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Abstract

Recent studies have pointed out the important role of local water structures in protein conformational stability. Here, we
present an accurate and computationally effective way to estimate the free energy contribution of the simplest water
structure motif—the water bridge. Based on the combination of empirical parameters for accessible protein surface area
and the explicit consideration of all possible water bridges with the protein, we introduce an improved protein solvation
model. We find that accounting for water bridge formation in our model is essential to understand the conformational
behavior of polypeptides in water. The model formulation, in fact, does not depend on the polypeptide nature of the
solute and is therefore applicable to other flexible biomolecules~i.e., DNAs, RNAs, polysaccharides, etc.!.
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The interaction between a protein and stable local water structures
has been the subject of many recent experimental and theoretical
studies~Otting et al., 1991; Hummer et al., 1996; Israelachvili &
Wennerstrom, 1996; Kovacs et al., 1997; Cheng & Rossky, 1998!.
Water–protein interactions were modeled using many theoretical
approximations. From one hand explicit water molecules are con-
sidered~mainly in molecular dynamics simulations! ~Kovacs et al.,
1997; Bonvin et al., 1998; Cheng & Rossky, 1998!. On the other
hand, a variety of continuum approximation models based on both
the accessible protein surface area~ASA! ~Eisenberg & McLachlan,
1986; Ooi et al., 1987; Williams et al., 1992; von Freyberg et al.,
1993! and several successful electrostatic models~Warshel & Rus-
sell, 1984; Sharp & Honig, 1990! are used. The last model~Warshel
& Russell, 1984! considers solvent as a regular grid of polarizable
dipoles. These dipoles are in the self-consistent electrostatic force
field consisting of the protein dipoles and those of the surrounding
solvent molecules. Therefore, this model can be considered as a
bridge between the explicit water box and the continuum models.

The explicit water models have been proved to adequately ac-
count for protein solvation. However, they are extremely compu-
tationally demanding not only because of the drastic increase of
interacting atoms in the models, but, even more importantly, they
require long equilibration times for the water box itself to estimate
the contribution of solvation to the free energy of each protein
conformation. The electrostatic based models~Warshel & Russell,
1984; Sharp & Honig, 1990! are more computationally effective;
however, they are still not fast enough to study unfolded states of

proteins where many millions of very dissimilar conformations are
to be considered.

On the other hand, ASA-based theoretical models are fast enough
but, as well as all implicit models, suffer from the lack of atomic
details and cannot account for stable local water structures near the
protein surface. It is also important, in our view, to bear in mind
there are cases where ASA-based solvation models were proved to
be invalid. For instance, hydration free energy of some hydrocar-
bons significantly deviates from linear dependence on ASA~Ooi
et al., 1987!. In addition, several groups derived atomic solvation
parameters~ASP! using almost identical sets of experimental data
of hydration of small organic compounds. However, the selection
of basic atom types and its van der Waal’s radii differ from one
model to another. As a result, the derived sets of ASPs significantly
deviate from each other. While the calculations of protein hydra-
tion using some sets of ASP predict the unfolded state to be more
stable than the folded, others yield precisely the opposite~Juffer
et al., 1995!. Nevertheless, it is our belief that ASA plays a major
role in protein solvation and that ASA-based models can be cor-
rected for all necessary effects to provide a simple and robust way
to account for protein solvation.

An important aspect of protein solvation that has seldom been
explicitly considered is the ability of water molecules to mediate
hydrogen bond bridges with two polypeptide atoms~backbone–
backbone or backbone–side chain!, as frequently found in protein
crystals~Thanki et al., 1990; Thanki et al., 1991; Morris et al.,
1992!. Water molecules can simultaneously donate and accept two
hydrogen bonds, and therefore there are four possible types of
water bridges that must be considered—namely, donor–donor~DD!,
acceptor–acceptor~AA !, donor–acceptor~DA!, and acceptor–
donor~AD!, as illustrated in Figure 1. Due to entropic reasons, it
is intuitive to think that the formation of two hydrogen bonds
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between the protein and a water molecule is more favorable ener-
getically than the formation of two hydrogen bonds with two dif-
ferent water molecules.

