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The formation of spanning hydrogen-bonded water networks on protein surfaces by a percolation transition
is closely connected with the onset of their biological activity. To analyze the structure of the hydration
water at this important threshold, we performed the first computer simulation study of the percolation transition
of water in a model protein powder and on the surface of a single protein molecule. The formation of an
infinite water network in the protein powder occurs as a 2D percolation transition at a critical hydration
level, which is close to the values observed experimentally. The formation of a spanning 2D water network
on a single rigid protein molecule can be described by adapting the cluster analysis of conventional percolation
studies to the characterization of the connectivity of the hydration water on the surface of finite objects.
Strong fluctuations of the surface water network are observed close to the percolation threshold. Our simulations
also furnish a microscopic picture for understanding the specific values of the experimentally observed hydration
levels, where different steps of increasing mobility in the hydrated powder are observed.

Introduction

Water adjacent to the protein surface (so-called “hydration”,
“bound”, or “biological” water) strongly influences the structural
and dynamical properties of proteins and enables their function.1-3

With increasing hydration level below monolayer coverage, a
hydrogen-bonded water network which fully spans the protein
surfaces appears.2,4-13 Experimental studies on protein powders
indicate that, with the appearance of a system-spanning water
network via a 2D percolation transition, onset of some biological
function of proteins is observed.4-7,13The relation between these
two phenomena is not clear yet. Computer simulations can help
to clarify this problem by studying the behavior of various
molecular properties at the percolation threshold.

One may assume that the appearance of protein function is
enabled by a 2D water network, spanning over a single protein
molecule. In this case, protein function could be related to some
specific changes of protein structure and dynamics or to the
charge transfer between its various functional groups. Such an
approach is widely used in theoretical and computer simulation
studies of hydrated proteins (for example, the study of protonic
conductivity at protein surfaces14 and the glass transition of
hydrated proteins15). Many properties of single hydrated protein
molecules have been studied in detail by computer simulations.
However, relating the obtained results to the properties of real
protein systems is not trivial. On the other hand, in powder
protein, molecules form complex extended protein surfaces, and
a water network which spans such a “collective” surface may
cover each protein molecule only partially. Simulation studies
of hydrated protein powders could be more directly related to
the available experiments.2,4-13 However, studies of the struc-
tural and dynamic properties of such systems are hampered by
several problems. The structure of a protein powder as well as
its changes with hydration level is unknown. Additionally, the
conformation of the protein molecules could change upon
hydration. Finally, any realistic simulation of a protein powder

needs an essential number of protein molecules and a variation
of their arrangement. With these ramifications in mind, we start
approaching this problem by considering a single rigid protein
molecule and two simple molecular arrangements at various
hydration levels.

To understand the onset of protein function, the structural
and dynamical properties of hydrated proteins should be studied
below and above the percolation threshold of hydration water.
Our simulations furnish information about the location of the
percolation threshold, the water distribution at protein surfaces
close to the percolation transition, and particular properties of
spanning and nonspanning water networks.

Although, some properties of bound water at the surface of
single protein molecules at low hydration levels were studied
by computer simulations (see, for example, refs 16-18), the
formation of a spanning water network via a percolation
transition was studied neither for single proteins nor for protein
powders. In this paper, we present the first computer simulation
study of this phenomenon, using a single rigid lysozyme
molecule and two model powders of lysozyme. The simplified
powder models do not take into account possible changes of
the powder structure and lysozyme conformation with hydration
level, but allow us to explore the hydration in a wide range,
including the percolation threshold. We analyze the clustering
of water molecules on the protein surface at various hydration
levels and two temperatures (300 and 400 K). The higher
temperature was considered to explore the temperature effect
on water clustering and to avoid a possible 2D condensation of
water (layering transition), which in general could be expected
at hydrophilic surfaces at lower temperatures.19 The percolation
transitions in the lysozyme powders were located by analyzing
the water clustering at various hydration levels, using the
conventional methods, which are applicable to infinite systems.20

To develop an appropriate method to study the formation of a
spanning network in finite, closed systems, such as the surface
of a single protein, we studied additionally the clustering of
water on the surface of hydrophilic spheres of several sizes.

* Author to whom correspondence should be addressed. E-mail: brov@
heineken.chemie.uni-dortmund.de.

1988 J. Phys. Chem. B2005,109,1988-1998

10.1021/jp045903j CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/12/2005



This method was then applied to locate the percolation transition
of water at the surface of a single lysozyme molecule.

Methods

Hen egg white lysozyme21 is a small globular protein with
129 amino acid residues and containsR-helices and a triple-
strandedâ-sheet in two structural domains. Lysozyme molecule
(molecular mass of about 14.5 kDa) was modeled, using the
crystallographic heavy atom coordinates from the Protein Data
Bank22 (entry 2LYM23) and AMBER force-field from ref 24,
which treats all atoms, including hydrogens, explicitly. The
TIP4P model25 was used for water.

Molecular dynamics (MD) simulations of the lysozyme+
water systems were done in theNVTensemble. The temperature
was kept constant by a Berendsen thermostat26 with a coupling
time of 0.5 ps. A spherical cutoff at 9 Å was used for the van
der Waals interactions, and the particle mesh Ewald27 summation
method was used for the calculation of the electrostatic
interactions. Integration time steps of 2 and 1 fs were used atT
) 300 and 400 K, respectively. For the residues we chose the
charge states corresponding to pH 7. The total charge of+8e
on the protein surface was then neutralized by a uniform
distribution of the opposite charge between all protein atoms
in order to make the system neutral (adding a charge of-8e/
1960≈ -0.004e to each atom of the lysozyme molecule). To
remove bad contacts and to adapt our system to the force field,
energy minimization was carried out with Steepest Descent and
Conjugate Gradient methods.

