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Abstract

Dielectric continuum or implicit solvent models provide a significant reduction in computational
cost when accounting for the salt-mediated electrostatic interactions of biomolecules immersed in
an ionic environment. These models, in which the solvent and ions are replaced by a dielectric
continuum, seek to capture the average statistical effects of the ionic solvent, while the solute is
treated at the atomic level of detail. For decades, the solution of the three-dimensional Poisson-
Boltzmann equation (PBE), which has become a standard implicit-solvent tool for assessing
electrostatic effects in biomolecular systems, has been based on various deterministic numerical
methods. Some deterministic PBE algorithms have drawbacks, which include a lack of properly
assessing their accuracy, geometrical difficulties caused by discretization, and for some problems
their cost in both memory and computation time. Our original stochastic method resolves some of
these difficulties by solving the PBE using the Monte Carlo method (MCM). This new approach
to the PBE is capable of efficiently solving complex, multi-domain and salt-dependent problems
in biomolecular continuum electrostatics to high precision. Here we improve upon our novel
stochastic approach by simultaneouly computating of electrostatic potential and solvation free
energies at different ionic concentrations through correlated Monte Carlo (MC) sampling. By
using carefully constructed correlated random walks in our algorithm, we can actually compute the
solution to a standard system including the linearized PBE (LPBE) at all salt concentrations of
interest, simultaneously. This approach not only accelerates our MCPBE algorithm, but seems to
have cost and accuracy advantages over deterministic methods as well. We verify the effectiveness
of this technique by applying it to two common electrostatic computations: the electrostatic
potential and polar solvation free energy for calcium binding proteins that are compared with
similar results obtained using mature deterministic PBE methods.
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1 Introduction

Many biological molecules, such as weakly charged proteins embedded in either their
normal cellular or in vitro milieu, are surrounded by water, ions and other small molecules.
Both experimental measurements and theoretical results have shown that subtle and small
changes in salt concentration can have a strong effect on a broad spectrum of protein
properties. For instance, the stability of proteins as well the protein's association with
molecules ranging from small charged peptides and drugs to larger proteins and
polysaccharides at both the kinetic and thermodynamic level, can be altered by changing the
salt type and concentration.1=8 We still lack a complete theoretical understanding of why
increasing the salt concentration and changing the salt type can either enhance or diminish
protein stability and binding to charged ligands (e.g., other charged proteins), depending
upon the geometry and charge distribution of the protein or its complexes. In order to
interpret this simple yet fundamental experimental observation, it will be necessary to
understand the long range salt mediated electrostatic interactions and hydration effects at the
molecular level of detail.

The enzymatic and catalytic activity, folding landscape, precipitation and recognition
behavior of proteins can also be modulated by small changes in salt concentration.>""11 In a
recent contribution to the literature, it has been demonstrated how changes in salt
concentration can have an important role in producing more potent therapeutic vaccines
consisting of cationic lipid and proteins.12 Thus, a better understanding of how non-specific
and bulk salt-mediated electrostatic interactions modulate the stability, biological activity,
aggregation and recognition processes involving proteins will have a significant impact in
drug design efforts where the target are proteins. This will clearly be of tremendous value in
biopharmaceutical applications.

Implicit solvent or dielectric continuum model-based approaches, such as the PBE, which
ignore the explicit treatment of water and ions but fully account for the geometric and 3D
structural details of the protein charge distribution, have already shown to be quite
successful in predicting some biophysically important nonspecific salt-mediated properties
such as thermodynamic and kinetic binding parameters, and stability data under low to
moderate physiological salt conditions, where ion-type specific (e.g., Hofmeister effects)
and hydration effects can safely ignored.13:14 In principle, the explicit solvent molecular
dynamics (MD) of large-scale proteins and their complexes are capable of modeling salt-
mediated electrostatic and hydration effects at the molecular level of detail with higher
accuracy when compared to implicit solvent models. However, very few studies of salt
effects on biomolecular properties have appeared in the literature,1> some of which are only
based on simple model systems.16 This is probably due to issues concerning adequate metal
ion force field parameters, the long-equilibration times required to obtain converged and
reliable ion distributions surrounding large biomolecules under the appropriate salt
conditions, periodic boundary condition effects,1’ and other problems. Of course, in time
this scenario may quickly change with the push to develop better force fields (e.g.,
polarizable) and enhanced sampling techniques.18 In fact, a few very elegant all-atom
molecular dynamics simulations examining both salt specific and nonspecific effects on the
stability and binding of small charged peptides and proteins have appeared in the past few
years,15:19,20

In order to better account for conformational flexibility in both stability and binding studies
of proteins and other biomolecules, it has become common practice to use MD or MCMs
techniques along with the PBE to compute the thermodynamic/kinetic stability or
association energetics, which entails doing at several thousands of PB calculations.?!
Clearly, in one such approach, known as the MM-PBSA protocol,22 which is now being
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widely used in pharmaceutical companies,23 robust PBE solvers that provides both accurate
and fast electrostatic or polar salvation free energy predictions are important prerequisites. It
should also be pointed out that MC simulations that use a dielectric continuum model for the
solvent but treat ions explicitly are very valuable, and some recent studies have appeared in
the literature.2* Interestingly some of these studies lend further support to the use of the
LPBE due to the good agreement between the predictions of two fundamentally different
computational approaches when examining salt-dependent behavior of proteins. Of course,
when studying ion distributions surrounding proteins, the more accurate MC approach
should be the method of choice.

Based on the above discussion, it seems that implicit solvent based approaches such as the
PBE still appear to be the best alternative when modeling non-specific salt effects in
biomolecular systems given their accurate, fast prediction, and ease of use for interpreting
and/or predicting pertinent salt dependent properties of biomolecules when compared to the
more expensive and complex explicit solvent molecular dynamics or explicit ion/dielectric
solvent MC-based molecular simulation tools. Due to the above facts, the development of
faster and more accurate predictions of non-specific salt dependent electrostatic properties
are still an important research endeavor, since they will provide powerful software tools for
diverse applications in far reaching settings, including the pharmaceutical and biotechnology
industries. With this goal in mind, here we discuss a novel implicit-solvent based LPBE
approach that can deliver very accurate non-specific salt-dependent electrostatic properties,
over a broad range of salt concentrations, in a single PB calculation and with very high
accuracy due to the inherent properties of our MC-based algorithm.

In this work, we first provide a detailed description of the random walk-MC approach for
solving the LPBE for biomolecules of arbitrary size, shape and charge distribution. The use
of correlated sampling in the MC simulations and its advantages over uncorrelated sampling
for solving the LPBE over a broad range of salt concentrations is presented. Next, we
discuss the errors and cost in CPU time and memory of the MC-based LPBE algorithm. We
then employ the MC-based LPBE approach to compute some electrostatic properties (e.g.,
electrostatic solvation free energy, electrostatic potential) of four different EF-hand calcium
binding proteins of varying net charge. We choose these since salt-mediated electrostatic
interactions are important for their stability, and calcium binding affinity behavior.14 In
order to validate the proposed correlated sampling scheme, we compare the computed
electrostatic properties of these important proteins over a broad spectrum of salt
concentrations with similar results obtained with a robust deterministic LPBE approach
(Boschitsch and Fenley, in preparation.

