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Company, P.O. Box 80353, Wilmington, DE 19880-0353, U.S.A.
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Several approaches to the treatment of solvent effects based on continuum models are reviewed and a
new method based on occupied atomic volumes (occupancies) is proposed and tested. The new method
describes protein-water interactions in terms of atomic solvation parameters, which represent the solva-
tion free energy per unit of volume. These parameters were determined for six different atoms types,
using experimental free energies of solvation. The method was implemented in the GRoMOS and PRESTO
molecular simulation program suites. Simulations with the solvation term require 20-50% more CPU
time than the corresponding vacuum simulations and are approximately 20 times faster than explicit
water simulations. The method and parameters were tested by carrying out 200 ps simulations of BPTI
in water, in vacuo, and with the solvation term. The performance of the solvation term was assessed
by comparing the structures and energies from the solvation simulations with the equivalent quantities
derived from several BPTI crystal structures and from the explicit water and vacuum simulations. The
model structures were evaluated in terms of exposed total surface, buried and exposed polar surfaces,
secondary structure preservation, number of hydrogen bonds, energy contributions, and positional devia-
tions from BPTI crystal structures. Vacuum simulations produced unrealistic structures with respect to
all criteria applied. The structures resulting from the simulations with explicit water were closer to the
5PTI crystal structure, although part of the secondary structure dissolved. The simulations with the effec-
tive solvation term produce structures that are normal according to all evaluations and in most respects
are remarkably similar to the SPTI crystal structure despite considerable positional fluctuations during
the simulations. The segments where the model and crystal structures differ are known to be flexible
and the observed difference may be physically realistic. The effective solvation term based on occupancies
is not only very efficient in terms of computer time but also results in meaningful structural properties
for BPTI. It may therefore be generally useful in molecular dynamics of macromolecules.

KEY WORDS: effective solvation, atomic occupancies, protein simulations, molecular dynamics,
stochastic dynamics

1 REVIEW OF APPROACHES TO THE TREATMENT OF
SOLVENT EFFECTS

Most essential chemical and biological processes that involve proteins, such as
chemical reactions and formation of structure, are governed by interactions with
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solvent molecules, especially water. Analysis of these processes by means of
computer simulations can reveal the physical nature of the underlying mechanisms.
Simulations can also be used as a powerful predictive tool in the rational design
process of novel proteins with desired properties. Accurate analysis and design
require realistic computer simulations that treat the protein-solvent interactions
adequately.

Protein-solvent interactions can be divided into two classes: bulk and specific
effects [1]. The hydrophobic effect and dielectric shielding are bulk effects, which
involve the configurational rearrangement of large numbers of solvent molecules.
The hydrophobic effect (whose long-range nature has been observed directly in an
experiment by Israelachvili & Pashley [2]) plays a major role in the formation and
stability of the compact structures of giobular proteins in aqueous solution [3]. It
causes most non-polar groups to come together during the folding process to form
a hydrophobic core in the interior of the protein [4]. The electrostatic interaction
constitutes another major influence on the formation of protein structure [5-7].
Since the rearrangement of electric dipoles of water molecules is rapid (on the
protein folding time scale) and the electric force has a long-range nature, the
reaction field due to the rearrangement of water molecules is quite significant.
Describing these bulk effects adequately is difficult because they involve essentially
multibody (non-pairwise) interactions. The specific part of protein-solvent interac-
tions is the formation of hydrogen bonds between polar and charged groups of the
protein and water molecules {8]. Treating these interactions in computer simulations
is in principle simpler than dealing with bulk effects, but the local structure of water
molecules and exposed protein side-chains, which change dynamically, must be
known. For these reasons it is difficult to describe protein-solvent interactions
adequately by a single simple model.

Protein-solvent interactions can be simulated and anaiysed using two distinctly
different models. These models are based either on continuum or on molecular
theories. Continuum models are well suited to characterize and reproduce the bulk
properties of protein-solvent interactions. The hydrophobic effect has been des-
cribed by assuming a linear relationship between hydration free energies and either
solvent accessible surface areas [9-14] or first hydration shell volumes [15, 16].
Using empirically determined parameters, this approach has successfully reproduced
hydration free energies of small organic molecules [11] and proteins [17] alike.
Continuum theory has also been applied to the description of electrostatic interac-
tion between protein and solvent. Precise electrostatic potentials around protein
molecules have been calculated by numerically solving the Poisson-Boltzmann equa-
tion [18-25]. These continuum approaches have two drawbacks, however. First,
they do not adequately describe specific interactions between the protein and nearby
water molecules, and second, they are based on static protein structures.

Molecular models and inter-atomic forces are the basis of the popular Molecular
Dynamics (MD) techniques. Molecular dynamics simulations of classical particles
have become a powerful tool to analyse protein-solvent interaction at the atomic
level [26]. The first ever computer simulation of a protein was carried out in vacuo
with complete neglect of solvent except for some tightly bound “bio-water”
molecules [27]. Recent molecular dynamics studies have shown that taking into
account massive amounts of solvent is crucial for a proper description of the
behaviour of proteins [26, 28, 29]. And, because of the relatively slow rotational
relaxation of water molecules, long simulations are necessary to just reproduce bulk
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properties of the water, such as its dielectric constant [30]. Incorporating solvent
effects correctly in molecular dynamics simulations, therefore, requires vast
amounts of CPU time, most of which is spent on evaluating water-water inter-
actions. In order to reduce CPU time electrostatic forces are often artificially trun-
cated at short distances, but this gives rise to large errors [31]. Also, polarization
effects, which are very important especially at the protein-water interface, are
generally ignored. So, although molecular theory in principle can describe both the
hydrophobic interaction and dielectric shielding, the present practical limitations
prevent adequate simulation of bulk properties.

In order to circumvent these problems a “third” approach has been developed.
It uses a hybrid of the continuum and molecular models in that the protein is
described on the molecular level while a continuum description is employed to
characterize the bulk properties of the protein-solvent interactions. In attempts to
solve the problem of dielectric shielding, several approaches have combined the
continuum model with molecular theory [32-37]. However, as King & Warshel have
pointed out [33], positive feedback can occur between the total dipole moment of
the space treated by the molecular theory and the reaction field force from the
continuum space. This mechanism is inherently due to the system Hamiltonian and
without careful treatment of the reaction field unrealistic results might occur in the
course of a molecular dynamics simulation. The hydrophobic effect has also been
combined with molecular models. Here, atomic hydration free energies are calcu-
lated from accessible surface areas at every step of the molecular dynamics simula-
tion. These hydration free energies are added to the solute’s conventional
intra-molecular energies. This method is quite expensive, however, as it requires
calculating complicated derivatives of the accessible surface area [14]. Recently,
Schiffer efal. [38] reported a procedure based on this approach which demands
about 8 times as much CPU time as in vacuo simulations. Another hybrid approach
is followed in Stochastic Dynamics (SD) techniques [39]. Here, solvent effects are
mimicked by introducing an effective friction term, which damps the velocity of
exposed atoms, and a stochastic term, which represents random collisions of the
solute with solvent molecules. This approach describes the behaviour of peptides
in an apolar solvent such as CCl, satisfactorily since here the hydrophobic effect,
dielectric shielding and specific solute-solvent interactions are of minor importance,
but it does not work well with water as solvent [40].

