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A method recently proposed to calculate by computer simulation the relative free energy between
two conformational states of a polyelectrolyte is used for the case of the salt induced B- to Z-DNA
transition. In this method, the calculation of the free energy may be split in two steps, one
corresponding to the setup of theunchargedconformer in solution while the other one is the
charging process of such a structure. Following the description of the method, simulations are
reported to compute the free energy difference between the above mentioned DNA conformers in
presence of monovalent added salt. We use a simple DNA solution model—the DNA is represented
by charged spheres at the canonical positions of the phosphate groups, water by a dielectric
continuum of appropriate permittivity and counterions and coions are modeled as soft spheres of
equal ionic radius—for which theoretical approximations have been proposed. It is seen that the
charging term is much more important than thesetupcontribution at any of the investigated salt
concentrations. The variation of the free energy of each conformer as a function of the added NaCl
concentration has been calculated. Both the B and Z conformers increase noticeably their stabilities
with higher salt concentrations but the effect is more pronounced for the latter. As a consequence,
the relative population of B-DNA, which is clearly prevalent at moderate ionic strengths, decreases
with the addition of salt. However, up to 4.3 M NaCl a B→Z transition is not predicted for this
DNA solution model. Additionally, the theoretical calculations are checked for the first time against
computer simulation results. In particular, we have tried to assess the foundations and predictive
ability of ~especially! the Soumpasis potential of mean force theory and, in a lesser extent, the
counterion condensation theory of Manning and the polymer reference interaction site model theory
of Hirata and Levy. ©1997 American Institute of Physics.@S0021-9606~97!51218-9#
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I. INTRODUCTION

The conformational change between the B and Z for
of DNA was discovered in 1972 by Pohl and Jovin.1 Al-
though it is not a transition in the usual sense in physics,
frequently referred to in molecular biology and biophysics
the B- to Z-DNA transition; in this work, we will respec
such terminology. The transition involves dramatic interco
versions at the molecular level. The double-helix twist h
opposite senses in both forms—right-handed in B-DNA a
left-handed in Z-DNA—and the base pairs are flipped o
in one form with respect to the other relative to the sug
phosphate backbone.2 In solution, DNA is a negatively
charged polyelectrolyte due to the complete ionization of
acidic phosphate groups.3 As Z-DNA is thinner than
B-DNA, its charged phosphates are closer to each other
ing stronger repulsions among them so that B is, in princip
the most stable DNA form. The transition from B- to Z-DN
then requires a stabilization of the Z with respect to the
form by means of extrinsic effects. Among these, most of
experimental studies have been focused on
supercoiling4,5 and salt effects1,6 due to its biological rel-
evance. It is well established that the Z form of purin
pyrimidine inserts in supercoiled plasmids~relatively short
circular DNA molecules! is induced by increasing levels o
topological stress~i.e., negative supercoiling!.5,7On the other
hand, the salt-induced transition is not as well understood
J. Chem. Phys. 106 (19), 15 May 1997 0021-9606/97/106(19)/82

Downloaded¬27¬May¬2005¬to¬147.96.5.17.¬Redistribution¬subject¬t
s

is
s

-
s
d
r
-

e

v-
,

e
e

-

In

particular, chemical nature, size and charge are ion attrib
which modify its ability to induce the transition for a give
DNA sequence.

Regarding this salt-induced conformational chan
there is a wealth of experimental data available~see Ref. 8
for a general review and Ref. 9 for an extension of the d
there provided!. Among the well established qualitative a
pects it is known that the DNA base sequence determines
salt concentration at which the transition between the B
Z forms takes place. As the conformational change is
equilibrium between two species with different properties
is easy to determine the experimental point at which b
forms are equally probable, the so-called transition midpo
Depending on the DNA sequence, midpoint concentrati
of added NaCl ranging from 0.7 M to 5.4 M have be
reported.8,10,11Besides, an increase of the counterion~cation!
charge results in a decrease of the salt concentration requ
to induce the transition.1 Unfortunately, most workers in the
area have not reported the variation of the free energy
ference of the transitionDGB→Z with salt concentration. In
fact, the detailed variation of the relative stability of bo
DNA forms has only been reported for d~C-G!n•d~C-G!n oli-
gomers in the high monovalent salt region~i.e., 2–5 M
NaCl! by Pohl.6 Thus, there is a need for more experimen
data ~variation of the free energy difference over a bro
range of salt and for both oligomeric and polymeric DNA! in
823939/15/$10.00 © 1997 American Institute of Physics
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8240 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
order to better test the validity of the model and approxim
tions made in both theoretical and computer simulation
proaches. Pohl observed that the free energy per base
obtained using an all-or-none formalism, was linear in
logarithm of salt concentration and did not depend on
DNA length. Pohl accurately fitted his data to the express

bDGexp
B→Z520.3 log

C

2.25
, ~1!

where the free energy is given per DNA phosphate,C is the
NaCl molar concentration, 2.25 M is the transition midpo
andb215kBT, kB being the Boltzmann constant andT the
absolute temperature.

Due to the tremendous complexity of the problem, fe
theories have been applied to the relative stability of the
and Z forms of DNA at high concentrations of added sa
Besides, they have been forced to use simplified models
the system components~polyion, water and ions! and the
interactions between them. In particular, water is alwa
modeled at the McMillan-Mayer level, i.e., its effect is in
cluded as a modification of the electrostatic interaction
tween charges through an effective dielectric constant, w
B- and Z-DNA are modeled as simple representations
their canonical forms. One of the first polyelectrolyte the
ries available, the Poisson-Boltzmann~PB! equation,12,13was
applied to study the B- to Z-DNA transition by using th
homogeneously charged hard cylinder model
polyelectrolytes.14–16 The results of this two-paramete
theory—polyion radius and charge density—are strongly
pendent on the cylinder radii. Besides, the free energy
ference versus salt concentration curve is almost flat;
slope is about 50 times smaller than the experimental one
other PB predictions for this polyelectrolyte model in pre
ence of monovalent salt are satisfactory,17,18 these results are
expected to represent the correct behavior for the B→Z tran-
sition of the homogeneously charged model. It seems t
unreasonable to use more complex theories with such sim
DNA models.

A more sophisticated model was solved also within a
scheme by Demaret and Gue´ron.19 There, DNA was not
modeled as a cylinder, but its grooved structure was in
duced in the calculation in an averaged way, keeping
cylindrical symmetry. Proceeding this way no effective DN
radii are needed, the space available to the ions within
polyion being used instead. Although several aspects of
calculation—such as the location of the DNA charges a
the inclusion of the low value of the dielectric constant
side the DNA—somewhat hinders the appraisal of the c
tribution of each part of the model to its relative success,
predicted high-salt slope is fairly satisfactory: almost half
experimental value. Nevertheless, yet another PB calcula
of a toy representation of DNA as a planar charged surfac
able to reproduce the experimental slope.20 In this sense, one
has to be careful as to what extent the apparent success
model might be fortuitous. Recently, the electrostatic con
bution to the transition free energy has been calculated u
the non-linear Poisson-Boltzmann~NLPB! theory for all-
atomDNA models with a two-dielectric constant~one for the
J. Chem. Phys., Vol. 106
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DNA and another one for the solvent! model.21 The pre-
dicted slope is about half the experimental one. This i
quite good result but it shows either that other contributio
~solvent effects, intramolecular interactions, etc.! are impor-
tant or that the NLPB theory is insufficient.

Counterion Condensation~CC! theory22–24has been ex-
tensively applied to polyelectrolyte systems due to its s
plicity and predictive ability. The original formulation of th
theory, which in essence considers the electrostatic free
ergy as a pairwise sum of Debye-Hu¨ckel potentials reduced
by condensed counterions around the polyion charges
cated along an infinite line, erroneously predicts that the
form is always more stable than the B form because of
lower axial charge density. Being the CC theory an ex
double limiting law~infinite salt dilution and infinite polyion
length25!, it is fairly accurate at moderate sa
concentrations26 but its application to very high salt cond
tions ~such as those present when the transition takes pl!
may not be justified. Recently, the application of the C
framework to more realistic models than the infinite line
charges has been reported25 and the B to Z transition reex
amined in this context.27 In these papers, the CC equatio
are numerically evaluated for models in which the doub
helical array of phosphates are explicitly considered. T
approach, hereafter referred to as the discrete CC theory~for
the constant-dielectric solvent model and polymeric DNA!,
predicts that the B form is more stable than the Z form
moderate monovalent salt concentrations, in qualitative
cord with experimental data. The same holds for the prog
sive diminution of the free energy difference with increasi
added monovalent salt concentration in the moderate to h
salt end. Nevertheless, the slope of this variation is an o
of magnitudesmaller than the experimental one.

