; Srinivasan et al.
1998). Of particular interest to the present work is a study
of the electrostatic component of solvation free energies of
the 64 trinucleotides using numerical solution to the PB
equation (Elcock and McCammon 1995). While based on
canonical structures in B-form, the calculated solvation free
energies were shown to be more favourable for GC relative
to AT pairs. Recently, Howard ef al. (2011) described an
integral equation theory that replicates MD and the experi-
mental results for the base-specific hydration patterns in both
the major and the minor grooves and were able to discern
characteristic structural pattern differences between Na(+)
and K(+) ions.

2.5 MD on DNA: The ABC consortium

As noted above, studies of sequence effects on DNA struc-
ture including solvation have been limited by the necessity
of considering all unique base pair steps in all unique se-
quence contexts. The computational task of obtaining MD
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trajectories on all of these cases has recently been addressed
by a broad-based collaboration of research groups specializ-
ing in MD on DNA, the Ascona B-DNA Consortium (ABC).
An up-to-date review of the ABC initiative is provided
elsewhere in this issue. The emphasis in the ABC project
was to generate a database suitable for understand the effect
of effect of flanking base pairs on the structural properties of
all 10 unique dinucleotide steps (Beveridge ef al. 2004a, b;
Dixit et al. 2005; Lavery et al. 2010)). To thoroughly exam-
ine context effects, the ABC project generated MD trajecto-
ries for at least two copies of all 136 unique tetrameric steps.
All simulations were carried out using the AMBER suite of
programs and the parm94 force field of Cornell et al. (1995),
the first explicit solvent force field to provide a reasonable
model of B-form DNA (Cheatham III et al. 1995). A rela-
tional data base was constructed to deal with the informatics
aspects of analysis (Dixit and Beveridge 2006). The results
of the ABC consortium indicated that while some specific
steps are sensitive to sequence context effects, most steps are
relatively unaffected. Specifically, while YpR steps widely
implicated in DNA bending (Calladine 1982) are intrinsical-
ly the most flexible, they also are least affected by neigh-
bouring base pairs. On the other hand, purine—purine and
purine—pyrimidine steps, which are found to be relatively
less flexible and in some cases such as A-tracts essentially
straight and rigid, are the most sensitive to context effects.
The ABC results also revealed a tendency in the parm94 MD
to undergo an irreversible conformational transition in the
sugar—phosphate backbone parameters o and vy that traps the
MD in a non-canonical conformational sub-state. Such a/y
transitions are observed in A-DNA (Gao et al. 1999) and are
common in protein DNA crystal structures (Djuranovic and
Hartmann 2003; Sims and Kim 2003), but should be revers-
ible. The AMBER force field for MD on DNA has subse-
quently been corrected (Perez ef al. 2007a, b). In the study
reported herein, the MD trajectories from the ABC proj-
ect to date form the basis for analysis of the general
nature and sequence dependence of the hydration and
ion atmosphere of B-form DNA, including sequence
context effects.

3. Methods

All simulations analysed in this study were carried out using
the AMBER 6 or AMBER 7 suite of programs (Case et al.
1999). The details of these simulations has been reported
previously by the ABC Consortium (Beveridge ef al. 2004a,
b; Dixit et al. 2005; Lavery et al. 2010). MD simulations
were carried out on all oligomers with repeating tetranucleo-
tide sequences (ABCDABCDABCD...). Moving a 4-base
‘reading frame’ along the oligomer, we located successively
ABCD, BCDA, CDAB and DABC tetranucleotides. The
length of the oligomers was chosen to be 15 base pairs, a
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compromise between the necessity to avoid end-effects and
the computational expense of the simulations. This strategy
enables all 136 tetranucleotides to be studied based on only
39 independent MD simulations. The ends of each oligomer
were capped with a single GC pair to avoid fraying. A given
15-base-pair oligomer thus contains 3% tetranucleotide
repeats 5’-G-D-ABCD-ABCD-ABCD-G-3', where A, B, C
and D are one of A, T, G or C

In all individual simulations the solute molecule is a 15-
base-pair oligonucleotide with 28 K (Aqvist 1990) ions
added to achieve system electroneutrality. The DNA with
its counterions was simulated in a truncated octahedral box
having a face-to-face dimension of ~70 A, which allows for
a solvent shell extending for at least 10 A around the DNA.
The starting configuration has the oligomer in a canonical B-
form structure. The ions are randomly placed around the
oligomer, and located at least 5 A from any atom of the
solute and at least 3.5 A from one another in the initial
structure. The neutral ion—oligomer complex was solvated
with TIP3P water molecules (Jorgensen 1981). Simulations
were performed with periodic boundary conditions in which
the central cell contained ~8000 water molecules. Consider-
ing the DNA, counterions and solvent water, the total system
consisted of ~24000 atoms.

