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Abstract: The results of unrestrained particle mesh Ewald molecular dynamics simulations of the [d(AT)5]2

duplex in aqueous solution are presented here. Two trajectories starting from A (10 ns) and B (5 ns) canonical
forms were carried out. Both trajectories converged within about 500 ps and produced stable and similar
conformational ensembles, which exhibit the qualitative features of B-DNA. Surprisingly, the convergence of
hydration patterns is much slower than the convergence of the solute structure. We observed intrusions of
sodium ions into the minor groove of the ApT steps with residence times of about 1-2 ns. The sodium ions
were coordinated by the electronegative potential of O2 atoms of thymines, which induce a large negative
propeller twist. The propeller twist change is related to the repulsion between a sodium ion and H2 atoms of
adenines in the minor groove. It simultaneously leads to rather close mutual amino group contacts of adenine
amino groups in ApT steps frequently occurring in nucleotide crystals. We have suggested a relationship
between the coordination of sodium ions at the ApT steps and the close approach of the adenine amino groups
in the same step.

Introduction

It has already been shown by Franklin and Gosling1 that as
the humidity of the DNA sample increased, the characteristics
of the fiber diffraction pattern changed. The early crystal
structure determinations of dinucleoside phosphates2-4 demon-
strated the presence of ordered water in crystals and led to the
concept of water involvement in the recognition process.5

However, it was the observation of the spine of hydration in
the first B-DNA crystal structure6 that made it necessary to
consider seriously the concept of water as an integral part of
nucleic acids.7 The spine of hydration first seen in the crystal
structure of the B-DNA dodecamer duplex d(CGCGAAT-
TCGCG)8,9 was composed of two layers of water molecules,
and it was postulated that it was specific to AT tracts, where
the N3 atom of adenine and the O2 atom of thymine are readily
available as hydrogen bond acceptors in interactions with water

molecules.6 The spine was also observed in many other crystal
structures of B-DNA.10-13 What had been observed in the
B-DNA crystal structures using X-ray crystallography, was also
confirmed in solution by NMR spectroscopy.14-16 Unlike Drew-
Dickerson’s original description of the spine, which considers
two layers of water molecules, recently reported high-resolution
crystal structures of the d(CGCGAATTCGCG) indicate that the
spine is four layers deep and combines to form a repeating motif
of fused hexagons.17-19 Thus, the highly ordered molecules of
the solvent are not only connected with the possible stabilizing
effect of a solvent on B-DNA, but they also represent a way in
which the DNA sequence information could be transmitted into
solvent regions, which may have far-reaching consequences for
the recognition processes.

Recently, several studies about the solvation status of the
minor groove of the B-DNA have been reported. In particular,
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the specific binding of monovalent ions in the minor groove
was studied using X-ray crystallography,13,17,19NMR spectro-
copy,20 and theoretical methods.21,22The X-ray crystal structure
of d(CGCGAATTCGCG) dodecamer (at a resolution of 1.4 Å)
suggested that the primary spine is partially occupied by sodium
ions,13 while the other crystal structures of d(CGCGAAT-
TCGCG) dodecamer (at a resolution of 1.1 Å) and d(GC-
GAATTCG) nonamer (at a resolution of 0.9 Å), showed no
evidence for the presence of sodium ions in the minor
groove.18,23It should be noted that the crystals were grown using
high concentrations of Mg2+ in order to achieve better diffrac-
tion. However, the high concentration of divalent cations may
have an impact on the DNA structure. Specifically, the high
concentration of Mg2+ may expel sodium ions from the minor
groove. Shui et al. reported an X-ray experiment where
potassium substitution for sodium confirmed that monovalent
cations penetrate the primary layer of the spine of hydration.17

The authors also suggested that some solvent sites traditionally
thought to be water molecules are in fact partially occupied by
water molecules and monovalent cations. The use of an
isotopically labeled ammonium ion as a probe in high-resolution
NMR spectroscopy allows the monovalent cation binding sites
on the DNA duplex in solution to be localized. This technique
revealed a preference for the binding of ammonium cations in
the minor groove of A-tract sequences.20 A theoretical approach
based mainly on molecular dynamics (MD) simulations showed
the intrusion of the sodium ion into the spine of hydration in
the minor groove of the B-DNA dodecamer d(CGCGAAT-
TCGCG).21 The sodium ion was found to be localized at the
ApT step in the minor groove (with a residence time of about
500 ps). The authors termed this position the “ApT pocket”.21

This site was previously noted to be of uniquely low negative
electrostatic potential relative to that of other positions in the
groove.24 These findings are also supported by the location of
a sodium ion in the crystal structure of the dinucleoside
phosphates (dApU), where a sodium ion was coordinated with
the two cross-strand uridine O2 oxygens.4

