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Competition between Na+ and Rb+ in the minor groove of DNA
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The competition between Na+ and Rb+ ions in the minor groove of a synthetic B-DNA dodecamer d
(CGCGAATTCGCG) is studied using molecular dynamics simulations as the ratio of these two ions changing
from 9:1 to 1:9 with the DNA merged into the solvent of water molecule at 298 K. When the concentration of
Rb+ ions increases, from minority to majority, Na+ ions are gradually released from the A tract, and the binding
sites in the minor groove are occupied by Rb+ ions, extending from the A tract to the whole minor groove.
Comparing Na+ with Rb+ ions, the conformation of the minor groove is influenced strongly by Na+ ions.
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I. INTRODUCTION

For the storing, duplication, realization, and transcription
of the genetic information, DNA is a hopeful fundamental
building block in the fields of biochemistry, nanotechnology,
and molecular computing [1–4]. The minor groove of DNA
plays a crucial role in the process of protein-DNA docking.
In turn, it is affected by the presence and interactions with
external environments factors, such as water molecules [5,6]
and groove-bound ions [7,8]. The cations (such as spermine
and spermidine) [9] provide a stabilizing medium for the
maintenance of the highly compact and organized DNA
secondary structure [10]. They reside in the minor groove,
form-specific ion-DNA interaction and influence the stability
and dynamics of the minor groove [11,12]. Therefore, it is
important to study the mechanisms and the properties of
the minor groove in ionic solutions, such as DNA-cation
electrostatic interaction, the activity of water molecules on
the hydrophobic DNA surface, base stacking, and hydrogen
bonds [13–17].

The physicochemical properties of different alkali-metal
ions in the minor groove of B-DNA have long been studied
by numerous experimental and theoretical evidence, in which
Na+ and K+ ions are known to play important roles in the
stabilization and structural polymorphism (such as A-DNA,
B-DNA, Z-DNA, etc.) of DNA [18–24]. Stellwagen et al.
[22] provided evidence of Na+ ions residing in the minor
groove by capillary electrophoresis experiments. Young et al.
[23] proposed that the strongly electronegative pockets in the
Dickerson-Drew dodecamer (DDD) harbor Na+ ions, which
intrude into the “spine of hydration” in the minor groove and
remain at the A tract with fractional occupancies. Cheng et al.
[24] found Na+ ions prefer to interact with phosphate group
while K+ ions bind to the electronegative sites of DNA bases
in the minor grooves. The ion distributions in the minor groove
are affected by the increasing number of the solvent.

Those studies show that Na+ and K+ ions interact preferen-
tially with different DNA sites [23,24]. However, Na+ and K+
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ions (atomic number is smaller than Rb+ and Cs+ ions in the
alkali metals, written as the lighter ions in the following) are
difficult to distinguish from water molecules in the experiments
for the limited resolution of DDD crystal structures. Thus Rb+
and Cs+ ions (written as the heavier cations in the following)
are employed, and the partially occupied ion sites have been
reliably detected [18,25,26]. Tereshko et al. [25] crystallized
the DDD sequence in the presence of Rb+ or Na+ ions and
found the ions are more optimally suited to replace the water of
the inner spine than Na+ ions. Woods et al. [26] also estimated
Cs+ ions’ occupancy within hybrid solvent sites at the A tract
of the minor groove.

Since different cations have different effects in maintaining
higher-order chromatin structure, it is important to consider
the competition of the distribution of two cations around
DNA. Several experiments reported the competition between
monovalent cations [18,27–29], divalent ions [30,31], and
even ammonium ions [27]. Ida et al. [18] directly measured
the competitive Rb+ and Na+ binding to the G-quadruplex
channel site. Denisov et al. [27] indicated that heavier alkali-
metal ions bind to the minor groove with similar affinity as
Na+ ions, whereas ammonium ions’ binding is somewhat
stronger. Marincola et al. [28] extended the previous magnetic
relaxation dispersion studies and focused on the competition
between Na+ and Rb+ ions in a high purity of DNA. They
measured the full Na+ and Rb+ profiles in DNA solutions
and suggested that groove-bound ions significantly influence
the energetics and structural polymorphism of DNA and
demonstrated that the affinity of Rb+ ions is higher than that
of Na+ with DNA. Savelyev et al. [29] compared the systems
mixing Na+ and K+ ions with and without Cl− using molecular
dynamics (MD) simulations. Their results suggested that Na+

ions condense more strongly around DNA in both situations,
and K+-Cl− clustering effect screens K+ ions from DNA
electrostatic field.

