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A new simple implicit solvent model, effective charge (EC) model, was introduced into the Brownian
dynamics algorithm based on AMBER united-atom force field. In the EC model, an atomic charge was de-
creased as a function of solvent-accessible surface area of the atom. We carried out the Brownian dynamics
simulations of a 28-mer BPBa fold peptide using four implicit solvent models: a generalized Born/solvent-
accessible surface area (GB/SA) model, a solvent-accessible surface area (SA) based solvent model, aSA in
combination with distance-dependent dielectric (DD/SA) and the EC combined with DD/SA (DD/SA/EC)
model; and the calculated results on structure and dynamics of the peptide were compared with those of
molecular dynamics simulation using explicit solvent model. Several artifacts were observed in the simu-
lation using the GB/SA model. On the other hand, simulation using the DD/SA and DD/SA/EC implicit
solvent models were free from such artifacts. Especially BD with the DD/SA/EC model gave the most stable
trajectory as judged by root mean square deviations from the initial structure without large computational
cost.

Keywords: Brownian dynamics, Effective charge model, Solvent-accessible surface area model, Distance-
dependent dielectric model, Generalized Born model

1 Introduction

To simulate a folding of a protein by molecular simu-
lation technique, it is necessary to improve force fields
that represent the protein-solvent system. The solvent
environment has profound influences on the structures,
thermodynamics, dynamics and functions of biological
molecules [1]. The proper representation of this solva
tion effect is one of the most important challenges for
the simulation of biomolecule-water systems. Explicit
solvent models have been extensively used in the simu-
lations. In principle an explicit al-atom solvent model
would include all solvation effects. However, the explicit
treatment of thousands of solvent degrees of freedom re-
quires several orders of magnitude more CPU time than
the corresponding in vacuo simulation. This strongly in-
hibits the simulations of large-scale conformational tran-
sitions such as protein folding, which takes place in mil-
liseconds or sub-milliseconds even for small proteins[2].
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In this respect, many implicit continuum solvent models
have been developed [3-5].

The finite difference solution of the Poisson-
Boltzmann (PB) equations based upon rigorous physics
has been widely used for the calculation of the electro-
static contribution to the solvation energy as the most ac-
curate continuum model [6]. Until recently, use of the PB
approach has been largely restricted to calculations in-
volving static representations of molecular structure, but
the recent development of simple methods to obtain sol-
vation forces from the PB equation madeit possibleto use
itin molecular dynamics (MD) simulations[7]. However,
obtaining accurate numerical solution of PB equation for
alarge system such as a protein is till too costly to per-
mit useful long time dynamics of biological molecules
to be routinely studied. Another ssmpler and faster im-
plicit continuum model based on PB equation is the so-
called generalized Born/solvent-accessible surface area
(GB/SA) model introduced by Still and co-workers [8].
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This GB/SA model has been developed and applied for
molecular dynamics simulations of proteins and nucleic
acids[9-11]. In more simplified implicit solvent models,
all contributions to the solvation free energy are assumed
to be proportional to the solvent-accessible surface area
[12-14] or Gaussian solvent exclusion volume [15].

Recently, we have developed an atomistic Brownian
dynamics (BD) with multiple time step algorithm for the
simulations that require long time calculations such as
protein folding [16, 17]. BD simulation is one of the
stochastic dynamics simulations in which the dynamical
aspects of the solvent are treated as a dissipative random
force in the equations of motion. Furthermore, by elim-
inating the less interesting high-frequency motions such
as those arising from bond vibrations, one can use larger
time steps in BD simulations [18-20]. So, BD simula-
tion enables much longer simulations to be performed.
In the BD algorithm, a protein was described by united-
atom model with AMBER9L force field and solvation ef-
fect was introduced by distance-dependent dielectric and
solvent-accessible surface area (DD/SA) model. ThisBD
simulation of a peptide was 160 times faster than molec-
ular dynamics simulation with explicit solvent and stable.

