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In this work we present a new software package (ISIM),
which represents a flexible, computational tool for
simulations of electrolyte solutions via a grand canonical
Monte Carlo procedure (GCMC) with a specific capa-
bility of treating biomolecules in solution. The GCMC
method provides a powerful tool for studying the ionic
environments of highly charged macromolecules with
attention to the atomic detail of both the solute and the
mobile counterions. The ISIM software differs from
previous schemes mainly by treating different ion types
independently and offering a new parameterization
procedure for calibrating excess chemical potentials and
bulk ion concentrations. Additionally, ISIM leverages
the APBS software package to provide accurate descrip-
tions of the biomolecular electrostatic potential through
the efficient solution of Poisson’s equation. ISIM has been
validated on a variety of test systems; we successfully
reproduce elementary properties of electrolyte solutions
as well as theoretical and experimental results for
challenging test systems like Calmodulin and DNA.

Keywords: Grand canonical Monte Carlo; Ion simulation; ISIM
software; Electrostatics

INTRODUCTION

The grand canonical ensemble (GCE) has proven to
be an appropriate description of the ionic species in
electrolyte solutions [1] when treating them within
the primitive model [2,3], which employs a con-
tinuum description of the solvent as a dielectric
medium (McMillan-Mayer level [4,5]) and a pairwise
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additive potential of mean force (PMF) for ion—ion
interactions. The GCE is a uVT ensemble, which
includes configurations with fixed chemical poten-
tial (u), volume (V), and temperature (T), but allows
particle numbers (N) to fluctuate [6].

Monte Carlo (MC) methods use probability
distributions derived from statistical mechanics to
generate members of a particular ensemble [7]. The
most common of these methods is Metropolis MC
[8], which generates members of the canonical
ensemble (NVT) by randomly displacing particles
with specific probabilities to obtain new, statistically
relevant configurations. Since GCEs contain systems
with differences in both particle configuration and
number, grand canonical MC (GCMC) methods
supplement Metropolis configuration space
sampling with random particle insertions and
deletions [9,10]. GCMC procedures have been
employed in a wide range of technical fashions for
example by taking advantage of parallelization
[11,12] or by coupling them to force-based methods
like molecular dynamics (MD) [13,14] or Brownian
dynamics (BD) [15] and for a variety of applications,
including the simulation of electrolyte solutions
[1,16], prediction of water positions in crystal
structures [17,18], adsorption processes [19], systems
dominated by quantum effects [20], dynamical
treatment of lipid bilayers [21] and finally biomole-
cular ion atmospheres. These latter simulations
have typically focused on DNA [22,23] and
rarely included other macromolecular polyions
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(one exception is the treatment of an ion channel in
Ref. [15]). The effectiveness of GCMC methods
typically depends on the particle densities [1,24]
which has limited its applicability in explicit solvent
models. However the so-called cavity-biased scheme
was developed and used to improve the efficiency
for such systems significantly [24,25].

Every GCMC simulation has to deal with the
fundamental issues of obtaining and maintaining an
average target concentration (convergence) and, in
case of charged particles, maintaining an average net
charge of zero (electroneutrality). The latter con-
dition is usually introduced as a fundamental
constraint: the simulation is started with a neutral
solution and only net neutral combinations of
particles are inserted or deleted. However, except
for its purpose in maintaining strict electroneutrality
(especially in the case of periodic simulations), there
is no justification for this restraint though. In fact,
this restriction can be unrealistic; for example, the
simulation of divalent cations and a wunivalent
cationic coions around a charged macromolecule
imposes the necessity to either have a huge bulk
reservoir of the electrolyte mixture to simulate the
right average composition or to dynamically adjust
the composition of the neutral combination to be
inserted or deleted, for which no a priori rule can be
thought of. One notable exception to those strict
electroneutrality constraints is the methodology
developed by Im et al. [15], whereby all particle
types are treated independently yet the correct
average concentration and neutrality conditions are
maintained. Im and co-workers handle the concen-
tration problem elegantly by successfully using
results obtained with the hypernetted chain equation
(HNC) theory instead of the “classical”
parameterization.

However, the independent treatment of ionic
species poses two (related) concerns. The first one
is the necessary splitting rule for the excess chemical
potential of solvation, which is frequently used as a
calibration parameter in earlier works by associating
specific values with the concentrations yielded by
the corresponding simulations all within the restric-
tion of pairwise insertion and deletion. There is no
theoretically rigorous algorithm to break up the
electrolyte’s excess chemical potential into its single
ion contributions, although these quantities can be
directly obtained from integral equation theories
[15]. The second concern is the success of such an
algorithm for maintaining the global electroneutral-
ity for an arbitrarily chosen simulation system.
One part of the solution of the electroneutrality
problem is to work within a true “droplet” model
instead of applying periodic boundary conditions,
so that net charge fluctuations can easily be tolerated,
as long as the average value is strictly zero
(in the presence of a highly charged macroion this

necessity holds only for sufficiently large
“droplets”).

When working within the primitive model one has
to be concerned about its limitations. Commonly
applied interaction potentials for ions in solution are
spherically symmetric and consist of an electrostatic
part and a hard- or soft-core (Lennard-Jones)
contribution which accounts for steric interactions
[6]. Electrostatic interactions are typically obtained
from solutions to Poisson’s equation, the canonical
equation for electrostatic interactions in a dielectric
continuum [26]. Clearly, these simple interaction
potentials do not capture the full range of influences
on the ion. Specifically, the primitive model typically
neglects molecular effects due to the solvent,
polarization effects, angular dependencies, and
many-body contributions [2,3]. However, despite
these approximations, previous work has shown that
it is capable of reproducing fundamental properties
of electrolyte solutions [27-29]. The previously
mentioned applications showed both the sufficiency
of the model [15,30] and its limitations, which were
therefore addressed by variations [22,30]. However
as we discuss later, some of the errors might have to
be assigned to the restrictions (as described above) in
the GCMC scheme applied in most of these
publications. Apart from this ongoing discussion,
the conclusion might be that the use of the primitive
model is almost certainly the most serious approxi-
mation made in the course of the whole method-
ology described here and must, therefore, be subject
to close and continuous inspection.