The systems containing both Na+ and Rb+ ions are
performed with MD, and MD simulations can show some
interesting and subtle results that cannot be present by
experiments [28], for example, the detailed distribution of
ions around the atoms of DNA in the minor groove in the
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competition of ions. There still are two questions that the
experiments and theories did not answer: (1) the relationship
of the A tract and G tract in the competitions and (2) can cation
binding induce the structural adjustment in DNA, or can this
structural feature be a preexisting intrinsic property of DNA
favoring cation binding [32,33]. However, few studies focus
on DNA structure changes accompanied by the competition of
ions. By varying the ratio of Na+ and Rb+ ions, we study
how the competition happens between these two kinds of
ions in the minor groove and try to catch the mechanisms
behind. The very exact binding sites in the minor groove are
provided at atomic scales, which are shown by microscope
images [e.g., spatial distribution functions (SDFs)]. The radial
distribution functions (RDFs) of the cations and solvent with
DNA present the distinct ion-DNA interaction strength, the
permeating order of two ions, and the behaviors of Na+ and
Rb+ ions residing at the A tract and G tract. The change of
local DNA conformation (here we focus on the width and depth
of the minor groove) is studied to investigate the relationship
between the concentration of each ion with the extent of the
conformation changing.

In this work, we compare the affinity of Na+ and Rb+ ions in
the minor groove of DNA and study the competition between
these two cations as the ratio of these two ions changing from
9:1 to 1:9. After the introduction, we explain the model of
the solvent molecule, the DNA segment and ions, and the
simulation method in Sec. II. In Sec. III our results demonstrate
that the G tract is like the “springboard” for the ions “jumping
into” the A tract with the changing of width and depth of the
minor groove. The conclusion is presented at the end of the
paper.

II. THEORY AND SIMULATION DETAILS

The NMR structure of a synthetic B form duplex d
(CGCGAATTCGCG) named 171d is chosen from the Protein
Data Bank (PDB) [34] as the starting structure in each
simulation. The 171d duplex is extensively studied because
of its biological importance. It contains the recognition site
of the EcoRI restriction enzyme and is frequently used in
gene recombination techniques. The force-field parameters of
Na+, Rb+, and Cl− ions are selected as εNa+ = 0.358 kJ/mol,
σNa+ = 2.73 Å, εRb+ = 1.602 kJ/mol, σRb+ = 3.57 Å, and
εCl− = 0.168 kJ/mol, σCl+ = 4.86 Å [35], respectively. The
model solvent is derived from the widely used flexible simple
point charge (SPC) water molecule model.

The intermolecular energy consists of two parts:E = ELJ +
EC, where ELJ is the Lennard-Jones interaction and EC is the
Coulomb interaction. They are expressed as

ELJ = 4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]

, (1)

EC = qiqj

4πε0rij

, (2)

where ε0 is the vacuum permittivity and rij presents the
distance between two atoms. In Lennard-Jones interaction, the
first term is the short-range repulsion for molecules or atoms
being too close to each other, and the attraction owing to the
dispersion forces is described in the second term. The Coulomb

interactions between point charges describe the hydrogen bond
and give the local orientational structure [36,37]. Comparing
with EC, ELJ contributes only 1% of the E. The force field of
Cornell et al. [38] is implemented with Amber 94 parameters,
including hydrogen bonds between base pairs, for their special
accuracy in reflecting the effects of water activity [39]. The
flexibility of SPC model is considered with a Morse type of
potential for its covalent bonds [40].
The M.DynaMix packages, which are developed for simula-
tions of arbitrary mixtures of molecules and macromolecules in
solutions, are use to perform MD [41,42]. The double time-step
algorithm by Tuckerman et al. [43] is implemented, and the
short time step is 0.2 fs for the fast nearest short-range (within
4.8 Å) interactions, while the long time step for those more
slowly fluctuating interaction is 2.0 fs. The Ewald sum method
is used to treat the electrostatic interactions with screening
parameter α taken as α = 3/Rcut and the reciprocal space
cutoff determined [44] by exp(−π2k2