Another interesting calculation within a well founde
approximation was that performed by Hirata and Levy w
the polymer reference interaction site model~PRISM!
theory.28,29They used a DNA model in which the phospha
groups were explicitly modeled as solution anions placed
the phosphates canonical positions, neglecting comple
the sugar and base atoms. In this paper, such model wi
referred to as theemptyDNA model. Again, the theory pre
dicts a stabilization of the Z form with increasing salt, givin
a zero value of the free energy difference at about 3.6
NaCl. However, the slope of the free energy curve is
order of magnitudelarger than the experimental result.

The most successful theory for the B→Z transition up
till now is the Soumpasis potential of mean force~SPMF!
approach.30 The theory is also based on the empty DN
model. The many body correlations are decoupled by us
the Kirkwood superposition approximation~KSA! ~Ref. 31!
and the ionic interactions replaced by the potentials of m
force ~PMF! between the anions in a simple electrolyte s
lution at the same concentration as the added salt in the D
system. The anion-anion PMFs are evaluated by mean
integral equation theories, in particular, the hypernet
chain ~HNC! theory and the exponential mean spherical a
proximation. Using the restricted primitive model~RPM! of
electrolytes, in which the ions are considered as charged
, No. 19, 15 May 1997

o¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



le
ab

ry

e
i
g
n
s
cı
o-
ac

of

o
ls
ed
e
T
o

tio
n
th
sa
ca
at
al
n
th
ra
bu

n-
a
if
io
op
f

ox
o

or
r i
t
tr
tle
de
gh
fo
or

res
the
the
t’’
on
ible
en
nd
el.
gle
e an
ady
pli-
er-
he
te

by
a-
s a
ing
tro-
n to
Z

NA
x-
lly
g
nly
tion
B

ort
tails
er
lent
us

ill
m-
o-
in
are
lu-

e-
es-
de-

rba-

8241J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
spheres of equal diameter in a continuum medium of die
tric constant equal to that of the solvent, Soumpasis was
to reproduce quite accurately the full experimentalDGB→Z

curve by fitting the only adjustable parameter of the theo
namely, the ionic diameters, which was set to 4.9 Å.30

Proceeding this way, Soumpasis considers that the free
ergy difference between the Z and B DNA conformers
only due to diffuse ionic cloud contributions, neglectin
other effects such as the dependence on the DNA seque
the intramolecular and vibrational contributions and tho
arising from the molecular nature of water. Although Gar´a
and Soumpasis32 have estimated the value of the intram
lecular and vibrational free energies to almost cancel e
other, adding up a mere20.1 kBT per phosphate for the
alternating guanine-citosine sequence, some caution
needed. The hydration contribution may also favor the
conformation of DNA at high salt~i.e., low water activity!
because of the more ‘‘economical’’ or efficient hydration
this form with respect to the B form.33

The last paragraph brings out the important question
the theoretical limits due to the insufficiencies of the mode
Schematically, the contributions neglected in simplifi
models fall into two categories, namely, those independ
of added salt concentration and those dependent on it.
former leads to a constant contribution to the free energy
the conformers, and thus, they modify the precise transi
midpoint while preserving the slope of the relative free e
ergy curve as a function of salt concentration. It remains
question of which contributions are dependent on the
concentration and which are not. Now, from a theoreti
point of view, one is forced to speculate. It is likely th
several effects~especially, the intramolecular and vibration
contributions! are not essentially salt concentration depe
dent. In the case of the DNA sequence, its influence on
transition slope is difficult to ascertain. Regarding the hyd
tion contribution, it is expected to have some influence
this would clearly be a refinement over the continuum~im-
plicit! solvent models. Fortunately, simulation results on
given model enable one to check~without ambiguity! the
validity of the theoretical framework irrespective of the u
derlying model limitations. Besides, it is our belief that,
the current stage of development, and because of the d
culties mentioned, the assessment of the model predict
should be mostly concerned with the question of the sl
rather than with the prediction of transition midpoints. O
course, this does not invalidate the use of any theory—
particular, the SPMF approach—as a semiempirical appr
mation which can be fitted to provide excellent predictions
the transition salt concentration.

So, what can be learned from previous theoretical w
on the B to Z transition? The only thing more or less clea
that the homogeneously charged model seems somewha
able to predict the experimental trends at the salt concen
tion range investigated in this work. Beyond that, very lit
is known. Some theories applied to the empty DNA mo
give promising predictions of the transition midpoint thou
different theories provide completely divergent results
the B-Z free energy slope. That from the discrete CC the
J. Chem. Phys., Vol. 106
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as applied to~roughly! the empty model27 is an order of
magnitude smaller than the SPMF result. The latter compa
favorably with the experimental slope. On the other hand,
experimental slope is an order of magnitude smaller than
PRISM prediction. Thus, there is a clear need of an ‘‘exac
result which can only be provided by computer simulati
results on the empty model. In this way, it should be poss
to separate two different questions: the ability of a chos
model to account for the main features of the transition a
the validity of the theoretical assumptions for that mod
This typical use of computer simulation to close the trian
whose other vertices are theory and experiment has her
important drawback, namely, none of the methods alre
proposed to compute the B-Z free energy difference is ap
cable to our problem. So the first task is to develop a th
modynamic pathway which allows the computation of t
free energy of a polyion immersed in a simple electroly
solution from a reference state.

Recently,34 we have reported a method to calculate,
computer simulation, the free energy difference in conform
tional changes of polyelectrolytes. The procedure use
common reference state for both DNA conformers consist
in a collection of uncharged spheres immersed in a elec
lyte solution. In a subsequent step, the spheres are take
the appropriate positions to build the uncharged B and
forms which, in a final stage, are charged up to give the D
polyelectrolyte. In this way, the contributions can be ‘‘e
actly’’ evaluated by computer simulation. This is especia
true for the major contribution coming from the chargin
process of the neutral forms. In Ref. 34 we presented o
terse ideas of the method and its preliminary implementa
to the calculation of the relative free energy between the
and Z forms of DNA. The purpose of this paper is to rep
a deeper discussion of the theoretical scheme and the de
of its application to the empty DNA model. On the oth
hand, we compare the results at different added monova
salt concentrations with both the predictions of the vario
theories and the experimental data.

In Section II we discuss the methodology which w
enable the evaluation of the free energy difference by co
puter simulation. The model used for B- and Z-DNA t
gether with the details of the simulations are described
Section III. In Section IV we present the results and comp
them with the theoretical approximations. The main conc
sions are summarized in Section V.

II. THE THERMODYNAMIC PATH FOR THE
COMPUTATION OF THE FREE ENERGY DIFFERENCE

For the computation of the free energy difference b
tween two states, a reversible path linking them may be
tablished; the free energy change along that path is the
sired difference. If both states arevery similar the free
energy change can be calculated via a free energy pertu
tion ~FEP! scheme35 by means of the expression

bDGFEP52 log^exp~2bDU !&, ~2!
, No. 19, 15 May 1997
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8242 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
where DU is the difference between the potential ener
describing both states. The average, denoted by angle b
ets in Eq.~2! is taken over the equilibrium ensemble for a
of the states as long as they are supposed to be very clo
the states are similar but not quite so, a number of clos
spaced intermediate states can be constructed and the
free energy evaluated as a sum over them. The FEP appr
has been employed by Kollman’s group in the estimation
the change inDGB→Z caused by certain modifications of th
DNA sequence.36–38However, the actual free energy chan
of the B- to Z-DNA transition cannot be computed by th
method due to the dissimilarity of the conformers which
sults in insurmountable sampling problems. Even with
extremely simplified DNA model, a direct estimation
DGB→Z through the FEP method would require the simu
tion of a huge number of intermediate models, which is
ceedingly expensive in terms of computer time.