The preparations for MD simulations consisted of an
initial minimization followed by slow heating to 300 K at
constant volume over a period of 100 ps using harmonic
restraints of 25 kcal mol ' A2 on the solute atoms. These
restraints were slowly relaxed from 5 to 1 kcal mol ' A2
during a series of five segments of 1000 steps of energy
minimization and 50 ps equilibration using constant temper-
ature (300 K) and pressure (1 bar) conditions via the Berend-
sen algorithm (Berendsen et al. 1984) with a coupling
constant of 0.2 ps for both parameters. The final segment
consisted of 50 ps equilibration with a restraint of
0.5 kecal mol™' A™* and 50 ps unrestrained equilibration.
The simulations were then continued for a total of 15 ns at
constant temperature and pressure conditions, using the
Berendsen algorithm (Berendsen et al. 1984) with a coupling
constant of 5 ps for both parameters. Electrostatic interac-
tions were treated using the Particle Mesh Ewald (PME)
algorithm (Essmann et al. 1995) with a real space cut-off
of 9 A, cubic B-spline interpolation onto the charge grid with
a spacing of ~1 A. SHAKE constraints (Ryckaert e al. 1977)
were applied to all bonds involving hydrogen atoms. The
integration time step was 2 fs. Centre-of-mass translational
motion was removed every 5000 MD steps to avoid the
methodological problems described by Harvey et al.
(1998). The trajectories were extended to 15 ns for each
oligomer and conformations of the system were saved every
1 ps for further analysis.

The program ptraj in AMBER contains procedures for
generating many of the indices required for analysis of an
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MD trajectory, and we utilized this wherever possible.
Beyond this, calculations carried out in our own ‘MD
Toolchest’ (Ravishanker 1998), and solvent-accessible sur-
face area calculations were performed using the program
Surface Racer 3.0 (Tsodikov ef al. 2002). The van der Waals
radii value reported by Richards (1977) was used for the
solute atoms and solvent radius is set to 1.4 A for all the
surface area calculations. To calculate the solvent density
about the DNA, we included the 2000 water molecules
closest to the solute DNA atoms from the approximately
8000 water molecules surrounding the DNA in the simula-
tion box. Following least square fitting of the DNA, the
water oxygen positions were mapped onto a 3D grid at a
resolution of 0.5 A around the solute. The frequency of water
occupancy at each of the grid points is a measure of the
solvent density. The solvation density analysis was per-
formed using the pfraj module of AMBER 8 (Case et al.
2004) and the graphics were rendered using Pymol (DeLano
2002). Further analysis of the MD-calculated solvation was
carried out on the basis of the proximity criterion (Mehrotra
and Beveridge 1980), which permits us to uniquely define
the solution environment of each identifiable substructure-
atom, functional group, or residue of any polyfunctional
solute molecule or macromolecule (Mezei and Beveridge
1986). Specifically, the set of solvent molecules closer to a
solute atom A than any other solute atom is referred to as the
total primary solvation shell of 4. In geometrical terms, this
assignment is equivalent to partitioning the space around the
solute molecule into the Voronoi polyhedra and assigning
the solvent on the basis of its presence in the Voronoi
polyhedra of the individual atoms (figure 1). While the
geometric bisector plane between solute atoms is usually
used for calculating the Voronoi polyhedra, we employed a
charge-based radical plane for partitioning the space around
each atom in these calculations. Such a charge-based radical
plane partitioning has been shown to relate well to chemical
intuition while calculating the solute—solvent energetics
(Mezei 1988). Higher orders in the total solvation can further
be defined, such as assigning the set of solvent molecules for
which the solute atom A is the second nearest solute atom
to its secondary solvation shell and so on. With the proxim-
ity indices thus defined for the solute and solvent molecules,
one may develop an analysis of the solvation of a solute
molecule atom by atom. All the proximity analysis cal-
culations presented here were performed using the MMC
program (Mezei 2006).

4. Results

The results presented in this article are based on the DNA
simulation trajectories reported earlier by the Ascona B-
DNA Consortium (Beveridge et al. 2004a, b; Dixit et al.
2005). The simulated data set involves 15 ns MD simulation

405

Figure 1. A schematic representation of the proximity region
around the cytosine molecules in 2D. The proximity region around
carbon is shown in green, nitrogen in blue, oxygen in red and
hydrogen in grey. Note that in this figure the radical plane describ-
ing the Voronoi polyhedra of the individual atoms is represented by
a bisector of the connection between two atoms. Alternately, radical
planes on the basis of atomic radii or charge of the atoms involved
can be described to generate chemically intuitive description of the
proximity regions.

trajectories on 39 different 15-base-pair-long DNA sequen-
ces which comprise all the 136 unique tetranucleotides.
Here, we first present a general analysis of the 39 simula-
tions that highlights the fact that simulations perform fairly
well in presenting the A/B-philicity of various DNA sequen-
ces correctly, then we present more detailed analysis of
sequence-dependent solvation properties and finally describe
the analysis of counter ion atmosphere around the DNA in
these 39 simulations.

