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Abstract. The Poisson-Boltzmann equation is a partial differential equation that describes
the electrostatic behavior of molecules in ionic solutions. Significant efforts have been devoted to
accurate and efficient computation for solving this equation. In this paper, we developed a boundary
element framework based on the linear time fast multipole method for solving the linearized Poisson-
Boltzmann equation. A higher-order parametric formulation called algebraic spline model is used
for accurately approximation of the unknown solution of the linearized Poisson-Boltzmann equation.
The numerical test and experimental results show that these techniques offer an efficient and accurate
solution for solving the electrostatic problem of molecules.

1. Introduction. Accurate and effective computational approaches for atom-
istic simulation of bio-molecules are significant topics of current computational bio-
logical research. Different biological activities such as drug design or molecular tra-
jectory simulation can be performed based on numerical solutions of solvation energy
[34].

The Molecular Energetics and Force Calculation Problem:

The Potential energy of a molecule in solution includes two different parts, bonded
energy Fyondea and solvation energy Gg,. The total energy of the system is U =
Evonded + Gsol- The bonded energy Fponded is measured by the following equation
[29].

ISVIVENES Zbonds kb(r - Teq)z + Zbond angles ko (0 - aeq)2
+ Ztorsion angles k¢(1 - COS[TL((b - ¢eq)])

The first three sums represent bonded interaction: covalent bonds, valence bonds, and
torsions around bounds [16, 17]. The effect of the solvation energy Gso is used when
a molecule in the solution. The solvation energy is the sum of the energy to form a
cavity in the solvent Gcay, van der Waals interaction energy Gqw, and the electrostatic
potential energy change due to the solvation Gpoi(also known as polarization energy)
21, 22, 23, 36, 39).

Gsol = Gcav + Gvdw + Gpola (11)

The electrostatic solvation energy is the change in the electrostatic energy due to
the induced polarization in the solvent, and so the electrostatic component of the
solvation energy can be written as

Gpor = 5 [ draal@p(@) aV. (12)

where p(¥) is the charge density at position & and the reaction electrostatic potential
ovxn () at position # indicates the potential change from the air to the solvent, i.e.,
(brxn = ¢sol - ¢gas~

A number of applications involve the computation of electrostatic solvation en-
ergy. For example, the binding effect of a drug (molecule 1) and its target (molecule
2) can be measured by the following binding energy relation.

A(;bind = Gcomplea: - (Gmoleculel + Gmolecule?)a
1
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which shows that the binding energy is the difference between the solvation energy
of the complex of two molecules (e.g. target and drug) and the sum of the solvation
energy of the two individual molecules.

On the other hand, the electrostatic forces of molecules can be computed to

simulate their activity. The accuracy and computational cost of electrostatic force
computation directly affect the simulation results. In order to compute the electro-
static force, the electric field of proteins themselves and the influence of their dielectric
and ionic environment should be considered.
Background and Significance: Considerable research efforts have been devoted to cal-
culating binding solvation energy and forces in the past two decades. Based on the
solvent model used these different theoretical approaches can be divided into two
broad categories: explicit and implicit.

Explicit solvent models adopt a microscopic treatment of both solvent and solute
(molecule). Explicit approaches sample the solute-solvent space by molecular dynam-
ics or Monte Carlo techniques which involve a large number of ions, water molecules
and molecular atoms. This requires considerable computational effort for calculat-
ing the potential functions is needed and explicit solutions are often not practical
especially for large domains. [42]

Implicit solvent models treat the solvent as a featureless dielectric material and
adopt a semi-microscopic representation of the solute. The effects of the solvent are
modeled in terms of dielectric and ionic physical properties. As as result, the com-
putational cost is reduced in comparison with explicit solutions. Implicit continuum
electrostatics approaches using the Poisson-Boltzmann (PB) equation are now widely
used and have been successfully used to obtain good approximations.

Prior Work: Finite difference method (FDM), finite element method (FEM) and
boundary element method (BEM) are three types of numerical solvers widely used to
solve the PB equation.

FDM employs a box of three dimensional cubic grids where the molecule and
surrounding solvent are contained. The electrostatic potentials are approximately
solved on these grid points based on the PB equation. [3, 24, 35]

The idea of FEM is the approximation of partial differential equations in varia-
tional form over the space. FEM employs robust and various discretization of three
dimensional space. The approximate solution of the PB equation is solved over these
discrete elements while some iterative solution strategies, like inexact Newton meth-
ods and multilevel algorithms, are often applied for accurate and efficient numerical
solution. [18, 19, 15, 9, 25].

Since R.J. Zauhar and R.S. Morgan introduced a BEM paper on continuum elec-
trostatic of biological systems [44], in the past two decades, scientists have made
contributions to improve and extend the BEM solution and performance. Some of
these works focus on overcoming the difficulties of BEM which typically gives rise to
fully populated matrices with numerous singular and hypersingular surface integrals.
These works include the implementation of accelerating techniques for numerous sin-
gular and hypersingular surface integral operations [31, 11, 41, 14, 12, 27, 2] and, the
analysis of and strategies for conditioning the linear system. [31, 14, 2, 30]

Other works make contributions to the methodological generalization including
the solution from single molecule to multiple molecules [48, 32], the solution from the
two-region case to the multiple-region case [2], and the extensive method for solving
nonlinear PB equation. [40, 13]

Main Contributions:
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The main contributions of this paper include: (a)A new method that produces a
linear Poisson-Boltzmann system of reduced size by discretizing the energy functionals
using algebraic spline boundary elements of a molecular surface. (b) The use of
GMRES iterative method with KiFMM [43] for a very fast linear solver of the reduced
linear system. The results show that our new approach is more accurate and efficient
than other numerical solvers even with fewer boundary elements. (c¢) The consistent
parametric formulation of the normal derivative of electrostatic potential is presented
as a good approximation.

In the next section, a featureless continuum model widely used in solvated elec-
trostatic simulation and Poisson-Boltzmann theory is introduced. Then we discuss
the details of the main technique used to construct algebraic spline models and solve
the electrostatic potential, and solvation energy via a kernel-independent, fast multi-
pole method. In section 4, numerical implementation and the simulation results are
presented in detail. Finally, we conclude the paper with our experimental results and
analysis.

2. Implicit Continuum Model and the Poisson-Boltzmann Equation. A
molecule is defined as a stable group of at least two atoms in a definite arrangement
held together by very strong chemical covalent bonds. For a molecule embedded in
an ionic solution, we separated the open domain (R?) into interior () and exterior
regions (R? — Q) by the molecular surface I' [28].

The continuum model of a molecule in the solvent is then defined by these two
regions and used for numerical computation of solvation electrostatic computation.
Two important coefficients of a continuum model are dielectric and ionic strength.
The dielectric coefficient €(Z) and ion strength I(#) at position & depends on which
region & belongs to.

G(f)— er, e,
o €R, ZeR3-Q.

]I(f)_{ 0, €9,

I, £eR3-Q.

where €7 and e are dielectric constants. I is the constant ionic strength of the solvent.

Based on the continuum model, the electrostatic potential in the interior and
exterior of a molecule is governed by Poisson equation.

V- (e(@)V(T)) = pe(T) + po(T)

pel@) = —dm e, B5(F - %)
po(T) = N&) 3, eczicie” en?D/keT
if the solvent only contains ions with 1 and —1 charges,

= A@)RA(@) (222 ) sinh (522
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where each notation in the equation is defined as follows.

(%) dielectric coefficient at x

qx charge of the atom k

Xy the position of charge point ¢ (center of the atom k)
Ne the number of point charges

AZ) 1 outside molecule, 0 inside molecule

R(Z) = 1/% modified Debye-Huckel parameter

€c the charge of an electron

kp Boltzmann’s constant

T the absolute temperature

I(Z) = £ >, ¢iz?  The ionic strengths at &

Ciy 25 concentration and charge of i*" ionic species

In the Poisson-Boltzmann equation, the charge density p.(Z) is explicitly determined
by atomic charges of a molecule and the charge density p,(Z) is implicitly approxi-
mated by Boltzmann distribution of ionic charges.

The linearized PB equation approximated from linearizing the full PB equation
is widely used and believed as an efficient approximation for the regular solvation
electrostatic problem. [32][12][41]

V- ((D)VH()) = pe(T) + py (7)

where pf (%) = 2(Z)¢(%) is the first term of Taylor expansion of p,(Z).

By solving this equation, we can obtain the electrostatic potential ¢(Z) over
the entire region. Since it is often difficult to directly solve the Poisson-Boltzmann
equation for this kind of complex molecule-solvent systems, several computer pro-
grams have been created to solve it numerically. We also developed a boundary
element solver with fast multipole method to numerically solve the linearized Poisson-
Boltzmann equation.