An alternative route might be provided by the Wido
method of estimating the chemical potential.39 The direct
insertion of the full DNA molecule into the electrolyte wou
conceptually give the desired quantity but is, of course,
of the question. Other insertion methods for the estimation
the chemical potential of chain molecules such as the gra
insertion scheme,40 the Rosenbluth sampling41,42 and the re-
cursive sampling of Grassberger43,44 attempt to explore the
available conformational space and, thus, cannot be app
here because of the fixed geometry of each of the D
forms. Besides, the application of insertion methods
charged particles must solve the problems associated
the preservation of the box electroneutrality which mak
them complex and rather specific.45,46

The SPMF theory uses another approach. The met
can be visualized as if a number of anions from a sim
homogeneous electrolyte, at the concentration under con
eration, were moved and kept fixed at the positions of
DNA phosphates which builds up the DNA model. The fr
energy of this change isDGSPMF

V —the excess free energy o
the correspondingV-DNA form (V5B,Z) with respect to
the electrolyte— from whichDGSPMF

B→Z5DGSPMF
Z 2DGSPMF

B is
readily obtained. The SPMF theory simplifies the many bo
problem by decoupling the contribution of the second a
successive phosphates to the chemical potential of a g
one by using the Kirkwood superposition approximation
gether with the HNC correlation functions. To assume u
correlated the ionic distribution around consecutive char
phosphates despite the long-range interactions between
and the mobile ions is a weak point of the SPMF theory. T
use of simulation results instead of HCN calculations with
this scheme would not overcome the problem. As the H
correlation functions and PMFs compare very well w
simulation for monovalent ions at the high salt concentrat
range relevant to this study, the transition free energy
tained using simulation results within Soumpasis’ sche
would be essentially the same as that of the original SP
theory.

The situation may be different if the building up of th
charged structures from the solution anions is split in sev
steps. The key idea is to first set up an unchargedV-DNA
J. Chem. Phys., Vol. 106
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form by moving uncharged groups from the electrolyte so
tion to their canonical DNA positions (DGsetup

V ) which is
followed by a further step corresponding to the charging p
cess of the DNA structures (DGcharging

V ). The advantage of
this method, which we callsetup and charge~SUCH! is that
the leading contribution to the free energy would then co
from theDGcharging

V term, i.e., from the electrostatic interac
tions at the polyion charged groups. Interestingly, this te
can be ‘‘exactly’’ calculated by computer simulation throug
a charging process starting at the uncharged DNA. Besi
the correlations between uncharged particles immersed
medium of high ionic strength are small provided they a
separated by a distance larger than their repulsive radii~the
statement has proven to be virtually exact in uncharg
media47!. As the minimum interphosphate distance in B-
Z-DNA is about one and a half times the value of the effe
tive ionic diameter~typically 4.2 Å!, DGsetup

V for the empty
model must be small as well. Moreover, in this case, th
body ~and higher! contributions to this term are expected
be negligible, i.e., the KSA is then virtually exact. Thus,
separating the contributions to the free energy in t
components—that coming from the setup of uncharged D
structures from neutral groups and that of the charged D
relative to the neutral one—we are able to evaluate the le
ing one~a purely electrostatic term! as accurately as neede
while the minor contribution can be treated by means o
superposition approximation whose application is now ac
rate enough.

The thermodynamic path of our route for the compu
tion of the free energy difference is shown in Fig. 1, whe
the stages of the process are depicted. The SPMF rou
also drawn as a dashed line. Starting with the homogene
simple electrolyte at the desired concentration~stage 1), a
number of ions are uncharged~stage 2). This step is no
necessary if one is interested exclusively in the transit
free energy difference because the ‘‘uncharging’’ term is
same for both DNA conformers and, thus, it gives no n
contribution to the free energy of the transition. As a mat
of fact, we will forget about this term in most of the pape
Next, the uncharged phosphates are placed at their posi
in the corresponding DNA form~stage 3!. This is thesetup
step. The last step~stage 4! is the chargingprocess, where
the phosphates are charged up back to its full charge, giv
the desired complete DNA form in the salt solution. Giv
this pathway, the excess free energy of each DNA form w
respect to the starting electrolyte solution is

DGV5DGuncharging
V 1DGsetup

V 1DGcharging
V , ~3!

and, thus, the ‘‘total’’ free energy difference between t
DNA conformers is

DGB→Z5DGsetup
B 1DGcharging

B 2DGsetup
Z 2DGcharging

Z ,
~4!

where the subindicesuncharging, setupandchargingrefer to
the corresponding steps. We have quoted the word ‘‘tot
to emphasize that some contributions~hydration, intramo-
lecular interactions, etc.! have not been considered in th
method. Although the latter contributions could be incorp
, No. 19, 15 May 1997
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8243J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
rated into the formalism, we prefer to limit the method to th
terms appearing in almost any model, even in the simple
ones. Notice that for some models~as the one used in this
paper! the above expression is exact. For the sake of gen
ality, in the remainder of this section, we deal with a polyio
which presents two different conformers~called B and Z! in
solution. Both conformers are modeled with the same num
ber of sites,Ns , from which Nq are charged. Besides, the
free energy will be divided by a numberN, which is related
to the number of repeating units that build the polyion. Usu
choices for DNA systems are the number of phosphates~as
in this paper! or the number of base pairs.

The setup contribution could be computed via the fre
energy perturbation method introduced above. As the po
electrolyte groups are discharged in this case, the corre
tions among them are much weaker than for charged si
and the required number of intermediate steps of the F
process should be much smaller since there is no ionic co
densation around the uncharged macromolecules. Nevert
less, such calculation seems a waste of computing resour
as long as approximate methods should be accurate eno
in these conditions. In fact, it has been recently shown th
the KSA predicts good results in inhomogeneous uncharg
media.48 Besides, Zhou and Stell47 have shown that the equa-
tion of state of an-particle linear chain fluid may be derived
from an approximation closely related to the superpositio
approximation. In addition, they use the same general fram
work to investigate solvent effects on ionic associatio
Thus, if one writes the setup free energy in terms of th

FIG. 1. The thermodynamic path for the computation of the free ener
difference ~see the text for details!. Top: the free energy differences in-
volved in each of the steps along the thermodynamic path. Bottom: sc
matic representation of the actual system in every stage. From left to rig
starting with a simple electrolyte solution, some particles are uncharg
then, the uncharged particles are placed at the positions of a DNA form, a
finally, the uncharged DNA structure is charged-up.
J. Chem. Phys., Vol. 106
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multiparticle PMF among the uncharged particles, which
pends on the set of positions of those particles in theV form

DGsetup
V 5

1

N
Wuncharged

~Ns! ~r1
V , . . . ,rNs

V !, ~5!

it is then expected that the multiparticle PMF may be saf
expressed in terms of the PMFs between pairs~the KSA
approximation!

Wuncharged
~Ns! ~r1

V , . . . ,rNs
V !5

1

2(i51

Ns

(
j51

Ns

Wuncharged
~2! ~r i j

V!, ~6!

so that

DGsetup
V 5

1

2N(
i51

Ns

(
j51

Ns

Wuncharged
~2! ~r i j

V!. ~7!

In the above expressions,r i j
V is the distance between thei

and j sites andWuncharged
(2) is the PMF between thei and j

uncharged particles dissolved in the homogeneous elec
lyte solution which, in general, is given by46

Wuncharged
~2! ~r i j !5muncharged~r i j !2muncharged~`!, ~8!

wheremuncharged(`) is the chemical potential of thei un-
charged particle in a bulk electrolyte~i.e., with thej particle
infinitely apart! andmuncharged(r i j ) is the same quantity when
the j site is present at a distancer i j .

