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Abstract

Modeling the change in the electrostatics of organic molecules upon moving from vacuum into
solvent, due to polarization, has long been an interesting problem. In vacuum, experimental values
for the dipole moments and polarizabilities of small, rigid molecules are known to high accuracy;
however, it has generally been difficult to determine these quantities for a polar molecule in water.
A theoretical approach introduced by Onsager used vacuum properties of small molecules, including
polarizability, dipole moment and size, to predict experimentally known permittivities of neat liquids
via the Poisson equation. Since this important advance in understanding the condensed phase, a large
number of computational methods have been developed to study solutes embedded in a continuum
via numerical solutions to the Poisson-Boltzmann equation (PBE). Only recently have the classical
force fields used for studying biomolecules begun to include explicit polarization in their functional
forms. Here we describe the theory underlying a newly developed Polarizable Multipole Poisson-
Boltzmann (PMPB) continuum electrostatics model, which builds on the Atomic Multipole
Optimized Energetics for Biomolecular Applications (AMOEBA) force field. As an application of
the PMPB methodology, results are presented for several small folded proteins studied by molecular
dynamics in explicit water as well as embedded in the PMPB continuum. The dipole moment of each
protein increased on average by a factor of 1.27 in explicit water and 1.26 in continuum solvent. The
essentially identical electrostatic response in both models suggests that PMPB electrostatics offers
an efficient alternative to sampling explicit solvent molecules for a variety of interesting applications,
including binding energies, conformational analysis, and pKj prediction. Introduction of 150 mM
salt lowered the electrostatic solvation energy between 2—-13 kcal/mole, depending on the formal
charge of the protein, but had only a small influence on dipole moments.

l. INTRODUCTION

Modeling the change in the electrostatic moments of organic molecules upon moving from
vacuum to solvent has a long history, with an important initial contribution from Onsager, who
in 1936 identified the difference between the cavity field and reaction field.1 The approach
used was to treat the solvent as a high dielectric continuum surrounding a spherical, low
dielectric solute with a dipole moment, which was considered to be a sum of permanent and
induced contributions. Using the vacuum dipole moment, molecular polarizability, and an
estimate of molecular size, a prediction of the experimentally observable liquid permittivity
was achieved for a range of molecules. Through the use of computers, this approach has been
extended in order to treat solutes with arbitrary geometry and charge distributions by
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numerically solving the Poisson-Boltzmann equation using finite-difference, finite element
and boundary element methods.2 An advantage of using a continuum solvent over explicit
representation of solvent molecules is alleviation of the need to sample over water degrees of
freedom in order to determine the mean solvent response. Applications that have benefited
from using continuum solvent approaches include predictions of pKgs, redox potentials,
binding energies, molecular design, and conformational preferences.

An accurate implicit solvation model does not necessitate any loss of solute thermodynamic
information.3 For most implicit solvent models, the total solvation energy A W vation @S @
function of solute conformation is separated into contributions due to nonpolar A Wp, and
electrostatic A We|e effects

AW golvation = A\an + AWelec. (1)

Here we concentrate on the electrostatic contribution, motivated by recent work on improving
the accuracy of force field electrostatic models through the incorporation of polarizable
multlpoles = This requires revisiting the theory underlying the electrostatic component of
implicit solvent models, including those based on solving the linearized Poisson-Boltzmann
equation (LPBE)

V e [(n)VO(r)] — (r)D(r) = —47p(r), @)

where the coefficients are a function of position r, ®(r) is the potential, ¢(r) the permittivity,
<2(r) the modified Debye-Hiickel screening factor and p(r) is the solute charge density. For an
introduction to P0|sson Boltzmann based methodology and applications, see the review of
Honig and Nichols8 or those of Baker.2:

In spite of the fact that the dipole moment of a polar solute can increase by 30% or more during
transfer from gas to aqueous phase, empirical potentials have typically neglected explicit
treatment of polarization for reasons of computational efficiency. However, ab initio implicit
solvent models, including the Polarlzable Continuum Model (PCM) introduced in 1981 by
Mlertus Scrocco and Tomasil0:11 , the Conductor-Like Screenlng Model (COSMO) of
Klamtl? , the distributed multipole approach of Rlnaldl et al.13 and the SMx series of models
mtroduced in the early 905 by Cramer and Truhlarl4 have long incorporated self-consistent
reaction fields (SCRF) These models allow the solute, described using a range of ab
initio or semi-empirical Ievels of theory, and continuum solvent to relax self-consistently based
on their mutual interaction. The principle advantage of the present PMPB model over these
existing formulations is computational savings resulting from a purely classical representation
of the solute Hamiltonian, which facilitates the study of large systems. However, each of these
models demonstrates that there continues to be broad interest in coupling highly accurate solute
potentials with a continuum treatment of the environment.

For example, there is growing evidence that current goals of computational protein design,
including incorporation of catalytic activity and protein-protein recognition, may require a
more accurate description of electrostatics than has been achieved by fixed partial charge force
fields used in conjunction with implicit solvents. 16 For example, it has been shown that both
Poisson-Boltzmann and generalized Born models used with the CHARM m221 potentlal tend
to favor burial of polar residues over non-polar ones.18 Itis important to note that this behavior
may not be directly due to the treatment of solvation electrostatics, but could result from
inaccuracies in the underlying protein force field or the nonpolar component of the solvation
model. However, the fixed charge nature of traditional protein potentials may also contribute
to such discrepancies. Polar residues elicit a solvent field that increases their dipole moment
via polarization relative to a nonpolar environment, which has a favorable energetic
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consequence that cannot be captured by a fixed charge force field even when using explicit
water.

Along with the AMOEBA force field, other efforts toward developing polarizable force fields
for biomolecular modeling are also under way, for example see the review of Ponder and Case.
7 Here we comment more thoroughly on the Polarizable Force Field (PFF) of Maple and
coworkers, 19 since it has recently been incorporated into a continuum environment.
Specifically, there are a number of salient differences between AMOEBA and PFF, including
facets of the underlying polarization model and the use of permanent quadrupoles in
AMOEBA. Significantly, AMOEBA allows mutual polarization between atoms with 1-2, 1-
3 and 1-4 bonding arrangements, which is crucial for reproducing molecular polarizabilities.

The current work addresses a number of issues raised in the description of the PFF solvation
model. First, discretization procedures previously reported for mapping partial charges onto a
source grid are inadequate for higher order moments. Instead, we present a multipole
discretization procedure using B-splines that leads to essentially exact energy gradients.
Furthermore, we provide a rigorous demonstration of the numerical precision of our approach,
similar in spirit to the work of Im et al. with respect to partial charge models.20 We also show
that divergence of the polarization energy is not possible due to use in AMOEBA of Thole-
style damping at short range.21

Formulation of consistent energies and gradients based on the LPBE has been reported
previously for partial charge force fields.20,22-24 Gilson et al. pointed out limitations in
previous a%proaches using variational differentiation of an electrostatic free energy density
functional.23 Later Im et al. showed that it is possible to begin the derivation based upon the
underlying finite-difference calculation used to solve the LPBE.20 This approach leads to a
formulation with optimal numerical consistency and will be adopted here.

Il. BACKGROUND

In order to describe the total electrostatic energy of the PMPB model, specifically of an
AMOEBA solute in a LPBE continuum solvent, it is first necessary to present the energy in
vacuum using a convenient notation. We will also summarize the previously developed
procedure for determining robust energies and gradients for fixed charge force fields ina LPBE
continuum.20:23 Given this background, the theoretical infrastructure required to implement
the PMPB model is motivated and presented in a self-contained fashion.

A. AMOEBA vacuum electrostatic energy

Following Ren and Ponder®, each permanent atomic multipole site can be considered as a
vector of coefficients including charge, dipole and quadrupole components

M; = [gisdi s diys Bzs Oty Py Oigsis s+ O] Q)

where the superscript t denotes the transpose. The interaction energy between two sites i and
j separated by distance s;jj can then be represented in tensor notation as

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schnieders et al.

