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Grand canonical Monte Carlo computer simulations on [NaCl],, and [NaDNA],, in the presence of added salt are reported.
The results for the simple electrolyte indicate that a (12,6,1) potential function for the ions in a solvent treated as a dielectric
continuum supplemented with a Gurney correction term for desolvation describes the behavior of activity coefficients as
a function of concentration quite well over a concentration range of 5-500 mM. The structure of the ion atmosphere is examined
and found to provide new insight into structural effects at the onset of the breakdown in Debye—Hiickel theory. The results
on the NaDNA system in the presence of added simple electrolyte provide an account of the contravariant behavior of nonideality
of mobile ions in polyelectrolyte versus simple electrolyte solutions.

I. Introduction

Nonideality in simple electrolyte solutions in general increases
with increasing added salt in the regime of low ionic strength.'”
Nonideality of simple electrolyte ions in polyelectrolyte solutions
is known to decrease with increasing added simple electrolyte
salt.®'% The molecular origins of these contrasting behaviors of
simple and polyelectrolyte solutions have been the subject of
numerous investigations®!? in recent years. Despite a wealth of
information, both experimental and theoretical, a consistent
molecular picture that qualitatively as well as quantitatively ac-
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counts for the observed properties of simple electrolytes and of
polyelectrolyte solutions in the presence of simple electrolytes is
still emerging. A theoretical and computational model for elec-
trolytes and polyelectrolytes is a necessary prerequisite to a proper
treatment and understanding of the behavior of charged biomo-
lecules such as DNA at physiological ionic strengths, for which
the structures and interactions are highly sensitive to salt effects.

The most rigorous computational approach to electrolyte so-
lutions is via molecular simulation (the Born—Oppenheimer (BO)
level in the notation of Friedman®®). The explicit treatment of
DNA, water, and counterions together in molecular simulations
has just become feasible on present generation supercomputers.?!
Molecular simulations via Monte Carlo methods configured in
the grand canonical ensemble provide direct access to chemical
potentials and hence to activity coefficients as a function of
concentration. Unfortunately, such calculations at concentrations
of simple salt, water, and DNA of biophysical interest and ex-
perimental accessibility are still quite out of reach. Furthermore,
grand canonical Monte Carlo methods with ions, water, and solute
considered explicitly suffer from severe convergence problems at
densities in the range of interest due to low acceptance rates
encountered for particle insertions.?>%

The problems confronting molecular simulations of aqueous
solutions of electrolyte systems have led to extensive consideration
of the so-called “primitive model” and variations thereof, where
the ions or polyions are treated explicitly and the solvent water
is represented as some kind of dielectric continuum (McMillan—
Mayer (MM) level models?®). Obviously, “neglecting” explicit
water places serious limitations on the purview of computations
based on this approximation. One advantage of the continuum
solvent approach is that the effective particle density of the system
is quite low and simulations in grand canonical Monte Carlo
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formalism are feasible. Thus, a direct determination of the excess
chemical potentials and other thermodynamic properties of this
model system can be carried out.

In the following, we report new grand canonical Monte Carlo
simulations on [NaCl],, and [NaDNA],, in the presence of added
[NaCl],,. We examined different theoretical models for the
interparticle interactions and the extent to which they account
for the observed thermodynamic properties such as activity
coefficients of counterions and co-ions in electrolyte and polye-
lectrolyte solutions. A good account of the activity coefficient
data over a wide range of concentrations has been obtained via
certain variations of the primitive model for simple electrolytes.
An explanation for the contrasting behaviors of activity coefficients
as a function of concentration in simple versus polyelectrolyte
solutions has also been obtained.

il. Background

Theoretical accounts of the thermodynamic properties of simple
electrolytes have been the subject of numerous discussions.!”” The
mean ionic activity coefficients of sodium chloride in aqueous
solutions relevant to the present study have been tabulated in ref
1. Activity coefficients of simple electrolytes in general tend to
decrease with increasing salt concentration in the low salt regime,
which extends up to 1 M for sodium chloride at 25 °C, and
increase thercafter.

Debye-Hiickel (DH) theory has been successful in accounting
for this trend in terms of the long-ranged interionic interactions.*”’
According to DH theory, interionic interactions lead to the for-
mation of an ion atmosphere of opposite charge around each
reference ion. This lowers its chemical potential and results in
an activity coefficient that is less than unity. However, the range
of applicability of this theory is confined to extreme dilutions
(=0.01 M). Deviations from DH theory are observed in various
forms, such as (a) electrolytes of the same charge type having
very different activity coefficient curves, (b) most of the activity
coefficient curves passing through a minimum with increasing salt
concentration, and (c¢) the mean activity coefficients of some
electrolytes exceeding unity at high salt concentrations. Thus,
the charge of solute and dielectric constant of solvent alone do
not constitute an adequate representation of the simple electrolyte
system. It is now understood that the deviations from Debye—
Hiickel theory are a manifestation of the competition between
the short- and long-ranged ion—ion interactions and ion—solvent
interactions.'™”

Parametric extensions of the DH limiting law have been suc-
cessful in reproducing the observed behavior of some simple
electrolyte solutions."®” Computer simulations with a continuum
solvent and with a restricted primitive model for the ions (i.e.,
a model in which all ions are treated as hard spheres of equal radii
and are allowed to interact via a Coulomb potential in a continuum
solvent) have also proved useful in assessing the validity of the
DH approach (refs 6 and 7 and references therein). Valleau and
Cohen?? developed the grand canonical Monte Carlo (GCMC)
methodology for simple electrolyte solutions and applied it to
aqueous electrolyte solutions of different charge types in the
primitive model. The results emerging from these simulations
were compared with predictions of various existing theories for
ionic solutions.?*  The primitive model of electrolyte solutions
has also been the focus of attention of a recent study on single
ion activity coefficients.2*

Ramanathan and Friedman?®® on the basis of their hypernet-
ted-chain (HNC) calculations observed that a desolvation
(Gurney) term added to a continuous potential between the in-
teracting ions within the framework of a continuum description
of the solvent was successful in accounting for the observed osmotic
coefficients of aqueous solutions of some simple electrolytes. Tn
their refined primitive model for aqueous electrolyte solutions,
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a (9,4,1) potential along with a Gurney term was used for
evaluating interion interactions. They also concluded that for the
purposes of molecular interpretation of the properties of the
electrolyte solutions it was very important to represent the repulsive
term accurately in MM level models.?® Such models that replace
the hard-core repulsion term of the primitive models by another
form have since been designated as “vanilla models”.?” These
have been extensively employed by Friedman and co-workers (ref
27 and references therein) to investigate the equilibrium and
transport properties of electrolyte solutions.

Molecular simulations with a fully explicit consideration of the
solvent water (i.e., the BO level models) are well-known to give
an oscillatory potential of mean form (pmf) between two ions of
opposite charge.® 32 Pettitt and Rossky?” and Dang and Pettitt303!
observed this to be true for two chloride ions as well. Rashin??
subsequently showed that a dielectric continuum representation
of the solvent when desolvation of two proximal ions is considered
does reproduce this behavior between ions of opposite charge but
not between ions of like charge. More recently, Dang and Pettitt*
and Jorgensen and Buckner** have reported corroborative evidence
from molecular simulations for the stability of a contact anion
pair in water. This raises a question as to whether a theoretical
or computational account of the simple electrolytes based on a
simple continuum description of the solvent can ever be successful
in accounting for both the experimentally observed thermodynamic
properties and structural features of aqueous solutions of simple
electrolytes. However, the stability of the anion pair concluded
from the BO level simulations has been critically examined and
questioned recently by Friedman and co-workers?’ in the context
of available experimental data. Kusalik and Patey* in an in-
teresting comparison of the BO and MM level descriptions of
aqueous electrolyte solutions found that the success of the MM
theory strongly depended upon the electrolyte solution and in
particular upon the cation and anion considered. Nevertheless,
a calibration of the MM level simple electrolyte models on the
experimental thermodynamic properties appears to be an obvious
course to take and forms the basis for our study of the behavior
of polyelectrolytes such as DNA in the presence of simple elec-
trolytes.