The PBE provides the electrostatic potential and other important derived quantities, such as
electrostatic solvation free energies and electrostatic forces at varying ionic conditions. Thus
we will specialize our discussion to these computations using the PBE as the basic
electrostatic model.25:26 In the past three decades, various deterministic approaches such as
boundary element,2/~40 finite-difference?1=21 and finite-element methods,>2=>7 have been
reported in the literature. In this work, we focus on the novel MC based solution of the PBE
and when possible make comparisons with the more mature deterministic methods.

We are interested in describing a specific computational method to solve a well-defined
class of electrostatics problems of biophysical significance in various fields.>® To do this,
we will begin by defining the general problem for a prototypical large biomolecule
composed of many spherical atoms that is immersed in an aqueous ionic solution. In Figure
1, the jth atom is modeled as a sphere of radius, Rj, with a fixed charge of magnitude g; (in
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units of e, the protonic charge) located at its center, xj, and the biomolecule in question is the
union of such intersecting atomic spheres. In the interior region, G;, the dielectric constant,
&j, IS equal to that of the solute. Thus the electrostatic potential in the interior region of the
biomolecule satisfies the Poisson equation:

ezyzlqjé(x - Xj)

AM;Z >
kpTg; (1)

kyT
where u; is the normalized electrostatic potential (in units of ——) in the interior region, N is
the number of atoms, A = V2 is the Laplace operator, and d(x — Xj) is the Dirac delta
function. The Dirac delta function is used because each atom is assumed to have its (partial)
charge localized at the center of its atomic sphere.

In the exterior region, G, we have an aqueous ionic solution with the free ions distributed
via a Boltzmann distribution, which is a standard assumption underlying the derivation of
the PBE. Here the exterior dielectric constant, &, is also assumed to be constant but equal to
that of the high dielectric aqueous ionic solvent. Thus the normalized electrostatic potential

kT
(in units of 7) in the exterior region containing a 1:1 salt, u,, obeys the full PBE:

Au,=k>sinh(u,), @)

2N, &I, 7 IS s
with '= kbATee , x is called the Debye-Hiickel constant. Here *° sz‘lcbzk is the ionic

strength of the solvent, ¢y, is the bulk salt concentration in moles (M), z,, is the ionic valence,
Na is Avogadro's number, ky is Boltzmann's constant, & is the solvent dielectric constant, e
is the protonic charge, and T is the absolute temperature of the system (in K). For small
potentials, ue < 1, one can linearize equation (2) to obtain the so-called LPBE:

Augzkzue. (3)

In the subsequent discussion, we will only consider systems involving the LPBE.

At the biomolecule's boundary, I, which is defined by the van der Waals (vdW) surface, the

electrostatic potential, u, and the normal component of the dielectric displacement, Sa—u, are
both continuous. These two boundary conditions arise from consideration of bound surface
charge density at the dielectric interface. Note that for a vdW boundary, the normal vector is
not uniquely defined on the intersections of spherical surfaces. However, the mathematical
singularities on these curves are integrable under the condition that the molecular surface as
a whole is regular.%® Due to the geometry of the molecule, possible internal cavities are
treated as if they were the exterior region.f% Since we have evidence that treating these
internal cavities as exterior as opposed to interior regions can affect the computed
electrostatic properties in a future communication we will examine this issue in more detail,
which will require some very minor algorithmic changes. Thus, the electrostatic potential
inside and outside of the molecule must satisfy the following boundary conditions on T
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Eign =e g’ )
In addition, the potential must go to zero as we move away from the molecule:

lim u.(x)=0Q
x>0

| (%)

We have now defined a system of elliptic partial differential equations (PDE) with
appropriate boundary conditions, (1), (3), (4), and (5) whose solution gives the electrostatic
potential every-where (e.g., at charge sites and in exterior domain). This system of
equations, with the previously mentioned molecular geometry defines our model problem.

The fixed charges in the interior region are seen as the source of the electrostatic potential
(field), and because these are modeled as point charges, they introduce singularities in the
electrostatic potential. These singularities can be removed by expressing the overall
electrostatic potential as the sum of a Coulombic part, which is the solution when the
exterior solvent is replaced by the interior dielectric medium (i.e., the Coulombic potential
generated by atomic charges in a uniform medium with interior dielectric constant
throughout the whole space), and the so-called reaction field potential.

_,Coulomb | . RF
Ui=u; +u;, (6)

where

N
uCoulo:nb:Z eq;
! Lk, Teilx — xj|
= b z| /l )

This explicit separation of the total electrostatic potential into two terms results in the
singularity-free reaction field potential satisfying the Laplace equation in the interior region,
Gi:

AulF=0. (8)

1

It should be noted that this decomposition of the potential is very useful, since it
conveniently removes charge singularities which are inherent and problematic to some
deterministic schemes. These charge singularities lead to numerical accuracy and
convergence issues as well as the need to perform two LPBE computations, one as
reference, as opposed to the single computation needed in the method described here.
However, boundary-element and some finite-difference implementations of the
LPBE39:61,61-64 150 use a similar decomposition of the electrostatic potential, thus leading
to more accurate solutions and CPU time gains due to the need to perform only a single
computation in order to evaluate the reaction field potential.
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While the quantity to be solved for in the above discussion is clearly the electrostatic
potential, in most cases it is difficult to experimentally measure this quantity in a
biochemical setting. However, some recent experimental studies have reported electrostatic
potentials for some interesting biomolecular systems.8°:66 However, there are certain scalar
quantities that involve the electrostatic potential that also cannot be measured; these include
the electrostatic free energy and some of its differences, such as the polar solvation and
binding free energies. On the other hand, one can measure the salt dependence of the
binding affinityl4 and the stability of biomolecules? using thermodynamic and kinetic
techniques, and compare these results directly with similar LPBE computational predictions.

To compute the electrostatic solvation free energy, which is the electrostatic free energy
change involved in transferring the solute from vacuum into the ionic solution, we need to
calculate the reaction field term at the center, Xj, of each atomic sphere in G; that has a
nonzero static charge, gj # 0. Specifically, we must compute the electrostatic free energy
change with the exterior dielectric constant, g = e4qjy (SOlIVent) and g, = 1 (vacuum). This
quantity involves only a finite number of computations for the reaction-field potential at two
different exterior dielectric constants:

o 1
AGWIVZEZQJ'[L{RF(.Xj)(Ee:gsolv) - MRF(xj)(Sezl)]-
=

Because we are using ¢j = 1 in our study, the last term in equation (9) is zero because it is
computed at zero salt concentration and with no dielectric discontinuity, ¢j = e. Thus only
the first term needs to be computed in this specific case.

