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Thermal breaking of spanning water networks in the hydration shell
of proteins
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The presence of a spanning hydrogen-bonded network of water at the surface of biomolecules is
important for their conformational stability, dynamics, and function. We have studied by computer
simulations the clustering and percolation of water in the hydration shell of a small elastinlike
peptide �ELP� and the medium-size protein staphylococcal nuclease �SNase�, in aqueous solution.
We have found that in both systems a spanning network of hydration water exists at low
temperatures and breaks up with increasing temperature via a quasi-two-dimensional percolation
transition. The thermal breaking of the spanning water network occurs at biologically relevant
temperatures, in the temperature range, which is close to the temperature of the “inverse temperature
transition” of ELP and the unfolding temperature of SNase, respectively. © 2005 American Institute
of Physics. �DOI: 10.1063/1.2121708�
I. INTRODUCTION

Liquid water near a solid boundary forms one to two
layers of specifically ordered water molecules. The proper-
ties of this “bound water” �orientational ordering, freezing
temperature, diffusivity, etc.� differ noticeably from the prop-
erties of bulk liquid water. Near smooth surfaces, the first
water monolayer forms a hydrogen-bonded network with
squarelike and chainlike arrangements of molecules,1,2

whereas the second water layer connects the specific first
layer with the rest of the water, which, starting from the third
layer, shows practically bulklike behavior even in the case of
strongly hydrophilic surfaces.3

Bound water adjacent to the surface of a biomolecule is
usually called hydration water or “biological” water.4,5 This
hydration water plays an important role in the conforma-
tional stability of biomolecules, their dynamics, and biologi-
cal functions. In particular, both experiments and
simulations6–11 show coupled dynamics of biomolecule and
its hydration water. About a monolayer water coverage is
necessary to provide the native structure of the biomolecule
and to restore its full dynamics.12–15 In various biosystems
the onset of the biological activity coincides with the perco-
lation transition of water. Both experiments16–23 and
simulations24,25 of low-hydrated biosystems show that the
formation of a spanning water network occurs via a two-
dimensional �2D� �strictly speaking quasi-2D� percolation
transition of the hydration water at the biological surfaces.
Moreover, the formation of a spanning hydrogen-bonded net-
work of hydration water at the surface of a single biomol-
ecule also occurs via a quasi-2D percolation transition.24

Therefore, the percolation transition of hydration water cor-
responds to the first appearance of a “monolayer” of hydra-
tion water, which is a prerequisite for the full dynamics and
function of the biomolecule. Note that the structural �and,
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presumably, dynamical� properties of spanning and nonspan-
ning water networks differ clearly.25

Both experimental and simulation studies of the perco-
lation of hydration water in biosystems were performed so
far for low-hydrated systems only. Under full hydration con-
ditions �i.e., in aqueous solutions�, a complete monolayer of
hydration water always covers the biomolecule. Taking into
account the presence of a spanning network of hydration
water at relatively low hydration levels, one may assume that
such a network always spans the biomolecule in aqueous
solution. However, as we consider the network formed by the
molecules in the first hydration shell only, this is not neces-
sarily the case. First, in dilute solutions a complete second
water layer is present, which may effectively decrease the
direct interconnectivity between the molecules in the first
hydration water monolayer. Second, upon heating the span-
ning network of hydration water will ultimately break up in
some temperature interval, as the number of water-water
hydrogen bonds generally decreases with increasing tem-
perature. The temperature interval, where the water network
breaks, can be rather narrow, if it occurs via a percolation
transition. Note that such a temperature interval is finite in
any case, as the number of water molecules in the hydration
shell of the biomolecule is finite �finite-size effect�.

Obviously, it is difficult to study the percolation transi-
tion of hydration water or to test the spanning character of a
hydration water network in aqueous solutions experimen-
tally. However, it can be done by computer simulation, using
appropriate methods to study the percolation transition at the
surface of finite objects, as recently developed by us for low-
hydrated systems.24–28 To our knowledge, the breaking of the
hydrogen-bonded network of hydration water with tempera-
ture was not studied even for simple systems �neither by
experiments nor by simulations�. Therefore, many intriguing
questions remain unclear. What are the typical temperatures
of the breakup of the hydration water network? How do

these temperatures depend on the surface hydrophilicity and
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structure? These questions are of special importance in bio-
physics, as hydration water plays a crucial role in the func-
tion of biomolecules.

