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Abstract

Continuum solvent treatments based on the Poisson-Boltzmann equation have been widely
accepted for energetic analysis of biomolecular systems. In these approaches, the molecular solute
is treated as a low dielectric region and the solvent is treated as a high dielectric continuum. The
existence of a sharp dielectric jump at the solute—solvent interface poses a challenge to model the
solvation energetics accurately with such a simple mathematical model. In this study, we explored
and evaluated a strategy based on the “induced surface charge” to eliminate the dielectric jump
within the finite-difference discretization scheme. In addition to the use of the induced surface
charges in solving the equation, the second-order accurate immersed interface method is also
incorporated to discretize the equation. The resultant linear system is solved with the GMRES
algorithm to explicitly impose the flux conservation condition across the solvent—solute interface.
The new strategy was evaluated on both analytical and realistic biomolecular systems. The
numerical tests demonstrate the feasibility of utilizing induced surface charge in the finite-
difference solution of the Poisson—Boltzmann equation. The analysis data further show that the
strategy is consistent with theory and the classical finite-difference method on the tested systems.
Limitations of the current implementations and further improvements are also analyzed and
discussed to fully bring out its potential of achieving higher numerical accuracy.

Introduction

Electrostatic interactions play significant roles in the structural, functional, and dynamic
properties of biomolecules. Efficient and accurate modeling of electrostatic interactions has
been an active research topic in computational studies of biomolecules.1~26 In modeling
electrostatic interactions, the solvation effect has to be taken into consideration. Both
explicit/atomistic representation and implicit/continuum representation of solvent molecules
are possible and have received wide acceptance in biomolecular simulations. For implicit or
continuum solvent treatments, the Poisson—Boltzmann equation (PBE) can be utilized to
model the electrostatic interactions of solvation.1=26 In this model, the solute molecule is
treated as a region with a low dielectric constant and the solvent is treated as a region with a
high dielectric constant. A number of fixed interior point charges are located at atomic
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centers. Given the mathematical setup, the PBE can be solved to compute the electrostatic
potential distribution and solvation free energy.

Apparently the challenge is how to solve the PBE, a three-dimensional partial differential
equation, with acceptable efficiency without losing too much accuracy given limited
memory and speed of current computing resources. The computational difficulty lies in the
extremely high dimensionality of a typical biomolecular system, ranging from thousands to
millions of atoms in typical biomolecular studies. The second difficulty lies in the extremely
complex interface geometry between the continuum solvent and a molecular solute that must
be properly modeled for accurate solvation interactions.

As there are only a few cases with simple solute geometries where analytical solutions are
available, most developmental efforts have been focused on improving efficiency and
accuracy of its numerical solutions. Many packages, such as DelPhi,27-2° UHBD,30.31
APBS,32:33 and related modules of Amber3435 and CHARMM,28:36 are based on the finite-
difference methods (FDM)27-34:36-38 tg solve the PBE. With FDM, the PBE can be
converted into a linear system of finite difference equations with a symmetric positive
definite coefficient matrix and can be solved by efficient solvers such as preconditioned
conjugate gradient methods.30:34:39-42 However, if a direct discretization is used without
taking into account the discontinuity in the dielectric constant, the numerical solutions tend
to have large errors, particularly near the solute-solvent interface. To achieve higher order
accuracy, for example, second-order accuracy, interface conditions can be enforced as in the
immersed interface methods#344 and the matched interface and boundary methods.45-48
Nevertheless, the coefficient matrix developed in this way may not be symmetric anymore
and the preconditioned conjugate gradient method cannot be applied directly.

Boundary element methods (BEM)#9-%4 focus on the solvent/solute interface to construct a
linear system. The unknowns in the system are either the induced surface
charges*9-52,56,57.59.60 or the normal components of the electric displacement3-5558.61.62
on the interface. Thus the number of unknowns in the BEM is one order lower than that of
the entire domain. However, an extra step of triangulization of the interface is required for
the BEM. Furthermore, its efficiency is limited as the integration operator on the interface is
most time consuming.

The finite-element method (FEM)5°-73 is based on a weak formulation. The electrostatic
potential to be solved is approximated by a superposition of a set of basis functions. A linear
or nonlinear system of equations for the coefficients produced by the weak formulation has
to be solved. A nice property of the FEM is that the mesh can be irregular so that an
adaptive strategy can be utilized. Also a body-fitted mesh can be generated to fit nicely to
the interface. However, this strategy may introduce additional cost, 7.e., constant remeshing,
for dynamics simulations.

Numerical solution of the equation is only first half of the effort. Given the solution of the
potential, it is equally important to derive energy and forces for later computational analyses
of biomolecules. It has been pointed out that the reaction field energy may converge better
when the so-called charge-based method is used even if a FDM solution of the potential is

first obtained.” In this method, qﬁo , the induced surface charge at boundary grid point j, is
first calculated according to Gauss’s law. Next all induced surface charges are projected
onto the solvent/solute interface. Finally the reaction field energy is calculated as
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where Mpng is the number of induced surface charges and 7;;is the distance between atom /
and induced surface charge /. Similar to the treatment of the reaction field energy, induced
surface charges can be used to improve the convergence of reaction field forces viaa
pairwise summation of the Coulombic interactions between induced surface charges and
atomic charges.”* In addition, it has been shown that the dielectric boundary forces can be
recast into a form involving induced surface charges as follows, ®

ae— Lprgp_ L palDE,
gDBF:gDBFnz - QE Vg:zppo D_nn

@

where pP°l is the induced charge density at the dielectric boundary, D = €E, and D, = ¢£),
Eqn (2) does not require a differentiable dielectric constant distribution, leading to a better
numerical behavior in force calculations.