2.1 Monte Carlo Solution of the Electrostatic Equations

The traditional ways to solve a system of equations like (1), (3), (4), and (5) are all based on
replacing this continuous PDE system with some sort of discrete approximate system. While
the details vary considerably, this is the way the finite-difference, finite-element, and
boundary-element methods approach this problem.2>

Once the finite-dimensional approximate systems are formed, an approximate solution is
obtained by solving the resulting systems of (linear) equations. These methods of solution
are all deterministic in nature, and lead to errors that are commonly studied by numerical
analysts. These errors are the discretization error, caused by replacing the original,
continuous, system by the appropriate deterministic approximation, and the roundoff error
introduced in solving the resulting system of linear equations using floating-point arithmetic
on a digital computer. Roundoff error is a function of the precision of the computer and the
algorithms' design. On the other hand, discretization error can be controlled by replacing a
given finite approximation with improved techniques such as “focusing”.6” This usually
requires setting up a new computation with many more unknowns, and thus leads to an
increase in the memory and CPU requirements for computing the solution. In this paper, we
use a Monte Carlo method (MCM)88=74 to solve this same system, (1), (3), (4), and (5).
Monte Carlo methods (MCMs) are fundamentally different from deterministic methods. If
we have a quantity of interest, v, and we want to design a MCM to numerically determine v,
we need to define a random variable, v, that approximates v in a statistical sense. This means
that the expected value E[v] = v + S, where § is the bias (a type of MCM error), and if =0,
then v is called an unbiased estimator of v. Given v, we need to have a way to statistically
sample it through simulation, and then we can use our simulation to provide a MC estimate
through this simulation. Since v is a random variable, we simulate v, i =1, ..., M, and then
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M
use ZHV:‘:V as our MCM estimate. We know its mean and can sample the variance, 0’%, of
v, and so can form a confidence interval that contains the correct value with a specified
probability. The width of this confidence interval is traditionally used as an a posteriori
estimate of the error and is proportional to the square root of the sample variance, M~Y25,.

The errors in a MCM are qualitatively different from those in deterministic numerical
methods. There are two errors in MCMs, the first is the bias, £, and has been described
above. In this paper we have either g = 0 or its dependence on computational parameters will
be explicitly known. It is important to note that the bias, when there is one, is the difference
between the MCM's estimate and the solution to the PDE. When the estimate is unbiased,
the MCM samples the solution to the PDE directly, as opposed to all the deterministic
methods known, that incur a discretization error because they solve a related approximate
problem, but not the actual PDE. The other error in MCMs is the so-called sampling error,
and is the width of the confidence interval of the mean. As mentioned above, this is
proportional to M~Y25,, where the constant of proportionality is based on the confidence
level desired in the estimate. Thus, the sampling error can be reduced by either reducing the
sample variance, which is called variance reduction, or by increasing the number of samples,
M. Increasing M can be achieved in many ways, such as using multiple processors, as
MCMs are naturally parallel; but sampling error in MCMs scales as M~Y2, This is often
viewed as a weakness of MCMs, but this sampling error is often the only significant error in
a particular MCM, and reducing it does not require solving a different problem as with
deterministic methods, only doing more computations on the same problem. In addition, this
error is often robustly independent of other problem parameters, the problem's dimension
(not important in this case), and problem geometry.

2.2 The Monte Carlo Method

The goal of this paper is to show how the MCM method we previously developed can be
redeployed efficiently to solve these electrostatics problems over a broad range of salt
concentrations. We deploy a correlated sampling technique, but to understand the technique
we need to describe certain quantitative aspects of the underlying MCM. However, it is not

appropriate to detail the technique here as it has been published in great detail elsewhere.
71,72,74,75

The qualitative nature of the MC algorithm is that it creates a statistical sample of the
solution of the PDE system at a point by starting a Brownian motion process at that point.
Each time the Brownian motion hits the surface of the molecule, the Coulombic contribution
of the potential at the hitting point is accumulated. The process then leaves the surface by
either entering the molecule or the exterior region. In the interior region the process
eventually hits the vdW surface again, while outside the process may return to the surface,
but also can be terminated with a probability that is related to the length of the process in the
exterior solvent region. In addition, this probability is related to «: higher values of x
increase the termination probability, and thus reduce the length of the process.

Some more detail is appropriate here, but still the publication of the full algorithm?1:72,74,75
should be consulted for those interested in all the algorithmic and mathematical details.

2.3 Acceleration Techniques

The technique we use requires the simulation of a complicated Brownian motion process,
and specifically we need to be able to correctly sample the hitting locations of the process on
the surface of the molecule. If one uses standard techniques from Brownian dynamics or
stochastic differential equations, this is a complicated task. However, we can use sampling

J Chem Theory Comput. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fenley et al.

Page 8

techniques based on the Walk On Spheres (WOS) method6%:70:74:76,77 tq accomplish this
while also accelerating the computations. Since we need to only sample the hitting locations,
this can be done by creating our walks in subregions where the first hitting location can be
sampled exactly. Spheres are such regions, as the distribution of first hitting of a Brownian
motion started anywhere within a sphere is both known and easy to sample from. In
addition, since we are dealing with a problem geometry based on molecules made up of
spherical atoms, the WOS technique can further take advantage of this geometry. Thus,
when we start our Brownian processes we walk from point to point on the surface of spheres
using WOS.

When we begin our walks, at a point in the interior, we use the WOS algorithm where our
spheres are the atoms making up the molecule under consideration. There are two issues in
this interior WOS scheme. The first is that often we need to walk from a point that is not the
center of the sphere to a point on the sphere's surface. Fortunately, the exact first passage
distribution is known via the well-known Poisson kernel. Moreover, sampling random points
from the distribution defined by the Poisson kernel is very straight-forward to implement.
When a new point, x, has been sampled with the Poisson kernel, there is a geometric issue:
determining if x is on the surface of the molecule, T', or if it is on an atom's surface but still
in the molecule's interior. The algorithm for answering this question is very efficient, and
described elsewhere.”1:72,7475 |n order to determine if a point on the surface of an atom is
inside a molecule, we make use of the fact that in our model atoms are represented as
spheres. The distance from a point to a sphere is equal to the distance from the point to the
sphere's center less its radius. The function which computes the distance from a point to the
closest atom of the molecule makes use of this fact; it will return a negative distance in
response to a point which is inside of the molecule. A point which is on the surface of an
atom but inside of the molecule can be recognized by noting the sign of the response from
the distance function.

When the walk reaches the surface of the molecule, a decision is made as to whether one
continues the walk inside or outside the molecule. The probability of returning inside is
&i Ee

pi= <., while with probability pe=1- pi= ¢ the walk continues outside the molecule.

