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Evaluation of a Fast Implicit Solvent Model for Molecular

Dynamics Simulations
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ABSTRACT A solvation term based on the sol-
vent accessible surface area (SASA) is combined
with the CHARMM polar hydrogen force field for
the efficient simulation of peptides and small pro-
teins in aqueous solution. Only two atomic solvation
parameters are used: one is negative for favoring
the direct solvation of polar groups and the other
positive for taking into account the hydrophobic
effect on apolar groups. To approximate the water
screening effects on the intrasolute electrostatic
interactions, a distance-dependent dielectric func-
tion is used and ionic side chains are neutralized.
The use of an analytical approximation of the SASA
renders the model extremely efficient (i.e., only
about 50% slower than in vacuo simulations). The
limitations and range of applicability of the SASA
model are assessed by simulations of proteins and
structured peptides. For the latter, the present study
and results reported elsewhere show that with the
SASA model it is possible to sample a significant
amount of folding/unfolding transitions, which
permit the study of the thermodynamics and kinet-
ics of folding at an atomic level of detail. Proteins
2002;46:24-33. ©2001 Wiley-Liss, Inc.
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INTRODUCTION

The very demanding computational requirement of mo-
lecular dynamics (MD) in explicit water prohibits the
simulations of large conformational transitions between
states separated by energy barriers of even a few £7's. The
omission of the solvent degrees of freedom and interaction
centers reduces drastically the required computational
power, but simulations in vacuo are well known to suffer
from serious artifacts, such as an excessive deviation from
the native conformation and a too large number of hydro-
gen bonds. A way of reducing the computational cost
without sacrificing the accuracy of the results is to incorpo-
rate the properties of the solvent into the energy function
by means of a potential of mean force. Many approaches
have been proposed to derive such potentials (see Refs. 1
and 2 for a review).

Accurate continuum dielectric models based on the finite
difference solution of the Poisson or Poisson-Boltzmann
equations have been widely used.>® These methods can
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provide the electrostatic forces on atoms®” and can there-
fore be used in MD simulations.®~** However, finite differ-
ence approaches are still too slow for a wide range of
biochemical applications. A simpler and faster continuum
dielectric approximation is the so-called generalized Born
(GB) model.*? Numerical implementations are more accu-
rate than analytical ones, but cannot be used efficiently for
MD simulations.*®* Analytical solutions for the GB model
have been proposed'®'” and used to determine the thermo-
dynamic properties of structured peptides'®!® and to
simulate conformational transitions of 10-base pair du-
plexes of DNA and RNA.%° In a more simplified class of
implicit models the mean solvation term is assumed to be
proportional to the solvent accessible surface area (SASA)?!
or accessible volume.?? Many parameterizations have been
proposed in the past.??72® Two important issues are how
many solvation parameters should be used and how to
calibrate them.

Here an implicit solvent model based on a very efficient
analytical evaluation of the SASA is combined with the
CHARMM force field.?” The present work is based on the
EEF1 model proposed by Lazaridis and Karplus®® for
dielectric shielding due to the solvent and the surface area
approximation for the hydrophobic effect introduced by
Eisenberg and McLachlan.?! Electrostatic screening ef-
fects are approximated by a distance-dependent dielectric
function and a set of partial charges with neutralized ionic
groups.?® Because an exact analytical or numerical compu-
tation of the SASA is too slow to compete with simulations
in explicit solvent, we make use of an approximate analyti-
cal expression.?® This drastically reduces the computa-
tional cost with respect to an explicit solvent simulation.
The model used here is based on the assumptions that
most of the solvation energy arises from the first water
shell around the protein®?! and that two atomic solvation
parameters are sufficient to describe these effects at a
qualitative level of accuracy.?® Within these assumptions,
the SASA energy term approximates the solute-solvent
interactions [i.e., it should account for the energy of cavity
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formation, solute-solvent dispersion interactions, and the
direct (or Born) solvation of polar groups]. The two atomic
solvation parameters were optimized by performing 1-ns
MD simulations at 300 K on six small proteins. The results
are compared with those obtained by the vacuo energy
function and EEF1, a previously published implicit solvent
approximation based on a Gaussian solvent-exclusion
model for the solvation free energy.?® The comparison is
extended to two 20-residue three-stranded antiparallel
B-sheets not used for the calibration of the SASA atomic
solvation parameters. Finally, the limitations of the SASA
model are shown for two designed proteins. Taken to-
gether with previous applications, the present study indi-
cates that the SASA model is a realistic approximation for
small proteins in aqueous solution and is particularly
useful for simulating large conformational transitions in
structured peptides.