Page 4

U(S,‘j) = M;T,'ij
r Lr 1 li) J a

d,‘ r?a_r, ad x(,;g X (9.)({; (19) ; ﬁ.x;;?: 7 1 dj }
= d;. dy; 6\,(3rj 0,\'{(3\'] 00z i d] .
®i.x.x di:, 6:(,-)1;)( j ii;(,-)(;y i d;?—(;;] e (S} Joxx
. . . . . . @

Each site may also be polarizable, such that an induced dipole u; proportional to the strength
of the local field is present

i = oiE;

= (ZT&?M, + 3T
jei oY k#i (5)
Here a;j is an isotropic atomic polarizability and E; is the total field, which can be decomposed
into contributions from permanent multipole sites and induced dipoles, and the summations
are over Ng multipole sites. Later, this expression will be modified to include the solvent
(1 (11) .
reaction field. The interaction tensors Td.ij and Ti are, respectively,

a9 i i i
0x; 0x;0x; ax;0y; 0x;0z 1
™ | & _& il [ B
dij — dy;  dyiox;  dyidyj  0yi0zj ., ?
9 P P P Sij
9z Ozox;  Ozdy; 0zdz; (6)
and
P P P
Ox;0xy 0X;0yk 0x;0zx 1
T _ i i i _
ik dyidxy  dyidyx  0yiOzk S"k‘
i i i o
0zi0x,  0zi0yx  0zi0zk (7)

1
where the subscript d in Til-i)j indicates that masking rules for the AMOEBA group-based
polarization model are applied.“‘7 This linear system of equations can be solved via a number
of approaches, including direct matrix inversion or iterative schemes such as successive over-
relaxation (SOR). Note at short range the field is damped via the Thole model, which is not
included above for clarity and is discussed elsewhere.® The total vacuum electrostatic energy

Uglec includes pairwise permanent multipole interactions and many-body polarization
v 1 1 vytrp(1)
Uglee = 5[M'T = (') T, "M,

elec ~ o (8)

where the factor of one-half avoids double-counting of permanent multipole interactions in the
first term and accounts for the cost of polarizing the system in the second term. Furthermore,
M is a column vector of 13Ng multipole components

M,
M,

Ns

M, ©)
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T is a Ng x Ng supermatrix with Tj; as the off-diagonal elements

0 Ty Ti
T Ty 0 Ty
= Ty T, 0 --- |

(10)
" is a 3Ng column vector of converged induced dipole components in vacuum

HM1.x
M1y
/JV = /11.:

]

uNx.Z (11)

(. R O .
and Tr isa 3Ns % 13Ny supermatrix with Toiias off-diagonal elements

(1) (1)

3) Tp.12 T i§3

T(l) — Tf)ﬁl ((I) Tp.23
P Tp.3l Tp.32 0

(12)

The subscript p denotes a tensor matrix that operates on the permanent multipoles to produce
the electric field in which the polarization energy is evaluated, while the subscript d was used
above to specify an analogous tensor matrix that produces the field that induces dipoles. The
differences between the two are masking rules that scale short-range through-bond interactions
in the former case and use the AMOEBA group-based polarization scheme for the later.4

B. LPBE energies and gradients for fixed partial charge force fields

LPBE solvation energies and gradients have been determined previously by a number of groups
for fixed partial charge force fields.22:23 We will briefly restate the results of Im et al. to
introduce the approach extended here for use with the PMPB model.20 The solvation free
energy A G of a permanent charge distribution is

1
AGee = =(&. — @)q,
lec 2( S v)q (13)

. . ! .
where q is a column vector of fractional charges, %s is the transpose of a column vector

containing the electrostatic potential of the solvated system and P isthe corresponding vacuum
potential. The number of components in each vector is equal to the number of grid points used
to represent the system. In the present work the grid will always be cubic, and as discussed in
the section on multipole discretization must use equal grid spacing in each dimension, although
the number of grid points along each axis can vary. The potential can be determined numerically
using a finite-difference representation of the LPBE20,25.26, \hich can be formally defined
as a linear system of equations

Ad = —4ngq, (14)
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where A is a symmetric matrix that represents the linear operator (differential and linear term).
An equivalent, but more cumbersome representation that makes clear the underlying finite-
difference formalism is given in the Appendix. Solving Eq. (14) for the potential

@ =-4rA"'q, (15)

highlights that A~1 is the Green’s function with dimensions N; x N;, where N is the number

of grid points. By defining the Green’s function for the solvated Aand AV homogeneous
cases, the electrostatic hydration free energy is

_ 1 t -1 -1
AGC]CC - 2( 47“1 )(As Av )(1 (16)

The derivative with respect to movement of the y coordinate of atom j is

= on| - (A; - AV g + ¢

"A -A,
Osj_,/ q+q( § )

95y Sjy 17)

This expression can be simplified by noting that the derivative of the homogeneous Green’s
function is zero everywhere

0A;!

s

(')SJ;), (18)

and the derivative of the solvated Green’s function can be substituted for using a standard
relationship of matrix algebra.

AT'A =1
(')A -1 0As _
as, A+ A Torr =0

0A; d —1 0A 1
=A SA
‘35/7 S Osjy (19)

Finally, due to the symmetry of the Green’s function, the first and third terms of Eq. (17) are
equivalent

aq' _ _
,_q(Asl - Avl)q = qf(As )
Osjy Sjy (20)

Using the relationships in Egs. (18 — 20), Eq. (17) becomes

OAGec
—C — 4ng' (AT - Ay ) s —(4 q'A; ‘) 2 (4nA'g).
dsjy Sjy Sjy (21)

Finally, the two products of Green’s functions with source charges in the second term on the
right-hand side can be replaced by the resulting potentials using Eq. (15) to give

0AGclu (D, D ), daq _@i 0A; ‘
651’-7 Sjy 8m 6517 (22)

In the limit of infinitesimal grid spacing and infinite grid size, it was shown that this solution
is equivalent to the forces derived by Gilson et al. 20,2319 generalize this result for permanent
atomic multipoles, the derivative 0g/ds;,, remains to be defined and is discussed below.
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Additionally, all moments except the monopole are subject to torques, which are equivalent to
forces on the local multipole frame defining sites.

lIl. METHODOLOGICAL DEVELOPMENTS

Based on the AMOEBA electrostatic energy in vacuum and previous work in obtaining the
energy and gradients for a solute represented by a fixed partial charge force field described
above20, we now derive the formulation needed to describe the electrostatic solvation energy
within the PMPB model. First, we consider the steps necessary to express the LPBE on a grid,
including discretization of the source multipoles or induced dipoles, assignment of the
permittivity, assignment of the modified Debye-Huickel screening factor and estimation of the
potential at the grid boundary. A variety of techniques are available to solve the algebraic
system of equations that result, although this work uses an efficient multigrid approach
implemented in PMG26 and used via the APBS software package.27 Second, given the
electrostatic potential solution to the LPBE, we describe how to determine the electrostatic
solvation energy and its gradient. In fact, at least four LPBE solutions are required to determine
the PMPB electrostatic solvation energy, and at least six to determine energy gradients. For
comparison, fixed charged models typically require at most two LPBE solutions, the vacuum
and solvated states, as outlined in the previous background section, although formulations that
eliminate the self-energy exist.28 The reasons and implications for the increased number of
solutions of the LPBE required for the PMPB model will be discussed below.

A. Atomic multipoles as the source charge density

An important first step to expressing the LPBE in finite-difference form is discretization of an
ideal point multipole onto the source charge grid. We begin by recalling that an ideal multipole
arises from a Taylor series expansion of the potential in vacuum at a location R due to n charges
near the origin, each with a magnitude and position denoted by ¢; and r;, respectively.29

n
ci
V(R) = Z
i=1 IR — i (23)

In performing the expansion, the convention for repeated summation over subscripts is utilized
and we truncate after second order

n

1 1 1 1
VR) = ZQIE - ri,(yV(YE + Eri,zyri,ﬁvnvﬂﬁ ,

i=1 (24)
where the a and £ subscripts each denote an x-, y- or z-component of a position vector or
differentiation with respect to that coordinate. Based on this expansion, the monopole g, dipole
d, and traceless quadrupole ® moments are defined as

n
q= 3¢
=i

n
dy = Z riaCi
i=1

i=

n
Ous = Y 2riarigci — 176
af i:12 Lalipli 2" Qap (25)

There are various ways to define the quadrupole moment because only five quadrupole
components are independent. This particular formulation ensures that the diagonal components
are traceless, which simplifies many formulae because summations over the trace vanish.29
Substitution into the potential gives
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1 1 1 1
VR) =¢ (_) —do Ve (_) + _®(Y/3V(YVﬁ (_) .
K R} 3 K (26)

The reverse operation, representation of an ideal multipole by partial charges at grid sites (or
charge density over finite volumes), is degenerate. However, some necessary properties reduce
the space of practical solutions. These include local support (region of non-zero values on the
grid) and smooth derivatives for the change in charge magnitude due to movement of a
multipole site with respect to the grid. For fixed partial charges a normalized cubic basis spline,
or B-spline, has been used successfully for discretizing monopole charge distributions (delta
functions) on finite difference grids. For quadrupole moments at least 4t order continuity is
required such that a normalized 5t order B-spline N5 (x), which is a piecewise polynomial
(Fig. 1), is appropriate.30

ﬁx“, 0<x<1
plyrla-DP+ -1 - ta- DY 1<x<2
Bl la-r -2 -t -2)% 2<x<3

Ns(x) = ¥ 1

4L tae-3)? -1 -3P -l -3) 3<x<4
T-tx- -2 -Llx-4 + {(x-d* 4<x<5
0, otherwise 27)

The sum of this function evaluated at any five evenly spaced points between 0 and 5 is unity.
The second part of the Appendix gives a rigorous demonstration that B-splines satisfy the
properties of the delta functional and therefore can be used to implement a gradient operator.