R i e Lo ! e .y
Since & > ¢, the chance of exiting the molecule is close to one. In addition to these
probabilities, the location of the walker is chosen with the help of a small auxiliary sphere
with radius ry,y. The use of the auxiliary sphere causes our MC estimate to be biased with a

bias of O(rfm).72 When outside the molecule, the regular WOS algorithm is used. If we are
at a point outside the molecule, x, then we draw the largest sphere with center at x that is
completely outside the molecule. The closure of this sphere touches the molecule at only a
single point, in most cases. Then a point is chosen uniformly on this sphere to give us our
new X. Since these spheres touch the molecule at only a few points at most, the WOS
process can never return to the sphere in a finite number of steps. To fix this, we add a small
capture region of thickness ¢ < 1, which is defined as all the points outside the molecule
within distance ¢ of the surface, C; = {x outside of the molecule Idist (x, ') < &}. In addition,
to sample the solution to the LPBE outside the molecule, we have to either weight our
sample, or terminate the walk with probability equal to this weight. Each WOS step outside
the molecule occurs on a sphere with a radius, d, and this allows us to define the probability

kd
that the walker terminates with this step as Prern=1 = Psun=1- sinh(xd)-

2.4 Correlated Sampling

The second acceleration technique that we use is one that allows the simultaneous
computation of the solution to the problem at all of the salt concentrations of interest. In the
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previous three sections we have described the random walk algorithm and the description of
the probabilistic method to treat the boundary conditions. Suppose we want to compute the
reaction field potential in the interior region for several different values of x. The random
walk algorithm in the interior region, as shown in Figure 2, is dependent only on the
geometry, and does not depend on the value of x. Thus the trajectories in the interior region
generated for one value of x can be reused for all other values of x. The same thing is also
true for the boundary treatment, since the probability of reentering or leaving the molecule
depends only on the dielectric constant of the two regions. On the other hand, the survival
probability psyry(X,y) for a random walk in the exterior region depends on the value of .

However, for every walk in the exterior region, the radius of the WOS sphere does not
depend on «, but depends only on the geometry, as shown in Figure 3. Furthermore, we also
know that the value of pgyn/(X,y) lies in the interval [0,1] and decreases monotonically as the
value of x increases. This means the smaller the value of «, the longer the walk taken in the
exterior region. Thus for a computation for several different values of «, one could reuse the
trajectory of the smallest nonzero x for computing the trajectories at the other x values. This
correlated computation brings us two advantages. First, it reduces the amount of CPU time
by making it possible to do an electrostatic potential computation simultaneously over a
range of x values. The second advantage relates to the nature of MCMs; by having the same
reference trajectory, the estimate for different x values will be correlated with each other.
This correlation makes it possible to take the difference of two MCM estimates without
introducing unacceptable levels of random error in the difference.

Although the correlation algorithm can be used for the computation of electrostatic
properties over a range of x values, it is limited to only x > 0. The reason for this is that at
= 0 the survival probability psyn/(X,y) is 1, and so walks do not terminate in the exterior. But,
for x = 0 the LPBE in the exterior turns into the Laplace equation, and one can use another
exactly known probability distribution to accelerate this situation. Suppose the walk is
started at the point x in Gg\B(Xenc, Renc), as described in Figure 4. For this unbounded region

R
there is a nonzero probability Pin=1— ﬂ that the walk goes to infinity in a single step.
When the walker is outside a sphere that completely encloses the molecule, the probability
of walking to infinity (and termination) is Pjns. While with probability 1 — pjnt a point on the

4
surface of B(Xenc, Renc) is sampled based on the Poisson kernel P, as the next point of the

’ 1 *-R2,

walk. The correct Poisson kernel for exterior region is given by pPk:4yrRm. ly— x> where
y is the point on the sphere B(Xenc, Renc)-

Although we now have a new algorithm for the special case of x = 0, the algorithm for x # 0
can also be used here. It is important to relate the x = 0 trajectory with the x # 0 algorithm to
make it possible to compute the electrostatic potential for a range of « values which includes
x = 0, and to preserve correlation. One possible way to do this is by first generating a
trajectory for the smallest nonzero «, and to reuse that trajectory for all other values of «,
including x = 0. Once the walk for the smallest nonzero « terminates, the walk for x =0 is
continued with its random walk algorithm. This ensures the correlation between the two
algorithms.

2.4.1 Computational Error and Time—The statistical error of the MCM estimate, v,

(width of confidence interval) is measured in units of oy M1 Where o2=VAR[ v] is the
estimate's variance, and M is number of trajectories. Therefore, to guarantee a statistical

error of §, we have to simulate ~ o252 samples. This means that for a given ¢, the total
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computational time (theoretical complexity of the algorithm) is ~ o262, where t is the
mean time needed for computing a single trajectory. The length of the trajectory depends on
several parameters: the coefficient x, the width of the strip near the boundary ¢, and the
radius of the auxiliary sphere, rau.

Brownian motion trajectories in the exterior region either terminate or return to the
molecular surface, I'. Thus the overall number of simulated points depends linearly on the
number of boundary hits. The probability of terminating the walk depends linearly on the
initial distance from the boundary in the exterior domain. This means that the average
number of steps in the walk before revisiting the boundary is finite and proportional to the

7, -1
inverse of the initial distance: (%) . For a given boundary strip width, ¢, the number of
steps between two consecutive boundary hits scales like log llgll. Our computations show that
the dependence on « is also weak, and the length of the random walk scales like O(log ).

The terminating condition for the walk depends on x and the distance to the boundary. The
walk in the interior is done in a bounded region, while the exterior walk is done in
unbounded region. This means that the length of the Brownian trajectory is dominated by
the part of the trajectory in the exterior region. Thus, the CPU time is dominated by the walk
in the exterior rather than by any other processes. For every walk in the exterior region one
needs to find the closest boundary point and compute the distance to the boundary. In a
linear search this will take time O(N), where N is the number of atoms in the molecule. In
our paper we use the Approximate Nearest Neighbor (ANN) algorithm which scales as
O(log(N)).”?

2.4.2 Correlated vs Uncorrelated Random Walk Sampling—The mean x and
g

statistical error /37 come from the scoring function ucoulomb \yhere its evaluation depends
on the location of the charges and the geometry of the molecule. In uncorrelated sampling,

o
both 1 and W for different values of x are computed from independent trajectories.
Therefore for an arbitrary number of trajectories, M, there is no guarantee of a monotonic
behavior of u vs «. In this case, a plot of x vs x would give an oscillating curve, that would
converge to a smooth curve as M — oo. Thus it will be difficult to draw information of salt
derivative of electrostatic property which is the slope of the function. On the other hand, the
simulation in correlated sampling of a set of x employs the survival probability, psyry, in all
trajectories, which guarantees the monotonic behavior of u vs x. Therefore the salt derivative
of any electrostatic properties can be computed with very high accuracy using correlated
sampling.

2.5 Structure Preparation

Four calcium binding proteins of varying net charges and charge densities were selected
from the RCSB database (http://www.rcsb.org) with the following PDB ids: 3ICB (net

e
charge=-7e, surface charge density=-0.055704 p), 1EDM (net charge=- 14e, surface charge
e e
density=-0.27852 E)' 3CLN (net charge=-22.5e, surface charge density=-0.17684 E) and

1PRW (net charge=-24.5¢, surface charge density=-0.17525 1%). Preparation of the calcium
binding proteins was done following two simple protocols since in this work we are not
attempting to make any comparison with experimental data, only to similar deterministic
LPBE results. In both protocols missing protein side chains were not modeled and all co-
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factors, calcium ions and water molecules were removed from all structures prior to any
further calculations.