MODEL AND METHODS
Description of the Model

In most empirical force fields, the Hamiltonian of the
solute-solvent system is additive and consists of the sum of
solute-solute, solute-solvent, and solvent-solvent terms.
After integration over the solvent coordinates, the poten-
tial of mean force W(r), or effective energy, can be divided
into two contributions:

W(r) = Vsolute(r) + Vsolvation(r) (1)

for a solute having M atoms with Cartesian coordinates r

= (rq, ..., ry). The term effective energy for W(r) is used
here as in Ref. 26; it is the sum of intra-solute and mean
solvation terms. In the present study, we assume that the
mean solvation energy is linearly related to the SASA of
the solute:

M

Vsolvation(r) = E UiAi(r) (2)

i=1

where o, and A,(r) are the atomic solvation parameter and
SASA of atom i, respectively. A,(r) is computed by an

approximate analytical expression:?®

M
Ar) =8, [][1 - ppyby(ry)ISi] (3)

J#i

where S; denotes the SASA of an isolated atom ¢ of radius
R;:

Si = 4Tr(Rl + }?pmbe)2 (4)

and R, .. is the radius of the solvent probe. In Eq. 3,
b,{(r;) represents the SASA removed from S; due to the
overlap between atoms i and j separated by a distance
r; = |r; — rj|, and is given by

by(ry)
0 rij > Ri + Rj + 2Rprobe
={TR; + Ryope) (B + B; + 2R 0 — 1)[1 + (B; — R)r;; !
otherwise

%)

Using 270 small molecules, the atom type parameters p;
and connectivity parameters p;; have been optimized to
reproduce the exact SASA with R ... = 1.4 A®® The
parameter p;; is 0.8875 if the atoms i and j are covalently
bonded and 0.3516 otherwise. The values of R,’s and p,’s
according to Hasel et al.?® and the ¢,’s optimized in this
work are listed in Table I.

The SASA model includes the free energy cost of burying
a charged residue in the interior of a protein. However, it
does not take into account the solvent screening on the
interactions between solute charges. This effect is approxi-
mated here using a distance-dependent dielectric function,
e(r) = 2r.e(r) = 2r was chosen instead of e(r) = r mainly
to reduce the strength of the hydrogen bonds. Larger
values of the dielectric constant are expected to lead to
partial unfolding of proteins in room temperature simula-
tions. Because a cutoff for long-range interactions is used
(see below), a linear distance-dependent dielectric function
does not differ significantly from a more sophisticated one,
such as a sigmoidal function,?°~3! because the deviation
from linearity is negligible for distances smaller than 10
A3' A distance-dependent dielectric function is a very
simplified way of accounting for the solvent polarization
effects on the solute. In particular, the screening of the
electrostatic interactions between charged groups is insuf-
ficient, as shown by the formation of too stable salt bridges
in MD simulations of the RGDW peptide.?? The limitations
of this approximation can be partly overcome by using a
set of partial charges with a zero total charge for every
residue. Here, the ionizable amino acids were neutralized
as in Ref. 26.

The solvation model has been implemented in CHARMM
and is used with a wunited-atom parametrization
(PARAM19), where the only modified parameters are the
partial charges of the ionic side chains. The CHARMM
PARAM19 default cutoffs for long-range interactions were
used (i.e., a shift function®” was used with a cutoff at 7.5 A
for both the electrostatic and van der Waals terms). This
cutoff length was chosen to be consistent with the original
parametrization of CHARMM PARAM19.2” Even though
the SASA solvation term is calculated at every step of
dynamics, the CPU time required for simulations with
SASA is only about 50% larger than that for a vacuum
simulation with the same cutoff (7.5 A).

Simulation Protocols

The temperature was kept constant by weak coupling to
an external bath®? with a coupling constant of 0.5 ps for
the simulations of native proteins and 5 ps for the three-
stranded antiparallel B-sheets simulations. The SHAKE
algorithm was used to fix the length of the covalent bonds
where hydrogen atoms are involved, which allows an
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TABLE 1. CHARMM Atom Types and Mean Solvation Parameters

Atomtype RW2A) RPA)  pP  of(kcalmol 'A?) Description

C 2.1 1.72 1.554 0.012 Carbonyl carbon

CHI1E 2.365 1.80 1.276 0.012 Extended aliphatic carbon with 1 hydrogen
CH2E 2.235 1.90 1.045 0.012 Extended aliphatic carbon with 2 hydrogens
CH3E 2.165 2.00 0.880 0.012 Extended aliphatic carbon with 3 hydrogens
CR1E 2.1 1.80 1.073 0.012 Extended aromatic carbon with 1 hydrogen
NH1 1.6 1.55 1.028 —0.060 Amide nitrogen