Results and discussion

Theory

The combinations of empirical force fields~particularly ECEPP!
with an ASA-based solvation potential have been used to account
for solvation in protein free energy calculations~Williams et al.,
1992; von Freyberg et al., 1993!. To incorporate water bridges in
a simple and computationally effective ASA-based solvation model,
we need to consider that~1! water bridges can form a complicated
network of water–protein hydrogen bonds~see Fig. 1!; ~2! a com-
petition of different water bridges for the same space is possible in
some peptide conformations; and~3! in some cases water bridges
can prevent the access of nearby protein atoms to interact with
bulk water.

If one assumes for simplicity that there is only one water bridge
in a given peptide conformation, then the conformational energy of
a molecule~i.e., peptide!, Econf, including its solvation equals

Econf 5 Epp 1 (
iÓwb

si ASAi 1 PwbGwb 1 ~12 Pwb!Gnwb ~1!

whereEpp is the energy of intrapeptide interactions,(iÓwbsi ASAi

is the surface-based solvation of all protein atoms not affected by
the presence of a water bridge,Pwb is the probability of water
bridge formation,Gwb andGnwb are solvation free energies result-
ing from the presence or absence, respectively, of a water bridge.
Assuming thatGnwb is proportional to the solvent accessibility of
the corresponding atoms~i.e., Gnwb 5 (i[wbsi ASAi !, and using
the classical relation between the change of free energy of a two
state chemical reaction and its equilibrium constant

DGwb 5 Gwb 2 Gnwb5 2RT3 ln$Pwb0~12 Pwb!%, ~2!

we can simplify Equation 1:

Econf 5 Epp 1 (
i

si ASAi 2 RT3 Pwb ln@Pwb0~12 Pwb!# ~3!

whereR is the gas constant andT is the temperature in Kelvin. It
is straightforward to generalize Equation 3 for any number of
water bridges that do not overlap with others in a given peptide
conformation. The water overlaps will be considered below.

Provided we knowDGwb, we could calculate the probability of
the water bridgePwb using the equivalent form of Equation 2:

Pwb 5 10~11 eDGwb0RT!. ~4!

The value ofDGwb includes, apart from the interaction energy of
the water bridge with the peptideEwb, a variety of different en-
thalpic and entropic effects such as loss of hydrogen bonding to
bulk water, changes in entropy upon water bridge formation, and
probably less energetically important distortions of local water
structures around protein surface. Therefore, it can be represented
asDGwb 5 Ewb 1 C, whereC is an entity that includes all kind of
enthalpic and entropic contributions except for water–protein non-
bonded interactions. Formation of a water bridge implies the loss
of two water–water hydrogen bonds@3.2 kcal0mol per hydrogen
bond ~Feyereisen et al., 1996!# and the entropy loss of fixing a
water molecule@0.92 kcal0mol at room temperature~Franks, 1982!#.
This results in a value forC of ;7.4 kcal0mol. Provided that we
include all context depending effects associated with desolvation
of the water molecule inEwb, we can considerC as an approximate
constant. Thus,

Pwb 5 10~11 e~Ewb1C!0RT!. ~5!

The value ofEwb can be effectively calculated with a standard
force field for a particular water bridge in a given peptide confor-
mation~Momany et al., 1975; Nemethy et al., 1983!. Essentially,
using standard geometric criteria for hydrogen bond formation
between water and protein groups, we can identify all possible
water bridges for any particular conformation of a molecule~see
Materials and methods!. Knowing C, we can computationally ef-
fectively estimatePwb andDGwb. Alternatively, provided that we
know Pwb and Ewb, we can determineC and test the above hy-
pothesis.Pwb can, in principle, be estimated from molecular dy-
namic~MD! simulations for a particular fixed peptide conformation.
Comparison of thePwb values determined from MD and those
obtained using Equation 5 with variousC values allows us to
estimateC and to test its context independence~see below!.