What can be the consequence of the temperature-
induced breakup of the spanning hydrogen-bonded network
of hydration water at the surface of a biomolecule? As hy-
dration water strongly affects the conformation of a biomol-
ecule, the breaking of a hydration water network may pro-
voke some specific conformational changes of a biomolecule
with temperature. If the breakup of the hydration water net-
work occurs via a percolation transition, such conformational
changes can be expected in a rather narrow temperature in-
terval. Of course, it is interesting to compare this temperature
interval with experimentally measured temperatures, where
biomolecules undergo rather sharp conformational changes,
such as unfolding of proteins.

Another important aspect of such an analysis is related
to the possible phase separation of aqueous solutions of bio-
molecules. Upon heating or cooling, a homogeneous solution
can separate into two coexisting phases: a water-rich phase
and an organic-rich phase. The water-rich phase is usually
liquid, whereas the organic-rich phase may be liquid or solid,
depending on the solute and its concentration. Phase separa-
tion upon heating means the existence of a lower critical
solution temperature, and deserves special interest, as it is an
example of a temperature-induced macroscopical ordering of
a system. In particular, such a phase transition occurs in
aqueous solutions of various elastin-based polymers.29

Temperature-induced conformational changes of biomol-
ecules in aqueous solutions may be closely related to such a
phase separation. In fact, sharp conformational changes of a
single biomolecule and phase separation of the aqueous so-
lution �which can appear as precipitation, aggregation, gel
formation, etc.� usually accompany each other. Such a close
relation between the conformation of molecules and a phase
transition is also observed in aqueous solutions of polymers,
both in experiments30 and in some model computer
simulations.31,32

The separation of a solution into two coexisting phases
with increasing temperature means an increase of the macro-
scopic order �two phases appear instead of one� and, there-
fore, should be accompanied by an increase of entropy at the
microscopic level. In the first proposed explanation of the
liquid-liquid demixing of aqueous solutions with heating, an
increase of entropy at the microscopic level was attributed to
the breaking of highly oriented hydrogen bonds between wa-
ter and solute molecules.33 However, this physically appeal-
ing idea seems to be too simple to explain generally the
phase behavior of such solutions and, in fact, may be op-
posed to the experimental data34 and computer simulations.35

Another simple approach, based on the same physical
grounds, takes into consideration the ordering of the whole
hydration shell of a solute molecule and imposes two states
of a hydration water shell: ordered and disordered.36,37 Ob-
viously, not only water-solute hydrogen bonding and hydra-
tion shell formation itself, but also possible interactions be-
tween the hydrated solute �i.e., solute+hydration shell� and
the surrounding solution should be taken into account.34,38,39
In particular, at low temperatures the solution can be com-
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pletely miscible due to the strong interaction of hydrated
solute with water, whereas destruction of a hydration shell
upon heating may provoke demixing.40

We may assume that the ordered state of a hydration
shell, which provides strong interactions between the
hydrated solute and the surrounding water, is a state, where
the hydrogen-bonded network of hydration water spans the
whole molecule. Accordingly, in the disordered state, the hy-
dration shell consists of an ensemble of small water clusters
and the interaction between solute and surrounding water is
weak. If so, the thermal breaking of a spanning network of
hydration water may be responsible for the phase separation
of a solution upon heating.

Thus, the temperature-induced percolation transition of
hydration water at the surface of biomolecules may have a
direct relation to two important phenomena: conformational
transitions of biomolecules and phase separation of their so-
lutions, which, in turn, can be intrinsically connected. Com-
puter simulations of phase transitions in aqueous solutions of
biomolecules are not possible until now and even simula-
tions of liquid-liquid phase transitions in aqueous solutions
of simple small solutes are still difficult.35 Therefore, cur-
rently simulations of biomolecules in water are restricted to
the case of a single molecule or to the case of small clusters.