In this paper, we introduce a new simple implicit sol-
vent model, effective charge (EC) model to improve the
forcefield. Inthe EC model, the atomic chargeis neutral-
ized asafunction of the solvent-accessible surface area of
the atom. The GB/SA model was also applied for BD al-
gorithm. In order to test the effectiveness of theseimplicit
solvent models, BD simulations of a 28-mer Bfo. folded
peptide were carried out. A corresponding molecular dy-
namics simulation using explicit all-atom water model
was also performed for comparison. In vacuo simula
tions are well known to suffer from several artifacts, such
assmaller radius of gyration, shrinkage of the hydrophilic
solvent-accessible surface areaand smaller atomic fluctu-
ations[1, 14]. We compared those structural and dynam-
ics properties of the peptide in these simulations.

2 Theory and Methods

2.1 Solvation Energy

In this study, four implicit solvation models were
used: (1) distance-dependent dielectric (DD) model; (2)
solvent-accessible surface area (SA) model; (3) effec-
tive charge (EC) model; (4) generalized Born/solvent-
accessible surface area (GB/SA) model. We briefly sum-
marize each implicit solvent model.
(1) DD model

DD model assumes the dielectric constant € = Crijj
where Cisaconstant valueand rjj isthe distance between
atoms i and j. This model is approximating the long-
range electrostatic screening effects [21]. In this study,
Cof 2(i.e. €= 2rjj) was used.
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(2) SA mode
In SA model, the solvation energy is given by:

N
Gev(rV) = Y oi - SA (M), (h)
i=1

where SA;(rN) is the solvent-accessible surface area of
atom i and o; is a solvation parameter depending on the
atom type. This model is based on the assumptions that
most of the solvation energy arises from the first water
shell around the protein and that the energy of interaction
of a solute with water can be considered as a sum of en-
ergies of atomic groups [22]. The SA(rN) was calcul ated
using the approximate analytical expression of Hassel et
al. [23] and the atomic solvation parameters determined
by Wesson and Eisenberg [15]; o(C) = 12 cal/mol/A2,
6(0, N) =-116 cal/mol/A2, 5(S) = -18 cal/mol/A2, 6(0")
= -175 cal/mol/A2 and o(N*) = -186 cal/mol/A? were
used.
(3) EC mode

We introduce a new implicit solvent model, Effec-
tive Charge (EC) model. Water is a polar molecule with
a dipole moment of 1.85 debye. Therefore, the point
charge in water solution is surrounded by oriented water
molecules and the point charge is shielded. To represent
this shielding effect, atomic charge of atomi, q;, is neu-
tralized as afunction of solvent-accessible surface area of
the atom, SAI(rN);

@
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Here g’ is the effective charge of atom i, § is the to-
tal solvent-accessible surface area of isolated atom i, cjny
is a shielding parameter against interior of the solute
(wherein oy isset a unity) and o isashielding param-
eter for exterior water. Therefore, in this model effective
atomic charge decreasesto afactor of /o linearly with
the increase of solvent-accessible surface area. In this
study, ol = 8 was used.

This EC model is similar to the solvent-accessibility
modified Tanford-Kirkwood method developed by
Matthew and Gurd [24]. In their model, the electro-
static energy of pairwise interaction is calculated as the
value of the Tanford-Kirkwood electrostatic interaction
energy reduced by average solvent-accessibility (normal-
ized by the corresponding accessible surface area of a
model tripeptide) over atomsi and j.