As for the calculation of the charging term, Verwey an
Overbeek49 introduced two charging routes appropriate f
calculating electrostatic free energies of polyelectrolytes
the first one, the polyelectrolyte is charged up in an isoth
mal process, the ionic atmosphere being in equilibrium at
stages; in the second, the energetic cost of assembling
ionic atmosphere around the already charged polyion is c
puted. There is a parallelism between these routes and
Debye and Guntelberg charging processes of simple elec
lytes, respectively, although in the latter the central ion is
entity charged against the field produced by its ion
atmosphere.50 Nevertheless, the Guntelberg approach is u
physical in the canonical ensemble, where the numbe
ions is fixed, because electroneutrality is violated during
process.15 Thus, we will use a Debye-like charging proce
where the polyelectrolyte sites are charged up while a nu
ber of counterions exactly compensate its charge at e
stage. The total charging free energy is then given by
usual integral,

DGcharging
V 5

1

NE0
1

(
i51

Nq

qiw i
V~l!dl, ~9!

where the sum extends over the polyion sitesi with charges
qi and wV i(l) is the total electrostatic potential at thos
points in theV-DNA form51 in the charging statel. The
above expression was incorrectly written in Ref. 34 and
preliminary results there presented differ slightly with r
spect to those given in this paper.
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III. IMPLEMENTATION FOR ‘‘EMPTY’’ B- AND Z-DNA
MODELS

A. Models and potential parameters

As mentioned in the Introduction, we deal with empty
and Z-DNA models, i.e., only the phosphate groups are
plicitly considered. There are two canonical Z-DNAs, call
ZI and ZII ,

52 ZI being more stable at the high salt conce
trations relevant for the salt-induced transition;53,54 in this
work we always refer to the ZI form as Z-DNA. As is well
known, both B- and Z-DNA consist of two strand
(s51,2). All the phosphates are equivalent in the B form b
the phosphates along each strand of the Z form are alte
tively located at two different distances from the helix ax
thus being two non-equivalent phosphate types. We will
fer to these phosphates asZ1 andZ2. The alternate residue
conformation is manifested as a zig-zag course of the su
phosphate backbone which is the origin of the Z-DN
name.2 As a consequence, the repeating unit in Z-DNA is
base pair dimer instead of a single base pair as in B-D
~see Table I where some relevant structural parameter
both DNA forms are listed!. The phosphate coordinates fo
the B and ZI forms have been taken from the phospho
atoms positions reported by Arnott and Hukins55 and Wang
et al.,52 respectively. For a complete DNA turn, they may
written down in a convenient compact form in a cylindric
coordinate system as

r i
V,p5r0

V,p,

f i
V,s,p5f0

V,s,p1DfV
• i ,

zi
V,s,p5z0

V,s,p1DzV
• i , ~10!

where s51,2 represents each of the strands,p51 and i
ranges from 0 to 9 for B-DNA, andp51,2 andi50 to 5 for
Z-DNA. In the above expressionDz and Df are helical
parameters, the rise and rotation per repeating unit, res
tively, ~see Table I!, and r0

V,p , f0
V,s,p , and z0

V,s,p are the
coordinates of the minimum set of phosphorus atoms wh
enables to generate the positions of the remainder o
~Table II!. From these parameters it is possible to calcul
the reduced axial charge density of each DNA conforme
is defined as

j5
e2b

4pee0b
, ~11!

TABLE I. Parameters of the B- and Z-DNA helices.

B-DNA Z-DNA

Helix sense Right-handed Left-handed
Repeating unit Base pair Base pair dime
Repeating units per turn 10~20 phosphates! 6 ~24 phosphates!
Rise per repeating unit
(DzV) ~Å!

3.38 7.43

Rotation per repeating unit
(DfV) ~degrees!

136 260

Helix pitch ~Å! 33.80 44.58
Reduced axial charge densityj 4.23 3.85
J. Chem. Phys., Vol. 106
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wheree is the ~relative! dielectric constant of the pure so
vent (78.358 for water at 25 °C, the temperature of o
study!, e0 is the vacuum permittivity,e the magnitude of the
electronic charge, andb the separation between charg
along the polyelectrolyte axis, i.e.,DzV divided by the num-
ber of phosphate groups in a repeating unit which are 2
B- and 4 for Z-DNA. Thej values for B- and Z-DNA are
4.23 and 3.85, respectively.

The ion-ion~and phosphate-ion, the phosphates are
immobile anions! potential is of the form18,56–59

Ui j ~r i j !5
AMe

2uzizj u
4pe0Ncn

~r i1r j !
~n21!

1

r i j
n 1

zizje
2

4pee0

1

r i j
,

~12!

wherezi is the valency of ioni (6 1 in this study!, r i j the
distance between ions,AM51.7476 the Madelung’s constan
of the NaCl structure,Nc56 the coordination number of th
same structure,n59 the steepness parameter of the repuls
interaction, andr i the nominal radius of ioni . The structure
of the homogeneous electrolyte withr i51.4214 Å~irrespec-
tive of the sign of the ionic charge! roughly corresponds to
that of a RPM with a hard-sphere diameter of 4.2 Å.57

B. Calculation of the free energy terms

To implement the method, the terms in Eq.~4! must be
evaluated through the relations~7! and ~9!. In the DNA
model defined in the previous subsection all the polyelec
lyte sites are coincident with the phosphate positions
carry one negative charge. In this way, if the free energy
referred to one phosphate group,N5Ns5Nq . As there are
only p structurally distinct sites, the sum overj in Eq. ~7!
hasN/p identical terms and the setup free energy per ph
phate takes the form~for an infinite polyion!

bDGsetup
V 5

b

2p(p (
i

`

Wuncharged
~2! ~r ip

V !. ~13!

The sums extend over nonequivalent phosphates and po
sites, respectively. Besides,r ip

V is the distance of thei phos-
phate to the reference one of typep. Analogously, the sum
over i in Eq. ~9! also hasN/p identical terms. As every site
carries a charge2e, the charging free energy per phospha
for an infinite polyion is given by

TABLE II. Generating phosphorus coordinates parameters for each D
form.

DNA form sa pb r0
p ~Å! f0

s,p ~degrees! z0
s,p ~Å!

B 1 1 8.91 0.0 0.00
2 1 8.91 154.4 0.78

Z 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

aStrand.
bPhosphate type.
, No. 19, 15 May 1997
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bDGcharging
V 5E

0

1S 21

p D(
p

fp
V~l!dl, ~14!

wherefp
V is the reduced electrostatic potential at the char

polyion site of typep, fp
V5wp

Vbe.
The setup PMFs between uncharged particles has b

computed by Widom’s method.39 For each desired added sa
concentration, the corresponding electrolyte solutions at
same salt concentrations~but with a neutral particle added!
has been simulated. Ghost uncharged particle insertions
attempted at distances from the reference one covering
whole set of interparticle separations between the poly
phosphates in the B and Z forms. In this way, all the nec
sarymuncharged(r i j

V) are readily obtained, the asymptotic b
haviour at large distances providingmuncharged(`). By using
Eq. ~8!, the PMF can be evaluated from which the set
term—Eq.~13!—is computed. Notice that, asmuncharged(`)
appears in the contribution to each of the DNA conforme
it exactly cancels when calculating the transition free ener

Both the intramolecular~due to other phosphates! and
the ionic cloud contributions must be considered in the co
putation of the electrostatic potential at each phosphate51

fp
V~l!5

1

4pee0
F(
iÞp

`
2le

r ip
1E ql~t!

r pt
dtG , ~15!

whereql(t) is the net ionic charge att due to the ionic
distribution around theV-DNA form in charging statel; the
integration takes place over all the space. Since the ele
cally neutral bulk electrolyte far from the polyion does n
contribute to the potential at the polyion sites, the integrat
along the radial direction has a natural limit defined by
simulation cell boundary~or the internal region of the Modu
lated Bulk as a Fuzzy Boundary method, see below!. As for
the axial direction, the intramolecular and ionic cloud con
butions tend to compensate so that its net effect vanishe
certain distance to the considered phosphate. We have
ten DNA turns above and below the central one~21 total
turns! obtained replicating the one explicitly simulated~or
the average when the simulation cell contains more than
helix turn!. Computations considering a larger system in
axial direction gave identical results.