Given these interesting numerical properties using induced surface charges, we intend to
explore their usage directly in the FDM solution of the PBE to achieve a higher level of
consistency between the numerical solution of the PBE and its post analysis. There are also
additional motivations to adopt the “charge-central view”. First, it allows a second-order
accurate numerical solver, the immersed interface method, %77 to be used in the general
finite-difference framework in a memory-efficient manner due to the use of the two-
dimensional unknowns (induced surface charges) instead of the three-dimensional
unknowns (spatial potential) within the core iteration. Apparently this argument also applies
to the associated coefficient matrices.* Higher-order accuracy is also possible given the
underlining framework of the immersed interface method.”®:77 Next the method can also be
extended to the piecewise-smooth dielectric models instead of the widely used piece-wise
constant dielectric constant models to facilitate the development of more physical dielectric
models. Thus, the new strategy can be regarded as an improvement over the traditional BEM
methods where their direct usage in numerical solutions was originally proposed. Finally the
absence of a dielectric interface upon the introduction of the induced surface charge also
allows highly efficient Poisson solvers, in terms of both memory and time, to be adopted in
the new numerical framework.

In the following, we first review the charge central view of the PBE solution. This is
followed by the presentation of the augmented immersed interface method’®77 to realize the
direct solution from the charge central view within the FDM framework. Detailed numerical
analysis of the new method in both analytical systems and realistic biomolecules is then
presented to assess its performance. This is followed by the discussion of limitations and
future directions.

In this section we first present the charge central formulation for solvated biomolecules
modeled by the Poisson equation. This is followed by the charge central strategy for the
Poisson—-Boltzmann equation. As will be shown, the basic idea of this strategy is the
introduction of a hypothetical induced surface charge distribution, which effectively
removes the discontinuous dielectric constant across the solvent-solute interface.
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Poisson equation

In the classical electrostatic solvation model, the molecular solute is approximated as a low
dielectric region Q™ with dielectric constant e~ and the continuum solvent is represented as a
high dielectric region Q* with dielectric constant e*. The interface separating the two
regions is denoted T'. A number (/) of fixed interior point charges Qyare located at atomic
centers pg. Given the mathematical setup, the electrostatic potential ®(r) can be uniquely
determined by the following partial differential equations

Ny
VO (r)= = ) qidr —pr)T €Q7 @)

k=1
and

V2Ot (r)=0,7r € Q*, (4

given a set of well-defined boundary conditions. Here &(x) is the Dirac delta function, gy =
Q4e”, and r is an arbitrary position vector in the inner region or the outer region. The
boundary conditions at the interface r € " are

O (r)=0"(r) (5

0000 ()
on on

(6)

Apparently the potential at the outer boundary of Q* is also required. Here the free-boundary
condition, 7.e. potential goes to zero at infinity, is used.

The fundamental solution for the Poisson equation with the specified free boundary
condition is the free-space Green’s function, Gy(r,p) = 1/(4x|r — p|), satisfying

V2Go(r,p)=—6(r —p), (7)

and the same free space boundary condition. Based on Green’s second identity and the
boundary element theory as in Appendix A.1, it is straightforward to show that

N,

O (=G PLGotr. P (p) - TG p)0 (9IS +Y aGotrpn).
r k=1

The above equation can be rewritten as

d0~(0)  9Go(r,p) .,
@‘(r>=5€6 [Go(r,p) )6 gy gy
r

Ny
+

qkGo(r, px),  (9)
k=1

0p*
given that (1) the potential is continuous across the interface and (2) Vsﬂi:E on the
interface for any smooth function ¢* within each region. The symmetrical arrangement of
the two terms in the integrand allows an induced surface-charge dependent term to be

introduced. Recall that the surface charge can be written as
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00~(0) _ 60" (p)

alp)= on on

(10)

To do so, we apply the Gauss theorem to the second term in eqn (9) in the outer space as in
Appendix A.2. Thus,

a0+ dGo(r.p) .,
a0 0,
r

From egn (9) and (11), the inner potential can then be written as
k=1

N‘]
O (r=pGor. oS Y aGutr.on. )
I

wherep€Tlandr € Q™.

Similarly for the potential in the solvent region, ®*(r), we have

d0*(p) Go(r.p) .
®+(T)=#[—Go(’r',p) 6n(p)+ 0(:1' P)(D (p)} ds., )
r

0

where p € T and r € Q*. Following the same derivation, it can be shown that

N,

@ (=Pt oISy aGotron.
r k=1

In summary,

N,

O(r)=PGo(r, p)r(p)dS+ Y aGo(r. px).  (15)
r k=1

Thus the potential everywhere in the domain can be viewed as the contributions from both
the fixed charges and the induced surface charges on the interface. Note also that the
discontinuous or variable dielectric constants are no longer explicitly present in the
formulation.

