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Abstract

In this paper, we report a new development of image charge approximations of reaction fields for a
charge inside a dielectric spherical cavity immersed in an ionic solvent with arbitrary ionic strength.
This new development removes the requirement of low ionic strength of the solvent in a previous
result [S. Deng, W. Cai, Extending the fast multipole method for charges inside a dielectric sphere
inan ionic solvent: high-order image approximations for reaction fields, J. Comput. Phys. 227 (2007)
1246-1266], thus extending the applicability of the image charge approximations of reaction fields
in the modeling of bio-molecular solvation.
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1. Introduction

Image charge methods are important numerical approaches for calculating electrostatic
interactions among charges inside a dielectric cavity immersed in an aqueous solution. In
hybrid explicit/implicit solvent models [1] of biomolecular simulations, spherical cavities are
often used to enclose biomolecules of irregular shapes with a few layers of surrounding water
molecules. For a spherical cavity, the reaction field can be expressed by the well-known
Kirkwood series expansion [2,3] in terms of Legendre polynomials. However, image charge
methods can offer a more efficient calculation of the electrostatic interactions.

When no salt effects are present in the solvent, Friedman [4] developed a single image charge
approximation for the reaction field in the Poisson equation model, and later an improved
version was obtained by Abagyan and Totrov [5]. These image charge methods have been
widely applied in biomolecular simulations. Recently, a multiple image charge approximation
was proposed [6] to represent the reaction field for the pure water solvent and found to perform
about 20-30 times faster than the direct Kirkwood expansion. Moreover, this method can be
combined with the fast multipole method [7,8] in a straightforward manner so that the
electrostatic interactions among N charges inside the dielectric cavity can be calculated in an
O(N) complexity. For an ionic solvent, high-order accurate multiple image charge
approximations were also developed [9,10] for the reaction field provided that the ionic strength
is low so that u =Aa < 1, where A is the inverse Debye screening length and a is the spherical
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radius. In this paper, we shall present new image charge approximations for the reaction field
for solvents with arbitrary ionic strength such that no restriction on u will be imposed.

The paper is organized as follows. In Section 2, the Kirkwood series representation of the
reaction field in the Poisson—-Boltzmann theory is reviewed. In Section 3, we present new line
image approximations and multiple discrete image charge approximations. Numerical results
and analysis are given in Section 4, and a conclusion is drawn in Section 5.

2. Reaction field of a point charge

In the Poisson—-Boltzmann theory, the electrostatic potential @ inside a dielectric spherical
cavity embedded in a dissimilar dielectric continuum is given by the Poisson equation

V- (@VOI)= - > gidr - 1), reQ;
7 (1)

where Q; is the interior region of the spherical cavity centered at the origin with radius a, &; is
the interior dielectric constant, and ry is the position of the kth point charge with strength q.
In the exterior medium with salt effects, from the Debye—Hiickel theory, the potential is given
by the Poisson—Boltzmann equation after linearization

V2O(r) - d()=0, re€Q,, )

where Q¢ = R3\ Q;, and A is the inverse Debye screening length determined by the ionic strength
of the solvent and the exterior dielectric constant g,. On the surface of the cavity, two boundary
conditions for the continuities of the potentials and the fluxes along the normal direction hold,
ie.

- +
)=o), o o), I
on

for|r|=a,
on orr|=a -

where r~ and r* are, respectively, the inner and outer limits at position r, and n is the unit
outward vector normal to the surface of the cavity.