(4) GB/SA model

In the GB/SA model [8], the total solvation energy
(Gsolv) isgiven asthe sum of asolvent-solvent cavity term
(Geav), asolute-solvent van der Waals term (Gyqw) and a
sol ute-sol vent electrostatic polarization term (Gpg)):

Gsolv = Geav + Gyaw + Gpol . (3)
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Thefirst two terms are the non-€lectrostatic contributions
and are approximately linearly related to their solvent-
accessible surface area (SA). This is represented by the
sum:

N
Gcav‘f‘GvdW:ZYi'SAi(rN): 4
i=1
where v; is the atomic solvation parameter of atom i and
SA(rN) is the solvent-accessible surface area of atom
i. This SA(rN) was calculated using the same method
as used in SA model. In this study, Y(C(sp?), S) = 10
cal/mol/A2, y(C(sp?), C(sp)) = 7 cal/mol/A? and y(N,
0) = 0 cal/mol/A? were used, in which the united atom
model isused in SA calculation, thusy(H) = 0 cal/mol/A2
[25].

The third term, Gy, i the electrostatic contribution
and is expressed by the following form:

1 1 N N (1
Gpol :—EX].GG.O (1——) z Z &
€/ iS1i=tii /15 + aZe D

1\ ¢
166 ( e> Zi o (5)
where 0jj = /00 , Dij = rizj/20ci2j , Tij isthe distance
between atoms i and j with atomic charges ¢ and g, re-
spectively and ¢ is the dielectric constant of the solvent
(= 80). o isthe so-called effective Born radius of atomi.
This is the generalized Born (GB) equation modified by
Liu and Beveridge for improved estimates of solvation
energies [26]. The effective Born radii were calculated
using the pairwise dielectric descreening procedure ini-
tially introduced by Hawkins et a. [27] and then devel-
oped by Liu and Beveridge [26] for AMBER91 united-
atom force field. Derivatives of Eq. (5) were calculated
by treating o, asaconstant at every time step of BD sim-
ulations [8].
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Figure 1. Time evolutions of the Co. RMSD during sim-
ulations. The RMS deviations from the NMR structure
versus time for 5 ns simulations using various solvent
models are shown.
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In this study, the three implicit solvent models de-
scribed above were used. However, DD and EC models
include only the electrostatic contribution to the free en-
ergy of solvation and neglect the non-electrostatic contri-
bution. To consider both contributions, DD and EC mod-
els were combined with SA model, that is, DD/SA and
DD/SA/EC models.

2.2 BD Simulation

In order to test the effectiveness of the implicit solvent
models described above, 5 ns multiple time step BD sim-
ulations of a designed BPo fold 28-mer peptide pdaSd
[28] with the implicit solvent models as described in the
previous paper [17] were performed. This peptide is one
of the smallest proteinsthat contain two conventional sec-
ondary structures, B-strand and a-helix, and is a useful
model peptide for devel oping new algorithms and param-
eters of molecular simulation; we previously reported its
5 ns MD simulation [16]. For multiple time step algo-
rithm, At of 5 fsand n of 8 (i.e. At =40 fs) were used.
The simulation temperature was 280 K. Cut-off method
was not used. Coordinates and energies were recorded
every 10 ps during the simulation. All calculations were
performed on a 2.8 GHz Pentium4 processor based on
Linux.
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Figure 2. Ribbon representations of the snapshots at 5 ns
in various solvent modedl simulations. On the left side,
the initial structure of the simulations is also shown as
areference. The figures are generated with MOLMOL
[34].
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2.3 MD Simulation

For the comparison, an MD simulation in explicit water
molecules was also performed. The MD simulation was
performed using the MD program AMBER 4.1 [29] with
united-atom force field [30], as described in the previous
paper [16]. The simulation temperature was the same as
used for BD simulation.

3 Reaults

3.1 Dynamics of the Peptide Using Implicit
Solvent Models

In this study, we tested four implicit solvent models,
SA, DD/SA, DD/SA/EC and GB/SA, with the BD algo-
rithm. First, the smulation results on structure and dy-
namics obtained by various implicit solvent simulations
were compared.

