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ABSTRACT We present an implicit solvent model based on the extended reference

interaction site model (XRISM) integral equation theory, which is a molecular theory of
solvation. The solvation free energy is composed of additive potentials of mean force
(PMEF) of various functional groups. The XRISM theory is applied to determine the PMF
of each group in water and NaBr electrolyte solutions. The method has been coupled to -
Brownian dynamics (BD) and is illustrated here on alanine dipeptide. The results of the
method are compared with those obtained by explicit water simulations and other
popular implicit solvent models for detailed discussion. The comparison of our model
with other methods indicates that the intramolecular correlation and the solvation
structure influence the stability of the Py and agr conformers. The results of NaBr
electrolyte solutions show that the concentration of electrolyte also has a substantial -

effect on the favored conformations.

SECTION  Biophysical Chemistry

olecular dynamics (MD) simulation has been a
M powerful tool to study the structure, dynamics,

and function of proteins in atomic detail. However,
the accessible time scales of typical MD simulations are up to
hundreds of nanoseconds. A major computational burden
comes from the treatment of solvent molecules, which con-
stitute a large part of the system. For this reason, Brownian
dynamics (BD) simulation with implicit solvation models has
been used for the longer simulation' of biological systems.
Recent progress® has enhanced the possibility of BD simula-
tion as an alternative to explicit simulation. In general, the
result of BD simulation is sensitive to the choice of the implicit
solvation model. A successful implicit solvation model with
high accuracy, versatility, and low computational cost is,
therefore, an important key to successful BD simulation.
Because the potential of mean force (PMF) includes the static
solvation effect, which is deeply related to the hydration
structure around a macromolecule, the solvation term of
PMF should be treated carefully. The solvation term of the
PMF for N-particle interaction W**(R") can be decomposed
into single-body, pairwise, and nonpairwise terms
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where Ay is the excess chemical potential of ith particle,
AW corresponds to the ith-order term, R" = (R, Ry, ....Ry),
and R; is the ith atom coordinate of a macromolecule. The
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sophisticated calculation of eq 1 leads to the establishment of
the accurate implicit solvation model. The generalized Born
and surface area (GB/SA) model” is the most commonly used
implicit solvation model. To reduce the computational cost,
the surface area approximation is applied to the nonpairwise
contribution. Recent studies of the MD simulation indicate
that the triplet term in eq 1 can be described qualitatively by
molecular surface area.™” The reference interaction site
model (RISM) is a versatile method for calculating the PMF
in terms of the solute—solute radial distribution function
(RDF)° In this approach, the properties of the hydration
structure, which are not considered in the GB/SA model, can
refine the PMF in terms of the microscopic theory. Hencefor-
ward, superscripts “u” and “v” denote the solute and solvent
species, respectively. According to the RISM theory, W**" can
be expressed as follows®
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where kgT is the Boltzmann constant times the absolute
temperature, r; =[R;—Ry|, t;(r) = hi(r) — ¢j*(r). hi'(r) and
cij'(r) are the site—site total and direct pair correlation func-
tion, respectively, and by; is the bridge function. Pioneering
simulation based on eq 2 was carried out by Pettitt and
Karplus,® and the conformation of alanine dipeptide in water
was discussed in their article. They solved the extended RISM

Received Date: May 19, 2010
Accepted Date: July 1, 2010
Published on Web Date: July 08, 2010

DOI: 10.1021/jz100665¢ | J. Phys. Chem. Lett. 2010, 1, 2279-2283



THE JOURNAL OF

PHYSICAL CHEMISTRY
[etters

(XRISM) equations for a monatomic solute at infinite dilution
to obtain ¢;;"(r)

h"(r) = """ (1) (3)
B ()= ¢ (1) 4
h™(r) = ¢™(r) + c™xp,h™(r) (5)