Due to the principle of linear superposition, we only need to consider the reaction field of one
point charge g located at r s=(rs, 0, 0) inside the sphere. The solution ®(r) inside and outside
the sphere for the Poisson—Boltzmann system can be written in the following form of the
classical Kirkwood series expansion [2,3] in a spherical coordinate system (r,o, 6) as

Zm c (L) +A,,r”] P,(cos 8), when0 < r<r,,

n=0 | 4yreirg\ ry
O(r)= « L(r_s)” 7 .
2”:0 e +A,r"| P,(cos 8), whenr, <r<a,
Z " Bukn(A)Py(cos 0), when r > a “

in which
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Dy (F)= ) A" Py(cos 0),
n=0 )

defines the potential of the reaction field inside the dielectric cavity. Here, P,(x) are the
Legendre polynomials, and ky(r) are the modified spherical Hankel functions [11] of order n
defined by

e N (n+k)! 1
kn(N=—7— ) ——— =,
2r k:Ok!(n -k @2k (6)

The expansion coefficients A, and B, are found from the boundary conditions in Eq. (3) to be

q le(n+1)k,,(u)+uk,’1(u)_ q lg(n+1)S,,(u)+l

:47T8,'a ry enk,(u) — uk;(u) T dnega ry enSy(u)—1 @)

n

p-_4 (r_s)” &(2n+1)
"“dngia\a ) enk,(u) — uk,(u)’ ®)
k()
where rg=,2/r, & = &ilg, and Snluw)= uk! (1)’

3. Image charge approximations for the reaction field

3.1. Previous image charge approximations

Although the Kirkwood expansion can be used [12], its convergence rate is slow, particularly
near the boundary of the spherical cavity. For a pure water solvent (the term Sp(u) in (7)
simplifies to —1/(n + 1)), some literature [4,5] approximated the reaction field due to a point
charge inside the sphere as the potential of an image charge, known as the Kelvin image charge
[13], at the conventional Kelvin image point

r,=(r,0,0) and re=a*/r,, )

plus a correction term. These treatments speed up the calculation and have been used in many
applications of molecular dynamics and Monte Carlo simulations (see [14-16] for examples).
However, approximation with only one image charge is inaccurate in many simulations. Based
on the remarkable results [17-20] which extended the Kelvin image for a conducting sphere
to the case of a dielectric one, the reaction field for the pure water solvent can be represented
exactly by a line image charge in addition to the Kelvin image charge. Recently, using the line
image results, a multiple discrete image charge approximation for the reaction field was
obtained [6].

To extend the multiple image approximation to ionic solvents, an asymptotic approach was

adopted. For an ionic solvent, the modified spherical Hankel function holds the following
asymptotic expansion intermsof u=2a<1
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(10)

and

(11)

We then have

_ k) 1 2
S”(u)_uk,',(u)_ n+l+0(u ) nz1,

_ ko) _ 1
SO(M)_uk(')(u)_ I+u* (12)

Applying these asymptotic expansions, a second-order line image charge approximation [9] to
the reaction field was obtained as

line
oo (x) .
9« % dx+ D +0(2),

D, (r)= +
U dneir -1 | o 4meilr —x| (13)

where x = (x, 0, 0), gk and ga'"(x) denote, respectively, the Kelvin image charge and a line
image charge extending from the Kelvin image point to infinity along the radial direction.
@™ is a position-independent constant correction potential which comes from the additional
term in (11) for the case of n = 0. The image charges are defined by

a NEARE
ine A
=qy—, (x): —(—) for r, <x
9x=9 . N qa " K (14)

and
oo (1 ) (1
B ; (15)
with
=t o= b=l - )

Here the subscript “A” is used to distinguish this method from the new image charge methods
to be presented later in this paper.

Higher-order accurate image charge approximations can be further obtained by expanding the
modified spherical Hankel functions to higher order with respect to u. For example, by using
the Kelvin image charge and two line image charges together with a position-independent and
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a position-dependent correction potentials, a fourth-order image charge approximation has
been developed in [10].

3.2. Image charge approximations for solvents of high ionic strength

It can be seen that the key in developing the above image charge methods is to approximate
the function S, (u) in (12) with some simple rational functions of n and u = Aa in the order of
O(u™) for a certain positive integer m. Therefore, the product of the inverse Debye screening
length A (which is proportional to the square root of the ionic concentration) and the sphere
radius a being small is the precondition for the success of the previous image charge
approximations for ionic solvents. However, in circumstances of high salt concentration or
large sphere radius or both, it is possible that the product Aa is greater or much greater than 1.