3. Boundary element solution of the Poisson-Boltzmann equation. In
this paper, we solve the Poisson-Boltzmann molecular electrostatic problem for the
real protein complex. The inputs of the solver are 3-D structures of bio-molecules ob-
tained from the RCSB protein data bank (PDB) and the outputs are the PB numerical
electrostatic results. The RCSB protein data bank (PDB) is a worldwide data repos-
itory for the distribution of 3-D structure data of large molecules of proteins. PDB is
a file format which contains the exact locations of all atoms in a molecule and the list
of amino acids making up a particular protein. The molecular model for continuum
electrostatic calculations is obtained from a PDB file by assigning charge and radius
parameters derived from a variety of force fields, e.g. AMBER, CHARMM, etc. For
example, the adaptive Poisson-Boltzmann solver, APBS, applies the all-atom AM-
BER force field to prepare the setup of Poisson-Boltzmann electrostatic calculations.
20]

In the definition of the continuum model, the whole region is divided by its molec-
ular surface I'. In this paper, the molecular surface I is extracted using geometric flow
evolution in a level set formulation [7, 8]. The basic idea of this technique is to drive
an initial approximate surface obtained from the Gaussian density function to the fi-
nal molecular surface in the level set formulation using geometric flow evolution. The
surface is then discretized into triangular meshes which is extracted from the level
set using dual contouring method. After the preparation of the continuum model,
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our spline based boundary element method is applied to numerically solve the linear
PB equation over the triangular mesh. The numerical treatment of the PB equation
based on a C' algebraic spline model will be described and the consistency of the
electrostatic potential is guaranteed by the parametrization of electrostatic potential
using the algebraic spline model.

3.1. Boundary representations and boundary integral equations. The
PB boundary formulation, also called PB boundary integral equations, is derived
from the PB equation using the boundary conditions on the interface of the continuum
model. The interface is now defined by the triangular mesh of the molecular surface
I". Because of the zero ionic strength inside the molecule , the ionic charge density
po(Z) = 0 in the molecular region. The molecular charge density p.(Z) = 0 in the
solvent region because the molecular charge density in the PB equation is defined
by the delta functions of the atomic positions. Therefore, the linearized Poisson-
Boltzmann equation can be separated into two formulations,

V- (e(B)V¢i(F) = —4m Y02, qrd(T — %) T€Q 51)
V- ( (f)v¢e(f)) = “2¢e(f) FeR3—-Q ’

where ¢;(Z) and ¢.(¥) are the electrosatic potential interior to and exterior to the
point & on the surface I.

The boundary conditions on the surface I' of €2 is then defined by the electrostiatic
potential ¢;(Z) and ¢.(Z) and their normal derivatives.

0 — 0 — 0 —
(’)ﬁg) (@) = ~q<>3c) (@ = %]f aﬁdgi) (Z)

(3.2)

After applying Green’s second identity to the interior Poisson equation and exterior
PB equation (3.1) with the boundary conditions (3.2), the boundary integral equations
of PB equation are derived as follows,

1, o) o L R
90+ [ (G o 700 ~ Gole 507 ) a7 = Y- LGz 69

U (B P00 N
300) + (L6050 - SoGu@ o) =0 (34

where f is the principal value integral. The Green’s functions, also called fundamental
solutions, for the PB equation are

= =\ 1 OGo(Z,9) _ —cosby
Go(Z,9) = I Z—70 R  — 4Am|i—g|?
o —sllF=3ll  9G,(7,7) —e®I#=F1(1.04-k||Z—]|) cos 6
— € K ) —_ 0
Gul®,9) = T=gr  “onw = re
(@—g)-7 (@—g)- ) 7 i
where cosfy = W and cosf = T and 7%/ is the surface normal on the

point ¥ [44].

Figure 3.1 shows an example of the boundary element decomposition of a four-
atom molecule. The molecular surface I' has been discretized into elements T;,
i =1,..,N. Z; represents a point on an element I'; as ¥; represents a point on

() Y)

I';. Their normal vectors are written as 7i; ’ and ﬁ; . Boundary integral equations
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Fic. 3.1. The example of boundary element decomposition of a four-atom molecule: Ty, is the
center of kt" atom, ¥; and yj are the points on the elements I'; and I'; of the surface I' and 7t ﬁ(x)

~(y)

and 7 n; are their normal vectors.

can be written as a linear system using this notation. An improved version of the
boundary integral equations was proposed by A.H. Juffer and other researchers by
linearly combining the derivative forms of these two boundary integral equations. The
formulation is also called derivative boundary integral equations (dBIEs)[1].

€1

30+ )0 + fo (T ~ aizﬁfsy“))mmg (35)
— i (Go(Z,§) — Gu (@, ) 558 df = S | Gol(7, %)

1 0¢(T) 32G (Z,7) 892G . (2,7) IR
5(1 + < ) 871(:) + JCI’ d?LW())de(yy) 871(@{;1(%) )¢( )dy (3 6)
_J( (8670(1571/ e; 0G(Z, U))3¢ 7) Z qi 9Go(Z,Xk) )

T\ " or@ o) grtt & k=1¢;  On@®

where

0Go(Z,y) _ cos @
on@) T Arx||Z—y]?
G, (2,9 _ e "I¥9l(1.04k||Z—7]) cos §
an) dr (|7
2Go(Z,9) _ (@R M)—3cos by cos b
on@only) — in[[Z—7|°
Go(Z,7) 2o rllE=7ll

PGu(E ) _ —kllZ—7 = ;
R@aonw) — © I ”(1‘0 + K[| 7 — y”)aﬁ(w)aﬁ(y) — Tdnz—gy €08 o cos 0

The main advantage of this reformulation is that it leads to a well-conditioned
system. The linear iterative solver converges much faster than the original boundary
integral equations which are also called non-derivative boundary integral equations
(nBIEs) [30].
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4. Numerical Treatment of Boundary Integral Equations. The main dif-
ficulties to solving the PB boundary integral equations are the full populated ma-
trix, the singular and hypersingular integral and numerous integral operations. The
nonzero entries of the populated matrix is O(IN?) where N is the number of unknowns.
It is proportional to the number of discrete elements or vertices of the molecular sur-
face. Because of the large number of elements necessary for discretizing the surface,
we use a Krylov iterative linear solver instead of direct solver to solve the Poisson-
Boltzmann boundary integral equations.

Meanwhile, we are unable to store and access the full matrix in the memory.
However, for each iteration, the matrix-vector product should be evaluated. The cost
of the straight forward evaluation is expensive, such that time complexity is O(N?)
where N is the number of unknowns. Fast multipole method is a technique to improve
the time complexity of matrix-vector product to linear time evaluation.

In addition, the numerical computation of the surface integral depends on the
parametrization of triangular elements. In this paper, we compare the evaluation
of the integrals of kernel functions between planar linear elements and higher-order
algebraic elements. We do the parametrization on the triangulation of the molecular
surface. The triangulation of the surface is composed of the vertices V = {¥;}1,
with their unit normal vectors {ii;}7; and the triangular elements I' = {I;|I'; =
Uj1U;20Uj3 where j = 1,---, L and Uj1,7j2,7;3 € V}. Before we discuss the details of

(d) (e)

Fic. 4.1. Molecular model of a protein (PDB id:1CGI); (a) The van der Waals surface of its
8D atomic model (852 atoms); (b) The surface generated using the Gauss density function from
its 3D atomic model (c) Its solvent excluded surfaces (SES), also called molecular surface; (d) The
decimated triangulation of SESs; (e) The piecewise algebraic surface patches generated from the
decimated triangulation of SESs.

our numerical treatment, we take a ligand protein (PDB id: 1CGI) as an example to
show some important and useful types of molecular structures in Figure 4.1. Figure
(a) is the van der Waals surface which represents the 3D atomic structure of the
molecule, where the color of each sphere represents its residue type and the radius
of each sphere represents the radius of the atom. Based on 3D atomic structure, the
molecular surface is generated to apply the boundary condition (3.2) of our solution.
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Figure (b) shows the approximate molecular surface extracted from the level set
of Gaussian density function from the 3D atomic model. Figure (c) is the molecular
surface of this protein generated using geometric flow evolution in level set formulation
and this surface is a better approximation to the definition of molecular surface, also
called solvent excluded surface [7, 8].

Based on the decimated triangulation of the molecular surface in Figure (d),
the algebraic spline surface, composed by a higher order curve element, A-patches,
is concluded, as is shown in the figure (e). This higher-order model is applied for
improving the accuracy and efficiency of electrostatics computation. We will describe
all the details in this section.

