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ABSTRACT We present a statistical me-
chanical description of biomolecular hydra-
tion that accurately describes the hydrophobic
and hydrophilic hydration of a model a-helical
peptide. The local density of water molecules
around a biomolecule is obtained bymeans of a
potential-of-mean-force (PMF) expansion in
terms of pair- and triplet-correlation functions
of bulk water and dilute solutions of nonpolar
atoms. The accuracy of the method is verified
by comparing PMF results with the local den-
sity and site-site correlation functions obtained
by molecular dynamics simulations of a model
a-helix in solution. The PMF approach quantita-
tivelyreproducesall featuresof thepeptidehydra-
tion determined from the molecular dynamics
simulation. Regions of hydrophobic hydration
near theCa andCb atoms along the helix are well
reproduced. The hydration of exposed polar
groups at the N- and C-termini of the helix are
also well described by the theory. A detailed
comparison of the local hydration by means of
site-site radial distribution functions evaluated
with the PMF theory shows agreement with the
molecular dynamics simulations. The formula-
tionof this theory isgeneral andcanbeapplied to
any biomolecular system. The accuracy, speed of
computation, and local character of this theory
make it especially suitable for studying large
biomolecular systems. Proteins 27:471–480, 1997.
r 1997Wiley-Liss, Inc.
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INTRODUCTION

Understanding the role of water in determining
the thermodynamic stability and function of proteins
has been the subject of many theoretical and experi-
mental studies over the last 30 years.1 Hydrophobic
interactions, for instance, are known to be of para-
mount importance in protein folding and allosteric
effects. Much effort has been devoted toward study-
ing the water structure at the surface and in the
interior of proteins, nucleic acids, and their com-
plexes. Binding of water molecules at specific sites

plays a determinant role in the specificity and func-
tion of proteins as catalysts and regulatory proteins.2

The subject of protein structural hydration has been
extensively reviewed in the literature.3–10 Experimen-
tally, X-ray8 and neutron diffraction,11 and multi-
dimensional nuclear magnetic resonance (NMR)12,13

are the most reliable methods of studying biomolecu-
lar hydration structure. The geometry of water inter-
actions with main- and side-chain structural ele-
ments in high-resolution crystal structures has been
investigated by Thanki et al.14–16 and Teeter.17 Gen-
eral patterns of interactions have emerged from such
analysis.18 Theoretically, molecular simulations are
the preferred method to study biomolecular hydra-
tion.19–28 Molecular dynamics (MD) and Monte Carlo
(MC) simulations of biomolecular systems in aque-
ous solution require long computations of large
systems. In trying to overcome this limitation, alter-
native approaches, based both on single-water-
molecule hydrogen bonding29 and on methods30 de-
rived from the known hydration in high-resolution
crystal structures, have been developed.
We present a statistical mechanical approach for

calculating the local density of water around a
biomolecule (or any inhomogeneity). This method is
based on a potential of mean force (PMF) expansion
of the N-point correlation function of water in an
inhomogeneous water-solute system in terms of a
hierarchy of approximations involving pair- and
triplet-correlation functions of water molecules in
bulk solution. This method has previously been
applied to study the local water density at a water-
ice interface31 and to explore hydration patterns of
ideal32–35 and high-resolution single crystals of DNA,
RNA, and DNA-drug complexes.36 These studies of
the hydration of nucleic acids proved that themethod
can reproduce the hydration patterns obtained by
MD simulations37 and high-resolution X-ray crystal
and neutron fiber data.38 To facilitate a meaningful
comparison of theoretical predictions with molecular
simulation results, extensive configurational aver-
ages are required to obtain adequate density statis-
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tics even in a coarse (i.e., 1 Å3) grid. The poor
statistics are a consequence of the open liquid water
structure. This article describes the application of
the PMF approach to determine the hydration struc-
ture of a model a-helix, Ala18. The water density
obtained by the PMF approach is found to agree with
the density obtained by 1.125 ns MD simulations of
the peptide in aqueous solution. Information on both
the pair- and triplet-correlations is necessary in the
PMF expansion to describe the tetrahedral features
of the water structure.