Nevertheless, when u is large, in fact we can expand asymptotically the function Sy, (u) in terms
of O(1/u™), instead. In particular, for a second-order expansion, we have

Sp(u)=—

O(L) forn >0,

n+l+u u? (16)

which is a better approximation than that given by (12) for large u because S,(u) tends to —1/
u as u tends to infinity. In addition, when u tends to zero, the approximation will still be
analytical; that is, the reaction field will reproduce the Born formula [6].

Order of Convergence—The order of convergence can be verified by a simple analysis.

On the one hand, when u tends to infinity, since k,(u)/k, (u)= — 1+0(1/u), we have S (u) = -1/
u+ O(1/u?), then,

Spar——=— "L o(L)oo(L).
n+1+u u(n+1+u) u? u a7

On the other hand, as u tends to zero, the approximation is in the order of convergence O(u),
because of S, (u) = —1/(n + 1) + O(u?)and

1 1 u

n+l n+]+u:(n+])(n+l+u):

O(u).

Plugging (16) into (7) leads to an approximation of the expansion coefficient A, as

1 0
n =~ 1 — |+ —— s
dngia ry n+o, (18)

where

Because og and ry are both positive real constants, a simple calculation yields the identity
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1 1

I1+(7'B foo =
K ® xll+(rB+1 ,,H_O.B (19)

With this identity, we can rewrite the approximation of the reaction field (5) as

oy |

D, (r) = 9va ii(ri)”P,,(cos 6))+fDo it ( al ) xi(%)”Pn(cos 6)dx.

) . )
Aneirg ry i\ry k dreia\ ry s (20)

Then, using the expansion of the reciprocal distance

1 1 sl n
:_2(1) P,(cosf), when 0 < r<ux,
|I‘ - X| xn:O *

(21)

we obtain the following line image approximation for the reaction field

line
! o (x)
N F O [S— o X,
4nei[r— 1| 7w 4meilr - x| (22)
where gk is defined in (14) and the line image charge is now as
. 6 x —(TB
line B
q (x):q—(—) forr, < x.

’ a\ry ¢ (23)

We remark that, when n = 0, because the approximation to Sy(u) exactly equals —1/(1 + u), no
correction term is required for the reaction field.

3.3. Line image charge approximation with one correction term

The accuracy of the line image approximation (22) can be improved by modifying the
asymptotical formula of Sy(u) for large u as

1 1
Sp(w)=—- ———+0 (—2) .
(n+1)+-%= u 24)

I+u

The second-order accuracy can be analyzed in the same way as u tends to infinity. Furthermore,
when u tends to zero, the approximation is at an order of O(u?); therefore this new image charge
approximation can cover the low ionic strength case as well [9]. In this case, the approximation
(24) is analytical for n = 1. And we need to add a position-independent correction term for n
= 0. Performing a similar deduction yields an approximation to the reaction field

9k f‘x’ qulle(x)

D, (r) ~
e (1) « 4me; |r — x|

dx+@Er

+
drei [ — x| (25)

with a line image charge
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. 6 X 7()'(_
1 -
qr"‘e(x)—q—a (_r ) forr, < x,

K (26)
where
0'(:%, 6.=y(1 —0})—%, &:ﬁ.
Here, the constant correction term is
o4& _y_, O)_ _d (-5
¢ drugia \1+u o.) 4msia\l+u 1+l ©7)

Remark 1—Higher order asymptotic approximation for S(u) can be derived through the
Mathematica software [21]. Actually by using the software, a higher-order approximation can
also be obtained as

2n — D(1+u)+(n — Du?

Sy(u) ~ T 2n = D D 4u) 2+ — i3 (28)

which is O(u3) when u tends to 0 and O(1/u?) when u tends to infinity. The approximation is
analytical when n = 1 and 2. Consequently, the reaction field can be represented by a point
charge and two line charges together with a position-independent correction term; see [10] for
the treatment of multiple line image charges.