'sz

—

\{

Vi1
— — — — ]
y; = bivj1 + batjo + b3vj3

FiG. 4.2. The parametric representation (_Jf a linear triangular element: vj1,vj2,v;3 are the
vertices of the j*" triangular element ' and y? is an arbitrary point on the element.

4.1. Parametric linear element. Figure 4.2 shows the point ¢/; on the element
I'; = U;10;2053. The parametric form of §; is given by its barycentric coordinates
(b1, ba, b3)T as follows.

o ~ R - b1

Yi| — |Vt Y2 V53 b
1 11 1|2
b3

We then approximate those integrals with a kernel function G (&, §) using the Gaussian
quadrature.

M
F @I | GE GGG =Y D W@, Ty} ) (1)
r ;
where Z is the evaluation point; {W,,,}}_, and {g,, }2_, are m'" weight and point
of Gaussian quadrature, and J(IT';) is the Jacobian (area) of the linear element I';.
4.2. Algebraic-spline model and parametrization. Algebraic patches or A-
patches are a kind of low degree algebraic surface finite elements with dual implicit
and rational parametric representations [4]. The A-patch element is defined within a
prism scaffold as shown in the figure 4.3. For some triangle element I'; = U1 U203 of
a triangulation of the molecular surface, the A-patch {T'; }JL:1 is defined on this prism.

’Ujl(/\) = Uy + Mg, 1=1,2,3
where the prism is defined by
D(FJ) = {17 Y= blﬂjl(/\) + bgng()\) + b3’l)j3()\), 0< A< 1}
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F1G. 4.3. A prism scaffold of triangular element v;vjvy

where (b1, b2, b3) are the barycentric coordinates of points in ¥/17;20;3.
According to the definition of algebraic patches, we define an implicit function
over the prism D(T';) in Benstein-Bezier spline form.

Fy(b1,b2,b3,\) = Z biji(N) ”k(bhbmbs)
itjth=d

d!

i k
F Wb bk

1jk(bla b2a b3)
which is also called the algebraic spline model. The details of the parametrization of
algebraic spline model are in [47]. The molecular surface I' can be approximated by
the zero contour of the implicit function Fj:

{(b1,b2,b3,\) : Fy(b1,b2,b3,\) =0}

Now, given the barycentric coordinates (by, ba, b3)T on the triangle, the parametric
form of the position ¥; on the A-patch element I'; = ¥ U273 is

m{ﬁﬂlm 2% 6"31(”} %’

As what we did for linear element, we can also approximate those integrals using
Gaussian quadrature on the A-patches [47],

L

L M
][G EDf@AF=3 ][ G 7)) G)dT; =3 S WanG(E, Gym) Gy (F)
j=1"Ti

j=1m=1

where 7 is the evaluation point. ['; is the zero contour of the cubic Bezier basis
over j** triangle where W,, and im = bm1Uj1(Njm) + bmaTj2(Njm) + bimsUjs(Ajm) are
the m'" weight and points of Gaussian quadrature on this patch f‘j. The Jacobian
weight J (f‘j) is described in the appendix as the area of the patch. Because ¥}, =
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S bymi¥i(Ajm) is the m" integration point on the element T'; and
1

GolTi, Ujm) = Tm—7T

y]m”
GH (‘fla ?jjm) =

e*'inL Yiml

4[| Zi =gjm |

0G0 (s Tim) _ —(Fi—Tjm) A%
8*(9) T An|| & — me”

0G, (#:,7;) _ —e T Tim ] (k|8 = G ) (@i = Fm) -7
R = Am|| & —Gim |3 ’

im

the numerical treatment of nBIEs (3.3) and (3.4) becomes

%d)(fl) + Z] 1 Zm 1 ¢(y]m) af(;y) (w“ me)J( _}m)
Z] 1 Zm 1 6~(y) (gjm)W GO(‘T“ yjm)‘](g]m) ZC 1€ GO(xz,Xk)
%‘b(fv) ZJ 1 Zm 1 ¢(yjm) aﬁy) (l'h y]m)‘](gjm)

im

+e& ijl Yot W(yjm) Wiy G(Zi, Yjm)J (Fjm) = 0
jm

where L is the number of patches, and the numerical treatment of dBIEs (3.5) and
(3.6) is

(14 £)o(F:)

+ZJ 1Em 1¢( m)W, (;ﬁy)( i,?jjm) - %;T_?y) 77me )J yjm
im

S S e i)W (Gol i) — o) T )

Zk 1 eIGO(fwf )
31+ &) g (7)

902G S %G, S -
ZJ 1 Zm 1 O(Fjm)W, (aﬂw);w (Zs, jm) — 95D ot (%ﬂjm)) J(jm)
jm O

+Z; 1 Em 1 a»(y) (_’ YW (;ﬁz (l‘“y]m) - 8GH> (fi7gjm)> J(:‘jjm)

) —(x
jm anb

=3 61 ﬂ(r) (Zis %)

Now, the boundary integral equations are treated as a linear system For better
elaboration, we can write the boundary integral equations in the following matrix
form.

1 oG
K €
2L = saw iG” on O
where
e ¢; and (%)_ are the j** unknown electrostatic potential and its normal
J

derivative at some point ¢; on the patch f‘j
e [ is the identity operator so that I;;¢; = ¢;
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e The operators compute the potential at the point #; due to the patch fj

9Go
on(v)

( )ij ¢; = ffj %(@7 ;)0 (5)dy;

M - = —
:mel 90 ( ivyjm)¢(yj

6*(’”
(Go)ij (%)j _J% Go( xuy]) f(y))dlj}

m)J(T)

=3 WinGol, ijm)a‘gﬁ;’;)J(f )
(%)ij i = chj %&5)(@; ¥;)o(y;)dy;

= X Won 55 (s, ) ) ()
@y (), =, Cul@ndy) f?j;gg a7,

= St Won Gl Gym) 25585 (T5)

im

(Go,x), = Go(Zs, %)

where Z; is a point on the patch I'; and 7}, is mt" Gaussian quadrature point

on the patch fj.

dBIEs can also be written in a linear system as nBIEs.

1 file;
5(L+ )l + g — e Go — G
2°G 2Gy l( + )I + _ €1 0G, 9¢
Bﬁ(y>aﬁ(w> T aaW o) 2 8n(1 ep O [
8G ¢ . 8Go (= 06(Y;) 7.
(Bﬁ(g))ij (%)j, JCF a*(”? (7, 5j) Fro) dy;j

6¢ yj7n)
on' Y)

jm

—

Yjim

= et me(% ) J(T

el -\ 7
(E)ﬁ(?)af‘i(y))ij ¢ = Jtrj %(z)aﬂm (%4, 7)) (4;) dy;
2G o .
=Y Wmm(wi, Yjm)®(Gjm
3G, 9¢ _ ¢>( ) 7
(amw))ij (%)j JCF aw 7 (%, 75) ~;yy7) dy;
- 09 (Fim
= mel Wm 341)( is Yjm) 82@) )J(
2G jm
k) N
(anu)anw) i ¢ = Jfr] 8n< )a*(“ xl7y])¢(yj)dyj

el
a*m

(:ZZZ,Xk)

*Zrn 1W W( 27gjm)¢(gjm

Zk 161G0k7

Ne qk aGo k
k=1 e; oR®)

(4.1)

|

i)

1)

4.3. Normal derivative of electrostatic potential. In Figure 4.4, the para-
metric form of the position on a A-patch I' of a triangulation ¢/;¥o¥3 is shown as

T = blﬁl()\) + bQ’UQ()\) + (1 — b — bQ)ﬁj()\),f el

(4.2)



12 CHANDRAJIT BAJAJ and SHUN-CHUAN ALBERT CHEN

Z = byt (A) + byta(A) + bsti(A)

F1G. 4.4. The representation of a point T on a algebraic patch vU10203.

If we write the parameters as a vector b= (b1,b2,A), the normal derivative of the
electrostatic potential can be written in the following form using the chain rule

o —
: %
ga(®) =7V =7+ | 55 (@)
e (D)
Oby oby AT [0é (= (4.3)
o an 0w | | oy (@)
e CO T O T . S SR> S N 7
= ne gl o e aes | | o (@)
Obr by X | | 04z
dxs Oz3 Oxs o (T)
where ¥ = (21, 72, 23)T and 7i(Z) = (ngm), n;x), ni(f))T is the unit vector of the normal
at .

