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We describe a coarse-grained model for Z-DNA that mimics the DNA shape with a relatively small number
of repulsive interaction sites. In addition, negative charges are placed at the phosphate positions. The ionic
atmosphere around this grooved Z-DNA model is then investigated with Monte Carlo simulation. Cylindrically
averaged concentration profiles as well as the spatial distribution of ions have been calculated. The results
are compared to those for other DNA models differing in the repulsive core. This allows the examination of
the effect of the DNA shape in the ionic distribution. It is seen that the penetrability of the ions to the DNA
groove plays an important role in the ionic distribution. The results are also compared with those reported for
B-DNA. In both conformers the ions are structured in alternating layers of positive and negative charge. In
Z-DNA the layers are more or less concentric to the molecular axis. Besides, no coions enter into the single
groove of this conformer. On the contrary, the alternating layers of B-DNA are also structured along the
axial coordinate with some coions penetrating into the major groove. In both cases we have found five preferred
locations of the counterions and two for the coions. The concentration of counterions reaches its absolute
maximum at the narrow Z-DNA groove and at the minor groove of B-DNA, the value of the maximum being
higher in the Z conformer.

I. Introduction

The biological role of DNA lies ultimately in its physico-
chemical properties which relate DNA structure and function.1,2

Although this fact alone would justify the interest in the physics
and chemistry of DNA, the peculiarities of DNA make it an
interesting molecule by itself. Since in solution the phosphates
are ionized, DNA is a highly charged and stiff polyion due to
repulsion between the charged phosphates (the persistence length
is about 150-200 base pairs2). In this way, DNA is a paradigm
of a polyelectrolyte system. As a consequence of the electrostatic
field created by the high charge density of DNA, the molecule
is surrounded by a cloud of counterions. Small angle neutron
scattering3 and NMR experiments4 provide strong evidence for
a layer of bound counterions intimately associated with DNA.
The condensation of ions and the calculation of the ionic
distribution around DNA is a challenging physical problem.5-10

An interesting phenomenon is that of the charge inversion in
which the coion concentration exceeds that of the counterions
at a certain distance to the polyion. Usually associated to the
charge inversion one finds that of the polyion charge is
overneutralized at those distances. The phenomenon has been
reported for concentrated solutions of 1:1 electrolytes and dilute
solutions of 2:2 electrolytes in the vicinity of a charged wall.11,12

Charge inversion was also observed in integral equation studies13

and simulations14 of 2:2 electrolytes around a polyion. Experi-
mentally, it has been observed in electrophoresis of other strong
polyelectrolytes.15 Although the first observation of overneu-
tralization in DNA with added 1:1 salt was in a computer
simulation work,16 the modified Poisson-Boltzmann theory also

predicts the charge inversion for concentrated electrolyte solu-
tions.10 The importance of the overneutralization in DNA is that
it may explain the condensation of DNA mediated by the
counterions17-20 or the approach to DNA of negatively charged
molecules. The simulations of DNA also showed that much
lower concentrations were required for the occurrence of the
overneutralization in the presence of multivalent counterions.21

Sophisticated theoretical approximations also account for the
DNA overneutralization in solutions containing multivalent
counterions.9,10,22-24

Another salt-induced effect is the conformational change from
B- to Z-DNA. Although the idea of a left-handed DNA helix
has been around for some time, it was not until 1972 that Pohl
and Jovin demonstrated the existence of Z-DNA.25 Quite
surprisingly, the first crystal DNA structure solved by X-ray
diffraction was not the expected Watson-Crick right-handed
structure but a left-handed helix.26 As the phosphate groups are
placed describing a zigzag line, this left-handed DNA conformer
was called Z-DNA. There are now strong indications that
Z-DNA may play an important biological role because the
altered conformation of DNA can have tremendous implications
in gene expression and host response to viruses.27-30 As Z-DNA
is thinner than B-DNA, its charged phosphates are closer to
each other giving stronger repulsions among them so that B is,
in principle, the most stable DNA form. The transition from B-
to Z-DNA then requires a stabilization of the Z form with respect
to the B form by means of extrinsic effects. Among these, most
of the experimental studies have been focused on supercoil-
ing31,32 and salt effects.25,33 Due to the great complexity of the
problem, few theories have been applied to the dependence on
salt concentration of the relative stability of the B and Z forms
of DNA. Besides, the theoretical treatments have been forced
to use simplified models for the system components (polyion,
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water, and ions) and the interactions between them. The initial
approaches were based on the Poisson-Boltzmann (PB) equa-
tion and a homogeneously charged hard cylinder model of
polyelectrolytes.34-36 More recently, results have been obtained
for relatively more complex DNA models and theories.37-40 On
the other hand, it has been shown that the discretization of the
charges in the ionic structure around charged planes and rods
can cause enhanced localization of the counterions near the
surface.41,42This can be important in the modelization of DNA.
Interestingly, theoretical treatments based in models that
consider only the spatial arrangement of charged phosphates (a
double helical chain) give a more or less satisfactory account
of experimental data on the B- to Z-DNA transition despite the
simplicity of the underlying model43-45 (in fact using the size
of the ions as an adjustable parameter the agreement with
experiment is excellent). These findings have been confirmed
by computer simulation results46,47although a similar agreement
with experiment is found for more elaborate (coarse-grained)
DNA models with no adjustable ion size parameters.48

We have shown in the previous paragraphs two examples of
salt-induced effects on DNA. In both cases the changes in DNA
are determined by changes in the ionic atmosphere around the
polyion. This topic has been the subject of several reviews.49,50

In fact, this issue is so important that the ionic distribution is
the target property of many theoretical and simulation studies
irrespective of whether they are used as a necessary step in the
calculation of other DNA properties. The more recent theories
for the calculation of the ionic atmosphere in polyelectrolytes
have reached a considerable degree of sophistication.9,10,51-53

In fact, the computer cost is so high that several problems (as
the B- to Z-DNA transition) are out of the reach of these theories
except for very simple models. Computer simulation is also
costly but it has the advantage that its results are, in principle,
exact (see the recent review by Lyubartsev54 on molecular
simulations of DNA counterion distribution). The level at which
DNA is described may be quite different. Interesting contribu-
tions have been based on a full atomistic representation, on a
charged rod, or even on a simple pair of charged helical lines.45