NR 1.6 1.55 1.028 —0.060 Aromatic nitrogen with no hydrogens

NH2 1.6 1.60 1.215 —0.060 Nitrogen bound to two hydrogens

NH3 1.6 1.60 1.215 —0.060 Nitrogen bound to three hydrogens

NC2 1.6 1.55 1.028 —0.060 Guanidinium nitrogen

N 1.6 1.55 1.028 —0.060 Proline nitrogen

OH1 1.6 1.52 1.080 —0.060 Hydroxyl oxygen

(0] 1.6 1.50 0.926 —0.060 Carbonyl oxygen

oC 1.6 1.70 0.922 —0.060 Carboxyl oxygen

S 1.89 1.80 1.121 0.012 Sulphur

SH1E 1.89 1.80 1.121 0.012 Extended sulphur with 1 hydrogen

H 0.8 1.10 1.128 0.000 Polar hydrogen

HC 0.6 1.10 1.128 0.000 Polar hydrogen (in Arg, Lys and N-term)

aThe CHARMM PARAM19 van der Waals radii are given as a basis of comparison but are not used in the solvation term.

PSolvation parameters according to Ref. 28.
‘Optimal o parameters (this work).

integration time step of 2 fs. The nonbonded interaction
list was updated every 10 dynamics steps, and coordinate
frames were saved every 4 and 10 ps for the simulations of
native proteins and three-stranded antiparallel B-sheets,
respectively.

Analysis

A reasonably accurate effective energy function should
avoid the main problem which arises in in vacuo simula-
tions (i.e., too large deviations from the native conforma-
tion). One quantity of interest is therefore the C_ root
mean square deviation (RMSD) from the native state,
which is calculated after optimal superposition using a
least-squares fit of C_ atom coordinates. The behavior of
the number of hydrogen bonds is also analyzed. A geomet-
ric criterion for the presence of a hydrogen bond is used:
the hydrogen-acceptor distance must be smaller than 2.6 A
and the angle formed by the donor-hydrogen - - - acceptor
triplet larger than 120°.

The results obtained by the SASA model are compared
with three other approximations: the vacuo force field
(VAC), the vacuo force field with neutralized ionic side
chains (VACNEUT), and EEF1.2° The latter is an implicit
model that approximates the effects of an aqueous solvent
by a Gaussian term for the first solvation shell. EEF'1 also
uses a distance-dependent dielectric function [e(r) = 7]
and neutralization of the ionic side chains.?®

RESULTS
Simulations of Proteins Starting from
the Native State

Previous studies have shown that implicit solvent mod-
els based on the SASA can be used in MD simulations of
different proteins to avoid the main difficulties that arise

in in vacuo simulations.?® Following that work, we consid-
ered only two ¢ parameters: one for carbon and sulfur
atoms (0 g > 0), and one for nitrogen and oxygen atoms
(on,0 < 0). The solvation parameter of the hydrogen atoms
is set to zero. The two o parameters were optimized in this
work by a trial-and-error approach, performing 1-ns MD
simulations at 300 K on six small proteins (Tables II and
IID). In spite of the fact that the model is now based on a
different force field (CHARMM instead of GROMOS??) and
that it uses a distance-dependent dielectric for the electro-
static interaction (a constant dielectric of 1.0 was used in
Ref. 25), we have found that the two ¢ values that give the
minimal C, RMSD correspond to those determined previ-
ously by others®® (0.012 kcal mol ™' A2 for carbon and
sulfur atoms, —0.060 kcal mol ' A~2 for nitrogen and
oxygen atoms). With these values of o, the C, RMSD from
the native conformation averaged over the six proteins and
the 0.5-1.0-ns time interval is 1.79 A (2.00 A including
flexible loops and termini; Table II), which is satisfactory.
Table II shows that already the neutralization of the
ionizable groups (VACNEUT) decreases significantly the
deviations from the native conformation compared with
the vacuo simulations with the formal charges on Asp,
Glu, Arg, and Lys side chains. More recently, 10-ns
simulations were performed at 300 K on the same set of
proteins. With respect to the 1-ns trajectories, higher C,
RMSDs from the native conformation are observed for the
four energy functions, which shows that relatively long (at
least a few nanoseconds) MD simulations are needed to
validate an energy function. Moreover, the deviations
obtained by the SASA and EEF1 models are comparable to
the ones obtained by VACNEUT, which indicates that the
neutralization of the ionic side chains is responsible for
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TABLE II. Deviation from the Native Conformation during MD Simulations at 300 K"