We can derive each term in the equation (4.3) in terms of the parametric param-
eters of the algebraic spline model. First,

by
o1

37’;; = (th — U3) + \(fly —17i3)
0by
B}

s
ox1
% = (Uy — U3) + A(ii2 — 7i3) (4.4)
0Oby
| Oz3 ]
FOX 7
oxq
oA

ox
X
LOox3

= b171 + batig + b37is

where ¥; = (v;1,vi2, v;3)T and its unit normal vector 7i; = (11, 42, n43)7 fori =1,2,3.
Then, we approximate the electrostatic potential function in the region by

&(Z) = bi((1 = N)d(T1) + Ap(T1 4 711)) + b2 ((1 = N)@(Ta) + Ap(T2 + 7i2)) (4.5)
+(1 = b1 = b2)((1 = N\)p(v3) + A\p(v3 + 713)), '
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L
[ R RY
It

M

Fic. 4.5. The representation of electrostatic potential ¢(Z) at a point T on a algebraic patch
U1 U273

and the derivative of the potential to the coordinate b becomes

%(f) = (1= \)(¢(5h) — ¢(53)) + A(@(T1 + 711) — $(Ts + 7i3)))
22(x) = ((1 A)(B(T) — ¢(T3)) + M(T2 + Tiz) — ¢(T5 + 713)))
%(f) = b1 (P(01 + 1) — @(01)) + ba(@(V2 + Tl2) — ¢(U2)) + bs(d(T5 + 7iz) — d(U3))

Finally, we can get the normal derivative of electrostatic potential in the equation
(4.3) in this A-patch by combining the above two equations (4.4) and (4.6).

The unknown electrostatic potential and its normal derivatives at the Gaussian
quadrature points, in the matrix form of PB BIEs can be derived from the parametric
representation of the electrostatic potential at the positions of the vertices and the
vertices with a displacement of its unit normal. Here, the parametric form of a
Gaussian point ¢;,, on the element fj is

Yim = bm1Uj1(Xjm) + bmaUia(Njm) + (1 — bt — bm2) U3 (Ajm)

and the electrostatic potential ¢(¢;m) and normal derivative of electrostatic potential
%(yj’jm) at this point are computed using the equations (4.5) and (4.3).
G

jm
4.4. Numerical linear system. The matrix to map the index of the vertices
U;1U;2U;3 of some element I'; to the index of vertices of the surface is

L if Ui/3)(i moa 3) = Vj
E;j = 1 if V(i/3—L)(i mod 3) = Vj-pP
0 otherwise

This matrix maps the index of electrostatic potential from the vertices of an element
to the vertices of the triangulation.

d)(ﬁit) _Z] 1E(37,+t)( )¢( ) 1217 aLandt:17273a
St + ) =311 Eivryrn G+ ®F +1;), i=1,--,Landt=1,2,3

We define
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e the coefficient matrix of the boundary integral equations in the equation (4.1)
to be A

e the transform matrix from the unknowns in the equation (4.1) to the paramet-
ric representation of algebraic spline model to be B. The detailed derivation
of the matrix form is in the appendix.

e the matrix mapping the vertex index of the patches to the vertex index of
the surfaced to be E.

The final linear system will be

[ o) ] [Qor]

d(V2) Qo2

o(Vp) Qop

ABE N =

¢(V1 + 1) Qo1

P(V2 + 1iz) Qo2
[6(Vp +1p)] | Qop]

where Qo; = 154 o L Go(¥3,%),i = 1,---, P and Qp; = Sr°, SI ano (Vi, Xk), @
1,---, P. The unknowns are now located on the vertices of triangulation {Vi}izl'

5. Postprocessing.

5.1. Interior and exterior electrostatic potential. If the PB electrostatic
potential on the surface I' is computed, we can obtain the electrostatic potential inside
I (the interior region 2) from the equation 5.1,

€ G . (T 9Go (2,7 NN
= f (e 28=ED _ 200Dy (i) dj7

+fp (Gol#. ) — G, D) LD dij + e | LGo(7, %)

if # € Q and the electrostatic potential outside I' (the exterior region R® — Q) from
the equation 5.2 [1].

& §(7) = f.(= 25 ED _ . Mo >¢<*)dg
+(Go(@,7) — Gu(7,9)) 268 dg + S3e | 2 Go(7, 1)

if Z € R® — Q. The numerical solution of patch quadrature is applied to compute
these surface integrals.

(5.1)

(5.2)

5.2. Numerical solution of electrostatic free energy and force. The elec-
trostatic free energy is derived by Sharp using the variation principle from linearized
PB equation[38]. The formulation of electrostatic free energy Gpo in the equation
(1.2) is computed by the charge and the electrostatic potential at the atomic centers
of a molecule . The electrostatic potential at the atomic centers can be computed
through the interior electrostatic potential equation (5.1).

pol = / ¢rxn qu(s z— Xk f = Z¢rxn

where the difference between the electrostatic potential in the solvent and the air,
also called the reaction field electrostatic potential, is ¢rxn(Z) = ¢so1(Z) — Pgas(Z).
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Because the ionic strength is zero in the air, the Poisson kernel Go(&, %) and
Poisson-Boltzmann kernel Gy (&, %) are the same. At the same time, the dielectric
constants inside and outside the molecule are the same: eg = €5, so the two surface
integral terms in the equation (5.1) are zero. It indicates that the interior electrostatic
potential in the air is

NSk
¢gas(m) = Z 5G0($7Xk)-
k=1

Therefore, the reaction field electrostatic potential ¢, (Z) is the surface integral term
of the electrostatic potential in the solvent ¢g1(Z).

-\ €E aGK(fvg) BGO(fvg) —\ 7 - g 6¢sol(g) —
busal@) = f (0TI S+ (6ol )~ G, )

In Sharp’s definition, the electrostatic free energy is actually composed of three
terms and the above formulation is called the reaction field energy. In the planar
case, the remaining two terms, the electrostatic stress and osmotic pressure terms,
are canceled out.

Based on Sharp’s definition, Gilson expressed the electrostatic force Fj,,; through
a variational derivation of force expression from electrostatic free energy [22].

Fpot = — /Q (pc(:?)E(f) - %E(f)QVE(f) — kBT lei(em @/t — 1>W(f>]> di

(5.3)
where p.(Z) = 47 Y12, qrd(Z — X) and the electric field is the gradient of the elec-
trostatic potential, E(Z) = —Vé(Z).

The terms in the electrostatic force equation (5.3) are called the reaction field
force, the dielectric boundary force, and the ionic boundary force.
o the reaction field force

Fon == | po(@E@ds = ~ix Y aB(5)

k=1
e the dielectric boundary force

Fa, = / 1E(f)2ve(f)d:z'
02

e the ionic boundary force
Py = / kpT Y les(e™= 0@ k5T _ 1)U A(7))d7
Q Z

where A(Z) is 1 outside I" and 0 inside T.

For an atom of a molecule which doesn’t form part of a dielectric or ionic bound-
ary, the dielectric boundary force and ionic boundary force are zero and only the
reaction field term is necessary Fpo = Fixn. For an atom of a molecule which forms
part of a dielectric or ionic boundary, also called a solvent-exposed atom, all three
terms should be counted Fyo; = Frxn + Fap + Fip.
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In order to compute these different force terms, we have to approximate the
electric field E(Z) at all atomic centers and molecular surface points. The electric field
Z is approximated using the gradient of interior and exterior electrostatic potential
(5.1) and (5.2).

Vo(F) = . [VGo(Z.§) — VG (T, )] 55 (§)dif
+4- [eVaaﬂ ( 7)) —V i
+Zk 1es V Go(ﬂ? Xk)

if 7€ Q and
eVO(T) = £ [VGo(T, ) — VG (T, )] 22(5)dy
+fp [eV %n <* 7) — VI (7, 5)| p()dy -
+Zk 1 eI (.TL' )
if ZeR3 —Q.

The reaction field force can be computed using the electric field at these atomic
centers. Nevertheless, we can not handle the dielectric boundary force and ionic
boundary force so easily. In order to compute these two forces, we have to compute
the Ve(Z) term in dielectric boundary force and the VA(Z) term in the ionic boundary
force. In this paper, we used a distance-dependent model derived by Im to approx-
imate the dielectric function €(#) and the ionic boundary function A(Z) [26]. The
details of this model are described in the appendix.

6. Implementation Details and Experimental Results. In this paper, we
developed a platform of data structures and routines of a 3D boundary element solver,
called PB-CFMM (Poisson-Boltzmann - curved fast multipole method). We imple-
mented all the above methodologies for solving the PB electrostatic problem in PB-
CFMM and it is callable from TexMol [6]. As we described in the above section, the
input of the solver is the 3D atomic structure and the triangular mesh of the target
molecule. Its properties including electrostatic potential, electrostatic free energy and
forces are computed.

