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ABSTRACT
To understand water-protein interactions in solution, the electrostatic field is calculated
by solving the Poisson-Boltzmann equation, and the
free energy surface of water is mapped by translating
and rotating an explicit water molecule around the
protein. The calculation is applied to T4 lysozyme
with data available on the conservation of solvent
binding sites in 18 crystallographically independent
molecules. The free energy maps around the ordered
water sites provide information on the relationship
between water positions in crystal structure and in
solution. Results show that almost all conserved sites
and the majority of nonconserved sites are within 1.3
Å of local free energy minima. This finding is in sharp
contrast to the behavior of randomly placed water
molecules in the boundary layer, which, on the average, must travel more than 3 Å to the nearest free
energy minimum. Thus, the solvation sites are at least
partially determined by protein-water interactions
rather than by crystal packing alone. The characteristic water residence times, obtained from the free
energies at the local minima, are in good agreement
with nuclear magnetic resonance experiments. Only
about half of the potential sites show up as ordered
water in the 1.7 Å resolution X-ray structure. Crystal
packing interactions can stabilize weak or mobile
potential sites (in fact, some ordered water positions
are not close to free energy minima) or can prevent
water from occupying certain sites. Apart from a few
buried water molecules that are strong binders, the
free energies are not very different for conserved and
nonconserved sites. We show that conservation of a
water site between two crystals occurs if the positions
of protein atoms, primarily contributing to the free
energy at the local minimum, do not substantially
change from one structure to the other. This requirement can be correlated with the nature of the side
chain contacting the water molecule in the site.
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INTRODUCTION
The structural and functional importance of water associated with proteins is well known.1–3 In particular, dehydrated enzymes are not active, but a single water layer
restores activity.2 Conversely, in receptor-ligand interac©
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tions the water shell must be removed, and thus the
associating molecules must compete with the bound water.4 Thermodynamic and kinetic studies of this competition may elucidate important aspects of molecular recognition. The predominant experimental techniques that
provide information on the structure of the solvent around
macromolecules are X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy.1,2 In X-ray crystallography, regions of extra electron density are interpreted as ordered water sites, resulting in about 200 water
molecules in a typical protein structure3 with a resolution
better than 1.5 Å. NMR data reveal that most of the
molecules in the first water layer, including those that
appear to be fixed in the crystal, are in rapid motion in
solution, with exchange times of less than 500 ps.5,6
Exceptions are a few buried waters that may have residence times of up to 0.01 s.
Although X-ray crystallography provides a wealth of
structural data, it leaves open many important questions.1–3 What is the origin of ordered water sites? Why are
some of these sites conserved across different crystal forms
of the same protein, whereas others are not? What is the
relationship between water positions in crystal structures
and in solution? How strongly does water interact with the
protein? These questions are not trivial to answer by using
structural information alone, as the sites range from
highly localized ones in which a water molecule is virtually
always present (although possibly rapidly exchanging) to
sites that show only a weak preference for water.1 In
addition, the distribution of ordered water can be affected
by crystal packing interactions.7,8
A number of attempts have been made to investigate the
above questions by using molecular dynamics simulations.9 –17 These results show that water molecules near
the protein surface remain very mobile, with a diffusion
coefficient decreased two- to fourfold relative to that of
bulk water.17 However, the simulations differ in their
evaluation of the influence of apolar, polar, and charged
surface atoms on the mobility of the surrounding solvent.1,12 In addition, the residence times obtained are
generally shorter than those suggested by NMR, with a
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rather weak correlation between calculated and experimental residence times for individual water molecules.
On the basis of experimental data and simulations,
Levitt and Park3 asserted that at an ordered water site the
potential of mean force must have a local minimum.
Motivated by the observations of Kuhn et al.,18 they
further argued that water molecules only prefer hydrophilic groups that are in crevices on the protein surface,
and ordered water sites anywhere else “are essentially an
accident of the geometry of the crystal lattice.” This
statement was supported by the observation that surface
water positions are poorly conserved across different crystals forms of a protein, e.g., three crystal forms of the
pancreatic trypsin inhibitor showed only six of the 60
water sites conserved.5 We note that this last argument
lost some of its power, because recent studies report more
extensive conservation of solvation sites.19,20
In this study, we construct free energy landscapes for
water molecules interacting with a T4 lysozyme in solution. The calculation is based on the classic continuum
electrostatics (CE) model21–23 that has been applied to
virtually every problem in macromolecular electrostatics.
In the CE model the protein is represented by a low
dielectric region containing discrete atomic charges at
fixed positions, surrounded by a high dielectric medium
representing the solvent. We calculate the electrostatic
field of the solvated protein by using a finite difference
Poisson-Boltzmann (FDPB) method21–23 and then map the
free energy surface by translating and rotating an explicit
water molecule in the precalculated field.24,25 The advantage of using continuum electrostatics instead of molecular
dynamics is that we can directly calculate the potential of
mean force at any water position rather than following and
averaging the movement of many individual water molecules. Although this advantage comes at the price of some
approximations, we will be able to demonstrate the validity of underlying assumptions and estimate potential
errors.
The free energy maps around the ordered water sites
provide substantial information on the energetics of solvation. In particular, we will show that almost all conserved
sites and a large fraction of nonconserved sites are close to
local free energy minima. This is in sharp contrast to the
behavior of water molecules randomly placed in the first
layer around the protein. Such random water molecules,
on the average, must travel more than 3 Å to find a local
free energy minimum. The difference between random and
ordered water suggests that, in a given crystal, potential
solvation sites are at least partially determined by proteinwater interactions rather than by crystal packing alone.
Apart from a few buried water molecules, these interactions are not very different for conserved and nonconserved sites. As we will show, conservation of a water site
between two crystals occurs if the positions of protein
atoms primarily contributing to the free energy at the local
minimum, do not substantially change from one structure
to the other. This requirement can be correlated with the
nature of the side chain contacting the water molecule in
the site.
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MATERIALS AND METHODS
Free Energy Calculation
Consider first a fully solvated rigid protein that serves
as the reference state in our calculations. As we mentioned, the system is described by the two-dielectric continuum model.21,22 The electrostatic field ⌽ of the solvated
protein is calculated by solving the linear PoissonBoltzmann equation. We use a finite difference (FD)
method as implemented in CONGEN, which features
adjustable rectangular grids, a uniform charging scheme
that decreases the unfavorable grid energies, and smoothing algorithms that alleviate problems associated with
discretization.23 The calculations were carried out by
using a 0.8 Å grid, with uniform charging, anti-aliasing,
and 15-point harmonic smoothing. A 8 Å grid margin was
maintained around the molecule. The dielectric constants
of the protein and the solvent were set to 2 and 78,
respectively, and the ionic strength was 0.05 M.
To calculate the potential of the mean force due to the
solvated protein at a water site, we place an explicit water
represented by the TIP3 model26 at that position. Both the
protein and the water molecule are regarded as rigid. The
electrostatic free energy of the water molecule in the
electrostatic field ⌽ is calculated by the expression
⌬Gel ⫽ ⌺i⌽iqi