THEORETICAL BACKGROUND
Local Density of Water in Terms of N-Point
Correlation Functions

We are interested in studying a system consisting
of a biological macromolecule and water molecules.
The biomolecule will be treated as a source of
inhomogeneity in an otherwise homogeneous (bulk)
water bath. The local density of water near the
biomolecule can be described by a position-depen-
dent one-particle density of water r(sW). Our approach
toward describing the local density of water around a
biomolecule consists of deriving an approximate
expression for r(sW) in terms of known structural
properties of bulk water.
The equilibrium density of water at a point sW near

a biomolecule consisting of n atoms of various chemi-
cal identities (a1, . . . an) at positions (rW1, . . . , rWn ) is
given by the conditional probability density

ra1, . . . an,w
(sW 0rW1, . . . , rWn)

5 Nw

e dsW2 . . . dsWNw

exp [2bU(rW1, . . . , rWn, sW1, . . . , sWNw
)]

e drW1 . . . dsWNw
exp [2bU(rW1, . . . , sWNw

)]
. (1)

HereU represents the total potential energy of the
system comprising n solute atoms and Nw solvent
molecules. In the MD simulations to be presented
here, U is a pairwise-additive potential energy func-
tion modeled by the OPLS force field.39 For a fixed
biological molecule the interaction potential can be
split into two parts such that the solute appears as
an external field acting on the solventmolecules. The
conditional solvent density at a point sW is then
expressed as an integral over the configurational
space of the solvent molecules, where the solvated
macromolecule appears as an external field. This
conditional probability is, in turn, related tomultipar-
ticle correlation functions, g,

ra1, . . . an,w
(sW 0rW1, . . . , rWn)

5 r0

ga1, . . . , an,w
(sW, rW1, . . . , rWn)

ga1, . . . , an
(rW1, . . . , rWn)

(2)

where r0 5 Nw/V is the solvent bulk density, that is,
the local density of water at a point sW is proportional
to the (n 1 1)-point correlation function between n
fixed atoms that comprise the biomolecule and a
water molecule in the water bath. This identification
is only of formal importance since multiple-point
correlation functions are usually calculated andmea-
sured only for pairs. However, the (n 1 1)-point
correlation functions can be accurately approxi-
mated by a combination of two- and three-particle
correlation functions.
When only pair-correlation functions g (2) are

known, the Kirkwood superposition approximation
(KSA) is commonly used.40 The KSA approximates
the local water density by

ra1, . . . an,w
(sW 0rW1, . . . , rWn)

< r0 p
i51

n

gai,w
(2) ( 0rWi 2 sW 0 ) 5 rKSA. (3)

The KSA approximation is accurate for most (r, s, t)
triplets in bulk water and is a good approximation
for monoatomic molecules and ions.APMF approach
based on the KSA has been used to calculate differ-
ences in the ionic free energy of DNA oligomers in
monovalent ionic solution.34,41–45 This simple PMF
has been shown to describe well all known structural
transitions driven by changes of monovalent salt
concentrations, specially at high ionic concentra-
tions (cs $ 0.1 M). The use of this approximation for
describing the structure of water around polar groups
cannot be expected to be as accurate, since two-point
correlation functions are not sufficient to describe
the tetrahedral character of liquid-water organiza-
tion.
Recent calculations of triplet-correlation functions

for water31,46 and water-methane solutions have
motivated the use of approximations of higher-order
correlation functions in terms of pair- and triplet-
correlation functions. In these cases pair- and triplet-
correlation functions can be used in the Fisher-
Kopeliovich superposition approximation (FKSA) to
approximate the local water density by47

r(sW 0rW1, . . . , rWn) 5 r0 p
i51

n

g(2)(ri0)

· p
i, j.i

g(3)(ri0, rj0, ri j)

g(2)(ri0)g(2)(rj0)g(2)(ri j)

5 rKSA p
i, j.i

G(ri0, rj0, ri j), (4)

where rkl 5 0rWk 2 rWl 0 , and rk0 5 0rWk 2 sW 0 · rKSA is
defined in Eq. (3), and