The rigid model lysozyme molecule was fixed in the center
of a cubic box (edge length 60 Å), and periodic boundary
conditions were applied.Nw water molecules were then ran-
domly placed in the free space of the simulation box to provide
the chosen hydration level. The water molecules were equili-
brated at constant temperature during 1.5 to 3.0 ns in the field
of the protein atoms. The number of water molecules varied
from Nw ) 200 to 600 atT ) 300 K and from 400 to 800 atT
) 400 K. Subsequently, the water clustering was analyzed every
hundredth integration step (every 0.2 and 0.1 ps atT ) 300
and 400 K, respectively), and trajectories from 8 to 15 ns were
used for these purposes.

The structure of an amorphous lysozyme powder, used for
the experimental studies, is not available. In low-humidity
tetragonal crystals28 with a partial density of lysozyme of about
F ≈ 0.80 g cm-3, approximately 120 water molecules are in
the first hydration shell of lysozyme molecules. To explore a
wide range of hydration levels up to monolayer coverage (about
30012 to 42029 water molecules), the partial density of lysozyme
in the powder should be<0.80 g cm-3. Therefore, we studied
an amorphous model protein powder with a dry protein density
of F ) 0.66 g cm-3 (densely packed model powder). It was
prepared by placing six rigid lysozyme molecules randomly in
a cubic box (edge length 70 Å) without close intermolecular
contacts (less than 3.5 Å) between any atoms. Then, during a
low-temperature simulation in theNPTensemble (T ) 10 K, P
) 1 bar), the length of the simulation box shrank to about 60
Å and the above given density of the dry powder was obtained.

To explore the effect of protein packing on the water
percolation transition, we also simulated an artificial loosely
packed powder with a density of the dry protein ofF ) 0.44 g
cm-3. This model powder contained four lysozyme molecules
randomly arranged in a cubic box (edge length 60 Å) without
close contacts, but each lysozyme molecule had at least one
medium-ranged contact with another neighbor in the box
(shortest intermolecular distance between 3.5 and 5 Å).

The resulting configurations of the model lysozyme powders
with various numbersNw of water molecules added were used
as starting points for subsequent MD runs with periodic
boundary conditions in all directions. In the densely packed
powder,Nw varied from 500 to 1200 atT ) 300 K and from
700 to 1200 atT ) 400 K. In the loosely packed powder,Nw

varied from 800 to 1400 atT ) 300 K. Integration steps of 2
fs were used for all simulations of the powder. After initial
equilibration for 1 to 3 ns, water clustering was analyzed every
hundredth integration step during runs of 12 to 14 ns.

Water clustering and percolation on the surfaces of struc-
tureless hydrophilic spheres with radiiRsp ) 15, 30, and 50 Å
were also investigated by Monte Carlo (MC) simulations in the
NVT ensemble. The water-surface interaction was described
in this case by a (9-3) Lennard-Jones potential between the
water oxygen and the surface withσ ) 2.5 Å and a well-depth
U0 ) -4.62 kcal/mol. To avoid 2D condensation, simulations
were performed atT ) 425 K, exceeding the critical temperature
of the layering transition (T ≈ 400 K) for this water-surface
interaction.19 To explore the temperature effect, clustering at
the surface of the smallest sphere was also studied atT ) 475
K. Various hydration levels of the hydrophilic spheres were
obtained by placing different numbersNw of water molecules
in the simulation box.Nw varies from 150 to 450 for the sphere
of radiusRsp ) 15 Å, from 900 to 1300 forRsp ) 30 Å, and
from 2500 to 3400 forRsp ) 50 Å. Configurations after every
1000 MC steps were analyzed; that provides up to 5× 105

analyzed configurations for each hydration level.
The number of water molecules in the first hydration shell

of the lysozyme molecule was calculated by counting up to the
minima in the pair correlation functions between the water
oxygen and the heavy atoms of the protein. A water molecule
belongs to the first hydration shell, when the shortest distance
between its oxygen and the nearest heavy atom of the protein
is <3.5 Å for N, O, or S atoms or<4.5 Å for C atoms.30

Similarly, in the case of the hydrophilic spheres, a water
molecule was attributed to the first hydration shell when the
distance from its oxygen to the surface is less than 4.5 Å.19

Water molecules belong to the same cluster if they are
connected by a continuous path of hydrogen-bonds.31-33 Two
water molecules were considered as hydrogen-bonded when the
distance between the oxygen atoms is<3.5 Å and the water-
water interaction energy is<-2.4 kcal/mol. The occurrence
frequency of water clusters of various sizesS is described by
the cluster size distributionnS, which at the percolation threshold
obeys a power lawnS ∼ S-τ with critical exponentτ ) 187/91
≈ 2.05 andτ ≈ 2.2 in the case of 2D and 3D percolation,
respectively.20 The mean cluster sizeSmean ) ΣnSS2/ΣnSS,
calculated excluding the largest cluster, diverges at the percola-
tion threshold in an infinite system or passes through a
maximum when approaching the threshold in a finite system.
The fractal dimensiondf of the largest cluster at the percolation
threshold is lower than the Euclidean dimension of the system;
in the 2D case it can be expressed asdf

2D ) 91/48≈ 1.896,20

whereasdf
3D ≈ 2.53 in 3D systems.34 We evaluateddf from

the functionm(r), which describes how the mass distribution
of the largest cluster scales with distancer:

We used these cluster properties to study the percolation
transition in all model systems. In the protein powders, we also
calculated the spanning probabilityR to find in the periodic
system an infinite cluster which spans (“wraps”) the simulation
box at least in one direction. The value ofR at the true

m(r) ∼ rdf (1)

Formation of Spanning Water Networks on Protein J. Phys. Chem. B, Vol. 109, No. 5, 20051989



percolation threshold does not depend on the system size, but
it is sensitive to the used spanning rule and to the system
dimensionality. For the rule used in the present paper (spanning
the cell with periodic boundaries, sometimes also called
“wrapping” the system, either inx, y, or z direction), the values
of R at thetrue percolation threshold given in the literature for
simple 2D and 3D lattices range from about 0.5 to almost 1.35-38

The hydration level of the powders can be described not only
by the number of inserted water moleculesNw, but also byC,
the water mass fraction, and by the ratioh of the water mass to
the mass of the dry protein, which is widely used in the studies
of protein hydration. In the case of the single protein or the
hydrophilic sphere, the hydration level was characterized also
by the surface coverageC*. For a spherical surface,C* ) Nw/
4π(Rsp+ r0)2, wherer0 is the distance from the surface to the
first maximum of the oxygen local density (r0 is about 3 Å for
the considered hydrophilic surface19). To estimate the surface
coverage of the single lysozyme, its solvent-accessible surface
area (SASA) was used, that is,C* ) Nw/SASA. A probe sphere
of a radius of 1.4 Å yields an estimation of the SASA for our
model lysozyme of about 6900 Å2.

