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ABSTRACT

In this paper we present a surface formulation and curved
panel integration method for computing the van der Waals
interaction energy between a molecular solute and aqueous
solvent. This modeling problem arises in computational drug
design, where one wishes to understand the energetic trade-
off between a trial drug’s interactions with solvent and its
interactions with the target. We use the divergence theorem
to convert a volume integral to an integral over the solute–
solvent boundary. Validation of the surface formulation re-
veals strong dependence on the accuracy of the boundary
representation; to improve the surface discretization qual-
ity, we define a type of curved panel called a generalized
spherical triangle. A straightforward extension of an earlier
curved panel integration method allows us to integrate func-
tions over the curved surfaces. Numerical results demon-
strate the accuracy of the improved surface representation
and the integration technique.

1 INTRODUCTION

A key step in computational drug design is the calcula-
tion of binding free energies between drug candidates and
their target; candidates with the most favorable binding free
energies are selected and subjected to more computationally
demanding processes of optimization and testing. The bind-
ing free energy calculation can be decomposed into desolva-
tion, interaction, and solvation terms, and the solvation term
can be further decomposed into electrostatic and nonpolar
components. The nonpolar component is the sum of an unfa-
vorable cavity formation term and a favorable van der Waals
(vdW) interaction energy, and finding an efficient approach
to computing the vdW interaction energy is the subject of this
paper.

Levy et al. [1] introduced a continuum model for calcu-
lating the solute–solvent van der Waals interaction energyin
the nonpolar term of the solute solvation energy. The vdW
interactions with solvent can be computed as a sum of in-
tegrals over the semi-infinite exterior solvent region, where
each integral models the vdW energy due to one atom in a
solute molecule. The Levyet al. approach to evaluating the
integrals over the solvent region is numerically challenging
because the boundary of the integration is a complicated do-
main with sharp corners.

In this work we present a surface integral-based method
for computing the vdW interaction energy. Since the accu-
racy of the surface method is strongly dependent on the accu-
racy of the surface representation, we compute the integrals
by discretizing the boundary into small curved panels and de-
velop formulas for efficiently evaluating integrals of curved
panels. As will be shown below, the use of curved panels
results in energy calculations that are substantially moreac-
curate than using the flat-panel discretizations that are popu-
lar in many boundary element method simulations. To make
the curved panel integral calculation efficient, we exploitthe
union of spheres property of the solute–solvent interface and
introduce generalized spherical triangles (GSTs) as an effi-
cient, accurate way to represent the interface. To compute
integrals over GSTs, we have extended a recently developed
curved panel integration technique [2].

Section 2 of this paper briefly introduces the continuum
van der Waals model and the definition of the solute–solvent
interface. Section 3 presents the surface formulation of the
continuum van der Waals model and motivates the use of
curved panel surface discretizations. In Section 4, we intro-
duce generalized spherical triangles (GSTs) as an improved
way to discretize the surfaces of interest and present an ap-
proach to integrating functions on GSTs. Section 5 illustrates
the accuracy of the new surface representation; Section 6
summarizes the paper.

2 SURFACE FORMULATION

2.1 Continuum van der Waals Model

Levy et al. express the solute–solvent van der Waals
interaction energy as a volume integral over the solvent [1],

UvdW =
n

∑
i=1

(

Z

solvent
ρwu(i)

vdW (|r′− ri|)dr′
)

, (1)

wheren is the number of solute atoms,ρw is the bulk number

density of water, andu(i)
vdW (r) is the van der Waals potential

due to atomi at a distancer from the solute’sith atomic center
ri. The van der Waals potential fields are modeled using the
Lennard-Jones 6/12 functional form [3]:

u(i)
vdW (r) =

A(i)

r12 −
B(i)

r6 . (2)
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Here,A(i) andB(i) are parameters dependent on atomi’s type.
The boundary between the molecular interior and the solvent
volume is defined by the solvent-accessible surface [4].

2.2 Definition of the Molecule-Solvent
Interface

Figure 1 is an illustration of the Lee and Richards [4] def-
inition of the solvent-accessible surface as the boundary of a
union of spheres. Each sphere corresponds to one atom in
the solute molecule, and each sphere radius is equal to the
corresponding atom’s van der Waals radius plus the radius of
a spherical probe molecule. The resulting surface then de-
fines how closely the probe center can approach the solute
atoms. This surface definition is chosen because the van der
Waals potential is defined as a function of the distance be-
tween atom centers.