In general, for a particular solute, it is possible that there could
be more than one water bridge and they can compete for the same
space position. Assuming we can separately calculate the energy of
water–proteins interactionsEwb for all water bridges of an over-
lapped area and its weighted average,Eoverlap

aver , the probability of
having a water bridge in the overlapped area is given by Equation 6:

Poverlap 5 10~11 e~Eoverlap
aver 1C!0RT!. ~6!

This probability can be used to calculate the average free energy
contribution of water bridges in an overlapped area in the same
way, as in Equation 3. Finally, the conformational energy of a
peptide including solvation can be expressed by Equation 7:

Fig. 1. An example of a cluster of several water bridges involving the side
chain of a Ser residue in the central position of a Gly-Gly-X-Gly-Gly
peptide.
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Econf 5 Epp 1 (
i

si ASAi 2 RT

3 (
iwbÓoverlap

Piwb ln@Piwb0~12 Piwb!# 2 RT

3 (
ioverlap

Pioverlap ln@Pioverlap0~12 Pioverlap!# . ~7!

We assume here that the probability of nonoverlapping water
bridges to interact is quite small, and therefore they are considered
to be independent.

It is worth noting that since our model accounts for all possible
water bridges with two water–protein hydrogen bonds, the rare but
possible cases of three and four water–protein hydrogen bonds are
included automatically. This is simply because they present a sub-
set of the water bridges with two hydrogen bonds. The proposed
scheme for free energy calculations of water bridges also automat-
ically accounts for more than two coordinated water bridges. This
is because the final energyEwb results from energy minimization
using ECEPP force field with the list of all possible hydrogen
bonds, and those water bridge hydrogen bonds that are not satisfied
with protein or bulk water are penalized~see Materials and meth-
ods!. Only those waters that have none or one hydrogen bonds to
the protein are accounted for in the ASA-based part of the model.

Agreement with experimental data

There are several systems in which the above formulation can be
tested, but one of the simplest ones for which a complete nuclear
magnetic resonance~NMR! description is available~Bundi &
Wüthrich, 1979; Fiebig et al., 1996; Plaxco et al., 1997! is the
so-called “random coil” Gly-Gly-X-Gly-Gly pentapeptides~where
X is any of the 20 amino acids!. MD simulations~see Materials
and methods! were performed for a representative set of 15 water
bridges in some of the Gly-Gly-X-Gly-Gly pentapeptides with Gly,
Ser, Thr, Asn, and Gln at the central position. The 15 conformers
used in these MD calculations were selected based on their Ewb
values@that is, minimized energy of water–protein nonbonded in-
teractions in a particular water bridge conformation~see Materials
and methods!#. Three conformers for each peptide sequence at low,
moderate, and high values of Ewb have been selected for the same
type of water bridges. It is noteworthy in all cases that the relative
ranking of water bridge stability in conformation triples as deter-
mined by MD was found to be in accord with its Ewb ranking.
Thus, MD runs served as a kind of blind test allowing estimation
of the predictive power of our model.

The value ofPwb ~that is, the fraction of the time when two
hydrogen bonds of a particular water site are satisfied by a water
molecule! has been used as a measure of water bridge stability.
Figure 2A shows the time dependence forPwb as calculated from
MD trajectories of Gly, Ser, Thr, Asn, and Gln substituted penta-
peptides. One can see from Figure 2A that 350 ps MD was enough
to reach equilibrium for water exchanges in the water bridges
under consideration. The value ofPwb is related, of course, to the
average residence time of water molecules at a given site. The
higher thePwb, the longer the average residence time. However,
water exchanges indeed occur frequently even at highly stable
water bridges. We observed a few cases where a water molecule
lived as long as 150 ps of MD trajectory in a particular water
bridge. However, in the majority of cases, the average water res-
idence time of a water bridge was in the range of 10–20 ps. This

is in agreement with available NMR data that water residence
time at protein surface is in the subnanoseconds interval~Otting
et al., 1991!. Thus, dynamical properties of water in a stable water
bridge can differ from that of moderately stable water bridges by
as much as a factor of 15 and probably even more for bulk water
molecules.