Poisson—Boltzmann equation

In the PBE an extra term responsible for the mobile ions in the outer solvent region Q* is
introduced. The general PBE is

V- (@rVO(r)= - p(r) - nlgi exp(~gi®(r), (16)

where n? is the number density of counterions of type /in the solution, g;is the charge of the
counterions of type 7, and p = 1/kT. Here kis the Boltzmann constant and T'is the
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temperature. When the ion concentration is low and the field is weak, the PBE can be
linearized into the linear PBE:

V- (V)= — p(r)+ ) Briq;0(r). a7)

Apparently in the inner solute region Q7 it is still the same as Poisson’s equation described
in the previous subsection. Since there is no fixed charge in the outer region Q*, eqn (17)
can be rewritten as

V20" (r)=k*®* (r), (18)
where x2 = YBn2gA.

The fundamental solution for the linear PBE with the free boundary condition is

—klr—pl

G B ==
«(r,0) e~ )

(19)

satisfying

(V2 = iD)G(r, p)= = 8(r — p).  (20)

As shown in Appendix A.3, the inner potential can be written in terms of induced surface
charge, as defined in egn (10), as

N’{
o m=pGorpoes - [ [ [ GorpTor@aviY aGor.o. @
r v+ k=1

wherep €' and r € Q™. Egn (21) can be further rewritten as

N‘I
@ (r)= #Go(r p)o(p)dS+ f f f Go(r, p)Pi, (P )dV++ZQkGO(7"’pk)» (22)

k=1

where we have made the substitution of V20 ()= — P¢_(p), /.e. by explicitly representing

on

the outer potential as satisfying Poisson’s equation with an apparent source of P{,_(o) in Q*.

As shown in Appendix A.4, we can also obtain a similar expression for the potential in the
solvent region as

Ny

d)+(r)=9%GK(r,p)a'(p)dS - ﬁGk(r,p)Pizon(p)dV_+quGK(r,pk), (23)
r k=1

V-

after taking V2d~(p) = k20~ (p) and V2d~(p)= — PZ._(p) into account.

on

Eqgn (22) shows that the inner potential can be viewed as being contributed by the fixed
atomic charges, induced surface charges, and mobile ion charges. Eqn (23) shows that a
similar charge view can be formulated in the Yukawa field for the potential in the outer
region: it can be viewed as being contributed by the fixed charges and the induced surface
charges. Apparently in doing so, we have assumed that there is a uniform continuum mobile
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ion throughout the space. However this is not the case because the inner region does not

fpoaror, oav-
have any mobile ion. Thus the extra term in eqn (23) ¥'y= acts to
compensate for the inclusion of the hypothetical mobile ion charge density in the inner

region Q.

In the discussion above, we have suggested a charge-central view much similar to that used
in the boundary element method4%-64 to represent the solution of the linear PBE with
discontinuous or variable dielectric constant distributions. Indeed, many boundary element
methods were proposed following this strategy.4%-%4 In this study, a different charge-central
strategy was explored within the finite-difference discretization framework, with the
assistance of the augmented immersed interface method.”8.77 There are several motivations
to explore the new direction. First the immersed interface method is a second-order accurate
approach, with the potential to go to higher orders as well. Second, the method can be
extended to a piecewise-smooth dielectric model instead of the piecewise-constant dielectric
constant model, which has become an interesting platform for more physical and more
stable numerical solvation models. Finally the absence of a dielectric interface upon the
introduction of the induced surface charge also allows highly efficient Poisson solvers, in
terms of both memory and time, to be adopted in the new numerical framework.

Numerical algorithms

The theoretical discussion in the previous section suggests that the discontinuous dielectric
constants can be eliminated by introducing the induced surface charges, which are
essentially the boundary conditions for the normal electric fields on the interface. In the
following we present a numerical technique to solve the Poisson equation by introducing
additional variables, the induced surface charges, into the linear systems. These additional
variables are termed augmented variables in the numerical algorithms. Thus the method is
often referred to as the augmented approach.”8.77 It should be pointed out that this is the first
time the augmented immersed interface method is implemented and applied to realistic
three-dimensional interface problems as complex as in macromolecules. A similar strategy
can also be used to solve the Poisson—Boltzmann equation though it is far more complicated
to be realized for biomolecular applications and is left to a future publication.

The augmented approach

,F€Q ™ and e*V2d*(r)= 0, r €Q* can

Nll
£V (r)= - 5(r — pr)
The original equations ;Qk PE

be unified as
V- (eVO)=f (24)
given
N‘I
f(,,,): _;Qké(r _pk:)9 reQ” 25)
0, reQt
and
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(r)= g, reQ”
aM=\ ¢, reqr @9

where py € Q™. Since e is a piecewise constant in each domain, we can divide it from the
above equation to obtain

V2q>=£. @7)

Introducing a short-handed notation [{X)]r = 7 (x) — £ (x) where xET, /.e. the interface, we
have the following boundary (interface) conditions

[®@]r=0, (28)
and
[eD,]r=0, (29)

Eqn (27)—(29) show that solution @ is clearly dependent on the two boundary conditions.
The essence of the augmented approach is to introduce an auxiliary/augmented variable, o =
-[®,]lr, which acts as a new boundary condition in the solution of egn (27) along with the
boundary condition (28). Apparently the original boundary condition (29) must also be
satisfied to be consistent with the original problem. This is achieved iteratively by verifying
(29) after each trial solution of egn (27).