(1)

where qi is the charge of the ith water atom, and ⌽i is the
field at that point. We use the TIP3 model;26 thus, the
summation in Equation 1 is over the three atom-centered
charges. Because surface waters are quite mobile,5 indicating a high dielectric constant, we set ⑀ ⫽ 78 over the entire
solvent region. As we will discuss, our results support this
assumption.
By translating and rotating a “probe” water molecule in
the electrostatic field ⌽ we will map the free energy
surface in the vicinity of each ordered water site. Because
our goal is to find local free energy minima, the electrostatic free energy defined by Equation 1 will also be
subjected to minimization in the translational/rotational
space of the probe. A natural constraint during minimization is avoiding steric overlaps with the protein. To simplify this constraint, in the excluded volume calculation
the water is represented by a sphere of radius 1.4 Å,
centered at the oxygen atom, whereas the value and
arrangement of charges follow the TIP3 model.26 The
constrained minimization problem is solved by a penalty
function method,27 i.e., by the unconstrained minimization
of the extended target function
Q ⫽ ⌬Gel ⫹ CVexc

(2)

where Vexc is an excluded volume penalty function defined
by Vexc ⫽ ⌺j(dj ⫺ Dj)2 for dj⬍Dj and Vexc ⫽ 0 otherwise. In
this definition, dj denotes the distance between the center
of the water and the jth protein atom, and Dj is the
nominal distance between the same atoms, i.e., Dj ⫽ rj ⫹
rw, where rj and rw are the van der Waals radii of the jth
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protein atom and the water, respectively. In penalty
function methods,27 the weighting coefficient C is frequently increased during the minimization to remove any
potential violation of the constraints. However, in this
particular application the constant value of C ⫽ 105 yields
so small steric overlaps after convergence that the ⌬Gel
term is almost unaffected, and hence we use this simpler
algorithm. The extended potential given by Equation 2 will
be used both in the minimization and in the construction of
free energy maps; hence, any steric overlap will show up as
a sudden increase in the free energy.
As will be discussed, we also want to identify the amino
acid residues that contribute the most to the binding of a
water molecule at a given location. It is possible to
decompose the free energy into residue contributions by
using the Poisson-Boltzmann formalism, but the method is
either of limited accuracy or computationally expensive.
One procedure includes solving the Poisson-Boltzmann
equation with the water molecule charged and everything
else neutral, reading off the electrostatic field ⌽ at the
residues of interest, and then calculating the free energy
by summing over the atoms of each separate residue in
Equation 1. The controversial feature of this approach is
that we sum the interactions between the charges of the
protein and the electrostatic field of a single water molecule, whereas ⌬Gel has been calculated the other way
around, i.e., by summing the interactions between water
charges and the electrostatic field ⌽ of the solvated
protein. In principle the two expressions should yield the
same free energy, but due to the finite difference approximation deviations may occur.
The accuracy can be improved by a more elaborate
procedure. To calculate the contribution of the kth residue
to the free energy, we set all atoms of this residue neutral
and solve the Poisson-Boltzmann equation to determine
the electrostatic field. If ⌬Gk denotes the free energy
obtained by Equation 1 for this modified field (i.e., with the
kth residue neutral), then the difference ⌬Gel ⫺ ⌬Gk is the
contribution of the kth residue to the binding free energy.
The problem with this approach is that, for each water
position, it requires solving the Poisson-Boltzmann equation n ⫹ 1 times, where n denotes the number of amino
acid residues in the protein. Because the residue contributions are needed only for selecting a “contact” (i.e., most
important) residue in each water site, this approach is too
expensive, and we use Coulombic calculations with the
distance-dependent dielectric ⑀ ⫽ 4r. The calculated interaction energies are summed separately for side chain and
backbone atoms of each residue.
Mapping the Free Energy Surface
Our primary goal is to study whether the observed
crystallographic water sites are close to local minima of
the free energy calculated for the solvated protein. In
principle, this problem can be solved by performing a local
minimization of the free energy defined by Equation 2 in
the six-dimensional space of water translations and rotations by using each observed water position as a starting
point. However, the outcome of local minimization on a

multimodal surface (i.e., with multiple minima) is highly
sensitive to small changes in the starting state, even in the
orientation of water around its center. Results also depend
on the minimization algorithm that may converge to a
distant local minimum while ignoring others closer to the
starting point.
In view of the above uncertainty, we mapped the free
energy surface by moving a “probe” water molecule in the
vicinity of each ordered site. The location and orientation
of this probe relative to the fixed protein and the selected
crystallographic water molecule is specified by six coordinates. The location of the probe is given by the radius r and
the Euler angles  and  in a spherical coordinate system
centered at the crystallographic water position. Furthermore, three Euler angles, w, w, and w specify the
orientation of the probe.
To find out how far a water molecule can move away
from its crystallographic position without an increase in
the free energy, we consider the grid points (i, i) in the
subspace of the Euler angles  and , where i ⫽ 0°, 18°,
. . ., 342°, and i ⫽ 0°, 18°, . . ., 180°. Notice that each grid
point (i, i) defines a line through the crystallographic
position, and our goal is to find the local free energy
minimum along this line by performing a minimization in
terms of the remaining variables r, w, w, and w by using
Powell’s conjugate gradient algorithm.28 Because we want
to find the minimum closest to the crystallographic position, i.e., the smallest displacement r at which a local
minimum occurs, it is obvious to select r ⫽ 0 as the initial
displacement. We also need starting values for the variables w, w, and w.
Although the number of variables has been reduced, the
minimization problem is still nonlinear with many potential local minima. For improved robustness of the search,
we use a version of the Powell algorithm that includes line
minimization based on Brent’s method.28 Nevertheless, for
some initial values of (w, w, w) the algorithm may miss
the closest local minimum (i.e., the one with the smallest
displacement r), and converge to a more distant one. In
other cases, the search may terminate early, e.g., due to
being restricted to a subspace of the four-dimensional
search space. These artifacts can be easily identified by
repeating the minimization for each (i, i) pair 30 times
by using different random orientations of the probe as the
starting state. Because early termination or “jumping”
over a local minimum along the line defined by (i, i) are
relatively rare, the majority of the 30 runs yield very
similar displacement values, well distinguishable from the
few runs that end up in substantially different points.
Therefore, for each (i, i) we cluster the results of the 30
runs along the line (usually a trivial task), consider the
largest cluster, and choose the lowest value of the target
function Q within this cluster as the free energy minimum
along the line defined by the Euler angles (i, i).
T4 Lysozyme and Conservation
of Water-Binding Sites
We study the solvation of T4 lysozyme by using the 1.7 Å
resolution X-ray structure (PDB code 4lzm) that includes
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Fig. 1. Characterization of the free energy pocket around crystallographic water site 175 in the
T4 lysozyme structure 4lzm. A: Map of the local free energy minima (kcal/mol) along the lines
defined by the Euler angles  and . B: Displacement (Å) from the crystallographic position along
the lines defined by the Euler angles  and .