A number of results already have been reported for the ionic
atmosphere around atomistic DNA models.55-65 The atomistic
approach is probably necessary for the analysis of the mecha-
nism of the conformational transitions in DNA, but it could be
a waste of computer time for the thermodynamics of this or
other problems as the thermal denaturation of DNA.66 Besides,
an adequate sampling of the ionic atmosphere is difficult because
the ions get kinetically trapped for long timessof the order of
about 10 ns in some binding sites as the minor groove of
B-DNA.63 For these reasons, the need for a mesoscopic
modeling of DNA is gaining an increasing acceptance.67-70 In
this work we will use a mesoscopic representation to calculate
the ionic distribution around Z-DNA by computer simulation.
The main feature of the model is that it mimics the DNA
grooved structure while retaining a considerable degree of
simplicity. We may benefit from the experience in the develop-
ment of a similar model for B-DNA.16 In fact, the grooved
model for B-DNA has been successfully employed by the
authors to calculate the spatial distribution of ions around
B-DNA,71 to analyze the competition between multivalent and
monovalent counterions,21 and to investigate the thermodynam-
ics of the B- to Z-DNA transition.48,72,73Other research groups
have also used the grooved B-DNA model in different
contexts20,74-77 (notice that these authors sometimes refer to it
as the Montoro-Abascal Model, MAM).

Compared with the huge number of papers devoted to
B-DNA, the literature about computer simulation of Z-DNA is

rather scarce. Most of the works are related to the stability78-81

and hydration79,82,83of Z-DNA with use of classical simulation,
but it should be noted an investigation of the electronic structure
with use of first principles simulation.84 To our knowledge, there
are no computer simulation studies of the ionic distribution
around Z-DNA. Also scarce are the theoretical studies of the
spatial distribution of ions around Z-DNA.38,85,86In this work
we intend to contribute to this issue. The goal of this paper is
then 2-fold. First we propose a coarse-grained model for Z-DNA
that allows a cost-effective computer simulation of Z-DNA with
explicit ions. On the other hand, we want to use the model to
investigate the condensation of ions around Z-DNA and compare
it with that obtained for B-DNA and with that obtained for other
Z-DNA models. Although a deep investigation of the origin of
the salt-induced B- to Z-DNA transition is out of the scope of
this work, we expect that this study can be a step in that
direction.

II. Z-DNA Models

In this work we will use several models for Z-DNA. When
choosing a model there is always a tradeoff between two
requirements. One wants models as realistic and also as simple
as possible. As the discretization of the DNA charge may have
an important effect in the condensation of counterions around
DNA,41,42 the extremely simple representation of the DNA
charge by a homogeneously charged rod is not satisfactory for
our purposes. Thus, for all of the models employed in this work,
unity charges (in electrons) are placed at the phosphate positions
in canonical Z-DNA. There are two different Z-DNA conform-
ers (usually denoted as ZI and ZII

87) but the relevant one for
the B- to Z-DNA transition is the first one. In ZI there are two
nonequivalent phosphate positions and, thus, the repeating unit
is a pair of dimers. There are 6 repeating units per turn which
makes a total of 24 nucleotides per turn. The elevation and
rotation per repeating unit are 7.43 Å and 60°, respectively.
Thus, the coordinates of the phosphates are specified by87

where i ) 0, ..., 5 accounts for the six repeating units along
one helix turn. The parametersF0

(s,p), φ0
(s,p), andz0

(s,p) are the
radial, angular, and axial coordinates (in a cylindrical reference
system) of the reference phosphate. There are two complemen-
tary chainss ) 1, 2 and the superscriptp ) 1, 2 refers to the
nonequivalent phosphate positions of the repeating unit. The
generation of all the phosphate coordinates requires four sets
of values for the different originating phosphates. These are
given in Table 1. The height of the helix turn is then 44.58 Å.

TABLE 1: Parameters for the Generation of the Phosphate
Positions in Z-DNAa

s p F0
(s,p) φ0

(s,p) z0
(s,p)

1 1 7.31 0.0 0.00
2 1 7.31 164.0 0.03
1 2 6.27 115.4 1.70
2 2 6.27 348.6 5.76

a s refers to the different complementary chains andp to the type of
phosphates within each chain. Radial and axial coordinates (F, z) are
given in Å while the angular coordinates (φ) are expressed in deg.

Fi
(s,p) ) F0

(s,p)

φi
(s,p) ) φ0

(s,p) - 60‚i

zi
(s,p) ) z0

(s,p) + 7.43‚i (1)
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Since it contains 24 phosphates, Z-DNA gives a smaller linear
charge density than B-DNA (20 phosphates for a helix turn of
33.80 Å).

The phosphates are not only the center of electrostatic
interactions but also the origin of a soft repulsive potential. In
our model they interact through a Ramanathan-Friedman (RF)
potential

whereAM ) 1.7476 is the Madelung constant for the halite
structure,Nc ) 6 is the coordination number for that structure,
n ) 9 is a parameter controlling the steepness of the repulsive
potential, andri, rj are parameters determining the size of ions
i and j. The RF functionality has been traditionally used for
ion-ion interactions. In this way, we assimilate all the charge-
charge interactions irrespective of whether the charged particles
are mobile ions or polyelectrolyte sites. Besides, in this work
we use the same size parameter for anions, cations, and
phosphates. In particular, the valueri ) 1.4214 Å has been
chosen as it gives bulk electrolyte properties approximately
corresponding to a restricted primitive model with hard-sphere
diameters of 4.2 Å.88 This size has been widely used in
electrolyte solution studies14,89-92 and roughly corresponds to
a sodium ion on account of its hydration shell.90,93

In the so-called “empty” Z-DNA model, the soft repulsive
spheres located at the phosphate positions are the only repulsive
interactions between DNA and the solution ions. As commented
above, successful theoretical approaches are implicitly based
on the “empty” model as the underlying physical representation
of DNA in solution.43-45

The repulsive core is different in the other models used in
this work. The phosphate charges may be simply embedded in
a repulsive cylinder. The repulsive potential is a soft interaction
defined by the equation

where K2
rep ) 2.7291 × 10-17 J‚Å9 and Fp is the ion-

polyelectrolyte distance. From the two possible values forF0

(see Table 1) it seems convenient to use the radial coordinate
of the more external one, i.e.,F0 ) 7.31 Å. The model will be
denoted as the discretely charged soft repulsive (DS) model.
Notice that the DS model does not conform to the grooved DNA
shape. The main consequence is that the counterions cannot
accumulate within the grooves and are forced to be outside the
repulsive cylinder.