It is difficult to accurately evaluate the integral in (1) de-
fined by the solvent-accessible surface. The volume is too
irregular to use high order volume quadrature, and low-order
methods require an enormous number of integrand evalua-
tions due to the rapid variation of the vdW potential.

Union of vdW radius spheres

Union of (vdW + probe) radius spheres

Figure 1: Definition of the solvent-accessible surface.

3 SURFACE FORMULATION

The divergence theorem can be applied to show that

Z

V

A
r12 −

B
r6 dV =

Z

S

∂
∂n

(

A
90r10 −

B
12r4

)

dS. (3)

We validated the surface formulation in (3) by numerically
calculating the van der Waals surface integrals using flat pan-
els for several systems and comparing the results to either
analytic answers or converged results from numerical vol-
ume integration. Figure 2 is a plot of the convergence with
flat panel refinement of a spherical test case to the analytic

answer. Note that convergence is linear with the number of
panels used, and that almost one million panels are required
for five digits of accuracy.

Figure 2: Linear convergence is observed for flat-panel dis-
cretizations of the accessible surface.

3.1 Curved Panel Surface Integrals

The above slow convergence with panel refinement mo-
tivated the introduction of curved panel surface representa-
tions. Since the solvent-accessible surface is defined by a
union of spheres, we first attempted to discretize the sur-
face using spherical triangles and then use the mapping tech-
nique in [2] to evaluate the curved panel integrals. When
the above method is used for spherical test cases, the method
converges superlinearly with panel refinement and achieves
excellent accuracy for coarse discretizations. In all other
test cases, however, the method exhibited only linear con-
vergence. As explained in the next section, spherical triangle
discretizations do not accurately resolve the boundaries be-
tween spheres.

Wanget al. [2] presented a technique to calculate
R

G(r;r′)dr′

over a curved panel, wherer is an evaluation point andG(r;r′)
is a Green’s function. First, a coordinate transformation is
found that maps a carefully-sized flat polygonF to the curved
domainC. The integral is then computed as

Z

C
GC(r;r′)dr′ =

Z

F
GF(r;r′)

(

GC(r;rC)

GF(r;r′)
|J(r′)|

)

dr′, (4)

whererC is the image ofr′ under the transformation, andJ
is the transformation Jacobian. If the flat polygon is chosen
carefully, the expression in parentheses is smooth and can be
fit with a low order polynomial. Then (4) becomes

Z

C
GC(r;r′)dr′ ≈∑

i, j
αi, j

Z

F
xiy jGF(r;r′)dr′, (5)

where theαi, j ’s are the polynomial coefficients. The inte-
grals involving monomials and the Green’s function can be
found using numerical quadrature or analytic methods [5,6].
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4 GENERALIZED SPHERICAL
TRIANGLES

4.1 Definition

A standard spherical triangle is a three-sided region of
a sphere’s surface whose edges are formed by three major
arcs, each of which passes through two of three vertices. For
a generalized spherical triangle (GST), the edges are formed
from three arcs which can be arbitrary circular arcs. Figure3
is an illustration of a diatomic molecule; the intersectionbe-
tween the spheres is a circle whose center lies on the axis
between the sphere centers. In the figure is a GST with one
edge on this circle of intersection. Note that if the same three
vertices were used to define a spherical triangle, part of the
resulting region would extend beyond the circle of intersec-
tion and lie within the molecular interior rather than on the
surface. For this reason, GSTs are needed to accurately rep-
resent the intersections between spheres.

Sphere
Major arc edges

Circle of intersection

Edge is not a major arc

Major arc is not 

on surface

Figure 3: Generalized Spherical Triangle definition.

4.2 Modifying Curved Panel Integration

The spherical triangle panel, under perspective projection
from the sphere center, becomes a planar triangle. The gen-
eralized spherical triangle under the same transformationhas
the same vertices, but the non-major arcs are conic curves in-
stead of straight lines. Figure 4 illustrates the flat domainΓ1

that maps to a GST with one non-major arc, the flat domain
Γ2 that maps to the standard spherical triangle with the same
vertices, and the differenceΓ3 between the two domains. We
can compute the required polynomial integrals by
Z

Γ1

xiy jG(r;r′)dr′ =
Z

Γ2

xiy jG(r;r′)dr′−
Z

Γ3

xiy jG(r;r′)dr′.