We propose here a new variant of this “third” approach, which is an extension
of the solvent contact model [16] and can easily be combined with stochastic
dynamics techniques. We intend to provide a method to describe protein-solvent
interactions, which is simple, very cheap, accurate enough for most practical pur-
poses, and which reproduces structural features satisfactorily. Qur approach is
based on the assumed linear relationship between the solvation free energy of an
atom and the percentage of the volume around that atom which is “empty” (i.e.,
available for water to occupy). This direct link between occupancies (occupied
volumes) and solvation free energies effectively bypasses surface area calculations,
and hence does not require complicated functions to be evaluated. The method can
be applied for many purposes such as fast and realistic exploration of conforma-
tional space (especially where surface residues are concerned) using SD techniques,
improvement of any (X-ray, de novo, mutant) model structure using MD, SD and
energy minimization (EM), and assessment of the quality of protein models by
means of static energy calculations. Our initial goal is to use the method routinely



19: 36 14 January 2011

Downl oaded At:

100 P.F.W. STOUTEN er al.

to generate plausible protein models in modelling by homology projects. Therefore,
we are primarily concerned with reproducing protein structural features. Our second
concern is performance. The CPU requirements of MD simulations in vacuo are
generally tolerable, but considerable increases will not be acceptable in situations
where simulations are used as a tool to improve modelled protein structures.

2 METHOD AND IMPLEMENTATION OF THE SOLVATION TERM

We make several assumptions:

(1) the free energy of solvation of a given protein can be approximated by a sum
of individual atomic contributions,

(2) the individual solvation energy of an atom varies linearly with the degree of
exposure of that atom,

(3) the atomic degree of exposure can be adequately expressed as the percentage
of the volume around an atom which is not occupied,

(4) the occupied volume around an atom (occupancy) can be approximated by
summing tabulated fragmental volumes of all other atoms in the protein using
a suitable envelope function.

In molecular physics potential energies are basically sums over pair interactions
and it is, therefore, reasonable to assume that the enthalpy of solvation can be
regarded as a sum of atomic contributions. The solvent contact model [16] gives
a plausible justification for the linear dependence of the solvation enthalpy on the
occupancy. The entropic contributions to the free energy of solvation of a protein
mainly stem from the entropy loss of the water and these effects are considerable
[1,2]. Any effective solvation term should therefore seek to produce free energies
of solvation rather than enthalpies. The entropy loss of water is caused by the for-
mation of rigid water structures around groups of atoms at the protein surface and
we assume that these group contributions are additive.

One can define occupancies in various ways. Since we want to incorporate the
solvation term in molecular dynamics programs, we need a differentiable, short-
range function and we chose a Gaussian. The occupancy of a given atom i is
calculated from

Occ(i) = D] Vol(j)-exp(—ri/20?) (1)
J*i

where Vol(/) is the fragmental volume of atom j [41], r, the distance between the
centres of atoms / and j, and exp(—r?j/Z 0?) the envelope function. The summation
extends over all non-hydrogen atoms j # i. Since we _deal with heavy atoms only
we use one overall g-value. We have taken o = 3.5 A because that distance cor-
responds roughly to the minimum of the van der Waals potential for two heavy
atoms. Using a square-well envelope function or using different o-values we
obtained essentially the same results (data not shown). The atomic free energy of
solvation Ag,, (i) of a given atom / is defined as

A8 (i) = SolPar (i) - (OcCpy (i) — Occ(i)) )

where SolPar(i) and Occ,,, (/) are the atomic solvation parameter and the max-
imum occupancy of atom i. SolPar(i) is assumed to have a constant value which
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only depends on the atom type and represents the solvation free energy per unit of
volume. The actual occupancy Occ(i) of atom i is the only variable that depends
on the environment of this atom. Note the analogy between our occupancy
approach and the accessible surface area approach [14]. Substituting into (2) the
occupancy as defined in (1) we obtain

Ag.,, (i) = SolPar(i) - (Occmax(i) - Z [Vol(j)-exp(—-r,?j/ZUZ)]] 3)

J#i

The term SolPar(i)- Occ,,, (/) is a constant, which only depends on the atom type
and represents the free energy of solvation of atom i/ at zero occupancy. In deriving
the corresponding forces exerted on atom / by all other atoms only the summation
in (3) contributes. The total atomic solvation-dependent force f,,, , (i) exerted on
atom / in Cartesian direction w(w = x, y or z) is obtained by differentiation of (3):
)/26%)

Jdexp(=(ri +ri, +r2,

Jauw(i) = =SolPar (i) 3} Vol(j) "

iow

“

where the subscript w in f, (i) and r; , stands for any Cartesian direction and
the subscripts x, y and z for the three orthogonal directions. Carrying out the differ-
entiation, we obtain

Fooww (i) = SolPar (i) Y} Vol (j)-exp(—r3/2 o?) - ’af—z )

J#i

This result implies that the solvation term based on excluded volume described here
reduces to a sum of two-body terms only. These can be conveniently evaluated at
the same time as the van der Waals and Coulomb terms. The effect of solvation
can be easily visualized as a force that draws hydrophilic atoms out into the solvent
(i.e., in the directions of least occupancy) and pushes hydrophobic ones towards
the interior. The advantage of this description over accessible surface area
approaches is obvious: no construction of any surface is necessary and no compli-
cated derivatives have to be evaluated. How well this simple approach works is being
described below.

The solvation (free) energy term has been implemented in two simulation
packages. It has been added to the GROMOS [42] energy minimization and stochastic
dynamics programs and to the PRESTO [43] energy minimization/molecular dynamics
program. GROMOS does not allow the solvation term to be easily incorporated in
the bonded and non-bonded routines. In order to ensure correctness the solvation
term has been implemented as a separate subroutine in the main minimization and
dynamics engines. Unavoidably, this results in longer execution times. In PRESTO,
which is highly modular, the solvation term was added to the 1-2, 1-3, 1-4 and
1-5 interaction routines in a straightforward fashion. The most time-consuming part
in the evaluation of the solvation term is the exponential envelope function (see (3)).
In order to reduce the CPU time a table with function values of the exponential is
constructed when execution starts and all further solvation force and energy calcula-
tions merely require lookups in this table. Use of the solvation term increases the
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required CPU time (compared to the equivalent vacuum simulations) by 20% in case
of PRESTO and 50% in case of GROMOS.

3 PARAMETER FITTING

In order to use (3) and (5) to calculate atomic solvation free energies and forces
several parameters have to be defined or determined. Exactly which parameters
should be determined and how they are defined depends on the data used in the
fitting procedure. Here we attempt to capture protein solvation effects by relying
on experimental free energies of solvation, using carefully chosen model com-
pounds. Isolated amino acids don’t constitute good model compounds for amino
acid residues in proteins since their charged amino and carboxyl groups make them
very different. Indeed, Wolfenden et al. [44] could not determine their presence at
all in the vapour phase above aqueous solutions. The alternatives are to use amino
acids that are blocked at both ends, or many small blocked di- or tri-peptides or
side-chain analogues. Wesson and Eisenberg [14] used data on side-chain analogs
to derive atomic solvation parameters based on accessible surface areas. The disad-
vantage of their approach is that no direct information on backbone atoms can be
obtained. This problem was bypassed by using only five different atom types (see
Table 2) and assuming that a single solvation parameter applies to backbone and
side-chain atoms of the same type alike.