The repulsive envelope of the third model tries to mimic as
close as possible the DNA shape. For this reason it is a grooved
model, and since it is made with simple elements we call it a
grooVed primitiVe (GP) model. We have proceeded for Z-DNA
in a similar manner as for the development of the grooved
primitive model for B-DNA.16 By making several cuts to
Richard’s surface of the all-atom representation of Z-DNA we
obtained an average section that was fitted with a number of
geometrical elements. As we try to keep the similarity with the
GP model of B-DNA, we place a spherical repulsive center at
the phosphates coordinates with the same diameter used for
B-DNA. The bases were represented in B-DNA by means of a
repulsive cylinder. This is not possible for Z-DNA because this
conformer has the molecular axis shifted with respect to the

position of the bases. In fact, Z-DNA has a single groove but
it is so deep that it almost reaches the molecular axis (see Figure
1).

We have represented the bases of a dinucleotide as a repulsive
site shifted with respect to the molecular axis. The interaction
of these spheres is also a repulsive RF potential (eq 2) but with
a different size. The radius of these sites,ri ) 2.64 Å,
corresponds to a hard sphere diameter of about 7.8 Å, the same
as the cylinder diameter in B-DNA. The radial coordinate of
the sites representing the bases is 3.9 Å to make it tangent to
the polyelectrolyte axis, as can be observed in Figure 1. Finally,
to close the accessible space between the bases and the
phosphates we put there an additional repulsive interaction site.
These intermediate spheres are identical with the phosphate sites
except that they do not carry charge. In other words, they also
interact through the Ramanathan-Friedman potential with the
same radius as the phosphate sites. The position of these
intermediate interaction sites is chosen so that they are in the
line between the phosphates and the spheres representing the
bases (i.e., thez coordinate is just that of the contiguous
phosphate). The exact point is determined such that the
phosphate-base distance is 1.54 times the base-intermediate
site distance. In summary, the grooved Z-DNA model is made
up of 24 charged phosphate groups (which are also repulsive
centers), 24 intermediate repulsive sites sized as the phosphates,
and 12 larger repulsive sites (each one representing a base-pair)
per helix turn.

A transversal section of the model is shown in Figure 2. The
schematic plot corresponds to a helical projection onto the plane
of a reference phosphate. Taking as a reference ap ) 1
phosphate, the coordinates of the interaction sites for a pair of
dinucleotides (the repeating unit in Z-DNA) are given in Table
2. Figure 3 represents one helix turn of the Z-DNA grooved
model. The phosphates show the well-known left-handed helix
with the phosphates forming a zigzag line. It should also be
noticed that the GP model reproduces the single deep groove
of Z-DNA. Notice finally that consecutive bases overlap
considerably and are not aligned so the ensemble of these sites
forms an internal helix around the molecular axis.

Figure 4 presents the accessible volumes of B- and Z-DNA
calculated with the probe-sphere algorithm94 for a probe sphere
of 1.6 Å (see ref 16 for a discussion of the accessible volume
for a B-DNA GP model). More specifically, Figure 4 displays
the differential element of the nonaccessible volume to the
probe. In this way, a straight line gives the element of volume
2πFh for the cylinder with radiusF and heighth. The slope of
the curves is then proportional to the height of the helix, and it
is thus greater for Z-DNA than for B-DNA. In summary, the
area below the curves at a given radial coordinate indicates the

URF(rij) )
AMe2|zizj|
4πεNcn

(r i + r j)
(n-1) 1

rij
n

(2)

Urep,poly(Fp) ) K2
rep 1

(Fp - F0)
9

(3)

Figure 1. Representation of a guanine-cytosine‚cytosine-guanine
tetranucleotide in Z-DNA. The black circle marks the position of the
molecular axis.
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volume inaccessible to the ions while the area between the
curves and the straight lines gives the accessible volume. The
grooved B-DNA model has an internal cylindrical core which,
as can be seen in Figure 4, prevents completely the entrance of
ions. After the discontinuity, the increase of the inaccessible
volume is almost independent ofF. This means that the
accessible/nonaccessible volume ratio decreases. In other words,
for distances larger than the radius of bases there is a net increase
of space available for counterions in DNA. This reflects a
relatively important accessibility of the ions to the B-DNA
grooves. For Z-DNA, the spheres of the bases behave essentially
as a repulsive cylinder with minor deviations indicating that
the single groove cannot accommodate easily the probe sphere.
The differential volume increases with the radial coordinate
closely following the straight line. At a distance close to the
radial coordinate of the phosphates, the inaccessible volume
attains a maximum and, afterward, it drops down abruptly. This
is consistent with the idea of Z-DNA as a thinner and more
inaccessible structure than B-DNA.

III. The Simulations

We have performed Monte Carlo simulations of Z-DNA
models with added monovalent salt and implicit solvent. The
effect of the solvent is included through its relative dielectric
constant for which we used the value 78.36 corresponding to

water at 25°C. The ionic concentrations are those relevant for
the B-Z transition. It is known that some DNA sequences may
experience the transition even at physiological salt concentra-
tions95 while for other sequences the required salt concentration
may reach values of about 5.4 M.96 As our models are sequence-
independent we have to choose specific values representative
of the conditions for which the more stable form is the B and
Z form, respectively. In particular, we will examine the results
at approximately 1 and 4.3 M salt concentration. Because of
the high ionic concentration and (as we will see below) the
existence of a boundary with bulk concentrations, the inhomo-
geneity along the simulation box is relatively small compared
to that of simulations with the cell model and no added salt.
Thus we may employ classical Metropolis sampling. About
30 000 cycles were used for the complete equilibration period
(a cycle means as many single-particle moves as the number of
mobile ions). The number of cycles in the production phase
was 40 000. The simulated states are given in Table 3.