Conventional percolation analysis does not apply definite
numerical criteria to estimate the accuracy of the probability
distributions, such asR, nS, m(r), and so forth. Normally, visual
inspection of the obtained probability distributions and the
observation that longer simulations do not change them notice-
ably are considered to be sufficient to make reliable conclusions.
In the present studies, we additionally calculated at theith
simulation step the running average valueyi

av of a given
probability functionyi by averaging over all previous configura-
tions: yi

av ) [yi-1
av(i - 1) + yi]/i. In all samples studied, the

number of the analyzed configurations provided sufficient
sampling: the running average valuesyi

av did not show any
monotonic trend and varied within only 1% during the last 104

simulated configurations.

Results

2D Percolation Transition of Water in Lysozyme Powders.
Some properties of the water clusters in our model of densely
packed lysozyme powder atT ) 300 and 400 K are shown in
Figure 1 as a function of the water mass fractionC. In infinite
systems,R changes sharply at the percolation threshold from 0
to 1. In finite systems, the percolation threshold is smeared out
and a gradual increase ofR is observed in some range of
hydration (Figure 1, upper panel). Taking into account studies
of percolation in various lattice and continuous models,35-38

we defined the water concentrationC1(R), where the probability
R reaches about 50%, as a lowest boundary of the percolation
threshold. We obtained the valuesC1(R) ) 0.122( 0.002 atT
) 300 K andC1(R) ) 0.149( 0.002 atT ) 400 K, shown in
Figure 1 by blue vertical lines. The mean cluster sizeSmeanshows
a broad maximum close to the hydration levelC1(R) for both
temperatures (Figure 1, middle panel). The mean cluster size
Smeanin finite systems passes a maximum below the percolation
threshold.20 This supports the attribution of the concentration
C1(R) to the lowest limit for the percolation threshold.

The existence of a permanent spanning cluster corresponds
to R ) 1. If we attribute for our finite powder systems the
appearance of a permanent spanning cluster toR ) 0.99, this
corresponds to concentrationsC2(R) ) 0.159 atT ) 300 K and
to C2(R) ) 0.181 atT ) 400 K (green vertical lines in Figure
1). These concentrations could serve as estimates of the upper
boundary for the percolation threshold, as the true percolation
threshold is reached atR < 0.99 independent from system size
and dimensionality.35-38

To determine the dimensionality of the observed percolation
transition, we examined the fractal dimension of the largest
cluster. For this purpose, the functionm(r), which describes the
mass distribution within the largest cluster, averaged over all
molecules of this cluster as reference site, was calculated.
Typical distributionsm(r) at different hydration levels of densely
packed lysozyme powder are shown in Figure 2 (upper panel).
Fits of m(r) to the power law (eq 1) are shown as dashed red
lines. The effective values ofdf, found from the fits, are shown
in Figure 2 (uncertainties in brackets correspond to the
confidence level 95%).

Below the percolation threshold, the largest cluster is not a
fractal object andm(r) does not follow a power law behavior,
which can be clearly seen in a double logarithmic scale (see
Figure 2, lowest curve). The obtained values ofdf are essentially
effective in this case. Approaching the percolation threshold,
the largest cluster evolves to a fractal object. Indeed, a behavior
of m(r) at T ) 300 K close to a power law is observed in the
range ofr > 10 Å (see middle and upper curves in Figure 2).
At the hydration levelC ) 0.144 (Nw ) 800, Figure 2, middle
curve), the effective valuedf ) 1.782 is slightly lower thandf

2D

) 1.896 (green lines), which is observed at the 2D percolation
threshold of water on an unstructured planar hydrophilic surface
with periodic boundaries39 (blue squares). The deviation ofm(r)
downward from the power law behavior atr < 10 Å, observed
at various hydration levels (Figure 2, lower panel), could reflect
the structured character of the lysozyme surface.

The effective fractal dimensiondf obtained gradually increases
with the hydration level (see Figure 1, lower panel). In the

Figure 1. 2D percolation transition of water in the hydrated densely
packed powder of lysozyme atT ) 300 K (left panel) and 400 K (right
panel). Spanning probabilityR (triangles, upper panel), mean cluster
sizeSmean(squares, middle panel), and fractal dimension of the largest
clusterdf (circles, lower panel) are shown as a function of the mass
fraction C of water. The dashed lines are guides for the eyes only.
Vertical lines indicate the water fractionsC1(R) (blue),C2(R) (green),
andC2(df) (red).
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hydration range, where the true percolation threshold is expected
(betweenC1(R) andC2(R)), df varies from about 1.5 to about
1.95 for both temperatures. This evidences the 2D character of
the observed percolation transition of water in densely packed
lysozyme powder. The fractal dimension of the largest cluster
achieves the valuedf

2D at water mass fractionsC2(df) ) 0.155
( 0.002 and 0.175( 0.002 atT ) 300 and 400 K, respectively,
that is, very close to the corresponding values ofC2(R). Note,
that with further increase of the hydration level, the fractal
dimensiondf increases toward the valuedf

3D ≈ 2.53 of 3D
percolation,34 in agreement with experimental observations.5 The
difference between the mass fractions of water, corresponding
to the estimated lower and upper boundaries for the true
percolation threshold in densely packed powder, is only about
0.03 and slightly decreases with increasing temperature.