In the following we introduce @ as discretized @, F as discretized fle, and X as discretized
o. Since the finite difference discretization is used, @ and F are defined at the grid points. In
contrast, discretized augmented variable X is apparently defined on the interface. For regular
grid points, whose neighboring grid points are in the same region, egn (27) can be
discretized as

Vi ®u=Fij, (30)

where V2 is the discretized Laplacian operator, /.e. the symmetric seven-stencil finite-
difference operator. For irregular grid points with any of the neighboring 26 grid points in
the other region, the analytical boundary conditions are applied to derive the discretized
equations. Here a set of interface points, X1, X5, X3, ..., Xnb, are used to discretize the
interface so that both X and boundary conditions (28) and (29) are defined at these interface
points in the discretized system. With the immersed interface method,**77 the discretized
form of egn (27) can be written as

th(l),jk:Fijk+C,‘jk (31)

at irregular grid points, where Cjj is a correction term, chosen to minimize the local
truncation error while satisfying the boundary conditions of (28), potential continuity and
(10), [®,]r = —0.%4 Thus, eqn (31) is the discretized Poisson’s equation in vacuum with a
revised source term of Fjy + Cjjx

Let A be the discretized Laplacian operator, V2, applied to eqn (31), then we can express
the discretized Poisson’s equation as’’

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 January 07.
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ADP=F+C. (32

Since boundary condition (28), that is, the continuity of potential, is explicitly enforced in
the discretization, we only need to solve for X so that boundary condition (29), /.e. the flux
conservation condition, is also satisfied upon solving. We define the residual vector for the
flux conservation condition as

RQZ)=[e®,]=c"®] —c D,. (33)

It is written as a function of Z because egn (32), or more specifically C, is dependent on the
boundary condition X (discretized form of [®,]r = —o). Next we exploit the fact that @ can
be interpolated linearly from {®; «} while enforcing the boundary conditions to further
rewrite (33) as a linear combination of @ and Z. Since boundary conditions (28) and (29) are
both zero, we have

D; (X)) =E*D+T*X, (34)
where E*, E7, T*, and T~ are coefficients of the linear interpolation. Thus egn (33) can be
written as

RX)=E®+TE, (35
whereE=e*E*—e E-and T=¢e"Tt - T".

Now there are three sets of unknown variables C, %, and @ in egn (32) and (35). We can
eliminate the correction term C using its dependence on the boundary conditions. Thus we
can obtain the solution of the linear system (32) with two sets of unknown variables. Upon
the finite-difference discretization by the immersed interface method, the dependence of C
on the boundary conditions can be expressed as linear combinations of two boundary
conditions, [® ;] = —o and [®]r = 0 at {.X,}.”” Since the value of [®]r is zero, symbolically
C = -BZ, where B is the linear coefficient matrix for  and does not need to be formed
explicitly as explained later. Thus eqn (32) can be rewritten as

AdD+BX=F. (36)

Recall that we intend to solve for the augmented variable X, satisfying R(X) = 0, while
solving the linear system. Combining R(X) = 0 and eqn (36), the following matrix-vector

form can be obtained
A B||leo]| |F
ET|lz|7|ol] @

from which we can write its Schur complement as

(T-EA"'B)X=—-EA™'F. (39)
It may seem that the problem has been made more difficult because it is nontrivial to
compute T — EA™1B and EA~1F. However, we do not necessarily need to form these

matrices explicitly. Instead the matrix-vector multiplication can be computed as shown
below.
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First let us focus on the right hand side, EA™IF. If we apply X = 0 to eqn (36), it is apparent
that

DE=0)=A"'F. (39)

Thus the right hand side of egn (38) can be transformed into
—EA"'F=— R(X=0), (40)

viathe second expression (35) for the residual vector, R(X) = E® + TXZ. Thus the right hand
side is simply the residual vector when X = 0. It can be further rewritten as a linear
combination of potentials by the definition of residue (33)

—EA™'F=—[£7®}(0) - £ &, (0)], (41)

where @ (X'=0) is denoted & (0).

For the left hand side, T - EA™1B, the identity below can be obtained by substitution of BT
from A® + BX = F in eqn (36) and A™1F = ®(X = 0) in eqn (39)

(T -EA™'B)X=[TZ+E®Z)] - [TO+E®(0)]. (42)

The second expression of the residual vector R(Z) = E® + TZ in (35) shows that the two
terms in parentheses are the residual vectors for X # 0 and X = 0, respectively. Therefore T -
EA~1B can be computed as the difference between the two residual vectors. Finally given

the residue definition in eqn (33), R(X)=¢*®; — £~ ®;,, we can compute it as

(T - EA™'B)X=["®}(2) - & &;(2)] - [£* D} (0) - & B;(0)]. (43)

In summary, the matrix-vector multiplication and the right hand side of egn (38) can both be
computed without much difficulty. Given these preparations, we are ready to use the
GMRES algorithm to solve egn (38) without forming matrix T — EA™1B explicitly.

The Generalized Minimal Residual (GMRES)”® method is an efficient numerical method for
solving a general linear system of equations in the form Ax = b, in which the matrix may not
be symmetric or definite. The residual is defined as r = b — Ax for a solution vector Xx.
GMRES is an iterative method that provides the best approximation of solution to Ax = bin
the Krylov subspace {vi, Avy, ..., A7} with vq = ro/lirgl where rg is the residual of the
initial guess. An interesting property of the algorithm is that the matrix-vector multiplication
Ax is required but it is not necessary to know matrix A explicitly.”® This is exactly the
situation to solve for the augmented variables with the linear system (38). Given that Ax =
(T - EA™1B)X and b = - EA~F, the residual vector r = b — Ax is the difference between
eqgn (41) and (43),

—[&7®;(0) - £ D, (0)] —{[£" P, (2) - & B, (D)] - ["P,;(0) - £~ D, (O]} (44)

which is negative residue, —[* @} (X) — &~ @, (2)], based on the residual definition (33) in
the augmented approach. Thus GMRES is well suited to solve the smaller linear system as
outlined above.