To illustrate this approach, the fraction of charge that a grid point with coordinates r; will
receive from a charge site with coordinates sj will now be described. We use r to denote an
N, x 3 matrix containing all grid coordinates, while s is an Ng x 3 matrix containing the
coordinates of multipole sites. Elements of both matrices will be specified using two subscripts,
the first is an index and the second is a dimension. We first consider the x-dimension, which
requires the relative distance of nearby y-z planes from the charge site in dimensionless grid
units (rjx — sjx)’h, where h is the grid spacing. The B-spline domain is centered over the charge
site by shifting its domain from [0,5] to [-2.5,2.5] by adding 2.5 to its argument. Therefore,
the weights of the 5 closest y-z planes to the charge site will be nonzero and sum to 1, where
each weight is given by

Tix — Sjx
W(rix, $jx) = Ns (T + 2'5)' (28)

If the charge site is located on a y-z grid plane, then the maximum of the B-spline will be
assigned to that plane. Repeated partitioning in the y- and z-dimensions leads to a tensor product
description of the charge density

B(r;,s;) = W(ri, $j ) )W(riy, iy )W(riz, s2). (29)

A further useful property of nth order B-splines is that their derivative can be formulated as a
linear combination of n-1 order B-splines.30

(3N,,(x)_
o~ 1) = Ny e = 1) (30)

For example, the first derivative of the normalized 5 order B-spline can be constructed from
two of 4™ order, suggesting a dipole basis (or gradient stencil) for determining the electric field
from the potential grid as shown in Fig. 2.
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ONs(x)
ox Na@) = Nalx=1) (31)

Similarly, the 2" derivative can be constructed from a linear combination of 3™ order B-
splines, suggesting an axial quadrupole basis as well as an axial 2"d potential gradient stencil
as in Fig. 3.

62N5(x)
proae N3(x) — 2N3(x — 1) + N3(x — 2) (32)

For notational convenience we define a matrix B with dimension N, x Ng which is used to
convert a collection of Ng permanent atomic multipole sites into grid charge density over the
N, grid points

B(ri,s1) -+ B(ri,sy)
B= : - :
B(ry,,s1) -+ B(ry,sy) (33)

Only 125 entries per column will have non-zero coefficients, due to each multipole being
partitioned locally among 53 grid points.

Given the matrix B, the charge density at all grid points due to the permanent multipoles of an
AMOEBA solute is

1 1
=Bg - —V,Bd, + =—5V,VsBO,
B = g 3P

(34)
where g, dy, dy, d;, Oxx, Oxy, Oxs, ..., O are column vectors and h normalizes for grid size.
This s, in effect, the inverse operation to the original Taylor expansion by which the multipole
moments were defined from a collection of point charges. All atomic multipole moments are
exactly conserved to numerical precision as long as equal grid spacing is used in each
dimension. While most finite difference methods can be generalized to non-uniform Cartesian
meshe526, the nature of traceless multipoles requires uniform Cartesian mesh discretizations.
If unequal grid spacing is used, then the trace will be nonzero due to inconsistent coupling
between the axial quadrupole components.

The gradient of the charge density at grid sites with respect to an atomic coordinate can be
written

d 0B 1 0B 1 0B
e = q— 7 Va ‘ d(r + VlYVﬂ 9[1//)"
dsjy  0sjy  h "dsjy 3h? dsjy

(35)

A more compact notation is needed for derivations presented below, and can be achieved by
defining a matrix Tg of size N, x 13N

o) '2B
B(ri.s) -LlBtus) . _LZ@Bms) _ 1 OBOrisy)
1,51 I s 32 952 3% 952
lz Ns.z
vl v)
B, ,s1) _19By sy g 9B sy g 9By Sy
Ny Ol ™ Osi. 3 os3, T (36)

The matrix product @' Tg, where @ is a column vector of length N, containing the potential
from a numerical solution to the LPBE, produces the same tensor components (i.e., the

J Chem Phys. Author manuscript; available in PMC 2008 June 16.
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potential, field and field gradient) as M' T in Eq. (8) for the AMOEBA vacuum electrostatic
energy. Using this notation allows manipulation of reaction potentials and intramolecular
potentials to be handled on equal footing. The same approach is appropriate for induced dipoles.

There is a trade-off between higher order B-splines and the goal of maintaining the smallest
possible support for the multipoles. As the support grow s, the charge density is less
representative of the ideal multipole limit. Additionally, placement of solute charge density
outside the low-dielectric cavity should be avoided. This restriction of charge density to the
solute interior places an upper bound on acceptable grid spacings for use with finite difference
discretizations of higher-order B-splines. If, for example, the solute cavity for a hydrogen atom
ends approximately 1.2 A from its center, then the maximum recommended grid spacing when
using 5™ order B-splines is 0.48 A (1.2/2.5), whereas for third order B-splines a value of 0.80
Aisreasonable (1.2/1.5). Therefore, the use of quintic B-splines requires a smaller upper bound
on grid spacing than cubic B-splines.

B. Permittivity and modified Debye-Hickel screening factor

The permittivity e(r) and modified Debye-Hiickel screening factor 2(r) functions are defined
through a characteristic function H(r;,s), where rj represents the coordinates of a grid point and
s the coordinates of all multipole sites. Inside the solute cavity the characteristic function is 0,
while in the solvent it is 1. For the homogeneous calculation the permittivity is set to unity
over all space, while for the solvated state it takes the value 1 inside the solute, & in solvent,
and intermediate values over a transition region

) =1+ (g5 — DH(r;, ). (37)

The modified Debye-Hiickel screening factor is zero everywhere for the vacuum calculation
and for the solvated calculation is defined by

K (r;) = KZH(r;, 9), 38)

= 2. - . . .
where Ki = &5k}, is the modified bulk screening factor and is related to the ionic strength and

1= %Zq?c; via Ki = 8nl/esk, T _ _

i . Here g cj are the charge and number concentration of mobile
ion species i, respectively, kg is the Boltzmann constant and T the absolute temperature. The
characteristic function itself can be formulated as the product of a radially symmetric function
applied to each solute atom

H(r;,s) = l_[ H(lr; —s])
j:l-Ns (39)

where Hj(r) must allow for a smooth transition across the solute-solvent boundary to achieve
stable Cartesian energy gradients.zol31 This is a result of terms that depend on the gradient of
the characteristic function with respect to an atomic displacement. A successful approach to
defining a differentiable boundary is the use of a polynomial switch Sy(r) of order n, although
other definitions have been suggested based on atom centered Gaussians.32 For any atom j,
H;(r) takes the form

0, r<b
Hjir)={ Sa(r,be) b<r<e ,
L ear (40)
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where b is the beginning of the transition between solute and solvent and e the end of the
transition. For the permittivity, the switch begins and ends at

b=cj-w
,

E’:(Tj—W (‘“)

where gj is the radius of atom j and w indicates how far the smoothing window extends radially
inward and outward. For the modified Debye-Hiickel screening factor the radius of the largest
ionic species ajqn, is also taken into account

h:(Tj-f-(J',‘o,,—W
€e=0; + Tion — W (42)

For fixed partial charge force fields, a cubic switch S3 has been used with success. However,
a characteristic function with higher order continuity has been found to improve energy
conservation at a given grid spacing. Table V reports representative examples of this effect.
By using a 7t order polynomial switch Sy,

S (r b e) _ (071‘7+c(,r6+65r5+64r“+cy'3+czrl+clr+co)
TN C) = T T 16e—21b5e2435b% 3 —35b3 e +21b2ed—Tbed+e °

co = b*(=b> + Th*e — 21be? + 35¢%),
c1 = —140b°¢*,

¢y = 210622 (b + e),

—140be(b* + 3be + €%),

c3 =

ca = 35(b° + 9B + 9be? + &),

cs = —84(b? + 3be + €2),

ce =70(b +e),

c7=-20 (43)

the first three derivatives of the characteristic function can be constrained to zero at the
beginning and end of the switching region. The cubic, quintic and heptic volume exclusions
functions are shown in Fig. 4.

C. Boundary conditions

Single Debye-Hiickel (SDH) and multiple Debye-Hiickel (MDH) boundary conditions for a
solute are two common approximations to the true potential used to specify Dirichlet boundary
conditions for non-spherical solutes described by a collection of atomic multipoles.2 SDH
assumes that all atomic multipole sites are collected into a single multipole at the center of the
solute, which is approximated by a sphere. MDH assumes the superposition of the contribution
of each atomic multipole considered in the absence of all other sites that displace solvent.
Therefore, to construct the Dirichlet problem for a solute described by an arbitrary number of
atomic multipole sites, the potential outside a solvated multipole located at the center of a
sphere is required.

For solvent described by the LPBE

V2&(r) = i D(r), (44)
a solution was first formulated by Kirkwood.33 This form of the LPBE is simplified relative
to Eq. (2) since there is no fixed charge distribution and no spatial variation in either the

permittivity or Debye-Huckel screening factor. Inside the cavity, the Poisson equation is
obeyed
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V2o(r) = _4np(r)
e (45)

where the charge density p(r) may contain moments of arbitrary order. The boundary
conditions are enforced by requiring the potential and dielectric displacement to be continuous
across the interface between the solute and solvent via

D(r)iy, = ¢(r)ouls and (46)

saé(r)m —c a@(r)oul
or out ar (47)

respectively. Additional requirements on the solution are that it be bounded at the origin and
approach an arbitrary constant at infinity, usually chosen to be zero.