Ions play an important role in many aspects of
biology, including (for example) the structure,
folding, and function of numerous proteins such as
hemoglobin, cytochromes or zinc-finger proteins;
the regulation of the transmembrane potential by
the interplay of various transport mechanisms; or the
multiple events in cellular signaling triggered by
calcium ions. Ion effects in biology have often been
treated at the mean-field level through solutions to
the Poisson-Boltzmann equation [31-33]. However,
detailed computational and theoretical studies of ion
behavior, both in bulk [34-36] and in biological
systems [36—39] have indicated that such treatments
can be qualitatively incorrect in a variety of situations
relevant to biology, including high ionic strength,
asymmetric electrolytes, and large biomolecular
charge densities. While “extended” versions of
these mean-field electrolyte solution models are
available [34,36,40-42], the underlying equations
can be very difficult to solve in the complicated
geometries presented by most biomolecules. Fur-
thermore, it is not clear to what extent these
corrections will ameliorate the shortcomings of the
existing model. Since the main approximation of
primitive model GCMC methods lies in its treatment
of the solvent and since the “beyond mean-field”
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phenomena are included in GCMC simulations,
these methods offer a natural framework for
exploring the ion atmospheres of biomolecules at
higher levels of detail and accuracy than Poisson-
Boltzmann-like models.

METHODS

This section gives a short description of the models
and algorithms we use in our software package. One
focus here is on the general issues of a GCMC
procedure of estimating how selected parameters
represent a consistent description of ionic solutions.
Moreover, the program’s applicability towards
biologically interesting as well as computationally
challenging systems like highly charged biopoly-
mers such as DNA/RNA is addressed. Finally, some
additional aspects of the code itself are discussed.

GCMC Scheme

The GCMC scheme we use in our code is essentially
the same as proposed by Im et al. [15]. This refers
especially to the explicit choice of probabilities, since
the derivation of the general formulas is established
knowledge of statistical mechanics. We start with the
grand partition function for a system composed of M
different types of particles [6]:

Bui i
E = Z(ny,ny,...,ny) HZ (nle ) €y

i=1 n;=0

Here the n; and 7; give the actual and equilibrium
numbers of particles of type i respectively, B is
the reciprocal thermal energy, and Z is the volume-
normalized configuration integral

VﬁNJ‘ J J e ~BWxik{nih)
0J0 0

XA, X2, .. X (2)

Z(ny,np, ..., np) =

where N denotes the total number of particles, ()
is the spatial domain of interest, the {x;} are the
particles” generalized coordinates, and W({x;}, {n;}) is
the system’s mean free energy or, in other words, the
N-particle PMFE. Consequently, the probability of a
particular configuration is given as:

Buiyni
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It is now possible to create a Markov chain for
changes in numbers of particles with the restraint of
detailed balance as expressed by the equality

PUxi}, (i) k= )+ 1am)
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which serves to ensure microscopic reversibility (the
k-values are the transition probabilities) yielding the
(still generalized) expression

k( {ni}—={ni}+{An})
Kingy+tani—pnih)

d A 1
= o ~BIWxi}{mil+HAnh = Wixib i )]H”I'(”IEBM) N ®)
(n; + Any)!

When limiting allowed transitions to one-particle
insertions or deletions for one single species of type 7,
the expression simplifies to

k("r_’”f"l) — E*BIW({Xz'],(Hl,m,Hy-H ----- Jn) WX} (1.0 i)
k(”y""l_’nr)

X (6)
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which can be satisfied by a number of probability
choices. The following two expressions [15] have the
advantage of yielding transition probabilities
mapped onto the interval [0;1]:

( i; )e*B(AW*u,?X)
ni+1

1+( )e BAW =)
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where uf* denotes the excess chemical potentials
of solvation for each species and AW is the
change in free energy for the transitions n; —n; +1
and n; — n; — 1, respectively.

The elementary step of a simulation is to attempt
to create or destroy one particle of one type. The
change is accepted if a random number equally
distributed over the interval [0;1] is less or equal to
the transition probability specified by Egs. (7) or (8).
In terms of statistics, it makes no difference if the
choice of the particle type or the choice to
insert/delete are determined by an equally distri-
buted random decision or by a systematic procedure;
therefore, we generally chose the latter alternative.

Usually, grand canonical schemes also rely on
ordinary Metropolis movement steps [8], as the
sampling of configuration space by exclusively
creating and destroying particles is expected to
be highly ineffective, if not insufficient. This is
understood when considering the GCE as an
extension of the canonical ensemble or actually as
an ensemble of ordinary, canonical (NVT) ensembles
[6]. The decision whether to accept such a displace-
ment or not is governed by the Boltzmann-weighted
probability distribution

Pmov = eiﬁAW )
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where AW gives the change in free energy associated
with the displacement. Once again, if a random
number equally distributed over the interval [0;1] is
less or equal to the above probability, the change
is accepted, otherwise the original configuration is
restored. All movements out of the simulation
domain are categorically rejected.

Simulation Parameters

The above description contains a number of
parameters which control the behavior of a GCMC
simulation. In general, the ISIM software (described
below) was designed to be highly flexible and allows
nearly arbitrary choice for all of the simulation
parameters.

The first set of parameters govern the behavior and
frequency of Metropolis steps for altering particle
configurations. These “shuffling” steps may occur
for single particles (as originally proposed) or with
multiple particles. The former selection was fre-
quently applied to various problems within the
canonical ensemble (for instance one frequently
cited reference is Ref. [43]) as well as within GCMC
schemes [1,9,10]. The latter is less well established in
literature, because the fundamental concern is that
the probability of acceptance scales with (Psingle)N,
where N is the number of particles to be moved
simultaneously. In the given form, this is effectively
not true; in fact N has to be replaced by a smaller
exponent [44]. Therefore, while it is possible to move
several particles within one elementary step and still
maintain a reasonable acceptance rate [44], the
failure rate rapidly increases for moves displacing
larger numbers of particles lowering the overall
efficiency of the simulation thereby [45]. However,
in GCMC methods, the use of multiple-particle
moves dealing with a few particles at a time does
have the advantage of providing additional relax-
ation [13]. Our own results (data not shown) clarify
that the acceptance probability is a function strongly
dependent on the number and the particle density.
The latter is necessarily correlated to the chosen
interaction potential, and the acceptance probability
can actually be maintained at a reasonable level
(approximately 0.1-0.25 for a system of about 100
particles) for relevant densities for our specific
purpose (i.e. the simulation of electrolyte solutions
in the primitive model). An entirely analogous
discussion holds for the maximum displacement one
or several particles are allowed to undergo before a
decision-making energy evaluation. These two,
conceptually-independent simulation parameters
determine the position sampling efficiency-just as
they would for an ordinary canonical MC procedure.