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 January 07.
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Computational details

We implemented the new method into the Amber/PBSA program.18:23:34.35 The molecular
surface was defined using a revised density function strategy that combines the modified van
der Waals surface and an optimized density function to mimic the solvent excluded surface
as much as possible.16 In the modified van der Waals method a set of conformation-
dependent atomic radii are first computed. This is followed by a standard van der Waals
surface calculation. In doing so, the solvent accessible surface definition is effectively used
for fully buried atoms and the van der Waals definition is used for fully exposed atoms.16
The density function is then applied to the modified van der Waals surface to further smooth
out crevices intrinsic to the van der Waals surface definition. The atomic cavity radii were
set to be the default mbondi set in the Amber package, except that all hydrogen radii were
set to be 1.0 A. The solvent probe was set to be 1.4 A. A classical two-dielectric model was
used to set the dielectric distribution where the region within the molecular surface is set to
1 and the region outside the molecular surface is set to 80. Grid spacing is default, 1/8 A, if
it is not explicitly specified in the testing of the new method.

A revised ICCG (incomplete Cholesky conjugate gradient) solver was implemented to take
into account the uniform dielectric constant environment when the charge central view is
adopted in the solution of the partial differential equation. The augment variables are the
surface charges, or the jumps of derivatives of potential on the interface. The surface
potential derivatives and related boundary conditions are computed using a two-sided
interpolation scheme as discussed in Appendix B. Due to the complex geometry of the
molecular surface, projected points of certain neighboring irregular grid points can be very
close to each other on the molecular surface. This facilitates sharing of the projection point
on the interface if their original projection points are too close to each other based on a
predefined cutoff distance. Doing so clearly reduces the dimension of linear system (38).
More importantly the efforts reduce the computation burden in the interpolation computation
at each projection point as well. In this study, a cutoff distance of /2 was used in the
proximity search, leading to a dimension reduction from 17% to 34% among tested small
molecules and proteins.

Results and discussions

We tested the new method with both analytical systems and realistic biomolecules to assess
its accuracy and consistency with respect to the classical finite-difference method. In order
to gain a comprehensive understanding of the method, we computed the reaction field
energies, potential and field on the interface for the tested systems.

Validation with analytical solutions

We first validated the implementation of the augmented immersed interface method (AUG),
with several analytical systems: monopole, dipole, and quadrupole in a spherical cavity as
their analytical solutions can be readily calculated. The algorithm was tested at different
spacings from 1/2 A all the way to 1/16 A to study its convergence to the analytical
solutions. As shown in Fig. 1, the unsigned relative errors of the results with respect to the
analytical results are all below 1.1%. With decreasing grid spacing, the relative errors are
consistently decreasing, reducing to lower than 0.15% at the grid spacing of 1/16 A,
indicating a high level of agreement with the analytical solutions.

Agreement with the classical method on small molecules and proteins

The new method was next tested on 41 small molecules, for which a fine grid spacing of 1/8
A can be used, to reduce the difference in convergence of different methods but still at a
reasonable computational cost. Correlation between reaction field energies by the new
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method and the classical weighted harmonic average method (WHA) was analyzed for the
tested molecules. The deviations were also monitored. As shown in Fig. 2, an overall
excellent agreement between the two methods can be observed. The deviation analysis
shows that the relative deviations are below 0.25% at the tested condition, demonstrating the
consistency of the new and classical methods in the computation of reaction field energies.
To further evaluate the new method’s consistency with the classical method on
macromolecules, we selected eight small proteins, for which a grid spacing of 1/4 A can be
used. As shown in Table 1, the relative deviations between the two methods are all below
1%, with most of them below 0.5%, further confirming the consistency between the two
methods in energy calculation.

Convergence of reaction field energy on realistic molecules

Given the above validation and consistency analyses, we went ahead to analyze the
convergence behavior for two hydrogen-bonding base pairs adenine-thymine (AT) and
guanine—cytosine (GC) and two salt-bridging side chain pairs arginine—aspartic acid (RD)
and lysine—aspartic acid (KD), respectively. These small molecular systems were chosen in
order to use the very fine grid spacing up to 1/16 A in the analysis. The convergence trend
was quantified with a nonlinear fitting of yy= a+ bx¢ for the numerical reaction field
energies for each test case. As shown in Fig. 3, the computed energies converge as grid
spacing is reduced as expected. And Table 2 lists detailed curve fitting statistics, which
shows that the leading convergence orders range from 1.173 to 1.825 for the four tested
small systems.

Convergence of surface potential and field

An important motivation for developing the new method is to improve the convergence of
surface field calculation to achieve more accurate solvation forces in biomolecular
simulations. Here we analyzed the quality of numerical surface field by the new method
with the same analytical systems of monopole, dipole, and quadrupole used to validate the
method in energy computation. As shown in Fig. 4 and 5, the RMS errors of the potentials
and field vectors with respect to analytical results decrease with reduced grid spacing.
Furthermore, RMS errors of the new method are always smaller than those of the classic
method for all tested conditions, indicating the benefit of imposing interface conditions in
the new method.