In presenting the solution, it is convenient for our purposes to continue using Cartesian
multipoles, rather than switching to spherical harmonics, although there is a well-known
equivalence between the two approaches.34 The potential at r due to a symmetric, traceless
multipole in a homogeneous dielectric ¢ is

1 Y
0 -
_g Hx.j
[¢ .
: EEER s
Colr) = TM; = (=] u, |
0z ij <
1 52
3 ('J.(x‘('),\‘ Oy
(48)

where rj; = rj — sj might be the difference between a grid location and a multipole site. The
potential inside the spherical cavity is the superposition of the homogeneous potential and the
reaction potential

djin(rij) =[d+ Rin)Ts]er’ (49)

where | is the identity matrix and Rjy, is a diagonal matrix with diagonal elements
[¢in(0), €in(1), cin(1), €in(D), €in(2), - - - ] (50)

that are based on coefficients for multipoles of order n to be determined by the boundary
conditions

r’-j )211+1
4 .

Cin(n) =ﬂn( o

Similarly, the potential outside the cavity is
¢oul(rij) = (RoulTs)er’ (52)
where R is a diagonal matrix with diagonal elements

[ cout(0), cou(1), cou(1), cou(1), Couc(2), - -+ ] (53)
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based on a second set of coefficients for multipoles of order n also determined by the boundary
conditions

£ "ij n
cou(n) = _Krijflnkn(’(rij)(_) .
E a

out (54)
where k,(x) is the modified spherical Bessel function of the third kind
re X (n+i)!
ky(x) = - - -,
2x iZO: i'n—0!'2x) (55)

Kirkwood first solved Egs. (44) and (45) subject to the boundary conditions in Egs. (46) and
(47) to determine ap, and S, as

B 2n+ 1)/ka
B nk,,(m)/?— Kakr,z(Ka) (56)

(7%

and

_ (n+ Dky(ka)/€ + kak,(xa)
" kn(ka)/€ — kakj,(ka) (57)

where k() is the derivative of kn(X) and ¢ is the ratio of the permittivity in solvent to that inside
the sphere sout/g.33 We only require the potential outside the cavity to construct SDH and MDH
boundary conditions and therefore we provide specific values of a,, and k,, through quadrupole
order as shown in Table I. As the ionic strength goes to zero, the Laplace equation is obeyed
in solvent. For multipoles through quadrupole order, the difference between the LPBE and
Laplace potentials outside the cavity are summarized in Table II.

D. Permanent atomic multipole solvation energy and gradient

The PMPB permanent atomic multipole (PAM) solvation energy and gradient are very similar
to those for fixed partial charge force fields. Based on Egs. (15) and (34) the PAM vacuum,
solvated and reaction potentials are, respectively,

9554 = _4nA\71qM
45_1\" = —47rA;'qM .
oM = o) — oY (58)

The expression for the permanent electrostatic solvation energy is then identical to that for a
fixed partial charge force field given in Egs. (13) and (16), except the source charge density is
based on PAM via g

AG,, = {(@W'¢q,
= 3(—4nq,)' (AT - A gy (59)

Derivation of the energy gradient is identical to Egs. (17-22) and yields
0A;

oM,
dsjy ° (60)

JAG,, NRLL N S
= =(D") — + —(D
854y (@5 D8y * 87r( =)
There are, however, some important differences between achieving smooth gradients for a
fixed partial charge force field and one based on PAM. First, as discussed in the section on
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multipole discretization, quadrupoles require at least 5™ order B-splines to guarantee
continuous derivatives of the source charge density with respect to movement of a multipole
site

aq,, _ OTBM
Bsjy Osjy (61)

Second, we have found that if a third order polynomial is used to define the transition between
solute and solvent for purposes of assigning the permittivity and the modified Debye-Hiickel
screening factor, energy conservation is achieved only for very fine grid spacing. As discussed
earlier, use of a 7! order polynomial improves energy conservation for coarser grids. Details
of the numerical realization of Eq. (60), including torques, are presented in part 3 of the
Appendix.

E. Self-consistent reaction field

An SCRF protocol is used to achieve numerical convergence of the coupling between a
polarizable solute and continuum solvent. The starting point of the iterative convergence is the
total “direct” field E4 at each polarizable site. This is defined by the sum of the PAM
intramolecular field
_7M
Eq = T(l M, (62)

where T4 is analogous to the tensor matrix used in deriving the AMOEBA vacuum energy
in Eq. (12), and the PAM reaction field

M _ M
Ekk - —D;(D ’ (63)

where Dg is a matrix of B-spline derivatives of size N, by 3Ng

0B(r;,s1) 0B(ry.s1) 0B(r,s1) . OB(H'SNs)
1 51 x 651.,\' a5z a~gN<_:
D, =- n : : : . : )
(?B(rNr ,S1) ()B(rNr S1) r?B(rNr S1) ()B(rNr Sng )
. 31, I T, (64)

that produces the reaction field at induced dipoles sites given a potential grid. The induced
dipoles are determined as the product of the direct field Eq4 with a vector of isotropic atomic
polarizabilities a:
Mg = By
= o(T"M - D! M) * 65)

We define the direct model of polarization to consist of induced dipoles not acted upon by each
other or their own reaction field. Although this is a nontrivial approximation, the direct model
requires little more work to compute energies than a fixed partial charge force field since the
limiting factor in both cases is two numerical LPBE solutions. Energy gradients under the
direct model require three pairs of LPBE solutions and are therefore a factor of 3 more
expensive than for a fixed charge solute. The direct model is expected to be quite useful for
many applications. For example, a geometry optimization might utilize the direct polarization
model initially, then switch to the more expensive mutual polarization model described below
as the minimum is approached.
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In contrast to the direct model, the total solvated field E has two additional contributions due
to the induced dipoles and their reaction field,

E=T"M+T1Wy - D! (oM + @), (66)

for a sum of 4 contributions. The procedure for determining the vacuum, solvated and reaction
potential, respectively, due to the induced dipoles is identical to that of the PAM

D, = _4”A;1‘I/1
& = -4nAlq, ,
> = P - D, 67)

except the source charge density is
G = Dyp. (68)
The induced dipoles
p=a[TM + TVp - DL (M + )], 69)

can be determined in an iterative fashion using successive over-relaxation (SOR) to accelerate
convergence.35 The SCREF is usually deemed to have converged when the change in the
induced dipoles is less than 1072 RMS debye between steps. This generally requires 4-5 cycles
and therefore the mutual polarization model necessitates 8-10 additional numerical solutions
of the LPBE to determine the PMPB solvation energy. Although calculation of the direct
polarization energy is no more expensive than that for fixed multipoles, mutual polarization
energies that depend on SCRF convergence are approximately a factor of 5 more costly.

F. PMPB electrostatic solvation energy

Having described the PAM solvation energy and gradients and our approach for determining
the induced dipoles, it is now possible to discuss the total solvated electrostatic energy for the
PMPB model,

1 t (D) !
Uclee = E[M T —M Tp + & TB]M’ (70)

where @ is the LPBE reaction potential for the converged solute charge distribution
& =M+ ¢ (71)

The total electrostatic energy in solvent is similar to the vacuum electrostatic energy of Eq.
(8), with an important difference. The vacuum induced dipoles #" change in the presence of a
continuum solvent by an amount represented by #2, such that the SCRF induced moments u
can be decomposed into a sum

u= uv + ‘uA_ (72)
The change in the potential, field, etc. within the solute is not only a result of the solvent
response, but also due to changes in intramolecular polarization. By definition, the electrostatic

solvation energy AGglec i the change in total electrostatic energy due to moving from vacuum
to solvent
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AGejee = Uglee — Uy

elec

= 3= T + 4T, M (73)

In practice, it is convenient to compute the total solvated electrostatic energy Ugjec and vacuum

electrostatic energy Uglec using the SCRF u and vacuum gV induced dipole moments,
respectively. The electrostatic solvation energy AGg|ec is then determined as the difference.

G. Polarization energy and gradient

As described previously, the induced dipoles are determined using an iterative SOR procedure
until a predetermined convergence criterion is achieved. Since this is a linear system, it is
possible to solve for the induced dipoles directly, which facilitates derivation of the polarization
energy gradient with respect to atomic displacements. Substitution of the reaction potential
due to the induced dipoles 4V from Eq. (67) into the expression for the induced dipoles in Eq.
(69) makes clear all dependencies on .

p=a[TPM - DM + TVp — 47Dl (AT - ATHD, 1.