Another set of parameters governs the balance
between the two types of elementary steps, i.e.
changes in spatial configurations and numbers of
particles. Norman and Filinov [9] give the arbitrary
choice of the probability of 1/3 to perform either a
creation attempt, a destruction attempt or a moving
attempt, whereas Adams [10] proposed a systematic
procedure equivalent to probabilities of 1/4,1/4 and
1/2, respectively. However, it should be a clear
indication of validity if structural parameters like
pair correlation functions are correctly reproduced
(using previous MC work [16,46,47], integral
equation theories such as HNC [48,49]," or even
experimental results as Ref. [50]). We encountered
the largest difficulties with ion—ion pair correlation
functions when reducing the proportion of moving
steps, especially in the limit towards zero. This is no
surprise, considering the fundamental, algorithmic
(in terms of energy evaluation and probability)
difference between the attempt to delete one ion out
of a stable pair and to re-insert it afterward at a
similar position in comparison to just slightly
perturbing its coordinates. In other words, the
number sampling procedure provides limited
sampling of the positional configuration space but
is not sufficient for complete sampling. As before, the
software provides maximum flexibility by support-
ing a wide range of parameter choices.

The most important parameter in a GCMC
simulation is the excess chemical potential which
determines the probability for inserting and deleting
particles from the simulation and therefore, governs
the equilibrium concentration. There have been a
variety of ways for determining the correct chemical
potential, including direct calculation from experi-
mental measurements (directly or of activity or
osmotic coefficients such as in Ref. [51]), semi-
empirical fitting equations (Pitzer equations [52,53]),
or simple integration equation schemes such as the
Percus-Yevick or mean spherical approximations
(see Ref. [54] for an overview). One of the more
popular methods uses chemical potentials obtained
from the hypernetted chain HNC equation in its
formulation for electrolyte solutions by Allnatt [55].
However, this approach suffers from the small range
of applicability of HNC calculations, which are
typically limited to relatively simple systems, i.e.
MC reference results are almost perfectly reproduced
for an aqueous 1:1 electrolyte for concentrations up
to 1M [56-58]. On the other hand, problems occur
with 2:2 electrolytes [59-61], which can be partially
overcome with new closure relations [49,62]. Still
the generalizability both in terms of microscopic
parameters (charge/size-ratio) and the number of
particle types is not satisfying.

1t is a problem that most HNC calculations use MC simulations as their own reference.
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To provide a simulation framework which is
applicable over a wide range of concentrations, we
have developed a new procedure for parameterizing
the chemical potential for a particular electrolyte at a
specified concentration. The procedure for a particu-
lar composition has to be considered as a (multi-
dimensional) variation to solve the N problems

where the X{i1F and X{;0F are the simulated and
expected numbers of ions of type i, the u; are the
single-ion excess chemical potentials (variables) and
N denotes the number of different ion types. The
existence of phone, consistent minimum is assumed.
The N-dimensionality of the problem makes it
already challenging for more than two particle
types. In addition, all collected data points are for
finite simulations necessarily disturbed by random
noise, so that rational minimization algorithms are
inapplicable. We, therefore, apply the following
strategy: apart from the limitations in configuration
space, there is no fundamental need to include all
present particle types within the insertion/deletion
cycles. Consequently by creating a system, which
satisfies the specified composition, and which allows
number fluctuations for only one particular type, it is
possible to reduce the problem to a simple one-
dimensional minimization. Then N — 1 concen-
tration constraints are always fulfilled (fixed number
species) and only one parameter (the excess chemical
potential of the selected type) is relevant. The
electroneutrality constraint is always a dependent
condition and is not considered any further here. For
one particular composition, N of these variations are
necessary, which is still computationally demanding,
but significantly less costly than the full multi-
dimensional optimization. For the parameterization
of an individual species within such a composition,
we first apply a rough search strategy to define an
interval, which will most likely include the point of
interest (i.e. run simulations while varying the excess
chemical potential, until two values, one signifi-
cantly overestimating the particle expectation num-
ber and the other one significantly underestimating
it, are obtained). Six additional data points within
this identified interval are then used in a simple
regression on the results to determine the best value
(i.e. the value yielding precisely the expectation
number based according to the fitted function).
Assuming this unknown function is roughly sym-
metric around the final value (a local harmonic
approximation) this procedure works reasonably
well for arbitrary functions, as long as the points are
symmetrically distributed around the target value.
The search algorithm finds the boundaries of the
corresponding interval by a directed perturbation of
the seed value, until the result is well above or below

49

the expectation number. Here the term “well” hides a
tradeoff between accuracy and efficiency, since a
narrow range guarantees exact symmetry, but might
make require too many refinements. In the auto-
mation of this procedure a user only specifies the
composition schemes to be parametrized and initial
guesses to seed the search. It might be objected that
these seeds already require rough prior knowledge
of the results (which would point to an extremely
expensive, iterative process). However, for various
simple systems (for example a single salt), it is
usually possible to find results for similar cases just
by browsing appropriate literature, which can serve
as an initial guess. Even activity data (see for
example Ref. [51] can help estimating values by
calculating the mean activity coefficient for the
electrolyte and then using experience-based splitting
rules. For more complicated systems, it seems
reasonable to build up guesses from data for the
constituting elementary systems (as an illustration:
in a system containing K, Na* and Cl~ one would
estimate the excess chemical potential for Na™ by
taking the value from pure NaCl using a concen-
tration, which is the sum of both K™ and Na™).

Microscopic Model

As mentioned above, a primitive model (dielectric
continuum) is used to describe the microscopic
particle-solvent interactions. Each particle experi-
ences influences from the other particles in the
simulation as well as any “external” field (i.e. as
generated by a fixed biomolecule):

1
Vi= VP +5 ) Vi) (1)
i#]

The particle-particle potential V;; combines
electrostatic contributions via Coulomb’s law and
steric contributions either via 6-12 Lennard-Jones
(L]) potential or pure hard-sphere (HS) potentials.
The resulting expressions dependent on the inter-
nuclear distance r;; are

.1 A 12 N6
Vii(r) = 0 l+4eij{<ﬂ> —(ﬂ) } (12)
477660 1’1'}‘ 1’1‘]‘ 1’,']‘

and

qg; 1 0 for rij > a;i +aj

4meeq 1 oo for rj=a;+a;

Vii(r) = (13)

respectively, where g; and g; are the particles’
charges, € denotes the medium’s relative permitti-
vity, €; and oy are the mean Lennard-Jones
parameters according to their usual definition as
geometric and arithmetic average respectively and 4;
and g; are the particles hard-sphere radii. The nature
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of the solvent and ions is determined by the user-
specified charge, dielectric, well-depth, and radius
parameters. It is important to notice that the whole
simulation relies on this microscopic description and
that the literature offers a wide variety of possible
choices. Choices for ubiquitous species might come
from commonly used force fields [63-67].5 Work on
interaction parameters for solvated ions include free
energy perturbation simulations [68] or adoption
from noble gases data [69]. We feel no necessity to
restrict our software to specific models in the view of
the wide range of possible applications.