Briefly, the “spine of hydration” has been well-established
by X-ray crystallography, confirmed by NMR spectroscopy, and
also reproduced by MD. However, the problem of sodium ions
binding in the minor groove is still not entirely clear and it is
a matter of controversy in the literature. While NMR spectros-
copy and theoretical approaches clearly suggest the sites where
the sodium ions may be coordinated, X-ray crystallography
cannot answer this question so surely. The resolution of the
B-DNA structures makes it difficult to distinguish sodium ions
from water molecules, especially if the occupancy of the sodium
ions is less than 50%. The problem is that sodium ions and
water molecules contain the same number of electrons (giving
electron density peaks with similar volumes and having pliable
and unpredictable coordination geometries) and form solvation
patterns for which the water occupancy is higher than the sodium
occupancy.17 Further X-ray experimental analyses at higher
resolution are needed to resolve this issue.

Another remarkable structural feature of the ApT steps is the
formation of close mutual adenine amino group contacts in the

major groove. The average N6-N6 distance in the ApT steps
in B-DNA crystal structures is around 3.15 Å. This is the closest
and statistically most significant contact of exocyclic groups
occurring in nucleic acids.25 It has also been shown that these
close amino group contacts are systematically lacking in those
ApT steps having a true 2-fold symmetry.26 It has been
suggested that an attractive amino group interaction requires
an asymmetric arrangement of two amino groups, where one
of the two amino groups acts as a donor of a weak out-of-plane
hydrogen bond while the other amino group serves as a H-bond
acceptor. As revealed by ab initio quantum chemical calculations
when 2-fold symmetry is imposed, the amino group interaction
is purely repulsive.26 There is currently an ongoing debate about
what the physical origin of these experimental observations is.27

An example of an amino-acceptor interaction has recently been
found in a 1.9 Å resolution crystal structure of an unusual
DNA-DAPI complex.28

The present contribution is concerned with the deoxynucle-
otide [d(AT)5]2, carrying the alternating sequence of adenines
and thymines. Although the alternating sequences of adenines
and thymines are very interesting from the point of view of
hydration and the binding of ions, they have been studied less
frequently than the AT sequences forming A-tracts. The
alternating poly(dA-dT) sequences, which belong to the most
flexible ones,29 were found by NMR spectroscopy in a normal
B-DNA conformation,30,31 left-handed B-type conformation,32

and wrinkled D-form conformation.33 In addition, the following
duplex shapes were suggested by X-ray diffraction studies for
alternating poly(dA-dT): A-DNA,34 B-DNA,35 alternating B-
DNA,36 C-DNA,37 right-handed D-DNA,38 left-handed D-DNA
with Hoogsteen base pairing,39 and wrinkled D-DNA.40 Extreme
conformational variability of the alternating poly(dA-dT) is also
supported by the observation of an additional type of duplex,
called X-DNA.41 The formation and stabilization of the various
DNA shapes are strongly dependent upon the environment.
Variations in ionic strength and identity, water activity, and
ligand/protein binding are the main contributions, which together
with the sequence can modulate DNA structure.

We have been concerned first with the question of how well
we can reproduce the coordination of sodium ions and the close
mutual amino group contacts observed in the ApT steps by
applying ns-scale MD simulations and second with the question
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(41) Kypr, J.; Vorlı́čková, M. Conformations of DNA duplexes containing
(dA-dT) sequences of bases and their possible biological significance; Sarma,
R. H., Sarma, M. H., Eds.; Adenine Press: 1988; Vol. 2, pp 105-121.

5026 J. Am. Chem. Soc., Vol. 122, No. 21, 2000 Sˇtefl and Koča



of what are the dynamics related to these phenomena. On the
basis of the present simulations, we suggest that sodium
coordination and amino group contacts can in fact be interrelated
and that they lead to the rather rigid geometry of the ApT steps
observed in the crystal structures. This geometry is mainly
characterized by a large propeller twist of the base pairs. Our
suggestion is based on the results obtained by long MD
simulations of the sequence containing a number of independent
ApT steps. We believe we have a suitable model providing
enough data to study the spine of hydration, the influence of
the direct and indirect coordination of the sodium ions in the
grooves, and the formation of the close mutual amino group
contacts.