A similar relation betweenR, Smean, anddf was observed in
simulation studies of the water percolation on a planar hydro-
philic surface.39 It was shown that the difference betweenC1(R)
and C2(R), caused by the finite size of the simulated system,
vanishes with increasing system size in a way that the value
C1(R) approachesC2(R).39 The hydration levelC2(df) of water
in finite systems was found to be not very sensitive to the system
size. Therefore, the values ofC2(df), given in Table 1, could be
reasonable estimates of the true 2D percolation threshold in the

considered densely packed lysozyme powder. Note also that
the average numbernH of water-water hydrogen-bonds, which
are formed by each water molecule, is about 2.32 and 2.04 at
the mass fractionC2(df) (Table 1) atT ) 300 and 400 K,
respectively. These values are close to the percolation threshold
values in 2D lattices.20 In the particular case of a square lattice
(the most relevant case for a dense water monolayer40), the
threshold numbers of bonds are 2.00 and 2.37 for bond and
site percolation, respectively.20 The decrease of the threshold
valuenH with temperature could be attributed to the trend toward
three-dimensionality as a result of weaker localization of the
water molecules at the surface at higher temperatures. (The
threshold number of bonds in 3D systems is always lower than
in 2D systems.20) This agrees with the threshold valuenH (≈1.8)
obtained for quasi-2D water percolation in an aqueous solution
of tetrahydrofuran.32

Cluster size distributionsnS of water in densely packed
lysozyme powder atT ) 400 K at different hydration levels
are shown in Figure 3. The large clusters are truncated by the
finite size of the simulated system, resulting in the appearance
of a hump ofnS at largeS. Right at the percolation threshold,
the cluster size distributionnS follows the power lawnS ∼ S-τ

in a widest range of cluster sizes in various aqueous systems.32,39

In the densely packed lysozyme powder,nS follows a power
law in the range of cluster sizes up to 200 molecules, whenNw

) 1000 (see red circles in Figure 3). Oscillatory deviations from
the power law behavior could not be eliminated by improving
the statistics and should be attributed to the peculiar arrangement
of the lysozyme molecules in the model powder. For largeS to
the left to the hump position, the distributionnS deviates from
the power law upward below the percolation threshold and
downward above the percolation threshold.32,39 Hence, the
cluster size distributions indicate a percolation threshold atNw

≈ 1000, corresponding to a water mass fractionC ≈ 0.17, that
is quite close to the threshold valueC2(df) ) 0.175 estimated
from the behavior of the fractal dimensiondf of the largest
cluster (see Figure 1).

The formation of an infinite water network can also be
explored by studying the evolution of the largest cluster from
a nonspanning to a spanning structure. In addition to the fractal
dimension, we also studied the size distribution of the largest
cluster P(Smax) at various hydration levels. Usually,P(Smax)
appears as an asymmetric curve with a maximum which
becomes sharper with increasing system size. Distributions
P(Smax) for the water in the densely packed protein powder at
different hydration levels are shown in Figure 4. Close to the
percolation threshold,P(Smax) shows obviously a two-peak
structure atT ) 400 K. A similar evolution ofP(Smax) was
observed for 2D lattices41,42and for water at a planar hydrophilic
surface.39 It was found that the left peak represents finite largest
clusters, while the right peak is due to infinite (spanning)
clusters. When the spanning probabilityR is close to 50%, the

Figure 2. Determination of the fractal dimensiondf of the largest water
cluster atT ) 300 K in the densely packed powder.m(r) vs r (black
circles) and their fits to eq 1 (red dashed lines) are shown in a liner
scale (upper panel) and in a double logarithmic scale (lower panel).
The hydration level increases from bottom to top:Nw ) 500, 800, and
950. m(r) for the largest water cluster at an unstructured planar
hydrophilic surface at the percolation threshold is shown by blue
squares. This data set and data forNw ) 950 are shifted vertically in
the lower panel.

TABLE 1: Location of the Percolation Transition of Water
in Lysozyme Powders, Determined on the Basis of the
Fractal Dimension of the Largest Clustera

system T (K) C2(df) h Nw/Np nH

densely packed 300 0.155( 0.003 0.183( 0.003 146( 3 2.30
densely packed 400 0.175( 0.002 0.212( 0.003 169( 2 2.02
loosely packed 300 0.262( 0.002 0.355( 0.003 282( 2 1.94

a The threshold hydration level, whendf achieves the 2D valuedf
2D

) 1.896, is given in various terms: water mass fractionC2(df), level
of hydrationh in grams of water per gram of dry protein, and number
of water molecules per lysozymeNw/Np. nH is the average number of
water-water hydrogen-bonds at the threshold.

Formation of Spanning Water Networks on Protein J. Phys. Chem. B, Vol. 109, No. 5, 20051991



two maxima inP(Smax) have roughly the same height. The two-
peak structure ofP(Smax) is pronounced in small systems and
vanishes with increasing system size.

At lower temperature (T ) 300 K), the two-peak structure
of P(Smax) is not so clear (Figure 4, left panel) due to the
additional structure of the left peak. The splitting of the left
peak ofP(Smax) could reflect the binding of the largest water
clusters to some particular hydrophilic sites of lysozyme powder
at low hydration levels.