As expected, the MD simulations showed rather diverse confor-
mational stabilities for the water bridges depending on the type and
peptide conformation. However, we find a surprisingly good cor-
relation~see Fig. 2B! betweenPwb determined from MD and that
calculated from Equation 5 with a constantC value of 7.7 kcal0
mol @similar to the value expected from basic physical principles
~see Results and discussion, Theory!#. These results corroborate
our hypothesis thatC should be approximately independent on
peptide conformation, sequence context, or water bridge type. The

A

B

Fig. 2. A: Time course from the MD simulations performed for a repre-
sentative set of 15 water bridges in some of the conformations of the
Gly-Gly-X-Gly-Gly pentapeptides with Gly~C!, Ser ~3!, Thr ~n!, Asn
~L!, and Gln~▫! at the central position. The valuesPwb were calculated
from MD trajectories as described in Materials and methods.B: Correla-
tion between the probability for a water bridge to occur as determined from
MD calculations and that calculated from Equation 5. The standard devi-
ations of the MD based probabilities for the last 250 ps of the MD simu-
lations are shown as error bars.
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value ofC determined here could be dependent on the force field
used for the Ewb calculations. However, since all available force
fields have similar energy parameters for hydrogen bonds and van
der Waal’s interactions~the main contributions to Ewb!, the changes
should be minor.

It is noteworthy also that only the minimized values of Ewb
were found to correlate well withPwb determined from MD. This
is quite understandable given the sensitivity of hydrogen bond
potential to small changes in hydrogen bond distances and angles.
Moreover, it was recently shown that hydrogen bonds are to a
significant extent of covalent nature~Martin & Derewenda, 1999!;

therefore, it is expected that protein solvation should have a very
significant nonelectrostatic contribution from water protein hydro-
gen bonding. Thus the exact positions of the water bridges are
essential to determine its stability and free energy contribution.

Having determinedEconf ~Equation 7! for all possiblef,c,x1 to
x4 conformations with grid steps of 10 or 208 for the central
residue in Gly-Gly-X-Gly-Gly peptides, we can determine their
relative populations and from those the average NMR parameters.
In Table 1 we show the results of the correlation analysis between
the experimental NMR3JHNa coupling constant values~which are
related to the equilibrium distribution of thef dihedral angle!

Table 1. Correlation between the experimental and the predicted3JHNa coupling constants
for naturally occurring amino acids in unordered peptides

AA

3JHNa

~Bundi &
Wuthrich,

1979!

3JHNa

~Dysonb!

JHNa

~Plaxco
et al.,
1997!

JHNa

~Fiebig
et al.,
1996!

JHNa

~Average
experiment!

3JHNa,
PDB

~Serrano,
1995!