In the first protocol hydrogen atoms were not added to the structures since we are employing
a simplified formal charge model. Moreover, the structures were not subjected to any energy
minimization procedure. The ionization state at physiological pH was adopted, i.e., ionized
forms for side chains of Arg, Lys, Asp, Glu and C-terminus residues, and ionized forms for
the His side chains. In the simplified formal charge model all atoms had zero net charge with
the exception of the following atoms whose charges were assigned as follows: Arg (NH1=
+0.5e, NH2=+0.5¢), Lys (NZ=+1¢), Asp (OD1=-0.5e, OD2=-0.5¢), Glu (OE1=-0.5¢,
OE2=-0.5¢), C-terminus (OXT=-1e), and His (ND1=0.25¢, NE2=0.25¢). The following
Bondi-radii’8 were assigned: C=1.7 A, 0=1.4 A, N=1.4 A and S= 1.8A. With the formal
charge assignment, there is a significant CPU savings because the walks in MC simulation
only need to be started at sites where charges are nonzero. However, since atoms with zero
charges are not necessarily modeled as point charges, their geometries are still accounted for
in the MC simulation. For some of the atoms that are assigned to have zero radius, the
random walk is started in the same way as at other atoms.

In some of our LPBE calculations, the pdb2pgr server
(http://pdb2par-1.wustl.edu/pdb2pqr)® was used in order to obtain a par file based on the
Charmm or Amber molecular mechanics force fields. In these cases the default settings of
the pdb2pgr software were used. Hydrogen atoms were added to the structures and the radii
and charge assigned according to the Charmm89 or Amber8? force fields.

In 3.3, the Amber force field was used to generate the charges and radii of the atoms for
“hypothetical molecules” that were constructed from the initial vitamin D-dependent
calcium binding protein structure (PDB id:3icb). We generated several different unphysical
molecules from four 3ich molecules by stacking the 3 molecules that were shifted by 2A in
X, Y, and z directions to the original 3ich molecules. We then made a spherical cut of this
molecule with several different radius so that we have several molecules with globular
shapes and varying size: 503, 601, 702, 800, 984, 2973, and 4257 atoms. The CPU time is
geometrically dependent, thus by using the same geometry for all test cases we fix the
dependence on geometry while varying the number of atoms.

2.6 Monte Carlo-Based LPBE Calculations

As in any deterministic LPBE solver, the user is required to provide an input file containing
the coordinates, charge and radii for each of the atoms of the biomolecule (e.g., a par file
obtained from the pdb2pgr software (see above)). The other usual and standard PBE
parameters such as temperature of the solution, interior solute and exterior solvent dielectric
constants have to be provided by the user in an input file. The specification of boundary
conditions and other grid-based parameters is not necessary due to the non-grid based and
stochastic nature of the MCM. The radii and charge values used in this study are given in
Section 2.5, while the solvent and protein dielectric constants were 78.5 and 1, respectively.
The temperature of the solution was fixed at 298 K (room temperature). The 1:1 salt (i.e.,
NaCl) concentration varied in the range of 0 to 1 M (0, 0.0001, 0.0002, 0.0005, 0.001, 0.002,
0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1M).

Some important code parameters that are intrinsic to the MC approach that need to be
specified by the user are: the absorbing layer82:83 width which was set to 0.0001 A, the
auxiliary sphere radius’2 which was set to 0.01 A, and the number of trajectories, which was
set to several different values depending on the problem being studied. The choices of these
parameters were based on the trade off between the CPU time and the desired accuracy of
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the MC simulation. The optimal values of the first two parameters depend on the geometry
of the molecule.

2.7 Deterministic Finite-difference vs MC LPBE Calculations

In order for any new algorithm to become mainstream and made available to the user
community it is very important to validate it against different algorithms that solve the same
problem. So with this goal in mind, here we compared the MC LPBE solver with results
obtained with an innovative and mature deterministically-based (i.e., multi-grid finite-
difference) PBE solver (Boschitsch and Fenley, in preparation). We had already established
that this latter deterministic PBE solver is in very good agreement with other PBE solvers
and analytical results (results not shown).

As in the MCM method, in this deterministic PBE solver only the reaction field potential is
computed in the interior region, thus eliminating singularities at the charge sites and
eliminating the need for a fine mesh or complications of self-energy effects in the vicinity of
these sites. In the exterior region, the total potential is calculated. Here we examine the
predictions of two important electrostatic properties the electrostatic potential at user
specified sites and the electrostatic solvation free energies. Both of these are required in
order to examine the role of electrostatic interactions in processes such as binding, folding
and recognition of biomolecular systems.

The dielectric boundary separating the solute and solvent regions was the vdW surface
generated by the union of spheres centered at each atom. For consistency with the MC
results, no ion-exclusion region was employed. To estimate the error of the PBE calculations
due to grid resolution, the calculations were repeated at the finest grid spacings of 1.5, 1.0,
0.8,0.4,0.2 and 0.1 A. Our results are stable and converged for resolutions as coarse as 0.4
A (results not shown). To strike a compromise between accuracy and efficiency, we used a
fine grid spacing of 0.3 A. The dimensions of the grid were set to three times the largest
dimension of the molecule.

3 Results and discussion

3.1 Correlated vs Uncorrelated Random Walk Sampling

One of the motivations for accurately computing salt-dependent electrostatic solvation free
energies resides on their use in helping experimentalists interpret salt-dependent
thermodynamic stability data for moderate to highly charged biomolecules, such as certain
halophilic and thermophilic proteins,13:84,85

Here we focus on an overall anionic vitamin D-dependent calcium binding protein (PDB id:
3icb), which, as shown in Figure 5, has significant negative potential over most of its
surface. Note also that the calcium binding pockets, which consist of anionic Asp (D) and
Glu (E) residues (a DEEE pattern at the calcium binding sites) in its surroundings generates
a characteristic negative electrostatic patch near the two calcium binding sites. This
characteristic potential surface patch at calcium binding sites is a general characteristic of all
calcium binding proteins here studied (See Figure 5).

In this section we examine the salt dependence of the electrostatic solvation free energy of
vitamin D-dependent calcium binding protein, which has a significant salt dependent-
electrostatic solvation free energy, using both the uncorrelated and correlated sampling MC
approaches. Our goal here is to show the importance of using the correlated MC sampling in
terms of both its CPU time and enhanced accuracy when calculating the salt-dependent

electrostatic solvation free energies, AG““‘, of arbitrarily complex-shaped biomolecules.

solv?
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As shown in Figure 6, the electrostatic solvation free energies of the vitamin D-dependent
calcium binding protein is plotted as a function of the logarithm of the NaCl concentration in
the range of 0.001 M to 1 M (for a total of 14 salt concentrations). We generated 500, 1500
and 4500 trajectories for the uncorrelated MC sampling computations as opposed to 500
trajectories for the correlated sampling MC computations. As shown in Figure 6 the

uncorrelated random walk sampling gives a very nonsmooth (i.e., jagged) AGﬁf;}f, vs log(salt
concentration) curve. It is clear that this behavior is more pronounced when the number of

trajectories is smaller since the fluctuation of the peaks are larger and thus the plot is more
visibly jagged. These large fluctuations of AG““C are a reflection of the fact that the

solv

simulations at the different salt concentrations were carried out independently, i.e., they are
uncorrelated with each other.