The RMSD analysis of the 39 ABC trajectories with
reference to the canonical A- and B-form structures is shown
in figure 2. The RMSD between any 15-base-pair-long ca-
nonical A- and B-form structure is about 7.5 A. The ob-
served RMSD values from the MD simulations signify that
the structures are intermediate between the canonical A- and
B-type structures with a sequence dependent preference for
A- or B-like structures. The G/C-rich sequences are closer to
canonical A- than B-form structures while the reverse is true
for the A-rich sequences, with the exception of the alternat-
ing ATAT sequence. The poly A sequence is the most B-
like, while the alternating ATAT sequence is most A-like. In

J. Biosci. 37(3), July 2012
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Figure 2. The mass-weighted all-atom root-mean-squared devia-
tion of the 39 15-mer DNA sequences of the form GDABCDABC-
DABCDG, where ABCD is the teranucleotide sequence presented
on the X-axis. Mean RMSD values over the 15 ns trajectory with
reference to the corresponding canonical A- and B-form structures
are shown in black and red along with 1 standard deviation.

solution, the poly A sequence has been noted to abstain from
transitioning to the A-form structure even under extreme
conditions (Saenger 1984) and is known to form the linear
and rigid B’-form of DNA structure. The repeating ATAT
sequence, which also comprises the TATA element, is
known to form A-like structure (Guzikevich-Guerstein and
Shakked 1996). The poly G and other G-rich sequences also
appear to prefer A-like conformations. This trend is in good
accord with the known general preference of G/C-rich
sequences for the A-form DNA and the A-rich sequences
for the B-form (Ivanov and Minchenkova 1994; Basham
et al. 1995). Given the fact that all the 39 simulations studied
here have been carried out in 100% aqueous environment,
these results indicate that apart from the water activity in the
environment, the differential B and A preferences is strongly
dependent on the sequence composition of the DNA as well.
RMSD fit with reference to just the bases of the canonical
DNA structure, neglecting the sugar and phosphodiester
atoms, maintains this trend in the observed RMSD distribu-
tion (data not shown), implying that the structure and orien-
tation of the bases are significantly sequence dependent,
irrespective of the sugar conformation. As reported earlier,
the sugar pucker of the DNA in all these trajectories are
largely in the B-like conformation, i.e. C3’ endo (south)
(Dixit et al. 2005).

Zhurkin and coworkers (Tolstorukov et al. 2001) have
recently deduced dimeric and trimeric A/B-philicity scale
calibrated against experimental data on alcohol-induced B-
A transitions in oligomeric DNA duplexes. Figure 3 presents
a comparison of the calculated RMSD values of the 39
trajectories against the analytical free energy estimate
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RMSD of MD Trajectory wrt Canonical B-DNA
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Figure 3. The observed mean RMSD value with reference to the
canonical B form structure is plotted against the calculated A/B
philicity free energy scale based on the dimeric model (D12) derived
by Tolstorukov and coworkers (Tolstorukov and Maleev 2000). The
correlation coefficient between the two datasets is —0.81.

derived using a sequence composition based dimeric model
(D12). The correlation coefficient between the RMSD values
and the corresponding D12 A/B-philicity free energy value
is —0.81, underlining the fairly strong correlation between
the two datasets and attesting the trends observed in figure 2.
Other dinucleotide models have also been reported in the
past (Ivanov and Minchenkova 1994; Basham et al. 1995),
the D12 model being compared here being the latest.
The correlation with the trimeric model T-32 presented
by Tolstorukov et al. (2001) is much weaker with a corre-
lation coefficient of —0.53, indicating that other factors
which are missed in this RMSD comparison might also be
contributing to the free energy scale.

Analysis of solvent distribution around the various DNA
sequences in detail reveals a great degree of sequence-
dependent solvation pattern in the MD trajectories. Figure 4
presents the hydration density maps around the poly A, poly
G, poly (ApT) and poly (GpC) sequences as representative
of the 39 sequences. Stereo images of these plots are pre-
sented in the supplementary material. The hydration density
maps are derived by sampling the solvent distribution every
10 ps in the complete 15 ns trajectories. For clarity the maps
are based on 2000 water molecules closest to the DNA
surface. Strong hydration densities close to the phosphate
groups is observed in all these sequences. In case of the poly
A sequence we observe an exquisite spine of hydration
running along the minor groove of the DNA. The patches
of high solvent density are positioned midway between two
adjacent base pairs and appear to be shared between the O2
of T and N3 of A from base pairs above and below the water
position. This is in very good accord with the spine of
hydration observed in the minor groove of central AATT
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Figure 4. Solvent density around the (a) poly A, (b) poly (ApT), (¢) poly G and (d) poly (GpC) sequences. The DNA structures are
derived from the average structure of the 15 ns long trajectories of each sequence. The central 13 base pairs of the 15-base-pair-long DNA
sequence is shown. The water distribution about the complete DNA is contoured at a density of 25 hits per 0.5 A and is shown as light grey
grid. The solvent densities within 3.5 A of the polar atoms are shown as the orange grid in the major groove and violet grid in the minor
groove. The density of groove bound water molecules is plotted at the level of 30 hits per 0.5 A®. The figures to the right present detailed
view of the solvent density in the major (top) and minor (bottom) groove in each case.