Here, PETSc (Portable, Extensible Toolkit for Scientific Computation) is used
for the solution of the PB linear system [10]. It supports matrix-free Krylov iterative
method (e.g. GMRES, CG) which do not require explicit storage of the matrix. The
explicit matrix is replaced by a user-defined evaluation of matrix vector production.
Here, we use kernel independent fast multipole method, KiFMM, to do linear-time
evaluation [43].

The computational steps for the solution of the PB electrostatic problem are
concluded in the following list.

Structure preparation Prepare structures for continuum electrostatic calculations
using “PDB2PQR”. The main task of “PDB2PQR” assigning charge and ra-
dius parameters to the atomic PDB structure [20]. Since many biomolecular
structures in the Protein Data Bank do not contain hydrogen atoms and a
fraction of heavy atoms, this software also checks and rebuilds those miss-
ing hydrogen and heavy atoms to biomolecular structures based on standard
amino acid topologies.

Molecular surface extraction Extract the molecular surface from the level set
computed through geometric flow evolution [5].

Triangular mesh generation Compute high-qualified linear triangular boundary
elements using octree-based dual contouring method [45].
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C' A-spline modeling Compute the cubic algebraic spline over the triangular ele-
ments.

Numerical solution Compute electrostatic potential by solving the PB equation
using our boundary element solver "PB-CFMM” with the fast summation
method using "KiFMM” [43].

e construct KiFMM models for PB kernels on the algebraic spline model,
e solve the linear system using GMRES iterative method with KiFMM.

Post-processing compute electrostatic free energy and forces using electrostatic po-
tential.

In this paper, we solve the linear Poisson-Boltzmann system using the iterative
method, GMRES with the initialization of electrostatic potential using the coulombic
equation. The relative residual tolerance is 107 and number of Gaussian quadra-
ture points per triangle is 7. We then gathered 71 sets of ligand-receptor protein
complexes (ligand,receptor,ligand-receptor complex) from RCSB protein data bank
(PDB). These are used for the evaluation of the PB electrostatic computation.

The first experiment is an analytical numerical error evaluation with a given
potential function. This experiment is applied for understanding the reliability and
efficiency of our PB solution. In the second experiment, we compute and compare real
electrostatic results of these proteins between our boundary element solvers and Del-
Phi IT finite difference solver [37, 33]. Then, we study the performance of our system
by controlling different effective factors. All experiments are done on a linux machine
with Dual Core AMD Opteron processor 280 with 4 GB memory. We discussed and
analyze the experimental results in the following experiments.

6.1. Analytical numerical evaluation. In the first experiment, we evaluate
the efficiency and accuracy of numerical computation of electrostatic potentials and
their normal derivatives using regular or consistent PB boundary element solvers with
fast matrix-vector product evaluation. The numerical test is done with the assump-
tion that electrostatic potential is given as an exponential function q;(f) = e~ lI=l”
and the normal derivative of potential as the normal derivative of this exponential

function 3?2@ = —2¢ 1717 (. 77(®)). We calculate Q(&) and R(&) on the vertices of

the triangular meshes by evaluating the left hand sight of dBIEs (3.5) and (3.6).

— € 7= OGo (T, ep OG (Z,9)\ 17—\ 7~
Q@) = 31+ L)p(@) + f (PGl — = 2%50)4(5)dy

JERNEN 2]
Go(@,5) — Gul@ ) JeRdy

€ OPp(T 9°Go (&, O*Gp(Z, 7 -\ 7
1+ )28 | [ (DCold  SGuTa ) () d
G (Z,7) er 0Gx (way))3¢(y)d

i@ em  on@® Jonw)

We evaluate the electrostatic potential and its normal derivative on the vertices of
triangulation computed using our boundary element solver by the relative errors

VL 16(5) — a7
S 16

and

VEDL 1285 - 225,
P 128w
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# of evaluation | relative error # of compute time
A-patches | method (¢) iterations (seconds)
2000 direct 6.380 x 10~ 35.21 165.063
KiFMM 6.379 x 10~7 35.21 60.858
5000 direct 9.472 x 10~ 40.88 1237.451
KiFMM 1.309 x 106 41.72 216.232
10000 direct 2.424 x 107 46.71 5423.711
KiFMM | 2.635 x 1077 46.83 528.605
63444.81x KiFMM 4.678 x 10~ 38.41 3012.344
TABLE 6.1

The results of analytical experiments computed using PB BEM solver with different number of
A-patches for 213 molecules; column 1 is the number of triangles (* is the average number of A-
patches of the original triangular mesh of 213 molecular surfaces); column 2 is the type of evaluation
method of matriz-vector product; column 3 is the average relative errors of potential ¢ and ¢; column
4 is the number of iterations for the convergence; column 5 is the computation time in seconds.

# of numerical relative relative # of compute
A-patches | method error (¢) error (%) iterations | time (s)
2000 regular 6.379 x 107 | 1.442 x 1073 35.21 60.858
consistent | 5.208 x 10~7 | 1.533 x 10~7 36.17 62.388
5000 regular | 1.309 x 107% | 9.454 x 102 41.72 216.232
consistent | 9.081 x 1077 | 5.900 x 1077 |  45.83 258.544
10000 regular 2.635 x 107 | 2.850 x 103 46.83 528.605
consistent | 2.769 x 10~7 | 3.669 x 10~ 45.82 492.002
63444.81% regular 4678 x 1077 | 1.498 x 10~3 38.41 3012.344
consistent | 4.921 x 10~7 | 4.944 x 10~ 39.09 3107.15
TABLE 6.2

The results of analytical experiments computed using PB BEM solver with different number
of A-patches for 213 proteins; column 1 is the number of triangles (* is the average number of A-
patches of the original triangular mesh of 213 molecular surfaces); column 2 is the type of numerical
solution of boundary element method; column 3 is the average relative errors of potential ¢ and ¢;

column 4 is the average relative errors of normal derivative of potential % and %; column 5 is

the number of iterations for the convergence; column 6 is the computation time in seconds.

Table 6.1 shows the average relative error of potential and compute time of the eval-
uations of whole proteins.

In this experiment, we observe that our fast boundary element solver is much
more efficient than the direct solver because fast multipole methods are linear-time
algorithms with high accuracy. With triangular meshes in different resolutions, small
relative errors of KiFMM indicate that our fast multipole method works well in solving
the PB linear system.

On the other hand, the normal derivative of potential on the molecular surface
is taken as unknown in the original derivative boundary integral equations. In our
paper, we used the parametric formulation of the algebraic spline model to derive the
normal derivative of potential. Here, we compute the potential and normal derivative
of potential using regular or consistent numerical methods and compare the relative
errors and computation time in Table 6.2.

The relative errors of potential are similar in both numerical solutions but those
of the normal derivative of potential are not. The normal derivative of potential
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numerical solver # of grids/ Gpol relative | compute time
method name # of A-patches | (kcal/mol) | error (seconds)
FDM Delphi II 653 —82.943 2.523% 11.39
FDM Delphi IT 1293 —82.228 1.642% 95.35
FDM Delphi IT 1933 —82.144 1.244% 286.65
BEM PB-CFMM 1436 —80.926 0.032% 4.63
TABLE 6.3

PB electrostatic free energy of a unit sphere with single charge computed using different nu-
merical method; column 1 is the numerical method; column 2 is the name of the solver; column 8 is
the number of grids for FDM and number of A-patches for BEM; column 4 is the electrostatic free
energy Gpor (kcal/mol); column 5 is the relative error of electrostatic free energy Gpoi. As a refer-
ence, the exact electrostatic free energy is —80.9 kcal/mol with the interior and exterior dielectric
constatnt 2 and 80; column 6 is computational time in seconds.

numerical method BEM | BEM | BEM BEM FDM
# of A-patches/grids 2000 5000 10000 | 63444.81%* 1933
avg. # of iterations 35.21 | 41.72 | 37.14 28.86 -
max # of iterations 91 98 93 84 -
min # of iterations 13 15 19 12 -
avg. compute time (s) 60.86 | 216.23 | 418.96 | 1506.18 408.66
max compute time (s) 165.6 | 553.69 | 901.91 | 7578.36 | 2705.42
min compute time (s) 19.99 | 56.88 | 153.87 221.77 69.11
avg. compute time per iter (s) | 2.19 6.71 13.40 61.46 -
avg. correlation of G 0.852 | 0.927 0.948 0.960 -
TABLE 6.4

The statistics of the experiments including the average, mazimum and minimum of the number
of iterations, compute time, compute time per iterations and the correlation with Delphi FDM (1933
grids) of our BEM with different number of A-patches for 213 molecules (71 sets of ligands, receptors
and ligand-receptor complexes). (* the average number of A-patches of the original triangular mesh
of 213 molecular surfaces)

computed using the parametric formulation is more accurate than that computed
using the regular solution. This indicates that the relation between potential and
normal derivative of potential is accurate and consistent when we used our parametric
formulation (C.2).