Methods and Simulation Protocols

The starting canonical A-35 and B-shape42 duplex structures of
[d(AT)5]2 were generated using the NUCGEN module of AMBER
5.0.43,44The structures were neutralized by sodium ions initially placed
using Coulombic potential terms with the LEaP module of AMBER
5.0 and then were surrounded by a periodic box of water molecules
described by the TIP3P potential.45,46 The water box was extended to
a distance of 10 Å away from any solute atom. This yielded about
3300 and 3500 water molecules used for the solvation of the canonical
A- and B-shape duplex structures of [d(AT)5]2, respectively. The all-
atom force field parameters described by Cornell et al.47 were used in
all of the simulations. All of the calculations were carried out using
the SANDER module of AMBER 5.0 with SHAKE48 on the hydrogens
with a tolerance of 5× 10-4 Å, a 2 fstime step for the integration of
the Newton’s equations, a temperature of 300 K with Berendsen
temperature coupling49 with a time constant of 0.2 ps, a 9 Å cutoff
applied to the Lennard-Jones interactions, and constant pressure of 1
atm. The nonbonded pair list was updated every 10 steps. Equilibration
was started by 1000 steps minimization with the position of the DNA
fixed. After this initial step of the equilibration protocol, all subsequent
simulations were performed using the particle mesh Ewald50 (PME)
approach for evaluating long-range electrostatic effects. The PME
charge grid spacing was approximately 1 Å, and the charge grid was
interpolated using a cubic B-spline with the direct sum tolerance of
10-6 at the 9 Å direct space cutoff. The next steps of the equilibration
protocol were: 25 ps of MD simulation with the position of the DNA
fixed, 1000 steps of minimization with 25 kcal/(mol‚Å2) restraints
placed on all solute atoms, 3 ps of MD simulation with 25 kcal/(mol‚
Å2) restraints placed on all solute atoms, 5 rounds of 1000-steps
minimization where the solute restraints were reduced by 5 kcal/(mol‚
Å2) during each round. At the end of the equilibration protocol, 20 ps
MD simulation was carried out, with the system heated from 100 to
300 K over 2 ps. In the course of our MD simulations, the coordinates
were saved after each picosecond. All of the results were analyzed using

CARNAL and RDPARM modules of AMBER 5.0 and the Dials and
Windows51 interface to Curves.52 The Curves program, which fits the
global axis through the base pairs, was used to determine the helicoidal
parameters, defined previously.53 Pseudorotation phase angles and
amplitudes were calculated on the basis of the Altona and Sundaral-
ingam convention.54 Nucleic acid residue names are referred to in the
text as one letter codes. Where necessary, a subscript for the residue
number is also presented; the residue number is in the 5′-to-3′ direction
with the first strand numbered 1-10 and the second strand 11-20.
The last 1000 ps of each trajectory were used to obtain averaged
structures. No extra processing of these averaged structures was
performed except for the structure intended for the additional calcula-
tions. Here, the molecule was minimized using steepest descent and
conjugate gradient techniques to remove the most serious geometrical
artifacts introduced by the averaging procedure (e.g., bad C-H bond
lengths in the methyl groups). To prevent this minimization from
changing the structure too much, all heavy atoms were restrained to
their initial positions with a force constant of 100 kcal/(mol‚Å2).

Calculations of electrostatic potential of [d(AT)5]2-counterion system
(salt concentration 0.145 mol/dm3) based on the nonlinear Poisson-
Boltzmann equation were performed using the DELPHI program.55,56

The Cornell et al. charges and van der Waals parameters were used.47

Dielectric responses of 2 and 80 were assigned to the solute and water,
respectively.

Ab initio calculations of electrostatic potential of the ApT and TpA
pockets were performed using the TURBOMOLE57 module interfaced
with the INSIGHTII.58 The density functional theory using the Becke
3LYP functional59,60 with the 6-31G** basis set was used in all the ab
initio calculations. Only four DNA bases (without sugar-phosphate
backbone) were included in the calculations for each pocket.

All of the molecular graphics works presented here were produced
using the UCSF MIDAS Plus61 and InsightII58 software. The calcula-
tions were carried out on SGI R10000 (Power Challenge and Origin
200) computers.

Results

Convergence of the d[(AT)5]2 Decamer.We have run two
MD simulations. They started from the canonical A (10 ns) and
B (5 ns) form of [d(AT)5]2 decamer, respectively. Both the
starting structures converged during the MD simulations into a
“common” structure, which exhibits qualitative characteristics
of B-DNA. The convergence was evaluated by one-dimensional
root-mean-square deviations (RMSD) from the canonical B-
DNA (data not shown here) and occurred within about 500 ps
in both simulations. This “common” structure was relatively
conserved during the rest of the simulations exhibiting RMSD
fluctuations( 0.6 Å. RMSD was not the only criterion used to
analyze the convergence of the MD trajectories. We have also
included some helicoidal parameters in the analysis. The plots
in Figure 1 clearly show A-to-B form transition at the time scale
of 500 ps (dashed line) expressed in the helicoidal parameters.
In this figure, x-displacement, inclination, rise, and pseudo-
rotation phase angle averaged over all residues are plotted as a
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function of time for both simulations. It is seen that after about
500 ps, the values ofx-displacement, inclination, and rise
become very close to the canonical B-DNA.