VAC® VACNEUT¢ EEF1°¢ SASAf
PDBcode®  Nres” ( Josa® ( >5—10h ( Josa { 510 ( Josa ( 510 { Josa ( Js10
lern 46 1.27 (1.43) 1.53(1.62) 1.01(1.33) 1.17(1.43) 1.05 (2.47) 1.12(1.62) 1.19 (1.50) 1.46 (2.87)
1bpi 58 2.33 3.43 2.82 2.71 2.05 3.89 1.89 3.47
2ci2 64 2.13(2.56)  2.74(2.99) 1.50(1.82) 1.78 (1.91) 1.54 (1.69) 1.31(1.62) 1.77(1.97) 1.41(1.68)
lubq 76 2.05(2.90) 2.37(3.39) 1.83(292) 2.74(4.10) 1.36 (1.89) 1.84 (2.02) 1.70 (1.79) 1.93(2.61)
1pht 83 2.81(3.36) 2.97(3.48) 1.94(328) 2.79(4.17) 244(3.08) 2.45(2.91) 1.60 (2.26) 1.79 (2.52)
1hdn 85 2.63 3.02 1.85 2.38 2.27 3.34 2.59 3.52
{ Doroteins 2.20(2.54)  2.68(2.99) 1.83(2.34) 2.26(2.78) 1.79(224) 2.33(2.57) 1.79(2.00) 2.26(2.78)

"The C, RMSD (A) from the native conformation of different proteins obtained using the vacuo energy function and three solvation models is
shown. It was computed using all the residues, except for the C-terminus 41-46 in 1crn, the loop 34—44 in 2¢i2, the C-terminus 73-76 in lubq, the
N-terminus 1-2 and the C-terminus 81-83 in 1pht. The corresponding values obtained using all the residues are given in parentheses.

21lern: crambin, 1bpi: trypsin inhibitor, 2¢i2: chymotrypsin inhibitor 2, lubq: ubiquitin, 1pht: SH3 domain of the p85a subunit of bovine

phosphatidylinositol 3-kinase, 1hdn: histidine-containing phosphocarrier protein.

PNumber of residues.

VAC, vacuo force field.

YVACNEUT, vacuo force field with the ionic side chains neutralized.
°Effective energy function described in Ref. 26.

fSASA: Eq. 2, with the o’s specified in Table 1, (r) = 2r, and the ionic side chains neutralized.

gAverage over the 0.5-1.0-ns time interval.
PAverage over the 5-10-ns time interval.

TABLE III. Number of Hydrogen Bonds during MD Simulations at 300 K*

VAC VACNEUT EEF1 SASA
PDB code X-ray { Jos1 { Is10 ( Jos1 {( Is10 { Jos1 ( 510 ( Josa ( 510
lern 37(23) 47 (24) 50 (25) 44 (28) 44 (28) 42 (24) 42 (26) 31(21) 34 (22)
1bpi 36 (23) 75 (22) 75 (22) 57(33) 57(31) 54 (26) 60 (25) 42 (22) 41(21)
2ci2 46 (30) 91 (29) 92 (26) 60 (36) 60 (36) 56 (36) 60 (34) 44 (28) 45 (29)
lubq 63 (44) 108 (39) 108 (36) 84 (48) 77 (44) 80 (42) 79 (43) 61(37) 60 (38)
1pht 66 (45) 120 (29) 122 (28) 84 (45) 87 (41) 88 (47) 88 (40) 66 (41) 66 (39)
1hdn 70 (51) 107 (47) 109 (42) 95 (59) 95 (56) 87 (49) 93 (47) 69 (48) 66 (43)

"The number of hydrogen bonds is shown with the number of backbone-backbone hydrogen bonds in parentheses. A hydrogen bond is present
when the O- - -H distance is smaller than 2.6 A and the N—H: - -O angle is larger than 120°. See caption of Table II for further explanations.

most of the improvement of the SASA and EEF1 models
with respect to the vacuo force field.