6.2. Poisson-Boltzmann electrostatic solvation free energies.

6.2.1. A unit sphere with single positive charge. Only in some ideal cases,
we can derive the electrostatic free energy analytically from the PB equation. To test
the correctness of the PB solver, we compute the electrostatic free energy for a unit
sphere with +1e single charge placed at its center and the results are shown in Table
6.3. In this ideal case, the electrostatic free energy is —80.9 kcal/mol with the interior
and exterior dielectric constants 2 and 80. We can see that our BEM solution is more
accurate and efficient than FDM in this case. The relative error of G, computed
using BEM is much lower than that of FDM with any grid size. BEM also costs less
computational time than FDM.

6.2.2. A list of ligand-receptor complexes. Using PB BEM solver, we com-
pute electrostatic free energy for all proteins in the list of ligand-receptor complexes.
In Table 6.4, we show the statistics of the PB computation using our BEM solution.
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We compute the average, maximum and minimum iteration number and compute
time from the results of all 213 proteins (71 x 3). The average iteration number is
smaller than 40 and not related to the number of A-patches. The computational time
includes the time of solving surface and per-atom electrostatic potential and comput-
ing electrostatic free energy. The evaluation time per iteration is linearly proportional
to the number of A-patches since KiFMM is a linear time solver of fast matrix-vector
product.

Meanwhile, we also observe the influence of the mesh quality to the convergence
speed of iterative solution. We use average aspect ratio (twice of the ratio of the
incircle radius to the circumcircle radius of a triangle) of a mesh to measure the
quality of the mesh. After we compute an initial triangular mesh for the molecular
surface of a protein, we applied a geometric flow algorithm to improve the quality of
the mesh [46]. We observe that the averge aspect ratio of a mesh goes from 0.326
to 0.430 after improving the mesh quality using geometric flow algorithm. At the
same time, the average number of iterations goes from 43.41 to 28.86. It indicates
that better mesh quality will lead to faster convergence speed. The correlation of our
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Fic. 6.1. The comparison of electrostatic free energy (kcal/mol) of 218 proteins (71 sets of
ligand-receptor complexes) between BEM and FDM with 1933 grids with the correlation in paren-
theses.

BEM solver to Delphi II FDM solver with 1933 grids are shown in the figures 6.1.
Each point in the chart indicates PB electrostatic solvation free energy of a protein
(ligand, receptor or their complex) computed using BEM or FDM. According to the
value of correlation, we found that the more patches we used, the higher a correlation
we obtained.

6.3. Poisson-Boltzmann electrostatic potential. We also compute the real
PB electrostatic potential for all the proteins. In Figure 6.3, we show the electrostatic
potential on the molecular surface of an example in the protein list. PB electrostatic
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Fic. 6.2. The comparison of per-atom energy (KJ/mol) of Bovine Chymotrypsinogen*A (PDB
id: 1CGI) between FDM with 1933 grids and BEM with 10000 A-patches. Each point indicates the
electrostatic solvation free energy of an atom.

(d) FDM with 1933 grids (e) difference between BEM and
FDM

Fi1G. 6.3. The PB electrostatic potential on molecular surface of nuclear transport factor 2
(PDB id: 1A2K) with different resolutions. (e) shows the difference of PB electrostatic potential
between BEM and FDM. The color is going from red (potential of —3.8 kyT'/ec) to blue (potential
of +3.8 kyT'/ec).
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Fic. 6.4. The comparison of electrostatic potential between the molecular surface of Bovine
Chymotrypsinogen*A (PDB id: 1CGI) with different resolutions (the correlation in parentheses)
where the average number of A-patches of the original surface is 63444.81.

numerical | solver name # of grids/ inverse discretization | correlation
method # of A-patches | length scale (1.0/A) (¢)

FDM Delphi II 653 0.333 0.965
FDM Delphi II 1293 0.667 0.977
FDM Delphi IT 1933 1.000 -

BEM PB-CFMM 5000 0.367 0.944
BEM PB-CFMM 10000 0.732 0.968
BEM PB-CFMM 63444.81x 5.301 0.981

TABLE 6.5

Average experimental results of PB electrostatic potential computation for 218 proteins (71
sets of ligand-receptor complezxes); column 1 is the numerical method; column 2 is the name of the
solver; column 3 is the number of grids for FDM and number of A-patches for BEM; column 4
is the inverse discretization length scale of each grid or A-patches; column 5 is the correlation of
electrostatic potential to FDM with 1933 grids.

potential is computed with different numbers of A-patches. The color of the sur-
face represents the electrostatic potential on the molecular surface, going from red
(potential of —3.8 kyT'/e.) to blue (potential of +3.8 kyT/e.) and white is neutral
potential. The distribution of electrostatic potential computed using the triangular
A-spline models with different resolution are almost the same. The same results can
be observed in Figure 6.4 which represents the different of electrostatic potential of a
protein (PDB id: 1CGI) computed using A-spline models with different resolutions.
The number of A-patches of its original surface is 54592. The correlation of the results
computed from the original surface and decimated surface with 10000 A-patches is
up to 0.998. It indicates that we can get a similar result using only 1/5 of A-patches.
However, if we just use 5000 A-patches, they are not enough to represent the details
of the molecular surface and the correlation becomes 0.895.

Figures 6.3 (c¢) and (d) show the surface electrostatic potential computed using
our BEM solver and finite different solver, Delphi II. The distributions of their elec-
trostatic potential are roughly the same. We then compute the difference between
them, shown in Figure 6.3 (e). Blue color represents the magnitude of the difference
of surface electrostatic potential. We can observe that the large difference occurs only
in some small regions. In Table 6.5, we compute electrostatic potential at the points
of 653 grids using BEM or FDM with different resolutions and compare the results
by their correlation to the electrostatic potential computed by FDM with 1933 grids.
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The inverse discretization length scale in the table is the average edge length of tri-
angulation for BEM and distance between grid points for FDM. We can observe that
electrostatic potential computed using BEM and FDM is highly correlated.
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Electrostatic force by BEM with 28908
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Electrostatic force by FDM with 128x128x128 grids Electrostatic force by FDM with 256x256x256 grids

(a) BEM vs FDM with 1282 grids (b) BEM vs FDM with 2563 grids
(0.8108,0.8449,0.8198) (0.8118,0.8629,0.8317)

FIG. 6.5. The relation of per-atom electrostatic force (kcal/mol-A) of Bovine Chymotrypsino-
gen*A (PDB id: 1CGI) computed using BEM or FDM where blue,pink,yellow dots indicate z,y,z-
dimensional values of forces; (a) BEM with 28908 A-patches vs FDM with 1932 grids, the correla-
tions at x,y, z dimensions are (0.8108,0.8449,0.8198); (b) BEM with 28908 A-patches vs FDM with
2563 grids, the correlations at x,y,z dimensions are (0.8118,0.8629,0.8317).

6.4. Poisson-Boltzmann Electrostatic forces. Electrostatic force computa-
tion depends on the accurate evaluation of the gradient of electrostatic potential. It
requires a very stable electrostatic potential computation. For FDM, we approximate
the gradient of electrostatic potential at any specific point based on the electrostatic
potential computed on each grid points. On the other hand, for BEM, we can com-
pute the gradient of electrostatic potential at a point using potential computed along
three different directions. We can observe the correlation of electrostatic forces be-
tween BEM and FDM of an example in Figure 6.5. The correlation becomes higher
when the number of grids in FDM increases. It indicates that the electrostatic forces
computed using FDM may converge to that computed using BEM. In Figure 6.6, we
show PB electrostatic forces of two protein examples (PDB id: 1A2K and 1CGI). The
color of the molecular surface represents the inner product of the electrostatic forces
and the unit surface normals. The outward force gives a positive inner product and
negative otherwise. The color is going from blue (> 3.8 kcal/mol-A) to red (< —3.8
kcal /mol-A). We can see that the distribution of inward and outward forces computed
using BEM and FDM are almost the same.

The electrostatic force computation depends on the accurate computation of the
gradient of electrostatic potential and the approximation of the dielectric function
and ionic boundary. In this part, we found that if we used the fast multipole method
to compute the integrals of three electrostatic force terms, the numerical error will be
amplified. Therefore, we still used direct computation to deal with force computation.
On the other hand, in both BEM and FDM solutions, we used Im’s volume exclusion
function to approximate the derivatives of the dielectric function and ionic boundary
function in Fy;, and Fj,. This approximate function is used for computing the Ve(&)
term in dielectric boundary force and the VA(Z) term in the ionic boundary force.