The same cluster properties were studied for water in the
loosely packed lysozyme powder model, described above. The
course of the spanning probabilityR and the fractal dimension
df of the largest cluster in loosely packed and densely packed
powders with increasing hydration level are compared in Figure
5 atT ) 300 K. In the loosely packed powder, the percolation
transition of water is noticeably shifted to higher hydration
levels. In particular, the threshold valueC1(R) ) 0.235( 0.002
in the loosely packed powder is almost twice the corresponding
valueC1(R) ) 0.122( 0.002 in the densely packed powder.
Similarly, the threshold valueC2(df) is also essentially higher
in the loosely packed powder (Figure 5, Table 1). The
percolation threshold value, estimated from the cluster size
distributionsnS in the loosely packed powder (not shown here),
noticeably exceeds this value ofC2(df). These observations, as
well as the lowering ofnH at this threshold in comparison with
the densely packed powder (Table 1), could mean that the
spanning water network at the percolation threshold in loosely
packed powder is not two-dimensional. Visual inspection of the
simulation systems evidences that the spanning water network

consists of 2D sheets at the protein surface as well as of 3D
water domains, formed due to capillary condensation of water
in hydrophilic cavities. The latter effect causes the essential
distortion of various distribution functions of water clusters in
the loosely packed powder.

Formation of a Spanning Water Network on Hydrophilic
Spherical Surfaces.Infinite water clusters cannot appear on
the surface of a finite object, such as a sphere or a single protein
molecule. Strictly speaking, the probabilityR of finding an
infinite cluster is equal to zero in such cases. Nevertheless, a
transition from an ensemble of finite water clusters to a water
network, which spans over the whole object, should be expected.
To locate and characterize this specific percolation transition
of water at the surface of hydrophilic spheres and single
molecules, we have analyzed the cluster size distributionnS,
the mean cluster sizeSmean, the fractal dimensiondf of the largest
cluster, and its size distributionP(Smax) at various levels of
surface coverageC*.

To detect and characterize the formation of a spanning
network on the surface of a finite object, we determined
threshold values of the surface coverage from various proper-
ties: the mean cluster sizeSmean achieves a maximum at
C*1(Smean), the size distribution of the largest clusterP(Smax)
shows two peaks of comparable height atC*1(Smax), and the
fractal dimensiondf of the largest cluster achievesdf

2D atC*2(df).
The obtained threshold values are shown in Table 2. The mean
cluster sizeSmean passes through the maximum practically at
the same surface coverage, when the two peaks inP(Smax)

Figure 3. Probability distributionsnS of clusters withSwater molecules
in the densely packed powder atT ) 400 K. The hydration level
increases fromNw ) 700 (top) to 1200 (bottom). Blue circles represent
nS at Nw ) 850, when a spanning cluster exists with a probability of
about 50%, while the red circles correspond toNw ) 1000, when the
fractal dimension of the largest cluster is close to the 2D percolation
threshold value. The distributions are shifted consecutively by 1 order
of magnitude each, starting from the bottom.

Figure 4. Probability distributionP(Smax) for the largest cluster size
Smax of the water molecules in densely packed lysozyme powder atT
) 300 K (left panel) and atT ) 400 K (right panel) at various hydration
levels. Green lines: below the percolation threshold; blue lines:R is
about 50% (C1(R)); red lines: 2D percolation threshold (C2(df)); black
lines: above the percolation threshold.
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have similar heights, that is,C*1(Smean) ≈ C*1(Smax) for the three
studied spheres and two temperatures (Table 2). They both
approach the threshold valueC*2(df) with increasing sphere
radius. The average number of hydrogen-bondsnH at this surface
coverage (Table 2) is close to the threshold values in 2D
lattices20 and lysozyme powder (Table 1).

The size distributionsnS of water clusters at the surface of a
hydrophilic sphere for several hydration levels are shown in
Figure 6.nS shows the power law behavior in the widest range
of cluster sizes at the surface coverageC*2(df) (see Table 2).
The two maxima ofnS, clearly seen at largeS, are directly
connected to the two-peak structure of the distribution of the
largest clusterP(Smax).

In general, the growth of the water clusters with increasing
hydration level is very similar at the surface of a finite object
and in an infinite system (the lysozyme powder, considered
above, or periodic planar hydrophilic surfaces39). This similarity
allows us to distinguish spanning and nonspanning water clusters
on the surface of a finite object and to determine the minimum
surface coverage, providing the permanent presence of a
spanning network. Namely, a spanning cluster should belong
to the right (large size) peak of the distributionP(Smax) of the
largest cluster, and therefore it could be easily detected in the
case of a pronounced two-peak structure ofP(Smax). A spanning
network starts to be permanently present when the fractal
dimension of the largest cluster approximately achieves the value
1.896 expected at the 2D percolation threshold.

The changes ofP(Smax) on the surfaces of two hydrophilic
spheres with increasing water coverage is shown in Figure 7.
The two-peak structure ofP(Smax) is clearly seen in the
considered range of surface coverage. It is evident that two
maxima in P(Smax) have roughly the same height when the
probability of finding a spanning cluster is close to 50%. At
this hydration level, the two peaks are rather narrow atT )

425 K (blue lines in Figure 7). They become broader, but still
distinct, atT ) 475 K. Surprisingly, the two-peak structure of
P(Smax) seems to be only weakly sensitive to the size of the
sphere. Since the surface of a sphere should approach an infinite
planar surface with increasing radius, one may expect the
vanishing of the two-peak structure ofP(Smax) with increasing
sphere radius. To test this expectation, we performed simulations
of the water clustering at the surface of a very large sphere
(radiusRsp ) 50 Å) with a surface area of more than 35 000
Å2. The evolution ofP(Smax) with increasing surface coverage
at this spherical surface (Figure 8) is similar to the ones observed
at the smaller spherical surfaces (Figure 7). Surprisingly, the
two-peak structure ofP(Smax) is still pronounced at the surface
coverageC*1(Smax) (see Figure 9), which is close toC*1(Smean),
where the mean cluster sizeSmeanpasses through the maximum
(see Table 2).