Some early experimental data on the thermodynamic properties
of polyelectrolytes in aqueous solutions®37*5 were reviewed by
Katchalsky, Alexandrowicz, and Kedem.!" The colligative
properties in the salt-free case are practically independent of
molecular weight of the polyelectrolyte and slightly dependent
on its concentration (the osmotic and activity coefficients decrease
with dilution indicating a stronger binding of the counterions to
the polyion upon diluton, contrary to the behavior of simple
electrolytes) and are determined by and large by the linear charge
density on the chain. In an attempt to understand this unique
behavior, Katchalsky and co-workers®!! set up a cell model for
polyelectrolyte solutions, solved the nonlinear Poisson—Boltzmann
(PB) equation, and determined osmotic and activity coefficients.
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The calculated line of the “practical osmotic coefficient” (defined
as the ratio of the observed osmotic pressure to the ideal osmotic
pressure of the polyelectrolyte solution multiplied by the reciprocal
" intercharge distance versus the latter) lies above the experimental
line. However, the shape of the curve is identical, indicating that
the ratio between the calculated and the observed osmotic coef-
ficients is constant. Two reasons were given to explain this dis-
crepancy. The value assumed for the axial charge separation is
possibly larger than the actual value, or the dielectric constant
may be less than that of bulk water within the proximity of the
polyion. Hence, real osmotic coefficients would be lower than
calculated values. This implies that dielectric saturation within
the vicinity of the polyion may have to be taken into account in
a theoretical description of the thermodynamic properties of the
polyelectrolyte solutions.

Studies on ternary mixtures of polyelectrolyte solutions with
added salt such as NaDNA with added NaCl are more relevant
to realisitic physiological conditions. The mean ionic activity and
osmotic cocfficients of the added salt and the Donnan salt exclusion
factor are indicative of nonideality in these mixtures. Kotin and
Nagasawa* and Alexandrowicz and Katchalsky*' accounted for
the potentiometric titrations of polycarboxylic acids by obtaining
numerical solutions to the nonlinear PB equation, but the axial
charge density of the polyion had to be treated as a variable
parameter and an unrealistic value had to be assigned to account
for the colligative properties. Gross and Strauss'? investigated
the influence of site binding on the observed colligative properties
of the ternary mixtures via numerical solutions to the PB equation.
In particular, they examined the trends in the Donnan salt ex-
clusion factor when site binding of the counterions is considered.
The Donnan salt exclusion factor T was calculated as a function
of added salt concentration for the NaDNA and NaCl systems
by a numerical solution to the PB equation and compared with
experiment.*® The net charge on phosphates, «, was inferred to
be <0.5. At low electrolyte concentrations and at sufficiently high
linear charge densities, the quantity 2T" may be interpreted as an
effective thermodynamic degree of dissociation.** At low ionic
strengths, T is independent of the site binding; any change in the
site binding produces a compensating change in the territorial
binding so as to keep the total effective binding of the counterions
to the polyion constant.

Lyons and Kotin* determined the activity of sodium ion in pure
sodium salts of DNA and mixtures of NaDNA with NaCl by
ion-exchange membrane potentials. The concentration dependence
of counterion binding in pure polyelectrolyte solutions and the
additivity rules for activities of counterions in systems containing
polyelectrolyte and added salt were examined. They observed that
the additivity rule is not followed closely by the polyelectrolyte—
simple electrolyte systems and is not applicable for sodium systems.
In the absence of added salt, the counterion activity coefficient
decreases with increasing phosphate concentration for native
NaDNA. Most sodium polyelectrolytes show a decrease in activity
coefficient with dilution. NaDNA shows the opposite trends which
is attributed to changes in the secondary structure of DNA caused
by diluton, a phenomenon called “dilution denaturation”. In the
presence of added salt, at any given simple electrolyte salt con-
centration, the activity coefficient decreases with increasing
phosphate concentration in the range 0.165-2.91 mM. At any
given phosphate concentration, the activity coefficient increases
with increasing salt concentration in the range 0.651-2.58 mM.*®

Manning*®° derived formulas for the various colligative
properties of polyelectrolyte solutions based on counterion con-
densation (CC) theory, which differ from those of Katchalsky,
Alexandrowicz, and Kedem.!! Manning observed that the CC
theory predictions of activity coefficients, osmotic coefficients,
and Donnan salt exclusion factors are generally in agreement with
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experiment. The agreement between the theories of Katchalsky
et al.'" and Gross and Strauss'? and the CC theory is qualitative
but not quantitative. DNA in the CC theory is of course treated
as a line of charge. Klein, Anderson, and Record®' developed
expressions for the colligative properties of cylindrical polyions
in the presence of excess added salt based on the Poisson—
Boltzmann cell model and concluded that they conformed over
a wide range of salt concentrations with the limiting laws of the
CC theory.

Canonical Monte Carlo simulations on aqueous solutions of
DNA in the presence of simple electrolytes and Poisson—Boltzmann
studies have been the subject of research interest in diverse lab-
oratories (refs 52—60; also see references in refs 61 and 62) and
have been discussed in detail in a recent article.®* Monte Carlo
simulations on aqueous solutions of DINA in the grand canonical
ensemble were reported initially by Vlachy and Haymet,%* more
extensively by Anderson, Record, and co-workers,'®!6-18 and re-
cently by Valleau.!” Vlachy and Haymet employed the GCMC
method to obtain structural and thermodynamic data for model
polyelectrolyte solutions by treating the polyion as an impenetrable,
rigid, infinitely long cylinder, and these were compared with PB
and HNC integral equation studies using the mean spherical
approximation (MSA). The PB equation was concluded to retain
its semiquantitative utility even in the range of moderate to high
(1 M) concentrations of added salt. The agreement between
GCMC and HNC/MSA was found to be better, but detailed
comparison with experimental data was not undertaken in this
study.

Mills et al.'® reported extensive GCMC studies on aqueous
solutions of NaDNA in the presence of added simple salt. The
simulations were used to calculate mean ionic activity coefficients
and “preferential interaction coefficients” (similar to Donnan salt
exclusion factor'® and the Donnan membrane equilibrium pa-
rameter'?) for a cell model representation of NaDNA with added
salt. Results emerging from GCMC simulations were compared
with PB results, and the influence of small ion correlations on the
thermodynamic properties was analyzed and concluded to be small.
In a subsequent study by Paulsen et al.,'” the cal¢ulated prefer-
ential interaction coefficients were compared with experimental
Donnan coefficients**®* with good agreement at low added salt
concentrations. The DNA was treated as an impenetrable cyl-
inder, with the phosphate charges modeled as a continuous line
of charge on the cylindrical axis in these studies. Olmsted et al.'®
characterized the role of end effects on molecular and thermo-
dynamic properties in oligoelectrolyte solutions via the GCMC
method. Valleau! reported an extension of the GCMC method
to flexible polyelectrolyte immersed in primitive model aqueous
electrolyte solutions.