7. Conclusion. In this paper, we introduce a complete pipeline to solve the
linearized Poisson-Boltzmann equation and compute electrostatic potential, energy
and forces for biomolecules. The boundary element method is used and the derivation
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(¢) BEM with 29108 A-patches (d) FDM with 2562 grids

F1G. 6.6. The inner product of unit normal vector and PB electrostatic forces on the molecular
surface of nuclear transport factor 2 (PDB id: 1A2K) and Bovine Chymotrypsinogen*A (PDB id:
1CGI) with different resolutions. The color is going from blue (> 3.8 kcal/mol-A) to red (< —3.8
kcal/mol-A).

of boundary integral equations and their numerical treatment are presented. Unlike
the original boundary integral equations derived from the Poisson-Boltzmann equation
which take normal derivatives of potential as unknowns in linear system, we derive
the parametric formulation of the normal derivative of potential based on an algebraic
spline model. In the analytical experiment, we observe that our solution gives more
accurate normal derivatives of potential than the original solution. In addition, we also
compare our numerical results including electrostatic free energy, potential and forces
with the state of the art finite difference solution, Delphi II. All the results show
that our boundary element solution is an accurate and efficient technique to solve
Poisson-Boltzmann electrostatic problems. For the purpose of biological simulation,
we developed a visualization application to observe the electrostatic potential and
forces on the surfaces of molecules.

8. Acknowledgements. This research was supported in part by NSF grant
CNS-0540033 and NIH contracts R01-EB00487, R0O1-GM074258, R01-GM07308. Sin-
cere thanks to members of CVC for their help in maintaining the software environ-



Fast Multipole Boundary Element Method for Poisson Boltzmann Electrostatics 25

ment in particular for the use of TexMol (http://cveweb.ices.utexas.edu/software).
Authors also thank to Prof. Lexing Ying of the Dept. of Mathematics for the use of
KiFMM (kernel independent fast multipole method). Curved boundary element PB
implementation based on KiFMM is called PB-CFMM and its front end is TexMol.

REFERENCES

[1] A.H.JurrER, E.F.F. BoTTA, B.A.M. VAN KEULEN, A. VAN DER PLOEG, AND H.J.C BERENSEN,
The electric potential of a macromolecule in a solvent: a fundamental approach, J Chemical
Physics, 97 (1991), pp. 144-171.

[2] M. D. ALT™MAN, J. P. BARDHAN, J. K. WHITE, AND B. TIDOR, Accurate solution of multi-
region continuum biomolecule electrostatic problems using the linearized poisson-boltzmann
equation with curved boundary elements, J. Comput Chem., 30 (2009), pp. 132-153.

[3] A.NicHOLLS AND B.HONIG, A rapid finite difference algorithm, utilizing successive over-
relazation to solve the Poisson-Boltzmann equation, J. Comput Chem., 12 (1991), pp. 435
445.

[4] C. Bajaj AND G. Xu, A-splines: Local interpolation and approzimation using gi- continuous
piecewise real algebraic curves, Computer Aided Geometric Design, 16 (1999), pp. 557-578.

, Smooth shell construction with mized prism fat surfaces, Geometric Modeling Comput-
ing Supplement, 14 (2001), pp. 19-35.

[6] C. L. BajaJ, P. DJEU, V. SIDDAVANAHALLI, AND A. THANE, Texmol: Interactive visual explo-
ration of large flexible multi-component molecular complezes, in Proceedings of the Annual
IEEE Visualization Conference’04, Austin, Texas, October 2004, pp. 243-250.

[7] C. L. Bajaj, G. Xu, AND Q. ZHANG, Higher-order level-set method and its application in
biomolecule surfaces construction, Journal of Computer Science and Technology, 23 (2008),
pp. 1026-1036.

, A fast variational method for the construction of resolution adaptive ¢

ular surfaces, Comput. Methods Appl. Mech. Engrg., (2009), p. to appear.

[9] N. BAKER, M. HoLsT, AND F. WANG, Adaptive multilevel finite element solution of the Poisson-
Boltzmann equation II: refinement at solvent accessible surfaces in biomolecular systems,
J. Comput Chem., 21 (2000), pp. 1343-1352.

[10] SaTisH BALAY, KRIS BUSCHELMAN, VICTOR EIJKHOUT, WILLIAM D. GROPP, DINESH KAUSHIK,
MATTHEW G. KNEPLEY, L0ois CURFMAN MCINNES, BARRY F. SMITH, AND HONG ZHANG,
PETSc users manual, Tech. Report ANL-95/11 - Revision 2.1.5, Argonne National Labo-
ratory, 2004.

[11] R. BHARADWAJ, A. WINDEMUTH, S. SRIDHARAN, B. HONIG, AND A. NICHOLLS, The fast multi-
pole boundary element method for molecular electrostatics: An optimal approach for large
systems, J. Comput Chem., 16 (1995), p. 898.

[12] A.J. BORDNER AND G. A. HUBER, Boundary element solution of the linear Poisson-Boltzmann
equation and a multipole method for the rapid calculation of forces on macromolecules in
solution, J. Comput Chem., 24 (2003), pp. 353-367.

[13] A. H. BoscHITSCH AND M. O. FENLEY, Hybrid boundary element and finite difference method
for solving the monlinear Poisson-Boltzmann equation, J. Comput Chem., 25 (2003),
pp.- 935-955.

[14] A. H. BoscHITscH, M. O. FENLEY, AND HUAN-XIANG ZHOU, Fast boundary element method
for the linear Potsson-Boltzmann equation, J. Phys. Chem., 106 (2002), pp. 2741-2754.

[15] W.R. BOWEN AND A.O. SHARIF, Adaptive finite element solution of the nonlinear Poisson-
Boltzmann equation: A charged spherical particle at various distances from a charge cylin-
drical pore in a charged planar surface, Journal of Colloid and Interface Science, 187 (1997),
pp. 363-374.

[16] T. E. CHEATHAM AND P. A. KOLLMAN, Molecular dynamics simulation of nucleic acid, Annu.
Rev. Phys. Chem., 51 (2000), pp. 435-471.

[17] W. D. CoRrNELL, P. CiepLAK, C. I. BAaYLy, I. R. GouLDp, K. M. MERZ JR, D. M. FERGUSON,
D. C. SPELLMEYER, T. Fox, J. W. CALDWELL, AND P. KOLLMAN, A second generation
force field for the simulation of proteins, nucleic acids, and organic molecules, J. Am.
Chem. Soc, 117 (1995), pp. 5179-5197.

[18] C.M. CorTIs AND R.A. FRIESNER, An automatic three-dimensional finite element mesh gener-
ation system for the Poisson-Boltzmann equation, J. Comput Chem., 18 (1997), pp. 1570~
1590.

[19] ———, Numerical solution of the Poisson-Boltzmann equation using tetrahedral finite element

2_smooth molec-




26

27]

(28]

[29]

[42]

[43]

[44]

CHANDRAJIT BAJAJ and SHUN-CHUAN ALBERT CHEN

methods, J. Comput Chem., 18 (1997), pp. 1591-1608.

T. DOLINSKY, J. NIELSEN, A. McCAMMON, AND N. BAKER, Pdb2pqr: an automated pipeline
for the setup of poissonboltzmann electrostatics calculations, Nucleic Acids Research, 32
(2004), pp. 665—667.

D. EISENBERG AND A. D. MCLACHLAN, Solvation energy in protein folding and binding, Nature
(London), 319 (1986), pp. 199-203.

M. K. GiLsoN, M. E. Davis, B. A. Luty, AND J.A. McCAMMON, Computation of electrostatic
forces on solvated molecules using the poisson-boltzmann equation, J. Phys. Chem., 97
(1993), pp. 3591-600.

R. B. HERMANN, Theory of hydrophobic bonding. ii. correlation of hydrocarbon solubility in
water with solvent cavity surface area, J. Phys. Chem., 76 (1972), pp. 2754-2759.

M. HoLsT, Multilevel Methods for the Poisson-Boltzmann Equation, ph.d. thesis, University of
Illinois at Urbana-Champaign, 1993.

M. HoLsT, N. BAKER, AND F. WANG, Adaptive multilevel finite element solution of the Poisson-
Boltzmann equation I: algorithm and examples, J. Comput Chem., 21 (2000), pp. 1319—
1342.

W. IM, D. BEGLOV, AND B. Roux, Continuum solvation model: computation of electrostatic
forces from numerical solutions to Poisson-Boltzmann equation, Computer Physics Com-
munications, 111 (1997), pp. 59-75.