Figure 1 shows Co root mean sguare deviations
(RMSD) of the peptide from the NMR structureasafunc-
tion of the simulation time. A snapshot at 5 ns period
of each trgjectory is shown in Figure 2. By in vacuo
simulation, RMSDs were around 4 A until 5 ns. On
the other hand, other implicit solvent models appeared
to give mostly stable trgjectory, as judged by the smaller
RMSD than those obtained from in vacuo simulation.
However, while the DD/SA and DD/SA/EC models gave
stable trajectories of the secondary and tertiary structures
of the native peptide, the structures by the SA and the
GB/SA models were collapsed slightly. Additionally, the
DD/SA/EC model gave the smaller RM S deviations over
5 ns simulation than those obtained from DD/SA simula-

Explicit water Vacuum

Ry (A)

DD/SA DD/SA/EC

0 1 2 3 4 0 1 2 3 4 5
Simulation Time (ns)
Figure 3. Time evolutions of the radius of gyration (Rg)
during 5 ns simulations using various solvent models.
The average value of Ry calculated from the 32 struc-
ture models determined by NMR is shown as a reference
(dashed lines).
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tion.

Figure 3 shows the radius of gyration (Ry) of the pep-
tide as a function of time. As a reference, the average
value of Ry calculated from the 32 structure models de-
termined by NMR was shown. The explicit solvent sim-
ulation is, in general, most reliable at present. However,
the Ry from the simulation were somewhat larger than
those calculated from the NMR structures. The DD/SA
and DD/SA/EC models also gave larger Ry than the value
of the NMR structures during 5 ns simulation similarly
to the explicit solvent model. On the other hand, the
SA and GB/SA models gave somewhat smaller Ry values
than those calculated from the NMR structures. Ry values
obtained by in vacuo simulation were much smaller.

Figures 4 and 5 show the hydrophilic solvent-
accessible surface area (Spni) and hydrophobic solvent-
accessible surface area (Spho) of the peptide as afunction
of the smulation time, respectively. As a reference, the
average values of Sy, and Spno calculated from the 32
structure models determined by NMR were also shown.
By the SA and GB/SA models, Sy, values decreased
dragtically at early stage. Especialy, in the GB/SA
model, this decrease in Sy was drastic and many salt
bridges were observed. On the other hand, Sy values
generated by the DD/SA and DD/SA/EC models were
somewhat larger than the value calculated from NMR
structures and by explicit solvent model throughout 5 ns
simulation. Spno values obtained by the SA, GB/SA mod-
els and in vacuo simulation were almost the same as the
NMR structure value. By the DD/SA and DD/SA/EC
models, Spno values were alittle bit larger than those cal-
culated by the NMR structures but were the closest to the
values obtained by explicit solvent MD simulation.
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Figure 4. Time evolutions of the total hydrophilic
sol vent-accessible surface area (Spyi) during 5 ns simula-
tions using various solvent models. The average values of
Spni calculated from the 32 structure models determined
by NMR are shown as areference (dashed lines).
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Finally, we examined the Co. positional root mean
square fluctuations (RM SF) of the peptide during simula-
tion using various solvent models (Figure 6). Thefluctua-
tions observed in the simulation using the explicit solvent
model were large, especially around the N and C termini
of the peptide regions and the hairpin turn (residues 7 and
8), while those observed in the simulation using implicit
solvent models and in vacuo were much smaller through-
out the peptide.

3.2 Computational Cost

It is also important to examine the computational time
required for each implicit solvent model. Table 1 lists
the time required to run 1 ns simulation of pda8d with
various solvent models on a 2.8 GHz Pentium4 proces-
sor in a persona computer and the relative times com-
pared to that of multiple time step BD simulation with
SA model. The BD simulation with the DD/SA/EC sol-
vent models required about 7% more computational time
than the DD/SA BD simulation, and 162 (= 2,057/13.7)
times less than the MD simulation with explicit water
molecules with cut-off radius of 9 A. The GB/SA model
was 1.4 times slower than the DD/SA/EC BD simulation,
but 115 (= 2,057/171.9) times faster than the explicit wa
ter model with cut-off radius of 9 A.