Simulations in vacuo suffer also from too small atomic
fluctuations. Figure 1 shows the RMS fluctuations of C,_
atoms (C, RMSF) in the simulations of chymotrypsin
inhibitor 2. Apart from the EEF1 simulation, the C, RMSF
for the first nanosecond and the whole simulation are
rather different. The average C, RMSF over the whole
simulation are 0.85, 0.81, 0.92, and 1.22 A with VAC,
VACNEUT, EEF1, and SASA, respectively. The C, RMSF
obtained from the simulations are compared with those
derived from the crystallographic B-factors using the
relationship C, RMSF = (3B /8m)"?. The loop (residues
34—-44) is the region of highest mobility (excluding the
N-terminus). This is observed only in the SASA simula-
tion, although the C, RMSF in this region are somewhat
overestimated by this model.

Another quantity of interest is the number of hydrogen
bonds. This is particularly important for folding/unfolding
simulations. The strength of a hydrogen bond should be
reasonably described to obtain meaningful energetics along
the folding process. Furthermore, the global minimum of
the effective energy should represent the native conforma-

tion. The total number of hydrogen bonds is too large in
vacuo (Table III). As the number of backbone hydrogen
bonds is even smaller than in the native state, this
discrepancy originates from the side chains at the surface
that form intra-solute hydrogen bonds. Part of this prob-
lem is solved by neutralizing the charged side chains.
EEF1 yields a number of hydrogen bonds, which is slightly
lower than with VACNEUT but 34% higher on average
than in the native conformation. The number of hydrogen
bonds in the X-ray structure is best reproduced by the
SASA model. This indicates that the strength of the
hydrogen bond is described reasonably. However, the
SASA model slightly underestimates the number of back-
bone-backbone hydrogen bonds, and some side chains form
intra-solute hydrogen bonds that are not present in the
native state.

Three-stranded Antiparallel B-sheets Simulations

As a further evaluation of the SASA model, two designed
three-stranded antiparallel B-sheet peptides were stud-
ied.®*3% They consist of 20 residues each and have a
sequence identity of 15%. One peptide (called hereafter GS
peptide) has Gly-Ser at both turns,>® whereas the other



28

P. FERRARA ET AL.

35

o

Co RMSF [A]

35 i T | T | 1 | T I T | T | A T I T | T | 1 I T I T I
3 == VAclid =
. ---- VAC UT[lns] -
rrrrr ~  VACNEUT [10 ns]
oz‘ 2.5 o—s B-factors —
% 2
e L5
3 ;
O 1R
05w
P I I O I e A I
0 10 20 30 40 50 60 O 10 20 30 40 50 60
Residue Number Residue Number
Fig. 1. RMS fluctuations of the C_, atoms of CI2 from the average 300 K conformation as a function of

residue number. Left: VAC simulation (black lines) and VACNEUT simulation (gray lines). Right: SASA
simulation (black lines) and EEF1 simulation (gray lines). The dashed and solid lines represent the fluctuations
averaged over the first nanosecond and the whole 10-ns simulation, respectively. The bold line with circles
represents the fluctuations derived from the crystallographic B-factors.®°

(called hereafter "PG peptide) has p-Pro-Gly.?” Circular
dichroism and chemical shift data have provided evidence
that GS and PPG adopt the expected three-stranded
antiparallel B-sheet conformation in aqueous solution.
Moreover, both peptides were shown to be monomeric in
aqueous solution by equilibrium sedimentation. For the
GS peptide, the B-sheet population was 13-31% based on
NOE intensities and 30—55% based on the chemical shift
data.®® For PPG the percentage of B-sheet population was
not estimated, but Nuclear Overhauser enhancements
(NOESs) indicate that both hairpins are highly populated at
24°C.37

A detailed analysis of the MD results obtained by the
SASA model for the GS and PPG peptides has been
presented elsewhere.>*%® Briefly, it was shown that the
two peptides fold reversibly to the correct NMR conforma-
tion, irrespective of the starting conformation. They have
similar free energy surfaces and folding pathways that
involve first the almost complete formation of either the
1-2 B-hairpin (i.e., the hairpin consisting of strands 1 and
2) or the 2-3 B-hairpin, followed by consolidation of the
unstructured strand. However, for the GS peptide, the
most predominant pathway involves first the formation of
the 2-3 B-hairpin, whereas for the PPG peptide the
statistical predominance is opposite. It is interesting to
note that NMR data of another designed 24-residue three-
stranded antiparallel B-sheet peptide indicate the pres-
ence of two folding pathways starting by the almost
complete formation of either of the two B-hairpins.*®

It is useful to compare the results obtained by SASA
with VAC, VACNEUT, and EEF1. For this purpose, trajec-
tories were generated at 300 K and 360 K starting from the
antiparallel three-stranded B-sheet and at 360 K with the
completely extended conformation as initial structure
(Figs. 2 and 3). The simulations were run for 200 and 100
ns for the GS and PPG peptides, respectively.