S. S. Kuo, M. D. ALTMAN, J. P. BARDHAN, B. TIDOR, AND J. K. WHITE, Fast methods for sim-
ulation of biomolecule electrostatics, IEEE/ACM international conference on Computer-
aided design, (2002), pp. 466-473.

B. LEE AND F.M. RICHARDS, The interpretation of protein structures: estimation of static
accessibility, J. Mol. Biol., 55(3) (1971), pp. 379-400.

M. LeviTT, M. HIRSHBERG, R. SHARON, AND V. DAGGETT, Potential energy function and
parameters for simulations of the molecular dynamics of proteins and nucleic acids in
solution, Comp. Phys. Comm., 91 (1995), pp. 215-231.

. LIANG AND S. SUBRAMANIAM, Computation of molecular electrostatics with boundary element
methods, Biophysical Journal, 73 (1997), pp. 1830-1841.

. Z. Lu, X. CHENG, J. HUANG, AND J. A. McCAMMON, Order n algorithm for computation
of electrostatic interactions in biomolecular systems, Proc. Natl. Acad. Sci., 103 (2006),
pp- 19314-19319.

. Z. Lu, D. Q. ZHANG, AND J. A. McCAaMMON, Computation of electrostatic forces between
solvated molecules determined by the Poisson-Boltzmann equation using a boundary ele-
ment method, J Chemical Physics, 122(21) (2005), p. 214102.

. V. Morozov, T. KORTEMME, AND D. BAKER, Evaluation of models of electrostatic intera-
tions in proteins, J. Phys. Chem. B, 107 (2003), pp. 2075-2090.

. J. PERUN AND C. L. ProprsT, Computer-Aided Drug Design: Methods and Applications,
Informa Healthcare, 1989.

SAYYED-AHMAD, K. TUNCAY, AND P.J. ORTOLEVA, Efficient solution technique for solving
the Poisson-Boltzmann equation, J. Comput Chem., 25 (2004), pp. 1068-1074.

. SHARP, Incorporating solvent and ion screening into molecular dynamics using the finite-
difference poisson-boltzmann method, J. Comput Chem., 12 (1991), pp. 454-468.

. SHARP AND B HoNiq, Applications of the finite defference Poisson-Boltzman method to
proteins and nucleic acids, Structure and Methods: DNA Protein Complexes and Proteins,
2 (1990), pp. 211-214.

. A. SHARP AND B. HonNia, Calculating total electrostatic energies with the nonlinear poisson-
boltzmann equation, J. Phys. Chem., 94 (1990), pp. 7684-7692.

. SIMONSON AND A. T. BRUENGER, Solvation free energies estimated from macroscopic con-
tinuum theory: An accuracy assessment, J. Phys. Chem., 98 (1994), pp. 4683 — 4694.

Y. N. VOrOBJEV, J. A. GRANT, AND H. A. SCHERAGA, A combined iterative and boundary
element approach for solution of the nonlinear Poisson-Boltzmann equation, J. Am. Chem.
Soc, 114 (1992), pp. 3189-3196.

Y. N. VOROBJEV AND H. A. SCHERAGA, A fast adaptive multigrid boundary element method
for macromolecular electrostatic computations in a solvent, J. Comput Chem., 18 (1996),
pp. 569-583.

. WAGONER AND N. A. BAKER, Solvation forces on biomolecular structures: A comparison
of explicit solvent and poisson-boltzmann models, J. Comput Chem., 25 (2004), pp. 1623~
1629.

L. YinG, G. BIros, AND D. ZORIN, A kernel-independent adaptive fast multipole method in

two and three dimensions, Journal of Computational Physics, 196(2) (2004), pp. 591-626.

R.J. ZAUHAR AND R.S. MORGAN, A new method for computing the macromolecular electric

<~

w w

~ &~ > =3 »

>

)

(-



Fast Multipole Boundary Element Method for Poisson Boltzmann Electrostatics 27

potential, J. Mol. Biol., 186 (1985), pp. 815-820.

[45] YONGIJIE ZHANG, GUOLIANG XU, AND CHANDRAJIT BAJAJ, Quality meshing of implicit solvation
models of biomolecular structures, Computer Aided Geometric Design, 23 (2006), pp. 510
530.

[46] Y. ZHANG, G. XU, AND C. BAJAJ, Quality meshing of implicit solvation models of biomolecular
structures, Computer Aided Geometric Design, (2006), p. in press.

[47] W. ZHao, G. Xu, AND C. BAJAaJ, An algebraic spline model of molecular surfaces, Proceedings
of the ACM symposium on Solid and physical modeling, (2007), pp. 297-302.

[48] H. ZHOu, Boundary element solution of macromolecular electrostatics: interaction energy be-
tween two proteins, Biophys. J., 65 (1993), pp. 955-963.

Appendix A. The Jacobian of an Algebraic patch.
The details of the derivation of numerical quadrature technique using Algebraic
spline model are in the manuscript [47]. They derived the Jacobian of an A-patch as

J(Tj) = VEG — F? where

E = (%1)2+ (% )2+(?f£i’)2
Fo=(22)(4 B+ <b><§i§>+<%%><z—;§;>
G = (L) 4 (252)2 4+ (322)?

Appendix B. Distance-dependent dielectric model. Im et al. defined €(Z)
and A(Z) by a volume exclusion function [26].

(%) = er + (eg — 1) H(T; {Xx }),

and

@) = H(Z;{Xk}),

where the volume exclusion function is defined by the atomic centers {Xz};<,

(7 (5)) = [ Fe(17 - %4l),
k=1

and
0, r<ry—w
_ 3 _ 2
Hy(r)=+¢ & Q;;“” 4 3@ L’;jw) , Th—w <71 <71+ W,
1, r2>TE 4 w.

The gradient of ¢(&) and A(Z) is then derived from he derivative of this volume ex-
clusion function.

3 3
! o 2
Hi(r)= ~w? (r—rp+w)” + 302 (r—ri+w).
Appendix C. Parametrization of normal derivative of electrostatic po-
tential.
For a Gaussian quadrature point %, on the patch f‘j, the parametrization of
electrostatic potential can be derived using the equation (4.5). Its formulation is
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written as follows (C.1).

¢(gjnl) - bml((l A]m)d’(g 1) + )‘jmd)(r[}jl + n]l))
+bm?((1 jm)gb(ﬁ 2) + )‘]md)(UJQ + nj2))
+bm3( (1 Ajm)® (_) 3) + Aim@(Uj3 + 753)) ,
im] .
(L= Ajm)] " Ujl Bém ¢(Uj1)
m2(1 = Ajm) Uﬂ By ¢ (Vj2) (C.1)
_ | bma(1 = Ajm) o(Ujs) | _ | By ¢(Uj3)
bm1Ajm Uyl + 7ij1) B (U + i)
bm2Ajm Uﬂ + 7j2) Bi™| | o(Uj2 +1ij2)
bm3sAjm O(Vj3 + 1i53) B™ (Vi3 + 1ij3)

where 71, Uj2 and ¥;3 are the vertices of the patch ].:‘j and 7i;1, 72 and 7i;3 are their
unit normal vectors.

Then, the normal derivative of electrostatic potential in Equation (4.3) can be
computed using the parametric formulations (4.4) and (4.6), so that we can write it
in the following formulation (C.2).

= _ima T
C{m B(vj1)
Cs ?(j2)
o0, cym d(U)3)
V7 ) — 3 2
6ﬁ (y]’m) Oim ¢('Uj1 + njl) (C )
cim| (T2 +12)
oy | L0 +7ijs)

We include the parametric representation of electrostatic potential (C.1) and the
normal derivative of electrostatic potential (C.2) in the following matrix form C.3.

[ o(7") ] _ . B}
(i) zggﬂg
. 12
j B 0 0 B 0 01| ¢
O(Fjm) R :
; 0 B2 0 B 0 :
u _ (Ur1)
(g~ ™) : : : : : : #(Ur2)
a¢(7{1>1> 0 0 BLM o BLM P(Urs)
=Yy —_— N — —
a?p(?})?) ¢t 0o -~ 0 C™ 0 0 zggu 17211;
oy 22 : A22 12 7 112
: 0 C : 0 C 0 d(Ths + firs)
a¢('!l(77)n) . . . = .
a_‘]?:n L 0 O CLM O O CLM_ (b(le + nLl)
: &(Ure + 7ir2)
o (g-M) | A(ULs +7iLs) ]
67—1:(@/)
LM 4

o (C3)
where BI™ = (B{™, B}, BJ™), B™ = (BJ"™,B{™, B{™), ¢/™ = (0", C3™, C3™)

and CI™ = (O™, 0™, CI™).