(74)
Collecting all terms containing the induced dipoles on the left hand side gives
[a~! =TIV 4 472D! (AT~ ATHD, Ju = T'M - D! @M. (75)
For convenience, a matrix C is defined as
C=la' =TV +42Di (AT - ATHD, ], 76)

which is substituted into Eq. (75) to show the induced dipoles are a linear function of the PAM
M

p=C(T"M - D! oM)
=C'(Eq+Ey) 77

. . . . (D) . - .
The first term results from the intramolecular interaction tensor La  that implicitly contains
the AMOEBA group based polarization scheme, and the second term is the permanent reaction
field.

The polarization energy can now be described in terms of the permanent reaction field and
permanent intramolecular solute field E,

1 ¢
= ——(E, + EM) 1.
Up =5+ Eu (78)

To find the polarization energy gradient, we wish to avoid terms that rely on the change in

induced dipoles with respect to atomic displacement. Therefore, the induced dipoles in Eq.
(78) are replaced using Eq. (77) to yield

1
Uy = —5(Bp + EM)'C'(Eq + EM).

(79)

By the chain rule, the polarization energy gradient is
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= [(;’ffy ’ff” ) C(Eq + EY) + (B, + EN) 28, + E)
oy +EC (e T 0
For convenience a mathematical quantity _ is defined as
y = (E, + EM)C™!, @1)

which is similar to . We can now greatly simplify Eq. (80) using Egs. (77) and (81) along
aC™! _ ¢! aC™! c!

with the identity 95 dsiy  togive
ou OE, \ OEM OEM
—”:—ll( p) +V’6Ed+( RP],u+v’ RF—V’(’)CM.
0sjy 2 7 05y 05y 0sjy 05y 0sjy 82)

G Il. Direct polarization gradient—Under the direct polarization model, C is an identity
matrix whose derivative is zero, and therefore Eq. (82) simplifies to

s Jy ds Jy ds Jy s Jy

Uy,  1|(0Ep ! , OEq . (')Egé [(')Egé
- (’)Sj.},

(83)

The first two terms on the RHS appear in the polarization energy gradient even in the absence
of a continuum reaction field and are described elsewhere.# The third and fourth terms are
specific to LPBE calculations and will now be discussed. The derivative of the LPBE reaction
field due to permanent multipoles with respect to movement of any atom has a similar form to
the analogous derivative of the potential. Substitution for the field using Eq. (63) into the third
term of Eq. (83) gives

U=

M \/ M
[(9Em J (')Dis b
05}y (84)

(%'J'_y

Substitution of the permanent multipole potential from Eg. (58) into Eq. (84) yields

(')EM 1 1
Fo u= 4 LA — AT My,
Sjy (85)

which is differentiated by applying the chain rule

JEM Y aD! A
[—”)y:éllr —2 (AT -A, )TM+D’a “T,M+D!(A;' - )
95y dsjy " Osjy Sjy (86)

The same simplifications described in Egs. (18-22) are applied to Eq. (86), except that in this
case the first and third terms are not equivalent and cannot be combined

1
[OEIIZL] (@u)l aT, 1 dA, K D!

D5y DSy 4 0sy ° dsjy @7)
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The fourth term on the RHS of Eq. (83) leads to a result analogous to Eq. (87) using similar
arguments

VlaEx _ (@Y aT, M- L@F) A aD!
: - . S e

05y 05y 4r

dsjy (88)

G lll. Mutual polarization gradient—In addition to the implicit difference due to the
induced dipoles being converged self-consistently, the full mutual polarization gradient
includes an additional contribution beyond the direct polarization gradient. Specifically, the
derivative of the matrix C leads to four terms

N I (LN N B ¢ 0A;!
VAL = [T (A~ AJD, + 47D, 22D,
()l)
t 1
+ 4»7rDB(As )0‘

(89)

The first term on the RHS occurs in vacuum and is described elsewhere4, while the final three
terms are specific to LPBE calculations. Using the simplifications described in Egs. (18-22)
results in

aC aTub oD, dA D
! ! _VI" __( ,) 2 _(¢V)l VB,u.
0sjy 4r 05y 05jy (90)

S

(3.8'1'_7 O.S'j.y

Substitution of Egs. (87), (88) and (90) into Eq. (82) gives the total mutual polarization energy
gradient for an AMOEBA solute interacting self-consistently with the PMPB continuum.

Ny _ 1|0k 1 OEq 1 g1y
sy 2 [((%'jy +v 0sjy -3V dsjy
+1 (4311) r%qu + L () s
2 (33 as; 8 dsjy
()T (I)’
I(@w )I B M +y I B @MJ (@1 )I dA: CDM

1 v I_ B = v I()A
2 [(¢ ) ()sj-_y @l] W (gb ) ﬁl (91)

The first two terms (where each set of square brackets will be considered a single term) are
evaluated even in the absence of continuum solvent, although in this case u and v have been
converged in a self-consistent field that includes continuum contributions. The remaining terms
are analogous to those found in Poisson-Boltzmann calculations involving only permanent
electrostatics. The number of LPBE calculations required for evaluation of the energy gradient
includes two for the permanent multipoles and two each for u and v at each SOR convergence
step. Further details on the numerical implementation of Eq. (91) can be found in the third
section of the Appendix.

IV. VALIDATION AND APPLICATION

This section presents useful benchmarks for demonstrating the expected numerical precision
of the present work. Our first goal is to compare against analytical results for a source charge
distribution described by a single charge, dipole, polarizable dipole or quadrupole located at
the center of a low dielectric sphere in high dielectric solvent. The transition between solute
and solvent is initially specified using a step function, and then subsequently using a smooth
transition described by a heptic polynomial. We then compare analytic gradients to those
determined using finite-differences of the energy for a variety of two sphere systems to isolate
the reaction field, dielectric boundary and ionic boundary gradients for the permanent multipole
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solvation energy, the direct polarization model and the mutual polarization model. Finally, the
method is applied to a series of proteins and comparisons are made to corresponding
simulations in explicit water.

The numerical accuracy of the multipole discretization procedure was studied by comparison
to analytical solutions of the Poisson equation for a monopole, dipole, polarizable dipole and
quadrupole located within a spherical cavity of radius 3.0 A. The monopole case, or Born
i0n36, has a well-known analytical solution

1(1 q*
Uq:z(;‘l)z
(92)

where q is the charge magnitude, a the cavity radius and ¢ is the solvent dielectric. For a
permanent dipole, the analogous solution was first determined by Onsagerl,

1
Ug=-5

2Ae-1)\d-d
2

1+2¢ ) a3’ (93)

where d is the dipole vector. For a polarizable dipole, the energy is the sum of two contributions,
the cost of polarization and the energy of the total dipole in the total reaction field3’

U 1 fd-d
ad = 75 )
21— fa (94)

where a is the polarizability, d is the permanent dipole and f is the reaction field factor

1
f==

pE

1+2¢

2(e — 1)]
(95)

The analytic solution for the self-energy of a traceless Cartesian quadrupole can be derived
beginning from the energy of a quadrupole in an electric field gradient

@ -
U@w—éﬁvdvy¢,

(96)
where we are summing over the subscripts y and J, and the factor of 1/3 is due to use of traceless
quadrupoles.29 To determine the needed reaction field gradient, which for the moment will be
assumed to come from any quadrupole component and not necessarily be a self-interaction,
we begin from the reaction potential inside the cavity

O [3(e - 1)] 3B
¢®uﬁ =- _i
3 2+3¢ | & o7)
and take the first derivative
_ Ou | 3(e - 1)| 3(Boay + adpy)
V)/d)@tr/i - 5 s
3 2+ 3¢ a 98)

followed by a second differentiation to achieve the reaction field gradient
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G)aﬁ

VsVy®e,, = — 3

3(8 - 1) 3(51)76/&6 + 6ﬁ76(r(5)
2 +3¢ ad ' (99)

Substituting Eq. (98) into Eq. (95) and taking into account that half the energy is lost due to
polarizing the continuum gives the self-energy of a traceless quadrupole in its own reaction
field gradient

1
U®a/f-®y<5 = )

3(8 - 1) ®<yﬁ(6ny6ﬁd + 6[1’76()’(5)@7(5
2+3¢ 3a° ' (100)

From Eq. (100), it is seen that all non-self interactions, for example Oy with @y, are zero, and
the quadrupole self-energy is simply the sum of nine terms,

C1[3e-1]29%
Oap =~ 21 2+ 3¢ 3a5 (101)

The first series of numerical tests used a step function at the dielectric boundary rather than
the smooth transition that is required for continuous energy gradients described previously.
This simplification is necessary in order to compare the known analytic results directly with
the numerical solver. In each case, the solution domain was a 10.0 A cube with the low-
dielectric sphere located at the center. In Table 11 it is shown that each test case converges
toward the analytic result as grid spacing is decreased.

Our next goal was to determine the energy change due to introduction of a smooth dielectric
boundary with a window width of 0.6 A. Using a grid spacing slightly less than 0.1 A, it can
be seen in Table IV that the smooth dielectric boundary increases the solvation energy over
the analogous step function boundary. By increasing the radius of the low dielectric cavity by
approximately 0.2 A, the energy of the charge, dipole, polarizable dipole and quadrupole can
be adjusted to simultaneously mimic the known analytic results.