137 ordered water sites. The analysis of T4 lysozyme is
particularly interesting due to the available information
on the conservation of water sites in 18 crystallographically independent molecules, including the wild-type 4lzm
and nine mutants.19 Although the mutations affect the
structure in the immediate vicinity of the amino acid
substitutions, the rest of the protein remains essentially
unchanged. In some cases, some “hinge-bending” motion
occurs, but it can be corrected by bringing the rigid body
fragments into a reference frame.19 The overlap of the 18
molecules results in a total of 1,675 water molecules.
Zhang and Matthews19 clustered these waters by taking
each water in turn and counting how many other water
molecules occurred within 1.2 Å. The analysis of clusters
provided information on the conservation of solvation
sites. There were 40 sites occupied in at least 7 structures,
with 17 being the largest number of occupancies of a single
site. In 4lzm, only 36 of these sites are occupied, because
three sites are empty, and one (number 173) contains a
chloride anion rather than a water. The conservation of
water sites among the 18 molecules is higher if accounting
for cases in which the site cannot contain a water molecule
due to crystal packing interactions.19
The X-ray structure of the lysozyme, with the ordered
water molecules included, has been refined by 200 steps of
energy minimization before free energy calculations. We
used version 19 of the Charmm potential29 with polar
hydrogens, and 20 kcal/mol/Å2 harmonic constraints on
the positions of nonhydrogen atoms. These calculations
placed the polar hydrogens and created a plausible hydrogen-bonding network between protein and water. The
root-mean-square shift of the water molecules due to the
minimization was 0.1 Å.

RESULTS
Free Energy Maps Around Ordered Water Sites
The primary results of the calculations are the free
energy and displacement maps in the vicinity of each
ordered water site. Figure 1a and b show these maps for
water site No. 175 in 4lzm. The free energy map in Figure
1a shows the minimal free energy as a function of the
Euler angles  and . The point (i, i) is color-coded
according to the lowest free energy attained along the line
defined by (i, i) as we move outward from the center of
the local coordinate system, with blue and red representing the low and the high free energies, respectively (see
sidebar in Fig. 1a). On the displacement map in Figure 1b,
the point (i, i) is color-coded according to the value of the
displacement r at which the minimal free energy is attained along the line defined by (i, i). We recall that this
displacement r is the distance between the starting point
and the local free energy minimum. In the color code dark
blue represents the smallest (generally 0 Å) displacement,
and the color is changing to red as the displacement
increases. Notice that for each (i, i) we retain only the
lowest free energy along the line and the displacement at
which this minimum is attained, irrespective of the corresponding rotational state (w, w, w) of the ligand.
The two maps together clearly show if there is a free
energy pocket in the vicinity of the crystallographic water
site and indicate the extent of the low free energy region.
As represented by the large blue spot on the free energy
map in Figure 1a, the free energy pocket around water site
175 is dominated by a deep local minimum at  ⫽ 300° and
 ⫽ 110°, where Q ⫽ ⫺11.31 kcal/mol. The pocket includes
a second, much shallower local minimum at  ⫽ 245° and
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TABLE I. Minimum Free Energy and Displacement Values for the Conserved Water Sites
in the T4 Lysozyme Structure 4lzm†
Site

Solvent

Interference

Displacement
(Å)

Minimum free
energy (kcal/mol)

Contact
residue

RMSD
(Å)

171
174
175
176
177
179
180
182
186
190
193
195
196
197
200
201
203
206
208
210
211
216
223
231
232
237
241
245
248
254
266
274
282
296
299
311

17
8
15
8
9
17
11
9
7
12
8
9
8
10
9
8
9
9
15
7
9
7
8
10
10
8
11
8
9
8
9
11
8
10
8
8

0
2
0
1
5
0
6
0
3
0
2
7
1
7
2
3
2
2
0
1
3
0
8
4
3
4
5
7
7
1
2
0
1
4
1
7

1.05
1.17
0.44
0.57
0.01
0.81
1.30
1.52
0.48
0.13
1.03
0.82
0.28
0.70
1.29
0.35
0.63
0.75
0.86
1.28
0.65
0.58
1.65
0.59
1.33
0.66
0.88
1.66
0.00
0.56
2.51
0.98
1.00
2.17
1.19
0.77

⫺8.40
⫺1.60
⫺11.31
⫺12.83
⫺2.42
⫺9.05
⫺2.28
⫺9.08
⫺4.90
⫺5.20
⫺1.39
⫺1.03
⫺4.91
⫺3.76
⫺3.09
⫺1.88
⫺7.41
⫺2.46
⫺5.05
⫺5.61
⫺5.08
⫺2.53
⫺2.64
⫺1.07
⫺2.29
⫺0.85
⫺4.03
⫺4.75
⫺0.20
⫺2.09
⫺5.92
⫺2.24
⫺1.68
⫺1.30
⫺2.13
⫺4.36

ASP 70
Backbone
THR 152
ASP 47
Backbone
Backbone
Backbone
ASP 70
ASN 68
Backbone
ASN 144
CYS 97
ARG 52
SER 117
HIS 31
ARG 76
ASP 20
Backbone
ASN 101
ASP 92
ARG 148
Backbone
GLU 5
Backbone
ARG 148
ARG 145
ASP 72
ARG 148
TRP 158
THR 109
ASP 70
ASP 70
Backbone
TRP 158
Backbone
GLU 128

0.59
0.43
1.28

0.59
1.42
1.07
1.06
1.37
0.73
0.55
1.57
1.65
0.54
1.02
0.47
1.53
0.47
0.63
1.00
0.47
0.70
1.28
0.59
0.59
0.70
1.22

†

Solvent denotes the number of times the site is occupied by a water molecule; interference shows the number
of cases in which the site is either occupied by a polar atom from a neighboring protein or a neighboring protein
may interfere with the site; displacement is the distance to the closest free energy minimum; contact residue
identifies the group of atoms (backbone or side chain) that contribute most to the free energy; RMSD is the
root-mean-square deviation of the side chain in 10 T4 lysozyme structures.