In this paper, we present the first study of the clustering
and percolation transition of hydration water at the surface of
single biomolecules, a small peptide and a protein, in liquid
water. The process of the thermal destruction of the spanning
network of hydration water is analyzed. The temperatures of
the quasi-2D percolation transition of hydration water, which
correspond to the breakup of the spanning network at the
surface of a small elastinlike peptide �ELP� and of staphylo-
coccal nuclease �SNase�, are estimated. The results obtained
are discussed in view of the experimentally observed
temperature-induced conformational changes of these bio-
molecules and phase transitions of their aqueous solutions.

II. MODELS AND METHODS

A. Model systems and simulation details

The initial configuration of the small ELP
AceGVG�VPGVG�3NH2 corresponded to the left-handed �
spiral, proposed in Ref. 41. This configuration was subse-
quently equilibrated at T=300 K, first, during 30 ps in
vacuum and then during 5 ns in liquid water. This equili-
brated configuration was used as an initial configuration for
simulations of ELP in liquid water at T=260, 280, 300, 320,
340, 360, and 380 K. The AMBER94 force field42 was used for
the ELP and the SPCE model43 was used for water. The ELP
molecule was placed in a cubic box with 1224 water mol-
ecules. A spherical cutoff of 9 Å was used for intermolecular
interactions, and long-range Coulombic interactions were
taken into account by particle mesh Ewald summation.
Molecular-dynamics simulations were carried out at constant
pressure �P=1 bar� for 360 ns. Molecular configurations
were analyzed every 2 ps, i.e., 180 000 configurations were
analyzed for each temperature.
The native structure of SNase was constructed using the
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crystallographic heavy atom coordinates from the Protein
Data Bank.44,45 The molecular-dynamics �MD� simulations
were performed using AMBER6.0 with an all-atom force
field42 for SNase and the TIP3P model46 for water �see Ref.
47 for more details�. SNase was placed in a truncated octa-
hedron box with 8604 water molecules. A spherical cutoff of
10 Å was used for intermolecular interactions, and long-
range Coulombic interactions were taken into account by
particle mesh Ewald summation. Constant-pressure
�P=1 bar� MD simulations were performed at T=300 and
360 K during 7.2 and 9.4 ns, respectively. The last 4 ns at
300 K and the last 2 ns at 360 K were used for the analysis
of configurations of hydration water every 0.2 ps.

B. Analysis of water clustering in the hydration shell

A water molecule was considered as belonging to the
hydration shell, when the shortest distance between its oxy-
gen and the heavy atoms of the biomolecule does not exceed
some imposed shell width D. To find an interval of reason-
able values for the width of the hydration shell, we calcu-
lated water density profiles, based on the distribution of wa-
ter oxygens and hydrogens around the heavy C, N, O, and S
atoms of ELP and SNase �Fig. 1, upper and middle panels�,
respectively. For comparison, we also show the liquid den-
sity profile of water in a cylindrical pore 12 Å radius with a
moderately hydrophilic smooth surface1,2 �Fig. 1, lower

FIG. 1. Water density profiles near the surfaces of ELP �upper panel�, SNase
�middle panel�, and near a smooth hydrophilic surface �lower panel�. The
vertical dashed lines show the most realistic shell width with D=4.5 Å.
panel�. It is reasonable to use the location of the first mini-
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mum of the density profile as the shell width D. Note that we
neglect the shallow minimum at r�3 Å in the case of SNase
�Fig. 1, middle panel�, which separates two contributions to
the density profiles, originating from polar and nonpolar at-
oms of SNase, respectively, �see Ref. 47 for more details�.
For all three systems, presented in Fig. 1, D=4.5 Å seems to
be an optimal choice for the width of the first hydration shell,
which does not change noticeably with increasing tempera-
ture. Taking into account some ambiguity in the choice of D,
we varied its value from 3.8 to 5.4 Å in steps of 0.1–0.2 Å.
Such variations of D were also necessary for an accurate
location of the percolation threshold at every temperature
studied. Depending on the chosen value of D, the number Nw

of water molecules in the hydration shell varied from about
80 to 170 for ELP and from about 630 to 1000 for SNase.