The same analysis was next conducted for the two realistic but small molecular complexes
(AT and RD) used for energy convergence analysis. Here due to the lack of analytical
solution, we conducted the analysis in two steps. First the potentials on the irregular grid
points at coarse grid spacings were compared with those calculated at the chosen fine grid
spacing of 1/16 A. As shown in Fig. 6, for the AT dimer, AUG behaves better than WHA
when the grid spacing is reduced to 1/8 A. For the RD dimer, AUG and WHA have almost
the same RMS errors at all tested grid spacings. Next, the potential and field at the interface
were compared with those calculated at the grid spacing of 1/16 A in Fig. 7. The potentials
show the similar conclusion as Fig. 6 and fields are almost the same for both AT and RD
dimers. These results show that benefit of the new method is not that apparent at least at
commonly used coarse grid spacings, /.e. as large as 1/4 A.

Before going into detailed discussions to identify potential improvements, it is instructive to
briefly review the overall algorithm flow again. As described in Numerical Algorithms, the
new method follows a double-loop design. The outer loop in GMRES is responsible for the
enforcement of boundary condition (29), 7.e. flux conservation. The residue, (33), defined as
the difference between the numerical boundary condition value and the theoretical value, is
utilized to update the potential for the next iteration. The inner loop, an /n vacuo Poisson
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solver, is responsible for solving the potential everywhere, given the updated right hand side
from the GMRES outer loop.

The brief outline clearly shows that a major difference between the new method and typical
finite-difference solvers is the extra outer loop. In typical numerical PB solvers, the potential
obtained is the final result, but in the new algorithm, it is used again to update the numerical
boundary condition to validate its agreement with the theoretical value. When deviation is
higher than the preset convergence value, potentials are solved again to reduce it. This is
clearly a more stringent requirement than the convergence criteria used in typical solvers,
and bears the potential to reach higher accuracy.

However, the current implementation fails to demonstrate the significant benefit in realistic
molecules. It is subject to debate that the following numerical instability issue has to be
addressed to bring out the full potential of the new method. The limitation is in an
interpolation procedure that is used to compute the boundary condition to validate the
agreement with theoretical value. The difference is defined as the residue and it is utilized to
update the potential in the next iteration, v/athe updated right hand side for the /n vacuo
Poisson solver. It is likely that the finite accuracy in the quadratic interpolation scheme
utilized here (Appendix B) is propagated and accumulated in numerical potentials during the
GMRES outer loop, reducing the desired second-order accuracy by design. Incidentally, the
accuracy is clearly system dependent. Indeed, it works reasonably well for the simpler
analytical spherical systems, but the quadratic approximation fails to bring out the potential
of second-order accuracy in the more complex and realistic molecular environments, leading
to no better performance on surface field and potentials than the classical method on the
tested molecular systems.

Iteration tolerance analysis

A major difference between the new and classical methods is the different residue definition
used in the iterative procedures. As described in Numerical Algorithms, the residue of the
new method is defined as the agreement of the numerical boundary condition to the
analytical one. In contrast, the residue of the classical method is defined as the agreement of
the discretized potential in satisfying the discretized linear system, Ax = b. Thus it is
necessary to assess to the proper choice of tolerance to obtain results with sufficient
convergence to achieve the desired accuracy in the final potential. The tolerance analyses
were conducted first for analytical systems, 7.e. monopole, dipole, and quadrupole,
respectively, in a spherical cavity. Fig. 8 summarizes the tests on the analytical systems,
which indicates that the energy/potential error apparently depends on the tolerances used in
the new method. The analysis also shows that a tolerance of 0.001 for the relative residue of
the augment variable is quite sufficient since there is no noticeable change in the error of
energy/potential upon tighter convergence tolerance.

The same test was also conducted for molecular dimers, AT, GC, RD and KD, respectively.
As summarized in Fig. 9, it can be seen that a tolerance of 0.001 is again sufficient to
achieve the desired error in energy/potential. And tighter tolerance does not improve the
final accuracy of numerical energies noticeably.

Conclusion and future directions

Based on the analyses above, it is quite clear that it is feasible to solve the PBE directly via
the use of induced surface charges and the new method is consistent with the classical
method. On simpler analytical systems, we also observed better agreement with theory than
the classical method given its second order accuracy by design. However, the benefit of the
existing implementation is still not apparent for the solvent—solute interface properties in
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tested realistic biomolecular systems. Given the discussion of the potential limitation of our
existing implementation, we are exploring to improve the surface interpolation procedure by
using either a third or fourth order interpolation scheme to further reduce the numerical error
in the computation of the residue vector in the GMRES iteration. In addition, we are in
active development to adopt the efficient FFT Poisson solver for higher computational
efficiency for systems where the periodic boundary condition must be used. Given these
future developments, it will be interesting to compare the new method with other state-of-
the-art methods. 4548
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Appendices
A. Theory