We adopted a similar approach and chose a limited set of atom types. The basis
of the parameter fitting procedure is that the free energy of solvation of a given
residue or side-chain analogue is assumed to be a sum over atomic free energies of
solvation. Using (2), this solvation free energy can be expressed in atomic contribu-
tions as follows.

atoms

AG,,, = Z (OcCpa (i) — Occ(i)) - SolPar (i) (6)

where the summation extends over all non-hydrogen atoms in the residue or side-
chain analogue. According to (6) free energies of solvation depend on the difference
between actual and maximum occupancies, and on the atomic solvation parameters.
The occupancies in turn depend on fragmental volumes (see (1) and Table 1), which
were taken from [41]. These volumes had been calculated by numerical integration
of the van der Waals envelope and they allow accurate estimation of the molecular
volume as the sum of appropriate fragmental volumes [41]. For some atoms no data
are provided in [41]. In these cases we estimated fragmental volumes on the basis
of related atoms. Atomic solvation parameters are based on side-chain analogue
data, so the related occupancy data must also refer to these analogues. Assuming
that the conformational behaviour of side-chains in proteins and in the side-chain
analogs are similar, actual side-chain analogue occupancies can be determined by
taking side-chains from protein structures and simply averaging the calculated
atomic occupancies over identical isolated side-chains. An atom in a protein which
is completely surrounded by other protein atoms does not interact directly with
water and in that sense is analogous to an atom in vacuo. We use maximum
occupancies derived from protein structures in the fitting procedure for side-chain
analogues. These maximum occupancies were obtained by using residues with
less than 8% relative accessibility in a linear regression with relative residue access-
ibilities and atomic occupancies as variables. Extrapolation to a relative accessibility



19: 36 14 January 2011

Downl oaded At:

EFFECTIVE SOLVATION SIMULATIONS

103

Table 1 Residue library with atomic volumes, occupancies and solvation free energies. Vol is the atomic
fragmental volume [41], (Occ) the average atomic occupancy based on isolated side-chain data for a set
of 67 selected protein structures, and Occ,,,, the maximum atomic occupancy derived from data on the
entire proteins in the same set of structures. Ag is the atomic free energy of solvation calculated from
the average and maximum occupancies (this Table) and the fitted atomic solvation parameters (Table
2, 6-parameter set). Vol, {Occ) and Occp,, are in A3, Ag is in keal mol~!,

Vol  (Occ) OcChgy Ag Vol  {Occ)  OcCpgy Ag
Ala Gln_
CB 16.15  0.00 344.22 1.368 CB 1277  33.03  358.74 1.294
CG 1277 3742 350.62 1.244
Arg CD 982 41.50  348.03 1.218
CB 12.77  36.89  364.88 1.303 OEI1 8.17 3856  348.12 -5.387
CcG 12.77  43.30  360.36 1.260 NE2 1325 3395  336.58 —5.266
CD 1277 4676  354.13 1.221 ]
NE 9.00 50.62  352.99 —5.262 His
cZ 6.95 4874  349.52 1.195 CB 1277  33.60  363.08 1.309
NH1  9.00 4123  339.26 —5.186 CcG 7.26 46.63  367.51 0.728
NH2 9.00 38.73 344.52 —11.988 ND1 9.25 42.99 363.65 —6.279
Asn CD2 10.80 41.45  360.01 0.723
CEl  10.80 39.44  358.25 0.723
CB 1277 2588  356.41 1.313 NE2 925 4101  358.08 ~5.517
CcG 9.82 31.58  358.25 1.298
ODl  8.17 30.09 358.78 —5.720 e
ND2 1325 25.88  348.87 -5.621 B 9.40 38.51  352.99 1,250
Asp CGl 1277 3553  346.63 1.236
CB 1277 2193 3303 1316 cor 1643 231 M0 o
CcG 9.82 26.85 353.74 1.299 . : :
ODiI  8.17 2601  350.53 —5.647 Leu
ob2 817 2606 353.12 6.701 CB 12.77  25.00  349.74 1.290
Cys_ CcG 9.40 4093  347.81 1.219
CD1 1615 22.42  336.01 1.246
§(‘§ }S;Q {Z;fﬁ 338;33 _;iﬁ CD2 1615 22.42 33615 1.247
Css_ Lys
CB 1277 1443 34177 1.324 CB 1277 3452 360.10 1.294
SG 1639  11.10  341.98 —2.124 CG 1277  40.97  352.29 1.237
CD 1277 43.34  348.95 1.214
Glu_ CE 12.77 40.88  346.80 1.216
CB 12.77 29.79 364.31 1.329 NZ 13.25 34.61 335.53 —11.797
CG 1277 3156  359.17 1.294
CcD 9.82 36.76  356.41 1.270 Met
OE1 8.17 34.57  353.12 —5.543 CB 12.77  33.51  355.18 1.278
OE2  8.17 3422 357.07 —6.615 CG 1277 3172 352.42 1.250
Phe SD 16.39 3470  342.55 -1.976
LLLN CE 16.15 3145  341.10 1.230
CB 12.77 4036  353.17 1.243
CG 726 56.50 355.97 0.169 Trp_
CDI 1080 5141 349.09 0.168 CB 1277 4764  358.34 1.235
CD2  10.80 51.37  349.35 0.168 G 726  66.63  364.79 0.168
CEl 1080  49.13  344.30 0.166 CDl 1080 57.95  358.65 0.169
CE2 1080 49.13 34417 0.166 CD2 680 73.65  363.91 0.163
CZ 1080 4830 342.42 0.166 NEI  9.00 61.59 35882  -5.172
CE2 680 7150  361.15 0.163
Pro CE3 1080 63.3d  356.67 0.165
CB 12.77  29.30  352.73 1.285 CZ2 1080 60.01  351.32 0.164
CG 1277 3079  349.44 1.266 CZ3 1080 57.42  351.67 0.166
CD 1277 3031  351.98 1.278 CH2 10.80 56.28  348.82 0.165
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Table 1 (cont.)