max/α
2) = exp(−9). The

cutoff for this long-range interaction is 14 Å.
There is one 171d DNA segment, 3600 SPC solvent molecules
and 200 mixed cations in each periodic hexagonal cell (48 ×
48 × 56 Å3). Two hundred mixed cations are added in as
well as 178 Cl− co-ions with the relative ratio of Na+ and
Rb+ ions changing from 9:1 to 1:9, as (1) 180 Na+ and 20
Rb+ (abbreviated as Na180Rb20), (2) 150 Na+ and 50 Rb+
(Na150Rb50), (3) 100 Na+ and 100 Rb+ (Na100Rb100), (4)
50 Na+ and 150 Rb+ (Na50Rb150), (5) 20 Na+ and 180 Rb+
(Na20Rb180). Five simulations are carried out in the NVT
ensemble [45] at 298 K. At the beginning, DNA is fixed in the
box center along the Z direction, and a 1 ns NVT simulation is
performed to allow the solvent molecules and ions to form the
outer shells around DNA obtaining the preliminary balance.
Then all freedom degrees are released in a following 1 ns NVT
running to produce equilibrium of the system. After that, the
following simulations of 60 ns are carried out for dynamics
and structure analyses. The structure parameters are analyzed
by the program Curves [46–49] continually for the precise
values (the width and depth of the minor groove are defined in
detail in Ref. [46]).

III. RESULTS AND DISCUSSION

The convergence of cations around DNA is examined by
ion occupancies with each atom of the segment. Occupancy
here is defined as the integration of the first maximum of the
corresponding RDF within the primary layer of the solvent.
Figure 1 shows occupancies of Na+ and Rb+ ions with atoms
of the inner eight base pairs along the strands form 5′ to 3′
in Na100Rb100. For one strand, the occupancies are plotted
at a positive direction; for another strand the occupancies are
plotted at a negative direction. The perfect symmetry with
respect to the horizontal is almost achieved for Na+ ions,
and the palindromic symmetry for Rb+ ions is appeared to
some extent in the trajectory, similar with the calculations of
Ponomarev et al. [50]. It seems that both ions are converged
around DNA, and the simulations are equilibrated with respect
to ion distributions. However, the ion convergence has been
influenced by the competitive of Na+ and Rb+ ions. The
global occupancies of Rb+ ions are larger than that of Na+
ions, indicating that Rb+ ions prefer to bind with the DNA.
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(a)

(b)

FIG. 1. (Color online) The average ion occupancies for Na+ (a)
and Rb+ (b) ions with each DNA atom of the inner eight base pairs
along two strands d (CGCGAATTCGCG) from 5′ to 3′. Occupancies
with one strand atoms are presented in positive direction at the vertical
direction and occupancies for another strand are presented in negative
values.

Comparing with Na+ ions, Rb+ ions are more stable around
the DNA.

SDFs of the cations around averaged 171d structures in
the minor groove are presented in Fig. 2. It can be seen Na+
ions are centralized distributed around ApA and TpT steps
for Na180Rb20 [Fig. 2(a), 2(f)] while Rb+ ions are released
away, locating around the middle backbone of the DNA.
However, neither of the ions can dominate the peripheries of
the minor groove so that few ions reside there. In Na150Rb50
[Fig. 2(b), 2(g)], Na+ ions distribute more widely but at a
lower concentration than that in Na180Rb20. Rb+ ions still
cannot permeate into the minor groove. It seems that Na+ ions
dominate the A tract while Rb+ ions concentrate around ApT
steps binding to phosphates when Na+ ions are in the majority.

For Na100Rb100 [Fig. 2(c), 2(h)], it is interesting that neither
of the Na+ and Rb+ ions can locate stably at the A tract. A
few Rb+ ions coordinate with CpG and GpC steps [Fig. 2(h)]
while Na+ ions are dispersed from the minor groove. Rb+ ions
begin to occupy the A tract in Na50Rb150 [Fig. 2(d), 2(i)],
just like Na+ ions do in Na150Rb50. Nonetheless, there are
several differences in ion distributions between Na150Rb50
and Na50Rb150. In the former case, Rb+ ions are totally
dispersed from the minor groove, but in the latter case, Na+
ions reside at the G tract. In Na20Rb180 [Fig. 2(e), 2(j)],
Rb+ ions distribute widely in the minor groove, extending
from the A tract to the ApG and TpC steps, dominating the
whole minor groove. It indicates that the A tract is the most
favored binding position for both ions; thus it becomes the
strongest competition sites. Rb+ ions are more preferentially
located in the minor groove than Na+ ions, resulting in the
stabler Rb-DNA interaction. However, both of the ions choose
to reside at the G tract instead of disappearing immediately
from the minor groove before entering in or after withdrawing
from the A tract. The G tract is like the “springboard” for the
ions permeating into the A tract in the competition.