We have previously reported canonical Monte Carlo simulations
on [NaDNA],, in the presence of sodium chloride.® The detailed
geometry of the charge distribution of DNA and the shape of the
major and minor grooves of the double helix were considered in
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this study. The mobile ions were treated as soft spheres interacting
via continuous potentials in this study, and the influence of di-
electric saturation and dielectric discontinuity between the
macromolecule and its environment was assessed in a comparison
with the simple Coulombic model. It was observed in this study
that incorporation of dielectric saturation in the DNA—-small ion
interactions led to a constancy of the condensed counterion fraction
monitored as a function of added salt. This result is consistent
with inferences from 2*Na NMR experiments®®$” and counterion
condensation theory.™® For the purposes of consistency, and in
the absence of detailed knowledge on the dielectric properties of
water around ions, dielectric saturation was included in the small
ion interactions as well in this study.

Grand canonical Monte Carlo (GCMC) simulations offer a
computational route to calibrate the primitive model for simple
electrolytes against the known thermodynamic properties such
as activity coefficients. The GCMC method is particularly adapted
for low-density systems, 0226570 because the probability of insertion
and deletion of the particles can be adjusted to a reasonable value.
The electrolyte system of ions in a dielectric continuum is thus
an ideal case for GCMC study and forms the basis for the studies
undertaken in this investigation.

The present research builds on the studies reported above and
addressed particularly the following questions: (a) How accurate
are the MM level models (ions in a dielectric continuum inter-
acting via solvent-averaged forces) in GCMC simulations on
simple electrolyte solutions in comparison with experiment? (b)
How can the primitive model be improved to provide optimum
agreement with experiment for simple electrolytes as a function
of concentration? (c) Can aqueous solutions of DNA be simulated
at physiological ionic strengths within a continuum treatment of
the solvent without compromising the essential physics and account
for experimental data on the known thermodynamic properties
of DNA in aqueous solutions as a function of concentration?

III. Theory and Methodology

The theory and practice of grand canonical Monte Carlo sim-
ulations are scattered among several references.!6222368-70 e
feel it is appropriate here to be quite explicit about the protocol
we have adopted and the origins and rationale thereof. Adams®®
discussed the theory of (T, V,u) ensemble as applied to hard-sphere
fluids. Here T is absolute temperature, ¥ is volume, and g is
chemical potential. Mills et al.'® use of (7,V,a) ensemble, where
a is the mean ionic activity. Valleau and Cohen?? and Torrie and
Valleau™ use a (T,V,B) ensemble, where B is related to the
chemical potential. In the following, we briefly review the basic
ideas behind GCMC simulations, introducing notational uni-
formity and emphasizing practical applications to a 1:1 electrolyte
system. The theory of canonical Monte Carlo (CMC) simulations
as applied to molecular fluids is described earlier in a review article
from this laboratory.”!

In the grand canonical (T,V,x) ensemble,?® a system with
specified T, V. and u is coupled to an external heat bath which
is also a large reservoir for the particles comprising the system.
The grand canonical partition function is given as

E(T V) = LM (T, V.N) ()
N

where Q(T,V.V) is the canonical partition function. The canonical
partition function in the classical approximation is written as

OQ(T.V.N) = (WW/ AN IZ(T.V.N)} / V] (2)

where Z(7T,V,N) is the configuration integral that describes the
nonideality due to all interparticle interactions, and
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A = (B 2amkT)\/ )

is the thermal de Broglie wavelength. Here (FV/AMN!) in eq
2 is the partition function of a classical ideal gas made up of ¥V
particles of mass 1 in volume ¥ at a temperature of 7. Combining
eq 1-3 results in

E(T.V.n) = L{esV )/ (APNNDIZ(T,V.N) (4)
N

The average of a function X in the (7,V,u) ensemble is then given
as

(X) = (1/E)Z[{M”}/(AWM)]_j'.,.f Xe E/XT dr,.. dr,
N
(5)
For a 1:1 electrolyte, the probability of a configuration 7 in the
(7,V,u) ensemble of unlabeled ions is
P = (1 /51 /(A AN [expl(ua N + w7 - E) /kT)]]
(6)

and
P‘,-/'P‘- = [{ew’ﬂ‘}/(A+3A_3)]e—(.w{kn )

It is assumed here that N;* = N;* + 1, for example, as in insertion
of a cation. A similar equation for N and the identities u =
+ p_and AE = E; - E; are used.

The transition probabilities py, in addition to the normalization
condition, are required to satisfy a condition of microscopic re-
versibility

p!j/pji o PJ'/PE (8)
Let the probability of generation of a trial step be ¢; and the

probability of acceptance of the trial step be a;;. Then p;’s may
then be written as

pr’j = QJ]{YU' (! = J) (9)
Di = li= Zpij . {10)
J=i

where g;; = P/V* for insertion and g; = P/(N*N") for deletion.??
Here P is the probability with which insertions and deletions are
attempted. Then

P/ Pii = (qy/ @ilewi/ o) = (NN~ / V) ey /) = P/ Py
(11)

and
ay/ oy = (V2 /NTN)[fe/*T} /(A A %)) e RED (12)

GCMC simulations can be performed in a (7,V,x) ensemble

with the acceptance probabilities defined as «;; = min {1, a;;/ s

for addition and a; = min {1, a;/ ;4 for deletion using the e/
in eq 12. Computationally, we find that the (7,V,a) ensemble,
where a is the activity, is more convenient to work with since the
expression [fe®*1}/(A,>A *)] in eq 12 takes a much simpler form,
and activily as an input parameter for this ensemble is easily
interpreted. The acceptance criteria for the (7,V,a) ensemble can
be derived beginning with the chemical potential of an ideal gas

tideat = —kTIn (V/N) + (3/2) In QamkT/h?)] (13)
Using the definition of A, we may rewrite the above equation as
Higeat/ kT = In (NA*/ V) (14)

and for a 1:1 electrolyte

Kigea /KT = In (N*A2/V) +In (NA3/V)
= In [p*p A A0 (15)

where p* and p~ are the number densities of the cations and anions
in the system. Then

BT = pigea/ kT + In fi2 = In (ataASA%)  (16)

or
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u/kT = In (a.2A,3A2) (17)

where £, is the mean ionic activity coefficient, a, = a is the mean
ionic activity of the electrolyte solution and a* and a” are the single
ion activitics. (The fi symbol refers to the mean ionic activity
if the concentrations are expressed in molar units; v is reserved
in some texts to denote molal units.)

Substituting eq 17 in eq 12, we obtain

ay/a; = (V/N*NIY[(a2A3A3) /(A3 )] @B (18)
or
o/ oy = preexpee (AE/KD (19)
with the preexponential factor given as
preexp = @V /NYN- (20)
for particle insertions and
preexp = N*N- /a2 21)

for deletions.

Equation 19 is for a (7, V.,a) ensemble, and eq 12 is for a (7,V,u)
ensemble and both are equivalent. These equations are consistent
with the earlier formulations,'6222368-70 Valleau and co-workers?-7
introduce a parameter B by writing ¥?a,? in eq 18 as exp(B). Here
N*and N ineq 20 and 21 are to be interpreted as the number
of cations and anions, respectively, after insertion for attempted
insertions or before deletion for attempted deletions. The
methodology of this step is identical with that of Mills et al.!®

The protocol for a GCMC simulation on electrolyte or polye-
lectrolyte solutions involves the following steps:

I. Specification of (a) cell dimensions, temperature, and activity
(or single ion activities), for simulations performed in a (T,V.a)
ensemble, (b) energy function and parameters for the interacting
particles (for example, a (12,6,1) form with 12, 6, and 1 parameter,
the dielectric constant, etc.), (c) a trial concentration that fixes
the number of particles to start with (it must be established that
the results are independent of the starting trial concentrations),
and (d) number of particles to be moved in a single canonical
Monte Carlo step and the maximum allowed step size.

2. Generation of a random configuration for the particles inside
the simulation cell and calculation of the total energy of the
starting configuration.