The trajectories at 300 K started from the folded state
were used to calculate average inter-proton distance viola-
tions, d.;,;, which are defined as (r®) ¢~ V¢ — r.,,
where r(¢) is the inter-proton distance at simulation time ¢,
T'exp 1S the NOE upper distance limit, and { ) represents a
time average. The smallest number of violations are
observed in the SASA trajectory for the GS peptide and the
SASA and EEF1 runs for the PPG peptide (Table IV). The
fraction of native contacts @ is a progress variable used
often to monitor folding.?® Because the SASA trajectories
at 300 K yield the results closest to the NMR data, they
were used to define the native contacts. There are 10
native hydrogen bonds in each of the two peptides, and 16
and 19 native side chain contacts for the GS and PPG
peptide, respectively.343° It is preferable to use the con-
tacts populated along the 300 K MD trajectory because the
small number of NOEs and their inhomogeneous distribu-
tion along the sequence do not allow for a clear definition of
the folded structure.®®

For the GS peptide the C, RMSD between the average
structure over the whole 200-ns simulation at 300 K and
the average NMR conformation is 1.7, 1.8, 1.9, and 2.8 A
using VAC, VACNEUT, SASA, and EEF1, respectively.
Despite a low C, RMSD value, eight NOE restraints are
violated by more than 1 A in the VAC simulation (Table
IV). The time evolution of @ differs clearly in the simula-
tions with VAC with respect to VACNEUT and SASA [Fig.
2(A, D)]. With VAC, a @ value of about 0.5 is obtained at
the end of the simulation. This is due to the loss of contacts
between strands 2 and 3, most of which break either very
early or at about 100 ns. Figure 2(A) and Table IV show
that the neutralization of the ionic side chains suffices to
solve part of this problem. The average @ value is about 0.9
and 0.8 with VACNEUT and SASA, respectively. With
EEF1, most of the native contacts between strands 1 and 2
in GS broke at about 33 ns, and the peptide stays partly
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Fig. 2. Time dependence of the fraction of native contacts Q in the GS peptide simulations. (A, D) The 300 K simulation started from the folded
conformation. (B, E) The 360 K simulation started from the folded conformation. (C, F) The 360 K simulation started from the extended conformation. The
VAC and VACNEUT simulations are shown in the panels (A) through (C) with black and gray lines, respectively. Panels (D) through (F) show the SASA

and EEF1 simulations with black and gray lines, respectively.

unfolded until the end of the simulation. Moreover, most of
the NOEs are violated in the EEF1 trajectory (Table IV).
At 360 K with VAC starting from the folded state, GS
unfolds at the beginning of the simulation and does not
fold again [Fig. 2(B)]. The evolution of @ with VACNEUT
is very similar at 300 and 360 K. Although the tempera-
ture dependence of the B-sheet population has not been
measured experimentally, it is likely that this result is an
artifact of the vacuo force field, because the percentage of
folded structures is expected to decrease with increasing
temperature. Several partial unfolding and refolding events
are observed with EEF1, but the fully unfolded state is
never reached. Only with SASA does the peptide undergo a
series of complete folding (@ > 0.8) and unfolding (@ <

0.2) transitions. Most of these happen in the first 100 ns,
whereas in the second half of the simulation the folded
state is present from about 105 to 120 ns, and GS is
unfolded from about 125 to 200 ns. When the simulations
were initiated from the extended conformation, no folding
event was observed with VAC, VACNEUT, and EEF1 [Fig.
2(C, F)]l. A conformation, where most of the contacts
between strands 2 and 3 are formed and most of the
interactions between the first and second strands are
broken, was reached at around 10 ns with EEF1 and was
then stable until the end of the simulation. With the SASA

model, the peptide folded into an antiparallel three-
stranded B-sheet at about 1 ns and stayed folded for nearly
30 ns. It was partly or completely unfolded until the end of
the simulation, except between 132 and 141 ns. In the two
folding transitions one observes first formation of most of
the contacts between strands 2 and 3, followed by the
association of the N-terminal strand onto the preformed
2-3 B-hairpin. The two unfolding transitions are essen-
tially the reverse of the two folding events.