 ⫽ 16°. According to the displacement map in Figure 1b,
along any direction the probe can travel at most 0.6 Å
before the free energy starts to increase. In most directions, however, the displacement is much smaller. For
example, along the line defined by  ⫽ 300° and  ⫽ 110°
and leading to the free energy minimum, the displacement
is only 0.45 Å. Furthermore, the displacement is close to
zero for most directions with ⬍150° as shown by the blue
region on the left half of Figure 1b. Such sudden increase
in the free energy generally occurs due to steric overlaps
and indicates that the site is close to the protein surface.
For other sites, the region of the low free energy, colorcoded in blue on the energy map, may be larger or smaller.
The pocket at site 175 is somewhat atypical in the sense
that, apart from a minor drop in the free energy, the pocket
is actually a single minimum, whereas for most sites the

region of low free energy includes three to six distinguishable local minima.
Table I is the summary of results for the 36 conserved
water sites, where each site is identified by the water
number in the PDB file 4lzm. Based on Table 3 of Zhang
and Matthews,19 under the heading Solvent, we also show
the number of T4 lysozyme molecules among the 18 that
have a water molecule in the given site. The second integer
(Interference) shows the number of cases in which the site
is either occupied by a polar atom from a neighboring
protein in the crystal lattice, or a neighboring molecule is
so close to the empty site that there may be a steric
interference preventing its occupation by a water molecule. The next two columns show the minimum free energy
and the displacement required to reach it, all extracted
from the individual free energy and displacement maps.
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The last two columns of Table I provide information on
the “contact” residues that contribute most to the binding.
As described in the Materials and Methods section, we
used Coulombic electrostatics and summed the calculated
interaction energies for side chain and backbone atoms of
each residue. For more than 95% of the water molecules,
the interactions were dominated either by the backbone or
by a single side chain shown as the “contact” residue in
Table I. Notice that Coulombic expressions were used only
to decide which residues contact the water, and the free
energy minimum shown in Table I is from the PoissonBoltzmann calculation. As we will discuss, water molecules contacting a side chain tend to be conserved among
various crystal forms if the “contact” side chain conformation does not substantially change across different X-ray
structures. The last column of Table I shows the mean
root-mean-square deviation (RMSD) of the “contact” side
chain, calculated by locally overlapping the backbones in
10 T4 lysozyme structures.19
Table II shows the minimum free energies and corresponding displacement values for the nonconserved water
sites in 4lzm. Although there are 103 nonconserved sites in
the structure, we have results only for 96 of them. In seven
cases (water sites 205, 209, 220, 233, 234, 255, and 260),
the final free energy showed sudden changes at some
points of the (, ) plain. Repeated minimization starting
from further random orientations of the probe were unable
to remove the discontinuities in the free energy values.
Because these structures are not critical for our analysis,
we did not further pursue the construction of their free
energy maps. Figure 2 compares the conserved and nonconserved water sites in terms of free energy minima and
displacement values.
As we described, the column Solvent in Table I shows
how many times a specific site is occupied by a water
molecule in the 18 lysozyme structures. This number has
been obtained by overlapping the structures and counting
how many water molecules occur within a radius of 1.2
Å.19 Accounting for the 0.1 Å average shift of water
molecules during structure refinement, we thus expect
that the water in well-defined sites will be within 1.3 Å of
the closest local minimum. Table III shows the classification of conserved and nonconserved sites according to this
criterion.
Free Energy Maps for Random Water Sites
As shown by Table III, the majority of both conserved
and nonconserved water sites are close to local free energy
minima. This may indicate that the potential ordered
water sites in a given structure are at least partially
determined by protein-solvent interactions. However, there
is an alternative hypothesis, which maintains that the free
energy surface has a large number of densely distributed
local minima. To choose between the two hypotheses, we
map the free energy surface around 100 water molecules
that have been randomly placed in the first water layer
around the protein. Figure 3 compares these random sites
with the nonconserved ones in terms of free energy minima
and displacement values. Table IV shows the means and
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standard deviations of minimum free energies and displacement values for conserved, nonconserved, and random
water sites.
DISCUSSION
Ordered Water and Free Energy Minima
As mentioned in the Introduction section, Levitt and
Park3 suggested that the ordered water sites should be
local free energy minima and that apart from hydrophilic
sites in crevices, these “are essentially an accident of the
geometry of the crystal lattice.” Although the protein
conformation we study in this study is from the X-ray
structure of the T4 lysozyme, the simulations are for a
single solvated protein rather than for the crystalline
form. Because the crystal contacts have been removed, we
expected that only some of the ordered sites would remain
close to local minima and most likely more so for conserved
than for nonconserved water.
We found that the majority of both conserved and
nonconserved water sites are less than 1.3 Å from a local
free energy minimum (Table III), with mean displacements of 0.90 Å and 1.28 Å, respectively. This finding is in
sharp contrast to the behavior of randomly placed water
molecules, which on the average, have to move 3.22 Å to
the nearest local minimum (Table IV). Application of the
t-test to the means in Table IV shows that the displacement values for nonconserved and random water molecules significantly differ even at the probability level of
P ⫽ 0.001. Thus, the correlation between ordered water
sites and free energy minima cannot be explained simply
by a large density of minima on the free energy surface.
Therefore, we conclude that the potential positions for
most ordered water sites are at least partially determined
by electrostatic interactions between the protein and the
water.
Our second observation is that, with respect to the free
energy, there is little difference between conserved and
nonconserved solvation sites. In fact, the differences between the mean values shown in Table IV are not significant at P ⫽ 0.2 for either the free energy or the displacement. The distributions shown in Figure 2 provide a more
detailed comparison. According to Figure 2a, the most
noticeable difference between the free energies is that, for
the conserved sites, the distribution is slightly shifted
toward stronger interactions (more negative free energies). In particular, only three of the 96 nonconserved sites
have free energies less than ⫺8 kcal/mol (sites 213, 265,
and 278), whereas there are five such examples among the
36 conserved sites (171, 175, 176, 179, and 182). As shown
by Zhang and Matthews,19 all five of these sites have little
or no exposure to the bulk solvent. However, a number of
conserved sites are relatively weak (⌬Gel⬎⫺4 kcal/mol),
and apart from large shifts in a few nonconserved sites, the
distributions of displacement values are very similar
(Fig. 2b).
The main conclusion so far is that both conserved and
nonconserved site are much closer to local free energy
minima than expected for random locations. To further
support this statement, we compared the free energy and
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TABLE II. (Continued)