A.1. Derivation of inner potential
Based on Green’s second identity

[ [ [ 70 @6urp-005Gotr.pnav = [ [ 16atr.p707(0)-VG0r. 07 @1ds. g
Q- r

where on the left hand side of the equation p € Q™ is the source position vector and r € Q™ is
the field position vector. Substitution of eqn (7) and (3) into eqn (45) leads to

i

N‘]
~Go(r,p) ) k(T — pr)+®™(p)(r — )]
o k=1

av- = PG, pITO ()= TGor,p)0 (01,
r

After rearrangement, we have

Ny
D7 (r)= S@g [Go(r, p)VD ™ (p) = VGo(r, p)D™ (0)]dS +Z¢II<GO(7“»pk)~ 47
r k=1

0N 0Gy(r,
_ . —S@[Go(r,p) 3 o) _ (;(r P) g _
A.2. Proof of identity . n n dS=0in (11)

Given

V-[Go(r, p)VD* (0) = VG (r, p)@* (0)]=Go(r, ) VD™ (0) — V2Go(r, p) VD™ (0),  (48)

where r € Q* and p € . By integration of eqn (48) within the outer region,

FHT1Gor 070 (0)-TGu(r. 10 @18V = PGt o) P20 ()Gt 0" @1V

Qt Qt

For the left hand side of egn (49), use of the Gauss theorem in the outer space with
boundaries at interface I" and the infinity leads to
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V[ Go(r. p)VO* (0)-VGo (. p)0* (0)1dV*=— 0D | Gorr, o) 228 _ 9600 g 5 (Hfoass.
on on (50)

o r 00

Here we have utilized the fact that both ®* and V@™ are zero at infinity. Since p € Q*, r €
Q, V2d*(p) = 0, and V2Gy(r,p) = 0, the right hand sides of eqn (49) and also egn (50) are
equal to zero. Thus we have eqn (11)

90 (p) _ 9Go(r.p) ;.
—#[Go(r,p) o~ e 0 (0)dS=0. (o))
S

A.3. Derivation of inner potential for the PB equation

Similar to A.1 and A.2, though the difference is that V2®*(p) = 0 is no longer valid in the
PB equation. Accordingly the right hand side of egn (49) is no longer zero and the term

Epor oo v
remains. Thus egn (50) is rewritten as

o
[ong G
_#‘ [Go(r,p)a (P) _ 0 O(Tap)q)+(p):| dszﬁGo(r,p)VZCD*—(p)dv-k- (52)

on on
s pess

From egn (9) and (52), the inner potential for the PB equation, can then be rewritten as

N,

oD~ oot !

@ (T):ﬁGQ(T, 0) [ (9n(p) - an(p) ] dS—%GO(T, P)VZ(D+ (p)dV++quG0(’l", Pk), (53)
r k=1

ot

which is transformed into eqn (21) after introducing the induced surface charge as in eqn
(10).

A.4. Derivation of outer potential for the PB equation
Similar to A.2, given

V20 ()G (7, p) = B (0)V*G(1, p)=V - [Gi(r, p) VD™ () = VG (r, p)D* ()], (54)

where r € Q* and p € I'. By substituting the terms V2G,(r,p) and V2d™*(p) using egn (18)
and (20), eqn (54) becomes
DT (p)S(r — p)=V - [G(r,p)VD" (p) = VG (1, 0)D" (0)].  (55)

Integration in the outer region of both sides of eqn (55) yields

@' (=G PIG.r. VO () - VGl O OIS,
S

where r € Q* and p € T'. It can also be rewritten as
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dD*(p) 9G(r.p)
q>+(r)=5@§ [—GK(r,p) (9n(p)+ a(,: Py (p)] s g

Given boundary condition (5), @*(r) can be further rewritten as

oD+ 0G(r,p) __
<1>+(r)=g§§ [—Gm,p) ), (: 2P (p)] dS, (g

on 0

Application of Green’s second identity to the right hand side in the inner region leads to

aGK 9 — 6q)_ _ _ B
XL pas- e L Las= EPverp0 oG T 1V g
S s S

on

where r € Q* and p € Q™ on the right hand side of the equation. Substitution of V2G,(r,p)
and V2d~(p) using egn (20) and (3) yields

N,

" (T)Z#GK(T, p)o(p)dS+ 9%6K2G,<(r, )0 (p)dV~ +quGK(r, Pk). (60)
s

D =1

B. Interpolation of the derivative on the interface

A general interpolation scheme for approximating @, (X) can be expressed as

~1
D~ (X) '»
o YiDQi iy, i+ jmdr+k, — €, (61)
n m=0

where (Xj Vj Zx=) is the closest grid point to X, (Xj«rj,, Yj<tjpy Zk*+k,,) are other nearby
grid points within a given cutoff distance, and Cis a correction term. Note that we have
omitted the dependence of {y,} and Con Xfor clarity. The interface where @, (X) is
defined can be expressed as € = x (n,t), with € as the normal direction and n and t as the
two orthogonal tangential directions.

If we use the local coordinate system centered at X 'and denote the local coordinates of

Kiztiny Vj=tjp Zk*+kpy) 3 (€ mMmTtm), We can express the Taylor expansion of @ in the
local coordinate system as
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(D(xi*+m,yj* +m>
Zk"‘+m)
=Q(Em, N> Tm) =DF +E D7 +17, D}
+de)jf
1 2 Ht
+oém P

1 62
+ Enm2q)$” ( )

1 2
+ 5 Tm q)'zj‘:r
+Ennn @7,
+§m Tm (Dg:-,-

i@, +o()

where ®*(X) and its derivatives are yet to be determined. All the geometric properties, /.e.
the coefficients for the derivatives can be computed from the interface definition.