For the PPG peptide the results obtained by VAC,
VACNEUT, and SASA are similar to the ones obtained for
the GS peptide (Fig. 3 and Table IV). The evolution of
with EEF1 at 300 K is comparable to the one obtained by
VACNEUT and SASA. However, it is very similar at 300
and 360 K. Starting from the extended conformation, the
folded state is not sampled using VAC or VACNEUT,
whereas it is reached in about 42 ns with EEF1. In this
folding event, the formation of most of the contacts be-
tween strands 2 and 3 precedes the appearance of the 1-2
interstrand contacts.

In summary, these results show that the neutralization
of the charged residues contribute significantly to stabilize
the native fold of the two peptides at room and elevated
temperatures. However, the three-stranded antiparallel
B-sheet was never reached in the VACNEUT simulations
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Fig. 3. Time dependence of the fraction of native contacts Q in the °PG peptide simulations. Panels (A) through (F) are as described in Figure 2.

TABLE IV. Average Inter-proton Distance Violations from the MD Simulations at 300 K

GS peptide (200 ns) DPG peptide (100 ns)
VAC VACNEUT SASA EEF1 VAC VACNEUT SASA EEF1
dyy <0.0A 11 13 16 6 32 33 36 36
dyi <10A 7 9 7 9 4 6 4 6
dyig>1.0A 8 4 3 11 8 5 4 2

viol

d ;. represents the average inter-proton distance violation, which is defined as (r(t) ~¢) ~
is the NOE upper distance limit, and ( ) represents a time average.

inter-proton distance at simulation time ¢,

started from the extended conformation. Only the SASA
model is able to simulate the reversible folding of the two
peptides, whereas the EEF1 model seems to get trapped
even at elevated temperature.

Limitations of the SASA Implicit Solvent Model

The SASA model is not expected to describe correctly the
stability of large proteins. One of the reasons is that in this
approximation the screening between partial charges does
not depend on the environment. Starting from the X-ray
conformation, 1-ns simulations were performed at 300 K
on barnase (1a2p, 110 residues), hen egg-white lysozyme
(1hel, 129 residues), and cutinase (1cus, 197 residues). The
C,RMSD from the native conformation averaged over the
0.5-1.0-ns time interval was 3.81, 3.53, and 4.20 A,
respectively. The deviations are not localized in the ter-
mini or flexible loops. To reduce such deviations, a longer
nonbonding cutoff and an explicit dependence of the

ve — where r(¢) is the

exp’

screening of the partial charges on the surrounding vol-
ume (low/high dielectric) could be considered.

For small systems, the limitations of the SASA implicit
solvent model are exemplified by two designed miniprotein
motifs, BBA5 and ata. BBA5 is a 23-residue peptide with a
BRa architecture,*® whereas ata is a 38-residue peptide
designed to adopt a helical hairpin conformation in aque-
ous solution.*! Simulations were performed at 280 K
starting from the NMR conformation. For BBA5 the C,
RMSD from the native state reaches rapidly 5 A and
fluctuates around this value until the end of the simula-
tion (Fig. 4). The B-hairpin was very stable, with an
average C, RMSD value of 1.0 A, whereas the a-helix
showed a significant deviation from the native «-helix,
with an average C, RMSD of 1.9 A. However, most of the
deviation from the NMR structure originates from the loss
of the packing of the hairpin against the helix. The
percentage of a-helicity for the residues 11-19 calculated
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Fig. 4. Evolution of the C, RMSD from the native state as a function of
time. Top: BBAS: left, all residues; right, B-hairpin (residues 1-8) and
a-helix (residues 11-19). Bottom: ata: left, all residues; right, a-helix 1
(residues 3-15) and a-helix 2 (residues 23-33).

over the whole simulation was 25%, whereas the percent-
age of m-helicity was 52%. This is an unexpected result
because m-helices are very rare in proteins. A m-helix is
favored with respect to an a-helix by van der Waals side
chain interactions and disfavored by electrostatic interac-
tions. For BBAS5, it is difficult to say if the unnatural
w-helix propensity is the origin or the consequence of the
loss of the packing between the B-hairpin and the a-helix.
An unusually high (26% at 300 K) percentage of m-helicity
was observed in simulations of the helical peptide
Y(MEARA),.*?

For ata a C, RMSD value of 4 A was obtained after
heating and equilibration. It fluctuated between 4 and 6 A
along the simulation. Of the two a-helices the second one
was more stable, with an average value of 1.6 A for the C,,
RMSD (2.3 A for the first helix). As for BBA5, the loss of
the packing between the two helices is at the origin of most
of the deviation from the NMR structure. The percentages
of a-helicity and m-helicity were 34% and 35% for helix 1,
respectively, and 57% and 19% for helix 2. In summary,
the tertiary structure was not preserved in both proteins
and the helices showed a too large presence of m-hydrogen
bonds.