TABLE II. Minimum Free Energy and Displacement
Values for the Nonconserved Water Sites in the T4
Lysozyme Structure 4lzm†

Site

Displacement
(Å)

Minimum
free energy
(kcal/mol)

172
181
183
184
185
187
188
189
191
192
194
198
199
202
204
207
212
213
214
215
217
218
219
221
222
224
225
226
227
228
229
230
235
236
238
239
240
242
243
244
246
247
249
250
251
252
253
256
257
258
259
261
262
263
264
265
267
268

0.83
1.29
0.90
0.80
1.72
0.89
1.44
0.20
1.35
0.77
0.56
1.23
0.95
1.13
1.05
0.60
0.58
0.91
1.79
1.15
1.64
0.90
0.32
1.28
0.54
0.29
0.53
1.30
1.44
1.54
0.89
1.00
0.86
2.11
1.20
1.57
1.03
0.85
0.36
0.98
3.33
2.58
1.27
3.0
0.91
0.56
0.66
1.32
0.93
0.32
1.09
1.13
0.14
1.23
0.46
1.01
0.09
0.58

⫺4.58
⫺2.26
⫺2.66
⫺3.43
⫺3.20
⫺3.46
⫺1.41
⫺5.33
⫺4.18
⫺2.56
⫺5.40
⫺5.66
⫺4.14
⫺4.49
⫺3.73
⫺4.34
⫺1.03
⫺11.97
⫺3.91
⫺4.37
⫺3.48
⫺2.34
⫺6.80
⫺3.20
⫺3.71
⫺2.07
⫺2.21
⫺4.53
⫺1.00
⫺4.10
⫺6.41
⫺2.51
⫺3.00
⫺2.59
⫺1.64
⫺2.64
⫺6.92
⫺3.25
⫺5.35
⫺3.04
⫺3.50
⫺1.90
⫺1.88
⫺1.98
⫺2.20
⫺1.57
⫺2.79
⫺6.07
⫺5.14
⫺2.62
⫺6.14
⫺3.17
⫺1.31
⫺3.12
⫺2.52
⫺9.44
⫺3.92
⫺0.74

Contact
residue

RMSD
(Å)

THR 142
Backbone
LYS 65
ASP 61
ASP 72
GLU 64
Backbone
Backbone
LYS 19
Backbone
ASP 127
GLU 45
Backbone
ASP 70
GLU 11
GLU 11
Backbone
LYS 124
LYS 124
ASN 140
ASP 127
LYS 135
LYS 135
ARG 8
Backbone
THR 26
Backbone
ASP 89
ARG 8
Backbone
GLU 11
ARG 148
ASP 127
GLU 128
ASP 127
Backbone
GLU 64
ARG 80
ARG 8
MET 1
HIS 31
ARG 14
TYR 139
Backbone
LYS 135
Backbone
Backbone
GLU 11
GLU 64
LYS 16
GLU 62
THR 151
ARG 8
Backbone
GLU 62
ASP 70
GLU 11
GLU 108

1.00
0.97
1.22
1.00
1.52

1.62
1.45
1.35
0.59
0.95
0.95
0.92
0.92
1.38
1.45
1.76
1.76
3.05
0.72
0.72
3.05
0.95
0.47
1.45
1.21
1.45
1.52
1.76
3.05
1.01
0.55
1.59
1.22
1.76

0.95
1.52
1.64
0.86
0.54
3.04
0.86
0.59
0.95
1.22

Site

Displacement
(Å)

Minimum
free energy
(kcal/mol)

Contact
residue

RMSD
(Å)

269
270
271
272
273
275
276
277
278
279
280
281
283
284
285
286
287
288
289
290
291
292
293
294
295
297
298
300
301
302
303
304
305
306
307
308
309
310

0.40
1.05
3.92
1.25
1.40
0.82
0.56
1.18
0.69
1.15
1.21
0.63
1.12
0.81
0.25
0.95
1.28
2.36
0.45
0.59
1.18
0.66
0.95
1.21
9.79
2.55
0.60
3.85
1.87
1.23
1.38
4.19
0.91
1.01
1.49
3.32
0.70
0.84

⫺2.19
⫺0.60
⫺4.67
⫺1.70
⫺2.43
⫺2.11
⫺6.64
⫺2.15
⫺7.47
⫺1.84
⫺3.40
⫺5.67
⫺2.40
⫺1.17
⫺5.12
⫺3.06
⫺1.74
⫺2.97
⫺11.04
⫺1.52
⫺1.68
⫺2.06
⫺2.93
⫺3.28
⫺6.36
⫺2.42
⫺6.49
⫺2.19
⫺4.72
⫺4.51
⫺0.58
⫺4.70
⫺1.89
⫺7.68
⫺2.84
⫺4.74
⫺1.88
⫺0.59

THR 21
Backbone
ASP 127
ASN 116
Backbone
Backbone
LYS 83
ARG 95
ASP 47
THR 115
ASP 70
GLU 45
ARG 8
Backbone
TYR 18
Backbone
Backbone
GLU 5
GLU 108
Backbone
LYS 124
ARG 119
GLU 128
GLU 5
GLU 64
Backbone
TYR 18
ASP 70
GLN 122
ASP 89
ARG 137
GLU 11
Backbone
ASP 20
HIS 31
GLU 62
ARG 137
ASN 55

2.31

†

1.45
1.09

1.22
0.68
1.28
0.91
0.59
1.35
3.05
1.04

1.54
1.22
0.92
1.59
1.21
1.54
1.52
1.04
0.59
0.71
0.72
3.19
0.95
1.65
0.55
0.87
3.19
1.28

For explanation of column headings, see footnote to Table I.

displacement distributions for nonconserved and random
sites (Fig. 3). As shown by Figure 3a, the distributions of
free energy minima are very similar. This finding indicates
that, starting from random locations, the water molecules
can shift toward sites that are energetically indistinguishable from nonconserved (and most conserved) sites. However, this requires much larger displacements than in the
case of nonconserved sites, and the two displacement
distributions substantially differ (Fig. 3b).
Our analysis assumes that the “probe” water interacts
only with the solvated protein, and does not interact with
any of the ordered water molecules that are, up to some
degree, localized in the boundary layer. To test the effects
of potential interactions with such high residence time
water molecules, we performed a number of test calculations by assuming that the “probe” water in one site can
interact with ordered water in all the other sites, including
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Fig. 2. Comparison of local free energy minima around conserved and
nonconserved water sites. A: Normalized free energy distribution. B: Normalized displacement distribution.

Fig. 3. Comparison of local free energy minima around nonconserved
and randomly placed water sites. A: Normalized free energy distribution.
B: Normalized displacement distribution.