in the crystal structure of the Dickerson-Drew dodecamer
sequence (Kopka ef al. 1983). In MD simulations of the poly
G sequence, the minor groove sequence exhibits two peaks
in the neighbourhood of each base pair positioned. Unlike
the poly A sequence, independent hydration densities are
observed for the O2 atom of C and N3 atom of G. In accord
with X-ray crystallographic observations (Schneider and
Berman 1995; Egli et al. 1998), the N2 of G does not seem
to make direct contact with waters in the first hydration shell.
At most of the base pair step positions in this poly G
sequence, the hydration peak around the O2 atom of C
merges with the hydration pattern around N3 atom of neigh-
bouring G in the opposite strand on the 3’ side in a tandem

orientation. The GGCC sequence presents a similar double
peak at each base pair step. This is in contrast to the report of
Schneider and Berman (1995), which suggests that a GGCC
sequence in the position of an AATT sequence in the
Dickerson-Drew dodecamer would also exhibit a similar
spine of hydration composed of a single hydration peak
between each base pair. The major groove of the poly G
sequence presents two well-organized tracks of water density.
Note that the solvent distribution patterns are much weaker in
the poly (ApT) and poly (GpC) sequences compared to the
poly A and poly G sequences. Apart from the sequence com-
position, the increased level of flexibility and dynamics
exhibited by these sequences with the pyrimidine-purine

J. Biosci. 37(3), July 2012
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Figure 4. (continued).
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Figure 5. Selection of major and minor groove atoms for proximity analysis. The atoms labeled in blue are considered to lie in the major
groove and the one labelled in red lie in the minor groove.
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(YpR) steps are responsible for the decreased solvation pattern
in these figures.

The proximity analysis (Mehrotra and Beveridge 1980;
Mezei and Beveridge 1986) offers a more detailed approach
to quantify the general solvent distribution in terms of the
coordination numbers, solvation volume of individual
atoms in the solute and their corresponding interaction
energies. The classification of atoms in the nucleotide as
belonging to the major groove, minor groove, sugar and

phosphate groups for these proximity calculations is
depicted in figure 5. A summary of the results derived from
the proximity analysis of 39 simulation trajectories is pro-
vided in table 1. The average values for the A, T, G and C
nucleotides and their base pairs from data in all the 39
trajectories is employed to summarize this data. The net
coordination number of both AT and GC base pairs in the
first solvation shell is not significantly different and both the
base pairs are coordinated by approximately 14 water

Table 1. Average results from proximity analysis of the 39 ABC trajectories

<K>* <2 K>° <TK>* <VFS>¢ <SLTBE>* <TSLTBE>' <BEWWT>£
Complete Nucleotide
G 7.4 26.5 74.1 522.1 -101.1 -201.0 —222.1
A 7.0 26.1 71.4 509.6 -95.4 -198.8 —224.6
C 6.8 26.4 72.7 478.1 -92.0 —189.6 —2254
T 6.8 27.4 71.6 508.8 -95.7 -197.6 —221.0
AT 13.7 53.5 143.1 1018.4 -191.1 -396.4 —445.6
CG 14.3 52.9 146.9 1000.2 -193.1 -390.6 —447.5
Sugar
G 0.1 6.9 13.4 151.5 -0.7 -36.3 -100.4
A 0.1 6.7 12.8 151.1 -0.7 -36.5 -99.4
C 0.0 6.3 11.5 148.0 -0.4 -32.5 -99.0
T 0.0 5.8 9.4 147.3 -0.3 -30.3 —98.3
AT 0.1 12.5 222 298.4 -1.0 —66.8 -197.7
CG 0.1 13.1 24.9 299.5 -1.1 —68.8 -199.4
Phosphate
G 5.6 15.8 56.7 178.5 -82.2 -135.3 -51.7
A 5.6 15.7 54.5 177.9 —81.8 —135.6 -52.6
C 5.6 15.8 55.9 178.4 —81.4 —134.0 -52.0
T 5.6 15.6 53.5 179.3 -81.7 -135.3 -51.6
AT 11.2 31.2 108.1 357.2 —-163.5 =270.9 -104.2
CG 11.3 31.6 112.5 356.9 -163.6 -269.3 -103.6
Major Groove
G 1.1 2.3 2.6 103.6 -14.1 —-19.7 -34.5
A 0.9 3.0 34 114.4 -8.5 -19.8 -54.9
C 0.6 3.8 4.8 108.6 -3.6 -16.6 —65.1
T 0.6 5.4 8.1 131.1 -6.7 -25.0 -62.6
AT 1.5 8.4 11.5 245.5 -15.2 —44.8 -117.5
CG 1.8 6.1 7.4 212.2 -17.8 -36.3 -99.6
Minor Groove
G 0.6 1.4 1.4 88.9 —4.4 -10.1 -35.5
A 0.4 0.6 0.6 66.6 —4.5 =7.0 -17.7
C 0.5 0.5 0.5 42.6 -6.2 -6.2 -9.3
T 0.5 0.5 0.5 50.8 -6.9 -6.9 -8.5
AT 0.9 1.2 1.2 117.4 -11.4 —-14.0 -26.2
CG 1.1 1.9 1.9 131.5 -10.6 -16.3 —44.7