Figure 3 shows clear difference for the RDFs and occu-
pancies of Na+ and Rb+ ions relative to four electronegative
sites (AN3, CO2, GN3, and TO2) in the minor groove. The
maxima of RDF and occupancy appear right at the strongest
cation-DNA interaction sites described above. In Fig. 3(a),
Na+ ions directly bind to the N3 of adenine (AN3) and O2
of thymine (TO2) for Na180Rb20 with the first peaks of
g(r) reaching 4.9 (occupancy is 0.8) and 7.9 (1.0) at 2.5 Å,
respectively. In Na150Rb50, Na+ ions are dispersed from the
adenine that the first peak of g(r)AN3 disappears within 3 Å
[Fig. 3(b)]. The strongest Na-DNA interaction site appears
at TO2 with g(r)TO2 exceeding 5 at 2.5 Å and occupancy is
near 0.6. When Na+ and Rb+ ions are in balance, the first
peaks of g(r)Na+ are hard to observed within 4 Å [Fig. 3(c)].
The ions contact DNA with solvent-mediated interaction in
Na100Rb100. As to Na50Rb150 [Fig. 3(d)], Na+ ions reside

FIG. 2. (Color online) The spatial distribution functions (SDFs) of Na+ (gray) and Rb+ (orange or light gray) around averaged DNA
secondary structures with the stereo views for Na180Rb20 (a, f), Na150Rb50 (b, g), Na100Rb100 (c, h), Na50Rb150 (d, i), and Na20Rb180
(e, j). The stereo views present global structure from (a) to (e) along the DNA helix axis toward the minor groove and the partial enlarged
drawing in (f)–(j) with the minor groove at the left of the base pairs. The SDFs of ions are drawn for densities >10 particles/nm3 in (d), and
the others are drawn for densities >15 particles/nm3.
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(a)

(b)

(c)

(d)

(e) (j)

(i)

(h)

(g)

(f)

FIG. 3. (Color online) The radial distribution functions (RDFs)
and the occupancies (inserts) of Na+ (a)–(e) and Rb+ (f)–(j) ions
relative to four electronegative atoms (AN3, CO2, GN3, and TO2) in
the minor groove as the ratio of Na+ and Rb+ ions changes from 9:1
to 1:9.

close to O2 of cytosine (CO2) and N3 of guanine (GN3).
The G tract is also flavored by Na+ ions in the competition.
Moreover, a substantial amount of Na+ ions bind to the CpG
steps that the first peaks of both g(r)CO2 and g(r)GN3 reach 7.5
(occupancy are 0.3). In Na20Rb180, Na+ ions are thoroughly
released from the groove, and no distinct peaks appear within
5 Å [Fig. 3(e)].

Meanwhile, the values of g(r)Rb+ are very different from
that of g(r)Na+ . As the number of Rb+ ions is increasing from
20 to 180, Rb+ ions gradually permeate into the minor groove.
However, Rb+ binding is not observed in the primary layer
of the “spine of hydration” in Na180Rb20 and Na150Rb50
[Fig. 3(f) and Fig. 3(g)]. As Rb+ ions are increasing to 100
[Fig. 3(h)], the first peak of g(r)CO2 reaches 2.5 at 3 Å and
the occupancies of Rb+ ions are highest with GN3 (0.51) and
lowest with TO2 (0.05). Rb+ ions begin to locate at the G tract.
For Na50Rb150 [Fig. 3(i)], Rb+ ions tightly bind with TO2 but
are dispersed from other sites so that the first peak of g(r)TO2

exceeds 11 (occupancy is 2.0). For Na20Rb180 [Fig. 3(j)],
Rb+ ions dominate the whole minor groove so that all of the
first peaks of g(r) exceed 3 and all four occupancies reach 1.0.