3JHNa
aver

ECEPP02

3JHNa
aver

1ASA

3JHNa
aver

1WB
CS~HCa!c

1WB

A 6.5 6.1 6.1 6.23 6.49 6.4 6.3 6.4 20.0306
C 7.7 7.2 7.3 7.40 7.17 6.2 6.5 7.0 0.0090
D 7.0 7.3 7.8 7.3 7.35 7.08 6.5 6.6 7.0 20.0028
E 7.0 7.1 6.7 6.93 7.09 6.1 6.1 7.2 0.0584
F 9.4d 6.9 7.3 7.10 7.56 6.8 6.8 7.0 0.0399
G 5.6 5.7 5.65 5.52 5.4 5.5 5.5 0.0212
H 8.0 7.4 7.8 7.5 7.68 7.47 6.4 6.4 7.0 0.0242
I 7.0 6.6 7.1 7.0 6.93 7.57 7.1 7.1 7.2 0.0929
K 6.5 6.5 7.0 7.0 6.75 7.21 6.4 6.5 7.0 0.0489
L 6.5 6.6 6.8 6.9 6.70 7.21 6.3 6.5 6.7 0.0076
M 6.8 6.7 7.1 6.87 7.26 6.4 6.4 6.6 20.0106
N 7.5 7.4 7.7 7.3 7.48 7.48 6.0 6.4 7.0 20.0053
Q 6.0 7.4 7.1 6.83 7.32 6.2 6.5 6.9 0.0354
R 6.9 6.5 6.9 6.7 6.75 7.35 6.2 6.1 6.6 0.0119
S 6.5 6.4 7.0 6.5 6.60 6.93 6.2 6.1 6.6 20.0182
T 6.9 7.6 7.9 7.3 7.43 7.72 6.4 6.2 6.9 0.0307
V 7.0 6.8 7.2 7.4 7.10 7.78 7.1 7.1 7.2 0.0801
W 7.3 7.0 6.5 6.93 7.08 6.4 6.7 6.9 0.0249
Y 6.8 6.8 7.8 7.0 7.10 7.32 6.9 6.9 7.0 0.0292

R1 0.328 0.210 0.163 0.237 0.427 0.690
R2 0.387 0.341 0.235 0.322 0.512 0.687
R3 0.646 0.678 0.464 0.778 0.807 0.863

aThe 3JHNa coupling constants were calculated using Karplus’s equation~Vuister & Bax, 1993!:

3JHNa 5 6.513 cos2~6f 2 606! 2 1.763 cos~6f 2 606! 1 1.6

for each point of the conformational grid. The weighted average value of the3JHNa coupling constant was calculated using classical
Boltzmann–Gibbs distribution:

3JHNa
aver 5 (

igrid

FSexp~2Econf0RT!0( exp~2Econf0RT!D 3 3JHNaG

whereEconf is conformational energy calculated with Equation 7,R is the gas constant, andT is the temperature in kelvin. R1, R2, R3
are the correlation coefficients between the experimental scales and predicted3JHNa coupling constants using~1! the ECEPP02 force
field ~Momany et al., 1975; Nemethy et al., 1983! without solvation potential;~2! the ECEPP02 force field plus ASA-based potential
~Ooi et al., 1987!; and ~3! the ECEPP02 ASA-based solvation potential plus the explicit water bridging energy term as shown in
Equation 7. The experimental errors of the3JHNa values is;0.5 Hz.

bH.J. Dyson, pers. comm.
cThe conformational shifts as calculated with SHIFTS computer program~Osapay & Case, 1991!. The average of the conforma-

tional shifts is 0.024 ppm, and its standard deviation is 0.03 ppm. A perfect prediction should result in zero values for all the amino
acids. The error in the prediction of the experimental values in proteins is'0.1 ppm~Osapay & Case, 1991!.

dThis value has been excluded from the correlation analysis because it is too high to belong to an unordered polypeptide.
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~Bundi & Wüthrich, 1979; Fiebig et al., 1996; Plaxco et al., 1997!,
with the results of our calculations using several force field ap-
proximations:~1! the ECEPP02 force field~Momany et al., 1975;
Nemethy et al., 1983! without solvation potential;~2! the ECEPP02
force field plus the ASA-based potential~Ooi et al., 1987!; and
~3! the ECEPP02, the ASA-based solvation potential plus the ex-
plicit water bridging energy term as shown in Equation 7. It is clear
from this analysis that the model shown in Equation 7 correctly
reproduces the experimental values within the experimental errors.
The right column of Table 1 shows the Ca proton conformational
shifts values relative to the random coil chemical shifts. Our pre-
dictions are within the errors in the calculation of the experimental
values in proteins~'0.1 ppm! ~Osapay & Case, 1991! and close to
zero, which are expected values for a perfect prediction.