Convergence of the Oligonucleotide Hydration.Unlike the
convergence of the [d(AT)5]2 decamer, which is transparent,
the convergence of the hydration patterns is more complex. This
is seen in Figures 2 and 3 which provide a general picture of
the overall hydration and characterize the distinction between
the hydration of the individual segments of the trajectories.
Figure 2 shows the water oxygen atom density in different
periods of the simulation starting from the canonical B-form of
the [d(AT)5]2 decamer (contoured about 3.6-times the bulk water
density and with the average oligonucleotide structures com-
puted from the corresponding trajectory segments). Because of
the transition from the canonical B-DNA during the first 500
ps, the hydration over the first nanosecond is weak (Figure 2a).
In the course of the second nanosecond, the structure of the
[d(AT)5]2 decamer becomes stable and, hence, a stable hydration
pattern is formed (Figure 2b). This hydration pattern, the spine
of hydration, is similar to that which has been reported for
crystal structures.6,10-13 The highest, and relatively constant,
oxygen atom densities are observed over the third, fourth, and
fifth (Figure 2c) nanoseconds. Here, the hydration pattern is
stable and changes only slightly depending on the penetration
of sodium ions into the minor groove. At the lower contour
level (∼2.9-times the bulk water density (Figure 2d)), the overall
hydration of the [d(AT)5]2 decamer (over the fifth nanosecond)
is shown. In addition to the well-defined two layers of the spine
of hydration (vide infra), the hydration of the major groove and
the phosphate groups is visible. Figure 3 shows the water oxygen
atom density for selected periods of the simulation starting from
the canonical A-form of the [d(AT)5]2 decamer. Since the A-to-B
transition occurs during the first 500 ps, the average structure
of the [d(AT)5]2 decamer over the first nanosecond of this
simulation is a hybrid of A- and B-forms and also the hydration
pattern exhibits characteristics of both forms (Figure 3a,b).
While the structure of the oligonucleotide is relatively stable
after the initial A-to-B transition, the hydration patterns show
residual A-form hydration until the eighth nanosecond (Figure
3c-f) is reached. The hydration pattern and its density after

the eighth nanosecond corresponds to the hydration seen in the
simulation starting from the canonical B-form after about 3 ns.
This “convergence delay” will be addressed in the Discussion.

Note that the spine of hydration observed in our MD data is
only two layers deep in contrast to the high-resolution crystal-
lographic data which shows the spine of hydration as four layers
deep and combining to form a repeating motif of fused
hexagons. This is shown in Figure 4, where a part of the water
oxygen atom density and the fused hexagons are shown.

The Overall Geometry of the Double Helix and of the ApT
and TpA Steps.As mentioned above, after the convergence of
the trajectories, the overall geometry exhibits features of the
B-DNA family. The typical central hole characterizing A-DNA
when viewed end-on is not seen in the resulting double helix.
The helix contains B-type puckering of the deoxyribose rings,
and its helicoidal parameters fall into the B-family of DNA,
for example, rise 3.3 Å,x-displacement-1.9 Å, inclination 2.0°
(calculated with respect to the global helical axis).

The alternating AT sequence is composed of two steps (ApT
and TpA) which have completely different stacking as seen in
Figure 5. The stacking of ApT and TpA steps in our simulations
is very similar to the stacking of these steps obtained from the
analysis of several NMR structures, in which 10 unique
nonterminal dinucleotide steps from the alternating AT se-
quences were analyzed.62 In the ApT steps, the six-membered
ring of the adenine is partially positioned over the thymine, while
in the TpA step, the bases are relatively unstacked (Figure 5).
This different stacking is reflected by the values of some
helicoidal parameters (calculated using CURVES, with respect
to the local helical axis) of the ApT and TpA steps. In particular,
the differences are remarkable for the roll (-1.6 and 9.11°),
slide (-1.2 and-1.6 Å), shift (-0.1 and 0.2 Å), and the twist
(28.7 and 33.9°) parameters.

Coordination of Sodium Ions at the ApT Steps. The
hydration is not only caused by water molecules but also by
substantial contribution from the sodium ions. In our MD, the
penetration of the sodium ions into the primary spine of

(62) Ulyanov, N. B.; James, T. L.Methods Enzymol.1995, 261, 90-
120.

Figure 1. Several representative geometrical parameters (x-displacement (Å), Inclination (deg), rise (Å) and pseudorotation phase angle (deg))
calculated with the Dials and Windows51 interface to Curves52 for each the fifth frame of the simulation starting from the canonical B-form of the
[d(AT)5]2 decamer (solid lines) and half of the simulation starting from the canonical A-form of the [d(AT)5]2 decamer (dashed lines) are shown
as a function of time. The data have been smoothed by performing a running average in time over 50 ps. All of the geometrical parameters are
averaged over all of the residues. For the helicoidal parameters, the canonical values are also plotted (dotted lines). For more details see the text.
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hydration is exclusively observed in the ApT steps. In accord
with the nomenclature introduced by Young et al.,21 we call
these sites ApT pockets (the bottom of the minor groove at the
ApT steps). The sodium ions are only coordinated in three ApT
pockets (we call them “active ApT pockets”) (Figure 6). No
coordination of the sodium ions has been observed in the
terminal ApT pockets. There are at least two reasons for such
behavior. First, the terminal residues are too flexible, and second,
the sodium ions coordinated in the terminal ApT pockets are
not stabilized by a “two-side” negative potential as is the case
for the middle pockets.