The existence of a hydrogen bond �H bond� between two
water molecules was used as a criterion for the connectivity.
Two molecules were considered as H bonded, when the dis-
tance between their oxygens did not exceed 3.35 Å for SPCE
water and 3.5 Å for TIP3P water, and additionally their pair
interaction energy was below −2.7 and −2.3 kcal/mol, re-
spectively. Such criteria provide an average number of H
bonds per molecule in liquid water at ambient conditions
�T=300 K, P=1 bar�, which is nH=3.3 for both SPCE and
TIP3P water models.

The analysis of water clustering and percolation was per-
formed similarly to our previous studies of the percolation
transition of water in aqueous solutions,48,49 at smooth hy-
drophilic surfaces26–28 and in low-hydrated protein
systems.24,25 The only, but important, difference in the
present study was considering water clustering being exclu-
sively established by direct H bonding between molecules in
the hydration shell. To locate the percolation threshold, we
studied the following properties, which characterize water
clustering: the distribution nS of clusters of size S, the prob-
ability distribution P�Smax� of the size Smax of the largest
cluster, the mean cluster size Smean �calculated after exclusion
of the largest cluster�, the average number nH of H bonds per
water molecule, and the fractal dimension df of the largest
cluster �see Refs. 24, 25, 48, and 49 for more details�. Please
note that the latter value was calculated for SNase only, as
ELP is too small for an estimation of df for the clusters of its
hydration water.

III. PERCOLATION TRANSITION OF WATER IN THE
HYDRATION SHELL OF ELP AND SNase

Various properties of water clustering in the hydration
shells of ELP and SNase were studied at some fixed tempera-
tures by varying the shell width D. Additionally, for ELP this
analysis was done at a fixed shell width D with varying
temperature.

A. Largest cluster size distribution

Probability distributions P�Smax� of the size of the largest
water cluster in the hydration shell �D=4.5 Å� of the ELP
molecule at various temperatures are shown in Fig. 2. The
evolution of P�Smax� with decreasing temperature is quite

similar to the one observed for hydration water at various
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surfaces with an increasing hydration level.24–28 In general,
the probability distribution P�Smax� shows a two-peak struc-
ture with a left �low S� and right �high S� peak, correspond-
ing to the nonspanning and spanning largest clusters,
respectively.27,28 This gives us the possibility to determine
roughly the probability R that a spanning cluster is present in
the system �spanning probability�. The minimum between
the two peaks of P�Smax� approximately indicates some mini-
mal size S�, necessary for the largest cluster to be spanning,
and integration of P�Smax� for S�S� yields an estimation of
R.

At high temperature, spanning clusters practically never
appear and nonspanning clusters dominate �Fig. 2,
T=380 K, R does not exceed a few percent�. With decreasing
temperature, the distribution P�Smax� shifts to higher values
of S, widens, and at T=320 K exhibits a two-peak structure
with approximately equal contributions from spanning and
nonspanning clusters �R�50% �. At low temperatures, the
distribution P�Smax� becomes narrower and at T=260 K a
spanning cluster exists almost permanently �R approaches
100%�; the largest water cluster in the hydration shell spans
the whole molecule practically at any moment. A similar
behavior of the distribution P�Smax� is observed with increas-
ing hydration shell width D, when the temperature is fixed
�Fig. 3�.

In accordance with the studies of the percolation transi-
tion of water at planar surfaces,27,28 for any system size a
percolation transition occurs, when the spanning probability
R reaches values of about 95%. By integrating the obtained
distributions of P�Smax� from Figs. 2 and 3 for S�S� we
obtained R as a function of temperature and shell width,
respectively, and thus could locate approximately the perco-
lation threshold of water in the hydration shell of ELP. The
thresholds obtained from the R=95% criterion are shown as
open circles in Fig. 4. The vertical and horizontal error bars
indicate the accuracy of the threshold values estimated from
the integration of the distributions P�Smax� of Figs. 2 and 3,