3.4. Discrete image charge approximations

To obtain multiple discrete image charge approximations to the reaction field, each line image
charge introduced in (13), (22), or (25) is approximated with a set of discrete point image
charges through Gauss integration quadratures, i.e.

i M
o G2(X) I
[ ey
k 4mei |r — x| o drg; |r - X (29)

where xX=(xX,0,0)and form=1,2, ..., M,

X _ 6X "VmX,),f xX_r( 2 )1/(rX
m_20—X a ([, m~— K\ 1-s,,

and sm, Wy, m=1, 2, ..., M, are Jacobi-Gauss quadrature points and weights on the interval
[-1, 1] (see [10] for details). Here, the label X represents “A”, “B”, or “C”. We remark that
the main objective to formulate discrete image charge approximations is to apply the well-
known fast multipole methods [7,8] which are of O(N) complexity in calculating the
electrostatic interactions among N charges.
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4. Numerical results

A test example is implemented by taking a = 1 and increasing the salt concentration related
parameter L. The dielectric constants chosen are €j = 2 and ¢, = 80, respectively. In all the
numerical tests, the results obtained by the direct series expansion with 800 terms are taken to
be the exact solutions, and we calculate the maximum relative error of image charge
approximations at 10,000 observation points uniformly distributed inside the sphere. We
compare the new image charge methods with the original second-order image charge method
(Approach A) with a position-independent correction term in (13) [9]. Approaches B and C
represent the new methods without correction term (Eg. (22)) and with one position-
independent correction term (Eqg. (25)), respectively.

4.1. Accuracy of new line image approximations

We first test the accuracy of the line image approximations versus the source location. For this
purpose, we take M = 20 quadrature points for the line image integrals, and four different
inverse Debye screening lengths A = 0.5, 1, 5 and 50. We remark that usually 2—4 quadrature
points can keep the approximation to the line image integral within a very small error [6], and
thus 20 discrete images can be regarded as an exact calculation of the line image. The errors
of the three approaches are shown in Fig. 1. It is seen that at low ionic concentrations (A = 0.5
and 1), the second-order approaches A and C have less errors than the first-order approach B.
Approaches A and C have almost the same performance. The errors increase gradually when
the source location rg tends to 1. However, the overall errors of Approach C are less than 0.1%,
and in contrast, the original method (Approach A) has some errors greater than 0.1% with rg
close to 1 for A = 1. With the increase of A, the merit of the new method is clearer. At A =5,
the largest error of the original method is bigger than 1% while those of Approaches B and C
are 0.73% and 0.56%, respectively. In particular, when A is very large (A = 50), the advantage
of the new method is much more clear. Approaches B and C have almost the same behavior
when ris close to 1, and their largest errors are both less than 0.4%. In comparison, Approach
A has the largest error over 3% which is unacceptably large in many practical simulations.