3. lteration over the GCMC loop, which involves (a) Metropolis
MC moves for N-particles, in which (i) an N-particle move is
attempted and AE is calculated with appropriate periodic boundary
conditions, and (ii) the attempted move 1s accepted or rejected
according to the acceptance probability

a; = min (1, eCAE/KD} (22)

and (b) particle insertion/deletion, which involves (i) a choice
between insertion and deletion randomly with equal probability
(this step is carried out independent of the outcome of step 3a)
and (ii) if insertion is selected, a pair of ions is inserted (a cation
and an anion) at random positions inside the cell and AE is
calculated (an ion pair for a 1:1 electrolyte as opposed to a single
ion maintains electroneutrality in the simulation cell), or (iii) if
deletion is selected, a pair of ions chosen randomly is deleted and
AE is calculated. (iv) In either case the attempted insertion/
deletion is accepted or rejected according to the acceptance
probability

a; = min {1, preexp-eAEu/ k) (23)
where
preexp = (ata V?) /(N*N") (for insertion)

Here a™ and @™ are the counterion and co-ion activities, V is the
cell volume in which insertion is attempted, and N* and N~ are
the number of cations and anions, respectively, after the attempted
insertion, and

preexp = (N*N") /(ata V?) (for deletion)
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The quantities N* and N~ are the number of cations and anions,
respectively, before the attempted deletion. Finally, there is (c)
updating the counters for energies, number of particles, acceptance,
insertion and deletion ratios; and storage of the coordinates of the
entire system at certain specified intervals for subsequent structural
analyses.

Steps 3a to 3c are repeated until convergence of the energies,
the number of particles in the simulation cell, the acceptance, and
insertion and deletion ratios are established. The number of
particles to be moved and the step size control the acceptance ratio.
These parameters are adjusted to obtain an optimum ratio of 50%.
The frequency of insertion/deletion and the number of ion pairs
inserted/deleted control their respective ratios. These may be
adjusted to obtain a 50% probability that an attempted inser-
tion/deletion is accepted. If this fails, a cavity biased algorithm?
which changes the available volume for insertion may be explored
but is not required here. The insertion ratio must equal the
deletion ratio after convergence.

4. Calculation of averages of all quantities in the counters of
step 3c. Activity coefficients are calculated from these average
concentrations and from input activities. Finally, any desired
structural analyses may be performed from the stored coordinates.

IV. Calculations and Results on [NaCl],,

Grand canonical Monte Carlo computer simulations were
performed on aqueous solutions of sodium chloride in the [T,V.a]
ensemble, at a temperature of 298 K. The setup for our calcu-
lations herely closely corresponds to the [T,V,/N] ensemble sim-
ulations on NaDNA in the presence of NaCl reported previously.5?
The central cell in the simulations is represented by a cylindrical
box of height 67.6 A and radius 100 A. The N-particle config-
urational energies are calculated by using a (12,6,1) potential,
under the assumption of pairwise additivity in interionic inter-
actions. The 12 (A4, = 4¢0;') and 6 (8,2 = 4¢0,°) parameters
for sodium and chloride ions are taken from Gromos force field
of Berendsen, Van Gunsteren, and co-workers’ and are reported
in Table I of ref 63. These correspond to oy, = 2.575 A, ey, =
0.0148 kcal for sodium ion and o¢, = 4.448 A, ec; = 0.1065 kcal
for chloride ion. A dielectric constant of 80 is used in calculating
the Coulombic interactions. Periodic boundary conditions in the
axial direction and mass-conserving diffusive boundary conditions
in the radial direction are imposed on the system. For instance,
if a particle moves out of the cylinder radially to (r,¢.z), it is
repositioned at (r,180+¢,z). Here r'is given as d — r, where d
is the diameter of the cylindrical cell. Similarly, in the axial
direction, if the particle diffuses out of the cylindrical box to (r,¢,2),
it is reset at (r,¢,z—h), where h is the height of the cylinder. One
image of the central box is constructed in each direction in cal-
culating the interaction energies. The rationale for this approach
to solutions of polyelectrolytes with cylindrical or quasi-cylindrical
symmetry containing simple electrolyte was discussed at length
earlier.? The strategy of multiparticle moves along with step size
adjustment was employed as reported previously®® to maintain
the acceptance ratio for particle moves close to 50%. The min-
imum typical run length in all cases was the equivalent of 7.5
million single-particle moves. Convergence of the mean energies
and co-ion concentrations was monitored during the runs. The
insertion and deletion ratios were seen to equal within 0.5 million
steps. About 2.5 million moves were treated as equilibration and
rejected. Ensemble averages were formed over the last 5 million
Or more moves.

Results on the mean ionic activity coefficients of NaCl from
the GCMC simulations on [NaCl],, using a (12,6,1) potential
with GROMOS Lennard-Jones parameters for the ions in a con-
tinuum solvent are shown in Figure 1 (dashed line with circles)
as a function of salt concentration along with experimental results
(solid line)! on this system. It may be noticed that at very low
salt concentrations (~0.01 M) the agreement between the cal-

(72) Van Gunsteren, W. F_; Berendsen, H. J. C. GROMOSS8: Groningen
Molecular Simulation System, University of Groningen: The Netherlands,
1988.
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Figure 1. Results of GCMC simulations on [NaCl],,. Mean ionic
activity coefficients are shown as a function of sodium chloride concen-
tration (in mM units). (a) Experiment from Robinson and Stokes' (solid
line), (b) simulations with a (12,6,1) potential (dashed line, circles), (c)
as in (b) with enlarged van der Waals diameter (6 A) for both sodium
and chloride ions (dotted-dashed line, triangles), (d) as in (b) with di-
clectric saturation (dotted line, squares), (e) simulations of Mills et al.!¢
(dotted-dashed line, filled diamonds), and (f) simulations of Valleau and
Cohen?? (dotted line, crosses).

culated and the observed activity coefficients is good. The cal-
culated trends show disturbing deviations from experiment as the
salt concentration increases further. Similar observations were
made by Ramanathan and Friedman on osmotic coefficients
calculated with the primitive model and with other vanilla models
without a solvent term using the HNC formalism.2®

We then proceeded to use the grand canonical simulation studies
on NaCl to calibrate the ¢ and ¢ parameters for NaCl on the
experimental activity coefficients, retaining the (12,6,1) functional
form for the interaction energies. A systematic variation in the
radius of the sodium ion was first carried out with other parameters
remaining the same. Preliminary investigations indicated that
the results on activity coefficients can be reproduced by changing
the radius alone at any one given salt concentration, but the results
over the entire range of concentration studied here show that
spurious curvature is introduced by a larger radius. This can be
corrected for by simultaneously increasing the ey,, but with the
climination of the spurious curvature, the results were not very
different from the starting point which is that of the bare ion.
Results for a choice of oy, = 6 A and o, = 6 A are shown in
Figure 1 (dashed-dotted line with triangles). Changes in the
chloride ion parameters, whether carried out in isolation or in
conjunction with changes in sodium ion, were seen to have a similar
effect. In all these preliminary calibration efforts with increased
radii, it was noticed that the deviations from experiment became
more significant at higher salt concentrations where the average
distance of interionic separation is smaller. These results seem
to suggest that it is not profitable to change the ion parameters
without changing the functional form for interionic interactions.

We then considered changing the dielectric constant to introduce
distance dependence and to account for dielectric saturation. (See
ref 63 for details on the functional form and its origins.) Results
of representative calculations are shown in Figure 1 (dotted line).
In exploratory studies, introduction of saturation in the small ion
interactions resulted in an overestimation of the interionic in-
teractions and increased the nonideality of the solution. This led
to an even larger discrepancies between the calculated and ob-
served mean ionic activity coefficients. This is consistent with
the results of a simulation study on small ion hydration,” where
it was found that dielectric saturation may be a significant factor
for the free energies of hydration of cations only beyond a charge
of +1, but not necessarily for monovalent ions studied here. An
increase in the dielectric constant of water above 80 did appear
to bring the calculated activity coefficients closer to the experiment,
but this is nonphysical and was rejected.