Vol (Oce)  OCCpay Ag Vol (Occ) OCCrax Ag
Ser Tyr
CB 12.77 10.09 355.67 1.373 CB 12.77  41.54 354.13 1.242
oG 11.04 11.84 353.82 —5.951 CG 7.26  59.22 360.14 0.169
CDl1 10.80  54.92 355.58 0.169
Thr CD2 10.80  55.01 352.07 0.167
CB 9.40 24.87 359.13 1.328 CEl 10.80 54.44 351.28 0.167
0G1 11.04  21.28 356.37 —5.831 CE2 10.80  54.48 347.51 0.165
CG2 16.15 17.15 347.95 1.314 CZ 7.26  58.39 351.41 0.165
OH 10.94  43.34 340.97 =5.179
Val
CB 9.40  29.39 351.32 1.279
CGl 16.15  21.06 340.66 1.270
CG2 16.15 21.06 340.62 1.270

of zero gave the maximum occupancies. We used extrapolated values rather than
the observed maxima in order to reduce the effect of coordinate errors in the crystal
structures. The actual and maximum occupancies were derived from 67 well-
determined protein structures (R < 20% and resolution <2 A) in PDB release 56
[45} and are shown in Table 1. Hydrogen atoms were ignored in all cases.
Side-chain analogue free energies of solvation for all residues except glycine and
proline were taken from {44] and corrected for the entropy of mixing according to
Sharp et al. [13]. Using (6), these can be expressed in atomic solvation parameters.
After calculation of the actual and maximum occupancies the only unknown quan-
tities are the atomic solvation parameters. Wesson and Eisenberg [14] fitted atomic
solvation parameters for five atom types, C, neutral N or O, N*, O~ and S (see
Table 2). Their approach is based on accessible surface areas, so the numbers cannot
be compared directly to ours. Several sets of parameters were investigated here in
order to strike the best balance between a low number of parameters and a good
correspondence between observed and calculated free energies of solvation. Para-
meters were determined through a standard linear least-squares procedure with 18
equations (all available side-chain analogues) with the assumption that errors in the
occupancies are negligible and errors in the corrected free energies of solvation are
of uniform magnitude. Table 2 shows the resulting values for two parameter sets.
Our S-parameter set contains C, N/O, N*, O~, S, while the 6-parameter set in
addition distinguishes between aliphatic and aromatic carbon atoms. Following
Wesson and Eisenberg {14], in case of potentially delocalized charges (Glu, Asp,
Arg and charged His) the charge was assigned to the most exposed atom, i.e., the
atom with the largest difference between average and maximum occupancy. Under
the experimental conditions [44] His has a nominal charge of about +0.1 and its
NDI1 atom was taken to be a linear combination of 10% N* and 90% neutral N.
In case of the 6-parameter fitting, all carbon atoms in the rings of Phe, Tyr and
Trp (CG and beyond) were considered aromatic; CG, CD2 and CEl of His were
arbitrarily regarded “half-aromatic” and considered to be an equimolar mixture of
aliphatic and aromatic carbon. No attempt was made to optimize this ratio.
The atomic solvation free energy contributions for the 18 side-chain analogues
that are calculated with the six-parameter set are shown in Table 1. Table 3 shows
the corrected experimental free energies of solvation of the side-chain analogues and
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Table 2 Atomic solvation parameters for several parameter sets. Atomic solvation parameters (“SotPar”)
according to the Wesson-Eisenberg accessible surface area approach (“Wesson”) [14], and to our 5- and
6-parameter occupancy approach. The Wesson parameters are in cal mol ™! A =2, ours in cal mol™!
A3, «C ar” stands for aromatic carbon.

Wesson 5 parameters 6 parameters
C 12 1.7 4.0
Car 0.6
N/O —116 —15.5 —-17.4
N+ ~186 -31.7 -39.2
(o) —175 -17.3 -20.5
S —~18 -1.9 —6.4

Table 3 Experimental and fitted solvation free energies of side-chain analogues. All energies are in
kcal/mol. The first column (“Sharp Absolute”) contains the experimental free energies of solvation [44],
corrected for the entropy of mixing [13]. The other columns contain fitted energies (“*Absolute”) and
the deviations from the experimental values (“Difference”) for three sets of parameters: the Wesson and
Eisenberg set (“Wesson™) [14], and our 5- and 6-parameter sets.

Sharp Wesson 5 parameters 6 parameters
Absolute Absolute Difference Absolute Difference Absolute Difference
Ala 2.63 1.64 -0.99 0.58 -2.05 1.37 -1.26
Arg —-17.46  —16.55 0.91 —16.88 0.58 —17.46 0.00
Asn —8.31 -9.96 —-1.65 —8.98 —0.67 -8.73 -0.42
Asp —9.64 —9.61 0.03 —9.55 0.09 —9.74 —0.10
Cys 0.01 —0.33 —-0.34 —0.07 —0.08 —0.79 —0.80
Gin -7.35 —9.00 —1.65 ~7.88 —0.53 —6.90 0.45
Glu —8.36 ~8.47 ~0.11 —8.84 —0.48 —8.26 0.10
His ~8.25 -3.96 4.29 —8.21 0.04 —8.31 -0.06
e 4.89 2.71 -2.18 2.11 —2.78 4.95 0.06
Leu 5.20 2.65 ~2.55 2.14 -3.06 5.00 —-0.20
Lys —6.84 —8.94 ~2.10 —7.43 —0.59 —6.84 0.00
Met 0.93 1.57 0.64 1.01 0.08 1.78 0.85
Phe 2.18 .12 0.94 3.55 1.37 2.24 0.06
Ser —4.31 -3.73 0.58 —5.32 —1.01 —4.58 -0.27
Thr —3.54 —2.96 0.58 —4.06 —0.52 -3.19 0.35
Trp ~2.40 0.33 2.73 -0.09 2.31 =2.61 -0.21
Tyr -3.17 —1.61 1.56 ~1.58 1.59 —2.93 0.24
Val 4.07 2.35 -1.72 1.63 —2.44 3.82 -0.25
RMS deviation 1.77 1.49 0.46
Maximum deviation 4.29 3.06 1.26

values that were calculated on the basis of the three different sets of fitted atomic
solvation parameters. In terms of RMS and maximum deviations our five-parameter
set is somewhat more successful in reproducing the observed solvation free energies
than Wesson and Eisenberg’s. When carefully looking at the 5-parameter based
results in Table 3 it becomes evident that the solvation free energies of the hydro-
phobic residues Ala, Ile, Leu and Val are systematically too small, while the values
for the aromatic residues Phe, Tyr and Trp are systematically too large. Discrimina-
tion between aliphatic and aromatic carbon seems, therefore, logical. In doing so
the correspondence between observed and calculated values improves dramatically.
In case of five parameters the system of equations is overdetermined by a factor
of 3.6; in case of six parameters this factor drops to 3.0. This is quite acceptable
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since the RMS deviation decreases from 1.49 to 0.46 kcal/mol. With the 6-parameter
set the only considerable deviations occur for Ala, Cys and Met (boldface in Table
3). The latter two are the only sulphur-containing compounds and their deviations
from the observed values are of equal magnitude, but opposite sign. This indicates
that the description of one sulphur-type is not adequate and/or that data on
more sulphur-containing compounds are required to reliably determine the atomic
solvation parameter of sulphur. We also tested a 4-parameter set with one value for
N*/0~ (which led to a marked RMS increase) and a 6-parameter set with separate
values for neutral N and O (which did not lead to a substantial decrease in RMS).
In all subsequent work only the 6-parameter set (with different parameters for the
two types of carbon atoms) was used to describe protein-solvent interactions.