The positions of the two peaks in the distributionP(Smax)
give the most probable size of the largest nonspanning and
spanning clusters. These positions could be estimated visually
or determined from a fit ofP(Smax). For example,P(Smax) could
be fitted by a sum of Gaussians:

whereSmax,i, wi, andai are position, half-width, and amplitude
of the ith peak, respectively. It is not possible to fit perfectly
the obtained distributionsP(Smax) by two Gaussians, because
the right side of the second peak falls sharply due to the
truncation of the spanning cluster on the finite (spherical)
surface. Neglecting the steep decay ofP(Smax) to the right of
the second peak and using two Gaussians in eq 2, we found
thatSmax,2is about twiceSmax,1for all spheres studied. In Figure
9, we show such a fit of the distributionP(Smax) for the largest
sphere, imposingSmax,2 ) 2Smax,1 (see Figure 9, dot-dashed
line). The restrictionSmax,2 ) 2Smax,1 also allows us to fit
perfectly the complete distributionP(Smax) by three Gaussians
(see Figure 9, red line). Summarizing, the most probable size
of a spanning water cluster on a spherical surface is about twice
that of the largest nonspanning cluster at any hydration level
where both are observable. This observation has not yet been
discussed in any percolation theory, but can be seen also in
some previously published studies (refs 41, 42).

Formation of a Spanning Water Network on the Surface
of a Single Lysozyme Molecule.Clustering of water on the
surface of a single lysozyme molecule was analyzed along the
lines employed to hydrophilic spherical surfaces. The fractal
dimensiondf of the largest cluster achieves the valuedf

2D of
the 2D percolation threshold approximately at the same surface
coverage (Figure 10), when the cluster size distributionnS obeys
the power law in the largest range of cluster sizes (Figure 11,
red circles). This gives the following estimations of the
minimum water coverage, which enables the persistent existence
of a spanning water network at the surface of the lysozyme
molecule: Nw ) 450 (C*2(df) ) 0.065 Å-2) at T ) 300 K and
Nw ) 690 (C*2(df) ) 0.100 Å-2) at T ) 400 K (Table 2).

The mean cluster sizeSmean passes through a maximum at
slightly lower hydration levels:C*1(Smean) ) 0.056 and 0.089
Å-2 atT ) 300 and 400 K, respectively (Figure 10, upper panel).
The evolution of the distributionP(Smax) with the hydration level
evidences a two-peak structure, which appears as two distinct
maxima atT ) 300 K, and which is still visible atT ) 400 K
(Figure 12). The behavior ofP(Smax) indicates that the prob-
ability for the existence of a spanning water network is about

Figure 5. Spanning probabilityR (top) and fractal dimensiondf of
the largest water cluster (bottom) as a function of the water mass fraction
C in densely packed (solid circles) and loosely packed (open circles)
powders atT ) 300 K.

P(Smax) ) ∑
ai

wi
exp(-

2(Smax - Smax,i)
2

wi
2 ) (2)
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50% whenNw ≈ 400 (C*1 (Smax) ) 0.058 Å-2) at T ) 300 K
and Nw ≈ 625 (C*1 (Smax) ) 0.091 Å-2) at T ) 400 K. The
ratio of the most probable sizes of spanningSmax,2 and
nonspanningSmax,1largest clusters, estimated from the positions
of the two peaks ofP(Smax), is about 1.6 for both temperatures.
This value is smaller than the value∼2 obtained for spherical
hydrophilic surfaces, probably due to the nonspherical shape
of lysozyme and/or the inhomogeneous distribution of the
hydrophilic sites on the protein surface.

When the two peaks ofP(Smax) have comparable heights, the
surface water exists with equal probability in two quite different
states: with spanning network and without it. Examples of these
two kinds of water ordering scenarios are depicted in Figure
13. In the case of a spanning water network (Figure 13, upper
part) the largest cluster envelopes the whole lysozyme molecule.

The nonspanning largest water cluster is usually attached to
some strongly hydrophilic part of the lysozyme (for example,
to the left-bottom or to the cleft in the middle part of the
molecule) (Figure 13, lower panel). Because of the large
difference betweenSmax,2 andSmax,1, strong fluctuations of the
water network occur at this surface coverage. Spanning and
nonspanning structures of the surface water replace each other
frequently. The lifetime of the distinct types of configurations
is comparable to the lifetime of single water-water hydrogen-
bonds (∼0.2 ps43).

It is interesting to compare the hydration levels, which provide
the formation of a spanning water network at the surface of a
single lysozyme molecule and in the model lysozyme powder.
As an example, the course of the fractal dimension of the largest
clusterdf in the cases of the single lysozyme molecule and the

TABLE 2: Water Coverage C* (in Å-2) on the Surface of a Single Lysozyme and on Hydrophilic Spheresa

system C*1(Smax) C*1(Smean) C*2(df) nH(C*2) Nw(C*2) Nw
1(C*2)

lysozyme, 300 K 0.058 0.056 0.065 2.26 450 336
lysozyme, 400 K 0.091 0.089 0.100 2.04 690 354
sphereRsp ) 15 Å, 425 K 0.086 0.082 0.096 2.11 390 350
sphereRsp ) 30 Å, 425 K 0.080 0.080 0.094 2.14 1270 1143
sphereRsp ) 50 Å, 425 K 0.087 0.087 0.092 2.15 3250 2925
sphereRsp ) 15 Å, 475 K 0.111 0.110 0.122 1.95 490 390

a When: the mean cluster sizeSmean passes through the maximum,C*1(Smean), two peaks inP(Smax) have the same height,C*1(Smax), anddf

achieves the 2D threshold valuedf
2D ) 1.896,C*2(df). System properties at the surface coverageC*2(df): nH(C*2), average number of hydrogen-

bonds formed by each water molecule;Nw(C*2), total number of water molecules;Nw
1(C*2), number of water molecules in the first hydration shell.

Figure 6. Probability distributionsnS of clusters withSwater molecules
at the surface of a hydrophilic sphere of radiusRsp ) 15 Å atT ) 425
K. The surface coverage increases from top to bottom. AtNw ) 350,
a spanning cluster exists with a probability of about 50%. AtNw )
400, the fractal dimension of the largest cluster is close to the 2D
percolation threshold value.