4 Discussion

In this study we have evaluated the performance of the
four implicit solvent models, generalized Born/solvent-
accessible surface area (GB/SA), solvent-accessible sur-
facearea(SA), SA combined with distance-dependent di-
electric (DD/SA) and effective charge model combined
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Figure 5. Time evolutions of the total hydrophobic
sol vent-accessible surface area (Spho) during 5 nssimula-
tions using various solvent models. The average values of
Spho calculated from the 32 structure models determined
by NMR are shown as a reference (dashed lines).
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with DD/SA models, in combination with the atomistic
Brownian dynamics algorithm based on AMBER united-
atom force field. The computational times required for
those implicit solvent models combined with BD algo-
rithm were much smaller than that of MD simulation us-
ing explicit solvent water model (Table 1). Therefore, the
BD simulationswith thoseimplicit solvent models permit
long time simulations to be routinely studied.

Table 1. Computation Time for 1 ns Dynamics of the 28-
mer BPo folded peptide, pda8d.

Algorithm  Solvent model Time(min)® Relative

time
BDP SA 12.7 1.00
BDP DD/SA 12.7 1.00
BDP DD/SA/EC 12.7 1.00
BDP GB/SA 17.9 141

MD¢ Explicit water 2,057 162.0

aAll calculations were performed using a Pentium4 2.8
GHz processor.

bThe simulations were performed using the BD with
multiple time step algorithm developed here. All cova
lent bonds were constrained with LINCS algorithm. The
short time step of 5 fs and n = 8 were used for multiple
time step algorithm. Number of atoms was 304.

®The simulation was performed using the MD program
AMBER with united-atom force field. The peptide was
solvated using a box extending at least 10 A in all direc-
tions. All covalent bonds were constrained with SHAKE
algorithm. Cut-off radius was 9 A. Thetime step was 2
fs. Number of atoms was 7,681.
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Figure 6. The root means square fluctuations (RMSF) of
Co. atom positions obtained from simulations using var-
ious solvent models. The RMS fluctuation values were
calculated asthe average values over 2.5t0 5 ns period of
each simulation.
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The main artifacts often observed in in vacuo simula-
tions, namely smaller radius of gyration (Ry) and shrink-
age of the hydrophilic solvent-accessible surface area
(Spni) were considerably reduced when the DD/SA and
DD/SA/EC solvent models using € = 2r;j were applied
for the BD simulation in order to include solvation ef-
fectsinto the simulation (Figures 3 and 4). Judging from
the smaller RMSD obtained from DD/SA/EC simula-
tion throughout 5 ns than those calculated from simula-
tions using other implicit solvent models, DD/SA/EC is
the most effective for representing solvent effects among
the four implicit solvent models evaluated in this study.
Increase on Sy in the simulation using DD/SA and
DD/SA/EC models was different from the result of ex-
plicit solvent MD and the average value calculated from
NMR structures. This disagreement may be attributed
to the insufficient simulation time of MD and the initia
model peptide structure determined by NMR in which
structural models were calculated using nuclear Over-
hauser enhancement data in vacuo. The SA model was
less effective for the reduction of the artifacts encoun-
tered in in vacuo simulations than that using DD and EC
models. The BD simulation using the SA solvent model
gave erroneous salt-bridges, smaller Ry (Figure 3) and
shrinkage of Sy, (Figure 4). It does not seem that this
solvent model can account for long-range screening ef-
fects.