a: Number of waters in first hydration shell; b: number of water in the first two hydration shells; c: total number of water molecules in the
proximity region; d: volume of first shell (A®); e: interaction energy of solute with waters in first hydration shell (kcal/mol); f: total solute—
water interaction energy in the proximity region; g: water—water interaction energy of molecules in the proximity region.
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molecules in the first solvation shell. Note that the first
solvation shell is defined on the basis of the first min-
ima in the calculated primary radial distribution function.
About 80% of the water molecules in the first hydration
shell are coordinating the phosphate group, while the
major and minor grooves are associated with the remain-
ing 20% of the water molecules. A similar trend has been
reported in the X-ray crystallographic analysis of hydration in
the A- and B-form structures (Egli et al. 1998). Evaluation of
the first solvent shell volume for the different regions of the
nucleotide against the corresponding first shell coordination
number indicates that phosphate groups preferentially attract
a larger number of solvent molecules in a comparable vol-
ume of space. On considering both the first and second
hydration shell, there are about 53 water molecules solvating
each nucleotide, with approximately equal number of water
molecules observed around both the purines and pyrimi-
dines. In subsequent layers of hydration, the association
of water molecules by the phosphate group goes down
to about 60% as the water structuring introduces mole-
cules in the proximity region of sugar atoms as well.
About 15% of the water molecules around the DNA
appear in the proximity region of the sugars. Note that
going by the description of proximity region, the minor
groove atoms are completely closed from solvent access
beyond the first few solvent layers.

Considering the ratio of total solute—solvent interac-
tion energy to the total coordination number in each
region of the nucleotide in table 1, the strongest interac-
tions of the solute atoms occur with waters bound to the
minor groove, followed by those in the proximity region
of the major groove atoms. The last column of table 1
presents the interaction energy of water molecules in a
particular proximity region with other water molecules with
in a distance of 4 A. This value is noticeably large for
the waters in the proximity of the sugars compared to
the phosphate. This explains the fact that the hydropho-
bic nature of the sugar atoms forces the water molecules
in its proximity region to make strong interactions
among themselves. On the other hand, the water mole-
cules in the proximity region of the phosphate group
align themselves in such a manner that the solute—sol-
vent interactions are much stronger than the solvent—
solvent interactions.

As noted earlier the proximity criterion provides a means
to analyze solvation effect at the individual nucleotide level
for each DNA trajectory independently. A representative
plot of the average coordination number and interaction
energy at the sequence level for the GTGGATGGATG
GATG sequence is shown in figure 6. The results indicate
that while it is difficult to discern the differences between
sequences on the basis of solvation in the first hydration
shell, the sequence-dependent solvation properties become
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Figure 6. The average (a) coordination number and (b) average
interaction energy of d(GTGGATGGATGGATG) duplex simula-
tion in water derived by proximity analysis.

apparent on considering the subsequent layers of solvation.
The AT pairs appear to be more solvated in the major groove
than the GC base pairs. We notice strong difference between
the solvation properties of AT and GC major grooves on
including the bulk solvent. While a sequence-dependent
trend is observed in the minor grove as well, the sequence
effect is not as strong. Neglecting end-effects, the repeating
sequence pattern in the DNA sequence causes a symmetrical
trend in the calculated solute—solvent interaction energy and
the average coordination number. The difference in trend of
the number of coordinated water molecules and interaction
energy in the first shell and bulk supports the idea that the
definition of hydration layer or the solvent shell radius
would determine the number of water molecules observed
in that layer.
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To summarize the data from all the trajectories, we  different trinucleotides. Understandably, the average sol-
have computed the average solute—solvent interaction ute—solvent interaction energies based on proximity anal-
energy for each base pair as a function of the flanking ysis indicates that while the sugar and phosphate groups
sequence derived from the complete database of 39 do not exhibit sequence dependence, the major and
trajectories. In figure 7 we present a solute—solvent inter- minor grooves exhibit strong sequence-dependent solva-
action energy map of all the base pairs in the context of the  tion properties. For both AT and GC base pairs, solute—
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Figure 7. Effect of flanking base pairs on the calculated interaction energy of base pair with the first solvent shell presented for the sugar,
phosphate and major and minor grooves. The central base pair of interest is shown at the top of each column. For instance, the top left plot
presents the interaction energy of first shell solvent with the sugars of the AT base pair, flanked by the four different base pairs. The
interaction energies of the sugar, phosphate and major and minor grooves are significantly different and the colour/energy scale is shown to
the right of each row.
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solvent interactions are stronger in the major groove
than in the minor groove. The AT base pairs bind water
molecules much more strongly in the major groove than
the GC base pairs. On the other hand, water molecules
in the minor groove of GC base pairs bind more strong-
ly than to the AT base pair. While the difference be-
tween the AT and GC base pair solvation energies can
be as high as 60%, the range of solvent interaction
energy for the trinucleotides where the central basepair
is AT / TA (or GC / CQG) is fairly small. Thus, this
result suggests that the solvation of individual base pairs
grooves is fairly local in agreement with earlier crystal-
lographic analysis (Schneider and Berman 1995).
Analysis of the solvent radial distribution around the
different electronegative atoms in the simulated DNA
trajectories reveals that while distinct distribution pat-
terns are observed as a function of the atoms types
and the nucleotide, the radial distributions functions (RDF)
are not very sensitive to the sequence composition of the DNA.
In figure 8 we present the radial distribution function ob-
served for various atom types in the GTGGATGGATG-
GATG sequence. The O1P and O2P atoms of the
phosphate groups are the most clearly solvated atoms
with a sharp peak at about 2.8 A. We observe a second
peak about 5.0 A and a very small third peak at about
7.0 A. While the 05’ and O3’ atoms also exhibit the
primary solvation peak at about 3.0 A, these atoms types
lack the subsequent solvation shells observed in the case
of O1P and O2P. The solvation pattern around the O4’
atoms of all the four nucleotides are fairly weak and
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indistinguishable. The RDF of N7 atoms in A and G
exhibit a strong peak at about 3.0 A. A secondary peak
shows up at 5.0 A but the sampling in this region appears
to be much weaker. The N3 atom of A and G only
exhibits the primary peak at about 2.8 A. Notice that
for all RDFs the value at the first minimum is still
significantly larger than zero. This means that there is
no distinct separation between the first and second shells.
This explains the observed sensitivity of coordination numb-
ers to the choice of first shell radius value.