The model using ECEPP02 force field and ASA-based solvation
without water bridges reproduces correctly the NMR parameters
for Gly, Ala, Cys, nonpolar~Leu, Ile, and Met!, aromatic~Phe, Tyr,
and Trp!, and positively charged Lys and Arg amino acids. The
reason for it is that water bridges with backbone atoms only occur
at high energy areas or steep slopes of energy walls in the~f,c!
map ~at least 3–5 kcal0mol above global energy minimum!
~Fig. 3A!. Therefore, although water bridges stabilize these strained
peptide conformations and they can be detected in protein crystals
~Thanki et al., 1990, 1991; Morris et al., 1992!, their energy con-
tribution is not large enough to produce a significant shift in the
peptide conformational equilibrium. In the case of small polar
residues~Ser, Thr, Asn, Asp, His, Gln, and Glu!, Table 1 shows
strong changes for coupling constants if the free energy contribu-
tion of water bridges is included. Therefore the consideration of
water bridges is essential to reproduce the experimental data for
the short polar residues capable to form water bridges between its
side chains and the backbone. Unlike the water bridges in the
backbone the water bridges~DD, AA, DA, and AD! between side
chain and backbone atoms occur in low energy conformations of
the protein backbone~regions of right- and left-handeda-helices,
parallel and antiparallelb-structures, as well as variety of extended
conformations! ~Fig. 3B!. As a result, water bridge contribution
should significantly affect the conformational equilibrium of pep-
tides with small polar side chains. In the case of Lys and Arg
residues, water bridges play a less important role because of the
large entropy penalty for fixing four side-chain dihedral angles in
a suitable conformation for a water bridge.

Figure 3B indicates that water bridges of different type and
energy are present in all populated backbone conformations of the
peptide with Ser at central position. The similar situation was
found for other polar and charged residues. However, the distri-
bution and depth of energy minima in the~f,c! maps were found
to be dependent on the type of amino acid under consideration
~data not shown!. Generally the water bridges are found to be the
most stable in the areas aroundf 5 21208 and1608 that corre-
spond exactly to maximums of the Karplus’s equation for the
3JHNa coupling constant~see footnote to Table 1!. That is the
reason the presence of the water bridges always tends to increase
the equilibrium values of the coupling constants, that depends on
f only, as seen from Table 1, especially for the short polar resi-
dues. The preferablec areas for water bridge formation are de-
pendent on amino acid types. Figure 3B shows, as a typical example,
the distribution of low energy areas in~f,c! map of Ser. Very
similar pattern was found also for Thr. For other polar and charged
residues, the list of low energy areas of~f,c! map is given in the
caption of Figure 3.

Conclusions

In conclusion, we must also note that accounting for water bridges
is essential for understanding peptide and protein conformational
equilibrium in the unfolded state, and probably it is important for
the energetics of the folded conformation in proteins. The model
present here provides accurate and computationally effective way
~;0.1 s vs.;10 h in terms of demanding computational time for
this model and MD with explicit water box, respectively! to esti-
mate the energy of protein solvation for any given protein confor-
mation. We must also stress that the solvation model presented
here is applicable not only for proteins, which was the subject of
this work, but also to other biomolecules~i.e., DNAs, RNAs, poly-
saccharides, etc.! that have flexible geometry and contain many
polar0charged groups capable of water bridge formation.