In the simulation starting from the canonical B-form of
[d(AT)5]2, the coordination of the sodium ions was particularly
observed in the first and the third active ApT pocket. The radial
distribution function (RDF) calculated for this simulation (data
not shown) reveals that the highest density of sodium ions is
observed in the A3:T18-T4:A17 and the A7:T14-T8:A13
regions, which are the first and the third active ApT pockets. A
sodium ion is localized in the first active ApT pocket. It adopted
this position during the equilibration protocol, and it is quite
strongly coordinated with O2s from T18 and T4 (the distances
about 2.4 Å) atoms during the first nanosecond of the simulation.
The strong coordination with the above-mentioned oxygen atoms
and the strong repulsion between the sodium ion and each of
the H2 hydrogens from adenines implies an extreme decrease
of propeller twist into negative values. The average value of
the propeller twist for the base pairs of this step, where the
sodium ion was coordinated in the minor groove during the first
nanosecond, is about-20°, while the remaining base pairs
(except for the base pairs of the third active ApT pocket where
another sodium ion was binded) exhibit values around-8°. The
sodium ion interacts additionally with three water molecules in
the minor groove. After about 1.1 ns, it moves away from the
first active ApT pocket and is substituted by one of the
neighboring water molecules. After this substitution, the sodium
ion is coordinated in the secondary spine, where it remains for
about 180 ps. After that, the ion is coordinated on the sugar-
phosphate backbone for part of the time, and for the rest of the
time, it is found further away from the DNA. After about 4 ns
of the simulation, the sodium ion returns through the secondary
spine into its original position in the first active ApT pocket.
In this case, the process is very fast (Figure 7), and the ion
stays in the original position until the end of the simulation. A
similar situation occurs in the third active ApT pocket, the only
difference being that there is no sodium ion localized in the
primary spine at the beginning of the simulation. A sodium ion
is localized in the secondary spine, and it is coordinated with a
water molecule from the primary spine. After about 200 ps of
the simulation, the sodium ion moves into the primary spine
and becomes coordinated in the third active ApT pocket in the
same way as the other sodium ion is coordinated in the first
active ApT pocket. The sodium ion stays in the third active
pocket for 1.6 ns, and then it moves away through the secondary
spine (with the residence time of about 200 ps).

In the simulation starting from the canonical A-form, the
coordination of sodium ions was observed in all active ApT
pockets. A sodium ion was coordinated in the primary spine of
the second active ApT pocket between 2.8 and 3.9 ns of the
simulation. The first and the third active ApT pockets were
symmetrically occupied by two sodium ions between the sixth
and the seventh ns.

The above analysis has been focused on the first layer of
hydration. However, the sodium ions are even more frequently
seen in the second layer of hydration. In this case, they are
coordinated with a water molecule from the first layer and the
other five water molecules. Such a coordination is observed in
the ApT and TpA steps, with a residence time of about 200 ps.

The Close Mutual Adenine Amino Group Contacts in the
ApT Steps.It has already been noted that close mutual adenine
N6-N6 contacts exist in the major groove of the ApT steps.25,26

Since empirical potentials penalize the nonplanar geometries
of the DNA base amino groups and underestimate the effect of
the amino group nonplanarity on the intermolecular interaction
energy,63 we have to assume that formation of the close amino
group contacts is likely to be underrepresented in our simula-

Figure 2. A stereoview picture of the averaged structures and their
hydration (contoured water oxygen atom density) over the 1st (a), 2nd
(b), and fifth (c) nanoseconds of the simulation starting from the
canonical B-form of the [d(AT)5]2 decamer are presented. The contours
of the water oxygen density at 1 ps intervals, into 0.5 Å3 grid elements
over a 50 Å3 cubed grid, at a contour level of 15 hits per 0.5 Å3 (∼3.6-
times the bulk water density) are displayed using the density delegate
from MidasPlus.61 The hydration over the fifth (d) nanosecond of the
simulation starting from the canonical B-form of the [d(AT)5]2 decamer
at lower density (a contour level of 12 hits per 0.5 Å3 (∼2.9-times the
bulk water density)) is also depicted.
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tions. In fact, no close amino group contacts were observed in
the absence of sodium cations in the ApT pockets. In this case,
the average N6-N6 distance in the ApT steps was about 3.6 Å
in clear disagreement with the experimental values.26 However,
once the sodium ions became coordinated in the ApT pockets,
the distance decreased to about 3.25 Å, which is very close to
the average value from the high-resolution crystal structures
(3.15 Å). On the basis of these data we propose that the sodium
ions in the ApT pockets can stabilize the close mutual adenine
amino group contacts in the ApT steps. This idea is supported
by data shown in Figure 8 where the time course of interstrand

(63) Šponer, J.; Burcl, R.; Hobza, P.J. Biomol. Struct. Dyn.1994, 11,
1357-1376.