The simulation of systems with explicit electrostatic charges
requires some care because of the long-range extent of the

Figure 2. Transversal section of the grooved Z-DNA model helically
projected onto the plane of the rightmost phosphate. The phosphate
positions have been marked with small filled circles. The single groove
is at the upper part of the figure. Notice also that the base sphere is
tangent to the molecular axis.

TABLE 2: Coordinates of the Interaction Sites for a Pair of
Dinucleotides in the GP Model of Z-DNAa

coordinates

site F φ z
distance to
the bases

base 3.90 262.0 0.00 0.00
phosphate,p ) 1 7.31 0.0 0.00 8.75
intermediate 4.76 343.5 0.00 5.68
phosphate,p ) 1 7.31 164.0 0.03 8.75
intermediate 4.76 180.5 0.03 5.68
base 3.90 232.0 3.72 0.00
phosphate,p ) 2 6.27 115.4 1.70 9.38
intermediate 3.30 132.9 1.70 6.09
phosphate,p ) 2 6.27 348.6 5.76 9.38
intermediate 3.30 331.0 5.76 6.09

a Distances (as well as theF andz coordinates) are given in Å and
φ is in deg.

Figure 3. Grooved primitive model for Z-DNA. The two distinct types
of phosphates are depicted with a slightly different intensity. Notice
the zigzag arrangement of phosphates, the single (very deep) groove,
and the helical shape of the ensemble of the spheres representing the
bases.

Figure 4. Differential elements of the volume nonaccessible to a probe
(with a 1.6 Å radius) for a complete helix turn of the Z-DNA and
B-DNA grooved models (dashed and solid line, respectively). The
dotted straight lines are the corresponding volume elements for cylinders
with radii equal to the radial coordinate and the same height as the
Z-DNA and B-DNA helix turn, respectively.
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forces. The use of more or less standard techniques as the usual
three-dimensional Ewald sums is inappropriate as we do not
want the polyion to interact with its replicas. The geometry of
the problem (a long polyion immersed in a solution of
counterions and coions) imposes a clear difference between a
singular orientation (that of the polyion) and those perpendicular
to it. Then, an alternative procedure could be the explicit
calculation of the electrostatic interactions within the simulation
box and to approximate the polyion segments outside the
simulation cell by uniformly charged lines. Unfortunately, it
has been proven that this simple procedure is inaccurate.41 In
our case, the polyion is rigid and the charges are placed with a
periodicity determined by the helix pitch. Thus, we can make
use of an exact formula that gives the interaction between an
ion and an infinitely long array of discrete charges

whereFiν is the distance from the ion to the arrayν, λB ) e2â/
(4πε) [the Bjerrum length],bν is the distance between two
consecutive charges along the array,κj ) 2πj/bν, ∆ziν is the
axial coordinate of the ion with respect to the closest charged
site of the array, andKo is the modified Bessel function of order
zero and second kind. The first term is the potential of an infinite
homogeneous line of charge and the second is the charge
discreteness contribution. The total potential between the charges
in an infinite DNA helix and a mobile ion is then

The long-range correction due to the potential created by the
mobile ions outside the simulation cell has been calculated by
using the radial density profile. The justification for this is that
the ionic charge density profile in the axial direction is not as
inhomogeneous as that of the polyelectrolyte because the
charged sites of the latter are kept fixed while the ions are mobile
and, thus, undergo thermal fluctuations which reduce the
inhomogeneity.

As for the periodicity along the plane perpendicular to the
molecular axis it is well-known that the effect of the polyion

charge extends up to a certain distance. Beyond that point one
finds the same concentration for counterions and coions, the
bulk salt concentrationcbulk. Accordingly, a hard boundary could
seem appropriate but the presence of the boundary results in a
spurious attractive potential.97 We have used the modulated bulk
as a fuzzy boundary method98 (MBFB). In this method, the
cylinder corresponding to the cell model (the inhomogeneous
region) is immersed in a periodic box (a hexagonal prism in
our case) filled with bulk solution and the hard wall removed,
so that mobile ions are able to cross the boundary. The ions
interact with the surrounding bulk through a discrete particle-
particle modulated (short-ranged) Coulomb potential99 while the
missing tail is recovered as a mean field contribution computed
in a self-consistent way. In this way our simulations correspond
to an infinitely long DNA chain at infinite dilution with added
salt of bulk concentrationcbulk.

IV. Results

In this section we present the ionic distribution around Z-DNA
for the “empty”, DS (soft cylinder), and GP (grooved) models.
To compare the results for both DNA conformers, we will also
include here some results for B-DNA.

1. Cylindrically Averaged Concentration Profiles. The
concentration profiles around Z-DNA and B-DNA at 1 M salt
concentration are shown in Figures 5 and 6, respectively. Given
the high electrostatic field of both conformers, the counterions
approach the phosphates and, depending on the available space,
penetrate into the grooves. In this way, the concentration profile
of the counterions reflects the accessibility to the grooves.

TABLE 3: Simulations of This Work a

Cbulk (M) no. of ions geometry (Å)

form nominal actual Nn+ N+ N- L RI Ap rc

“empty” model
B 1.0 0.99 40 195 195 67.6 32.5 39.2 13.0
Z 1.0 0.97 48 256 256 89.2 32.5 39.1 13.0
Z 4.5 4.31 24 265 265 89.2 22.5 26.7 8.0

DS model
B 1.0 0.95 40 310 310 67.6 36.0 50.3 13.0
Z 1.0 0.95 48 370 370 89.2 34.4 47.8 13.0
Z 4.5 4.27 24 280 280 89.2 24.4 28.6 8.0

GP model
B 1.0 0.99 40 205 205 67.6 32.5 40.4 13.0
Z 1.0 0.99 48 256 256 89.2 32.5 39.1 13.0
Z 4.5 4.50 24 265 265 89.2 22.5 26.7 8.0

a As the final bulk concentrations differ slightly from the nominal
(intended) ones we write down both values though we will refer always
in the text to the nominal concentrations.Nn+ is the number of ions
needed to cancel the polyion charge, andN+ andN- are the number of
cations and anions of the added salt.L is the axial length of the
simulation box, andRI, Ap, and rc are the parameters of the MBFB
method for the radial boundary conditions (see the text and ref 98).