4 TESTING THE EFFECTIVE SOLVATION TERM: BPTI
4.1 Methods

The choice of tests to assess the performance of the solvation term depends on the
properties that it should reproduce. As stated above, our main aim is to reproduce
structural features. Secondly (and related to our main aim) the method should allow
realistic exploration of conformational space especially for surface residues. There-
fore, we carry out SD simulations with the solvation term and compare the results
with crystal structure data and with full solution MD simulations. We focus on
crystal rather than NMR data because we want to compare our results with one
unique structure. Since our fitting procedure did not include data on backbone
atomic solvation free energies, we also test the performance of the solvation term
with solvation parameters set to zero for all backbone atoms. We also carry out
control simulations in vacuo without any solvation term. BPTI was chosen as test
compound for three reasons: a reliable crystal structure is available, it is a small
protein, and it has rigid as well as very flexible regions (specifically, residues 1-15).
The reason the protein must be small is that MD simulations with explicit solvent
are carried out for comparison. The advantage of having flexible and rigid regions
is that we can test both whether rigid regions preserve their rigidity and whether
flexible regions are flexible in our simulations. This provides a means of assessing
whether on the average the effective solvation term underestimates, overestimates
or reproduces the effect of solvent. Also, if the framework of the protein is basically
rigid then the crystal and solution structures for the greater part will be very similar.
The structures produced by the SD simulations with solvation term do not have to
be nearly identical to the crystal structure, but they must be realistic. We routinely
use the following methods to assess the plausibility of (modelled) proteins: (1) Polar-
Diagnostics 88 {46, 47], which calculates the polar fractions of exposed and buried
surfaces and compares them with the distributions of these quantities for proteins
of known structure; and (2) analysis and comparison of secondary structure
elements, using the DSSP program [48]. We also compare flexibilities, hydrogen
bonds, accessibilities, calculated (free) energies and RMS deviations between crystal
structures and models.
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Table 4 Simulation protocol of the MD and SD simulations and EM calculations.

Initialization
Coordinates from SPTI PDB file. Protein and all 63 biowaters retained

Energy Minimization of protein and biowater with backbone and water oxygen restraints

Creation of truncated octahedral box with protein, biowater and 2301 solvent molecules
Replacement of 6 water molecules at positions of highest electrostatic potential by 6 Cl~
Box contains 7648 atoms: 568 protein (58 residues) + 7074 water (2358 molecules) + 6 ions
Restrained Energy Minimization of the complete system with periodic boundary conditions.

Settings of the MD protocol
General

Box

All bond distances

SHAKE relative geometrical tolerance
[sothermal simulation

Isobaric simulation

Isothermal compressibility

Updating non-bonded pair list

First equilibration

Time span

Temperature

Temperature coupling time constant
Pressure coupling time constant
Time step

Non-bonded cut-off radius

Second equilibration and data collection

Time span (second equilibration)
Time span (data collection)
Temperature

Temperature coupling time constant
Pressure coupling time constant
Time step

Non-bonded cut-off radius

Data collection rate (coordinates)

Settmgs of the SD protocol
Where applicable the same as those of the MD data collection protocol
Protein coordinates and velocities taken from solution MD after the second equilibration

Friction constant

Time step

Time span (constant temperature SD)
Temperature (constant temperature SD)
Time span (annealing SD)

Temperature (annealing SD)

Settmgs of the EM protocol

Coordinates taken from SD after annealing
Updating non-bonded pair list

Non-bonded cut-off radius

All bond distances

Span (steepest descent)

Span (conjugate gradient)

periodic truncated octahedron
conserved by the SHAKE procedure
0.001

separate scaling for solute and solvent
constant 1sotro§>1c pressure: 1 atm

4.6 x 10710

every 10 steps

26 ps

increasing from 0 to 274 K
increasing from 0.001 to 0.1 ps
increasing from 0.2 to 0.5 ps
1ncreasmg from 0.4 to 1.6 fs
increasing from 9 to 11 A

20 ps

200 ps

274K

0.1ps

0.5ps

2fs,

12A

every 0.1 ps; 2000 frames in total

91 ps~!

1-2fs

200 ps

274K

25 ps

decreasing from 274 to 4K

every 10 steps

12 A

harmonic potential; SHAKE not used

200 steps

until no significant energy change occured

ions
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4.2 Simulations

All simulations used for the comparisons were carried out using the GROMOS
program suite and with the standard Gromos force field for proteins [42]. In the
simulations with explicit solvent the charged force field version was employed (with
net charges on formally charged residues). In all in vacuo simulations and in the
simulations with the effective solvation term the neutral Gromos force field was
used (with reduced charges on formally charged residues to ensure electroneutrality
of all individual residues). The neutral set is generally used in cases where there is
no explicit water to shield charges from each other. For water the SPC/E potential
function was used [49]. Non-bonded parameters for atom pair (i, /) were taken as
the geometrical mean of the parameters for (i,i) and (j,j). A constant relative
dielectric of 1.0 was employed throughout. The explicit solvent simulations were
carried out on the Fujitsu VP2600 super computer at PERI, Osaka, while all other
simulations were run on the Vax cluster at EMBL, Heidelberg. The complete simula-
tion protocols are detailed in Table 4. Initial coordinates and velocities for the
vacuum SD, the full effective solvation SD and the side-chains-only solvation SD
were taken from the explicit water simulations after the two equilibration periods
(46 ps in total). Only water and chloride ions were removed; no other adjustments
were made. Data collection started immediately afterwards and spans in all four
cases exactly the same period in time. The SHAKE procedure was occasionally not
able to satisfy all distance constraints simultaneously (both with and without solva-
tion term). In these cases the time step was temporarily reduced from 2 to 1 fs.

Data obtained or derived from the simulations are presented in Tables 5 through
8. The four different simulation types detailed in these tables are “Water” (explicit
water), “Vacuum”, “SC solvation” (solvation term for side-chain atoms only) and
“Full solvation” (solvation term for all atoms). “Average” stands for the average
structure of an SD or MD simulation, and “final” for the structure at the end of
an SD or MD simulation or EM calculation. The energetic data derived from the
simulations are detailed in Table 5. Irrespective of the solvent description that was
actually used (explicit water, none, side-chain solvation, full solvation), the total
energy in the table comprises the full solvation contribution calculated for the final
structure. Table 6 gives the position fluctuations over the SD and MD simulations
and the RMS differences between simulation structures and the SPTI crystal struc-
ture that was used as a starting point for all simulations. It also lists the number
of hydrogen bonds for the final SD, MD and EM structures. Relative accessibilities
and polar fractions are provided in Table 7 and the secondary structure assignments
in Table 8. The latter three tables show data on more than one BPTI crystal struc-
ture in order to give an impression of the distribution of relevant properties for these
structures. It should be noted that 7PTI is a C30A/C51A mutant (and therefore
lacks the Cys30-Cys51 disulfide bond), 8PTI has glycine instead of Tyr33, and 9PTI
has Met52 oxidized. Ca traces of the SPTI structure and the final “Vacuum”, “SC
solvation” and “Full solvation” structures after Energy Minimization are shown in
Figure 1.

4.3 Analysis

Analysis of the following properties provides a very powerful means of assessing
the quality of model (or other) protein structures: (1) accessibility, (2) polar surface
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Table 5 Energies derived from the MD and SD simulations and EM calculations. All energies are in
kcal/mol. The bonded energy comprises bond, angle, and proper and improper torsion terms. LJ stands
for Lennard-Jones energy, and bb, sc, bb+sc stand for backbone, side-chain and full (backbone plus
side-chain) solvation energies, respectively. For comparison, the energies of SPTI before and after energy
minimization with the full solvation term are also given.