We have also compared the solvent-accessible surface
areas (SASA) of the four nucleotides in the crystallo-
graphic database and the SASA calculated from MD
simulations of diverse nucleic acid sequences in solu-
tion. Figure 9 presents a comparison of the solvent acces-
sible surface area derived from the database of 49 DNA
crystal structures with resolution higher than 3.0 A classified
as B-DNA (PDB IDs are presented in supplementary table 1)
and the 39 MD simulation trajectories. The phosphate
groups are the most solvent accessible component of
the nucleotide followed by the sugars. The thymine base
is most solvent accessible in the major groove, while
guanine is most accessible in the minor groove. The net
accessibility of the AT and GC base pairs are almost
equal, the AT base pairs being more accessible in the
major groove and the GC pairs being more accessible in
the minor groove.

A recent analysis of the solvation energetics of dinucleo-
tides extracted from ABC trajectories provides a clue to the
functional destiny of genomic DNA sequences. Solvation
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Figure 8. Radial distribution function of waters around electronegative atoms in the GTGGATGGATGGATC sequence.
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Figure 9. The classification of the average solvent accessible surface area (SASA) of the unique nucleotides in 49 B-DNA crystal
structures (in black) compared with average SASA data derived from the 39 15 ns long MD trajectories sampled every 10 ps. The atom-
wise SASA has been employed to determine the contribution of the sugar, phosphate and major and minor grooves to the total SASA.

energetics clearly separates DNA coding for mRNA from
that coding for tRNA (Khandelwal and Jayaram 2012).

All the 39 simulations studied here have been performed
with minimal number of cations required to neutralize the net
charge of the system. In particular, 28 K" ions (Aqvist 1990)
were included in the simulation box of TIP3P water mole-
cules along with the solute DNA molecule. Figure 10
presents an overlay of the ion atmosphere from 1500 snap-
shots in a 15 ns long trajectory of the poly A sequence. The
ions have been colour-coded according to their distance from

the central axis of the DNA. The axis is defined by the line
connecting the centres of the two penultimate base pairs
at the ends of the DNA sequence. A distinct variation in
the density of ions close to the DNA surface extending
to a distance of about 15 to 20 A and the space beyond
is observed. This is in excellent agreement with the
Manning’s Counterion Condensation Theory (Manning
1978), which describes a layer of ‘condensed counterions’
around the DNA followed by an extended layer of diffuse
Debye-Huckel-like ion atmosphere.

J. Biosci. 37(3), July 2012
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Figure 10. The cumulative counter ion distribution around the poly A sequence in the 15-ns-long molecular dynamics trajectory. lon
distribution in the trajectory has been sampled every 10 ps. The first solute structure in the trajectory that was used as reference is shown.
The ions have been colour-coded on the basis of their distance from the helical axis of the DNA.

A plot of the cumulative number of ions as a function
of distance from DNA provides further insight into the
percentage of counterions present within the region of
condensed counterions. Figure 11 shows the radial distri-
bution function and the cumulative number of K" ions
around the DNA as a function of the distance from the
central axis of DNA in all the 39 trajectories. For the radial
distribution function g(r) and cumulative ion condensation N
(r) calculations, the ions were binned at 1 A resolution and
ions which are located above or below the planes described
by the two penultimate base pairs are left out. The volume
element for g(r) is calculated from the concentric cylinders
around the central axis of the DNA, neglecting the volume
correction required for the volume occupied by the solute.
Matching the graphical representation in figure 11, the graph
of the cumulative counterion condensation data indicates an
inflexion point near about 20 A and all the sequences have
roughly about 60—-70% of the cumulative charge distribution
condensed at this distance. Manning’s Counterion Condensa-
tion Theory proposes that close to 74% of the polyelectrolyte
charge could be shielded by the ions present in the
condensation region. The height of the first peak in the
g(r) plot is different for all the sequences, notably be-
tween the A-rich and G-rich sequences. This indicates
the sequence-dependent differences in groove binding
preference. These ions correspond to the ones that are
coloured in shades of dark blue in figure 10 which
appear in the grooves (largely the major groove) of the
DNA. Beyond this first peak the g(r) is very similar for all
the 39 sequences. A consistent second maxima in the g(r)
plot is observed at about 13 A from the DNA surface.