It would be difficult to extract any salt derivatives of electrostatic solvation free energy at
specified salt concentrations using finite-differencing techniques when the uncorrelated
sampling approach is employed. This can be remedied by using a large number of
trajectories. However, this approach is not practical from the CPU time point of view. On
the other hand, by using the correlated sampling method, one can attain highly accurate salt-
dependent electrostatic properties with a very low CPU time cost since a single PBE run is
required for any user specified number of salt concentrations. In the correlated MC
simulations, the survival probability of the random walk in the exterior region is
independent of the geometry of the molecule. Thus with the same trajectory one can obtain
energy estimates for all different salt concentrations. On the other hand, in the
implementation of the uncorrelated random walk sampling, separate and independent walks
are done for each of the salt concentrations. Therefore for the same level of accuracy, the
CPU time for a correlated MC simulation with N¢oncentration Salt concentrations is on the
order of N¢oncentration times smaller than in the uncorrelated MC approach.

In the low salt region where the MC trajectory takes longer to complete, there are
consequently larger fluctuations in the energies as reflected in Figure 6. As expected, we
also observe that the uncorrelated random walk data points fluctuate around the smooth line
of the correlated sampling energy values. As one increases the number of trajectories from

500 to 1500, the computed data points of AG*® for uncorrelated sampling approach to the

solv

computed Afojﬁ curve for correlated sampling. This implies that by increasing the humber

of trajectories the uncorrelated random walk energies approach the smooth line generated by
the correlated sampling energy curve.

Here we also computed the fluctuations of the energies relative to its normalized mean
o

values uNM for both types of sampling: correlated and uncorrelated. In order to get the

same level of accuracy for the energies computed at 0.1 M NaCl using a correlated MC

approach requires only 500 trajectories, whereas for uncorrelated MC simulation at least

4500 trajectories are necessary. This means that for this specific case, the correlated

sampling gives an overall advantage of about a factor 126, which is obtained from the

Mncorr
N traject
concentration corr
traject *

relationship:

3.2 CPU Cost and Statistical Error of the LPBE MCM

As shown in section 3.1 the fluctuations of the MCM energy estimates depends on the
number of trajectories employed as well as the specified range of salt concentration. It was
also shown that the correlated sampling algorithm provides a significant CPU savings since
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the computations for a set of salt concentrations are done all in one PBE calculation.
Moreover, this approach also provides a smaller statistical error for the same number of
generated trajectories. In the MC simulation for the vitamin D-dependent calcium binding
protein, which was done using 500 trajectories, the fluctuation (or error) of the electrostatic
solvation free energy for x = 0 is about 0.1%, which is a very small error compared to what
can be attained with some deterministic PBE methods. If such a small error is not required
for a particular electrostatic property being computed with MCM, one can reduce the
number of trajectories and therefore save significant CPU time.

As an example, we computed the salt dependence of the electrostatic solvation free energy
of calmodulin (CaM) (PDB id :3cln). The 3D structure of CaM along with its characteristic
electrostatic potential map are shown in Figure 5. If one requires a very small error of 0.1%
in the electrostatic solvation free energy, the MCM simulation will require 625 trajectories.
On the other hand, a less stringent, but still very good level of accuracy of about 0.5% only
requires 25 trajectories and takes 33 minutes to complete on a machine with a 2.8 GHz
AMD Opteron 8220 Dual-Core processor.

We can obtain a significant CPU time gain on the order of 25, by simply increasing the error
level from 0.1% to 0.5%, which still leads to extremely accurate values for salt-dependent
electrostatic properties. Therefore it is more straightforward to control the accuracy level of
electrostatic properties with our MCM as opposed to the more mature deterministic PBE
methods. With deterministic PBE solvers the end-user needs to do some further analysis in
order to determine the accuracy of the PBE solution.

3.3 The Dependence of CPU Time on the Size of the Biomolecule

In order for any new PBE algorithm to become mainstream in the community it is important
to assess how its accuracy and CPU time scale with system size. Thus, in this section we
address how the CPU time of our MCM-based PBE computation scales with the size of the
biomolecular system and how this compares with the scaling of alternate deterministic PBE
methods.

In this section we use an “unphysical” biophysical system in order to preserve the
globularity of the hypothetical biomolecule. The requirement of using similar geometries for
these unphysical molecules is done so that all molecules have the same CPU time
dependence on the geometry. Thus we computed the dependence of the CPU time on the
number of atoms for an unphysical toy model.

We already described how we constructed “hypothetical biomolecules” of comparable
globularity but with different numbers of atoms (i.e., 503, 601, 702, 800, 984, 2973, and
4257 atoms). We evaluated how the CPU time taken in the computation of the salt
dependence of the electrostatic solvation free energy of such “toy biomolecules” scales with
the number of atoms.

The nature of the discretization required in deterministic finite-difference PBE solvers limits
the computational domain to a bounded region. These intrinsic limitations of the popular
finite-difference solvers combined with their computational box effect limits its ability to
accurately compute electrostatic properties of large-scale biomolecular systems such as
viruses, which can have a million or more atoms, without the need for sophisticated
computer platforms.86

In our MCM algorithm the random walk done in the interior region is bounded by the
molecular surface, whereas the exterior random walk is unbounded. The walk in the exterior
region is terminated with the complement of its survival probability, 1 — pgyr. In principle,
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there is no error associated with computational box effects. Because of the intrinsic nature of
the MCM algorithm, the simulation time is dominated by the walk in the exterior region
rather than other processes (e.g., walk in the interior region, evaluation of the Coloumbic
potential). The CPU time as a function of the number of atoms for a random walk is thus
O(In(N)).

In Figure 7 we plot the CPU time as a function of the number of atoms (N) for molecules of
differing sizes. As can be inferred from this figure, our results show that for molecules with
a small number of atoms the CPU time per atom per trajectory follows a linear scaling while
for molecules with a large number of atoms this gets closer to a logarithmic scaling.
Although we compute the CPU time of the MCM for “hypothetical biomolecules”, this trend
should also apply to any arbitrary and realistic biomolecule.

3.4 Stochastic versus Deterministic Predictions of the Salt Dependence of the Electrostatic
Solvation Free Energy of Calcium Binding Proteins

The salt dependence of the electrostatic solvation free energy of four calcium binding
proteins (PDB ids: 1prw, 3cIn, 1ledm, and 3icb) obtained with the MCM is compared against
similar finite-difference-based predictions. Based on previous results, we anticipate that the
salt sensitivity of the electrostatic solvation free energies of the four calcium binding
proteins will be different-given their differing charge densities. In fact, the salt dependence
of the electrostatic solvation free energies are expected to be more pronounced for proteins
with higher charge densities. As shown in Figure 8, our MCM results are in excellent
agreement with similar deterministic PBE results, thus showing the excellent accuracy of
two fundamentally different numerical solutions to the same PDE.

Figure 8 shows the salt dependence of AAG2?" for all four proteins, where AAGS)" is the
electrostatic solvation free energy at a finite salt concentration relative to that at zero salt

concentration as defined by the following equation:

AAGSvo]V:AGSOIV(K #0) - AGSOIV(K:O) (10

elec elec elec

Figure 8 shows that the proteins exhibit different salt dependent behavior in the medium to

high salt range. The more pronounced salt sensitivity of AAGE;’EZ;’ for calmodulin (PDB id:

1prw) is a reflection of its larger net charge (charge density).