The external potential V' is defined by the nature
of the fixed solute which is determined by a
collection of atoms with specified position, charge,
and radius. As with popular Poisson-Boltzmann
models [31,33], steric interactions between ions and
the fixed solute are treated in a hard-sphere fashion
with ion centers completely excluded from a shell
extending o¢;/2 away from the solute surface. The
electrostatic potential ¢(x) due to the solute charges
is obtained from the Poisson equation [26].

=V e@)V(x) = f(x), (14)

where €(x) is the dielectric function, which typically
assumes low values (2-20) inside the biomolecule
and bulk solvent values outside of the biomolecule,
and f(x) is the solute charge distribution, usually
treated as a collection of delta functions placed at the
atomic centers and scaled by the partial atomic
charges. Ion-solute electrostatic interactions are
treated approximately as:

1
veleer,) ~ 5 T (15)

which neglects the reaction field (or desolvation)
potential induced by bringing a charge close to the
low-dielectric biomolecular interior [26]. This
approximate treatment of the ion-solute electrostatic
interactions is preferred because it requires only one
solution of Poisson’s equation for the entire GCMC
simulation. This approach is validated in the
simulation results and can be justified by noting
that desolvation energetics are significant only over
ranges of a few solvent lengths—well beyond the
level of detail appropriate to the primitive model.
Solutions to Poisson’s equation are obtained from the
APBS software (see http://agave.wustl.edu/apbs)
[70] which uses efficient parallel multigrid methods
to obtain electrostatic potentials for biomolecules of
arbitrary size.

System and Analysis Parameters

As implemented in the current software, every
simulation takes place in either a spherical or

a cylindrical simulation “droplet”. The latter choice
was introduced to establish a better compatibility
with cylindrically-symmetric macromolecules like
DNA and includes an automated rotation routine to
best exploit the symmetry. The initial number of
explicit ions is determined by a crude estimation of
the solvent-accessible volume and the bulk concen-
trations. For biomolecules carrying a net charge, the
initial state will be far from equilibrium and it will be
necessary to discard a portion of the simulation for
equilibration purposes; this equilibration phase
does not enter the calculation of averaged
quantities. Analysis functions include the
grid-based PMF, grid-based number densities for
individual ion types, specific pair correlation func-
tions for all combinations of different species, and
the essential monitoring of particle numbers and
global energies. The random number generator we
use [71] was specifically designed for the use in
MC simulations and is a fixed 7parameter PRNG
providing a period length of 2'%%%" — 1.

THE ISIM SOFTWARE

The algorithms, simulation methods, and parame-
terization schemes described above have been
implemented in ISIM, a software package designed
for the GCMC simulation of ion atmospheres around
atomically-detailed biomolecules. Unlike previous
GCMC software packages, ISIM has been written in a
very flexible manner and is designed to perform
simulations for electrolyte solutions of various
compositions and concentrations. ISIM was pro-
grammed in “Clean Object-Oriented C” fashion [72]
which is the subset of ISO C which is compatible
with C+4+. This choice of object-oriented program-
ming style makes the ISIM package easy to maintain,
modify, and integrate with other software while
maintaining the portability and speed of traditional
C code. Finally, ISIM has been written using the
MALOC library [72], a hardware-abstraction pack-
age which ensures the portability of the ISIM
software across a wide range of machine architec-
tures and operating systems (see http://www.
scicomp.ucsd.edu/~ mholst/).

More information about ISIM, including detailed
usage instructions and availability, can be found on
its website: http://mccammon.ucsd.edu/isim

EXAMPLES

In this section, we present results obtained with the
software for a variety of test systems, ranging from

SThese references most often do not represent the latest version of the force-field though.
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simple ion models to challenging DNA structures.
There are frequently occurring terms describing the
simulation setups. A “GCMC cycle” includes one
attempt to create and destroy one particle of each
type, whereas a “moving cycle” always implies that
every particle has undergone a moving attempt. The
“maximum displacement” parameter represents the
side length of the particle-centered cube displace-
ments are restricted to, and it was consistently
chosen as 2.0 A in all simulations. Furthermore, the
temperature and the relative dielectric constant of
the medium were generally set to 298.0 and 78.36 K
(pure water), respectively.

Parameterization

We have chosen several model electrolyte systems to
demonstrate the usefulness of the excess chemical
potential parameterization scheme described above.
In general, each system was simulated for a total of
32000 steps with each consisting of ten GCMC and
one one-particle moving cycle. The first 2000 steps
were always discarded for equilibration purposes.
To enforce statistical relevance the simulation sphere
sizes were adjusted to ensure a minimum number of
35 particles of every type.

A symmetric model electrolyte with the micro-
scopic parameters given in Table I was chosen to
establish some data used in subsequent parts of this
work. The results for the individual excess chemical
potentials are shown on the left side of Fig. 1. As one
would expect for a symmetrical case, both curves are
identical within the limits of accuracy (equivalent to
a 1:1 splitting rule). The limited amount of “noise” in
the curves is due to finite sampling in the GCMC
procedure and approximations inherent in the
parameterization scheme; this noise could be
eliminated by increasing the numbers of GCMC
steps, increasing the sampling of the chemical

i r r

&— Cations {Model Electrolyic)
E--8 Anions {Motlel Electrolyic)
1 £—4 Sodium [ons

R *—* Chlorine lons T

-ul%

Excess Chemical Potential in kJ/mol
Mean Activity Coefficient

TABLEI Microscopic parameters for ionic species in this work

Species Charge €; (kcal/mol) ai(A)
Cation (univ., symm.) +1 0.300 3.50
Anion (univ., symm.) -1 0.300 3.50
Cation (div., symm.) +2 0.300 3.50
Anion (div., symm.) -2 0.300 3.50
Na* +1 0.358 2.73
Cl™ -1 0.168 4.86
Ca™* +2 0.450 241
Mg +2 0.875 1.64

Data for Na* and CI™~ taken from Ref. [69] and for Ca®* and Mg®" from
Ref. [68].