Total Bonded Non-bonded Solvation
total
Coulomb LJ bb sc bb + sc
SPTI crystal -575 +500 ~514 —287 ~148 -126 -274
5S5PTI EM (Full solvation) —-1172 +156 —610 —442 —146 —130 =276
Water (MD final) =715 +380 —470 —349 —165 —111 -276
Vacuum (SD final) —860 +390 —618 —429 —-121 -82 -203
SC solvation (SD final) —865 +414 -614 —401 -125 -139 —264
Full solvation (SD final) —883 +371 —584 -376 —160 —134 —294
Vacuum (EM final) -1186 +188 —680 —=515 —105 —74 —-179
SC solvation (EM final) —1215 +180 —671 —478 —-112 —134 —246
Full solvation (EM final) —-1222 +162 —653 —461 —-143 —-127 ~-270

Table 6 Deviations from SPTI positions, fluctuations and hydrogen bonds. In the first two columns
RMS Ca deviations of the models from the SPTI crystal structure are given for all residues and for
the residues 16-58, respectively. The next two columns show atomic position fluctuations during the SD
and MD simulations for Ca and all atoms, respectively. The final two columns list the total number
of hydrogen bonds (“all”) and the number of hydrogen bonds between backbone atoms (“bb”). Hydrogen
bond criteria are: donor --- acceptor distance <3.5 A, hydrogen --- acceptor distance <2.5 A and
donor-hydrogen-acceptor angle between 120 and 180°.

SPTI-RMS (C,) Fluctuations Hydrogen bonds

All residues 16-58 C, All atoms All bb
BPTI crystal structures
4PTI crystal 1.24 1.40 34 23
5PTI crystal 34 22
7PTI crystal 0.20 0.21 34 22
8PTI crystal 1.82 1.97 41 24
9PTI crystal 0.09 0.09 34 22
Simulations
Water (average) 1.91 1.94 0.76 1.14
Water (MD final) 2.13 2.09 27 14
Vacuum (average) 2.47 2.36 0.92 1.23
Vacuum (SD final) 2.82 2.82 41 20
Vacuum (EM final) 2.94 2.90 57 27
SC solvation (average) 2.06 1.83 0.99 1.52
SC solvation (SD final) 2.38 2.07 32 17
SC solvation (EM final) 2.40 2.07 48 26
Full solvation (average) 2.45 1.66 1.28 1.86
Full solvation (SD final) 2.71 1.49 29 18

Full solvation (EM final) 2.81 1.48 39 22
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fractions, (3) secondary structure, (4) hydrogen bonds, (5) RMS deviations from
the crystal structure, and (6) energy. Here the analysis is carried out to compare
structures resulting from explicit water, vacuum and solvation term simulations in
order to judge the performance of SD simulations with the effective solvation term.

(1) The relative total accessibility is defined as the surface area of a protein
that is exposed divided by the maximum exposed surface area. The accessi-
bilities in Table 7 clearly show that after energy minimization the “Vacuum”
simulations give values that are lower than normally observed for proteins.
The values derived from the “SC solvation” and “Full solvation” simulations
appear to be approximately correct. Especially the value of the energy mini-
mized “Full solvation” structure (0.418) is very close to the accessibility of the
SPTI crystal structure (0.423). The average and final accessibility values for
the MD simulations with explicit water are somewhat higher than the values
for the “Full solvation” SD simulations.

Table 7 Relative accessibilities and exposed and buried polar fractions. Internal and external polar stand
for the polar fractions of buried and exposed atomic surfaces. SC internal and SC external stand for
the equivalent quantities of side-chain atoms only. Polar fractions are defined as the product of the
absolute values of the partial atomic charges and the corresponding (exposed or buried) atomic surface
areas divided by the total (exposed or buried) atomic surface area [47]. The relative accessibility is dimen-
sionless; the four types of polar fractions are in |e| (absolute electron charges). Reference values are
based on values for all 150 known protein structures at the time with the exclusion of atypical structures
[47]. Unusual high and low values are in boldface and marked + and —, respectively.

Relative Internal External SC internal SC external

accessibility polar polar polar polar
Normal range
average in 150 protein 0.400 0.172 0.172 0.098 0.143
standard deviation 0.055 0.010 0.015 0.011 0.019
minimum in 150 proteins 0.320 0.158 0.147 0.074 0.115
maximum in 150 proteins 0.520 0.190 0.204 0.118 0.183
BPTI crystal structures
4PTI crystal 0.429 0.166 0.175 0.091 0.140
SPTI crystal 0.423 0.167 0.173 0.097 0.134
7PTI crystal 0.426 0.172 0.170 0.101 0.132
8PTI crystal 0.400 0.172 0.170 0.098 0.135
9PTI crystal 0.419 0.170 0.169 0.099 0.132
Simulations
Water (average) 0.442 0.195 + 0.151 0.122+ 0.115
Water (MD final) 0.482 0.192+ 0.144— 0.121+ 0.107 -
Vacuum (average) 0.328 0.196+ 0.140— 0.131+ 0.101 -
Vacuum (SD final) 0.345 0.185 0.144 0.122+ 0.101—
Vacuum (EM final) 0.319— 0.189 0.134— 0.125+ 0.095—
SC solvation (average) 0.380 0.180 0.168 0.102 0.139
SC solvation (SD final) 0.416 0.171 0.168 0.089 0.142
SC solvation (EM final) 0.386 0.174 0.164 0.095 0.137
Full solvation average) 0.405 0.181 0.168 0.108 0.132
Full solvation (SD final) 0.462 0.171 0.168 0.096 0.133

Full solvation (EM final) 0.418 0.169 0.171 0.098 0.135
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Baumann ef al. [47] observed that buried and exposed polar fractions of the
side-chains (Table 7, last two columns), which are independent quantities,
provide a sensitive test for “normality” of protein structures. The buried polar
fractions are systematically too high for the “Vacuum” structures and the
exposed polar fractions too low. Together with the low accessibility (criterion
1) this indicates that vacuum simulations cause polar side-chains to fold back
onto the protein. In the “Water” case much of the protein’s polar surface is
buried, but the total accessibility (criterion 1) is relatively high. This suggests
that the protein as a whole has opened up and that consequently more apolar
atomic surface gets exposed. Both the “SC solvation” and “Full solvation”
cases have normal buried and exposed polar fractions. There is almost perfect
agreement in polar fraction values between the 5PTI crystal structure and
the “Full solvation” final EM structure.