Figure 9 shows the limiting behavior of the electrostatic solvation free energy w.r.t log(salt
concentration) computed with MCM and the deterministic PBE method. In the limit of zero
salt concentration, the salt derivative of the electrostatic solvation free energy of calmodulin
(PDB id:3cln) computed with both codes converges to zero. This also shows that the
deterministic energy result falls well within the 95% confidence interval of similar MCM
energies. As a comparison we also plot the salt derivative of the electrostatic solvation free
energy w.r.t k at extremely low salt concentration. Figure 10 shows that both PB codes
predict comparable salt-derivatives in the limit of x = 0 (differing by 20%). For the other 3
calcium binding proteins, smaller differences were observed (results not shown). The
derivation of the expressions for the limiting behavior of the two different salt derivatives of
the electrostatic solvation free energies is given in the Appendix.

3.5 Calcium Binding Site Potentials

It is well established that the electrostatic environment plays a key role in metal binding to
proteins, including calcium binding proteins.8” Locating potential metal binding sites in
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proteins and nucleic acids using implicit solvent models, such as the PBE, is now a common
and practical approach, but there is still room for improvement, especially when one is
interested in predicting “hot spot” regions in large-scale assemblies such as viruses and
ribosomes which require a huge computational box (huge memory cost) for deterministic
PBE methods.88

One of such prediction strategies relies on computing surface electrostatic potentials using
PBE methods. We anticipate that our approach will be superior compared to mainstream
methods in determining “‘hot spot™ regions, and the binding strength of a ligand for
particular sites, due to the MCM ability to compute local electrostatic metrics in a very fast
and accurate manner. However, before developing post-processing tools to allow the end-
user to expediently analyze hot spot regions on biomolecules of interest, it is necessary to
determine the accuracy and CPU time associated with such electrostatic potential
computations.

For a calcium binding protein (PDB id: 1EDM) which has 3 calcium binding sites (see
Figure 5), we computed the electrostatic potential at the center of each site, in the absence of
the calcium ions, using both deterministic and MCMs, in order to assess the accuracy of
these two fundamentally different PBE codes. As shown in Figure 5, two of the calcium
sites are very close to the molecular surface while the 3rd calcium ion is much further away.
In fact, by analyzing the structural data for this protein, we noted that the B-factor for this
latter site is very large, indicating a significant variability for its positioning, whereas the
other two calcium positions had similar and smaller B-factors. Therefore, we anticipate that
the 3rd calcium ion is more loosely bound and thus the electrostatic potential surrounding it
is probably not as strong as that at the other two sites. Our results confirm this hypothesis,
and the electrostatic potential map also shows a stronger negative potential around the first
two sites (results not shown).

Moreover the electrostatic potential at the specified sites obtained with these two
fundamentally different PBE approaches are in excellent agreement. More precisely, as
observed in Figure 11 the electrostatic potential values for all calcium sites obtained with the
deterministic code fall well within the 95% confidence interval of the MCM results and
obey the same salt behavior.

In the MCM, the electrostatic potential at any arbitrary site is calculated via a random walk
starting from that precise 3D location, which implies that in order to compute the
electrostatic potential at one particular location, one does not need to solve the LPBE over
the entire 3-D computational domain as required in deterministic-based PBE approaches.
Moreover, deterministic-PBE approaches do not provide site potentials directly- they only
provide electrostatic potentials at the grid points and thus require the use of interpolation
schemes in order to obtain potential values at any specified 3D-location. When we
performed site electrostatic potential calculations for the epidermal growth factor protein
using the Charmm force-field, we noted a large discrepancy (up to 20 %) between MCM
and deterministic results which is due to the presence of internal voids that are caused by the
small hydrogen atoms (radius = 0.2245 A). It should be pointed out that if we considered the
internal cavities as external regions in the deterministic computations as is done in the MCM
solver, the agreement between the potential values obtained with both PBE algorithms
would be restored. Moreover, we also noticed that the existence of internal cavities near one
of the calcium binding sites, leads to extremely high electrostatic potentials, on the order of

kT
807 when such voids are treated as external regions.
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In order to ensure small errors in the electrostatic potential calculations using the MCM
simulations were performed with 1000 trajectories. The computations took at most 3
minutes to complete for any of the three calcium binding sites. We observed that the CPU
time is smaller the further away the calcium site is from the molecular boundary. The CPU
time can be further reduced by fine tuning code parameters such as the absorbing layer
width, ¢, and the auxiliary sphere radius, a. Our results suggest that the evaluation of
electrostatic potential at putative recognition sites for large-scale biomolecular assemblies
such as viruses and ribosomes using the proposed MCM will be of great interest to the
structural biology and bioinformatics communities due its low cost and high accuracy.

4 Conclusions

We demonstrated the accuracy, memory and CPU time advantages of an alternative,
stochastic-based, LPBE solver for obtaining salt-dependent electrostatic properties of
biomolecules. In particular, we presented a detailed description of how correlated sampling
is essential for obtaining accurate electrostatic properties of biomolecules over a broad range
of salt concentration in a single MC-based PBE computation, thus significantly reducing the
CPU cost and increasing the accuracy of the predictions of salt dependent electrostatic
properties. We then validated the LPBE MCM by comparing the electrostatic potential and
solvation free energies of calcium binding proteins against similar results obtained with a
mature deterministic PBE solver. The excellent agreement between results obtained with
two such fundamentally different techniques gives us confidence for further optimizing the
present algorithm in order to make it a viable complementary LPBE solver for the general
scientific community. We expect that our LPBE MCM will be very useful in predicting both
the electrostatic potential at user-specified sites for large-scale biomolecular assemblies
(e.g., viruses and ribosomes), and salt-dependent solvation free energies of proteins. The
latter is important when examining the salt sensitivity of the stability of charged proteins.13
Of course, we anticipate that in the future it may be possible to create hybrid stochastic-
deterministic PBE solvers, where we combine the strengths of each of these two
fundamentally different numerical techniques.

Future work will include the applications of the LPBE MCM solver to the computation of
other electrostatic properties (e.g., Born radii, electric field). In addition, there are many
different quantities of biophysical interest (e.g., electrostatic binding free energy, pKa shift)
that we wish to compute, and further algorithmic and code development is needed on the
MCM. There are also many opportunities to improve the performance of MCM by using
clever computational geometric algorithms. Finally, we anticipate that this approach will be
increasingly beneficial to the general scientific community as these stochastic methods
become both better developed and more widely deployed.
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5 Appendix

5.1 Dependence of the Electrostatic Solvation Free Energy on k

For the LPBE, the electrostatic free energy of a biomolecule immersed in a 1:1 salt solution
is given as follows:89
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—)2
Gelec:f(pf(p - 47rcbg02 —2neE )d’r, (11)

where pf is the charge density of the biomolecule, ¢ is the electrostatic potential, cy, is the
bulk salt concentration, ¢ is the dielectric constant, and E is the electric field. From this

dG sjec
equation one can derive two salt derivatives of the electrostatic free energy, namely d;“
dGelec
and glog(c,): Where
kagg
Cp= .
Y (12)

In the equation (12), ky is the Boltzmann constant, T is the temperature, & is the external
dielectric constant, and e is the protonic charge.