G(r, s, t) 5
g(3)(r, s, t)

g(2)(r)g(2)(s)g(2)(t)
. (5)
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The local density calculations that follow are based
on Eq. (4). Triplet-correlation functions between
each kind of atom pair (ai, aj) and water must be
known to calculate ra1,...,an,w(sW 0rW1,..., rWn). These func-
tions are calculated from MC or MD simulations of
bulk water. The fact that the calculation of pair- and
triplet-correlation functions is done only once makes
the theory powerful and efficient. The correlation
functions are tabulated and used to calculate the
local density, as defined by Eq. (4), for any biomol-
ecule in any fixed configuration. At this point Eq. (4)
represents a general theory and does not rely on any
specific model for the solute or the solvent.

Atom Classes—Polar and Nonpolar

The indices a1, . . . , an account for different atom
types in the biomolecule. A large number of correla-
tion functions would be required to describe the
hydration structure of a solvated macromolecule
using Eq. (4) directly. The calculation of three par-
ticle correlation functions for all possible triplets of
particle types (i.e., gai,aj,w

(3) ) is not realistic. It is impor-
tant to simplify the theoretical description with
regard to the number of different atom types used to
model the macromolecule. To accomplish this we will
only label atoms as polar and nonpolar.
In previous work it has been shown that the PMF

expansion predicts the inhomogeneous water struc-
ture around nonpolar molecular solutes.48,49 For
solutes consisting of bonded sites there is a combina-
torial explosion of terms in the PMF expansion in the
limit of complete site overlap, indicating that higher
order (n . 3) correlation functions are necessary to
describe the inhomogeneous hydration of nonpolar
solutes correctly. However, it was found that proxim-
ity approximations can represent well the local
structure of water near nonpolar solutes.48 The
proximity approximation assumes that water organi-
zation near nonpolar solutes is only locally sensitive
to the structural details of the nonpolar molecular
solute. In the simplest of the proximity approxima-
tions the local structure of water due to nonpolar
solutes is determined by water correlations with only
the nearest nonpolar solute site. For the sake of
simplicity we assume that the hydration structure of
nonpolar atoms in the biomolecule is represented by
the hydration structure of a methane molecule in
water.
Another simplification consists of assuming that

the local water densities surrounding various electro-
negative atoms (e.g., N, O) are similar. Electronega-
tive oxygen and nitrogen atoms exhibit a strong
tendency to form hydrogen bonds with vicinal water
molecules. The geometric features of these hydrogen
bonds such as bond length and bond angle are
similar to those formed between water molecules.
Therefore, the correlation functions between electro-
negative atoms and water molecules are represented

by the correlation functions between water mol-
ecules in bulk water.
To differentiate between hydrogen bond donor and

acceptor atoms, we keep the triplet-correlation func-
tion for covalently bonded O-H (or N-H) groups and a
hydrogen bond acceptor in Eq. (4). This triplet-
correlation function is different from the others since
it includes the correlation between atoms that are
covalently bonded. The contribution of this term,
which is not already included in the KSA for polar
groups, is given by

xO2H...O 5
gO2H...O
(3) (rOO, rHO, rO2H)

gOO
(2) (rOO)

. (6)

The term xO2H . . . H represents the correction to the
local density due to hydrogen orientation in polar
groups. These approximations allow us to simplify
Eq. (4) to

r(sW 0rW1, . . . rWn) 5 r0 p
i

polar

gOO
(2) (ri0)

· p
i, j.i

polar gOOO
(3) (ri0, rj0, ri j)

gOO
(2) (ri0)gOO

(2) (rj0)gOO
(2) (ri j)

3 gMe2O
(2) (rlo

min)