The GB/SA simulation resulted in smaller Ry, de-
crease of Sph especially due to many salt bridges (Figures
3 and 4). The parameters used for the GB/SA model in
this study were optimized using only one peptide con-
taining al 20 amino acids whose structures were ob-
tained from a short-time MD simulation (1 ns) and ran-
dom generation [26]. Recently, Zhu et a. pointed out
the necessity of using structurally distinct several pro-
teins and long-time trial simulations in the parametriza-
tion of implicit solvent models[11]. Therefore, the insuf-
ficient parametrization might cause errors in calculation
of solvation energy of the system in our GB/SA simu-
lation. In addition, although this continuum approxima:
tion has the advantage of being fast to evaluate the sol-
vation energy, the dielectric constant which is a macro-
scopic property of solvent cannot properly describe the
atomistic nature of solvent at short distances [31]. Zhu
et al. noted the importance of maintaining the proper
balance of non-bonded interactions, especially hydrogen-
bond interactions, which are effective at short distances,
in the parametrization of implicit solvent models[11]. In
their work, the treatment of the protons that can form
hydrogen-bonding was modified. That is, the effective
Born radius of any backbone hydrogen atom was taken
to be the same as that of the corresponding nitrogen
atom in the parametrization of a GB/SA solvent model
and the simulations with this model were comparable to
explicit solvent simulations [11]. Very recently, Zhou
also found that the Generalized Born model showed er-
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roneous salt bridge effects between charged residues re-
sulting in an over-weighting of a non-native structure of
a peptide [32]. He noted that even with the large suc-
cesses of the GB continuum solvent model in many fields,
such as pKj calculation, solvation free energy calculation
and ligand-receptor bindings, one must be cautious with
simulationsinvolving large-scale conformational change.
Furthermore, Sheinerman and Brooks proposed that wa-
ter provides alubrication mechanism during folding [33].
Therefore, it is necessary to modify the estimation of sol-
vation effects at short-range where the molecular prop-
erty of the water strongly influences the protein folding.
Owing to these reasons, the deviations of Sy and Ry val-
ues and over-weighting salt bridges in the GB/SA maodel
from the values calculated from NMR structures might
have occurred. In this respect, our results in this study
suggest that the DD/SA/EC model is the most preferable
for long time simulation of peptides with BD.

Although some artifacts encountered in in vacuo
simulations were reduced by using the DD/SA and
DD/SA/EC solvent using € = 2rj model, the small atomic
fluctuations observed in BD simulation using theimplicit
solvent models were different from those with explicit
solvent model (Figure 6). The same was true for the SA
and the GB/SA solvent models. On the other hand, Zhu et
al. reported that RM S fluctuations obtained from stochas-
tic dynamics (Langevin dynamics) simulations with a
time step of 2 fs using a GB/SA and a DD/SA model
based on GROMOS96 force field were not small and
were amost in good agreement with those generated by
the explicit solvent simulations [11]. Therefore, this dif-
ference may be attributed to the BD algorithm using long
time step, in which the less interesting high-frequency
motions were omitted.

In EC model, although the one shielding parameter
Oex Should be optimized, the model is very simple and
requires less computational cost. From what has been
discussed above, we can conclude that the DD/SA/EC
model is more effective for representation of solvation ef-
fects than other implicit solvent models.

5 Conclusion

Proper representation of solvation effects in molecular
simulationsis acrucia point to describe the dynamics of
biomolecules in aqueous systems, especialy for the dy-
namics simulation using implicit solvent model such as
Brownian dynamics. In this work, we developed a new
implicit solvent model, effective charge (EC) model, to
take into account solvation effects in the Brownian dy-
namics simulation. This EC model could reduce the arti-
facts typically encountered in in vacuo simulations con-
siderably. Moreover, the EC modd is simple and re-
quires no additional computation time. Therefore, this
new EC model is a good candidate for implementation
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in the molecular simulation that investigates the dynamic
process required for long time.

6 Agreement for UsingtheProgram

This Brownian dynamics program is freeware. Please
contact us by e-mail when you want to use the program.

We thank Prof. Akihide Oguchi for helpful suggestions
and discussions. This work was supported (1. Y.) by a
Grant-in-Aid for Scientific Research on Priority Area (C)
Genome Information Science from the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan.
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