B. Energy gradient

Our first goal is to show that the energy gradient is continuous for higher order moments as a
result of using 51 order B-splines. This is seen in Figs. (5) through (7) for a charge, dipole and
quadrupole interacting with a neutral cavity, respectively. It is also clear that the sum of the
forces between the neutral and charged site (and a third reference site that defines the local
multipole frame in the cases of the dipole and quadrupole) is zero, indicating conservation of
energy. Similarly, the reaction field and dielectric boundary gradients of the polarization energy
for both the direct and mutual models are smooth and demonstrate conservation of energy, as
shown in Figs. (8) and (9), respectively. Finally, it is clear that polarization catastrophes are
avoided even when a charged site is moved toward superimposition with a polarizable site,
due to use of a modified Thole model that damps mutual polarization at short range.21

C. The electrostatic response of solvated proteins

As described in the introduction, a motivation for the current work is study of polar
macromolecules by an improved electrostatic model within an empirical molecular mechanics
framework. From explicit water simulations it is possible to measure the total dipole moment
of a solvated protein in a fixed folded conformation by sampling over the water degrees of
freedom. The resulting ensemble average electrostatic response can then be directly compared
to the PMPB model.
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Simulations of five proteins taken from the Protein Databank38 (1CRN39, 1ENH40,
1FsvA41 1pGB42 and 1VII43) were equilibrated under NPT conditions (1 atm, 298 K) using
a standard protocol. Formal charge and system size are given in Table VI. A single snapshot
for each protein system was taken from equilibrated molecular dynamics simulations using the
AMOEBA force field. The protein coordinates were frozen, and sampling of the solvent
degrees of freedom continued for 150 ps under the same NPT conditions, with the first 50 ps
discarded prior to analysis. For all simulations the Berendsen weak coupling thermostat and
barostat were employed with time constants of 0.1 and 2.0 ps, respectively. 4 Long range
electrostatics were treated using particle mesh Ewald (PME) summation with a cutoff for real
space interactions of 7.0 A and an Ewald coefficient of 0.54 A~145 The PME methodology
used tinfoil boundary conditions, a 54 x 54 x 54 charge grid and 6! order B-spline interpolation.
van der Waals interactions were smoothly truncated to zero at 12.0 A using a switching window
of width 1.2 A. Simulations were run using TINKER version 4.2.46

The same conformation of each protein studied in explicit water was examined using the LPBE
methodology developed in this work at a range of grid spacings using the direct and mutual
polarization models. In addition, 150 mM electrolyte was used in conjunction with the mutual
polarization model to determine the relative effect of salt on the electrostatic response. The
results are summarized in Table VII. Similar to the analytic test cases, as grid spacing is reduced
the total electrostatic energy rises monotonically toward the converged solution. The total
dipole moments are less sensitive to grid spacing than are the energies, with little change
observed in moving from 0.3 A to 0.2 A. Adding 150 mM salt lowers the electrostatic energy
by 1.7-12.5 kcal/mole at the smallest grid spacing studied, with CRN (neutral) and ENH (+7)
showing the smallest and largest response, respectively. The magnitude of the energetic change
indicates that salt concentration plays an important role in protein energetics, especially for
highly charged species. For these calculations we have chosen an ionic radius of 2.0 A, however
smaller or larger values increase or decrease the energetic response, respectively.

Finally, we compare the increase in dipole moment between the explicit water simulations and
the continuum LPBE environment for each protein. As shown in Table V111, both the direct
and mutual models lead to total moments that are in good agreement with those found by
molecular dynamics sampling of explicit water degrees of freedom. On average, the dipole
moment increased by a factor of 1.27 in explicit water and 1.26 using the mutual polarization
model. This result, which was achieved without detailed parameterization of atomic radii
(AMOEBA Buffered-14-7 Ry values were used), indicates that at the length scale of whole
proteins the continuum assumption is justified. Timings and memory requirements for the
LPBE calculations as a function of grid size are shown in Table IX.

V. CONCLUSION

We have presented methodology required to determine the energy and gradient for the
AMOEBA force field in conjunction with numerical solutions to the LPBE, which captures
the electrostatic response of solvent by treating it as a dielectric continuum. The PMPB model
was then applied to a series of proteins that were also studied using explicit water simulations.
The resulting increases in dipole moment found using each approach were in excellent
agreement. This indicates that the continuum assumption is a reasonable approximation at the
length scale of the systems studied here.

Future work will include detailed parameterization of the solute cavity to reproduce small
molecule electrostatic solvation energies. All of the methodology described in this paper is
implemented in the TINKER molecular modeling package. This will facilitate use of the PMPB
model using a variety of algorithms including molecular dynamics, Monte Carlo and a range
of optimization methods. Additionally, parallelization of the LPBE calculations using existing
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approaches in APBS, which have been applied to fixed partial charge models, would be an
important improvement in terms of speed and increasing the size of systems that can be
routinely studied.

The methodology presented here is also expected to be useful for the development of continuum
electrostatics models for coarse grain potentials. For example, Golubkov and Ren have recently
described a generalized coarse grain model based on point multipoles and Gay-Berne
potentials, which saves several orders of magnitude over all atom models.4” We have also
begun to use the PMPB model as a standard of accuracy in the testing of a polarizable analytic
approximation similar in spirit to the generalized Born model, which was recently reviewed
by Feig and Brooks.48
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APPENDIX A: FINITE-DIFFERENCE REPRESENTATION OF THE LPBE
The finite-difference representation of the LPBE for uniform grid spacing is 20,25,26
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ex(i, JOIDG + 1, j, k) = D, j, k)] + &x( = 1, j, [ DG = 1, j, k) = D, j, k)]

+&,(i, J, DG, j+ 1,k) — DG, j,K)] + 8,3, j— 1L,O[DG, j — 1,k) — DG, j, k)]

+e:L, J, IO, jik + 1) = D, j, k)] + £, jok = DIQG, j.k = 1) = D, j, k)],

+12G, 1, DG, j, k)h? = —4n 2GR (AD)

where h is the grid spacing, @ (i, j, k) is the electrostatic potential, #2 (i, j, k) is the modified
Debye-Hiickel screening factor and q (i, j, k) is the fractional charge. The permittivity is
specified by three separate arrays, e, &y and ¢;, where each is shifted along its respective grid
branch such that &(i, j, k) represents the location (x; + h/2, y;, z;) for the grid point ( X;, Vi, zj).
Eqg. (A1) is the basis for formulating the LPBE as a linear system of equations, which are
represented compactly by Eq. (14).

APPENDIX B: DEFINITION OF THE DELTA FUNCTIONAL USING B-SPLINES
The delta functional ¢ is defined by

[8(x—aydx =1
oo (A2)

and o(x —a) = 0 for x # a. An approximate discrete 1-dimensional realization of this definition
(approximate because the width is not infinitesimally small) is

S
D Weia) =1,
i=1

where the function W has been defined in Eq. (28) via 51" order B-splines and {x....,Xs} are
the 5 closest grid points to a. In the limit of infinitesimal grid spacing, the properties of the
Delta functional are met exactly by expressing Eq. (A3) above as a continuous integral

(A3)

[Wx,aydx = 1,
A (A9

where ¢ > 0. The value at a of any function known to be defined over the grid can then be
determined as

[W(x,a)f(x)dx = f(a),

(A5)
and the negative of its gradient as
f(VW(x, a))f(x)dx = W(x,a)f(0)I°, - fW(x, a)Vf(x)dx
=-Vf(a) (A6)

Further differentiations can be found in an analogous fashion, limited only by the continuity
of the B-spline.
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APPENDIX C: IMPLEMENTATION OF THE PERMANENT, DIRECT
POLARIZATION AND MUTUAL POLARIZATION FORCES
After solving the linear system, the permanent electrostatic solvation forces are determined via
Eqg. (60), which in the limit of infinitesimal grid spacing becomes 20

NG dp 1
Fi,=—™M=_[|OM2 4 — oMV
v 05siy { ds,, * 8 °

e
s iy

—2

Vd)?‘) _ LMy % ]d3r,

8 6s,;y (A7)
where y represents differentiation with respect to either the x-, y- or z-coordinate of atom i.
The three terms on the RHS of Eq. (A7) are usually referred to as the reaction field force,
dielectric boundary force and ionic boundary force, respectively. We briefly review the
implementation of these forces, in order to develop the foundation necessary to discuss
additional details of realizing the polarization forces.

C I. Permanent reaction field force and torque

. . Perm RF .
The y -component of the “Permanent Reaction Field Force” F ™ for atom i is

. ) O
FRm R = - B, — i VoBi + — 2V, VB | OV,

(')S,'_y (A8)

where B; is a single column of the B-spline matrix in Eq. (33), d; , is the & -component of the
permanent dipole, ®; .z is the o component of the quadrupole and the convention for
summation over the o and 8 subscripts is implied. There is also an associated “Permanent

. . Perm RF ;
Reaction Field Torque” 7i , whose x-component is

Permq-Phi _ ;, =M M 2 . M . M
Tix - d’-."ERF.i.: - d’vZERF.i.y - §[®1,m Va ERF.i.: = 0izVa ERF.i.yJ’ (A9)

M
where Err.a is the o -component of the permanent multipole reaction field. The y- and z-
components are analogous, and we note that all torques are equivalent to forces on neighboring
atoms that define the local frame of the multipole.