where the asterisk denotes the convolution integral, p, is the
density of pure solvent, x;*(r) = }"(r) 4+ pyhy'(7) is the site—
site density pair correlation function, and wy(r) = o(r — ly-)/émr2
(where [;; is the distance between sites 7 and j) is the intramo-
lecular correlation function. The hypernetted chain (HNC)
closure was employed as the second equation that relates hy'(r)
and ¢j;"(r), and the bridge function was neglected in their article.
From the viewpoint of the liquid state theory, all nonpairwise
terms in eq 1 are renormalized into the bridge function by
integrating the multibody correlation functions. Whether the
bridge function is considered is, therefore, the central problem
for the accuracy of the RISM theory. Recently, the promising
bridge function in which the four-body correlations are pro-
jected has been proposed by Perkyns et al.” By employing this
bridge function, the theoretical deficiency might be filled up.
A more direct and accurate manner is the RISM calculation with
an individual peptide at each time step. If a solute molecule
is small, the calculation of the RISM at every integration step
is comparably expensive. In contrast, for a giant molecule
that has more than 100 000 atoms, the RISM calculation with
individual molecular configuration has to handle the 100 000 x
100000 matrix of the intramolecular correlation function.
Therefore, the computational cost is not comparabe but far
more expensive. To make matters worse, the convergence of
the RISM calculation at each step would be very poor because of
the large anisotropy of a macromolecule. This is the reason why
the three-dimensional RISM (3DRISM) theory is widely used
for a giant molecular system.® However, the coupling of the
3DRISM with MD (3DRISM/MD), which is proposed by Miyata
and Hirata,” is not a promising approach. Who would want to use
the slower and far more expensive “implicit” solvation model
rather than the explicit water MD? Additionally, their approach
does not include the dynamic properties of the solvent such as
viscosity. Most people, therefore, would prefer the explicit
water MD to the 3DRISM/MD. For these reasons, we extend
the approximation of Pettitt and Karplus to the class of groups.

Here, to extract the multibody correlation without correct-
ing the bridge function, we apply the classes of atoms or
groups that are defined by Ooi and coworkers'® to eq 2,
namely, (I) aliphatic groups, (II) aromatic groups, (III) hydro-
xy!l groups, (IV) amide and amine groups, (V) carboxyl and
carbony! groups, and (VI) sulfur atoms and thiol groups. For
group molecules at infinite dilution, the corresponding eqs 4

and 5 can be expressed as follows
hUV(r) — wuu*cUV*XVV(r)

(6)
(7)

In egs 6 and 7, the multibody correlations are approximated
as the product of @™ and c"* at the level of Kirkwood super-
position approximation. Representation of alanine dipeptide

h*(r) = o™xc"™xw™ (r) + o™ xc" xph" (r)
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Figure 1. Representation of alanine dipeptide with groups.
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Figure 2. Radial distribution functions (a) between carbon atom
of CH; group and water oxygen and (b) between carbon atom of
CHj5 group and water hydrogen. The solid and circle lines denote
the XRISM/KH result for isolated CHs group molecule and carbon
atom of CH5 group in water, respectively.

Table 1. Excess Chemical Potential Au (kilocalories per mole) of
Isolated Groups of Alanine Dipeptide in Water

group Au [keal/mol]
CH5 (group 1) 10.562
NH (group 2) —9.083
CO (group 3) —4.819
CH (group 4) 7.595
NH (group 5) —9.083
CHj5 (group 6) 11.655
CO (group 7) —4.819
CHj5 (group 8) 11.681

with the above definitions is shown in Figure 1. The XRISM
equations are complemented with the Kovalenko—Hirata
(KH) closure for effective convergence of the calculation."'
The theoretical framework and analytical expression of Au;
for KH closure can be found elsewhere. The XRISM/KH results
of Au for isolated groups of alanine dipeptide in water (T =
298K, p = 0.03334 A7) are listed in Table 1. The positive
values of Au for CHs and CH groups indicate that the hydro-
phobicity of aliphatic groups in water is reproduced thanks to
the multibody correlations of eq 6. RDF between the carbon
atom of CHs and water atoms is plotted in Figure 2. The solid
and circle lines are the result of egs 4 and 6, respectively. As is
clearly seen, the oxygen distribution of our model is slightly
lower than that of the monatomic model because of the steric
effect of CH5. The Ramachandran plots of aqueous alanine
dipeptide, which are calculated from the BD with the above-
mentioned implicit solvation models and explicit water MD,
are shown in Figure 3. The fractions of Pj; and ag are listed in
Table 2. The result of our model shows the stability of the Py
(—105° = ¢ = —65°, 140° < ¢ < 180°) conformers, which is
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a) BD with RISM/KH/Our model
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b) BD with RISM/KH Pettitt—Karplus model
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Figure 3. Ramachandran plot of aqueous alanine dipeptide calculated from (a) Brownian dynamics (BD) with XRISM/KH our model,
(b) BD with XRISM/KH Pettitt—Karplus model, (c) BD with GB/SA, and (d) molecular dynamics (MD) with explicit water.