In the Debye-type charging process the overall elec
neutrality of the system is required at all stages. As the
plicit part of the system in the axial direction must contain
exact number of DNA turns~to preserve the helical symme
try!, and as the total polyelectrolyte charge~in electron units!
must be an integer number~identical to the number of coun
terions!, only certain values for the fractional charge at t
phosphate sites are allowed. Happily, the number of ph
phates per turn in both B- and Z-DNA~20 and 24, see Table
I! are highly divisible numbers. In particular, both are m
tiple of four, so that we can usel values of 0, 0.25, 0.5
0.75 and 1.0.

C. Simulation of the polyelectrolyte solutions

The experimentally reported NaCl midpoint for the
→Z transition of different DNA sequences vary from 0.7
J. Chem. Phys., Vol. 106
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for poly~dGm5dC! ~Ref. 10! to 5.4 M for poly~dAm5dC
•dGdT!.11 Monte Carlo simulations have been performed
the B and Z forms of the empty model of DNA at bu
nominal salt concentrations of 0.5, 1.0, 2.5 and 4.3 M,
proximately covering the experimental range and centered
that corresponding to the original poly~dGdC! which is 2.5
M.1 For a given salt concentration, each value of the cha
ing parameter implies a different polyelectrolyte soluti
simulation. The simulated states (24 in total! are given in
Table III. The minimum number ofl values is 0, 0.5 and
1 for the system at 2.5 M. The other three salt concentrati
also includel50.75 and, additionally, at 1 M the valu
l50.25 has been simulated. The simulations withl lower
than unity havel times the number of DNA charge compe
sating counterions of thel51 case~Table III!. Two DNA
turns are explicitly considered for the two lowest concent
tions and just one for two more concentrated cases. No
that, as the counterions condense on the polyion surface,
not possible to exactly set the desired simulated bulk
concentration, especially whenl51. Moreover, different
values are obtained in the simulation of each of the DN
forms. The actual bulk salt concentrations are presente
Table III. Nevertheless, for simplicity, concentrations w
often be referred by their nominal values.

The simulations of the polyelectrolyte solutions a
somewhat complex. The discussion of the general met
can be found elsewhere.58–60Next, we give a brief summary
of the technical details and the particular conditions used
this work. The simulations have been performed in the
nonical ensemble using the standard Metropolis algorith
In the axial direction, standard periodic boundary conditio
are used. An exact formula is used to calculate the inte
tion between a mobile ion and the arrays of DNA charge60

Regarding the radial direction, we use the Modulated Bulk
a Fuzzy Boundary method58 in which the polyelectrolyte is
surrounded by bulk electrolyte. In this way, a state of infin

TABLE III. The simulations~only the conditions for states withl51 are
given!. For each DNA conformer, additional simulations withl50.5 have
been performed at all the salt concentrations. Other states withl50.25 and
0.75 have been also simulated (24 simulations in total!. States withl lower
than unity are similar to those at full charge but containl times the number
of compensating DNA charge counterions.

DNA Nominal salt Number Box apo- Bulk salt
form concentration~M! of ionsa theme~Å!b concentration~M!c

B 0.5 401155 48.36 0.512
1.0 401195 39.20 0.988
2.5 201120 27.20 2.58
4.3 201200 26.63 4.34

Z 0.5 481205 48.43 0.503
1.0 481256 39.11 0.972
2.5 241160 27.35 2.53
4.3 241265 26.69 4.31

aDNA sites / compensating cations1 added salt ion pairs.
bThe simulation box is a hexagonal prism. Its height is the pitch of
corresponding DNA form~Table I! times the number of helix turns in eac
case~two for the two lowest salt concentrations and just one for the ot
two!.
cEstimated uncertainties affect the last figure.
, No. 19, 15 May 1997
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8246 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
dilution for DNA is implicitly employed. As the salt concen
tration in the bulk is of the same order as that in the vicin
of the polyion, there is no need of special sampli
schemes.61 Typically, 15000 cycles~of as many single-
particle moves as mobile ions! were used for the complet
equilibration period and 20000 cycles were additionally r
for the collection of structural and thermodynamic prop
ties.

IV. RESULTS

A. The setup term

The setup term to the free energy is obtained from
sum of the PMFs between uncharged particles at the co
sponding interphosphate distances in the polyelectrolyte,
~13!. The variation ofWuncharged

(2) (r ) with distance is shown in
Fig. 2 for selected salt concentrations. Except for the sm
distances region~up to about 8 Å! the curves are essentiall
flat. To give a better idea of the contributions to the sum,
set of interphosphate distances for each of the DNA c
formers is also plotted in the figure~notice that Z-DNA has
two nonequivalent phosphates and, thus, one different se
each phosphate type!. As the separations between phospha
mostly lie in the flat region of the curves, the PMFs an
hence, the contributions to the setup free energy are alm
negligible but for the very few first neighbouring phosphat
A good estimate of three-body contributions to the multip
ticle PMF of Eq.~5! can be obtained by having a look at th
distance between the two closest neighbouring phosphat
a third one. This distance is 12.5 Å for B-DNA~the next and
previous phosphates of the reference one in its same str!

FIG. 2. The potential of mean force~in kBT units! between two uncharged
particles within an electrolyte solution as a function of the separation
tween them at three salt concentrations~from top to bottom 0.5, 2.5, and
4.3 M!. Solid circles are computer simulation results~Widom insertion! and
solid lines represent the HNC integral equation calculations. Solid squar
the top of the figure show the distances between different phosphorus a
in B-DNA while hollow circles are the distances in Z-DNA~recall that there
are two different phosphorus atoms in the Z form; the upper symbols s
for the inner atoms,Z2, and, the others, for the outer ones,Z1).
J. Chem. Phys., Vol. 106
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and 9.7 Å for Z-DNA~the same situation as for B-DNA bu
when the reference phosphate is of type Z2; this value for
Z1 phosphates is 10.4 Å!. Even the direct PMF betwee
those is negligible at such distances, so that its indirect c
bined effect over the reference phosphate must be alm
meaningless. Thus, the KSA is quite acceptable for this p
ticular application.

In Fig. 2, the predictions of the HNC theory are al
depicted. This quantity cannot be obtained in usual HN
calculations as the system involved is an homogeneous e
trolyte solution with uncharged particles at infinite dilutio
This can be solved by treating a mixture of anions, catio
~both species at molar fraction 0.52x) and uncharged par
ticles ~molar fraction 2x). A vanishingx is required. Our
experience shows that the results do not change provided
x is small enough, of the order of 1025 or 1026. Once the
radial distribution function between uncharged partic
guncharged(r ) is obtained, the PMF is simply

bWuncharged
~2! ~r !52 ln guncharged~r !. ~16!

The differences between the simulation results by Widom
method and theoretical calculations are of the same orde
the statistical uncertainty in the former. Since the error in
simulations are randomly distributed, they may add wh
subtracting the contributions for both DNA forms to com
pute the desired free energy balance. Contrarily, the inte
equation errors are essentially systematic so it should mo
cancel in the calculation of the setup contribution to the tr
sition free energy. Given the small difference between in
gral equation and simulation results, and considering
above arguments, the HNC calculations seem more relia
and will be used in the remainder of this paper. The ter
DGsetup

V have been computed at salt concentrations
0.508, 0.980, 2.555 and 4.33 M, the averages of the m
sured bulk salt concentrations for the B and Z simulations
each nominal concentration~see Table III!.

The results for the free energy~per phosphate! of the
setup step are presented in Table IV. As anticipated,
setup free energies are always very small; in fact, they
negligible at the lower salt concentrations. The values
both DNA forms are always negative meaning that the bu
ing of the uncharged polyelectrolyte is favoured with resp
to the state where the uncharged particles are free in
solution. As for the difference between the B and Z form

-

at
ms

d

TABLE IV. Setup contribution to the free energy~HNC integral equation
calculations! in kBT units per phosphate.

Nominal salt DNA
concentration~M! form bDGsetup

V bDGsetup
B→Z

0.5 B 20.003 20.001
Z 20.004

1.0 B 20.008 20.005
Z 20.013

2.5 B 20.014 20.017
Z 20.031

4.3 B 20.002 20.026
Z 20.028
, No. 19, 15 May 1997
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8247J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
these are also negative~favoring the Z form, presumably du
to its higher compactness!, their absolute values greatly in
creasing with salt concentration.