Figure 3. A stereoview picture of the averaged structures and their hydration (contoured water oxygen atom density) over the first (∼2.9-times the
bulk water density (a) and∼3.6-times the bulk water density (b)), third (∼3.6-times the bulk water density (c)), fifth (∼3.6-times the bulk water
density (d)), and eighth (∼3.6-times the bulk water density (e) and∼2.9-times the bulk water density (f)) nanoseconds of the simulation starting
from the canonical A-form of the [d(AT)5]2 decamer are depicted. For more details see the text and Figure 2.

Figure 4. Two layers deep spine of hydration (∼2.9-times the bulk
water density) from MD.

Figure 5. A stereoview of the average geometries of the ApT and
TpA steps from MD simulations. Only the DNA bases (without
hydrogen atoms) are depicted.
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amino group N6-N6 distances is depicted. The situation reflects
the behavior of the third active ApT pocket during the simulation
starting from the canonical B-form of the [d(AT)5]2 decamer
(vide supra). The N6-N6 distance during the period between
200 and 1800 ps, when the sodium ion is coordinated, is much
more stable and shows smaller average values than during the
rest of the simulation. Similar behavior was also observed for
the other active ApT pockets, although the data is not shown

here. It is likely that these contacts are further stabilized by
amino group pyramidalization effects26 which we could not
include with the present version of the force field.

Additional Analysis of Electrostatic Potentials of the ApT
and TpA Pockets. To clarify whether ApT pockets are not
preferred to bind sodium ions because of either the empirical
potential used or the short duration of the trajectories on one
hand or because of real physical nature on the other hand, we
have performed two independent calculations, the first based
on the nonlinear Poisson-Boltzmann equation and the second
using the DFT method. Both calculations were carried out for
the average structure from the last nanosecond of the simulation
starting from the canonical B-form. The results are depicted in
Figure 9a. The right part shows a strong negative potential
spread on the bottom of the minor groove (-5 kT isopotential
surface). Slightly lower negative potential (-10 kT isopotential
surface) is especially spread in the ApT pockets. To summarize,
the ApT pockets are clearly shown to concentrate lower
electrostatic potential than the TpA pockets and, therefore, to
attract cations.

The size and the distribution of the electrostatic potential of
the ApT and TpA pockets calculated by the ab initio method
are shown in Figure 9b. The lowest negative electrostatic
potential is localized in four regions in the minor groove, near
two O2 atoms and near two deprotonated N3 atoms. The
protonated regions are associated with positive (repulsive)
electrostatic potential. The uniquely low electrostatic potential
of the ApT pocket is spread in the central part on the bottom of
the minor groove.

Figure 6. A schematic representation of the fractional occupancy by
the sodium ions in the primary layers of the spine of hydration for the
[d(AT)5]2 duplex structure. Only the [d(A3T4).d(A17T18)] (first active
ApT pocket), [d(A5T6).d(A15T16)] (second active ApT pocket), and
[d(A7T8).d(A13T14)] (third active ApT pocket) regions are occupied
by the sodium ions in the primary spine.

Figure 7. The distanceR (Å) of a sodium ion from the O2(T18) atom
(solid line) and the distance of another sodium ion from the O2(T8)
atom (dotted line) as a function of time along the MD trajectory.

Figure 8. Time evolution of the interstrand amino group N6-N6
distances in the ApT step of the third active pocket. The data have
been smoothed by performing a running average in time over 80 ps.

Figure 9. (a) The electrostatic potential calculated using the nonlinear
Poisson-Boltzmann equation for the [d(AT)5]2 duplex is shown. The
calculations were carried out using the DELPHI program. The-10
kT (left) and -5 kT (right) isopotential surfaces (in dark gray) with
the DNA Connolly surface78 (in white) are presented. The view is
focused into the minor groove, where the “active ApT pockets” are
clearly shown. (b) Calculated electrostatic potential of the ApT (left)
and TpA (right) pockets represented only by DNA bases (the view
into the minor groove). The density functional theory using the Becke
3LYP functional with the 6-31G** basis set was used. The calculations
were performed using the TURBOMOLE program. Negative and
positive isopotential surfaces are dark gray and white, respectively.
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Discussion