Table 2. Fraction of Conformers and CPU Time Ratio

method Py [%] ag [%] CPU time ratio
our model 22.12 10.62 438 x 107°
Pettitt and Karplus 17.58 0.29 438 x 107°
GB/SA 18.75 6.37 5.03 x 107°
explicit MD 26.18 4.52 1

in good agreement with MD results. Other models are some-
whatless satisfactory. The improvement of monatomic model
is, therefore, achieved by the renormalization of the multi-
body correlation in eqs 6 and 7. The result of GB/SA model
agrees with the MD result, except for the P, conformer. From
this result, the changes of the solvation structure are deeply
related to the Py conformer. However, our model produces a
less broadened population around the Pj conformer and
overestimates the population of ag (—100° = ¢ < —60°,
—70°y = —30°) conformer in contrast with the GB/SA model.
Because they are not also observed in Figure 3b, these
conformers are sensitive to the approximations of the XRISM
theory. The computational cost of each model is also listed in
Table 2. The CPU time of the explicit MD is normalized.

Salt effects on the conformation of biomolecules have been
an important problem because the function of protein is deeply
related to the salt concentrations in technological as well as
physiological settings. To demonstrate the applicability of our
model, we briefly discuss the salt effect on the conformation
map of alanine dipeptide. By applying eq 3 to an electrolyte
mixture, we can easily include the salt effect in the PME The
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PMFs between the amide carbonyl oxygens at each mole
concentration with our model are plotted on the Lh.s of
Figure 4. The Ramachandran plots are also shown on the rh.s
of these Figures. From the results of PMFs, it appears possible
that at high Na* concentration a Na* ion may tend to coordi-
nate the two amide carbonyl oxygens, favoring the Pj con-
former. This result indicates that the PMF between sodium ion
and the amide carbonyl oxygen overcomes the repulsive inter-
action between oxygens (Figure 5). To improve our approach,
we will apply the dielectric consistent RISM (DRISM) '~ to our
model and report on it in an upcoming article.

METHOD

OPLS-AA force field parameters'>™?' and the TIP3P

model** are employed for potentials of alanine dipeptide
and water, respectively. The first-order Ermak and McCammon
algorithm' is implemented in BD simulations

D;

= —F;dt+ 8
RgT ®)
where dt is a time step, D; is the diffusion coefficient of atom i,
and X; is a random noise vector obtained from a standard
normal distribution. The diffusion coefficients of individual
atoms are assigned according to

kT
~ ean(o;+ 1.4 A)

dR; 2D; dtX;

(9)

where o; is the van der Waals radius and 7 is the solvent
viscosity: the experimental values of 5 for pure water and

D;
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Figure 4. Left column: PMFs between the amide carbonyl carbons of (a) 1, (b) 3, and (c) 7 M NaBr electrolyte solutions. Right column:
Ramachandran plot of alanine dipeptide of (a) 1, (b) 3, and (c) 7 M NaBr electrolyte solutions.

Figure 5. Schematic view of the stabilized P; conformer by
sodium ion.

NaBr solution are employed.”® Time steps of BD simula-
tions are set to 10 fs, and trajectories of 300 ns are generated.

W ©2010 American Chemical Society

We obtained the result of explicit-water MD simulation by
carrying out the NVT ensemble simulation including 491
water molecules. The time step of MD simulation is set to
2 fs, and trajectories of 100 ns are generated. The potential
parameters and thermal conditions used for all simulation
are unified. As was reported,”* the Ramachandran plot
of alanine dipeptide strongly depends on the force field
parameters.
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