C Il. Direct polarization reaction field force and torque

Similarly, the third term of the polarization gradient given in Eq. (91) results in a “Direct
Polarization Reaction Field Force”

coctRE 1 O 0,4,
FDircctRE — ~ 2 |<—u,».nvnB,-><I>M + (q,-B,» ~ d;VoBi + ?"vnvﬁm) @#],

" 28siy (A10)

while the fifth term we label the “Non-Local Direct Polarization Reaction Field Force”

’

; .o ? 1 9 ®i(y ;
F?YL_D"LCI e E% I(—Vi.aVnBi)‘I’M + (qui = d;oVoBi + ?ﬁvnvﬁBi) @
Siy

(A11)

respectively. The label “non-local” is used to denote that the term o results from omitting or
scaling the contribution to the intramolecular field of permanent multipoles that are in a 1-5
connected or closer, as opposed to the induced dipoles u that result from the AMOEBA group

. . - Direct RF
based polarization scheme. Additionally, the x-component of the torques, i T and
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L-Direct RF . . .
1 , on the permanent moments due to the continuum reaction field of # and v are,

respectively,

1 2
TP\"ea K = Eldfx\'Ell:l-'., —d. ~Ell:|-n §(®i-)"’V”EﬁF. =0 Va ER] n)]

(A12)

and

: 2 : :
TN ~Direct RE — [d,‘._\-E;F‘ —dy. E;Fl\ E(G)"».‘"’V‘YE;F.L: - ®i‘:aV‘1E;ZF.i.y)]' (A13)

C Illl. Mutual polarization reaction field force

The last reaction field force results from the seventh term of Eq. (91) and is due to mutual

polarization
1 P
F}V;/uludl RF _ 50 i VaBi® + v oV, B; D).
. (A14)

C IV. Permanent dielectric boundary force

The second term in Eq. (A7), the “Permanent Dielectric Boundary Force”, is determined from
Eqg. (Al) as

F?’erm DB _ _+h Z Q)M(z ]’ k)
g4 1 Jik

{dgo(,”“[@M(z + 1K)~ O, o)l

+ S LI QMG — 1, j, k) - DG, . )

+da\(rj/s)l(I)M(l j+ 1,k)— (I)M(z Lkl

LB QG 1k @G )
) (:;k)[(DM(l Jok+ 1) = ®MG, j, k)]

')f(ljl\ 1) M M
2D QM k1) - MG, .k }
[DSG, jk—1) —DJS(, j, k)] (A15)

where the partial derivatives of the permittivity depend on Egs. (37), (39) and the heptic
characteristic function presented in Egs. (40-43).

de(i,jk) _ ( ) H. (i, jik) 0H,(i, k)
oriy Es Hyi(i.jk)  Oriy
— _ H”(l'.j.k) ﬂ ’
= lexi o)~ s = (A16)

where Hy and Hy; are the characteristic function of the solute and atom i for the x-branch of
the cubic grid at (x; + h/2, yj, ), respectively, and the vector rj is the distance from the atomic
center to the grid point.

C V. Direct and mutual polarization dielectric boundary forces

The fourth, sixth and eighth terms in Eq. (91) result in dielectric boundary force components.
For example, the “Direct Polarization Dielectric Boundary Force” is
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Direct DB i & o
Fi_)l/[eu = —g’.zl\(ﬂ:(l,j, k)
i,j.k

agb(é.i.k)[q)y(i +1,j,k) — ®MG, j, k)]
+m%+;ml®y(i — 1, j, k) — O, j, k)]
‘)*:)(l'fl‘)[d)M(i,j +1,k)— (Ds/l(i, JK)]

dey(i, j— 1.k . . .
S8 g3, 1,1y - 03, )
de, (ljk)[q)M(l Jok+1) = MG, j, k)]

LI QMG e~ 1) — O, ol
LYy

+

+

+

(A17)
or

Firct DB - —g'z. _d)?“(i, Jik)

{0*\(’/1‘)[(1)”(1+1 ],k) q,ll(l ]’k)]

or,
+ah(, '/")[q)f‘(z—l Ji k) = DG, j, k)]
ds‘(ljk)[q)/‘(, J+ 1,k — @, j.h)]
+ds‘(rjylk)[q)u( j— 1k — @G, j, k)]
_+_()é (III\)[(I)F(I Jk+ l)—qyl(l J 6]

or;

{)E(lj/\ 1) —
+ &L D@l j k- 1) — DL, J,k)]} (A18)

where the superscript on the solvated potentials have been exchanged between Eq. (A17) and
Eq. (A18). In other words, both Egs. (A17) and (A18) are equivalent to numerical precision
and either may be implemented. Analogous expressions for the sixth and eighth terms in Eq.
(91) are referred to as the “Non-Local Direct Polarization Dielectric Boundary Force” and the
“Mutual Polarization Dielectric Boundary Force”, respectively.

C VI. Permanent ionic boundary force

The last term in Eq. (A7), the “Permanent lonic Boundary Force”, is determined from Eq. (A1)
as

FPerm B _ Z @M 2 M
iy b or;
ik 4 (A19)
using
AR (i jk) _ =2 H(i.jk) OH,(i.j.k)
o, KbHGK  on,
e H)(i,jk) —r;y
=KW LD a5 (A20)

where H and Hj are the characteristic function of the solute and atom i, respectively, and the
vector rj is the distance from the atomic center to the grid point.

C VII. Direct and mutual polarization ionic boundary force

The fourth, sixth and eighth terms in Eq. (91) result in ionic boundary force components. For
example, the “Direct Polarization lonic Boundary Force” is
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. 5 oK (i, j, k
F?yuect B _ g 2 (1524(1', j k)@‘:(i, i k)(K (1, J, k)
JT £ T 6)’,'_7
i, (A21)

Analogous expressions for the sixth and eighth terms in Eq. (91) are termed the “Non-Local
Direct Polarization lonic Boundary Force” and the “Mutual Polarization lonic Boundary
Force”, respectively. Note the difference between Egs. (A19) and (A21); specifically the
potential is squared in Eq. (A19), but is asymmetric in Eq. (A21).
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Figure 1.

Normalized 5th order B-spline on the interval [0, 5].
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Figure 2.

The sum of two 4™ order B-splines (dashed) equal the first derivative of a normalized 5th order
B-spline (solid).
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Weight

Figure 3.
The sum of three 3™ order B-splines (dashed) equal the second derivative of a normalized 5th
order B-spline (solid).
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Figure 4.

Comparison of cubic, quintic and heptic characteristic functions for an atom with radius 3 A

using a total window width of 0.6 A.
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Analytic and finite-difference gradients for a neutral cavity fixed at the origin and a sphere
with unit positive charge vs. separation. Both spheres have a radius of 3.0 A and the solvent
dielectric is 78.3. The gradient of the neutral cavity is due entirely to the dielectric boundary

force and cancels exactly the force on the charged sphere.
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Figure 6.

Analytic and finite-difference gradients for a neutral cavity fixed at the origin and a sphere
with dipole moment components of (2.54, 2.54, 2.54) debye vs. separation. Both spheres have
a radius of 3.0 A and movement of the dipole is along the x-axis. The gradient of the neutral
cavity is due entirely to the dielectric boundary force and cancels exactly the sum of the forces
on the dipole and a third site (that has no charge density or dielectric properties) that defines
the local coordinate system of the dipole.
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Analytic and finite-difference gradients for a neutral cavity fixed at the origin and a sphere
with quadrupole moment components of (5.38, 2.69, 2.69, 2.69, —2.69, 2.69, 2.69, 2.69, —2.69)
Buckinghams vs. separation. Both spheres have a radius of 3.0 A and movement of the
quadrupole is along the x-axis. The gradient of the neutral cavity cancels exactly the sum of
the forces on the quadrupole and a third site (that has no charge density or dielectric properties)

that defines the local coordinate system of the quadrupole.
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Analytic and finite-difference gradients for a neutral, polarizable cavity fixed at the origin and
a sphere with unit positive charge vs. separation using the direct polarization model. Both
spheres have a radius of 3.0 A. The gradient can be seen to approach zero at a number of points,
notably when the spheres are separated by approximately 1.5 A leading to a maximum in the
reaction field produced by the charge at the polarizable site, and again when the spheres are
superimposed and the reaction field is zero at the polarizable site.
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Figure 9.

Analytic and finite-difference gradients for a neutral, polarizable cavity fixed at the origin and
a polarizable sphere with unit positive charge vs. separation using the mutual polarization
model. Both spheres have a radius of 3.0 A and a polarizability of 1.0 A ~3. Note that the mutual
polarization gradients are smaller than those of Figure 8 for the otherwise equivalent direct
polarization model.
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Figure 10.