potential /concentration profile in the parameteriza-
tion scheme, or simply smoothing the existing
results. The current results indicate the success of
the method, which is fully automatic except for
the initial seeds, which were taken from earlier
“by-hand” work for a similar system in this case.
The parameterization scheme was also applied to
an electrolyte with more realistic ionic radii (i.e.
different ones for cation and anion). The case chosen
here mimics NaCl with microscopic parameters also
given in Table I. Because of the asymmetric steric
parameters for Na® and CI~ the observation of
identity for the individual excess chemical potential
would point to domination of all interactions by
electrostatic contributions, whereas significant
deviations would indicate dominating steric inter-
actions. Figure 1 shows the corresponding plot and it
is clearly visible that, up to concentrations of
200 mM, short-range interactions seem to have only
negligible impact (the approximate identity to the
curves for the model electrolyte is discussed below in
terms of activity). However, for higher concen-
trations, the individual values differ (with the
implications mentioned above) with the smaller ion
(Na*) yielding the more negative results. We have

@&—¢a Experimental Data for NaCl i Stokes and Robinson)
3--8 GCMC Resulis for the Symmeurical Electrolyte
A--4 GEMC Results for NatCl

!
il Simr 1t PR 2nan
Concentration in mM

0.6

!

y

A 1100 15001 200
Concentration in mM

FIGURE 1 Parameterization results for the model Electrolyte and for NaCl (see text).



18: 35 14 January 2011

Downl oaded At:

52 A. VITALIS et al.

-100 T T

I 1 1 1

-150

=200

-250

System Energy in kJ/mol

=300

-350

T 1 T 71 l T 1 T Ij 1*!'*r-r-| T

400 1 | | 1

oo e e ey gy

=

2000 4000

6000 8OO0 10000 12000

Steps

FIGURE 2 Development of total system energy throughout an empty-box simulation.

also compared activity coefficients obtained from our
simulations with experimental data. In terms
of individual excess chemical potentials, the mean
ionic activity coefficient for an electrolyte A, B,
is given as:

_ Bu | _  [Brud +vp?)
Vi—exp[ }—exp[ e

16)

vy + v-

A comparison of the results for the model electrolyte
and for NaCl with experimental data for the latter [51]
is given on the right side of Fig. 1. Obviously, the
agreement is much better than the results reported for
the more established GCMC approach to unify the
ionic species in deletion and insertion events.
Reportedly, [22], it was necessary to introduce Gurney
sphere terms for the potential to be able to reproduce
experimental activity curves even ata qualitative level,
whereas simple adjustments for the primitive model
parameters failed. A similar observation was made for
osmotic coefficients [73] in earlier work. The qualitat-
ive agreement is promising and the use of other
parameter sets with the current GCMC method may
lead to better quantitative agreement, despite previous
unsuccessful attempts with the concerted insertion/
deletion GCMC methods [22]. Additionally, the
GCMC data at low concentrations (approximately up
to 200mM) for both systems are very similar,
indicating that small changes in the parameters will
not affect the results. Still this is consistent with the fact
that the experimental data sets for many alkali halides
and other comparable 1:1-electrolytes also show rough
agreement in that range [51].

Finally, the parameterization procedure was
applied to a more complicated system composed of
NaCl and MgCl, in various ratios. The above data for
NaCl and previous previous results for pure MgCl,
solutions (data not shown) were used as initial
guesses. We focus on the reliability of the results here
by presenting the simulation of an arbitrary mixture
of 178mM NaCl and 36 mM MgCl, (microscopic
parameters for magnesium in Table I) in a spherical
system with 70A radius. A total of 12000 steps were
performed each consisting of ten GCMC cycles and
three one-particle moving cycles with the first 2000
steps being ignored (equilibration). The data for pair
correlation functions was collected in every tenth
step. Based on the parameterization run, we used
—0.1821, —0.9416 and —0.2222kcal/mol for Nat,
Mg>* and Cl~, respectively. Figure 2 shows that the
general convergence (here in terms of system energy,
but equally valid for ion numbers) is fast and that the
results are stable throughout the whole simulation.
However, this does not indicate that all observable
quantities are well-averaged after a several hundred
steps in full spatial resolution.

Another form of general validation is provided by
pair correlation functions. They provide insight on
a microscopic level and are fundamental quantities of
the theory of electrolyte solutions [54]. Figure 3 shows
our results for the various possible combinations of
ions in the system. In general the noise is still
significant, which is not surprising considering that
only 1000 snapshots entered the calculation. The
distances of closest approach precisely reflect
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FIGURE 3 Pair correlation functions as determined by an empty-box simulation. Top. Pair correlations for Mg**-Cl~ (dashed line),
Na*-Cl~ (solid line), and CI™-Cl~ (dotted line) pairs. Bottom. Pair correlations for C1_-Cl~ (dotted line), Mg**-Mg*™ (thin solid line),

Na*-Mg*™* (dashed line), and Na*-Na™ (thick solid line) pairs.

the Lennard-Jones radii of the individual species. The
curves actually show the typical shapes for the
primitive model and are qualitatively in agreement
with results obtained via HNC [48,56,57], Poisson-
Boltzmann studies [46,47] or most important with
other MC studies [15,16,46—48] The quantitative
agreement cannot be fully tested, since a system of
that typeis already difficult to address with continuum
studies, but the peak values of about 3.0 for the 1:1 like-
pair and 13.0-14.0 (not visible in the plot for better
resolution) for the 2:1 like-pair are in the “normal”
range, proving that the configuration space sampling
is sufficiently balanced.

The open aspects of parameterization are the
comparison between actual and “target” concen-
trations as well as maintenance of electroneutrality.
The system described above contained on average
155.12 Nat ions, 32.48 Mg2+ ions and 220.04 CI™ ions
equivalent to bulk concentrations of about 179 mM
for NaCl and 37.5 mM for MgCl,. Consequently, both
conditions are consistently fulfilled, which appears
even more promising when considering that, in case
of larger deviations for the particle densities, all
simulation results could easily be re-interpreted
using the actual bulk concentrations.