Substitution of (62) into (61) gives

D, (X) ~ay (I)_+a2(D++a3(I)SZ +a4(I);§
+a5®;
+a6(I);7'
+a7;d;
+ag®;
+a9(1);5f
+ao®f; an @y,
+a12(l);;77
+a3 D, (63)
+a®F,
+a15(I)"Z,7
+a16®2‘-‘r
+a179,,
+alg¢);7’7
+a19(DgT
+a20®;’T -C
where apparently a;= Oexcept a = 1 because € is the normal direction. The right hand side

of eqn (63) can be reduced to depend on the inner side properties only by using the
following interface relations and their derivatives.

O =~
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+ €

(DE:E_Jr

D¢

cD;:@,;

F =]
q):]—‘rzq);-r"'((bg - (D; )Xr]‘r
D7y =0 +( D — O

Q):T=Q);T+(cp; - Q); )X‘r‘r

e _ For _ e B
Per= o Vet (“)’7 - 8—+<1>,7) Xm (“": - ;ﬂ%) Xoe

& & & __
@;T=€—+CD§T+ ((D; - 8—+CD”) Xnrt ((D:.— - 8_+CDT) Xt

& & _ & _ _
q);f:;q)ff+ (8—+ - 1) q)7]7]+ (8_+ - 1) (DTT+(D;(X7]7]+XTT) - q)g (X7]7]+XTT) (64)

After substitution of eqgn (61) into the left hand side of egn (63), and matching the
coefficient of each derivative, a linear system for the coefficients {y 4} can be established.
The number of equations above is 50 (10 for boundary conditions, 20 for relationship
between {a;} and {7y 4}, 20 for egn (63) matching a;= Oexcept a = 1), while the undermined
coefficients are potentials and derivatives of potentials at projection points, {a} and {y}-
We typically have an undermined system of linear equations that has an infinite number of
solutions since only 27 grid points in the neighborhood are used. Thus the SVD algorithm is
used to calculate {y 4}, and the SVD solution has the smallest 2-norm among all feasible
solutions, /.e.

ks—1 ks—1
D o =min Yy’ (3)
=0 =y
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Fig. 1.

Unsigned relative error (%) of reaction field energies (AUG method) with respect to analytic
solutions versus grid spacing (A, A) for monopole, dipole, and quadrupole respectively.
Monopole: a single charge located at (0.5, 0, 0) in a sphere of radius 2 A, dipole: two
charges located at (0, 0, 0.5) and (0, 0, —0.5) respectively, quadrupole: four charges located
at (-0.5, -0.5, 0), (0.5, 0.5, 0), (-0.5, 0.5, 0, 0), and (0.5, —0.5, 0) respectively.
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Fig. 2.

Consistency of reaction field energies (A G, kcal mol™1) calculated by the AUG and WHA
methods for small molecules. Upper: correlation of the reaction field energies between AUG
and WHA at grid spacing 1/8 A, lower: deviation (%) with respect to energies by the WHA
method versus energies by the WHA method. The line in the upper graph is y= x.
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Convergence of reaction field energies (A G, kcal mol™1) of the AUG method versus grid
spacing (#, A) on hydrogen-bonding base pairs AT and GC and salt bridging side chain pairs

RD and KD, respectively. Solid lines: y= a+ bx* fitting for the AUG method.
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RMS errors of potential (kcal mol™ A=1) versus grid spacing (#,

analytical results on the irregular grid points for the WHA and AUG methods of monopole,

dipole, and quadrupole, respectively.
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Fig. 5.

RMS errors of potential (kcal mol™* A1) versus grid spacing (A, A) with respect to
analytical results on the interface for the WHA and AUG methods (upper) and RMS errors
of field (kcal mol=* A=2) on the inner side of the interface (lower) of monopole, dipole, and
quadrupole, respectively.
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Fig. 6.

RMS errors of potential (kcal mol™ A=1) versus grid spacing (#, A) with respect to results
calculated at the grid spacing of 1/16 A on the irregular grid points of AT (upper) and RD
(lower), respectively.
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RMS errors of potential (kcal mol~t A=1) (upper) and field (kcal mol~1 A=2) (lower) versus
grid spacing (A, A) with respect to results calculated at the grid spacing of 1/16 A on the
inner side of the interface, of AT and RD, respectively.
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Fig. 8.
Unsigned relative errors (%) of reaction field energies by the AUG method versus relative
tolerance for monopole, dipole, and quadrupole, respectively.
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Unsigned relative errors (%) of reaction field energies by the AUG method versus relative
tolerance for AT, GC, RD and KD respectively.
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Consistency of reaction field energies (kcal mol~1) by the AUG (augmented immersed interface) and WHA

(weighted harmonic average) methods at a grid spacing of 1/4 A on eight selected small proteins

Protein  WHA AUG Dev (%)
1bbg -496.107 -492.467 0.734
1bgk -986.515 -982.895 0.367
1bh4 -296.928 -295.184 0.587
1ced -672.381 -669.528 0.424
1chl -633.661 -635.826 0.342
lerc -850.308 -846.281 0.474
lica -665.913 -663.061 0.428
1svf -506.114 -503.612 0.494
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The coefficients for nonlinear curve fitting, yy= a+ bx¢, for the reaction field energies of AT, GC, RD, and
KD, respectively, in Fig. 3

a b c
AT -17.36 1340 1.825
GC -1954 0874 1173
RD -37.39 1611 1.285
KD -38.47 2150 1.406
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