Uiν
array,inf(Fiν,∆ziν) ) 2ziλΒbν

-1â-1[log(Fiν) - 2 ∑
j)1

∞

Ko

(κjFiν) cos(κjziν)] (4)

Uip
sites,∞ )∑

ν

Uiν (5)

Figure 5. Concentration profiles around Z-DNA at 1 M salt concentra-
tion for the grooved model (GP), discretely charged with a cylindrical
soft repulsive (DS) model and “empty” model. The upper curves are
for counterions and the bottom ones for coions.

Figure 6. Concentration profiles around B-DNA at 1 M salt concentra-
tion. The results for the GP and DS models have been taken from ref
16.
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Let us first compare the results for the grooved Z- and B-DNA
models. The characteristic double-hump in B-DNA (also ap-
pearing in all-atom simulations[100]) does not appear in Z-DNA.
The calculations of Misra and Honig38 using the PB equation
for an atomistic model also show a double maximum in the
counterions profile for B-DNA but not for the Z conformer.
For the latter, our simulations yield a single and sharp maximum
at 10 Å and a small plateau at 5 Å. The maximum occurs closer
to the molecular axis than the second maximum of B-DNA,
which appears at 12 Å. This is consistent with the position of
the phosphates in both conformers (see Table 1). Another
consequence of the different molecular arrangement is the
presence of a small number of counterions adjacent to the
molecular axis in the grooved Z-DNA model (recall that the
sites representing the bases are slightly shifted from the axis).
The coincidence of the internal repulsive core of the B-DNA
model with the molecular axis makes impossible the presence
of counterions at small radial coordinates, in particular, forF
< 5 Å. Finally, it is surprising that the maximum concentration
of counterions is slightly higher in Z-DNA than in B-DNA (2.5
vs. 2.1 M, respectively) despite the lower linear charge density
of the former. But notice that the width of the single peak in
Z-DNA is much more reduced than the extended double-
maximum of B-DNA. A further analysis on this point is delayed
until we discuss the neutralization of the DNA charge. The tails
of the counterion concentration profiles are similar for Z- and
B-DNA beyond 15 Å from the axis. The same holds for the
coion profiles. Perhaps the influence of the polyelectrolyte
charge extends a little bit longer in B-DNA: at 20 Å there is
still a small difference in the concentration profiles of counte-
rions and coions while for Z-DNA the profiles have already
converged to the bulk concentration at such distance. As for
the coions, the concentration profiles in Figures 5 and 6 indicate
that the coions do not enter significantly into the grooves of
the Z-DNA GP model. In fact, the concentration is null for radial
distances smaller than 7 Å. This is a larger value than that for
the grooved B-DNA model for which some coions may appear
as close as 5 Å from the DNA axis. As shown above, there is
no significant difference in the tails of the coion profiles of both
DNA forms.

The maximum observed in the GP models counterions
profilesat 10 and 12 Å for Z- and B-DNA, respectivelysalso
appears at a similar distance to the axis in the “empty” DNA
models (Figures 5 and 6). But now, the absence of a repulsive
barrier enables a deeper entrance of counterions and hence the
appearance of a second maximum close to the molecular axis.
This is consistent with the double maximum in B-DNA, though
the first peak is now shifted toward the molecular axis. For
Z-DNA, the small hump of the GP model at 5 Å transforms
into an independent peak in the “empty” model (shifted toward
the molecular axis as in B-DNA). The first maximum has a
higher counterion concentration than the second one, the
difference between the height of the peaks being more important
in Z-DNA than in B-DNA. Besides, the existence of an extended
positively charged region makes possible the presence of some
coions in the internal region of the “empty” Z- and B-DNA
models. In fact, the concentration of coions is far from negligible
at F ) 0. Although in both conformersccoion is close to 0.5 M,
the ratioccounterion/ccoion is markedly larger for B-DNA at the
molecular axis. At large distances from the polyion, the
concentration profiles for the “empty” models are increasingly
convergent with those of the GP models for both B-DNA and
Z-DNA.

With regard to the DS model, the concentration profiles are
substantially different from those for the GP and “empty”

models. In contrast with the differences between models, the
concentration profiles of the DS models are very similar in both
DNA forms. The presence of a repulsive cylinder in B-DNA
or the large radius of the sites representing the bases in Z-DNA
lead to a very sharp peak in the counterions profile. The height
of the peak is slightly over 4 M in both conformers. At larger
distances, the counterion concentration decreases in an expo-
nential-like manner while the coions profile is a slowly
increasing monotonic function. The reported results for B-
DNA16 show that the overall shape of the counterion and coion
concentration profiles are remarkably similar to that of a
homogeneously charged rod. This indicates that the discretiza-
tion of the charges by itself is not sufficient to provide a
qualitatively distinct behavior. Only when it is coupled with
the accessibility of the counterions to the grooves does one
obtain qualitatively distinct concentration profiles. In other
words, when the counterions are not allowed to enter into the
grooves, they feel essentially a strong linear charge density but
they are not specially sensitive to the spatial details of the charge
distribution of the polyion. But when the ions can enter into
the grooves, the concentration profiles are determined by both
the spatial distribution of the DNA charges and the DNA shape
(see also Figure 10 of ref 16).

Figures 7 and 8 show the concentration profiles for Z- and
B-DNA with 4.3 M added salt. The general increase of the ionic
concentration profiles with respect to the results at 1 M salt
denotes the increase in the salt concentration. In the case of the
counterions, the shape of the curves remains essentially the same
as in the 1 M systems. The only structurally significant point is
that the height of the first maximum of the “empty” model is

Figure 7. Concentration profiles around Z-DNA at 4.3 M salt
concentration. The upper curves are for counterions and the lower ones
for coions.

Figure 8. Concentration profiles around B-DNA at 4.3 M salt
concentration. The upper curves are for counterions and the lower ones
for coions.
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now of the same order as the second one. The situation is quite
different for the coions. The increase in the salt concentration
leads to a substantial increment in the number of coions at small
radial distances. This is especially noticeable in the “empty”
model for which the concentration of coions is the same (or
even larger in B-DNA) as that of counterions at the molecular
axis. The inner DNA region has enough room that can be
occupied by coions because the polyion charge is somewhat
shielded by the counterions at the first maximum.