TABLE IV. Displacement and Free Energy Statistics of
Conserved, Nonconserved, and Random
Water Sites†

TABLE III. Classification of Conserved and
Nonconserved Water Sites in the T4 Lysozyme
Structure 4lzm According to the Displacement
From the Closest Local Free Energy Minimum†
d ⬍ 1.3 Å

d ⬎ 1.3 Å

31 (86.1%)
72 (75.0%)

5 (13.9%)
24 (25.0%)

†

Displacement
Water sites

36 conserved sites
96 nonconserved sites

d, displacement from the closest free energy minimum.

Conserved
Nonconserved
Random
†

electrostatic and steric interactions. Thus, in these tests,
we selected an ordered water and regarded all others fixed
at their crystallographic positions. We expected that the
presence of the immobile water molecules would reduce
the displacement of the probe. We have found significant
cooperativity in four cases among the 132 water sites.
Assuming noncooperativity, four water molecules shift to
different crystallographic water sites as follows: 250 to
216, 266 to 265, 297 to 231, and 308 to 259, indicating that
these sites are not separated by high-energy barriers.

Number

Mean

Standard
deviation

36
96
100

0.90
1.28
3.22

0.55
1.19
1.61

Free energy
Mean

Standard
deviation

⫺3.77
⫺3.38
⫺2.81

3.19
2.19
1.86

Displacement values in Å, free energies in kcal/mol.

Notice that the only conserved water for which such shift
occurs is 266. In the remaining 128 cases the interactions
between the probe in one site and the ordered water in a
different site were found to be weak, and the free energy
maps were not significantly affected by the assumption of
noncooperativity among the ordered water molecules.
Potential and Actual Solvent Binding Sites
We study the local free energy minima found on the free
energy maps of in the vicinity of 100 probe positions,
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randomly placed in the first water layer. We disregarded
eight water sites, because the lowest free energy attained
was positive, i.e., no path leading to any free energy pocket
was found. In 14 cases, the minimum occurred within 1.3 Å
of an ordered water site. In 36 cases, the minimum was
farther than 1.3 Å, but the water contacted a side chains
that was also in contact with at least one ordered water. In
26 further maps, the water at the free energy minimum
contacted a backbone atom. For some of these latter sites,
the water-protein interaction was relatively weak, but the
mean free energy did not significantly differ from the mean
calculated for all sites. In the remaining 16 cases, the
waters at the minimal free energy positions contacted side
chains that were not seen to contact any ordered water in
the X-ray structure. These include four Lys residues,
Lys-16, Lys-43 (twice), Lys-60, and Lys-162. Based on the
thermal factors, all these side chains are very mobile in the
crystal, and water molecules associated with them would
not be seen. According to our calculations, water would
also contact Asn-2 and Asn-81, both interacting weakly
with water, as well as Asp 72 and Asp 92. Because Asp side
chains are generally well solvated, we do not fully understand why no ordered water is seen around these two Asp
side chains.
It follows from the above analysis that about half of
randomly placed water molecules move toward either an
ordered water site or toward a side chain that contacts an
ordered water in the X-ray structure, and only relatively
few (16 of the 92) free energy minima contacting a side
chain are far from any of the ordered sites. To confirm
these observations, we compared the potential solvation
sites obtained from random initial states with the distribution of water contacts in the X-ray structure. According to
Tables I and II, the crystallographic water sites tend to
contact charged and certain polar side chains. Table V
shows the number of these side chains in the T4 lysozyme,
as well as the number of those that are “free”, i.e., do not
contact any ordered solvation site. The average free energy
at the local minima is also shown for each side chain type.
In addition, Table V provides information on the total
number of water molecules contacting the side chains of
each type (some side chains are in contact with up to five
water molecules) and the number of water molecules that
are in contact with another protein molecule within the
crystal lattice.
As shown in the first two columns of Table 5, only about
half of the polar/charged side chains (35 of 77) have nearby
ordered sites, and this statistic is highly dependent on the
type of the side chain. For example, most Arg and Glu side
chains contact at least one ordered water, whereas many
Asn, Lys, and Tyr side chains are “free.” Although we
cannot fully explain this difference, most Asn side chains
may be free because they interact with the water relatively
weakly, with a free energy of ⫺2.28 kcal/mol (Table V).
This assumption is supported by the fact that out of the six
water sites contacting an Asn side chain, five are in crystal
contacts that are likely to contribute to the stabilization of
water at those particular sites. The problem with this
observation is that the interaction energies with Arg side

TABLE V. Statistics of Side Chains Contacting Potential
and Actual Ordered Water Sites in the T4 Lysozyme
Structure 4lzm
Side chains
Side
chain
Arg
Asn
Asp
Glu
Lys
Tyr
Thr
Trp
a

Number
Total
13
12
10
8
13
7
11
3

Freea
3
8
4
2
7
5
4
2

Mean free energy
(kcal/mol)
⫺2.86
⫺2.28
⫺5.22
⫺4.60
⫺4.46
⫺5.98
⫺3.40
⫺1.33

Ordered water
sites number
Total
18
6
23
23
10
3
7
3

Crystal contact
4
5
4
8
3
0
1
0

Number of side chains not contacting any ordered water site.

chains are not much stronger (⫺2.86 kcal/mol), although
these are heavily hydrated. We note that the binding free
energies, ⫺2.28 kcal/mol and ⫺2.86 kcal/mol, yield residence times of 226 ps and 594 ps, respectively (see the next
section). Although this difference in residence times partially reconciles the apparent contradiction, it will be
further discussed at the end of the article. The free
energies are larger for Lys and Tyr, comparable to those
for Asp and Glu. However, as we will further discuss, Lys
and Tyr side chains are frequently unordered in X-ray
structures, and the water molecules associated with them
may not be clearly visible.
Comparing the potential sites found in the 100 minimizations with the statistics on the actual sites in Table V
suggests that about half of the potential solvation sites do
not have an ordered water assigned in the 1.7 Å resolution
X-ray structure of the T4 lysozyme. First, a charged side
chain can be in contact with up to five sites that appear as
local minima on the free energy map. In a few cases, all
sites are occupied (e.g., Asp 127 is in contact with five
water molecules), but most frequently the crystallographer places only one or two water molecules, mainly
because the local minima are separated only by moderate
free energy barriers and the water molecules may not be
strictly localized. Second, some of the potential sites are
too weak to affect significantly the electron density map.
Crystal packing interactions may affect which of the
potential positions is actually visible as an ordered water
site. To support this hypothesis, Figure 4 shows an interesting compensation between the free energies of the conserved sites and the number of instances these sites are
either occupied by a polar atom from a neighboring protein
or are affected by a steric interference (see Table I). The
sites with low free energy (⌬Gel⬍⫺5 kcal/mol) can be
conserved without any interference from other proteins in
the lattice. However, some of the weakly interacting sites
(⌬Gel⬎⫺5 kcal/mol) are frequently occupied by atoms from
a neighboring protein in the crystal lattice. It is possible
that such sites may be affected by crystal packing even
when occupied by a water molecule. Third, sites contacting
a mobile side chain such as Lys frequently do not show up
on the X-ray structure.
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Fig. 4. Compensation between the free energies of the conserved
sites (kcal/mol) and the number of instances these sites are either
occupied by a polar atom from a neighboring protein or are affected by a
steric interference (see Table I).