To sum up, there are strong competitions between Rb+
and Na+ ions for residing at the A tract. When Na+ ions are
in absolute majority (Na180Rb20), they prefer binding at the
A tract, and Rb+ ions are released from the minor groove.
When Na+ ions are in a minority, Rb+ ions dominate the
whole interaction sites. The competition also happens at the G

tract, especially in Na100Rb100, since both ions are withdrawn
from the A tract for the strong competition. Compared with
Na+ ions, Rb+ ions reside more at the G tract, implying
the higher affinity in the minor groove, which is consistent
with the experiment [28]. It can be concluded that the major
competition happens at the A tract and the minor competition
at the G tract. The occupancies of Rb+ ions increase and
those of Na+ ions decrease with Rb+ ions increasing, which
is also similar with the occupancies measured in Ref. [28].
However, they found that either of the ions cannot be squeezed
out completely from the minor groove. The occupancies here
are also not decreases monotonically so that Na+ ions reside
around the G tract for Na50Rb150.

For the backbone-ion interaction (Fig. 2), both of the Na+
and Rb+ ions densely distribute at the A tract, which may
be rationalized by the DNA segment electrostatic potential
distribution. The ion distribution in the minor groove is also
influenced by electrostatic interaction that both ions prefer to
locate at the A tract, and the strongest competition happens in
the middle part of the DNA. But the ionic binding to the internal
DNA is determined not only by the electrostatic interaction,
but also by the ionic size. In Na100Rb100, though it is harder
for Rb+ ions entering into the minor groove than Na+ ions,
Rb+ ions can reside in the internal DNA much longer that the
residence time of Rb+ is 12.35 ps while that of Na+ ions is
just 6.54 ps at GpC steps. Rb+ ions are trapped in the minor
groove for its bigger atom radius. Moreover, comparing with
the narrow A tract, the wider G tract is much easier for Rb+ ions
penetrating. Therefore, Rb+ ions have a higher affinity at G
tract in Na100Rb100. It seems that the electrostatic interaction
dominate the distribution of ions that most of internal ions
locate around the A tract when the number of two cations are
in unbalance, while the ionic size determines the distribution
of ions at the peripheries when the number of two cations are
in balance.

To further check the underlying causes of the competition in
the minor groove, the distributions of solvent molecule around
atom AN3, CO2, GN3, and TO4 are calculated. Figure 4
presents the RDFs of the solvent molecules around these ions.
It can be seen that the first peaks of g(r)CO2 and g(r)GN3 are
slightly higher than that of g(r)AN3 and g(r)TO4 at 2.8 Å except
RDFs in Na100Rb100. The first peak of g(r)CO2 reaches 1.4,
four times higher than that of g(r)AN3 and g(r)TO4 in Fig. 4(a).
With the increasing of Rb+ ions, the maximum of g(r)AN3

is as high as that of g(r)GN3 [Fig. 4(b)], and all of the first
peaks of g(r) are around 1 in Fig. 4(c). When Rb+ ions are
in the majority, the maxima of g(r)AN3 and g(r)TO4 decrease,
while that of g(r)GN3 exceeds 1.2 for both Na50Rb150 and
Na20Rb180 [Fig. 4(d), 4(e)].

The spine hydrations in the primary layer are dispersed
from the A tract when either Na+ or Rb+ ions reside there.
In contrast, the A tract are shield by the solvents when the
ions are released out. For Na180Rb20, Na+ ions replace the
solvent molecules in the primary layer of “spine of hydration”
at the A tract, leaving the G tract to the solvent molecules. As
Na+ ions are decreasing, the solvent molecules recoordinate to
the primary layer, residing near the adenine for the decreasing
interaction strength of Na-DNA. As for Na100Rb100, neither
of the ions can stably reside at the A tract, and the solvent
molecules reform the fused water hexagons. However, the ions

051913-4



COMPETITION BETWEEN Na+ AND Rb+ IN THE . . . PHYSICAL REVIEW E 85, 051913 (2012)

FIG. 4. (Color online) The radial distribution functions (RDFs)
of the solvent molecules with four electronegative atoms (AN3, CO2,
GN3, and TO2) in the minor groove for Na180Rb20 (a), Na150Rb50
(b), Na100Rb100 (c), Na50Rb150 (d), and Na20Rb180 (e).