(73) Jayaram, B.; Fine, R.; Sharp, K.; Honig, B. J. Phys. Chem. 1989, 93,
4320-4327. =

The Journal of Physical Chemistry, Vol. 95, No. 6, 1991 2511

The extent of deviation in the calculated and observed activity
coefficients is also expected to depend upon details of simulation
characteristics and protocol. See Figure 1 for results of some
earlier work with the primitive model.'®?2 A simple cubic cell
with periodic boundary conditions and minimum image convention
as in ref 22 may also be explored for the purposes of calibration
of the ¢ and ¢ parameters of the ions and/or the dielectric constant
of the solvent, but such studies would not be relevant to the stated
objective of developing the best possible MM level model of
[NaCl],, for simulations of aqueous solutions of NaDNA in the
presence of added NaCl enclosed in a cylindrical box undertaken
here.

Overall, we found that the results shown in Figure 1 (dashed
line) cannot be easily improved upon without a further consid-
eration of the solvent in the simulations. A plausible reason for
the observed behavior is that the potential of mean force (pmf)
between two ions in water shows an oscillatory behavior.?83? The
(12,6,1) potential or its variations without a solvent term cus-
tomarily used to treat the small ion interactions in a continuum
solvent does not mimic the behavior of the pmf. Two possible
directions to follow in this regard are (1) calibrate the interaction
energy function to include the pmf obtained from fully explicit
BO level molecular simulations or RISM type calculations or (2)
use the Gurney parameter approach as suggested by Ramanathan
and Friedman?® to represent solvation effects within a continuum
description of the solvent. The concentration dependence of the
pmf’s makes the former approach computationally overwhelming.
We have taken recourse to the Gurney option and modified our
potential function for the small ion interactions to include solvation
effects.

Thus, in addition to the (12,6,1) terms in calculating the in-
teraction energy between any two given ions, an extra Gurney term
of the form A, ion(Ver/ V), where V,, is the exluded volume and
V', is the volume of a water molecule, is included. This in the
following is designated as the “refined primitive model™® or simply
as the (12,6,1 + Gurney) model. The V,, is evaluated via egs 5
and 6 of ref 26. These are given below for an easy reference:

Vex(r{+dwrrj+dw-r] = Vex(asbyr) ;

= x[-(Ar) '@ - b2 ¥ (2/3)(@° + 5%) —(£/2) X
(a® + b + (1/12)r°] (24)

Here r; and r; are the van der Waals radii of ions / and j, r is the
distance between them, and d,, is the diameter of a water molecule.
In this study, rn,* = ona/2. For = 0a/2 and a value of 2.76 A
is adopted for d,. The Gurney term can be evaluated analytically
subject to the specification of A, parameters which are be
calibrated on the known activity coefficients. The A, pa-
rameters are essentially the molar free energy change of the
cosphere solvent returning to its normal state, when the hydration
shells of two ions encroach upon each other. Several test GCMC
simulations were performed with different A4,,, ;,, parameters to
obtain good agreement with experimental activity coefficients over
a wide range of salt concentrations. As pointed out earlier,? there
is no unique set for these parameters. The constraint we have
employed is that once a set of three parameters have been selected,
the same parameters be used at all salt concentrations. In Figure
2, results of the Gurney parameter approach are shown (as dash
dots) for a choice of An,+na+ = —80 cal, 4-Cl- = —80 cal, and
Ang+Cl- = 200 cal. The agreement between the calculated and
experimental activity coefficients is seen to be very good when
solvation effects are considered. The (12,6,1 + Gurney) model
is seen to give a satisfactory account of the activity coefficients
as a function of salt concentration from 5 to 500 mM.,

We would like to emphasize here that the Gurney term to
account for solvation effects has been widely employed earlier (for
example, see refs 26, 27, and 74-76). A similar rationale is

(74) Gurney, R. W. lonic Processes in Solution; McGraw-Hill: New
York, 1953,

(75) Friedman, H. L.; Krishnan, C. V. J. Solution Chem. 1973, 2,
119-138.
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Figure 2. Results of GCMC simulations on [NaCl],,. Mean ionic
activity coefficients are shown as a function of sodium chloride concen-
tration (in mM units). (a) Experiment! (solid lin), (b) simulations with
a (12,6,1) potential (dashed line, circles), and (c) as in (b) with a Gurney
term for solvation effects (dotted-dashed line, squares).

BTN R e [T e BT T T ] T

I T J =T x
40 80 120 160 200
DISTANCE FROM THE REFERENCE ION (IN ANG;[12,6,1] MODEL)

Figure 3. Results of GCMC (12,6,1 model) simulations on [NaCl],,.
Total net charge Q(r), around any given ion in the simulation cell treated
as the reference ion, is shown as a function of distance (in A) from the
reference ion and concentration (in M units). The top four curves are
for a reference chloride ion, and the bottom four curves are for a refer-
ence sodium ion. The salt concentrations for each curve shown are 0.005
M (solid line, circles), 0.010 M (dashed line, squares), 0.023 M
(dashed-dotted line, triangles), and 0.063 M (dotted line, inverted tri-
angles).

NET CHARGE AROUND THE REFERENCE ION, Q(R)

embodied in the hydration shell model of Scheraga and co-
workers”" and Hopfinger.”®® The relationship between Gurney
model and hydration shell model has been pointed out earlier.?!
Regarding the choice of ¢ and e parameters for sodium and
chloride from GroMos and the (12.6,1) functional form, these have
been well characterized via molecular simulations before. These
parameters are comparable in magnitude and the functional form
similar in different existing force fields (see for instance ref 82).
We have retained and employed them here in a continuum solvent
context. We do not feel that we can yet make a definitive
statement on the validity of different MM level models with or
without terms accounting for solvation effects to represent aqueous
solutions of simple electrolytes. A reasonable inference to be drawn

(76) Clark, A. H.; Franks, F.; Pedley, M. D.; Reid, D. S. J. Chem. Soc.,
Fraday Trans. 1 1977, 73, 290-305.

(77) Gibson, K. D.; Scheraga, H. A, Proc. Natl. Acad, Sci. U.S.A. 1967,
58, 420-427.

(78) Hodes, Z. 1.; Nemethy, G.; Scheraga, H. A. Biopolymers 1979, 18,
1565-1610.

(79) Hopfinger, A. J. Conformational Properties of Macromolecules;
Academic Press: New York, 1973; p 70.

(80) Hopfinger, A. J. Intermolecular Interactions and Biomolecular Or-
ganization, Wiley-Interscience: New York, 1973; p 324.

(81) Jayaram, B.; Ravishanker, G.; Beveridge, D. L. J. Chem. Phys. 1988,
92, 1032-1034, :

(82) Chandrasekhar, J.; Spellmeyer, D. C; Jorgensen, W. L. J. Am. Chem.
Seoc. 1984, 106, 903. 3
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Figure 4. Resulis of GCMC (12,6,1 + Gurney model) simulations on
[NaCl],,. (A) Total net charge Q(r), around any given sodium ion in
the simulation cell treated as the reference ion, is shown as a function
of distance (in A) from the reference ion and concentration (in M units).
The salt concentrations for each curve shown are 0.005 M (solid line,
circles), 0.010 M (dashed line, squares), 0.020 M (dashed-dotted line,
triangles), and 0.048 M (dotted line, inverted triangles). (B) Same as
in (A) for a chloride ion. ;

from the results presented here and from the literature cited in
the Background section is that several MM level models may be
compatible with the activity coefficient data for a given system.
Our work here does bring to light the problems to be expected
in reproducing the activity coefficient data in simulations of the
nature reported above on [NaCl],g and a way to solve them.