Materials and methods

Positions of water bridges

Approximate positions of water molecules were calculated for any
given peptide conformation using a complete list of all possible
pairs of protein atoms that can participate in hydrogen bonds with
water as follows. For each pair of protein atoms with overlapping
water shells~the spheres of radii that correspond to ideal hydrogen
bond distances plus 0.2 Å to account for possible deviations from
ideal hydrogen bonds!, the overlapped area has been filled up with
uniformly distributed positions for possible water bridge oxygens.
The distance between neighboring positions was kept to be less
than 0.2 Å. All positions in the overlapped area that had van der
Waals clashes with any protein atom~except those that are con-
sidered to be bridged by the water molecule! were eliminated. In
addition, those water positions that are closer to the corresponding
protein donor0acceptor by more than 0.2 Å than its ideal hydrogen
bond distance were eliminated as well. The remaining water po-
sitions were checked to satisfy the following geometrical condi-
tions:~1! the hydrogen bond angle Donor-H. . .acceptor must be in
the range of 140–1808 as was found in organic crystals~Taylor &
Kennard, 1984!; ~2! for those bridges where water accepts a hy-
drogen atom from the protein, the water acceptor angle~H-Owater

. . .H! must be in the range of 100–2008, which was found in ab
initio calculations of water dimers~Finney, 1982!; ~3! for those
bridges where water donates its hydrogen to carbonyl and hy-
droxyl oxygens of a protein, the Protein-O. . .Hwater angle must be
in the range of 100–1408 as was found in protein crystal structures
at high resolution~Thanki et al., 1990, 1991; Morris et al., 1992!.
The positions of the remaining two hydrogen bonds of a water
bridge molecule that should be satisfied by the bulk water mol-
ecules were checked for absence of steric clashes with protein
atoms. In the presence of a clash, the respective water bridge was
penalized by 3.2 kcal0mol @this value corresponds to one water-
water hydrogen bond~Feyereisen et al., 1996!#. From a few hun-
dreds, on average, of possible water positions in each overlapped
area of water shells of protein donor and0or acceptor atoms, the
position with the lowest water–protein interaction energy was se-
lected and the energy was optimized using a conjugate gradient
method.

Free energy calculations

The energy profiles of the Gly-based pentapeptides substituted
with all ~except Pro! naturally occurring amino acids at its central
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positions were calculated on a grid of backbone and side-chain
dihedral angles~f, c, x1 to x4! with grid steps of 108 ~Gly and
Ala substituted peptides! and 208 for other amino acids. Each point
in the grid was minimized by 200 steps of energy minimization by

the conjugate gradient method. The dihedral anglesf,c andv of
the backbone of flanking residues were initially set to 1808 and
allowed to vary by a conjugate gradient energy minimization al-
gorithm. The energy calculations were made with the BKS mo-