(6)
This is substantially simpler than finding a coordinate trans-
formation that maps directly from a straight edged triangleto

Γ
1 Γ

3
Γ

2

Figure 4: GST integration is accomplished by decomposing
the integral into multiple domains.

an arbitrary GST. To find the curved section of the boundary
of Γ3, we first apply the inverse coordinate transformation to
several points on the non-major arc. A least squares fit then
determines the coefficients of the conic curve

ax2 +2bxy + cy2+ dx + ey + f = 0. (7)

Once these coefficients are specified, the polynomial inte-
grals overΓ3 can be computed in polar coordinates using
numerical quadrature.

5 NUMERICAL RESULTS

For numerical examples, we used the MSMS [7] program
to generate flat-panel surface discretizations; postprocessing
scripts based on Connolly’s work [8] then transformed the
flat-panel discretizations into GST discretizations.

5.1 Spherical cap

We first computed the surface area of a spherical cap,
where the elevation angleφ for the cap varies from 0 to 3π/4.
We used flat panels, spherical triangles, and generalized spher-
ical triangles to discretize the surface, and compared the cal-
culated areas to the analytic answer. Figure 5 is a plot of
the results; observe that the GST integrals converge superlin-
early with panel count.
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Figure 5: Convergence of the surface area calculation for a
spherical cap.
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5.2 Propanoic Acid

Figure 6 is a plot of the convergence of the continuum van
der Waals surface integral for propanoic acid. When answers
are compared to volume-based van der Waals integrals, panel
counts as low as 932 suffice to give better than five digits of
agreement.
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Figure 6: Convergence of the continuum van der Waals inte-
gral for propanoic acid.

6 SUMMARY

In this paper we have introduced a surface formulation
for the continuum van der Waals model of the interactions
between a molecule and solvent. Numerical implementation
requires an accurate representation of the molecule–solvent
interface, and the generalized spherical triangles (GSTs)in-
troduced in this work are significantly more accurate than
flat panels or spherical triangle panels. Our numerical results
demonstrate superlinear convergence with discretizationre-
finement, and surprisingly coarse discretizations suffice to
achieve good agreement with volume integration methods.
Current work focuses on applying the continuum van der
Waals model to structure-based design of therapeutic molecules.
In the future, the GST integration technique may be extended
for surface generalized Born calculations [9] or BEM simu-
lations of molecular electrostatics [10,11].

7 ACKNOWLEDGMENTS

This work was partially funded by grants from the Na-
tional Institutes of Health (GM065418 and GM6896650), the
Singapore-MIT Alliance, and a grant from the National Sci-
ence Foundation. S. Lippow is supported by a National Sci-
ence Foundation Graduate Fellowship. J. Bardhan is sup-
ported by a Department of Energy Computational Science
Graduate Fellowship. The authors are grateful to D. J. Willis
for useful discussions about curved panel integration.

REFERENCES

[1] R. M. Levy, L. Y. Zhang, E. Gallicchio, and A. K. Felts.
On the nonpolar hydration free energy of proteins: Sur-
face area and continuum solvent models for the solute-
solvent interaction energy.Journal of the American
Chemical Society, 125:9523–9530, 2003.

[2] X. Wang, J. White, and J. Newman. Robust algo-
rithms for boundary-element integrals on curved sur-
faces. InModeling and Simulation of Microsystems
(MSM), 2000.

[3] T. Schlick. Molecular Modeling and Simulation.
Springer-Verlag, 2002.

[4] B. Lee and F. M. Richards.Journal of Molecular Biol-
ogy, 55:379–400, 1971.

[5] J. L. Hess and A. M. O. Smith. Calculation of non-
lifting potential flow about arbitrary three-dimensional
bodies.J. Ship. Res., 8(2):22–44, 1962.

[6] J. N. Newman. Distribution of sources and normal
dipoles over a quadrilateral panel.J. Eng. Math,
20:113–126, 1986.

[7] M. Sanner, A. J. Olson, and J. C. Spehner. Reduced sur-
face: An efficient way to compute molecular surfaces.
Biopolymers, 38:305–320, 1996.

[8] M. L. Connolly. Analytical molecular surface calcula-
tion. Journal of Applied Crystallography, 16:548–558,
1983.