B. The charging term

The evaluation of the charging term requires the kno
edge of the reduced electrostatic potentials at the phosp
positions, fp

V . The variation of 2fp
V ~notice that

DGchargingdepends on2f) with the added salt concentratio
is displayed in Fig. 3 for the fully charged (l51) DNA
conformers. The intramolecular interaction of Eq.~15! is
positive due to the repulsion between the charged phosp
groups. Besides it is a constant term, independent of

FIG. 3. The negative of the reduced electrostatic potential at the phosp
as a function of the added-salt concentration. The symbols represent s
lation results~lines are a guide to the eye! for the fully charged polyelec-
trolyte solutions, i.e., withl51. For Z-DNA, the hollow circles are the
mean value of both types of phosphorus atoms,Z1 andZ2, while the dotted
lines show the electrostatic potential for each kind of site.
J. Chem. Phys., Vol. 106
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concentration. The ionic cloud contribution is negative d
to the accumulation of counterions near the phosphates.
latter term increases~in absolute value! with salt concentra-
tion because the counterions penetrate more efficiently
the DNA structure, screening the interphosphate repuls
Due to the smaller distances between phosphates in th
form, its intramolecular electrostatic energy is more posit
than that of B-DNA. This effect dominates in the whole s
concentration range studied. As can be seen in Fig. 3,
screening is more effective for Z-DNA than for the B for
resulting in a diminution of the difference between the p
tential at the phosphate groups of both DNA conformers w
increasing salt concentration.

These facts may be explained in terms of the set of
terphosphate distances displayed in Fig. 2. In general,
phosphates in Z-DNA are closer to each other than in th
form, but what affects distinctly the behaviour of each co
former is the existence in Z-DNA of several interphosph
separations in the range 7211 Å which are absent in
B-DNA ~see Fig. 2!. These distances are of the order of tw
ionic diameters thus allowing the presence of a counter
between two phosphates which is considerably stabilized
the probability for this to occur increases with the counter
concentration, the decay of the2fp

V curve for Z-DNA is
steeper than that of B-DNA. This is more clearly seen wh
the curves for each phosphate type of Z-DNA are dra
separately~Fig. 3!. Notice thatZ1 phosphates, which have it
neighbours at similar distances~but always a bit closer! than
those of B-DNA lead to a electrostatic potential curve with
not too different slope. On the other hand,Z2 sites have
neighbouring phosphates at distances suitable for trimer
mation ~at 7.7 and 9.7 Å! and, thus, its2fp

V curve is more
affected by the counterion concentration.

The negative of the average reduced electrostatic po
tial at the phosphates~the integrand of the charging integra!
for thel values used in the charging integrals, the integra
bDGcharging

V , and the totalbDGcharging
B→Z can be found in Table

V at the salt concentrations investigated. A representatio

tes
u-
g
TABLE V. The negative of the reduced electrostatic potential (fp
V5wp

Vbe) at the phosphates and chargin
free energy differences~in kBT units per phosphate! obtained from Monte Carlo simulations.

Nominal salt
concentration

DNA
form

21

p
(pfp~l!

bDGcharging
V bDGcharging

B→Zl50.25 l50.5 l50.75 l51

B 20.014 20.068 20.139 20.036
0.5 — 10.227

Z 0.238 0.255 0.231 0.191
B 20.176 20.318 20.457 20.620 20.316~-0.315a!

1.0 10.159~10.161a!
Z 20.100 20.150 20.217 20.321 20.157~20.154a!
B 20.692 21.257 20.671

2.5 — — 10.077
Z 20.616 21.101 20.594
B 20.920 21.260 21.587 20.867

4.3 — 10.058
Z 20.840 21.189 21.530 20.809

aValues obtained integrating over the pointsl50, 0.5 and 1 only.
, No. 19, 15 May 1997
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8248 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
the dependence of the negative average electrostatic pote
at the phosphates onl is also given in Fig. 4 for both DNA
forms and all salt concentrations considered. Notice that
potential ~and thus the integrand! at the uncharged (l50)
phosphates is zero due to the symmetry of the suppor
electrolyte. The charging integral has been solved by Sim
son’s integration rule. To assess the influence of the num
of points in the charging integral, we have evaluated it
the pair of systems at 1 M bulk salt concentration using b
the five simulatedl points or only the three values a
l50, 0.5 and 1. WithDl50.25 we obtain essentially th
same value of the differencebDGcharging

B→Z as with Dl50.5
~Table V!. Analogous conclusions are reached at other
concentrations for which the integrals include the points
l50, 0.5, 0.75 and 1. The success of Simpson’s formula
in the smooth shape of the curves of Fig. 4 so the erro
each of thebDGcharging

V is already quite small. Besides, w
benefit from the cancellation of errors due to the computa
of a free energy difference as the shape of the curves for
conformers is similar. The charging free energy for the
conformer is always negative, its absolute value strongly
creasing with the salt concentration~Table V!. For Z-DNA
this term is positive at 0.5 M, which means that this form
unstable with respect to the uncharged structure due to
strong interphosphate repulsions. Nevertheless, its stabi
tion with increasing salt concentrations is even stronger t
for the B form so that at high salt concentrations the f
energy values are similar for both the conformers. Con
quently, the charging step contribution to the ‘‘total’’ fre
energy difference is always positive, but decreases stro
as the added salt concentration increases. In other words
charging term clearly favors the B form at moderate io

FIG. 4. The negative of the reduced electrostatic potential at the phosp
as a function of the charging parameterl. The symbols are simulation
results~filled squares for any B-DNA phosphate and hollow circles for t
mean value of theZ1 andZ2 phosphates of Z-DNA! and the lines represen
the actual functionality assumed by the integration method. The data
eachV-DNA correspond, from top to bottom, to the nominal added s
concentrations 0.5, 1, 2.5, and 4.3 M, respectively.
J. Chem. Phys., Vol. 106
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strength but the differences are not significant in highly co
centrated ionic solutions.

The setup, charging, and ‘‘total’’ free energy differenc
~in kBT units per phosphate! between Z- and B-DNA are
shown in Fig. 5 as a function of the added monovalent s
concentration. The results for the ‘‘total’’ free energy diffe
ence show that the B conformer is much more stable at
to moderately high concentrations of added salt. The slop
the charging and setup terms being negative, both contr
tions increase the relative stability of the Z form in mo
concentrated ionic solutions. The relative importance of e
of the terms is manifested by the fact that from the chang
the free energy difference in going from 0.5 M to 4.3
(0.194kBT per phosphate!, the charging term accounts fo
about 87% (0.169kBT); only the remainder 13% (0.025
kBT) is due to the setup term~cf. Tables IV and V!. This is
even more glaring for each of the individualbDGV changes,
where the setup term scarcely contributes a 2% to the ‘
tal’’ free energy change for Z-DNA in the salt concentratio
range considered and even less for the B form. As we
dealing with a conformational equilibrium, a small value
DGB→Z ~negative or positive! simply indicates that the rela
tive population of the corresponding form is margina
larger. The main effect of the setup term is to modify the s
concentration at which the population of both forms is t
same, the transition midpoint. Even after the inclusion of
setup term, the empty model does not predict the transit
at least up to 4.3 M NaCl. It is likely that other contribution
not included in the model~especially chemical bonding an
hydration! are needed to reproduce the experimental d
However, the model investigated in this paper is a cru
representation of DNA. Recently, we have shown the imp
tant effect of a proper account of the DNA shape on the io
distribution around the polyion.59 Our preliminary studies
with a simple grooved model confirm the importance of

tes

or
t

FIG. 5. Contribution~in kBT units per phosphate! of the DGsetup
B→Z ~dotted

line, inverted triangles! andDGcharging
B→Z ~dashed line, squares! terms to the

‘‘total’’ free energy differenceDGB→Z ~solid line, circles! as a function of
the added monovalent salt concentration.
, No. 19, 15 May 1997
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8249J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
adequate treatment of the DNA shape in order to give m
satisfactory predictions for the B→Z transition. The same
conclusion has been reached by Misra and Honig21 in their
study with the NLPB theory.