· p
polar

hydrogens

xO2H . . . O(rWdonor, rWH j
sW), (7)

where gMe2O
(2) is the methane-water oxygen pair-

correlation function and rl
min is the distance between

sW and the closest nonpolar atom. xO2H...O is the
three-particle correction to the local density for
OH . . . O atoms where an O-H (or N-H) pair is
bonded (i.e., at a fixed distance), and the other O
belongs to an oxygen atom in the water solvent.
Explicit triplet correlations involving water, a polar
site, and a nonpolar site have not been included.
However, these terms are implicitly included within
the proximity approximation for nonpolar atoms and
the KSA for polar atoms. This simplified expression
will be used to describe the local density of water
around a model peptide. The assumptions intro-
duced above can be easily relaxed by calculating
triplet-correlation functions for various molecular
groups in water solutions. At this point we have
reduced the local density of water around a biomol-
ecule to an expression that only depends on the pair-
and triplet-correlation functions of bulk water and of
methane in water. These correlation functions are
obtained fromMD simulations.
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METHODS
Calculation of Water Pair- and
Triplet-Correlation Functions

The triplet-correlation functions for water were
calculated for a TIP3P water model.50,51 We used the
OPLS force field parameters for methane. Correla-
tion functions were calculated by averaging over
configurations sampled by 1.5 ns MD simulations of
216 water molecules immersed in a cubic box with
sides L 5 18.78 Å (rO 5 1 g/cm3), at T 5 300 K. The
Coulomb interactions were modeled by a generalized
reaction field model (GRF) (with cut-off distance,
Rc 5 7.5 Å, and a reaction field dielectric constant
eRF 5 65.0).31,52 Histograms of the occurrences of
triangles with sides (r, s, t) formed by all possible
triplets of particles were collected in a cubic grid for
triangles with sides up to 6.2 Å, with a resolution of
0.2 Å. The proper normalization factors were used to
obtain g(3)(r, s, t).53 In addition, triplet-correlation
values for triads including a pair of bonded polar
atoms in the biomolecule that are closer than non-
bonded pairs in the solvent are needed for the
calculation of the local density of water. Constrained
MD simulations were performed to determine the
triplet-correlation functions for triangles with any
side shorter than 2.6 Å. In these calculations, one
pair of water molecules was forced to maintain a
fixed distance between oxygen atoms (from 1.9 to 2.8
Å), while all other 214 water molecules were not
constrained. A typical constrained simulation ex-
tended from 0.25 to 1.0 ns. Pair-correlation functions
were calculated in a 0.02 Å grid for distances up to
8.0 Å.

Local Density of WaterAround a Rigid Peptide

The local density of water around an ideal a-helix
is calculated using Eq. (7), with two- and three-point
correlation functions obtained for a TIP3P water
model.A tri-linear interpolation function was used to
interpolate the values of g(3) off the grid points. A
linear interpolation was used for g(2)(r). A grid size of
0.25 Å was used to evaluate r(x, y, z) on a cubic box
containing the model peptide. To get a quantitative
description of the local density of water we also
calculated the radial distribution function g(r) around
each atom in the a-helix. g(r) is defined as the
average water oxygen density (in units of the bulk
density r0) on a sphere with radius r around a given
atom in the peptide. This density was calculated by
choosing 105 points randomly distributed on spheres
with radii r at intervals of 0.1 Å.
We also performed MD simulations of the ideal,

rigid a-helix in aqueous solution to calculate the
configurational averages described in Eq. (1). The
local density of water around the polypeptide was
determined by averaging the occupancy numbers of
water molecules in a uniformly spaced three-dimen-

sional grid covering the simulation volume. Con-
stant (N, V, T) simulations have been extended for
1.0 ns, after an equilibration period of 125 ps. The
Verlet algorithm with an integration step of 0.002 ps
was used to integrate the equations of motion of the
system. All water molecules were simulated as rigid
molecules during the simulation. An exact Lagrange
multiplier scheme was used to maintain the mol-
ecules rigid.54 The OPLS force field and a TIP3P
water model were used for the simulations.
The polypeptide CH3-Ala18-NHCH3 was con-