The GCMC simulations on [NaCl],, performed also provide
valuable structural information on the ion atmosphere around a
reference ion. Results on the net charge around any given ion
Q(r), as a function of radial distance from the reference ion at
the lowest four concentrations studied here, are shown for the
model with (12,6,1) potentials in Figure 3. (These results cor-
respond to the activity coefficient curves shown as dashed line with
circles in Figure 1.) The top four curves in Figure 3 are for a
reference anion, and the bottom four curves in Figure 3 are for
a reference cation for this model. Corresponding results for the
(12,6,1 + Gurney) model are shown in Figure 4. Due to an overlap
of the curves with this refined primitive model, results with a
reference cation are shown in Figure 4A. Corresponding results
for the anion are shown in Figure 4B.

Results shown in Figure 4 correspond to our GCMC simulations
with a 12,6,1 potential along with a desolvation term for the
interacting ions, which gives the best agreement with the ex-
perimental activity coefficient data over the entire concentration
range of 5-500 mM. Each curve in Figure 4A B represents a
different concentration of the electrolyte. All these curves shown
in Figure 4A,B start at zero at very short distances from the
reference ion and go over to —1 at large distances from the cation
(Figure 4A) and to +1 far away from the anion (Figure 4B), as
required by electroneutrality in the simulation cell. At the two
lowest concentrations studied (5 and 10 mM), both of which are
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within the realm of validity of Debye—Hiickel theory, the Q(r)
shows a monotonous decrease from 0 to —1 (Figure 4A) for the
reference sodium ion and a monotonous increase from 0 to +1
(Figure 4B) for the chloride ion. There is no significant structure
associated with any given ion at these dilutions. Treating the ion
atmosphere as a diffuse cloud and neglecting the discrete structure
of the ions appear to be justifiable at these low concentrations
which accounts for the validity of DH theory. The Debye length
in this region simply gives a characteristic distance at which
potential due to the central ion drops to 1/e of its value and must
not be taken to literally mean that a charge of —1 is enclosed in
a sphere of radius equal to the Debye length around the reference
cation.

At higher concentrations (>10 mM), structural features of the
ions around the reference ion emerge. This explains at least in
part the failure of the DH theory in this region. Notice that these
structural features are absent in the Q(#) curves with the (12,6,1)
model (Figure 3). It is worth emphasizing that Q(r) is a radially
integrated quantity and gives the total net charge up to a distance
r from the reference ion under consideration. This is not the same
as the radial distribution function g(r), which always shows an
oscillatory behavior with a discrete particle system whatever the
theoretical model for interparticle interactions. However, there
is no reason to expect a priori that Q(r) show maxima/minima
or an oscillatory behavior. In this sense Q(r) curves with the
refined primitive model enhances our perspectives on the ion
atmosphere around a reference ion in this model simple electrolyte
solution.

A surprising result is that the Q(#) for the chloride ion (Figure
4B) shows minima at higher salt concentrations. Qur results here
indicate the stability of an anion pair at concentrations =50 mM.
For a cation, however, no such tendency of forming a cation pair
is noticeable. The cations appear to prefer forming ion pairs with
anions. These results are reminiscent of the results of chloride—
chloride and sodium—chloride potential of mean force calculations
with fully explicit solvent molecules.?®*'* This does not mean
that the same physics is operational in the two models, however.

Thus, the interaction potential for the small ions assumed in
this study (the Gurney refined primitive model) not only repro-
duces well the observed thermodynamic properties as a function
of concentration but also appears to give the explicit solvent (BO
level) simulation behavior noted in the Background section.
Whether or not this constitutes a satisfactory account of the
structural features of simple electrolyte solutions is yet to be seen.
At this stage these are simply to be taken as consequences of the
theoretical model employed here for aqueous sodium chloride
solutions.

V. Calculations and Results on [NaDNA + NaCl],,

The GCMC simulations for [NaDNA],, in the presence of
added sodium chloride were set up as an extension of the canonical
Monte Carlo calculations described previously.®* The system in
our simulations corresponds to two turns (20 base pairs) of a
DNA-shaped molecule with charges on phosphates, discrete so-
dium, and chloride ions and all interacting with each other in a
solvent treated as a dielectric continuum. The number of mobile
ions in the simulation cell is dictated by the specified chemical
potential /activity,

The choice of the Hamiltonian for the system was based on the
strategy of using the potential function for DNA—small ions, which
was successful in predicting the constancy of the condensed
counterion fraction with added salt concentration® as observed
experimentally, and using the interaction potential for the small
ions which was calibrated as discussed in the previous section on
the experimental activity coefficient data of sodium chloride.
There is insufficient experimental information to parametrize the
desolvation terms (Gurney parameters) for the charges on DNA
at the present stage. Thus, a (12,6,1) potential along with a
distance-dependent screening function, i.e., a dielectric saturation
function reported earlier (DS model of ref 63) modifying the
Coulombic part, was used here in computing the DNA-small ion
interactions. The (12,6,1 + Gurney) model described in section

The Journal of Physical Chemistry, Vol. 95, No. 6, 1991 2513

o

[=]

[

Q

-

I ]
z ]
=

=]

- .

8] S

& :

i et

s] 1.

=

L

5] 4

i + 7

§ 04 —t:"

z 1 —— EXPERIMENT( Nac1 )

Z o0z- «=== GCMC(SATURATION+GURNEY)

2 ] wav GOMC(MILLS ET AL., PAULSEN ET AL,
g - wown CC THEORY

g WO+ 77—
% o 24 48 72 96 120
Y ADDED SODIUM CHLORIDE CONCENTRATION (IN MILLIMOLAR UNITS;(PO; J=31.1)

Figure 5. Results of GCMC simulations on [NaDNA + NaCl],,. Mean
ionic activity coefficient is shown as a function of added salt conaenlra—
tion (in mM units at a DNA phosphate concentration of 31.1 mM). (a)
GCMC (dielectric saturation + Gurney model) simulations (dashed line,
circles), (b) GCMC simulations of Mills et al.'® and Paulsen et al.!”
(dotted line, filled diamonds), (c) Manning’s counterion condensation
theory® (dotted line, crosses), and (d) experiment on sodium chloride!
(in the absence of DNA) (solid line).

IV (refined primitive model) was used for small ion—small ion
interactions. Details on the periodic boundary conditions utilized
here and the method of evaluation of the configurational energy
of the system are exactly as described previously.®® This model
for the [NaDNA + NaCl],, system is referred to as the saturation
+ Gurney model in the following. The GCMC studies are carried
at a temperature of 298 K and at varying DNA concentrations,
reflected in the volume (radius) of the simulation cell, and at
different added salt activities. Wherever possible, the choice of
the DNA concentrations and salt activities was made in such a
way as to enable a direct comparison with experiment or to closely
correspond to previous GCMC work of Anderson Record and
co-workers'*!% on this system.

Results on the mean ionic activity coefficients of the counterions
(sodium) and co-ions (chloride) as a function of added salt activity
are shown in Figure 5 (dashed line) for a phosphate concentration
of 31.1 mM, along with results from some earlier GCMC simu-
lations'®'? (dotted line with diamonds) and predictions from the
counterion condensation theory*® (dotted line with crosses). The
experimental mean activity coefficients of NaCl in water at 25
°C are also shown in Figure 5 (solid line) to underscore the simple
electrolyte behavior. Notice that for a simple electrolyte the
activity coefficients decrease with added salt, while for polye-
lectrolyte the activity coefficients increase with added salt. The
agreement between the present work and the other two mod-
els'®1749 is qualitative.