The number of coions in the grooved Z-DNA model at 4.5
M salt (Figure 7) only becomes significant beyond 7.5 Å, just
after the position of the more external phosphates (those of type
p ) 1). This is in contrast with B-DNA (Figure 8) for which
the coions concentration in the GP model becomes significant
at 5-6 Å, i.e., much closer to the DNA axis than the phosphates
(F ) 8.91 Å). At larger radial coordinates, the coions have
similar concentrations in B- and Z-DNA (in fact, it is slightly
higher for the latter DNA form). AtF ) 10 Åswhere the
counterions profile of Z-DNA attains its maximum value, 6 Ms
the coions profile is about 3 M for the GP and “empty” models.
Perhaps the more important feature of the concentration profiles
of the systems with 4.3 M added salt is the existence of an
inversion in the concentration profiles at about 13 Å from the
molecular axis. This means that, for all the models, the coions
concentration is higher than the counterions concentration. Thus,
at such distances, the local net charge has the same sign as DNA.

Figures 9-12show the fraction of DNA charge compensated
by the solution ions as a function of the radial distance to the
molecular axis for the systems of Figures 5 to 8. At 1 M added
salt none of the DNA (B or Z) models yields charge inversion.

Nevertheless, all the systems at 4.3 M salt concentration show
this peculiar behavior in which the polyion charge is overneu-
tralized at certain distances. The charge inversion is especially
prominent in the DS models. The other significant difference
between the charge compensation function for the different
models is the radial coordinate at which the ions begin to cancel
the polyion charge. This reflects the different penetrability of
the models. As expected, the charge compensation for the DS
model of Z- and B-DNA is null up to values around 10 and 12
Å, respectively, and it increases sharply beyond those radial
coordinates, similar to the behavior of the concentration profiles.

It may seem surprising that the charge compensation functions
for the “empty” models look relatively similar to that of the
corresponding grooved models (especially at the higher salt
concentration) despite their differences in the concentration
profiles. The cancellation of the DNA charge begins at smaller
radial coordinates in the “empty” models but it finally converges
to the GP model result. This takes place at distances only slightly
beyond the position of the phosphates. In fact, at 4.3 M, the
results for the “empty” models are barely distinguishable from
those for the grooved model beyond 10 Å. In summary, the
structural features observed at distances close to the molecular
axis of the “empty” model are considerably blurred in the charge
compensation function. The problem is in fact similar to that
of the ionic distribution in simple electrolytes.89,91 The reason
for that is quite simple. Although the ionic concentration at small
distances from the molecular axis is not negligible, only a low
number of ions are involved because of the small value of the
concerned volume elements. In this way, such “structural”
features are not as relevant as they may appear at first.

Figure 9. Fraction of the Z-DNA charge compensated by the solution
ions for the systems with 1 M added salt. Solid line, GP model; dashed
line, “empty” model; dotted line, DS model.

Figure 10. Fraction of the B-DNA charge compensated by the solution
ions for the systems with 1 M added salt. Solid line, GP model; dashed
line , “empty” model; dotted line, DS model.

Figure 11. Fraction of the Z-DNA charge compensated by the solution
ions for the systems with 4.3 M added salt. Solid line, GP model; dashed
line, “empty” model; dotted line, DS model.

Figure 12. Fraction of the B-DNA charge compensated by the solution
ions for the systems with 4.3 M added salt. Solid line, GP model; dashed
line, “empty” model; dotted line, DS model.
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Apparently, there are no significant differences between the
charge compensation functions for B- and Z-DNA. Indeed, in
the three models, the cancellation by the counterions of the
Z-DNA charge starts closer to the molecular axis than for
B-DNA. But this seems to be a marginal effect as it does not
extend to higher radial coordinates. In fact, beyond 7-8 Å from
the DNA axis the charge compensation functions of Z- and
B-DNA are quite similar. It then can be noticed that the
departures between different models of a given DNA form are
more significant than the differences between the results for
both conformers using the same DNA model representation. In
the next section we will see that the relative similarity between
the ionic profiles of B- and Z-DNA is due to the averaging
over the axial and angular coordinates and that the differences
between the spatial distribution of ions for both conformers are
important.

2. Deviations from the Cylindrical Symmetry. In this
section we present the spatially resolved ionic distribution. As
suggested by the results of the previous subsection, the details
of the ionic distribution around B-DNA are quite uninteresting
for the DS model because the presence of the repulsive cylinder
seriously reduces the spatial structuration of ions. In fact, the
departures from the cylindrical symmetry in the DS B-DNA
model are small and limited to the distances between 10 and
12 Å from the molecular axis.71 On the other hand, Figures
9-12 show that the differences between the “empty” and the
GP models are small and occur mainly in the region of the bases
for which the “empty” model results cannot be considered
representative. Thus, our discussion will only involve here the
ionic spatial distribution for the more realistic of the models
presented in the previous section, i.e., the grooved model.

To simplify the description of the spatial distribution of ions
we will make use of the helical symmetry of DNA. This reduces
the number of coordinates needed to describe the spatial
distribution from three to two. We define the hypothetical helix
line passing through the external phosphates of chain 1 as the
reference helix. The radial distanceF to the molecular axis
remains as one of the coordinates of a given point. To define
the other coordinate we first project the point onto the cylinder
containing the reference phosphates and calculate either the axial
δzor angularδæ distance to the reference helix line. To evaluate
δz one moves from the projected point to the reference helix
along a line parallel to the molecular axis. Alternatively,δæ is
obtained by moving from the projected point along the circle
normal to the molecular axis until the reference helix is reached.
Both definitions are related byδz ) (7.43/60)δæsrecall that
7.43 Å and 60° are the elevation and rotation, respectively, of
the repeating unit in Z-DNA. According to the definition ofδz
andδæ their values are restricted to the range 0-44.58 Å (the
height of the helix turn) and 0-360°, respectively. A graphical
representation of the helical projection is given in ref 71 for
B-DNA. Notice that the helical projection implies a small
averaging over the spatial ionic distribution because the polyion
charge is not uniformly distributed around the reference helix
but concentrated on the phosphates. In fact, despite the fact that
the phosphates are the center of repulsive sites, it is possible to
detect some counterions as placed at the phosphate positions in
helical coordinates. They actually correspond to ions placed in
the middle of two consecutive phosphates along the reference
helix. The effect is more important in Z-DNA than in B-DNA
as the rotation between consecutive phosphates is only 36° for
the B form. Anyway, rigorous calculations for some test cases
indicated to us that the helical averaging does not introduce

significant spurious effects while greatly facilitating the analysis,
so we stick to the helical projection as presented above.