[9] L. Y. Zhang, E. Gallicchio, R. A. Friesner, and R. M.
Levy. Solvent models for protein-ligand binding: Com-
parison of implicit solvent Poisson and surface gener-
alized Born models with explicit solvent simulations.
Journal of Computational Chemistry, 22(6):591–607,
2001.

[10] B. J. Yoon and A. M. Lenhoff. A boundary ele-
ment method for molecular electrostatics with elec-
trolyte effects. Journal of Computational Chemistry,
11(9):1080–1086, 1990.

[11] S. S. Kuo, M. D. Altman, J. P. Bardhan, B. Tidor,
and J. K. White. Fast methods for simulation of
biomolecule electrostatics.International Conference
on Computer Aided Design (ICCAD), 2002.

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-0-6  Vol. 1, 2005 515


	Book1.1.pdf
	1132.pdf
	1132.pdf
	[13]  Lisa A. DeLouise, Peng Meng Kou, and Benjamin L. Mille



	Book1.2.pdf
	1064.pdf
	1064.pdf
	ABSTRACT
	2    TRIBOMECHANICAL ACTIVATION OF SOLIDS
	3     INDUCTION OF PROGRAMMED CELL DEATH-APOPTOSIS
	4    ANIMAL DATA
	5    HUMAN DATA

	CONCLUSION
	REFERENCES



	1124.pdf
	ABSTRACT
	To examine the roles of the adjuvant in antigen delivery, de
	INTRODUCTION
	EXPERIMENTAL
	RESULTS
	Phagocytosis of tomatine-antigen complexes by the DCs

	REFERENCES


	Book1.4.pdf
	825.pdf
	825.pdf
	 
	 
	ABSTRACT 
	The bioaccumulation of a large variety of inorganic trace elements in Bacillus subtilis was studied using an inductively coupled plasma mass spectrometer and compared to other related and unrelated species. Bacillus subtilis is a safe substitute for anthrax. Unique and reproducible chemical fingerprint for each species of organisms were determined. Additionally, it was found that these chemical signatures were very susceptible to laboratory and procedural effects, suggesting that this approach could be useful also as a forensic tool. In addition, quantitative analysis on these signatures have been performed to mathematically relate the chemical fingerprints of B. subtilis to the number of cells or spores present in an analyzed sample.  
	INTRODUCTION 
	METHODS 
	RESULTS 
	REFERENCE 




	828.pdf
	Elastic Properties of Aspergillus nidulans Studied with Atomic Force Microscopy 
	* Department of Chemical and Biochemical Engineering, UMBC, lzhao@umbc.edu 
	*** Department of Biological Science, UMBC, Baltimore, MD 21250 
	**** Department of Chemistry and Biochemistry, University of Maryland Baltimore County (UMBC), Baltimore, Maryland 21250 
	ABSTRACT 


	877.pdf
	ABSTRACT
	1.   INTRODUCTION
	3.  RESULTS
	REFERENCES


	175.pdf
	Nanofabrication of Bioselective Materials Using Diverse Nano


	Book1.5.1.pdf
	292.pdf
	292.pdf
	Nanotechnology  Based on Spatially Fixed DNA (RNA) Molecules
	ABSTRACT
	ON THE PRACTICAL APPLICATION OF NANOCONSTRUCTIONS
	The NaCs created by us are of interest for various areas of 





	557.pdf
	Testing

	307.pdf
	References

	743.pdf
	ABSTRACT
	1   INTRODUCTION
	MATERIALS AND METHODS
	REFERENCES



	Book1.7.pdf
	1158.pdf
	1158.pdf
	Testing the response to NO
	Results and discussion