Strength of Protein-Water Interactions
The free energy of water binding to the protein is given
by30
⌬G ⫽ ⌬Gel ⫺ T⌬Sconf

(3)

where ⌬Gel ⫽ ⌺i⌽iqi is given by Equation 1, and ⌬Sconf
denotes the configurational entropy change occurring when
a water molecule approaches the protein surface. Association of water with a protein suggests that some translational and rotational entropy is lost, whereas the vibrational entropy of the system increases. The value of ⌬Sconf
can be estimated by assuming assumes that the water
bound to a protein becomes as “immobile” as a water
molecule in ice.31 The entropy change of the water to ice
transition at 298 K is 6.0 cal/mol/K,32 and, hence, T⌬S ⫽
⫺1.79 kcal/mol. Because most surface water molecules in
solution are rapidly exchanging with bulk water, 1.79
kcal/mol represents an upper bound on the magnitude of
the entropy loss.
From Equation 3, we calculate ⌬G and the equilibrium
constant Ka ⫽ exp(⫺⌬G/RT). Because Ka ⫽ kon/koff, where
kon and koff are the association and dissociation rate
constants, respectively, the water residence time can be
obtained by  ⫽ Ka/kon. The association rate constant kon is
essentially the water-lysozyme collision rate, which can be
obtained by the Smoluchovsky equation34 kon ⫽ 4Ds,
where D is the relative translational diffusion coefficient
and s is the sum of atomic radii of the two molecules.
Because for bulk water D ⫽ 2.26 ⫻ 10⫺5 cm2/s, and for the
lysozyme-water complex s ⫽ 19.3 Å, kon ⫽ 3.3 ⫻ 1010
(Ms)⫺1. However, the diffusion coefficient in the first water
layer is reduced by a factor of three,20 and we will use the
value kon ⫽ 1010 (Ms)⫺1.
We can now calculate water residence times for various
cases. Consider first a water molecule interacting with a
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nonpolar surface, i.e., ⌬Gel ⫽ 0. Setting T⌬S ⫽ ⫺1.79
kcal/mol, the upper bound on the magnitude of the entropy
loss, yields the residence time of  ⫽ 5.1 ps. The lower
bound is T⌬S ⫽ 0, which yields  ⫽ 100 ps. According to
observed residence times of water close to nonpolar atoms,5 this second value is too large, confirming that the
entropy loss cannot be neglected even for the most mobile
molecules in the first water layer. As shown in Figure 2a,
at the ordered water sites the most likely value of electrostatic free energy is ⫺2.5 kcal/mol, which yields the
residence time  ⫽ 326 ps. The lowest free energy value,
obtained for the almost fully buried water 176, is ⫺12.83
kcal/mol, which yields  ⫽ 0.98 ⫻ 10⫺2 s. These values are
in good agreement with the residence times from NMR
experiments.5
The comparison of calculated and observed residence
times provides an opportunity to test the assumption that
the dielectric constant ⑀ is 78 over the entire solvent
region, including the ordered water sites. There is no
difficulty within the FDPB method in assigning a smaller
dielectric constant ⑀' to the region occupied by the ordered
water. We found that the free energy ⌬Gel', calculated by
this three-dielectric model, is inversely proportional to ⑀',
i.e., ⌬Gel' ⬇ ⌬Gel⑀/⑀', where ⌬Gel is the free energy calculated with the uniform dielectric ⑀ ⫽ 78 over the solvent
region. Thus, ⑀' ⬍ ⑀ yields ⌬Gel' ⬍ ⌬Gel and a substantially
longer residence time. For example, at ⑀' ⫽ 60 the maximum of the free energy distribution occurs at ⌬Gel' ⫽
⫺3.25 kcal/mol, and the corresponding residence time is 
⫽ 1140 ps. Because the observed residence time does not
exceed 500 ps for the majority of surface water molecules,5
this value is certainly too high. The residence time is  ⫽
525 ps even at ⑀' ⫽ 70, suggesting that the dielectric
constant must be very close to 78.
We note that Equation 3 provides the free energy
associated with converting freely exchanging water (i.e.,
without localized charges) into strongly bound water with
fixed atomic charges and reduced entropy, all within the
same solvation site. Thus, the reference state is “continuum” water occupying the site. This is slightly different
from the free energy of transferring a water from liquid
water into a cavity that has been studied by several
groups.33,34 In this latter case, the reference state is
defined as bulk water far from the protein and an empty
solvation site. The difference between the two concepts is
that the free energy of bulk-to-site transition includes the
cost ⌬Gdes of desolvating the water molecule, in addition to
the term ⌬Gel ⫺ T⌬Scon.
We can get an estimate of ⌬Gdes by the atomic solvation
parameter model35,36, which gives the desolvation contribution to the binding free energy in the form of ⌬A, where
⌬A is the change in the solvent accessible surface area.35
The atomic solvation parameter  associated with the
transfer of a polar group (water in this case) into a
nonpolar or partially polar environment of the protein is
small,36,37between 0.9 cal/mol/Å2 and 6 cal/mol/Å2. Assuming that a water molecule of radius r ⫽ 1.4 Å becomes
completely buried, the change in the solvent accessible
surface area is given by ⌬A ⫽ 16r2 ⫽ 98.5 Å2, and thus
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the desolvation free energy is between 0.09 kcal/mol and
0.6 kcal/mol. Including this term would weaken the binding affinities and would thus reduce the residence times,
but the change is very small. We note that Zhang and
Hermans33 used molecular dynamics simulations to calculate free energies of buried waters. For waters in polar
cavities, they obtained free energy values between ⫺12.0
kcal/mol and ⫺3.1 kcal/mol, thus, in good agreement with
the values found for such sites in the present study.
Conserved Versus Nonconserved Sites
If the strength of interactions with the protein is not a
major factor in determining whether or not a water site is
conserved among different crystals forms, then what is?
Although we cannot fully answer this question, we observed that the conserved/nonconserved character of a
water site depends on how much its environment changes
from one crystal to another. We mentioned that water
molecules at local free energy minima predominantly
interact either with the backbone or with the side chain of
a single residue. We can picture this situation as water
molecules “sitting” on the end of charged and polar side
chains. If the side chain moves more than 1.2 Å between
two X-ray structures, then, by the definition, of Zhang and
Matthews19 the site cannot be conserved.
Figure 5a shows the RMSD values for the 11 side chain
types interacting with ordered water sites. As described in
the Materials and Methods section, these RMSD values
represent the mean of the pairwise side chain RMSDs
calculated for 10 T4 lysozyme structures. Figure 5b shows
the relative water contact frequencies for each side chain
type, normalized to account for the different numbers of
conserved and nonconserved sites. It is clear that contacts
with side chains whose RMSD is large (say, over 1 Å) work
against conservation. From Figure 5a, the residue with the
largest RMSD is Arg, but only for the nonconserved sites.
It is surprising that for the conserved sites the Arg RMSD
is well below 1 Å, suggesting that water sites near freely
moving Arg side chains are never conserved. The side
chain with the next highest RMSD is Lys. However, Lys
never contacts a conserved site (Fig. 5b). In fact, Thanki et
al.8 also observed that the highly mobile Lys side chains
have no preferred orientation for water contacts. The side
chain with the next highest RMSD is Glu, which predominantly occurs in contact with nonconserved sites. The only
other side chains with more than 1 Å RMSD are Thr, Tyr,
and Met. However, the number of these side chains is low,
and Tyr and Met occur only in contact with nonconserved
water sites. In contrast, conserved water sites most frequently contact Asp side chains that have a relatively
small RMSD, particularly at the conserved sites.
CONCLUSIONS
We used the continuum electrostatic model and the
FDPB method to map the free energy of water molecules
around a protein in solution. In particular, individual
maps were created in the vicinity of each ordered water
site seen in an X-ray structure of T4 lysozyme. Results can
be summarized as follows.