structed in an ideal a-helical conformation (indexed
as Ala2 to Ala19). The (f, c) angles were taken as
(248°, 257°). A united atom representation of the
molecule was adopted, with uncharged N and C
terminal residues. The peptide Ala18 contains 112
atoms (including united atoms and hydrogen atoms
forming part of polar groups). This system was
immersed in a previously equilibrated cubic box with
sides L 5 21.7275 Å containing 343 water molecules
(r0 5 1.0 g/cm3). The peptide was held fixed in an
ideal a-helical conformation with its helix axes
aligned along the cube’s principal diagonal. Atoms
from different unit cells are at least 9 Å apart. All
water molecules in this box that were within a
distance of 2.7 Å to a non-hydrogen atom in the
peptide were deleted from the system. The resulting
system contains 266 water molecules. The Coulomb
interactions were modeled by the GRF with a cut-off
of 9.5 Å. The system was equilibrated for 125 ps at
T 5 300 K. Configurations were saved at a rate of 10
configurations/ps of simulation. The local water den-
sity was calculated in a cubic grid with ,1 Å
(21.7275 Å/22) grid spacing. The local density of
water was calculated for configurations obtained
during 1.0 ns of simulations, and for eight subsets of
125 ps simulation segments.

RESULTS
Description of Triplet-Correlation Functions
for Water

The triplet-correlation functions are easily inter-
preted in terms of the ratio of the probabilities of
forming triangles with sides (r, s, t) in a liquid and
the probability of forming the same triangle by a
non-interacting gas. Figure 1 shows the triplet-
correlation functions, gOOO

(3) , gOOO
(32KSA), and GOOO

(3) 5
gOOO
(3) /gOOO

(32KSA), corresponding to isosceles triangles
(r, r, t). The KSA differs from the calculated g(3) at
significant places. The KSA approximation overesti-
mates the probability of forming equilateral tri-
angles at hydrogen-bond distance r 5 s 5 t 5 2.8 Å,
while gOOO

(3) (r, s, t) shows a maximum probability for
r 5 2.8 Å, s 5 2.8 Å, t 5 4.5 Å (and permutations of r,
s, and t). The most probable configuration by the
KSA (r 5 s 5 t 5 2.8 Å) corresponds to three water
molecules arranged in an equilateral triangle, with
sides corresponding to the most probable distance
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between a pair of water molecules forming hydrogen
bonds. In gOOO

(3) the most probable configura-
tion (r 5 s 5 2.8 Å, t 5 4.5 Å) corresponds to an
isosceles triangle where the base is formed by a
segment between two water molecules in van der
Waals contact but without forming hydrogen bonds
between them, with the other two sides correspond-
ing to the distance between two water molecules
forming hydrogen bonds. The large discrepancy be-
tween the KSAand the calculated triplet-correlation
functions shown above is a definite proof that the
inclusion of triplet-correlation functions is necessary
to describe the tetrahedral character of the water
structure. The correction to the local water density
due to triplet-correlation functions is given by
G(r, s, t). Avalue of G(r, s, t)5 1 implies that the KSA
approximation is satisfied. Large corrections are
obtained for small values of (r, s) while G(r, s, s)= 1
for larger values of (r, s) (Fig. 1). The largest correc-

tion to the KSA by the FKSA is found for isosceles
triangles with sides near 2.7–2.9 Å, as discussed
above. For isosceles triangles with equal sides near
2.8 Å and base between 3.1 and 3.5 Å, the KSA
underestimates the actual triplet-correlation func-
tion. The largestG is 1.54 for (r, s, t)5 (2.9, 3.1, 3.3) Å.

Fluctuations in the Local Water Density

The local water density around the a-helix was
calculated by means of the PMF approach and by
MD simulations. Before proceeding to discuss the
similarities between the PMF and MD simulation
results we must set the basis for comparison. As a
consequence of the open liquid water structure,
simulation methods suffer from poor density statis-
tics. That is, the number of counts in the local
density calculation is extremely small and subject to
large fluctuations. Averages over a large set of inde-
pendent configurations are required to obtain ad-

Fig. 1. A: Triplet-correlation function for water oxygen atoms,
gOOO
(3) (r, r, t) forming isosceles triangles with sides r and base t. B:
Triplet-correlation function obtained from the Kirkwood superposi-
tion approximations. C: Correction to the triplet-correlation func-
tion, GOOO 5 gOOO

(3) /gOOO
(32KSA), introduced by the Fisher-Kopeliovich

superposition approximation. G , 1 implies that the KSA is

accurate. D: Radial distribution functions for water oxygen atoms
around other oxygen atoms, gOO