Our MD simulations of the [d(AT)5]2 decamer which started
from different initial structures converged after about 500 ps to
a common structure which exhibits the structural features of
B-DNA. Similar convergence independent of the starting
structures was also reported for the [d(CCAACGTTGG)]2

duplex by Cheatham and Kollman64,65 and for the [d(CGC-
GAATTCGCG)]2 duplex by Cieplak et al.66 However, none of
the above works reports a “delay” in the convergence of the
hydration patterns in comparison to the convergence of the
oligonucleotide structure itself. We observed that the conver-
gence of the hydration patterns requires a much longer time
than the convergence of the oligonucleotide structure and also
that it is strongly dependent on the starting geometry of the
system. The equilibration protocol ensures that the water
molecules are positioned in a different way at the beginning of
the simulation for different starting geometries of the solute. In
the case of the simulation starting from B-form, the solute does
not principally change its conformation during the simulation
and the stable hydration pattern (spine of hydration) is formed
within 2-3 ns. However, once the hydration pattern is formed
(or at least pre-formed), it takes a much longer time to reorganize
it so that it fits a new conformation of the solute. This is seen
in the simulation starting from A-form. While the A-to-B
conformational change of the solute occurs within less than 1
ns, the spine of hydration needs another 5-7 ns to reorganize.

The spine of hydration is often discussed as a possible
stabilizing effect of water on B-DNA. Macroscopic studies are
fully consistent with this presumption showing a correlation
between the change in entropy and the amount of bound water.67

Nevertheless, seen from the microscopic point of view, the spine
of hydration violates local B-canonicity. In other words, the
local structure is different when the sodium ion is coordinated
in the first layer in comparison with the local structure of the
part where the water molecule is present in the first layer of
hydration. This is not surprising as the sodium ion has
completely different features from the water molecule. Since
water molecules and sodium ions migrate quite frequently, the
local structures also exhibit frequent changes which are de-
pendent on what kind of spine molecule is present. The
difference is particularly seen in the values of propeller twist
(data not shown here).

The second issue addressed by this paper is the coordination
of sodium ions. There are at least two key questions: where
are the ions coordinated and what is the residence time.
Recently, two theoretical works have been focused on the
intrusion of sodium ions into the spine of hydration in the minor
groove of B-DNA, both studying the dodecamer d(CGCGAAT-
TCGCG).21,22The first report results from a 1.5 ns MD trajectory
and additional PB calculations.21 The authors observed a sodium
ion coordinated in the ApT pocket during the first∼500 ps,
interacting favorably with two O2 thymine oxygens on the
opposite strands of the duplex, and with oxygen atoms of four
water molecules. They also showed by PB calculations that the
minor groove AATT region is a favorable site for occupation
by counterions. Finally, the authors presented a very valuable
general scheme which suggests that favorable sites for occupa-

tion by counterions are in the major and minor groove between
successive base pairs in a step and that the interaction sites are
sequence-dependent and -specific. The second article22 provides
further data obtained by the extension of the original trajectory
up to 5 ns. The new data shows further coordination of sodium
ions at TpT (ApA) (with residence time∼750 ps) and CpG
(with residence time more than 1 ns) steps.

The important thing is that our results do not support the
general hypothesis of sequence-specific pockets21 and another
hypothesis68 which predicts cross-strand N3 adenine nitrogens
in TpA steps (which have about the same distance as the cross-
strand O2 thymine oxygens in the ApT steps,∼4 Å) as a robust
source of electronegative potential for a monovalent cation
binding site. In our simulations, sodium ions were exclusively
coordinated in the ApT steps. Our MD results are supported by
data from high-resolution NMR spectroscopy20 which shows
that the cross-strand O2 thymine oxygens distance (∼4 Å) of
the ApT step is relatively ideal for cation coordination, while
the cross-strand O2 thymine oxygens distance (∼8 Å) of the
TpA step is too long to participate directly in cation coordina-
tion. The reason the O2 thymine oxygen and the N3 adenine
nitrogen play such different roles is that the N3 adenine nitrogen
lone pair is probably much more conjugated with the adenine
π-electron system than the O2 thymine oxygen lone pair is with
the thymineπ-system. This idea is also supported by Figure
9b, where the electrostatic potential contributions of individual
atoms to the ApT and TpA pockets are depicted.