For a quantitative assessment of the model employed in this
study, a comparison with the experiments of Lyons and Kotin*
on the counterionic activity coefficients at a phosphate concen-
tration and added salt activities given in Table IV of ref 48 was
carried out. Two issues are of relevance here. Firstly, the
counterion activity coefficients were derived by Lyons and Kotin
from the measured ratio of single ion activities. Secondly, in a
GCMC simulation although any desired single ion activities can
be chosen in principle as input parameters (see eq 16) and the
simulation conducted with these single ion activities, in practice,
however, it is the product of these activities which enters the
transition probabilities (see eqs 17 and 18) that dictate the path
of the stochastic walk of the system in configuration space. Any
partitioning scheme of the activity coefficients is therefore not
above the well-known uniqueness problems of separating the mean
ionic activity coefficients into its components. The counterion
activity coefficients here are calculated as the ratio of the specified
input counterion activity to the average concentration of coun-
terions, i.e., the sum of the input phosphate concentration and
added salt concentration determined from the GCMC simulations.
While this is consistent with eqs 1618, it is not unique and is
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Figure 6. Results of GCMC simulations on [NaDNA + NaCl],,. (A)
Counterion activity coefficients are shown as a function of counterion
activity (in mM units). Experimental results of Lyons and Kotin*® (solid
line. circles), GCMC (dielectric saturation + Gurney model) results
(dashed line, squares). (B) Counterion activity cocefficients are shown
as a function of added salt concentration (in mM units). Experimental
results of Lyons and Kotin*® (solid line, circles), GCMC (dielectric
saturation + Gurney model) results (dashed line, squares), GCMC (with
a 12,6,1 potential, DC model®*) results (dashed dotted line, triangles).

the cquivalent of the approximation a* = (a,2)/?and @ = (a,?)!/?
given that a.® = ata™, where a* and a are the counterion and
co-ion activities, respectively, and ay is the mean ionic activity.

Results of these computations (with the saturation + Gurney
model) are shown in Figure 6A (dashed line) along with exper-
imental results (solid line). The agreement between the calculated
and the observed counterionic activity coefficients is exceptionally
good. Considering the approximations involved in both the
calculated and experimentally derived counterion activity coef-
ficients, such an agreement is surprising. To understand the
influence of the Gurney term and dielectric saturation on the
results, we have repeated these simulations with a (12,6,1) potential
and without the Gurney term and dielectric saturation. This
simple Coulombic model (DC model of ref 63) is closer to that
of Anderson, Record, and co-workers'®!? than the earlier model
(saturation + Gurney) which considers the saturation around
DNA and has the Gurney term for simple electrolyte to describe
solvation effects. Results on counterion activity coefficients as
a function of added salt concentration emerging from these
calculations are shown in Figure 6B together with the values of
Lyons and Kotin and saturation + Gurney model results. A
general agreement between the various theoretical approaches and
experiment is perceivable. It would have been worthwhile to make
a direct comparison with experiments on mean ionic activity
coefficients and over a much wider range of added salt concen-
tration. This possibility is being explored. Overall, subject to the
stated approximations and qualifications, these results appear to
suggest that a dielectric continuum representation of solvent
provides with a viable alternative to fully discrete simulations
including explicit waters for the purposes of calculating ther-
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TABLE I: Added Salt Concentrations and Activity CoefTicients of
Sodium Chloride at 25 °C in a Solution of [NaDNA + NaCl],,
Calculated from GCMC Simulations®

C,, mM a4, mM C, mM Je S+ g

la 31 44 1.453 £ 0.008 0.6397 0.1352 3.0282
1b 1 9.8 4961 £ 0.035 0.7327 02718 19754
lc 3l 19.6 14.429 £ 0.072  0.7647 0.4305 1.3584
1d 3l 325 28.451 £ 0.108  0.7896 0.5458 1.1423
le 311 65.0 66.878 £ 0.428 0.8030 0.6634 0.9719
1f 3l 100.0  117.054 £ 1.564 0.7594 0.6750 0.8543
2a 26.7 4.4 1.485 £ 0.007  0.6802+ 0.1561 2.9630
2b 26.7 9.8 5.449 £ 0.025  0.7405 0.3048 1.7985
e 26.7 19.6 15.361 £ 0.070 0.7711 0.4660 1.2760
2d 26.7 325 29479 £ 0.128 0.7986 0.5785 1.1025

68.132 £ 0.462  0.8087 0.6854 0.9540
119.581 £ 0.970 0.7561 0.6836 0.8363

1.602 £ 0.011 07217 0.1896 2.7466
6.087 £ 0.030 0.754%9 0.3540 1.6100
16.351 £ 0.076 0.7868 0.5165 1.1987
30972 £0.117 08054 0.6182 1.0493
69.954 + 0.454  0.8122 0.7100 0.9252
122,454 £ 1.045 0.7529 0.6942 0.8166

2Ze 26.7 65.0
2f 26.7 100.0

3a 21.6 4.4
3b 21.6 9.8
3c 21.6 19.6
3d 21.6 325
Je 21.6 65.0
f 216 100.0

4a 13.8 4.4 2072 = 0011 07672 0:2772 21236
4b 13.8 9.8 7.369 £ 0.049  0.7846 0.4629 1.3300
4c 13.8 19.6 18.454 = 0.054  0.8034 0.6077 1.062]
4d 13.8 32.5 33.172 £ 0.120 -0.8233 0.6919 0.9797
de 13.8 65.0 72.864 £ 0.469 0.8180 0.7500 0.8921
Sa 5.0 4.4 3.449 +£0.019 08152 0.5208 1.2757
5b 5.0 9.8 9.584 £ 0.042 0.8290 0.6720 1.0225
3¢ 5.0 19.6 20.941 £ 0.058  0.8409 0.7556 0.9360
5d 5.0 32.5 36.001 = 0.089  0.8459 0.7927 0.9028

“C, = phosphate concentration, a = activity of sodium chloride, C-
= co-ion concentration, fy = mean ionic activity coefficient of sodium
chloride, and f; and f. are counterion and co-ion activity coefficients.

modynamic properties of polyelectrolyte solutions.

The results of the GCMC simulations on [NaDNA + NaCl],q
obtained here can be used to further analyze thé trends in single
ion activity coefficients and chemical potentials and to focus on
the sources of nonideality. An analysis of the calculated mean
jonic activity coefficients in terms of the single ion activity
coefficients, with the approximation discussed above in obtaining
these quantities and on the basis of the agreement between the
simulation and experiment in Figure 6 above, is given in Table
I. The counterion activity coefficients increase with added salt
concentration at all phosphate concentrations, while the co-ion
activity coefficients decrease as with simple electrolyte solutions.
The overall behavior of the mean ionic activity coefficients of
sodium chloride in the presence of DNA is dominated by the trends
in the counterion activity coefficients.