(2) , in bulk water and for oxygen
atoms around a methane molecule, gMe2O

(2) , in water, at infinite
dilution. All correlation functions were calculated using the TIP3P
water model, at 300 K and at a water density r0 5 1 g/cm3.
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equate density statistics in a coarse (i.e., 1 Å3) grid.
To understand the origin of these fluctuations we
consider the fluctuations sN

2 5 7N 28 2 7N 82 in the
number of particlesN in a volume DV. These quanti-
ties are related to the isothermal compressibility xT
through sN

2 5 7N 8r0kBTxT where 7N 8 5 r0DV, for
large volumes. For water under normal conditions,
xT , 4.5 3 10210 m2 N21, and r0kBTxT , 0.06. If we
assume that the local water density varies consider-
ably within 1.0 Å3, we obtain 7N 8 , 0.0334 and sN/
7N 8 , 1.
The size of the fluctuations in the local water

density around the model peptide studied here was
determined from 125 ps block averages over saved
MD configurations. Figure 2 shows a plot of the
calculated average water density at all points (in a 1
Å3 grid) during blocks of 125 ps of MD configurations
as a function of the corresponding density averaged
over the entire simulation. Density values below 3 r0
are not shown. A straight line with slope 1 and
intercept 0 indicates perfect correlation. We have
also plotted lines with slope 1 but with intercepts at
2 and 22 to illustrate that variations of 62 r0 are
common. MD water densities in a 1.0 Å3 grid give
densities as high as 15 r0. The local water density
fluctuates by up to 6 bulk density units.

Comparison of PMF and Molecular Dynamics
Densities

To compare the local water densities obtained from
PMF and MD we label grid points of high density
with spheres of various sizes (cyan for PMF results
and magenta for MD results). We divide the local
densities into three classes, (3 # r/r0 , 5); (5 # r/
r0 , 7); and (r/r0 . 7). These grid points are illus-
trated by using spheres of sizes 0.3, 0.5, and 0.7 Å,
respectively. Figure 3 shows a stereo plot of the local
water density around the ideal a-helix. Water mol-
ecules are localized around the peptide bonds. The
local water densities calculated by both methods are
in good agreement. Quantitative agreement is better
appreciated when we compare radial distribution
functions, g(r). Figure 4 shows the radial distribution
functions of water around polar (N andO) and nonpolar
atoms (Ca, Cb, and C) in amino acids located at the
N-terminus, at the center of the helix, and at the
C-terminus.Water localization ismainly determined by
polargroups.Thestrongcorrelationsbetweenthemethyl
groups of the peptide and water seen in Figure 4 are
similar to those of methane in water where water
molecules are correlated in the radial direction but do
not show any angular preference. On the other hand, O

Fig. 2. Scatter plot of the local density of water calculated at
grid points around an ideal a-helix by molecular dynamics simula-
tion. The abscissa represents the average water density in a,1 Å3

grid over a 1 ns simulation. The ordinate represents the average

local density obtained in the same grid over 125 ps block
averages. The solid and dashed lines represent perfect correlation
and deviations by 62 r0 density units.
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and N atoms show an angular preference of interaction
with water molecules resulting in the water density
pattern seen in Figure 3.
The PMF calculation reproduces well the correla-

tion functions g(r) over the distance range 0 , r # 6
Å, including peak positions and heights. The agree-
ment is best for the fully exposed C-terminal end and
the central part of the helix. At the N-terminal side,
MD gives somewhat higher densities (about 20%)
than the PMF calculation. The correlation functions
g(r) of atoms in the central part of the helix (Ala9 in
Fig. 4) show little structure because the excluded
volume dominates the spherical averages. The corre-
lation functions of solvent-exposed atoms are more
structured (atoms of Ala2 and Ala19 as well as Cb

atoms).