The Born Ion

The task of obtaining a PMF for a system composed
of arbitrary charge distributions is usually a serious
one and accomplished by numerically solving the
Poisson-Boltzmann equation. However, in case of

a spherical, symmetrically charged particle in
an electrolyte solution the problem has a rather
simple analytical solution, which is just a slight
re-interpretation of the work by Debye and Hiickel
[74] for a single ion as part of an electrolyte solution:

1e [K(@mm—1)]

p(r) = T

= - for r=a
deey 1 1+ Ky i

o(r) = for r = ayy,

Here ¢, denotes the macroion’s charge, a,,,, is the
distance of closest approach between it and
surrounding ions (making a size-symmetrical elec-
trolyte necessary), r is the (radial) distance from the
macroion’s center and « is the so called Debye
parameter

,BNAEZ 2
= : 17
K=o ]Zc@ (17)

However, the derivation of these results makes
some assumptions and, as a consequence [51], the
Debye-Hiickel theory works best for symmetric low-
charge electrolytes at small to very small concen-
trations. Apart from mathematical approximations,
the rigorously imposed model (point charges within
a continuum solvent) is the main reason for
deviations from experimental, more sophisticated
theoretical or simulation data. The GCMC treatment
with explicit ions in a primitive solvent includes the
ions” spatial extension. Therefore, one might expect
good agreement between computer experiment and

IThis must not be confused with a re-interpretation in terms of parameterization though. It is impossible to get quantitative insight about
possible corrections, as the concentration enters the algorithm in two distinct ways.
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Debye-Hiickel theory only for a high ratio of the
macroion’s radius versus the electrolyte species’
radii, for a moderate macroion charge, and for
relatively low concentrations of an electrolyte
composed of univalent ions. Unfortunately, it is
usually difficult to separate all possible deviations
within a given result. However, we still believe that it
is possible to show some trends with a few
simulations, which are described and analyzed in
the following.

General Simulation Setup

All simulations were run a total of 12000 steps with
the first 2000 of them as equilibration, with each step
consisting of ten GCMC cycles and three one-particle
moving cycles. All simulation systems were spheri-
cal with a Born ion of radius 15.0 A at their respective
centers. Grid-based potential analysis was per-
formed every 24th step.

Reference Case

A Born ion carrying a net charge of +5¢ within a
120.0 A radius simulation sphere containing 40 mM
of the symmetrical electrolyte represents a case for
which Debye-Hiickel theory works well. The necess-
ary parameters for the cations and anions are given in
Table I. The excess chemical potentials used are taken
from the data set described in the previous section.

The simulation shows excellent agreement with
Debye-Hiickel theory (as shown in Fig. 4A) for the
mean potential. It is possible to transform the Debye-
Hiickel solution into ion number densities via the
(more general) relation

N (r) = Noo + o (TBe= () (18)

where 71, + and c- are the ionic species’ bulk density
and charge, respectively. This formulation holds for
1:1 electrolytes. A comparison of simulated number
densities and these calculated values can be found in
Fig. 4B showing very good agreement within the
limits of accuracy dictated by the MC noise and the
concentration error. The edge effect visible in all
plots of this kind is due to the “droplet” model,
which treats the surroundings as vacuum. The
missing component of the attractive field around
ions close to the boundary unrealistically lowers the
bulk density.

Higher Charge

If the reference case is modified by increasing the
macroion’s charge from +5 to +30¢, the assumption
that the potential close to the macroion is small
compared to the particles’” mean thermal energy
becomes critical. We used an otherwise unchanged
setup to obtain the results shown in Fig. 4C.

There are serious deviations between “experiment”
and theory, with the analytical solution tending to
underestimate the screening effect of the surround-
ing solution. We do not see any reason to blame the
GCMC results for the deviations as the Debye-
Hiickel model is even more simple and the
approximation made in its derivation is apparently
crude for the present system (actually the simulation
predicts that the electrostatic energy still equals
the thermal energy for univalent counterions at
298.0K at about 10 A beyond the distance of closest
approach). Within this interpretation, a comparison
of number densities obviously makes no sense.

Higher Concentration

The validity of the primitive model also decreases
with increasing concentration. The steric effects of
ions in the GCMC eventually lead to moderate
deviations from the Debye-Hiickel results. Once
again we used a similar setup only changing the
concentration to 800 mM and (roughly) proportion-
ally reducing the simulation sphere size to 45.0 A.
The corresponding results for the mean potential and
ion number densities are shown in Figs. 4D and E,
respectively. Obviously there is a significant bulk
concentration error of about 6-7%. While this may
be partially due to inaccuracies in parameterization,
it is mainly caused by the previously described edge
effect in combination with the criterion to meet total
ion numbers instead of effective bulk concentrations
within the parameterization scheme. Necessarily this
effect has much more impact at high concentrations.
This certainly points to future improvements in
terms of introducing a mean field replacing the
vacuum currently “seen” by the ions. Still it is
possible to obtain the reference data according to
Debye-Hiickel theory with the effective bulk con-
centration (these are the plots called “corrected” in
Figs. 4D and E, whereas the ones labeled “original”
use the “target” concentration). Obviously, the
agreement is reasonably good with the slight
deviations (especially compared to the high charge
case) most likely being a result of steric pressure
close to the macroion. Interestingly, the result
is increased screening of the Born ion’s charge
(see Fig. 4D), which might be interpreted as a
consequence of the higher likeliness for the anion
concentration to be significantly decreased below the
“ideal” Debye-Hiickel value than for the counterion
concentration.

Calmodulin

An excellent demonstration of the software’s
capability to handle biomolecules would be the
correct identification of (exposed) ion binding sites in
proteins. Calmodulin, an ubiquitous protein in living
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FIGURE 4 Mean potential and number densities for a born ion in different simulation setups (see text).

cells, was chosen as an example, because it has four
high-affinity Ca*" binding sites and high resolution
X-ray structures for the calcium-bound form are
available (PDB entries 3CLN [75], 1CLL [76], and
1EXR [77]). The calcium-free form represents an
entirely different problem due to the extensive
structural change known to occur upon calcium
binding and is not addressed here.

In the metal-bound form calmodulin is a dumbell-
shaped protein composed of 148 amino acids. Both
the N- and the C-terminal lobes feature two EF hand
motifs [78,79], which are the primary calcium

binding sites. One might be concerned about the
concept to approach such a problem via the method
presented here, as it accounts neither for specific
binding phenomena apart from electrostatics nor for
the possibly essential flexibility of the polypeptide to
faciliate binding nor for any explicit solvent effects.
However, the assumption that the interaction is
primarily mediated by electrostatics seems
reasonable.

We chose to simulate calmodulin in a cylindrical
simulation domain of 65.0 A radius and 150.0 A length
containing 75mM CaCl,. The salt concentration is

*The structure we use is the one from Chattopadhyaya et al. the more recent one from Wilson et al. is less well-documented,

as the publication has a slightly different focus.
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FIGURE 5 The four EF-hand motifs with calcium number density isosurfaces of 0.055 A2 (see text for details).

different from cellular levels, but it is neither our aim
here to gain insight into the concentration dependency
of calcium binding nor to prove orders of specificity
among different counterions. The simulation consisted
of 205000 steps (50000 equilibration steps,” 10 GCMC
cycles, 3 one-particle moving cycles), the microscopic
parameters for the ions can be found in Table I. The
excess chemical potentials used were —0.6844 and
—0.2205 kcal /mol for Ca®* and Cl~, respectively. The
macromolecule was prepared by using a conversion
routine to obtain PQR- from PDB-format [80] thereby
removing all metal ions, water molecules and the
single ethanol molecule. This was followed by an
APBS calculation in pure water (multigrid method ona
cubic grid with 129.0 A side length and a resolution of
1.0A, other parameters chosen consistently) writing
out the necessary input file for the electrostatic
potential.