FIG. 2. Probability distribution P�Smax� of the size Smax of the largest water
cluster in the hydration shell of the ELP molecule �D=4.5 Å�. The tempera-
tures are indicated in the figure.
respectively. As it is seen from Fig. 4, the spanning network
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of hydration water breaks up at about 270 K for D=4.5 Å,
and this temperature increases almost linearly with an in-
creasing shell width D. Due to the small size of the system
��200 molecules�, the destruction of the spanning network
of hydration water occurs in some interval of temperature or
shell width. To describe this process, we determine addition-
ally another characteristic point, corresponding to R�50%
�open squares in Fig. 4�.

The probability distribution P�Smax� of the size of the

FIG. 3. Probability distribution P�Smax� of the size Smax of the largest water
cluster in the hydration shell of ELP �T=320 K�. The widths D of the
hydration shells of water are indicated in the figure.

FIG. 4. Temperature of the percolation threshold of water in the hydration
shell of ELP as a function of the hydration shell width D. Percolation thresh-
olds, estimated from the distributions P�Smax� of the largest cluster size
�open circles�, from the distributions nS of the cluster size �closed circles�,
and linear fit of the joint data set �solid line�. The shell widths, where the
mean cluster size Smean passes at a given temperature through a maximum,
are shown by closed squares. The temperatures, where the spanning prob-
ability R, determined from the distribution P�Smax� at a given shell width, is
about 50%, are shown by open squares. The dot-dashed line is a guide for

the eyes only.
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largest water cluster in the hydration shell of SNase �Fig. 5�
was analyzed in a similar way. At T=300 K, the percolation
transition �R�95% � occurs, when D�4.80 Å, whereas
R�50%, when D�4.55 Å �Fig. 6�. At T=360 K, the corre-
sponding threshold values of D are �5.40 Å and �5.15 Å,
respectively. Note that the interval between the percolation
threshold and the point, where R�50%, in terms of tempera-
ture or shell width, is essentially smaller in the case of SNase
in comparison with the case of ELP �see Fig. 6�. This is
directly related to the drastically �several times� larger num-
ber of water molecules in the hydration shell of SNase.

B. Cluster size distribution

Distributions nS of the size S of water clusters in the
hydration shell of ELP at T=280 K and in the hydration shell

FIG. 5. Probability distribution P�Smax� of the size Smax of the largest water
cluster in the hydration shell of SNase �T=300 K�. The widths D of the
hydration shells of water are indicated in the figure.

FIG. 6. Temperature of the percolation threshold of water in the hydration
shell of SNase as a function of the hydration shell width D. The notation of
the symbols is the same as in Fig. 4. The location of the percolation thresh-
olds and the R�50% line for the hydration shell of ELP from Fig. 4 are

shown by a thin solid line and a thin dot-dashed line, respectively.
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of SNase at T=300 K are shown as a function of the shell
width D in Figs. 7 and 8, respectively. At the percolation
threshold, the cluster size distribution follows the power law
nS�S−� in the widest range of cluster sizes. The exponent �
is about 2.05 for 2D systems and about 2.2 for three-
dimensional �3D� systems.50 To locate the percolation thresh-
old, we compared the distributions nS with the power law
S−�, which is a straight line in a double logarithmic scale
�Figs. 7 and 8�. In both figures, the distributions nS closest to
the percolation threshold are shown by closed circles. Note
that using the 3D value for the exponent � does not affect the

FIG. 7. Distributions nS of the size S of the water clusters in the hydration
shell of ELP at T=280 K for various choices of the shell width D. The
distributions are shifted subsequently, starting from the bottom. The dashed
lines show the power law nS�S−2.05, as expected at a 2D percolation
threshold.

FIG. 8. Distributions nS of the size S of the water clusters in the hydration
shell of SNase at T=300 K for various choices of the shell width D. The
distributions are shifted subsequently, starting from the bottom. The dashed
lines show the power law nS�S−2.05, as expected at a 2D percolation

threshold.
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estimation of the percolation threshold noticeably. The per-
colation thresholds, obtained from the analysis of the cluster
size distributions, are shown by closed circles in Figs. 4 and
6 for ELP and SNase, respectively. There is a nice agreement
of these percolation thresholds with the ones obtained from
the distribution of the largest cluster size �closed circles in
Figs. 4 and 6, see above�.