DISCUSSION

We have described a method of studying the
structural hydration of biomolecules. This method is
based on a statistical mechanical description of the

local water density in terms of particle correlation
functions. Our approach involves four main approxi-
mations: 1) in the expansion of the local water
density in terms of lower order correlation functions
it is sufficient to include two- and three-particle
correlations; 2) the hydration near nonpolar solutes
is local and is determined by the hydration of the
nearest nonpolar atom and all nonpolar atoms are
represented by methane; 3) inter-particle correla-
tions involving one or two polar atoms in the solute
and the solvent are well represented by bulk water
oxygen and hydrogen correlation functions; and 4)
the role of ions and dynamical fluctuations in the
biomolecule’s hydration structure is neglected.
The effects of each of these approximations in the

local density can be assessed. Approximation 1 has
been tested by comparing calculated water densities
with extensive Monte Carlo simulations of a water-
ice interface.31 These calculations have shown that
three-particle correlations cannot be excluded. Upon

Fig. 3. Stereo plot illustrating the sites around an ideal a-helix
that show large localization of water. We labeled grid points of high
density with spheres of various sizes (cyan for PMF results and
magenta for MD results): (3 # r/r0 , 5); (5 # r/r0 , 7); and (r/r0 .
7). These grid points are illustrated by spheres of sizes 0.3, 0.5,
and 0.7 Å for the PMF and 0.5, 0.7, and 0.9 Å for the MD results.

The grid size is 0.25 Å for the PMF and 1.0 Å for the MD
calculations. Larger radii are used for the MD results since there
are 64 times more sampled grid points for the PMF than for the MD
calculations. Atoms in the peptide are colored according to atom
type: gray for C, blue for N, red for O, and white for H.
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inclusion of three-particle correlation functions the
local density of the region closest to the interface was
well reproduced by the PMF approach. The local
density at regions farther from the water-ice inter-
face showed slight variations, indicating that higher
order correlations might be important for larger
distances. However, the contribution due to higher
order correlations is significantly smaller than er-
rors introduced by other approximations. Approxima-
tion 2 has been tested by comparing extensive Monte
Carlo simulations of ideal nonpolar solutes com-
posed of nonpolar (methane) atoms within bonding
distance.48 We found that the proximity approxima-
tion introduced by Ashbaugh and Paulatis49 repro-
duced the radial and angular distribution of water
around these solutes. Two proximity approxima-
tions, proximity-1 (where only the nearest nonpolar
neighbor determines the contribution from all nonpo-
lar atoms) and proximity-2 (where two nearest non-
polar neighbors determine the contribution to the
local hydration from all nonpolar atoms) gave simi-
lar results. Proximity-1 is the simplest of these
approximations and was used in our PMF calcula-
tions.
The PMF description of the structural hydration

and radial distribution functions was accurate. The
PMF overestimates the extent of local water density
near the C-terminus of the a-helix. However, the
radial distribution functions are qualitatively and
quantitatively in agreement with theMD simulation
results. In the MD simulations the carbonyl group
(CO) localizes water over a much narrower solid
angle around the CO bond that can be accounted for
by the bulk water correlation function. This discrep-
ancy in the local water densities can be attributed to
approximations 2 and 3 concerning the number of
atom-types considered in the calculations. Both ap-
proximations can, in principle, be removed by includ-

ing correlations between more nonpolar groups or by
explicitly including the C-O multiple point correla-
tion functions.
The effects of dynamical fluctuations and ions,

approximation 4, have been avoided by studying
rigid systems without ions. When comparing PMF
results with crystallographic data, the effect of hydro-
gen delocalization due to bond rotations can be
accounted for by neglecting the directional O-H and
N-H contributions to the local density, contributed
by the xO2H...O correlation function in Eq. (7). Large-
scale atomic fluctuations involving large groups of
atoms, characteristic of proteins, cannot be easily
included. However, the local structure (atoms within
5–7 Å) determines most of the hydration structure.
On this scale, positional fluctuations of protein at-
oms is mostly limited to a fraction of an Ångstrom.
Thus, the structural hydration is, in most cases, only
slightly affected by protein dynamics.