4.2. Accuracy of new discrete multiple image approximations

To investigate the accuracy of discrete multiple image approximations in relation to the inverse
Debye screening length A, we use two different charge locations rg = 0.5 and rg = 0.95. For
each value of u = Aa, we take M = 2 and 20 quadrature points (corresponding to 2 and 20 image
charges), respectively. A comparison of accuracy with the increase of u is made in Fig. 2. As
predicted from analysis, we can see that the new image methods perform well for large u; an
almost second-order of convergence is confirmed numerically. On the other hand, although
using 20 discrete image charges can achieve better accuracy, the errors with only two image
charges are already small. The results agree with those of Table 2 in Ref. [9], indicating that
only several image charges are needed to achieve high accuracy in the reaction field with the
multiple image charge approximations. More importantly, the original method does not
converge with the increase of u. It has an error over 1% for both rg= 0.5 and 0.95 for a relatively
large u, and for rg = 0.95 the errors are even over 3% when u reaches 20. Thus, the original
method will produce inaccurate results for solvents with high salt effects. Moreover, the new
methods work as well for u < 1. In particular, Approach C with one correction term has smaller
errors than Approach A does, and they are both second-order accurate with respect to u for
M = 20. Though it should be noted that for M = 2 the accuracy for both the original method
(Approach A) and the new method (Approach C) does not decrease further as u tends to zero.
This is due to the fact that the discretization error of the line image integral by M = 2 quadrature
points becomes the dominating error while the asymptotic error O(u2) becomes negligible. Still
the overall errors for the reaction fields are less than 0.1%.
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As expected, the new methods should have their worst performance for u = 1. Still, they are
superior to the original one, as seen in Fig. 2. An error less than 0.8% for rg = 0.95 is usually
acceptable in applications for both Approaches B and C with M = 2. Even when rg reaches
0.99, additional tests show that the error is less than 1% for both cases. Moreover, we can
always obtain better approximation by adjusting the size of the sphere in the hybrid explicit/
implicit solvent bio-molecular simulations to avoid the situation of u ~ 1, of course at the
expense of a larger simulation system inside the sphere when the size of the sphere is increased.

5. Conclusions

In this paper, high-order accurate multiple discrete image charge approximations have been
extended to calculate the reaction field inside a dielectric spherical cavity immersed in a
continuum solvent of arbitrary ionic strength. These approximations can be used for rapid and
accurate electrostatic computations of large molecules in solvent with high salt effects.
Numerical results confirm the validity and improved performance of the new image charge
approximations for the whole range of ionic strength of the solvent.

Acknowledgments

The authors would like to thank the support by the National Institutes of Health (Grant number: 1 R01 GM083600-02)
for the work reported in this paper. Z. Xu is also partially supported by the Charlotte Research Institute through a
Duke Postdoctoral Fellowship.

References

1. Okur, A.; Simmerling, C. Hybrid explicit/implicit solvation methods. In: Spellmeyer, D., editor. Annu.
Rep. Comput. Chem. Vol. vol. 2. 2006.

2. Kirkwood JG. Theory of solutions of molecules containing widely separated charges with special
applications to awitterions. J. Chem. Phys 1934;2:351-361.

3. Tanford C, Kirkwood JG. Theory of protein titration curves. I. General equations for impenetrable
spheres. J. Am. Chem. Soc 1957;79:5333-5339.

4. Friedman HL. Image approximation to the reaction field. Mol. Phys 1975;29:1533-1543.

5. Abagyan R, Totrov M. Biased probability Monte Carlo conformational searches and electrostatic
calculations for peptides and proteins. J. Mol. Biol 1994;235:983-1002. [PubMed: 8289329]

6. Cai W, Deng S, Jacobs D. Extending the fast multipole method to charges inside or outside a dielectric
sphere. J. Comput. Phys 2007;223:846-864.

7. Greengard L, Rokhlin V. A fast algorithm for particle simulations. J. Comput. Phys 1987;73:325-348.

8. Cheng H, Greengard L, Roklin V. A fast adaptive multipole algorithm in three dimensions. J. Compult.
Phys 1999;155:468-498.

9. Deng S, Cai W. Discrete image approximations of ionic solvent induced reaction field to charges.
Commun. Comput. Phys 2007;2:1007-1026.

10. Deng S, Cai W. Extending the fast multipole method for charges inside a dielectric sphere in an ionic
solvent: high-order image approximations for reaction fields. J. Comput. Phys 2007;227:1246-1266.
[PubMed: 18235844]

11. Abramowitz, M.; Stegun, IA. Handbook of Mathematical Functions with Formulas. New York:
Graphs, and Mathematical Tables, Dover; 1964.

12. Tironi IG, Sperb R, Smith PE, van Gunsteren WF. Generalized reaction field method for molecular
dynamics simulations. J. Chem. Phys 1995;102:5451-5459.