The simulation system contained on average
197.76 C1~ and 110.90 Ca*" ions providing (together
with the protein’s net charge of —24e) an approxi-
mately neutral solution. The estimated bulk concen-
tration was 83mM with a relative error of 11%.
Figure 5 shows detailed views of the four calcium
binding sites. For all of them, the position of the
metal ion in the crystal structure is indicated by a
yellow sphere, the accessibility surface of the protein
is shown in red, and the ligand oxygen atoms are
depicted as purple spheres with a size approxi-
mately corresponding to their force-field radii [67].
Finally the isosurface for a calcium number density
of 0.055 A2 (representing more than 1000 times the
bulk level) is shown as a solid, colored surface
(mostly black and blue). All single pictures are
rather similar in a sense that the actual position of

the calcium ion in the crystal structure does not seem
to be accessible within the simulation, which is not
surprising comparing the actual distances from the
ligands in the crystal structure [75] with the
employed radii. Still in all four cases significant
condensation of calcium ions obviously with high
affinity at slightly different positions can be
observed, which is very satisfying when considering
that, apart from the surfaces shown, no significant
binding site candidates (i.e. visible isosurfaces at the
same level) were discovered. Therefore, the simu-
lation clearly predicts four major calcium sites in
agreement with structural knowledge. These results
can hardly be misinterpreted in terms of the
exact positions of the ions, if one is aware of the
fundamental restrictions previously outlined. In this
particular case, it is possible to derive the hypothesis,
that the EF-hand motif provides a certain spatial
domain, which in terms of electrostatics seems to be
very attractive for small, divalent cations and is more
or less accessible for the surroundings. For the same
system (among others) the task of predicting binding
sites has been previously addressed by empirical,
knowledge-based methods [81,82]. These authors
obtained the similar conclusion that very high values
for their scoring function occurred around the
precise locations of calcium ions in protein crystal
structures.

DNA

The ion atmosphere around DNA is a very well-
established and at the same time challenging
problem. Structural and functional diversity might
often be mediated by sequence but, for general

“This number was chosen, because the type of microscopic equilibrium dealt with here cannot be monitored via bulk quantities and

might require a lot more random events.
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properties, counterion and solvation effects are
thought to be a crucial factor [83]. Every nucleic
acid is a polyanion at physiological pH, which
consequently emphasizes the importance of the
counterion and solvent surroundings and their role
in screening the net charge.

The problem has been studied by various
approaches (for an extensive review with valuable
references see Ref. [83]), starting with the elementary
description in terms of a general polyelectrolyte
theory by Manning ([84] and references therein).
According to this theory, the counterion distribution
at homogeneously charged, cylindrical macromole-
cules is characterized by a charge compensation due
to condensation within the empirical Manning
radius (7A for B-DNA) of 0.76 for a univalent and
0.88 for a divalent cation in the limit of vanishing
ionic strength. Many computational studies have
been carried out on the topic including Metropolis
MC studies on both model polyelectrolytes of
different complexity [85,86] and on detailed models
of DNA [30], GCMC studies on model poly-
electrolytes [23], HNC and Poisson-Boltzmann
studies [87,88], and more recently MD studies with
explicit solvent and counterions [89,90].

Especially in the treatment of nucleic acids the
question, whether to use hydrated radii for the size
parameters of the ions, must be addressed. We chose
to stay with the model used so far, because modeling
hydration shells around ions via hard-sphere
contacts with the DNA molecule might-among
other incompatibility issues to the primitive model-
introduce a serious approximation itself. Still we are
aware of the fact that hydration phenomena play an
important role in terms of improving the model in
the scope of future work.

To further demonstrate the capabilities of our
software, we present results on a short piece of
B-DNA (PDB entry 1D8G, [91]), which has the
sequence d(CCAGTACTGG), in a solution of approxi-
mately 150mM NaCl and 20mM MgCl,
with the microscopic parameters again given in
Table I. The excess chemical potentials used (based
on parameterization data not shown) were
—0.1726 kcal/mol for Nat, —0.8637 kcal/mol for
Mg**, and —0.1977 kcal/mol for C1~. The simulation
was carried out in a cylindrical tube of 50 A radius
and 80A length having the DNA'’s helical and
the system’s cylindrical axis aligned. Each of the
250000 steps consisted of ten GCMC cycles and three
one-particle moving cycles with the first 25000 steps
treated as equilibration. For analysis purposes a
grid resolution of 80 (for all dimensions)
was selected. The PDB-file preprocessing was
identical to that for calmodulin except for a different
size of the grid (74 X 63 X 61 A with a resolution of
129 in all dimensions) in the pure solvent APBS
calculation.
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The system contained on average 56.42 Na™*, 14.05
Mg®" and 66.57 Cl1™ ions, almost perfectly fulfilling
the electroneutrality condition to compensate the
macromolecule’s net charge of —18e. The estimated
bulk concentrations were very close to the proposed
values with ranges of 184-188mM for Cl-,
144-150mM for Na™, and 18-20mM for Mg2+.
The results on ion condensation are presented in the
following.

Bulk View

In a bulk view there are two indicative properties to
monitor. One is the compensation of the polyanion
charge by counterions, which should approximately
follow Manning’s theory, and the other one is given
by the corresponding ion distribution functions
around the cylindrical DNA. Both are addressed
here in Fig. 6A by plotting the individual, radially
averaged number densities together with the net
charge, which is the sum of the macromolecule
charge (assumed to be localized on the cylindrical
axis) and the integrated charge density caused by the
specific distribution of ionic species. The whole
simulation system is included in these data sets,
although this implies that edge effects (i.e. contri-
butions from the axially outer regions of the
cylinder) might be able to disturb the plots, but
corresponding tests showed only negligible impact.