	1169.pdf
	1. INTRODUCTION
	2. RESULTS


	Book1.8.pdf
	407.pdf
	Name
	Label
	Sequence

	569.pdf
	Controlling Colorimetric Reversibility of Polydiacetylene Su
	Ji-Seok Lee*, Joo Seop Lee*, Hyun Wook Park*, Cheol Hee Lee*
	Dong June Ahn**, and Jong-Man Kim*
	*Department of Chemical Engineering Hanyang University, Seou
	**Department of Chemical and Biological Engineering, Korea U
	dja@korea.ac.kr
	ABSTRACT
	We have investigated colorimetric reversibility of polydiace
	Keywords: biosensor, polydiacetylene, reversibility, supramo
	INTRODUCTION
	The development of efficient chemosensors based on conjugate
	Among the conjugated polymers reported to date, polydiacetyl
	Scheme 1 : Schematic representation of polymerization of ass
	The advantage of the nanostructured polydiacetylenes as sens
	The polydiacetylene-based chemosensors reported to date, however, function via irreversible fashion. Accordingly, once the blue-phase shifts to the red-phase upon a given external
	Figure 1 : Structures of diacetylene lipids investigated for
	EXPERIMENTAL SECTION
	Preparation of Diacetylene Lipid Monomers
	The diacetylenic lipid monomers investigated in this study w
	Figure 2 : Structures of diacetylene derivatives used for th
	Preparation of Polydiacetylene Supramolecules.
	The polydiacetylene vesicles employed in this investigation 
	Thermochromism of Polydiacetylene Vesicles.
	In order to investigate colorimetric reversibility of the po
	The polymer vesicle solution prepared with PCDA-mCPE 2, an e
	Next phase of current investigation focused on the effect of
	In order to gain more information on the role of the phenyl 
	The effect of hydrophobic carbon chain lengths on the revers
	We next investigated the effect of the terminal carboxylic g
	Final phase of colorimetric reversibility with polymer vesic
	RESULTS AND DISCUSSION
	Several aspects of the results described above warrant detai
	The observations made with polymer vesicles prepared with PC
	Another important factor for the reversible thermochromism i
	Investigation of the effect of the hydrophobic chain length 
	Terminal carboxylic acid is recommended for two major aspect
	CONCLUSION
	The observations made during our effort for the understanding of the structural effects of reversible polydiacetylene sensors have led to a conclusion. It seems most probable that
	The lipid monomers which afford polydiacetylene supramolecul
	REFERENCES
	D. tyler McQuade, Anthony E. Pullen and Timothy M. Swager, C
	Jelinek Raz, Kolusheva Sofiya, Biotechnology Advances, 19, 1
	A. Singh, R. B. Thompson and J. Schnur, J. Am. Chem. Soc. 12
	Yang Yi, Lu Yunfeng, Lu Mengcheng, Huang Jinman, Haddad Raid
	Lee Dong-Chan, Sahoo K. Sangrama, Cholli L. Ashok and Sandma
	U. Jonas, K, Shah, S. Norvez and D. H. Charych, J. Am. Chem.
	Ahn Dong June, Chae Eun-Hyuk, Lee Gil Sun, Shim Hee-Yong, Ch

	714.pdf
	V. Martins*, L.P. Fonseca*, H.A. Ferreira**, D.L. Graham**, 
	INTRODUCTION
	EXPERIMENTALS
	Chemicals
	Spin Valve Sensors and Chip Design
	Experimental Set-up
	Surface Functionalization
	Antibody Surface Functionalization
	DNA Surface Functionalization
	Magnetic Particles Functionalization
	Labeling and Setup Measurements

	RESULTS AND DISCUSSION
	CONCLUSIONS

	172.pdf
	A
	ABSTRACT
	INTRODUCTION
	CELLULAR COMMUNICATION
	PETRI NET METHODOLOGY
	A Petri Net Model of Cellular Communication
	A Detailed Petri Net Model of Cellular Communication

	CONCLUSION
	
	
	REFERENCES




	737.pdf
	Figure 1: Hybrid Computational Approach


	Book1.10.pdf
	1137.pdf
	1137.pdf
	ABSTRACT
	AKNOWLEDGEMENT
	REFERENCE


	1138.pdf
	Department of Mechanical and Aerospace Engineering


	Book1.11.pdf
	417.pdf
	417.pdf
	1  SEARCHING FOR OPTIMAL MIXERS
	2  NUMERICAL METHOD
	ACKNOWLEDGMENTS
	REFERENCES


	198.pdf
	Antimicrobial Fabrics Coated with Nano-Sized Silver Salt Cry
	CTT Group, 3000 Boullé, Saint-Hyacinthe,Canada, J2S 1H9,
	dtessier@groupecttgroup.com
	E. coli
	S. Aureus
	Fabric
	Not treated
	Not treated


	REFERENCES



	Book1.12.pdf
	680.pdf
	680.pdf
	Ana Morfesis* and David Fairhurst**
	*Malvern Instruments USA Inc., Southborough, MA, 01772 ana.morfesis@malvernusa.com
	1INTRODUCTION
	1.1Solar Radiation and Sunscreens
	3OPTICAL PROPERTIES


	3.3Formulation parameters
	
	
	
	4CONCLUSIONS