CONCLUSIONS

We have presented a robust and accurate method
of describing the local density of water around any
biomolecule. This method is based on the statistical
mechanics of liquids. The accuracy of the method has
been tested directly by studying a model peptide.
The PMF approach takes as input pair- and triplet-
correlation functions of bulk water and a simple
nonpolar solute in water. Although the calculation of
these correlation functions requires extensive simu-
lations of bulk water or dilute solute-water systems,
these functions are calculated only once. Thereafter,
they are tabulated and used for all subsequent
calculations. Additional correlation functions can be
added when necessary. The PMF approach truncated
to triplet-correlation functions involves O(N ) opera-

Fig. 4. Radial distribution functions of water around polar (O
and N) and nonpolar atoms (Ca, C, and Cb) in amino acids located
at the N-terminus (Ala-2), at the center of the helix (Ala-9), and at
the C-terminus (Ala-19). The red and blue curves show the PMF

and molecular dynamics radial distribution functions, respectively.
Curves within one plot are vertically displaced by one unit from the
previous curve.
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tions per density point, where N is the number of
atoms in the biomolecule. The PMF method is also
local, i.e., we can calculate the water density at a
point of interest without calculating the density
elsewhere since the correlations among various points
on a biomolecule’s surface are included in the correla-
tion functions used to calculate the local density.
Simulation methods involve thousands of O(N 2)
iterations, and the correlations among water mol-
ecules are included by way of explicit configurational
averaging. These features make the PMF computa-
tion dramatically more efficient. The PMF method is
particularly useful for calculations of large biomolecu-
lar systems (i.e., t-RNA, photosynthetic reaction
center, antigen-antibody complexes, protein-DNA
complexes) where high-resolution structures are
available but the extensive simulations required to
obtain moderate accuracy in the local water density
are not yet possible.55 The efficiency of the PMF
method also allows for testing the role of single point
mutations in the localization of water molecules and
for studying the hydration of the active sites of large
proteins.56
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12. Otting, G., Liepinsh, E., Wüthrich, K. Protein hydration in
aqueous solution. Science 254:974–980, 1991.

13. Kubinec, M.G., Wemmer, D.E. NMR evidence for DNA

bound water in solution. J.Am. Chem. Soc. 114:8739–8740,
1992.

14. Thanki, N., Thornton, J.M., Goodfellow, J.M. Distributions
of water around amino acid residues in proteins. J. Mol.
Biol. 202:637–657, 1988.

15. Thanki, N., Thornton, J.M., Goodfellow, J.M. Influence of
secondary structure on the hydration of serine, threonine
and tyrosine residues in proteins. Protein Eng. 3:495–508,
1990.

16. Thanki, N., Umrania, Y., Thornton, J.M., Goodfellow, J.M.
Analysis of protein main-chain solvation as a function of
secondary structure. J. Mol. Biol. 221:669–691, 1991.

17. Roe, S.M., Teeter, M.M. Patterns for prediction of hydra-
tion around polar residues in proteins. J.Mol. Biol. 229:419–
427, 1993.

18. Savage, H.F.J., Finney, J.L. Repulsive regularities of water
structure in ices and crystalline hydrates. Nature 322:717–
720, 1986.

19. Clementi, E., Corongiu, G. Interactions of water with DNA
single-helix in the A conformation. Biopolymers 18:2431–
2450, 1979.

20. Parak, F., Hartmann, H., Schmidt, M., Corongiu, G.,
Clementi, E. The hydration shell of myoglobin. Eur. Bio-
phys. J. 21:313–320, 1992.

21. Steinbach, P.J., Brooks, B.R. Protein hydration elucidated
by molecular dynamics simulation. Proc. Natl. Acad. Sci.
USA90:9135–9139, 1993.

22. Loncharich, R.J., Brooks, B.R. Temperature dependence of
dynamics of hydrated myoglobin. J. Mol. Biol. 215:435–
455, 1990.

23. Levitt, M., Sharon, R. Accurate simulations of protein
dynamics in solution. Proc. Natl. Acad. Sci. USA 85:7557–
7561, 1988.

24. Levitt, M. Molecular dynamics of macromolecules in water.
Chem. Scripta, 29a:197–203, 1989.

25. Garcı́a, A.E., Stiller, L. Computation of the mean residence
time of water in the hydration shells of biomolecules. J.
Comp. Chem. 14:1396–1406, 1993.

26. Brunne, R.M., Liepinsh, E., Otting, G., Wüthrich, K., van
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