Figure 7. Probability distributionP(Smax) of the size of the largest
water clusterSmax at the surfaces of hydrophilic spheres with the radii
Rsp ) 15 and 30 Å at various hydration levels and temperatures. Upper
panel: below the percolation threshold. Middle panel: the probability
of a spanning cluster is about 50%. Lower panel: 2D percolation
threshold.
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lysozyme powder are compared in the Figure 14. The threshold
hydration level, expressed as mass fraction of waterC, is
essentially higher in the case of the single lysozyme molecule
(Figure 14, left panel), because in the powder the accessible
surface of the lysozyme molecules decreases due to their
contacts and, additionally, the water molecules could simulta-
neously belong to the hydration shells of two or more lysozymes.
Taking into account that the number of bonds per particle at
the percolation threshold is rather universal and depends mainly
on the system’s dimensionality,20 it is reasonable to consider
the threshold hydration level in terms of the average number
of water-water hydrogen-bondsnH of the water molecule. The
dependence of the fractal dimension of the largest clusterdf on
nH, shown in Figure 14 (right panel), indicates a close
coincidence of the 2D percolation thresholds in lysozyme
powder and on the surface of a single lysozyme molecule. In
particular, the spanning 2D water network appears in the two
systems approximately at the same values ofnH at both studied
temperatures (Tables 1 and 2). So,nH could serve as a highly
universal occupancy variable for such complex systems as
hydrated proteins.

Discussion

An analysis of the water clustering in hydrated model
lysozyme powder and on the surface of a single lysozyme
molecule reveals the formation of a spanning water network
with increasing hydration level via a percolation transition of
the hydration water adsorbed on the protein surface, in agree-
ment with experimental studies of protein powders.2,4-13 The
fractal dimension of the largest water clusterdf and the average
number of hydrogen-bondsnH at the percolation threshold
(Figures 1, 5, 10, and 14) evidence the 2D character of the
percolation transition, which was in fact established experi-
mentally by determining the critical exponent of the protonic
conductivity near the percolation threshold of water in powders
of lysozyme,5 purple membrane,6 maize seeds,7 and yeast.13

The percolation threshold in a model of densely packed
lysozyme powder atT ) 300 K is found to be in good agreement
with the experimental studies. The obtained mass fraction of
water at the percolation transitionC2(df) ) 0.155 (hydration
levelh ) 0.183) is close to the experimental values for hydrated
lysozyme powdersC ) 0.132 (h ) 0.152( 0.016).4 So, our
rather crude model of densely packed lysozyme powder
satisfactorily reproduces the clustering of water in real systems
near the percolation threshold. Taking into account that in the
artificial loosely packed model powder (F ) 0.44 g cm-3) the
percolation transition of water is distorted and strongly shifted
toward higher water content, an improved model powder should
have a density of the dry protein slightly above 0.66 g cm-3 of
our dense powder model. Further improvement of the model
should account for changes of the powder structure and density
with the level of hydration. Finally, the powder should consist
of flexible protein molecules. However, the current level of
simulation technique and computer facilities make the applica-
tion of the latter two improvements a major effort.

Our simulations allow a detailed exploration of the arrange-
ment of the water molecules near hydrated proteins and its

Figure 8. Probability distributionP(Smax) of the largest water cluster
at the surface of a hydrophilic sphere with radiusRsp ) 50 Å at T )
425 K. The number of water moleculesNw are given in the legend.
Blue line: probability of a spanning water cluster of about 50%. Red
line: 2D percolation threshold.

Figure 9. Probability distributionP(Smax) of the largest water cluster
at the surface of the hydrophilic sphere with radiusRsp ) 50 Å atT )
425 K and hydration levelNw ) 3100 (symbols). The lines show fits
to eq 2 (see text for details).

Figure 10. Mean cluster sizeSmean(upper panel) and fractal dimension
df of the largest water cluster (lower panel) on the surface of a single
lysozyme molecule as a function of the surface coverage.
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changes during the percolation transition. Experimental studies4

provide only the average number of water molecules per one
protein (Nw/Np ≈ 120) at the percolation threshold. However,
this number may not correspond to the average number of water
moleculesNw

1 in the first hydration shell of each protein in the
powder. In our densely packed powder,Nw/Np ≈ 146 andNw

1

≈ 149 at the percolation threshold at 300 K, indicating that
most of the water molecules belong to a hydration shell which
is not shared by several protein molecules. These numbers are
significantly smaller thanNw ) 450 andNw

1 ≈ 336 for the
percolation threshold at the surface of a single lysozyme
molecule at the same temperature (Table 2). Such a strong
difference can be attributed to a significant decrease of the
accessible surface area of proteins in the powder due to close
contacts. So, the 2D percolation transition of water in protein
powder appears as the formation of a water network, which
spans the extended “collective” surface created by close-packed
protein molecules, covering each protein molecule only partially.

Our crude model of a protein powder does not change its
structure with the level of hydration, and therefore it is not
reliable at high hydration levels. Nevertheless, we can make
some predictions on the basis of our simulations of a single
hydrated protein molecule. In particular, at the percolation
threshold in the powder (h ) 0.183), about 190 molecules per
protein molecule are missing to form a spanning network around
each protein. This could be achieved ath ∼ 0.30, if all excess
waters above the threshold hydration are shared by two proteins.
Finally, the formation of separate spanning networks could be
expected ath ≈ 0.42.

The analysis of the experimental data2,12 indicated three
important hydration levels of lysozyme: the 2D percolation
threshold is observed ath ≈ 0.152; the water motion increases
strongly ath ≈ 0.25; and the full internal motions of the protein
recover ath ≈ 0.38. Dividing the characteristic values ofh
estimated above from the simulations by a factor of about 1.15,
we obtain a surprising coincidence with these experimentally
observed specific hydration levels. The factor 1.15 is equal to
the ratio of SASA of our model lysozyme (6900 Å2) and SASA
calculated from the crystal structure (6000 Å2).2 This seems to
be the main origin of the differences between the hydration
levels estimated from experiment and computer simulations. The
close similarity of the protein hydration in experiments and
simulations shows that an individual (nonshared) spanning water
network around the protein molecule is a necessary condition
for its full internal motions. The formation of a fractal-like
spanning network on a protein molecule via a 2D percolation
transition reflects the first appearance of an individual hydration
shell.