As a basis of comparison, simulations of BBA5 and ata
with VACNEUT and EEF1 gave also C, RMSDs between
3.5and 5 A, apart from BBA5 with EEF1 that deviated by
3.1 A over a 100-ns run at 280 K. For BBA5 with
VACNEUT, both the B-hairpin and the a-helix were very
stable, with an average C, RMSD value of 1.1 and 0.7 A,
respectively. These values were 1.4 and 1.2 A, respectively,
in the EEF1 run. For ata with VACNEUT, the average C,_
RMSD was 1.2 and 1.3 A for the first and second helix,
respectively. Moreover, the percentage of w-helicity was
smaller than 3% in the VACNEUT runs. Therefore, the
regular elements of secondary structure are more stable

with the VACNEUT approximation than the SASA model.
The tertiary structure was not preserved in any simulation
of BBA5 and ata.

It is likely that the largest error in implicit solvent
models originates from the treatment of the charged
groups. VACNEUT, EEF1, and SASA have in common the
neutralization of the ionic side chains, which is a rather
crude approximation. In this respect, it is interesting to
note that ata and BBA5 have more ionizable side chains
(15 and 7, respectively) than the GS and PPG peptide (2
and 4, respectively). Recent experimental data indicate
that at pH 10.5 ata, which has four lysine residues, is
largely disordered even at a temperature of 5°C.*® This
shows that changes in the interactions between ionizable
groups can have significant effects on stability. Finally,
BBA5 was not stable in a 300 K MD simulation with
explicit water and the AMBER force field with an 8-A
cutoff, whereas it was stable with a 10-A cutoff.**

CONCLUDING DISCUSSION

An efficient, analytical implicit solvation model for MD
simulations of peptides and small proteins was evaluated.
It is based on a SASA term that complements the
CHARMM polar hydrogen force field. A linear distance-
dependent dielectric function and neutralized ionic side
chains are used to approximate the electrostatic screening
effects. The model contains only two atomic solvation
parameters that were calibrated by performing 1-ns MD
simulations at 300 K for six small proteins. Larger devia-
tions from the native conformation were observed in 10-ns
simulations, which shows that relatively long MD simula-
tions are needed to validate an energy function. The
typical problems which arise in in vacuo MD simulations,
large deviations from the native conformation and an
excessive number of intrasolute hydrogen bonds, are re-
duced when including the mean solvation term. In previ-
ous studies, the usefulness of the SASA model for simulat-
ing the reversible folding of structured peptides was shown
for two three-stranded antiparallel B-sheets,?*3° five ala-
nine-based a-helices,*?>*® and a B-hairpin of 12 residues.*”
The simulations successfully reproduced the native confor-
mation, irrespective of the starting structure. In a more
recent study, the relative importance of amino acid se-
quence and native state topology in the unfolding process
of two SH3 domains and two circular permutants has been
investigated.*® The statistically significant number of fold-
ing/unfolding events sampled by MD with the SASA model
has allowed to study the main folding pathways and
energetics. In agreement with experimental data,*®*” one
interesting insight from the simulation results is that at
least for small B-sheet proteins the folding mechanism
seems to be primarily defined by the native state topology,
whereas specific interactions determine the statistically
predominant folding route.354¢

There are several approximations in both EEF12® and
SASA whose treatment of the electrostatic screening ef-
fects due to the solvent is based on EEF1. In both EEF1
and SASA the assumption is made that the main effects of
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an aqueous solvent on the solute are additive and most of
the direct solvation free energy is due to the first solvation
shell. Another important approximation common to both
models is that the effective dielectric constant between
partial charges does not depend on the environment. This
is reasonable only for peptides and very small proteins
where most of the charges are on the surface and experi-
ence a similar environment. Further, to keep the SASA
model as simple as possible, the atomic solvation parame-
ters do not have a temperature dependence. Nevertheless,
MD simulations with the SASA model were used to
demonstrate the non-Arrhenius temperature dependence
of the folding rate of structured peptides?® in agreement
with experimental data.*®4°

It is likely that a more precise treatment of the dielectric
screening effects is needed to improve the SASA model.
The present and previously published results indicate that
despite its drawbacks, such as the instability of large
proteins, the SASA model is useful for studying thermody-
namics and kinetics of folding of structured peptides. Its
application to larger proteins could be limited by the lack
of an environment-dependent dielectric function and the
rather crude treatment of ionic side chains.
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