A corresponding analysis of the excess chemical potentials as
a function of added salt concentration is given in Figure 7. An
explanation based on stoichiometric considerations in the GCMC
simulations for the trends seen in Table I and Figures 5-7 for
nonidealities in polyelectrolyte solutions goes as follows: Mean
activity is the product of concentration and mean ionic activity
coefficient. Mean activity is related to the total chemical potential,
and mean activity coefficients are related to excess chemical
potentials. In a GCMC simulation one fixes the activity or the
total chemical potential. At a given counterion chemical potential
or counterion activity, the counterion concentration is larger in
the presence of NaDNA (DNA contributes its complement of
counterions to the solution), relative to a simple electrolyte solution.
For the product of the concentration times the activity coefficient
to remain constant to maintain the constancy of the activity, the
counterion activity coefficients have to be much less than they
are in the case of a simple electrolyte. By a similar argument the
co-ion activity coefficients are much larger than in the case of
simple electrolytes. As the added salt concentration increases,
the effect of the extra counterions due to DNA diminishes, and
the behavior of the activity coefficients approaches that of a simple
electrolyte.
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Figure 7. Results of GCMC (dielectric saturation + Gurney model)
simulations on [NaDNA + NaCl],,. Excess chemical potentials (in kcal)
are shown as a function of salt concentration (in mM units) for the simple
electrolyte [NaCl],, (solid line) and for the ternary mixture [NaDNA
+ NaCl],, {dashedqline, circles) at a DNA phosphate concentration of
31.1 mM. Results shown in dashed lines are further split into counterion
(Na*; dotted line, triangles) and co-ion (CI7); dotted line, inverted tri-
angles) contributions.

The results shown in Figure 7 suggest that, in the case of simple
electrolytes (sodium chloride in water), the interionic interactions
become stronger with increasing salt concentrations with the
consequence that the excess chemical potentials become more
negative and the activity coefficients much less than unity. In
the case of a mixture of simple and polyelectrolyte solution (sodium
chloride and sodium salt of DNA in water), at low salt, most of
the free sodium ions are still in favorable interactions with the
negative charges of the phosphates on the polyelectrolyte, while
the repulsive interactions between chloride—chloride and chlo-
ride-phosphate make the excess chemical potential of the co-ions
(chloride ions) positive. The co-ion activity coefficients exceed
unity at low salt. The excess chemical potential of the co-ions
becomes more negative with added salt, since more counterions
(sodium ions) become available for favorable interionic interac-
tions. The opposite trends hold true for counterion excess chemical
potentials, with the latter dominating the total excess chemical
potential. (Trends in total chemical potentials parallel the trends
in excess chemical potentials here.) Counterions interact more
strongly with DNA at low salt than at high salt. It is thus easier
to remove or displace counterions from DNA at higher salt
concentrations. This observation is also consistent with our earlier
free energy calculations (Figure | of ref 83). Thus, nonideality
in sodium salts of DNA in water in the presence of added sodium
chloride salt increases with dilution and decreases with added salt.
These observations are consistent with the conclusions of Record
and co-workers (ref 10 and references therein) drawn from their
PB and GCMC studies on the preferential interaction coefficient
discussed below. Record and Richey'® have:attributed this at a
molecular level to an increase in nonuniform distribution of ions
around the polyion as the salt concentration is reduced.

The Donnan equilibrium parameter, also called the preferential
interaction coefficient,'® has been studied extensively both ex-
perimentally*®3 and theoretically!'®!'216174% a5 3 measure of
nonideality in polyelectrolyte solutions. It is defined as I' = lim- =0
{(C) = C)/CY, where C, is the DNA phosphate concenlratlon,
C, is the salt concentration inside the polyelectrolyte compartment,
and C/ is the salt concentration outside the semipermeable
membranc An equivalent definition is I' = lim. =0 (9C; [0C), -
An interesting analogy between the GCMC simulations and
Donnan experiments is given in ref 10. The procedure for the
evaluation of T here is identical with that of Mills et al.'® Using
the simulation data given in Table I, we plotted the calculated
salt concentrations as a function of phosphate concentration at
each fixed salt activity and temperature. All these curves (shown
in Figure 8) are seen to be representable by straight lines with

(83) Jayaram, B.; Beveridge, D. L. J. Phys. Chem., i press.
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Figure 8. Results of GCMC (dielectric saturation + Gurney model)
simulations on [NaDNA + NaCl],,. Calculated salt concentrations (in
mM) are shown as a function of phosphate concentrations (in mM) at
different mean ionic activities of the simple electrolyte labeled (in mM)
on the curves,

TABLE II: Calculated Donnan Salt Factor (I') in a Selution of
[NaDNA + NaCll,q Given as a Function of Bulk Salt Concentration
(C,") of Sodium Chloride at 25 °C

C/, mM T ¢/, mM r
3,5 0.075 373 0.291
10.1 0.176 77.6 0.349
220 0.250

bulk salt concentration (C,) as the intercept and Donnan salt
factor T as the slope at each salt activity. These are collected
in Table II. Although the experimental®® and the calculated values
here are not strictly comparable since bromide is used as the co-ion
in experiments (the significance of this difference is not known),
some general trends may be seen. The experimental values of T
at NaBr concentrations of 9.5 and 88.9 mM are 0.122 and 0.204,
respectively. The calculated T' (Table 1) increases as a function
of salt concentration as found experimentally. Paulsen et al.'?
in their calculations of T report a much better agreement with
experiment. The calculated values of T here are slightly higher
than the experimental values. The experimental value of 0.122
at 9.5 mM, however, is seen to be bracketed by the calculated
I' of 0.075 at 3.5 mM and 0.176 at 10.1 mM (first two rows in
Table II). The limiting value of 0.06 from counterion codensation
theory*® is seen to be very close to our lowest salt concentration
value of 0.075. Ty, according to the condensation theory is 0.5.
The trends-in Table II indicate that I' approaches this limit as
the salt concentration increases. Results in Table IT in general
confirm the earlier analysis based on excess chemical potentials
here and previous PB and GCMC studies'® that nonideality of
simple electrolyte in the presence of a polyelectrolyte decreases -
with added salt.

V1. Conclusions

The results of our grand canonical Monte Carlo simulations
on aqueous solutions of sodium chloride in the absence and
presence of sodium salt of DNA may be summarized as follows.
A variation of the primitive model for the simple electrolyte
solutions, with desolvation of two encroaching ions considered via
a Gurney factor, reproduces the experimentally observed behavior
in the mean ionic activity coefficients of sodium chloride in water
in the concentration range 5-500 mM studied here. In addition,
this refined primitive model also predicts the stability of sodium
and chloride ion pairs as well as chloride and chloride anion pairs
at concentrations 250 mM. The novel stability of anion pairs
in aqueous solutions, reported previously from detailed molecular
simulations, is reflected in calculations based on the refined
primitive model with a continuum solvent.

Structural analysis of the ion atmosphere based on the results
of our simulations with the refined primitive model leads us to
conclude that the success of Debye-Hiickel theory for simple
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electrolyte solutions at concentrations <10 mM is attributable
to a lack of structure in the ion atmosphere around the reference
ion and its failure above 10 mM to the onset of structural features
in the ion atmosphere.

The GCMC simulations carried out here appear to indicate
that a dielectric continuum representation of solvent provides with
a viable alternative to fully discrete simulations including explicit
waters for the purposes of calculating thermodynamic properties
of polyelectrolyte solutions.

The calculated excess chemical potentials suggest that in the
case of simple electrolytes ([NaCl],,) the interionic interactions
become stronger with increasing salt concentrations, resulting in
more negative excess chemical potentials and activity coefficients
much less than unity. In the case of a mixture of simple and
polyelectrolyte solution ([NaCl + NaDNA],,), at low salt, the
stronger attractive interactions between the counterions (Na*)
and the polyanion (DNA) and the repulsive interactions between
co-ions with themselves and with the polyanion lead to positive
co-ion (CI7) excess chemical potentials. The co-ion excess chemical

potentials become more negative with added salt, since more
counterions become available for favorable interionic interactions.
The opposite trends hold true for counterion excess chemical
potentials, with the latter dominating the total excess chemical
potential. Thus, nonideality in a polyelectrolyte and simple
electrolyte mixture increases with dilution contrary to the behavior
in simple electrolyte solutions.
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