13. Morse, PM.; Feshbach, H. Methods of Theoretical Physics. New York: McGraw-Hill; 1953.

14. Wang L, Hermans J. Reaction field molecular dynamics simulation with Friedman's image method.
J. Phys. Chem 1995;99:12001-12007.

15. Petraglio G. Nonperiodic boundary conditions for solvated systems. J. Chem. Phys 2005;123:044103.
[PubMed: 16095342]

J Comput Phys. Author manuscript; available in PMC 2009 August 3.



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

1duasnuey Joyiny vd-HIN

Xu et al.

16.

17.

18.

19.
20.
21.

Page 10

Havranek JJ, Harbury PB. Tanford-Kirkwood electrostatics for protein modeling. Proc. Natl. Acad.
Sci. USA 1999;96:11145-11150. [PubMed: 10500144]

Neumann, C. Hydrodynamische untersuchen nebst einem anhang uber die probleme der elecktrostatik
und der magnetischen induktion. Leipzig: Teubner; 1883. p. 279-282.

Finkelstein AV. Electrostatic interactions of charged groups in an aqueous medium and their effect
on the formation of polypeptide chain secondary structure. Mol. Biol 1977:627-634.

Lindell IV. Electrostatic image theory for the dielectric sphere. Radio Sci 1992;27:1-8.
Norris WT. Charge images in a dielectric sphere. IEE Proc. Sci. Meas. Technol 1995;142:142-150.
Wolfram S. Mathematica Version 50. Wolfram Research, Inc. 2003

J Comput Phys. Author manuscript; available in PMC 2009 August 3.



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

1duosnuely Joyiny vd-HIN

Xu et al.

Error

Error

10"

T

10°

107

LRI |

10

LR
Error

10°

10°

LR

107

LR

10°®

-
=
o
LRI

10°

10

Error

10°

LR

10°

107

LR |

1 0’5 1 T B S 1 | 1 1 1 | 1 TR I S B

o
o
N
I
'S
o
o
o
o)
N

Fig. 1.

Page 11

10"

10°

10°

10"

10°

10°

107

108 L~

o

10°

10

10°

10°

107

10°®

Accuracy comparison for the methods vs. the source location rs. A, B and C, respectively,
represent the original method, the new method without correction term and the new method

with one constant correction term.

J Comput Phys. Author manuscript; available in PMC 2009 August 3.




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

1duosnuely Joyiny vd-HIN

Xu et al.

Error

Error

-5
10
r —8— =05, M=2
. —&—— ;=05 M=20
107 —6— r,=0.95M=2
E ——+—— r,=0.95M=20
7 TR | | | I N
% 0.2 0.4 0.6 038
107 g
F(B1)
10°
10°
10°
— 5 =05 M=2
. ——A— =05, M=20
10°F —6— r,=0.95M=2
F —+— r,=0.95,M =20
7 TR | | | I R N
10 0.2 0.4 0.6 038
107

10°

—8— r,=05, M=2
—A— r,=05M=20
—6— r,=095M=2
——+—— r,=0.95,M=20

Fig. 2.
Accuracy comparison for the methods vs. u = 1a where a is fixed to be 1. A, B and C,
respectively, represent the original method, the new method without correction term and the
new method with one constant correction term. Left: u € [0, 1]; right: u ¢ [0, 100].

Error

10"

10

Page 12

—&— r,=05, M=2
——A—— =05, M=20
—o— r,=095M=2
———— r,=0.95M=20
4 TN TN TN [N T TN TN ST TN TN [N T TN T N T 1
0 20 40 60 80 100
u
- (B2) —&— r,=05, M=2
F ——A— =05, M=20
r —6— r,=095M=2
———— r,=0.95M=20

T T T T

0 20 40 60 80 100
u

(c2)

eooo
===
wononon
NNNN
o

=)

0 20 40 60 80 100
u

J Comput Phys. Author manuscript; available in PMC 2009 August 3.