The limiting behavior of these two salt derivatives of the electrostatic free energy at zero
bulk salt concentration was first derived by Boschitsch et.al3%90 and are given as follows:

(i) The salt derivative of the electrostatic free energy w.r.t. x:

From equation (11) one can derive the expression

dGelec _

(ko T) e,
o —

S —4nk ugd3 T, 13)

dg, dy
where $=— fASe dne d—K"dA is the surface integral, ¢ is the electrostatic potential in the

€Pe
exterior region, and u, is the normalized potential u"':k,,_T-

At large distances from the biomolecule, the biomolecule can be treated effectively as a
single central charge with total charge Qpet located in the center of a cavity of radius aggy,
which reflects the dimension of the biomolecule. In this region, the dielectric constant is e,
and the electrostatic potential, ¢, has the following asymptotic form:

Dt (i — acar)).
dnre,(1+kacy,) (14)

Pe=
By using (14) and (12), as r — oo, the limit of the derivative of g, w.r.t. x at x — 0 can be

Qnel
evaluated, and is given by “4ne, By using this, one can evaluate the surface integral S, in

the limit of x — 0, as follows:
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§ =~ lim / £, M e gp

dn dk
= Qﬂ”;‘ hmf Ee d‘p“dA
€r—
Qe
e, (15)

The volume integral in equation (13) cannot generally be evaluated for arbitrary geometries.
However the limiting behavior at x — 0 can be computed exactly The exterior region can be
divided into a region outside a spherical volume of radius R, called V5, and its
complementary volume V1. Therefore the volume integral can be rewritten as:

I =I(V)+I(V2)

A kT 2 73 253
=4nk = (fvlued r+fvz.ued r) 16)

The radius Ry is chosen to be large so that in region V, the molecule looks like spherical
object. Using the expression for the normalized electrostatic potential obtained from

2

Kirkwood,?! the limit of I(V,) at x — 0 can be calculated and is equal to 5. 87re for any finite
R.. Because | is independent of Rg, then it has to be true that the |ImKH0|(V1) 0. Therefore
the limit of salt gradient at x — 0 is given by:

lim dGelec _ Q%e[

«—0 dk  8me, (17
as first shown by Boschitsch et.al.39:90
(ii) The salt derivative of the electrostatic free energy w.r.t. log(cy):

We begin by using the relationship

dcelcc :Edcck‘c
dlog(cp) ™ 2 dk

kyT) €,
=kS — 2ﬂk2%fugd3r.

(18)

In the limit as x — 0, the right terms of equation (18) are equal to zero, given the fact that
the limiting behavior of S is defined by equation (15) and limiting behavior of volume

2

9,
integral | is given by 87T;:. Therefore for any arbitrary geometry the following relation is
valid:

im dGelec _
x=0dlog(cp) (19)

(iii) The salt derivative of the electrostatic solvation free energy w.r.t. x and log(cy):
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- SOl - .
Since G}, is defined as
GZ%E =Getec(K; Ee=Esov) — Gelec(€e=1), (20)
where the Ggec(ge = 1) is independent of «, it is straightforward to calculate the limiting
behavior of the two salt derivatives of G2 as x — 0 as
X dG’WI‘Z . G
l elec :h elec
fim g =lim Gz
_ D
~ 8re,? (21)
and
3 dGZ‘zle](V i dGe/a‘
lim ey = M osten
=0. (22)
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r

Figure 1.

A solvated biomolecule with interior dielectric region defined by G; and with dielectric
permittivity ;. The exterior ionic solvent region, G, with dielectric permittivity ¢.. The
boundary T separating the interior and exterior regions of the solvated biomolecules of
interest is here defined by the van der Waals (vdW) surface: the union of the spherical
atomic surfaces defined by the van der Waals radius of each atom j, R;, in the molecule.
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Figure 2.
Random walk constructed by consecutive walks on spheres in the interior region, G;.
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Figure 3.
Random walk constructed by consecutive walks on spheres B(xg,Rs) in the exterior solvent

region Ge. The walk will eventually come back to the boundary " with probability less than
one. An absorbing layer with thickness ¢ is introduced to reduce the number of walks in the

exterior region.
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Figure 4.

An enclosing sphere around the molecule being studied is used for the x = 0 MC simulation.
This sphere is centered at Xgnc and has radius Repc that is large enough to enclose the
molecule. In the region outside this sphere, the electrostatic potential satisfies only the

Rene
LPBE, and one can use POZﬁ as the survival probability for any walk starting from a
distance dist from the center of the sphere.
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(c)

(d)

Figure 5.

The 3D structures of four calcium binding proteins (given by their PDB ids) along with their
surface electrostatic potential maps are displayed. (a) ledm (b) 3icb (c) 1prw and (d) 3cin.
The calcium ions are shown as cyan colored spheres. Note that for all four calcium binding
proteins an extensive patch of negative electrostatic potential lies around the calcium
binding sites, which are created by unique patterns of Asp and Glu residues. The color
scheme used in these surface electrostatic potential maps is as follows: yellow is the most
negative and green is the most positive. White is neutral. Red and blue represent negative
and positive potentials, respectively.
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Figure 6.

Electrostatic solvation free energy ( AG*%) of the vitamin D-dependent calcium binding
protein (PDB id:3icb) calculated using four different protocols: uncorrelated sampling with
500 trajectories at each salt concentration, uncorrelated sampling with 1500 trajectories at
each salt concentration, uncorrelated sampling with 4500 iterations at each salt

concentration, and correlated sampling with 500 trajectories.
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Figure 7.

The CPU time per atom per trajectory as a function of the number of atoms of hypothetical
globular-like molecules. For a small number of atoms the CPU time scales linearly with the
number of atoms whereas for larger molecules the scaling approaches a logarithmic
behavior.
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Figure 8.

Relative electrostatic solvation free energy ( AGS2” (k) — AGS2" (k=0)) versus the logarithmic
of the bulk 1:1 salt concentration (in M units). In the limit of zero salt concentration, the
slope of the curve also tends to zero. The magnitude of the slope of the curves is larger for

the calcium binding proteins with higher net charges.
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Figure 9.

Comparison of the salt dependence of the electrostatic solvation free energy ( AG2") of
calmodulin (PDB id: 3cln) obtained with two independent and very distinct PB solvers: MC
and deterministic. The graph shows that the deterministic results fall well within the 95%

confidence interval of MC energy values at all salt concentrations. Moreover, in the limit of

zero salt concentration, the salt derivative of AG:?" is equal to zero for both deterministic
and LPBE MCM.
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Figure 10.
The behavior of the salt derivative of AG*?" (w.r.t ) at the limit of x = 0. The plot shows

elec

that both deterministic and MCM predict a comparable salt behavior in an extremely low
salt regime.
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Figure 11.

Electrostatic potential at one of the calcium binding sites for the epidermal growth factor-
like calcium binding protein (PDB id: 1EDM). The electrostatic potential is computed for
salt concentrations ranging from 0.000001M to 0.1M.
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