It is interesting to estimate which part of the lysozyme surface
is covered by water at the percolation threshold. A water
monolayer with bulklike structure (corresponding to a density
of about 0.033 Å-3 at ambient conditions) gives a surface
coverage of about 0.1 Å-2. This coverage does not change
strongly due to packing effects near planar smooth surfaces19

or near model protein surfaces,30,44 and therefore, 10 Å2 could
be used as an average area occupied by a water molecule at the
surface. At the percolation threshold on the surface of a single
lysozyme atT ) 300 K, water covers about 50% of the total

Figure 11. DistributionsnS of clusters withS water molecules at the
surface of a single lysozyme molecule atT ) 400 K. The surface
coverage increases fromNw ) 525 (top) to 750 (bottom). Blue circles:
Nw ) 625, a spanning network exists with a probability of about 50%.
Red circles:Nw ) 700, the fractal dimensiondf of the largest cluster
is close to the 2D percolation threshold value. The distributions are
shifted consecutively by 1 order of magnitude each, starting from the
bottom.

Figure 12. Probability distributionP(Smax) of the largest water cluster
Smax on the surface of a single lysozyme molecule atT ) 300 K (left
panel) and 400 K (right panel) and various hydration levels. Green
lines: below the percolation threshold; blue lines: probability of a
spanning cluster is about 50%; red lines: 2D percolation threshold;
black lines: above the percolation threshold.
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lysozyme surface, or about 66% of the hydrophilic part of the
lysozyme surface. (We estimate that about 74% of the lysozyme
surface is hydrophilic, considering polar and charged residues.)

The value 66% is close to the site occupancy at the percolation
threshold of square and honeycomb 2D lattices, which consists
of sites with 4 and 3 nearest neighbors, respectively. The above-
mentioned surface occupancy should not be mixed up with the
so-called space occupation probability, which is 0.45( 0.03 at
the 2D site percolation threshold regardless of the lattice
structure.45 The latter parameter was used in the analysis of water
percolation at protein surfaces.2,4-7,12 Note, that the space
occupation probability uses a specific normalization to the whole
surface area instead of the conventional normalization to the
complete coverage, defined as the maximum packing of
particles. Neglecting this difference gives diverse nonuniversal
critical values for the space occupation probability.2,4,6,7

There are several experimental estimates of the water cover-
age at the percolation threshold in protein systems. They were
determined as the ratio of the hydration levelhc at the
percolation threshold and at some higher hydration levelhm,
which was attributed to the monolayer coverage. The valuehc/
hm as well ashc andhm vary strongly from system to system.
In lysozyme powder,hc/hm ) 0.404 (to be compared with the
value 0.42 from our simulations, see above), in purple membrane
hc/hm ) 0.18,6 and in embryo and endosperm of maize seeds
hc/hm values are 0.36 and 0.70, respectively.7 Our simulations
indicate thathm is close to the threshold coverage of a single
molecule, and, therefore it should depend mainly on protein
hydrophilicity. The valuehc depends on the hydrophilicity of
the protein molecules, topological features of its surface, and
packing of molecules in powder. Therefore, experimentally
observed strong variations of the ratiohc/hm reflect mainly the
peculiarity of protein packing.

At T ) 300 K, about 75% of the water molecules belong to
the first hydration shell of a single lysozyme molecule at the
percolation threshold, and this fraction noticeably decreases with
further increase of the hydration level. For comparison, in the
case of hydrophilic spheres, this value is about 90% atT )
425 K. This evidences that the lysozyme surface is noticeably

Figure 13. Arrangement of water molecules on the surface of a lysozyme molecule at the hydration level, where the probability of finding a
spanning water network is about 50% (T ) 300 K, Nw ) 400). The oxygen atoms of the water molecules which belong to the largest cluster are
colored in red, those of all other water molecules in blue. Examples of spanning and nonspanning water clusters are shown in the upper panel and
lower panel, respectively.

Figure 14. Fractal dimension of the largest water clusters as a function
of the water mass fraction (left panel) and as a function of the average
number of hydrogen-bondsnH (right panel): single lysozyme (solid
squares) and densely packed powder (open circles) atT ) 300 and
400 K. Dashed lines:df

2D ) 1.896.
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less hydrophilic than the studied smooth hydrophilic surface,
which approximately corresponds to the minimum hydrophilicity
necessary for the occurrence of a layering transition (2D
condensation).19 So, a layering transition cannot be expected
on a lysozyme surface.

Finally, we discuss the perspectives of computer simulations
of water percolation in hydrated protein systems. More realistic
powder models with flexible molecules should be used to clarify
the role of protonic conductivity and protein dynamics at the
onset of protein function. It seems useful to explore first the
dynamic properties of a single protein as well as its structure at
hydration levels on both sides of the percolation threshold of
the surface water. Besides, the influence of the large fluctuations
of the water network close to the percolation threshold on the
properties of the hydrated protein should be clarified. In addition,
studying the spanning water network around protein molecules
in aqueous solutions and its breakage by temperature or
cosolvents could also be useful for the understanding of the
protein behavior in complex solutions. Our preliminary results46

show that the clustering of the water molecules near the flexible
protein and peptide molecules in infinitely diluted aqueous
solution is similar to that presented above for a low-hydrated
single lysozyme molecule.

Percolation transitions in closed system, such as the surface
of a finite object, have physical significance not only for the
processes in the hydration shells of proteins but also for
relaxation processes in glasses.47 This percolation problem did
not attract much attention till now, but definitely deserves further
studies in the framework of a percolation analysis. In particular,
various properties of spanning and nonspanning networks as
well as appropriate criteria to detect spanning networks in
simulations should be studied systematically.
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