In order to analyse the nature of ion binding to the
DNA grooves, figure 12a and b shows, for example, the
timeline of ion localization in the vicinity of the DNA
molecules for the sequences composed of repeating
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tetranucleotides AAAA and AAGG. Each dot in these plots
represents an event involving the approach of a cation within
4 A of the electronegative atoms in the groove or the
backbone of the DNA. Only cations that persist in that
location for more than 2 ps are shown, and ion approach
events shorter than this period of time are assumed to be
non-binding diffusion. We observe that ions are consis-
tently present in the vicinity of phosphate oxygen atoms
but selectively access the grooves of the DNA in a
sequence-dependent fashion. Ion localization in the vi-
cinity of the phosphate groups is altered by the base
sequence composition in the DNA. Figure 12c and d
presents the cumulative time period over which ions are
localized along the length of the DNA. The total extent of
ion localization and symmetry in localization pattern
becomes apparent in these graphs. Ion approach and locali-
zation events are significantly more frequent in the major
groove than in the minor groove. The repeating composition
of the DNA sequences simulated here provides an opportu-
nity to appreciate the extent of ion convergence around the
DNA. Some of the sequences (such as AAGG shown in
figure 12) exhibit a sequence-dependent ion localization
pattern in the major groove in the form of increased locali-
zation at the GG steps. In other cases such as the AAAA
sequence, no symmetric patterns can be detected in the ion
localization plots. Hence, the degree of ion convergence
appears to be a strongly sequence-dependent phenomena.
An analysis of the crystallographic database for the pres-
ence of monovalent cations in the vicinity of the AT and GC
base pairs is presented in table 2. This data is derived from
the Solvation Web Server (http.//tatooine.u-strasbg.fr/~sws/
SwS.html) developed by Auffinger and Hashem (2007). All
the B-DNA crystal structures at a resolution of 3.0 A or
higher have been searched for the regular Watson—Crick
AT and GC base pairs and monovalent cations within 4 A
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Figure 11. (a—d) radial distribution function g(») of K" ions around the 39 DNA trajectories. The distance » of the ion is calculated with
reference to the central axis of the solute DNA. The volume is calculated for concentric cylinders around the DNA axis and the correction in
the radial distribution function because of the solute volume has been neglected. (e) The normalized cumulative number of ions
condensation as a function of distance from DNA surface for all the 39 trajectories. All the sequences exhibit an inflexion point in the

range of 15 to 20 A.

of their electronegative atoms are selected. As of October
2006, the database reveals 7070 GC and 7408 AT base
pairs respectively. Of these, only 90 GC pairs and 65
AT pairs are directly associated with some monovalent
cations. The bulk of the associated cations are Na'
followed by a smaller number of K, TI", Rb" or Cs". The

data in table 2 presents a breakup of all these ion—base pair
contacts in terms of the grooves and backbone. In the crystal
structures the GC pairs make larger number of contacts with
the cations in the major groove than the AT base pairs. On
the other hand, in the minor groove, the AT pairs make more
ion contacts than the GC pairs.
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« Figure 12. (a) Timeline of ion localization within 4 A of the elec-

tronegative atoms in the GAAAAAAAAAAAAAG sequence. (b)
Timeline of ion localization within 4 A of the electronegative atoms
in the GAGGAAGGAAGGAAG sequence. lons in the vicinity of the
major groove, minor groove and backbone are coloured green, blue and
red respectively. The separation of ions from the N7 or O6 atoms of G,
N4 of C, N7 or N6 atom of A and O4 of T in the major groove are
measured. For the minor groove, separation from N9, N3 or N2 of G,
N1 or O2 of C, N9 or N3 of A and NI or O2 of T is measured.
Separation from O1P, O2P, O3’ and O5’ is measure for the backbone.
(c—d) Derived from (a) and (b) respectively, these plot shows the
cumulative time during which ions are observed in the vicinity of the
particular base pair.

To summarize the ion localization results, figure 13
presents the normalized histograms of the observed net ion
localization times for the AT (or TA) and GC (or CG) base
pairs in the major and minor grooves of the DNA structure in
the MD simulations and the crystal structure data. The plot is
based on the data of all occurrence of the AT and GC base
pairs at the central 13 base pair steps of the 15 base pair
sequences, in the complete dataset of 39 trajectories. The
extent of ion localization in the major groove is almost an
order of magnitude higher than in the minor groove. In the
15-ns-long trajectories, the major grooves of the AT and GC
base pairs appear to cumulatively localize ions to the extent
of 1 ns and 2.5 ns respectively, while the localization in the
minor groove averages to only about a few 100 ps. The
complete dataset confirms that the GC pairs assimilate more
ions in the major groove than the AT base pairs. In the minor
groove, the AT base pairs appear to attract K™ ions more
frequently compared to the GC pairs.