The dielectric of the solvent and test spheres are both set to 1 in this case, while a salt
concentration of 150 mM is used to isolate the ionic boundary gradients. Analytic and finite-
difference gradients for a neutral, polarizable cavity fixed at the origin (3.0 A radius) and a
polarizable sphere with a unit positive charge (1.0 A radius) vs. separation using the mutual
polarization model. Both spheres have a polarizability of 1.0 A ~3, and the ionic radius is set
to zero A.
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TABLE |
Explicit values for the functions an(x)and k,(x) up to quadrupole order.
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2exp(x T

" oy (2222 k) (2~

n 2exp(x)
0 ! 1
(1+x) X

1 3ex 1+x

1+ x+22+2x+x2) x2

2 5ex B +3x+x%)
23 +3x+ x2) +2(9 + 9x + 4x2 + x3) x3
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TABLE Il
Explicit values of the coefficients used to calculate the potential at the grid boundary of LPBE and PE calculations,
respectively, under the SDH or MDH approximation. The LPBE coefficients reduce to the PE coefficients as salt
concentration goes to zero.

n £ n 3 £ n
Krary, (Ka)k,,(Kr)(a) lgl}) krag,(ka)ky, (K}’)(a) ]
0 exp(k(a —r)) 1
- 1 + ka -
1 3eexp(k(a — r))(1 + «r) 3e
1 + ka + €2 + 2ka + (ka)?) 1422
2 5eexp(k(a — r)(3 + 3kr + (kr)?) 5e
2(3 + 3ka + (ka)%) + €9 + Yxa + 4(ka)? + (ka)?) 2+3¢

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



Page 41

Schnieders et al.

€8/9'T— SYor'G— GL90'G— GGE9 VG- - nhleuy
Z169'T— §267'G— ST60°'G— 9€2L S~ S¥0°'0 G2C x G2¢ x §¢¢
8€0L' T~ 08T5'G— YETT'G— 208G~ 8/0°0 62T x 62T x 62T
T1¢LT— 817556~ 0SPT'G— 0ST6'vS— 9GT°0 G9 x G9 x §9
18v8'T— T108'G— 99GE'G— ¥159'GG— €10 €E X EE X €€
ajodnipend ajodiq a|geziaejod ajodiq abaeyd Buioeds prLo Sjul0d pLI9

NIH-PA Author Manuscript

(3]0W/|B2]) JUBAJOS pUE 3INJOS USBMIS] UOIIISURI) Uonouny-dals e
UM €°8/ JO 911193]31P JUBA|OS U T I11193]3IP JO 81Yds \/ € B PaA|oAUI 85D 1sa) Yyae3 “ajodnipenb pue sjodip sjgezirejod ‘ajodip ‘abreyd
e BuIpNjoUI S8sED 1S3 [B2IUOUED INOJ JO) UONN|OS dNAJeuR ay) saydeoidde 34 8yl 01 UOIIN|OS [eaLIBWINU By} ‘saseaosp Buioeds pub sy

I 31avL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Schnieders et al. Page 42

TABLE IV
The tests from Table 111 are repeated using 129 grid points (0.078 A spacing), however, the transition between solute
and solvent is defined by a 7" order polynomial, which acts over a total window width of 0.6 A. Increasing the radius
of the low dielectric sphere by approximately 0.2 A raises the energies to mimic the step function transition results
(kcal/mole).

Radius Increase Charge Dipole Polarizable Dipole Quadrupole
0.0 —58.4926 —6.2126 —6.8202 —2.3555
0.1 -56.4762 -5.5922 —6.0798 -1.9767
0.2 —54.5941 -5.0518 —5.4463 -1.6687
Step Function —54.8024 -5.1134 —-5.5180 -1.7038
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TABLE VI
Synopsis of the protein systems studied in explicit and continuum solvent.

Number of Atoms

Protein Formal Charge Protein Protein +Water
CRN 0 642 4980
ENH +7 947 5039
FSV +5 504 6435
PGB —4 855 6143
Vil +2 596 4271

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



Page 45

Schnieders et al.

2’867 G'996— ¢'L6T 0'296— €61 €'858— 810
€867 0'6L6— €161 9'0L6— 7'v6T 0'998— T€0
1867 €V10T— T'L6T 8'600T— V6T ¥'206— 290 HA
G'¢eT L'S8ET— 6'TET €08ET— JAVRXA) €'65¢T— 0co
9°¢eT 6'G0VT— 0¢eT S'00VT— 8.¢T L'SLCT— 9€'0
7'eeT 6'8SYT— L'CET G'ESPT— 7'8¢T LLCET— 1.0 g9d
S'9T¢ €Y9¢T— 6'GT¢C T.S¢T— ¥7'80¢ TELTT- 670
9'9T¢ G'9.2T— 09T¢ €'69¢T— ¥'80¢ €V8TT— €0
€9T¢ 0'TOET— L'ST¢ 8'€6¢T— 1'80¢ 0°,02T— 99°0 NS4
€'19¢ 9'€00¢— 1'99¢ TT66T— L'99¢ 6'7E8T— 810
¥',9¢ ¢'1e0C— 8'99¢ 8'800¢— 8'99¢ T'TS8T— [A0]
8'99¢ G'/90¢— T1'99¢ 1°950¢— 2'99¢ 9'¢68T— €90 HN3
118 8'€€9— 908 A 7'€8 L'vSS— 810
118 0'Er9— 908 €Tr9— 7'€8 €'€99— T€0
9’18 6°089— 0'T8 16,9 6°€8 ¥',6S9— 790 NdO
n ABasug n ABasug n ABasug Buioeds pluo ursload
1/es INW 05T uonezie|od [emnin uonezire|od 108410

NIH-PA Author Manuscript

"W 9°0 4O UIPIM MOPUIM [B]0} B BIA S8LIEpUNO( O1UOI pue J11038IP YIOOWS pue Wote Yyoes J0j sanjea Uty
V930NV Buisn pauiyap sem AlIARI 8Y 1 "1eS AW 0GT YN [9pow uoliezidejod jeninw pue ‘|apow uolreziiejod jeninw ‘|apow uonezisejod
103.1p 8y) Japun sbuioeds prib Jo sbues e Buisn paipnis sem wialsAs uialold yoes Jo (8Agap) Juswow ajodip pue (ajowy/[eay) Abisus syl

IIN319VL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



Page 46

Schnieders et al.

12T 6'8.T 9T €'8LT SC'T 6'9.LT 0erT abesany
SC'T L'L6T ST €67 €T 7’761 €841 1A
ceT EVET 0€'T 6'TET 9T VAN 7'10T g9d
9T'T S'€TC LT'T 6°GT¢C €TT ¥'80¢ L'¥8T NS4
8¢C'T 0'29¢ 8¢'T L'99¢ 8¢C'T L'99¢ €'80¢ HN3
ceT 8'T8 0€'T 908 VE'T 7'€8 729 NdO
Myl > <> L n Myt " i uigload
181 A 1011dX3 uoneziie|od [ennin uoneziie|od 19841q wnnaea

"W 9°0 4O UIPIM MOPUIM [E]O] B BIA SB1IEPUNOG 1UOI PUB J11103]31P LJOOWS PUB WOe UIes

10} sanjeA Uy g3 0NV Buisn paulyap sem AlIARD 8y "9sed Yyoes Ul USAIG si Juswiow ajodip WnNJeA 0) PaYeA|0s aU) JO Okl 8yl €0 F
uey) SS3] JO 113 "PIS e sey yoea pue salioldafen 9asd 0OT JoA0 UsXe] aiem sabelane ajquiasul “Jayem 1o1jdxe Ui pue ‘g'g; Alamiwiad Jo
WINNUIUO0J & YlIm Bunoeaiul s|apow uolreziejod feninw pue 19841p ay) Japun “Aw winnaeA ul uisiold yoes Jo (aAgap) wawow ajodip ay |

NIH-PA Author Manuscript

A 378vL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



Page 47

Schnieders et al.

82902 86T 0v02 T4
9'09¢ (AL 187 62T
7’99 7’9 €L 99 Ly'6E 1A
G'9.TT 6'9ST 088T T4
6'0£C 9'0¢ Gle 62T
109 z'8 08 99 8v'sy 9d
8'e9rT 1'88T 0v02 T4
9YeT 6'1€ 187 62T
LTy L'S €L 99 se'ey NS4
£'15kT 0'€sZ £86T T4
LTy GGy 14 62T
€08 76 18 99 050 HN3
LYTPT £'68T 1202 T4
8'9/2 Gve 187 62T
z'0S 6'9 8 99 TE'6€ NYO
(s) lremini (s) 1080 (aw) Arows iy sjulod pUo 8215 xog AN uial04d

"u0J81dQO ZY9 #'Z B U0 UNJ 819M SUOITRINDJRD ||V "UMOYS 8B WaIsAs ula10id yoes 1oy sBuin %00]9 [lem pue siuawalinbas Alowsin

NIH-PA Author Manuscript

X1 37avL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Chem Phys. Author manuscript; available in PMC 2008 June 16.