Fig. 3. Energy surface landscape for(A) Ala and(B) Ser in the Gly-Gly-X-Gly-Gly pentapeptides. Shown in white is the energy of
intrapeptide interactionsEpp as calculated with the ECEPP02 ~Momany et al., 1975; Nemethy et al., 1983! force field plus the
ASA-based solvation~Ooi et al., 1987! potential for every point in the conformational grid for Ala and Ser at central position. Shown
in color is the energy contribution of different water bridges. The lowest energy conformation of the side chain of Ser is selected for
each particular~f,c! pair. Very similar pattern of low energy minima was found also for Thr. For other polar and charged amino acids,
the most preferable~f,c! areas were found to be following: Asp, Glu: wide areas of~160–2608; 0–3608! and~60–1008; 0–3608!; Asn:
~0–1008; 60–1908!, ~180–3008; 300–3608!, and ~180–3008; 70–1908!; Gln: ~180–3008; 0–208!, ~180–3008; 100–1208!, ~180–3008;
160–1808!, ~180–3008; 300–3508!, and ~0–608; 60–1408!; Arg: ~180–3008; 0–608!; ~180–3008; 100–1608!; ~180–3008; 180–2008!;
~180–3008; 280–3208!, and~30–1008; 100–1608!; Lys: ~160–2008; 60–1608!, ~160–2008; 260–3408!, ~280–3008; 0–3608!, and~20–
4008; 30–808!; His: ~160–2008; 50–1008!, ~270–3008; 270–2908!, and~30–608; 0–1208!.
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lecular modeling program~Abagyan & Mazur, 1989! using the
ECEPP02 force field~Momany et al., 1975; Nemethy et al., 1983!.
All atoms in the peptides were treated explicitly. Bond lengths and
bond angles were fixed at their standard values during the energy
calculations and minimization. van der Waals’, electrostatic, hy-
drogen bond, and torsion potentials were included in the energy
calculations. A dielectric constant of 81 was used for protein–
protein interactions to mimic the water screening of electrostatic
interactions within the protein~Finkelstein, 1977; Warshel & Pa-
pazyan, 1998!. Electrostatic interactions are an integral part of the
hydrogen bonding potential of the ECEPP02 force field, and the
parameter set of the force field has been verified using a dielectric
constant of 2. Therefore, we use this dielectric constant to repro-
duce correct values for hydrogen bond energies in bridge water–
protein interactions and for the interactions between the nonhydrogen
bonded atoms of water molecule and protein atoms that have co-
valent bonds to protein bridging atoms. The high dielectric con-
stant of 81 was used for remaining part of water–protein nonbonded
interactions. Although ECEPP02 does not include any additional
functions involving bond and dihedral angles, the above-mentioned
approximation of the water–protein interactions showed reason-
ably good angular dependence of the hydrogen bond energy. Sim-
ilar results were reported recently~No et al., 1995!. Complete lists
of nonbonded interactions of peptide series were used in all cal-
culations to avoid the update of interaction pair lists. The protein
surface based solvation energy term was modeled by the contin-
uum approximation model for protein solvent interactions~Ooi
et al., 1987!. Accessible surface area was calculated with the NSC
program~Eisenhaber et al., 1995!. The source code of the algo-
rithm was kindly provided by Dr. Eisenhaber~EMBL!. The van
der Waals’ radii and atomic solvation parameters were taken from
~Ooi et al., 1987!.

MD simulations

The MD calculations were performed with AMBER 4.1 package
~Cornell et al., 1995; Pearlman et al., 1995!. Each peptide structure
was immersed in a box of explicit TIP3P waters, with walls at least
10 Å away from any peptide atom. The water box was then trun-
cated to an octahedron, and periodic boundary conditions were
employed to eliminate boundary effects. All peptide conformations
were kept rigid during the simulations. Both N- and C-termini
were uncharged. Nonbonded interactions were evaluated at every
step, applying a 12 Å residue-based cut-off. The SHAKE algo-
rithm ~van Gunsteren & Berendsen, 1977! was used to constraint
all bonds during the MD simulations, and the time step was set to
0.002 ps. All calculations were performed on a Silicon Graphics
Octane0R10000 workstation. MD simulations were calculated at
293 K for at least 340 ps, and Cartesian coordinates were saved on
disk every 0.04 ps during the course of the trajectories, leading to
sets of 8,500 frames. The following strategy was used to prepare
each system to the MD runs: all water molecules were minimized,
subjected to 10 ps of MD at constant volume to allow for the
reorientation and relaxation of the water dipoles, and minimized
again. After this procedure to randomize the water box, the system
was heated gradually from 10 to 293 K during 20 ps, and then the
temperature was maintained at 293 K for the rest of the constant
pressure MD simulations. Analysis of H-bonds was performed
with the CARNAL module from the AMBER 4.1 package. The
probability of water bridgePwb was calculated as the fraction of
time that two H-bonds between a water bridge and the correspond-

ing protein atoms are formed. It was evaluated during the last
250 ps of the MD simulations~;5,000 frames!, thus allowing the
system to equilibrate during the initial 100 ps. The two H-bonds
were considered to be formed when distance between heavy atoms
of a donor and an acceptor was#3.5 Å, and the H-Donor-Acceptor
angle was#308. To estimate the errors in the water bridge prob-
abilities, the partialPwb were calculated for five consequent 50 ps
intervals in the last 250 ps of the MD trajectory. The average
values ofPwb and its standard deviations are shown in Figure 2B.
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