In a stable solution structure the secondary structure [48] as observed in the
crystal structure should be preserved as much as possible and not very much
additional secondary structure should form. The secondary structure assign-
ment in Table 8 shows that the “SC solvation” and “Full solvation” simula-
tions preserve the major secondary structure elements (residues 18-35 and
48-55). In contrast, the 3-strand-turn-3-strand element (residues 18-35) pro-
gressively dissolves during the “Vacuum” and “Water” SD/MD simulations.
In Figure 1 the disruption of the two hydrogen bonded strands in the
“Vacuum” case (vellow structure) is visible. In case of “SC solvation” the 3-
strand 18-24 gets extended at the N-terminus until residue 15. In the crystal
structures and in the structures resulting from all simulations there is a small
segment of 3,,-helix or hydrogen-bonded turn near CysS (which bridges to
Cys55 and connects beginning and end of the protein chain). Apart from the
stretch 3-6 the residue range 1-17 generally does not contain much secondary
structure in any of the simulations. The flexibility implied by the absence of
secondary structure in the simulations is consistent with NMR data on mutants
of BPTI [50] and with the fact that residues 14-17 are involved in inhibition.
The number of backbone-backbone hydrogen bonds and the number of
hydrogen bonds involving side-chain atoms should be approximately the same
in simulations and crystal structures. The analysis of hydrogen bonds (Table 6)
supports the picture that emerges from the previous paragraph. The “Vacuum”
and “SC solvation” structures have the highest number of backbone-backbone
hydrogen bonds, which is a logical consequence of the fact that in both cases
the solvation parameters for the backbone are zero. The “Vacuum” structure
also has the highest total number of hydrogen bonds by far, again a clear
indication that the side-chains have folded back onto the protein. In the “SC
solvation” case polar side-chains are drawn into solvent and cannot compete
with backbone atoms to form hydrogen bonds, which may explain the
observed formation of more secondary structure at residues 15-17 (criterion
3). The “Water” final MD structure again is unusual in that it has a low
number of backbone-backbone hydrogen bonds, but the number of hydrogen
bonds involving side-chain atoms (13) is comparable with the “SC solvation”
and “Full solvation” cases (15 and 11, respectively, after SD). The number
of backbone-backbone hydrogen bonds in the “Full solvation” EM structure
is in perfect agreement with the crystal structures, although the total number
of hydrogen bonds is somewhat high.
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Figure 1 Superimposed Cu traces of the SPTI crystal and the model structures after MD/SD simula-
tions. The SPTI crystal structure is purple, the “Water” model structure red, the “Vacuum” one yellow,
the “SC solvation” one green and the “Full solvation” one blue. This picture was prepared with the
WHAT IF modelling package [54]. (See colour plates)

(5) The position fluctuations (C, and all atoms separately) observed in the MD
and SD simulations are detailed in Table 6. The fluctuations increase in the
order “Vacuum” — “SC solvation” ~ “Full solvation,” which is due to the fact
that drawing atoms outward into solvent leads to a higher average mobility.
In the “Water” case the fluctuations are smallest because protein motion
requires considerable rearrangement of water molecules leading to a relatively
low mobility. Table 6 also shows the Ca RMS position deviations of the
model structures and crystal structures with respect to the SPTI crystal struc-
ture. Small RMS deviations between model and crystal structures in regions
that are known to be rigid indicate plausible model structures. In general the
model structures show large deviations from the SPTI structure (in the order
of 2-3 A), but large differences (up to 1.8 A) occur between the various BPTI
(mutant) crystal structures as well. However, there is a striking correspon-
dence between the structures resulting from both solvation simulations and
SPTI for the rigid part of the molecule (residues 16-58), especially when counsi-
dering that considerable positional fluctuations occur during the simulations.
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Figure 1 shows C, traces of the final models after MD or SD superimposed
on the 5PTI structure. It is obvious that, apart from the “Water” structure
(red) there are considerable deviations between the model structures and the
crystal structure (purple) over the first 17 residues. It is unclear whether the
similarity between the “Water” and crystal structures in this region is due to
the low intrinsic mobility of BPTI in explicit water or to the inherently more
realistic explicit water description. It is also unclear whether the large move-
ment of Glyl2 in the “Full solvation” structure (blue) is physically realistic
or caused by overestimating the solvation free energy of glycines. Apart from
this first segment of 17 residues, however, the “Full solvation” and crystal
structures are very similar, even the C-termini (with two glycines and an
alanine) match well. Considerable structural differences between the final SD
“SC solvation” (green) and “Full solvation” (blue) structures can be observed
in Figure 1. This indicates that even in folded proteins the (structural) effect
of backbone solvation should not be underestimated.

(6) A careful analysis of various contributions to the total energy of model struc-
tures is generally very important in distinguishing “good” and “bad” struc-
tures. However, here our intention is to test the occupancy-based effective
solvation term and for that purpose the force field-independent analysis
methods (see above) are more suitable. The energies of the final MD, SD and
EM structures are detailed in Table 5. In all cases they have been calculated
using the uncharged GROMOS parameters and the full solvation term. In the
“Water” case this can have consequences since the “Water” simulations were
carried out using the charged GROMOS parameters. Indeed, in the “Water”
case the (intra-molecular) Coulomb energy is much lower than in the other
cases. The solvation energy of the final “Water” MD structure is comparable
to the “SC solvation” and “Full solvation” energies, aithough in the “Water”
case the side-chain contribution is somewhat small. The “Vacuum” and “SC
solvation” simulations were not carried out with the full solvation term, and
consequently the resulting structures have relatively high solvation free ener-
gies. The solvation energies of the final “Full solvation” EM structure agree well
with those of the SPTI crystal structure. For comparison, an energy minimiza-
tion of SPTI with full solvation was carried out as well. Although the total
energy decreases by 600 kcal/mol, the solvation energy stays roughly the same.
An energy analysis is generally quite useful, but in this case the other analysis
tools provide a better measure of performance of the solvation term.

5 DISCUSSION AND CONCLUSIONS

5.1 Limitations

The effective solvation term proposed here and its implementation have several
limitations.

¢ A small set of atomic solvation parameters is used. We only distinguish six dif-
ferent atom types (aliphatic C, aromatic C, uncharged N/O, S, N* and O7)
and consequently have only six different solvation parameters. Especially in the
case of alanine (and cysteine and methionine to a lesser degree) this leads to
discrepancies with experimental values (Table 3).
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¢ Only side-chain analogues are used to determine solvation parameters. It is not
a priori obvious that parameters derived on the basis of side-chain data are
directly transferable to backbone atoms. The derived solvation free energies,
especially of small residues such as Gly and Ala, may therefore differ from the
physically correct values.

® There are experimental errors in the data used to fit the atomic solvation
parameters: Wolfenden’s free energies of solvation [44], Sharp’s correction for
the entropy of mixing [13], the fragmental volumes [41] and the extrapolated
maximum occupancies.

e Contrary to our linear description, in reality a minimum empty volume is
required for a water molecule to engage in direct interaction with the solute.
This means that holes that are too small to contain a single water molecule in
our description still contribute to the total solvation free energy.

e Experimental free energies comprise side-chain entropic effects (rotational
freedom) and bulk entropic effects. In our force field the non-solvation part
already explicitly describes rotation of side-chains and the side-chain entropic
contributions to the experimental solvation free energies may cause an exagge-
rated preference for high solvent exposure.

¢ Subtle interactions such as water-mediated hydrogen bonds between two side-
chains cannot be described by the effective solvation term. This situation arises
when one water molecule is positioned such that it can form very favourable
hydrogen bonds with two nearby polar or charged side-chain atoms, effectively
fixing the relative position of these side-chain atoms. Our solvation description
would tend to push these polar/charged atoms away from each other instead
of fixing them in one position.

¢ It has been observed that the total solvation free energy of two polar or charged
groups that are close together in space is less negative than the sum of the
individual solvation free energies [e.g. 51, 52]. This relative increase in free
energy of solvation for two nearby charged/polar side-chains is not reproduced
by our solvation model at its current level of sophistication.