C. Comparison with experiment and theoretical
calculations

In this section we compare the SUCH method resu
with the experimental measurements and with theoret
predictions. The comparison between theory and comp
simulation requires that the underlying model is the sam
All the theories below are based on empty DNA models,
some cases with some differences to that used in this pa
The previous reported results from the SPMF theory are
a dodecamer and hard-sphere potential,30 while our method
considers an infinite polyelectrolyte with soft repulsive p
tentials. Besides, the ionic radii is used by Soumpasis a
semiempirical parameter in order to bring the results clos
the experimental values and, thus, do not agree with
values. On the other hand, the discrete CC theory27 was
shown to give identical electrostaticbDGB→Z curves irre-
spective of the DNA length above 0.1 M NaCl. Neverthele
it does not include the short-range repulsive interaction
tween particles so those results are comparable with
with some caution. Finally, the procedure of Hirata and Le
is to use the PRISM theory previously developed which
based on the actual polyelectrolyte solution properties.
PRISM calculations were done for a slightly different pote
tial model, a 12-6 Lennard-Jones potential withs54.0
Å plus a Coulombic interaction term.

Within the SPMF framework, the change in free ener
per phosphate in going from an oligomer in the B form to t
Z form is

bDGoligomer,SPMF
V 5

b

2N(
i51

N

(
j51

N

W22
~2! ~r i j

V!, ~17!

wherebW22
(2) (r )52 ln g22(r) is the PMF between anion

of a homogeneous electrolyte at the given concentrat
g22(r ) being the anion-anion pair correlation functio
These are evaluated by means of integral equation theo
the exponential mean spherical approximation or the H
theory in particular. The SPMF formulation can be very e
ily extended to the calculation of the free energy differen
between the polymeric forms of B- and Z-DNA rather th
the oligomer of Eq.~17!. The relevant expression is

bDGSPMF
V 5

b

2p(p (
i

`

W22
~2! ~r ip

V !, ~18!

almost identical to that of the setup step of our method,
~13!, with the important difference that nowW22

(2) (r ) is the
PMF between fully charged anions. Although Soumpasis
the hard diameter of the ions to 4.9 Å to reproduce the
perimental data,30 we are interested in checking the theor
ical predictions and, thus, the SPMF hard sphere results
sented below correspond tos54.2 Å, the hard diamete
‘‘equivalent’’ to the soft repulsive interactions used in o
J. Chem. Phys., Vol. 106
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computer simulations. Fig. 6 shows the effects of the DN
length and the steepness of the repulsive potential on the
energy difference as given by the SPMF theory, using
HNC potentials of mean force. Three DNA sizes are used
hexamer (6 base pairs, the minimum oligoelectrolyte s
used in the original Pohl paper!, a dodecamer (12 base pair
the length used by Soumpasis! and the infinite polyelectro-
lyte. The results for a short oligoelectrolyte~the hexamer! are
already relatively close to the infinite polyelectrolyte,
agreement with Pohl’s experimental findings. It is also to
noticed that the effect of the polyelectrolyte length is not t
same for hard ions as for soft ones~see also below!. The
discrete CC theory predicts a strong dependence on the D
length for NaCl concentrations lower than 0.1 M but th
dependence also vanishes in more concentrated salt
tions, at least for the studied fragments of 12 base pairs
longer.27

As for the effect of the repulsive interaction, the SPM
results are independent on this factor at moderate io
strengths, but the curves for the hard and soft repulsive
tentials diverge when the salt concentration is increased.
soft model results do not cross theDGSPMF

B→Z50 curve and are
independent of the polyelectrolyte length at the highest
concentrations considered while the hard repulsive poten
predicts the transition for the empty model at about 3
NaCl ~almost independent of the polyelectrolyte length! but
the curves do not remain together at any other salt conc
tration. This significant qualitative dependence on the rep
sive interaction considered can be explained with the aid
the HNC PMFs between anionsW22

(2) (r ) in Fig. 7. At mod-
erate concentrations (0.5 M, upper curves! the PMF does not
depend on the interaction model because the low part
density makes the system scarcely sensitive to the repu

FIG. 6. Effects of the DNA length and the repulsive potential@see Eq.~12!#
on the free energy difference as given by the SPMF theory for a hexa
~dotted lines!, a dodecamer~dashed lines! and the infinite polyelectrolyte
~solid lines!. Upper curves are for a soft repulsive potential and lower cur
are for hard repulsive interactions. The free energies are given inkBT units
per phosphate.
, No. 19, 15 May 1997
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8250 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
component of the potential. Monovalent electrolytes at th
moderate salt concentrations are dominated by electros
mean field effects.56,62 The curve is monotonic with high
positive values at short distances consistent with a pu
repulsive potential between like-charged particles. At hig
salt concentrations the soft repulsion keeps the PMF pos
at short distances, but the hard potential gives a nega
PMF at contact. In the example of the figure, at 6 M, t
contact value of the anion-anion radial distribution functi
is as high as 1.7; this is not an artifact of the HNC theory
simulation of the same system gives a value of 1.5.

In Fig. 8 we present the dependence of the ‘‘total’’ fr
energy for the B- to Z-DNA transition on the added s
concentration for the empty model with soft repulsive pote
tials calculated with the SUCH method along with theore
cal predictions. These include our SPMF calculations and
discrete CC~Ref. 27! and PRISM~Ref. 29! estimates. The
experimental curve given by Eq.~1! is also drawn. The com
parison between the SUCH results for the empty DNA a
the experimental measurements allow us to determ
whether the model is able to reproduce the DNA behavio
The figure reveals that the modelqualitativelydescribes the
experimental data, with a strong stabilization of the Z w
respect to the B form when the salt concentration increa
as discussed above. The order of the free energy differe
involved is also correct, always below 0.25kBT units per
phosphate~in absolute value!, i.e., very small. The empty
model does not predict a B to Z transition up to 4.3 M NaCl
but this is not significant as the model does not take i
account all the contributions to the free energy balance. A
ing the Garcı´a and Soumpasis’ estimation for the intram
lecular and vibrational terms for the alternating guanin
citosine sequenceDGintra,vibr

B→Z '20.1 kBT per phosphate,32

FIG. 7. The potential of mean force~in kBT units! between two anions
within an electrolyte solution as a function of the separation between t
at two salt concentrations~two upper curves 0.5 M, two bottom curves 6
M! as given by the HNC theory. The solid lines correspond to a soft re
sive potential and the dashed lines are for the ‘‘equivalent’’ hard-sph
interactions.
J. Chem. Phys., Vol. 106
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and being the hydration contribution still missing, the mod
would give the transition at about 1.5 M NaCl. Neverthele
the slope of the curve at concentrations above 2 M is
small. A fit to the form of Eq.~1! between 2 and 5 M gives
a slope of20.051 to be compared to the experimental va
of 20.3, about 6 times larger. This discrepancy is not exc
sive for an oversimplified model as the empty DNA, a
more if one remembers that homogeneously charged cy
drical models give slopes of, at best, 50 times smaller t
the experimental one.14,15