Fig. 5. Statistics of side chain-water interactions. A: Root-meansquare deviation (RMSD) values for the 11 side chain types interacting
with ordered water sites. B: Water contact frequencies for each side chain
type, normalized to account for the different numbers of conserved and
nonconserved sites.

1. Almost all conserved sites and the majority of nonconserved sites were found within 1.3 Å of local free energy
minima. This finding is in sharp contrast to the behavior of
randomly placed water molecules that, on the average,
have to move 3.2 Å to the nearest local minimum. Thus, we
conclude that the potential positions of ordered water sites
are at least partially determined by electrostatic interactions between the protein and the water.
2. Based both on the location of the free energy minima
reached from random points, and on the analysis of water
around charged and polar side chains, only about half of
the potential sites are seen in the 1.7 Å resolution structure of T4 lysozyme. Crystal packing interactions can
stabilize weak or mobile potential sites (in particular, 5
conserved and 27 nonconserved waters are not close to free
energy minima in solution), but can also prevent water
from occupying certain sites.
3. By using the calculated electrostatic free energies and
accounting for the smaller water entropy in the boundary
layer, we estimated water residence times for different
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conditions. At ordered water sites the most likely value of
electrostatic free energy is ⌬Gel ⫽ ⫺2.5 kcal/mol, resulting
in  ⫽ 326 ps residence time. The lowest free energy value,
obtained for the almost fully buried water 176, is ⫺12.83
kcal/mol, which yields  ⫽ 0.98 ⫻ 10⫺2 s. These values are
in good agreement with the residence times from NMR
experiments.5
4. In terms of the free energy, there is very little
difference between the nonconserved and most of the
conserved solvation sites. A small number of conserved
sites with zero or small exposure to the bulk solvent have
very low free energies. More generally, the free energy
distribution for the conserved sites is slightly shifted
toward stronger interactions, but the difference is not
significant. Apart from large shifts for a few water molecules in nonconserved sites, the distributions of displacement values are also similar.
5. We observed that the conserved or nonconserved
character of a solvation site depends on how much its
environment changes from one crystal to another. The
ordered water molecules contact either the backbone or a
charged/polar side chain. For this latter case, we have
found that the side chains contacting conserved sites have
substantially smaller RMSDs than the side chains that
contact nonconserved sites. Some of these differences are
rather strong. For example, the average RMSD of Arg side
chains contacting nonconserved sites is 2.2 Å, whereas the
average RMSD is only 0.85 Å for Arg side chains in contact
with conserved sites. The side chain with the next highest
RMSD is Lys, but Lys never contacts a conserved site.
It is important to keep in mind that the analysis
presented here has been carried out on a relatively coarsegrain grid (with the step size of 18°) over the subspace
(,). We have recently repeated the analysis of solvation
sites of the T4 lysozyme by using an off-grid procedure,
based on multistart local minimizations in the space of all
the six variables.38 Robustness has been attained by the
classic nonlinear simplex method.39 In the vicinity of each
solvation site, 30 minimizations have been performed by
using random initial simplexes around the starting point
(i.e., an ordered water position or a random point in the
first water layer), and the 30 solutions were clustered. The
new method confirmed all conclusions of the present study,
and the distributions of displacement values were virtually identical in the two calculations. However, some of the
free energy values have been reduced when going off the
grid. The low free energy values in Tables I and II (below
⫺6 kcal/mol) changed very little, but many higher values
have been reduced by as much as 4 kcal/mol, indicating
that the corresponding local minima are very narrow and
are somewhat smoothed out when restricting consideration to the grid. Some of these changes may be relevant
for the interpretation of ordered water positions. In particular, the mean free energy of water molecules contacting an
Asn side chain changed from ⫺2.28 kcal/mol (see Table V)
to ⫺2.77 kcal/mol, whereas the mean free energy for water
contacting Arg has been reduced to ⫺6.2 kcal/mol, thereby
explaining why Arg side chains are substantially better
solvated than Asn. However, the residence time data do
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not support the existence of a large number of such strong
solvation sites. This contradiction may suggest that deep
but very narrow minima of the electrostatic free energy are
entropically so unfavorable that they have little effect on
the residence times in solution.
Finally, we note that the method developed here, i.e.,
translating and rotating molecular probes (a water molecules in this case) along a protein for the construction of
the free energy maps can be extended to study the weakly
specific binding of organic solvent molecules to proteins,
either in crystal40 or in solution.41 In particular, one can
calculate the free energy of replacing water (mobile or
partially bound) in the reference state by a given molecule.
A limited number of preliminary runs that used continuum electrostatics and a structure-based desolvation
potential gave results that were in good agreement with
experimental data.41
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