The distribution of counterions around Z-DNA at 1 M added
salt is shown in Figure 13. We have divided the axial coordinate
in four zones denoted as groove region (between 5.2 and 15.1
Å), bases region (from 21.2 to 43.7 Å), and two phosphate
regionssone around chain 1 (from-0.88 to 5.2 Å) and the
other around chain 2 (from 15.1 to 21.2 Å). Most of the
counterion charge is concentrated in the middle of the single
DNA groove and closer to the molecular axis than the
phosphates. This is a strong signal of a double cooperative effect.
First, the phosphates on both sides of the groove create a strong
electrostatic field that induces the counterion to being bound at
the center of the groove instead of being bound to a given
phosphate. On the other hand, the fact that the maximum is
reached deep in the groove reflects the influence of the ensemble
of the charged phosphates on the other side of DNA. The value
of the maximum is of the order of 5 M, about five times larger
than the bulk salt concentration. The maximum at the center of
the groove splits into two lobes reaching a maximum in the
phosphates regions. Those counterions are clearly under the
influence of both types of phosphates of a chain as the maxima
appear more or less centered between the coordinates of
phosphatesp ) 1 and 2. Consequently, there are two maxima,
one for each of the chains. In contrast with what happens at the
groove region, the maximum is now located outside the Z-DNA
molecule, at about 10 Å from its axis. At these positions, the
counterion concentration exceeds 3 M. Finally, it should to be
noted that the lobes extend along the axial coordinate entering
into the bases region where it reaches two new maxima, with
concentrations around 2.5 M. They correspond to counterions
bound exclusively to one of the external phosphates and placed
in the direction opposite to the groove.

The coions distribution for the GP model at 1 M added salt
is shown in Figure 14. The spatial distribution of coions is
mainly structured along the radial coordinate. A very small

Figure 13. Helical projection of the spatial distribution of counterions
at 1 M added salt for the grooved Z-DNA model. The contour plots
represent the counterion concentration at a given helical coordinate (δz,
F), whereF is the usual radial coordinate (the distance to the molecular
axis) andδz is the axial distance to a reference helix defined by the
type 1 phosphates of chain 1 (the darker spheres). The gray scale
represents 10 concentration ranges from 0 (light gray at the bottom of
bases region) to>4.5 M (almost black at the center of the groove).
The GP model is represented to facilitate the interpretation of the helical
projection. Notice the small filled circles denoting the positions of the
four types of phosphates and the dashed-dotted lines delimiting four
zones: groove, bases, and two phosphate regions.
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number of coions approach closer than 9 Å to theZ-DNA axis
and the concentration is always null forF < 7 Å. The
concentration of coions increases with the radial distance but it
has only slight axial/angular preferences. The highest concentra-
tion of coions appears in the bases region, far from the
phosphates. There is also a marginally increased concentration
at the region of the groove. This is in strong contrast with the
situation for B-DNA. There, the coions deeply penetrate into
the major groove.71 The different behavior is determined by the
different width of the grooves and the counterions size. In
B-DNA, the major groove is wide enough to generate two
different lobes of high counterion concentration inside the
groove. As a result, the coions may approach these regions of
positive charge and become bound in the middle of the lobes
just at the groove’s limit. These two lobes are also present in
Z-DNA but, as the groove is narrower, they appearoutsidethe
groove and do not induce the approach of coions to the
molecular axis. In this way, the single Z-DNA groove behaves
much like the minor groove of B-DNA.

From the results at 1 M salt (Figures 13 and 14), it is clear
that the net charge concentration around Z-DNA (i.e., the
concentration of counterions minus that of coions) looks similar
to the counterion distribution presented in Figure 13. The main
difference is that, at large distances from the axis, the counterion
and coion concentration profiles approach the bulk concentration
while the net charge concentration slowly converges to zero.
For the system at 1 M salt, the concentration of counterions is
always greater than that of coions. At higher added salt
concentration the situation is slightly different. At 4.5 M salt,
the spatial distributions of counterions and coions follow similar
patterns to those at 1 M so we do notpresent the corresponding
plots. But the net charge at 4.5 M salt (Figure 15) shows subtle
but significant effects. Obviously, the maxima observed in the
counterion distribution give rise to their corresponding maxima
for the net charge. Thus, up to 10 Å from the molecular axis
the net charge of the mobile ions is positive irrespective of the
axial/angular coordinate. Beyond 10-13 Å from the molecular
axis the coions concentration exceeds that of counterions (the
boundary is the zero charge isoline plotted as a full line in Figure
15). In this way, the local charge in the region beyond the line
is negative. Negative values of the net charge were also observed
in B-DNA at the same high salt concentration,71 but do not
appear in Z- nor B-DNA at 1 M salt. The regions of local
negative charge at 4.5 M salt are different in both conformers.
The lighter gray color in Figure 15 corresponds to net charge
concentrations below-0.5 M. There is a minimum in front of
the single groove at about 12.5 Å from the molecular axis. There
is also a less pronounced minimum at the region of the bases

at 11.5 Å. The value at the minimum is-0.36 M so it has the
same color as the surroundings and the minimum cannot be
perceived in the figure from 13 to 15 Å. The existence of a
very small maximum in the bases region cannot be established
unambiguously because of the noise of the simulation results.
Despite these small minima, it is to be stressed that, in general,
the isoline of zero charge is almost concentric to the Z-DNA
axis. This is to be compared with the situation for B-DNA where
the region of negative charge is extremely inhomogeneous.71

There, the radial coordinate at which the charge is negative
depends strongly on the axial coordinate: around 7.5 and 12.5
Å, respectively, at the major and minor groove, and beyond 15
Å at the phosphates region.71 The values of the net charge
concentrations at the maxima and minima for B- and Z-DNA
at 1 and 4.5 M salt concentration are shown in Table 4. The
net charge of the GP models of both B- and Z-DNA DNA show
five maxima (in only three nonequivalent positions) and two
minima per DNA turn. However, the location of these extrema
is completely different for both DNA forms.