Apparently the counterion condensation is limited
almost solely to Mg”" ions, as the (radially averaged)
concentration level for Na* only weakly exceeds the
bulk value at a small distance interval around 15.0 A.
On the other hand, the divalent cations clearly
condense in close proximity to the macromolecule, as
the standard radius for B-DNA is usually given as
10A (in fact the DNA piece’s maximum radius for the
present simulation is even bigger with approxi-
mately 15 A) around the central axis and all main
peaks obviously lie within this distance. There are at
least three distinguishable maxima at about 4.7, 6.0
and 9.0 A, a further interpretation is not given in this
bulk view. Finally, the presence of Cl  ions closely
follows that of Na* ions, again emphasizing the fact
that the charge compensation and ion condensation
are more or less restricted to the divalent counterions
here. Young et al. [89] reported distinct peaks at
distances of about 5 and 13 A for the distribution of
sodium ions around DNA in absence of other
counterions. A qualitative comparison with our
results shows a general agreement for the main peak
region in Fig. 6A and the first peak observed of these
authors, but the weights are entirely different, which
is not surprising considering the fundamental
differences in the simulations.

The black line in Fig. 6A demonstrates the
reasonable agreement of the results with Manning’s
condensation theory for divalent cations [84] with
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FIGURE 6 Analysis of the simulation with a piece of B-DNA in both bulk and microscopic view (see text for explanations).

the characteristic value of 88% charge compensation
(upper dashed, horizontal line) within 7 A from the
DNA'’s surface. The left dashed, vertical line shows
the empirical Manning radius for our simulation
(i.e. the point of 88% charge compensation in the
plot) and the value of roughly 17 A corresponds
perfectly with the theoretical prediction. Partially this
agreement might be coincidental especially consider-
ing the fact that the values given by Manning vary
significantly with the type of DNA used [84].
We simply assume that the piece of DNA in our
simulation behaves like native DNA. Moreover edge
effects are included. However, qualitatively it is
important to notice that the “tight” counterion
condensation indeed is not sufficient to compensate

the DNA charge and that an extended environment
with slight, “diffuse” ion condensation is predicted
by the simulation. Apart from that it might be
noticed that the peaks in the radial number density
of Mg?" ions coincide with the steeper regions in the
charge compensation plot. For a further proof of our
method, an analogous simulation in 150 mM NaCl
was done. The only result shown here is the charge
compensation plot as magenta, dotted line in Fig. 6A.
For this case the theory predicts a value of 76% for
the same radius. Our simulation would indicate a
slightly extended Manning radius of 19 A, which is
certainly within the limits of accuracy for the
reasons mentioned above. It appears promising
that the software consistently reproduces results of
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the analytical theory in independent simulations
with reasonable, quantitative agreement.

Microscopic View

In this paragraph, we present pictures showing the
actual distribution of counterions in terms of number
density isosurfaces and the resulting mean, screened
electrostatic potential both averaged throughout the
simulation. A structural basis for the bulk observa-
tions in the previous paragraph is given.

The left side of Fig. 6B shows a molecular
representation of the piece of B-DNA used in the
simulation with the minor groove oriented towards
the viewer. The middle image™ shows the accessi-
bility surface resulting from the atomic arrangement,
which is “seen” by the explicit ions, as red and
slightly transparent shape. Apart from that the
blue shape represents a number density isosurface
for Mg2+ ions with an absolute value of 0.00035 A73,
which is ~30 times bulk level. The orientation is the
same as in the left picture. Obviously the main
mechanism of counterion condensation is an
occupation of the minor groove itself by the divalent
species. Apparently it seems to provide an attractive
environment for these ions, which out-competes the
helically aligned phosphate charges as possible,
more localized binding sites. Despite the tight
contact between macromolecule and ions here, this
seemingly has to be understood as a diffuse layer
formed by moving (“delocalized”) particles, as can
be concluded from the smooth and continuous shape
of the isosurface. Reduction of the number density
isosurface value (visualization not shown) generally
reveals a broad environment of slightly increased
counterion condensation around the DNA molecule,
which still has a shape following the helical pattern
defined by the minor groove. This observation holds
analogously for Na™ ions, but only for levels of up to
~5 times the bulk value (maximum in the minor
groove). Stronger condensation was not observed,
which is in agreement with the (averaged) bulk
results presented in the previous paragraph. Appa-
rently sodium ions are playing a weak, supporting
role in screening the charge of nucleic acids for the
system chosen here. Still the conclusion that counter-
ion condensation and charge compensation are
mostly mediated my Mg”" ions is verified here on
a microscopic level.

Finally the right image—also in the same
orientation-shows—the mean electrostatic potential
in the simulation system by giving two isosurfaces
with values of ~ * 1kT/e (blue is negative, red is
positive). It should be noticed that the potential is
highly screened, i.e. the isosurfaces are found rather
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close to the DNA molecule, the rest of the system has
PMF values decaying from these values to the bulk
state (zero). The second important observation is that
the counterion condensation does not yield a net
neutralization of the phosphate charges or even a
potential inversion, which agrees with Manning’s
theory and the results shown in the previous
paragraph. It implies that the asymmetric screening
effect provided by counterion condensation is not
able to completely eliminate the underlying charge
asymmetries, which means that approaching
charged species “see” DNA more like a helical
polyanion than like a simple cylindrical one.

FUTURE PROSPECTS

In this work we presented a new software package
(ISIM), which is capable of doing explicit simulations
of ionic atmospheres around fixed solutes within a
primitive solvent model and the statistical mechan-
ical framework of the GCE. We have introduced a
new parameterization strategy for our independent
treatment of different ionic species. Technically the
software is designed to be flexible, portable and
easily extensible.

We showed that the parameterization yields
consistent results in terms of maintaining the
prospected concentrations (and thereby electro-
neutrality) as well as reasonable, absolute values by
comparing to experimental activity data. We have
proven the general validity by successfully reprodu-
cing Debye-Hiickel theory for simple electrolyte
solutions. The more challenging test cases of actual
biomolecules gave results, which met our expectations
built up from structural and theoretical reference data
and the inherent limitations of the approach.

Future work might include improvements of the
model such as introducing an outer field to eliminate
the edge effect or to allow for a more sophisticated
and consistent model in terms of steric interactions
between explicit ions and macromolecule atoms.
Other straightforward extensions could include the
support of explicit solvent models (with the solvent
molecules being handled in a slightly separate
fashion) or the refinement of the generic interaction
potential (polarization effects, reaction field effects).
Longer-term improvements might be the coupling to
force-based simulation methods with the help of
local control [13] to be able to study off-equilibrium
systems or in a limited sense dynamical aspects. We
also believe that it should be possible to implement
suggestions and initiatives from different fields of
science addressing problems within a similar
framework.

MThere is a cleft in the middle an right pictures visible, which is due to missing interpolation in the graphics output and does not have

any significance.
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