5. Discussion

In this article we have presented detailed analysis of the
solvation and ion distribution around DNA in a database
of 39 MD trajectories comprising all the unique tetranu-
cleotide sequences. Each of the trajectories is 15 ns long
and the total simulation length amounts to about 0.6 ps.
Based on this extensive database of trajectories we have
been able to analyse the intrinsic propensity of various
DNA sequences to adopt the A- or B-like DNA struc-
tures. The trend observed in A/B-philicity in the MD
simulations compare well with the empirically based
model for predicting A-philicity, confirming that the
present simulations model performs very well at predict-
ing the sequence-directed structural properties of DNA.
This is a valuable information that can be derived from
simulations, which is critical in understanding the prop-
erties of reversible A<~B transitions critical for develop-
ing complete appreciation of DNA structure and its
recognition by proteins.
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Table 2. Observed frequency of cations in the vicinity of AT and
GC base pairs in B-DNA crystal structure at a resolution higher
than 3.0 A available in the NDB

Ions Major groove  Minor groove  Backbone  Total
GC 55 6 75 136
AT 17 14 53 84
Water  Major groove  Minor groove  Backbone Total
GC 3649 1489 5217 10355
AT 2824 1425 5494 9743

Monovalent cations within 4.0 A of the electronegative atoms in the
grooves or phosphodiester backbone are considered. Data obtained
from the Solvation Web Site (Auffinger and Hashem 2007).

Ion localization close to the DNA structure has important
implications for the structural properties of the molecule. In
the past MD simulations (Young et al. 1997a, b) of the
EcoRI endonuclease sequence CGCGAATTCGCG had
shown that a Na" ion could intrude the minor groove and
occupy the position of a water molecule in the spine of
hydration. Subsequently, it has been shown with high-
resolution X-ray crystallography (Shui et al. 1998) and
NMR (Denisov and Halle 2000) that ions could replace
water molecules in the spine of hydration. An extended
60-ns-long MD simulation of the same sequence had
revealed that the ion localization in the minor groove
of the central AATT region was not a very frequent
event (Ponomarev ef al. 2004). In the dataset analysed here,
which totals to almost 0.6 us, we noted that localization of
ions in the minor groove of ApA or ApT steps is a rare event.
In the event such localization occurs, the extent of localiza-
tion is usually limited to less that 1 ns. We observed that
such localization events do not occur symmetrically in all
repeating sections of the sequence, indicating that rarity of
such binding and the shortness of the 15-ns-long simulations
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to normalize ion distribution. It has been shown in
earlier simulations that the K" ions diffuse faster and
localize less than Na' ions (Varnai and Zakrzewska 2004)
in simulations of the DNA. In all the simulations pur-
sued here, K" ions have been the only counterion species in
the solution environment and this could be a cause for the
lack on localization observed in these simulations. In an
earlier study (Varnai and Zakrzewska 2004), it was shown
that the presence of Na' as counterions during the DNA
simulation led to a greater degree of non-canonical o/y
substates in comparison with simulations employing K"
ions. This was attributed to the tendency of Na® ions to
sequester in the minor groove of the DNA structure, while
K" ions do not.

6. Conclusions

Results from the analysis of solvent and counter ion distri-
bution in 39 different MD simulation trajectories comprising
multiple copies of all the 136 unique tetranucleotide steps
were presented. Comparison of the DNA structures in
the simulated trajectories with the canonical A- and B-
form structures reveals that the G/C-rich sequences are
closer to canonical A- than B-form structures, while the
reverse is true for the poly A sequences with the excep-
tion of the alternating ATAT sequence. Analysis of
hydration density maps reveals that the flexibility of
solute molecule has a significant effect on the nature
of observed hydration. While DNA structures of the
poly A and poly G sequences, which are fairly stiff,
present regular hydration patterns such as the spine of
hydration in the case of poly A sequence, the relatively
flexible structures such as the poly GpC sequence have
very little regular hydration. Energetic analysis of solute—
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Figure 13. Observed frequency of cation localization in the grooves of the DNA derived from a database of 39 different 15 ns long MD
trajectories. The presented data is normalized over the complete dataset which included 210 and 218 copies of the AT and GC base pairs
respectively. Only the central 11 base pairs of the 15-mer DNA sequences were included in this analysis to avoid end-effects. The crystal
data is based on analysis of DNA structures at a resolution finer than 3.0 A in the nucleic acid database (NDB) (table 2).
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solvent interactions based on proximity analysis of sol-
vent reveals that the GC or CG base pairs interact more
strongly with water molecules in the minor groove of
DNA that the AT or TA base pairs. On the other hand,
the interactions of the AT or TA pairs in the major
groove are stronger than those of the GC or CG pairs.
Computation of solvent-accessible surface area of the
nucleotide units in the simulated trajectories reveals that
the similarity with results derived from analysis of a
database of crystallographic structures is excellent. Irre-
spective of the sequence composition, all the MD trajecto-
ries tend to obey the Manning’s counterion condensation
theory, presenting a region of condensed counterions
within a radius of about 17 A from the DNA surface.
The GC and CG pairs tend to associate with cations in
the major groove of the DNA structure to a greater
extent than the AT and TA pairs. Cation association is
more frequent in the minor groove of AT than the GC
pairs. In general, the observed water and ion atmosphere
around the DNA sequences is the MD simulation is in
good agreement with experimental observations.
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