As for the comparison of the theories with the simu
tion, the SPMF approach gives excellent results. The dif
ence between the free energies from the SPMF and
SUCH methods increases with salt concentration but
maximum discrepancy at 4.3 M is only 0.015kBT per phos-
phate~both set of values are listed in Table VI!. The SPMF
slope at the higher salt concentrations is20.063, 24% larger
than the SUCH value. The PRISM theory gives poor resu
It also predicts a negative slope of the free energy versus
logarithm of the salt concentration but its absolute value
far too large, about 50 times the SUCH value. As mention
above, the results reported for this theory are for a somew
different model than that used in this paper~a Lennard-Jones
potential withs54.0 Å instead of a purely repulsive term
with s54.2 Å!. Nevertheless, the departures are so imp
tant that it is not likely that the difference in the mode
would be responsible for the poor behaviour of the PRIS
theory. Some problems of the PRISM approach have b
pointed out when applied to charged systems, and are
viewed in Ref. 63. The last theoretical curve in Fig. 8 is th
of the discrete CC theory. Its prediction forDGB→Z is al-
ways lower than the SUCH computed values but its ove
shape is correct. The CC free energy slope is20.027, about

m

l-
re

FIG. 8. Variation of the ‘‘total’’ free energy~in kBT units per phosphate! of
the B- to Z-DNA transition with monovalent added salt concentration for
empty model of polymeric DNA using soft repulsive potentials. Solid li
with solid circles,setup and charge~SUCH! results; dashed line, SPMF
theory; dashed and dotted line, discrete CC theory; dotted line, PR
theory. The experimental curve is also drawn for comparison~solid line!.
, No. 19, 15 May 1997
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Downloaded¬27¬
TABLE VI. Comparison of the free energy for eachV (V5B,Z) DNA form with respect to the electrolyte an
the ‘‘total’’ free energy difference via the SPMF theory. The free energies are given inkBT units per phosphate

Nominal salt DNA
concentration~M! form bDGuncharging

V bDGV bDGB→Z bDGSPMF
V bDGSPMF

B→Z

B 0.445 0.490
0.5 0.484 0.226 0.236

Z 0.671 0.726
B 0.261 0.286

1.0 0.585 0.164 0.148
Z 0.415 0.434
B 0.065 0.112

2.5 0.750 0.060 0.050
Z 0.125 0.162
B 20.007 0.058

4.3 0.862 0.032 0.017
Z 0.025 0.075
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half the SUCH value. These are surprisingly good results
a theory which strictly speaking is rigorous only in the ze
salt concentration limit, even if this limiting behaviour
known to be often retained up to monovalent salt concen
tions of the order of 0.1 M or so.25,64Also, keep in mind that
the CC theory cannot be applied to exactly the same si
lated model since it is based on the Debye-Hu¨ckel theory
which considers point-like polyelectrolyte sites and ions.
this sense, it does not include the repulsive potential ef
which, as seen in Fig. 6, may affect the results at high ad
salt concentrations.

A last word remains to be said about the excess f
energy of each DNA form with respect to the electroly
DGV. The only remaining term to compute this quant
from Eq. ~3! is the free energy of the uncharging step. Th
contribution corresponds, per particle, to the chemical po
tial of the uncharged particle in the electrolyte minus t
chemical potential of an ion in the actual electrolyte, i.e.,

DGuncharging5muncharged~`!2m. ~19!

We could compute this difference through simulation65 but
because of its limited importance we have just made an
timation via the HNC integral equation. The resulting cont
bution andbDGV values are compared with the SPMF r
sults in Table VI. The uncharging contribution to the ‘‘total
free energy is positive and increases with salt concentrat
which simply means that an ion dissolved in an electrol
solution is stabilized with respect to the uncharged sph
due to the ionic cloud of unlike charges surrounding
former. The ‘‘total’’ bDGV’s are also always positive due t
the distortion of the electrolyte structure induced by the po
electrolyte but now they decrease with an increasing io
force because of the increasing role of packing effects.
nally, the SPMF estimation forbDGV are worse than for the
differencebDGB→Z. This might be due to an intrinsic erro
of the SPMF theory which is canceled when the free ene
difference is computed. Nevertheless, we cannot empha
this statement as the method we have used to compute
uncharging term is based in the HNC equation which
closer to the SPMF philosophy than to the SUCH one~the
latter being essentially based in computer simulation resu!.
J. Chem. Phys., Vol. 106

May¬2005¬to¬147.96.5.17.¬Redistribution¬subject¬t
r

a-

u-

ct
d

e
,

n-

s-
-

n,
e
re
e

-
ic
i-

y
ize
the
s

V. CONCLUSIONS AND DISCUSSION

We have computed the free energy of the transition
tween the B and Z conformers of DNA through a thermod
namic route which we callsetup and charge~SUCH!
method. The method divides the ‘‘total’’ free energy in th
electrostatic and nonelectrostatic contributions. It is sho
that the former is considerably more important than the la
one. For this reason, whereas the correct evaluation of
electrostatic contribution requires simulation results, the c
culation of the nonelectrostatic term may be accurately d
through the use of approximate theories. The chosenempty
DNA model is extremely simple and corresponds appro
mately to that used in previous theoretical estimates of
free energy difference between both DNA forms. The SUC
results indicate that the model is able to describequalita-
tively the main features of the transition. We have paid es
cial attention to the variation of the free energy differen
with the salt concentration as we believe that other contri
tions not included in the model are less salt concentra
dependent and, thus, they may affect the transition midp
but not the slope of the curve. An advantage of the metho
that it enables, in principle, to incorporate systematic refi
ments of the model. It is thus interesting to discuss which
the possible improvements to the empty model. PB calcu
tions for homogeneously charged models lead to almost
curves whereas the recent PB results reported by Misra
Honig21 for an all-atom DNA predict a slope relatively clos
to the experimental one. For this reason we believe tha
simple refinement to the empty model is to incorporate
overall DNA shape~including the steric effects due to th
bases and sugars! in a manner as simple as possible. Prelim
nary calculations for the grooved primitive model describ
in Ref. 59 confirm the importance of the DNA shape and
effect on the slope of theB→Z free energy difference curve
The use of the method for complex DNA models such t
used in the Misra and Honig paper is more tricky. Althou
nothing in the SUCH method disables its application to tho
models, the use of the KSA to evaluate the setup term
more questionable because of the small separation betw
the atoms. In this way, the calculation of a minor contrib
, No. 19, 15 May 1997
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8252 J. C. Gil Montoro and J. L. F. Abascal: Free energy difference between models of DNA
tion as the setup term may require an enormous comp
tional effort. Apart of a more adequate definition of the DN
shape, the next refinement to the model would likely be
explicit inclusion of the solvent. Recent experiments sh
that this cannot be done in a simplified way as the chan
observed in the transition do not correlate well with the
electric constant nor the molecular shape of the solvent.66 It
seems thus that the treatment of the solvent must be don
the molecular level.

Another important issue of the paper is that it allows
the first time an unambiguous test of the theories in the c
text of theB→Z DNA transition. We show that, despite it
tremendous simplicity, the SPMF theory quantitatively d
scribes the free energy of the empty model. The PRI
theory gives discordant results and the discrete CC appro
leads to qualitatively valid results. It seems that the quality
the SPMF theory relies on the use of the KSA. The stud
on associative systems and, in particular, their applicatio
pearl-neck polymer models47 provide some theoretical bas
but new studies are required to establish the validity of
KSA for these type of models. The objections to the SPM
theory derive from its simplicity. First, KSA deviations from
the MC results are systematic. This does not affect the q
ity of the results in which a free energydifference is re-
quired. In other cases, the errors may be more importan
particular, the KSA deviations lead to an incorrect descr
tion of the charge of the ionic envelope of the macrom
ecule and, thus, the application of the KSA-SPMF theory
problems in which the correct treatment of the electrost
forces is critical should be avoided. But the more import
objection to the theory just comes from its success. Given
simplicity of the SPMF approach one is desiring to apply
to more complex systems but the same simplicity make
very difficult to extend the theory to such models.

In this work we have restricted our study to the emp
DNA model in presence of monovalent salt at moderate
high concentrations. This is simply because these are
conditions for which more theoretical and experimental
sults have been reported. It has been mentioned above
the SUCH method is not limited to these conditions. It see
then interesting to use the method in conditions where th
are doubts about the feasibility of the theories and/or exp
ments. Some experimental data indicate that there is a m
mum in the stability of the B form at low concentrations
monovalent added salt.67–69 It has been conjectured that th
experimental findings might be the effect of traces of div
lent cations present in the samples. Theoretical reports
contradict each other. The former PB calculations14 predicted
the stabilization of the Z form at very low salt concentratio
but other PB calculations showed that the B form is alwa
more stable.15 To complicate the situation even more, rece
careful experiments seem to confirm the maximum stab
of the B form at low salt concentrations.70 Perhaps the
SUCH method might throw some light on this question.
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extended by F. Bresme to consider multiple species and
soft repulsive potential of Eq.~12!.
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