permeating into the G tract dispersed the solvent molecules out.
When Rb+ ions increase to 150, they intrude into the primary
layer. Ultimately, Rb+ ions dominate the whole minor groove
while some solvent molecules still coordinate to adenine.
Related to the conclusions of RDFs of ions, the strength of
the hydrogen-bond decreases when the competition happens
at the A tract or the G tract. Compared with the A tract, the G
tract is shielded more tightly by the solvent molecules that the
first peaks of g(r)GN3 or g(r)CO2 are higher than that of g(r)AN3

and g(r)TO4 in all cases except Na100Rb100. In addition, it
is strange that when Na+ ions are in majority, the solvent

FIG. 5. (Color online) Width (a) and depth (b) of the minor groove
for Na20Rb180 (solid line) and Na180Rb20 (dashed line) with violet
(dark gray) short line presented the values of typical B form. The
highlights show the sites where Na+ ions influence the width and
depth of the minor groove most in these two cases, respectively.

molecules prefer to reside close to cytosine while Rb+ ions
dominate the A tract, the hydrogen bond of guanine, and the
solvent becomes the strongest.

The width and depth of minor groove (abbreviated as
mW and mD, respectively) of the inner eight base pairs are
influenced by ions in the competition, and we show mW and
mD in Na180Rb20 and Na20Rb180, respectively, to examine
the groove changing when either of the ions totally dominate
the minor groove (Fig. 5). Referring to Figs. 2-4, mW and mD
at the A tract are seriously influenced by the strong competition
of ions. In Fig. 5(a), mWNa180Rb20 broaden suddenly at the A
tract. The widest site reaches 8.4 Å at ApT steps, which is
two times wider than that of mWNa20Rb180. In contrast, the
middle part of mWNa20Rb180 is even narrower than that at the
peripheries, changing from 6.5 Å at CpG step to 4.5 Å at
ApT step. In Fig. 5(b), mD reaches 5.4 Å at ApT steps for
Na20Rb180, while that in Na180Rb20 is just 3.6 Å, as narrow
as mD at the G tract.

Compared with the values of typical B form, Na+ ions
influence the structure of the A tract more than Rb+ ions. It
seems that Na+ ions are capable of breaking the hexagon
motif, changing the “spine of hydration,” and restraining
the electrostatic repulsion on DNA more than Rb+ ions,
though Rb+ ions have higher affinity. The Na-DNA interaction
changes the conformation of the A tract to a unstable state away
from the typical B form when Na+ ions dominate the minor
groove. Maybe maintaining the more stable structure is also
a reason that Rb+ ions are preferentially located in the minor
groove compared to Na+ ions.
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IV. CONCLUSION

A specific ion environment is crucial for DNA to perform
its correct biological activity or any other novel functions. In
this paper, we focus on the competition between Na+ and Rb+
ions and the structure changing of the minor groove. There
is strong competition between Na+ and Rb+ ions at direct
interaction sites in the minor groove. When one kind of ion is
in majority, those ions are able to permeate into the primary
layer of “spine of hydration” and shield the electronegative
atoms in the minor groove to prevent another ion from entering
in. In the competition, Rb+ ions bind with DNA in the whole
minor groove in Na20Rb180 and have higher affinity than Na+
ions. In the meanwhile, Na+ ions bind with DNA at the A tract
and change the structure of the A tract strongly in Na180Rb20.

Our simulations show that both the electrostatic interaction
and ionic size affect the competitions in the minor groove. The
ionic size dominates the affinity of ions in Na100Rb100 while
the electrostatic dominates the ionic affinities when the number
of ion are in unbalance. The ions permeate into the minor
groove from the wider G tract, which is the weaker competition
site than the A tract for Na+ and Rb+ ions. The G tract is like

the “springboard” for the ions binding to the A tract. The ions
compete with each other in the whole minor groove instead
of the A tract where the competition happens, and where the
ions restrain the shield of the solvent molecules for the minor
groove. The structure of the minor groove is changed strongly
by Na+ ions as Na+ ions intruding into the “spine of hydration”
and replacing the solvent molecules bridging the backbone.
However, the structure of the minor groove changes little when
Rb+ ions dominate the minor groove, indicating the more
stable characteristic for Rb+ ions in the minor groove. Our
results are consistent with the experimental phenomena and
give a more clear molecular-level description of the ion-DNA
interactions between two alkali-metal ions in solution.
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