Improvements can be made that deal with part of these limitations. Including
more experimental solvation data will lead to more reliable parameters. Using more
parameters should lead to a better force field. Effective volumes that take into
account specific geometrical features of proteins [53] may prove to be better than
using fragmental volumes.

However, these limitations pose no serious problems as the method does not pre-
tend to be more than a first-order approximation of part of physical reality.
Whether the approximation is valid is primarily judged on the basis of its perfor-
mance in simulations. In the context of our research this means that results of pro-
tein simulations should be compared with experimental data, mainly focusing on
structural properties, and with the results of other simulation protocols.

5.2 Performance

When assessing the performance of the solvation term the crucial questions are:
(1) how well does it reproduce relevant structural features, (2) to what extent can
we expect these features to be reproduced, and (3) how important are the observed
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differences? Another important issue is the efficiency of effective solvation simula-
tions in terms of (4) sampling conformational space and (5) CPU usage.

(1) How well does SD with effective solvation reproduce structural features
observed in the crystal structure of SPTI, and how normal are the model
structures compared to a representative set of protein structures?

Despite large position fluctuations during the simulations, the solvation
simulations produced models that are very much like the SPTI crystal struc-
ture (in terms of C, positions) in the rigid regions of the protein (segments
18-35 and 48-55). The secondary structure of these models is in good agree-
ment with the crystal structure as well. The values for the buried and exposed
polar and total surfaces of these models are normal and very close to those
derived from the crystal structure.

The structures stemming from the explicit water MD simulations have the
lowest overall deviations from the SPTI crystal structure, but these simula-
tions also have the lowest position fluctuations. The explicit water simulations
caused loss of secondary structure in a rigid region. The buried polar surface
fractions are higher than normal and the total accessibility is also rather high,
suggesting that during these simulations hydrophobic surface tends to get
exposed more.

The vacuum SD simulations failed entirely in producing plausible struc-
tures. In the course of these simulations part of the secondary structure
dissolved and large deviations from the SPTI structure were observed over the
entire residue range despite a low intrinsic mobility. Far too many hydrogen
bonds involving side-chains were observed and the relative total accessibility
and the buried and exposed polar fractions fall far outside the “normal”
ranges.

The above observations are not all independent, but they show clearly that
vacuum simulations lead to very unrealistic structures, while simulations with
an effective solvation term do very well with respect to all our criteria.

(2) To what extent can we expect our simulations to reproduce structural features?

One cannot expect vacuum, solution and effective-solvation simulations to
reproduce crystal properties in great detail. Without the presence of crystal
forces differences will arise. However, folded proteins in solution and in the
crystal contain large numbers of stable secondary structure elements and any
realistic simulation should produce structures that preserve secondary struc-
ture. On the other hand, production of much more secondary structure than
observed in the crystal structure may also hint at defects in the simulation.
In the case of BPTI the secondary structure of the residue ranges 18-35 and
48-55 should be preserved. In this respect the effective solvation simulations
perform better than the vacuum simulations. We do not have a good explana-
tion for the fact that the explicit water simulations produce unrealistic struc-
tures in that region, while its overall conservation of structure is quite
adequate. It may be that the simulations were too short and that extending
them will lead to more plausible structures (see point 4 below), or that the
uncharged GROMOS force field is better in reproducing crystal properties than
the charged force field, or that the combination of the spc/E water and
charged GrRoMOS protein force fields does not describe a protein in water
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well. A rigorous investigation is required, but this goes beyond the scope of
this paper.

(3) How important are the observed differences between the model and crystal
structures?

The observed differences between the models and crystal structures in the
N-terminal region (residues 1-17) are quite large. Figure 1 shows that none
of the final MD/SD structures has a conformation that is the same as any
of the others in that region. After superposition of the 16-58 regions on each
other the Coe RMS deviations in the 1-15 region vary from 2.3 (between SPTI
and “Water”)to 6.1 A (between “Vacuum” and “Full solvation”). How realistic
and how important the differences are, is not completely clear. However, the
N-terminal section is involved in inhibition, has no fixed secondary structure
in the crystal, and, based on NMR data on BPTI mutants, has been shown
to be very flexible [50]. Therefore, the structures resulting from our simula-
tions may well represent low-energy conformers that are present in solution.

(4) How well do the effective solvation simulations sample conformational space?

Having a procedure that samples conformational space adequately is
important, since it provides a fast means of generating relevant structures.
This sampling is done best during “Full solvation” simulations, as judged
from the position fluctuations of all atoms and C« atoms only in Table 6.
So, in addition to providing an adequate description of a protein in solution,
the effective solvation term also enhances sampling. The explicit water simula-
tions are least efficient in scanning conformational space due to the damping
effect that the water molecules have on protein motion. Although long
solution simulations may provide a more realistic description of physical
reality than vacuum or solvation simulations, the “effective time step” for
explicit water simulations is smaller than for vacuum and effective solvation
simulations due to slow water rearrangement. The explicit water simulations
effectively span a smaller time range than the other simulation and the results
are not directly comparable. It may be that longer explicit water simulations
will result in different, more plausible structures.

(5) How well do effective solvation simulations perform in terms of CPU time?

In terms of CPU requirements simulations with the effective solvation term
have a clear advantage. 200 ps of the full water MD simulation took 95 hours
CPU on the Fujitsu VP2600 and would have taken 7.8 months (5,700 hours)
on a Vax 8810. On a Vax 8810 200 ps of SD (with the mixture of 1 and 2fs
step sizes actually used) would have taken 190 and 290 hours CPU for the
vacuum and solvation simulations, respectively. The SD simulations with
solvation are 50% slower than the corresponding vacuum simulations. The
explicit water MD simulations take 30 times more time than the vacuum SD
simulations.

5.3 Future Extensions

Our method can be easily extended to capture not only the hydrophobic effect, but
also the electrostatic shielding effect of sovlent. At present we use the uncharged
GRoMOS protein force field in order to have at least some degree of shielding. The
often used distance-dependent dielectric does not constitute a very good solution
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to the shielding problem since interactions through the protein are reduced just as
much as interactions through empty space (i.e., solvent). An occupancy-dependent
relative dielectric would describe shielding better and partly solve the problem. The
GRoMOS SD simulation program now calculates the number of atoms in a shell
around any given atom and used that number as proportionality constant in the fric-
tion term for that atom. This description could easily be refined by making the fric-
tion coefficient occupancy-dependent. However, these two improvements may lead
either to a force field that is no longer conservative or to a considerable increase
in CPU usage due to the evaluation of more complex expressions, but they are
definitely worth testing.

5.4 Conclusions

Our aim was to develop a tool to describe solvation effects in simulations in a very
simple and inexpensive fashion which is accurate enough for most purposes. Despite
the simplicity of the effective solvation term (which essentially is a sum of two-body
terms) and despite inherent limitations, remarkably plausible structures are
obtained. In fact, simulations with the solvation term in some respects seem to
perform better than simulations with explicit water, although the evidence is based
on one test case only. Comparable vacuum simulations do not produce realistic
structures at all. Since CPU requirements for effective solvation simulations are
only 50% higher than for vacuum simulations (and a factor of 20 lower than for
explicit water simulations) we propose use of out method in all cases where presently
vacuum simulations are employed.
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