Studies dealing with the ionic distribution around Z-DNA
are rather scarce. To the best of our knowledge no computer
simulations have been reported. The theoretical studies include
those of Pack and Klein,85 Misra and Honig,38 and Klement et
al.86 The former two papers use the finite difference Poisson-
Boltzmann (FDPB) technique. Pack and Klein determined the
electrostatic potential for atomic models of B- and Z-DNA at a
very low salt concentration, namely, 0.01 M. They modified
slightly the FDPB to introduce approximately the finite size of
the ions and found a maximum of counterions at the minor

Figure 14. Helical projection of the spatial distribution of coions at 1
M added salt for the grooved Z-DNA model. The gray scale represents
five concentration ranges changing from 0-0.2 M (light gray at small
radial coordinates) to 0.8-1 M (dark gray at large radial coordinates)
at 0.2 M intervals.

Figure 15. Net charge concentration (counterion minus coion con-
centration) around the GP Z-DNA model at 4.5 M added salt. The full
line is the isoline of zero charge. The gray scale represents concentration
ranges in 1 M increments fromc < -0.5 M (light gray atF ≈ 12.5 Å
in the groove region) toc > 8.5 M (almost black at the groove).

TABLE 4: Net Charge Concentrations at the Maxima and
Minima for B- and Z-DNA at 1 and 4.5 M Added Salt
Concentrationa

charge concn (M)

type
DNA
form region number 1 M salt 4.5 M salt

maximum B minor groove (inside) 1 4.5 6.2
major groove (inside) 2 2.9 5.1
phosphates (binded to) 2 2.4 4.7

Z groove (inside) 1 6.7 9.0
phosphates (binded to) 2 3.2 6.0
bases (binded to a

phosphate)
2 2.4 4.7

minimum B major groove (outside) 1 -0.72
minor groove (outside) 1 -0.72

Z groove (outside) 1 -0.85
bases (outside) 1 -0.36

a The column labeled number indicates the number of equivalent
extrema in that region.
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groove of B-DNA and at the single Z-DNA groove, which is
in accordance with our results for the GP model. On the other
hand, the counterion concentration at the maximum is higher
in Z-DNA than in B-DNA, which agrees with the results of
this work presented in Table 4. Misra and Honig extended the
calculations to the salt concentrations relevant for the study of
the B- to Z-DNA transition. They considered the ions as point
charges. By introducing a low dielectric constant within DNA
they obtained semiquantitative results for the thermodynamics
of the transition. However, the structural results are not so good.
For example, at 5 M salt the maximum in the counterion profile
reaches a value as high as 16 M.38 It seems that the combination
of an atomic description for DNA together with a point charge
description for the solution ions is not a satisfactory choice for
the calculation of the ionic atmosphere around DNA. Finally,
Klement et al.86 used the Kirkwood superposition approximation
together with the exponential mean spherical approximation to
evaluate the ionic concentration around B- and Z-DNA.
Although the underlying model makes difficult the comparison
with the results of the present work it also predicts the maximum
of counterions at the center of the Z-DNA groove.

V. Conclusions

In this work we have presented the ionic atmosphere around
Z-DNA as yielded by Monte Carlo simulations. Special
emphasis is put in the results for a grooved DNA models
described in this work for the first timesas the model combines
the approximate DNA shape with the phosphate charges in a
simple mesoscopic model. The results indicate that the narrow
Z-DNA groove is the preferred location for the counterions as
they are stabilized by the surrounding phosphates. Then, the
groove behaves very similarly to the minor groove in B-DNA.
The coions are completely excluded from the inner molecular
regions. This is in contrast with what was observed for B-DNA.
The width of the B-DNA major groove allows the accommoda-
tion of two counterions (with a similar size as that of the
hydrated Na+ ion) which attract the coions inside the groove
yielding a nonnegligible concentration. The maximum in the
counterion concentration is higher in Z-DNA than in the B form.
Outside the grooves there appear two maxima centered between
both types of phosphates, one for each of the chains. And finally,
there are two additional maxima in the region of the bases close
to the outer phosphates. As in B-DNA, there are also two
minima for the net charge due to the accumulation of coions.
But contrary to the B-DNA case, the coions concentrate outside
the chain, almost concentric to the molecular axis. In summary,
both in B-DNA and in Z-DNA we find a structure of alternating
positive/negative charges but in Z-DNA the alternation is along
the radial coordinate. Notice finally that the structural features
are strongly dependent on the accommodation of mobile ions
into the groove’s structure. For this reason, the spatial distribu-
tion of ions depends on the ionic size, which is in accordance
with the sensitivity to this parameter of the experimental101 and
computer simulation results73 of the thermodynamics of the B-
to Z-DNA transition.

Despite the extreme simplicity of the “empty” DNA model,
its ionic distribution has some similarities with that of the
grooved model, especially beyond radial distances of 4-5 Å.
On the other hand, the presence of a impenetrable cylindrical
core in the DS model disables the structuration of counterions
and coions in a similar way. In fact, the radially integrated
charge compensation functions of the GP model show a much
greater resemblance to those of the “empty” than to the DS
model. It is important to note that the predictive ability of the

models for the B- to Z-DNA transition is GP> “empty” .
DS.48,72This seems to confirm that the penetrability of the ions
into the grooves (which produces a structure of alternating
charges) is essential for the transition to occur. On the other
hand, it is to be noticed that the similarities observed in the
ionic distributions of the “empty” and GP models are probably
linked to the similarities in the results for the B- to Z-DNA
transition. In this way the “empty” model not only provides a
semiquantitative description of the transition47,48 but can also
serve to improve the results by using the size of the hydrated
ions as adjustable parameters as in ref 43.
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