The experimental determination of the residence time of ions
is dependent on the time scale accessible for the experimental
method used. Processes on the millisecond time scale are quite
easily reached.69 Nevertheless, the residence time for the spine
molecules is much shorter. The lower limit of the monovalent
ions residence time has been estimated from NMR experiments
to be at least 1 ns,16 and the resident lifetime of waters in the
spine of hydration is approximately 1 ns at 277 K.16,70Current
MD simulations with explicit water are suitable for model
processes up to 10 ns. It follows from our simulations that the
residence time of sodium ions in the primary spine is between
1 and 2 ns. This time is somewhat longer than the residence
time reported by Beveridge and co-workers for the d(CGC-
GAATTCGCG) dodecamer.21,22There are several examples in
the literature showing that the additive potential used can bring
a certain inaccuracy71,72 especially describing interactions of
charged particles (ions, protonated bases) or other strongly polar
molecules with the DNA.73,74The reason is that the polarization
is not explicitly included, due to the absence of the polarization
term in the force field. The above authors suggest that the
pairwise additive empirical potentials qualitatively underestimate
the binding energy between the cation and the base.74 If the
above expectations are true, the residence times observed in
MD simulations should be somewhat shorter than the real
residence times. However, this question will remain open until
we have accurate experimental data at hand. Such data could
then be very useful for tuning empirical potentials.
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As pointed out above, the coordination of sodium ions
strongly enhances the propeller twist. Since values of propeller
twist in crystal structures are assumed not to be influenced by
crystal packing or lattice forces75 and since all of the above
data show that sodium ions are, at least temporarily, a part of
the spine of hydration, we should see two peaks when plotting
values of the propeller twist for the ApT steps from structures
found in the crystallographic database. However, we were not
successful in this, as we obtained a wide and fuzzy distribution
of the propeller twist. One of the reasons could be that
experimental errors in the propeller twist of most deposited
crystal structures are sufficiently high, as was discussed by
Williams and co-workers.13 Another reason could be too short
a time scale within which the sodium ions exchange. But this
is less probable because of the residence times mentioned above.
The third possible reason is that the experimental data mirrors
a dynamic equilibrium of two possible states.

The third issue addressed by this paper is that of the close
mutual adenine amino group contacts observed in almost all
ApT B-DNA steps in oligonucleotide crystal structures. They
have been rationalized, on the basis of quantum chemical
calculations, as a consequence of the high flexibility of amino
groups leading to a nonsymmetric arrangement of two amino
groups in which one group acts as donor and the other as an
acceptor.26,27 Since the currently used force field does not
properly account for the amino group pyramidalization effects,
we assumed that such contacts will not be formed in the course
of our simulations.63 Indeed, for a rather large fraction of the
simulation time we saw no N6-N6 amino group contacts.
Nevertheless, we have observed in our simulation that the
interatomic distance between N6 adenine nitrogens decreases
substantially when a sodium ion is coordinated in the ApT
pocket. This observation can be rationalized by a simple
mechanistic hypothesis suggested in Figure 10. The sodium ion
is directly coordinated by the O2 thymine oxygen atoms and,
simultaneously, repulses the adjacent H2 adenine hydrogen
atoms. This repulsive effect on the hydrogen atoms in the minor
groove causes a counter-rotation of adenine bases in such a way
that the amino groups in the major groove are contacted.

The above observation leads us to a hypothesis suggesting a
relationship between the coordination of sodium ions at the ApT
steps and the close mutual adenine amino group contacts. To
verify this hypothesis we have examined the NDB database.
We took 12 oligonucleotide crystal structures with the best

resolution (e1.7 Å, summarized in Table 1) and divided them
into dinucleotide steps (the terminal steps were omitted because
of end effects). The dinucleotide steps were subjected to RMSD
analysis, which unambiguously showed the highly conserved
geometry of the ApT steps which were locked in geometries
with a large propeller twist and close N6-N6 contacts. We
propose that both the amino group close contacts in the major
groove and the coordinated sodium ions in the minor groove
contribute simultaneously to this ”stability” of the ApT steps.
It is seen in Table 1 that the ApA steps also show a high
similarity, which is probably a consequence of the three-center
hydrogen bond.76,77
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Figure 10. A stereoview picture of the [d(A3T4)].[d(A17T18)] region (first active ApT pocket). The structure is averaged over the first nanosecond
of the simulation starting from the canonical B-DNA. A sodium ion and DNA bases of this step are displayed. An attractive interaction is between
a sodium ion and two O2 thymine oxygen atoms (distances about 2.4 Å). The short arrows show a repulsive interaction between a sodium ion and
two H2 adenine hydrogens. The long arrow shows the close N6-N6 mutual adenine amino group contact (3.25 Å). No minimization of this
structure was performed and, therefore, some anomalous structural features, e.g., incorrect C-H lengths in methyl groups, are present.

Table 1. RMSD Analysis of Dinucleotide Steps from the
Oligonucleotide Crystal Structuresa

step
number of

steps included RMSD and SD

ApT 12 0.24( 0.11 Å
ApA 12 0.28( 0.16 Å
CpG 13 0.36( 0.19 Å
GpA 13 0.39( 0.23 Å
TpA 3 0.55( 0.05 Å

a Only the high-resolution crystal structures were analyzed, NDB
codes: BD0005 (R 1.5 Å), BD0012 (R 1.2 Å), BD0016 (R 0.9 Å),
BD0018 (R 1.3 Å), BD0019 (R 1.7 Å), BDJ017 (R 1.6 Å), BDJ019 (R
1.4 Å), BDJ025 (R 1.5 Å), BDJ031 (R 1.5 Å), BDJ036 (R 1.7 Å),
BDJ060 (R 1.7 Å), BDL084 (R 1.4 Å).
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