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Abstract

Fast and accurate calculation of solvation free energies is central to many appli-
cations, such as rational drug design. In this study[1], we present a grid-based
molecular surface implementation of an “R6” flavor of the generalized Born (GB)
implicit solvent model, named GBNSR6. The speed, accuracy relative to numer-
ical Poisson-Boltzmann treatment, and sensitivity to grid surface parameters are
tested on a set of 15 small protein-ligand complexes, and a set of biomolecules
in the range of 268 to 25099 atoms. Our results demonstrate that the proposed
model provides a relatively successful compromise between the speed and ac-
curacy of computing polar components of the solvation free energies (∆Gpol) ,
and binding free energies (∆∆Gpol). The model tolerates a relatively coarse grid
size h = 0.5 Å , where the grid artifact error in computing ∆∆Gpol remains in
the range of kBT ∼ 0.6 kcal/mol. The estimated ∆∆Gpol are well correlated
(r2=0.97) with the numerical Poisson-Boltzmann reference, while showing vir-
tually no systematic bias and RMSE=1.43 kcal/mol. The grid-based GBNSR6
model is available in Amber (AmberTools) package of molecular simulation pro-
grams. Furthermore, GBNSR6 has been implemented into MM_PBSA module
and Free Energy Workflow (FEW) tool of Amber.

Introduction
Solvation Free Energy. To understand fully the vast majority of chemical and
biomedical processes, a close examination of the underlying free energy behavior is
often necessary. To estimate the total solvation free energy of a molecule, ∆Gsolv,
one typically assumes that it can be decomposed into the "electrostatic" and "non-
electrostatic" parts:

∆Gsolv = ∆Gel + ∆Gnonel (1)

where ∆Gnonel is the free energy of solvating a molecule from which all charges have
been removed. ∆Gel is the free energy if first all charges are removed in the vacuum,
and then they are added back in the presence of a continuum solvent environment.

Binding Free Energy. The electrostatic component of binding free energy is com-
puted by following the steps of this thermodynamics cycle:

Figure 1: The thermodynamic cycle used for computing the binding free energy. Water environment is
shown in blue, and vacuum is in white.

Solvent Models. Calculation of the solvation free energy is remarkably sophisti-
cated and highly-dependant on the employed solvent model. There are two major
types of solvation representation:
• Explicit solvent model: Arguably accurate but computationally slow.
• Implicit solvent model: Relatively less accurate but significantly fast.

Figure 2: (a) Implicit solvent model (b) Explicit solvent model.

Method
Implicit Solvent Details. GBNSR6 is an implementation of the GB model in
which the effective Born radii are computed numerically, via the so-called "R6" inte-
gration, over the Lee-Richards molecular surface [2]. The analytical liniearized Poisson-
Boltzmann (ALPB) model is used to approximate ∆Gpol, using the following formula:

∆Gel ≈ −
1
2

 1
εin
− 1
εout

 1
1 + βα

∑
ij
qiqj

 1
fGB

+ αβ

A

 (2)

We employed the most widely used functional form of fGB = [r2
ij +

RiRjexp(−r2
ij/RiRj)]1/2 where Ri is the so-called effective Born radius of atom i,

and rij is the distance between atoms i and j. We set εin = 1 and εout = 80 in
equation 2. The effective Born radii R were calculated by the following equation:
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where ∂V represents the molecular surface of the molecule, dS is the infinitesimal
surface element vector, ri is the position of atom i, and r represents the position of
the infinitsimal surface element.

Molecular Surface Representation. The grid-based molecular surface used here
is based on the “field-view” method [3] (Fig3 and Fig4).

Figure 3: Finite-difference discretization of an abstract
molecule.
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Figure 4: Spherical surface element
δSk (blue) and the corresponding
square surface element (green).

In general, “field-view” method can be used to compute the surface integral of any
vector field A on the surface by Eq.4:
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+ similar terms in y and z directions


(4)

In the effective Born radii calculation (Eq.3) the vector field A becomes A = r−ri
|r−ri|6 ,

and so the integration over the dielectric boundary surface is performed by using the
“field-view” method.
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Figure 5: Effective Born radii calculation for atom i.

Test Sets. To examine the accuracy and efficiency of the proposed model, we used
the following datasets:

1 Dataset 1: A set of 15 small protein-ligand complexes was used to evaluating
the accuracy of GBNSR6, first introduced in [4].

2 Dataset 2: Second dataset encompasses a set of 17 proteins in range of 268 to
25099 atoms, and was used to evaluating the speed of GBNSR6.

Results
Sensitivity to grid resolution. To investigate the accuracy of the grid-based GB-
NSR6, the ∆∆Gpols for Dataset 1 are computed. (Figure6).
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Figure 6: Error in computing ∆∆Gpol due to finite grid resolution h relative to h = 0 Å extrapolation.

Accuracy Relative to Numerical PB. As is standard in the field, the accuracy
of GBNSR6 is evaluated relative to a numerical PB reference (Figure6). For this
purpose, we chose MIBPB [5],that belongs to the class of highly accurate PBE solvers
with the second order convergence.
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Figure 7: Correlation between ∆∆Gpol computed by GBNSR6 and the numerical PB reference MIBPB
(h=0.5 Å ). r2 = 0.97, RMSE=1.43 kcal/mol.

Computational Expense.Wemeasured the elapsed time for computing the ∆Gpol

for Dataset 2 (Figure8). This test was done on a commodity PC. All of the explicit
solvent free energy TI calculations were performed in Virginia Tech’s HokieSpeed
supercomputing cluster on a single node that has 12 processors.
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Figure 8: GBNSR6 cpu time of computing ∆Gpol for different grid resolutions.

Table 1: Average Computational Time for Calculating the Electrostatic Component of the Solvation Free
Energy per Complex

Method Computational time
Explicit solvent TI 12 h
Poisson-Boltzmann 15 min

GBNSR6 6 s

Table 2: Deviation of ∆∆Gpol values (kcal/mol) from those computed with different solvent models

TIP3P APBS OPC
average -4.49 -3.51 -3.92
RMSD 7.14 3.78 6.88

Sensitivity to Grid Orientation. We examined rotation-dependency of our
model by comparing the ∆∆Gpol of Dataset 1, when the complexes were rotated
through π/4 around different axes (table3).

Table 3: Deviation of ∆∆Gpol values (kcal/mol) from those rotated around different axises each for π/4
.

x y z xyz
average -0.08 -0.21 -0.22 -0.14
RMSD 0.28 0.30 0.40 0.34

Grid-based vs. MSMS-based Molecular Surface . Existence of interior cavities
can potentially affect the calculations of effective Born radii. However, GBNSR6 has
shown to be relatively sensitive to the molecular surface, especially when it comes to
capturing the interior cavities (Figure9).

(a) (b) (c)
Figure 9: Molecular surface computed by Grid-based GBNSR6. (a) shows the 3D structure of 1kxq
complex. (b) is a 6Åwidth slice of the molecular surfaces. (c) small internal cavities captured by grid.

Figure 10: Comparison of the inverse of effective Born radii computed by MSMS and grid-based methods
for 1kxq.

Conclusion

• In this study, we described in detail an implementation of grid-based molecular
surface GB model for computing the ∆Gpol, named GBNSR6.

• Results demonstrate that with a coarse grid resolution h = 0.5 Å , the accuracy of
GBNSR6 in computing ∆∆Gpol remains in the range of kBT ∼ 0.6 kcal/mol
relative to the h→ 0 grid limit.

• We found that ∆∆Gpol computed by GBNSR6 is highly correlated with the
numerical PB reference (MIBPB).

• It was shown that the default grid resolution h = 0.5 Å leads to reasonable fast
computations on a commodity PC.

• The calculation of ∆Gpol with the grid-based version of GBNSR6 is appreciably
faster and more stable than the MSMS-based one.

• GBNSR6 is implemented in MMPBSA and FEW modules of AMBER, ready for
testing in "real life" protein-ligand binding computations.
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