C. Mean cluster size

The mean cluster size Smean diverges at the percolation
threshold in infinite systems and passes through a maximum
when approaching the threshold in finite systems.50 In Fig. 9
we show the dependence of Smean on the width D of the
hydration shell for ELP at various temperatures. Similar de-
pendences for SNase are shown in Fig. 10. In both systems,
the mean cluster size Smean passes through a maximum when
approaching the percolation threshold, as determined above
from the distributions P�Smax� and nS. The maximal values of
Smean in the hydration shells of ELP and SNase differ by a

FIG. 9. Dependence of the mean size Smean of the water clusters in the
hydration shell of ELP on the shell width D at various temperatures.

FIG. 10. Dependence of the mean size Smean of the water clusters in the

hydration shell of SNase on the shell width D at 300 and 360 K.
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large factor, reflecting the strong difference of the total num-
bers Nw of water molecules in their shells. The ratio between
the maximal value of Smean and Nw decreases with an increas-
ing system size, as will be discussed below �Fig. 13�. The
values of the shell width D, corresponding to the maximum
of Smean at various temperatures, are shown as closed squares
in Figs. 4 and 6 for ELP and SNase, respectively. These
values are close to the ones where R�50% �open squares in
Figs. 4 and 5�. A similar relation was observed for water
clustering in low-hydrated systems.24,27

D. Average number of water-water hydrogen bonds

Water clustering in various systems exhibits a highly
universal behavior, when compared in terms of the average
number nH of water-water H bonds per water molecule. In
particular, at the percolation threshold nH is close to the
value of 2.2±0.1 for water in low-hydrated systems.26 This
value indicates that the correlated site-bond percolation of
hydration water is similar to the random site or bond perco-
lation in square and honeycomb 2D lattices with four and
three neighbors, respectively.50 The temperature dependence
of the average number nH of H bonds between water mol-
ecules in the hydration shell of ELP for various choices of
the shell width is shown in Fig. 11 by full circles and dashed
lines. The value of nH at the percolation thresholds, deter-
mined from R�95% criterion and from the cluster size dis-
tribution nS, is shown in Fig. 11 by open circles. At the
percolation threshold, nH is about 2.1, i.e., rather close to the
threshold values of nH from 2.0 to 2.3 for water percolation
at smooth hydrophilic surfaces and in low-hydrated
lysozyme systems.24,26 For the percolation of water in the
hydration shell of SNase, we give the dependence of nH on
the shell width D at two different temperatures �Fig. 12,
closed circles and stars�. The percolation thresholds, deter-
mined from the R�95% criterion and from the cluster size
distribution nS, are shown in Fig. 12 by open circles. At the
percolation threshold, nH is about 1.96, i.e., slightly lower

24,26

FIG. 11. Temperature dependence of the average number nH of water-water
hydrogen bonds between water molecules in the hydration shell of ELP for
various choices of the shell width D, which increases from the bottom to the
top. The open circles show the values of nH at the percolation thresholds, as
obtained for different D values �see solid line in Fig. 4�.
than in the case of low-hydrated systems.
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The highly universal description of the percolation tran-
sition in terms of the average number nH of H bonds per
water molecule can be rationalized from the behavior of the
mean cluster size Smean. In Fig. 13, we show the dependence
of Smean/Nw on nH for all studied state points of ELP and
SNase, i.e., for a wide range of temperatures and hydration
shell widths D. The dependence of the normalized Smean�nH�
is highly universal for each system. The difference of
Smean�nH� for ELP and SNase is directly related to the differ-
ent sizes of their hydration shells. In the larger system
�SNase� the maximal value of Smean is about 5% of Nw,
whereas it is about 8% of Nw in the smaller system �ELP�. As
expected, the maximum of Smean approaches the percolation
threshold �vertical arrows in the Fig. 13� with an increasing
system size.

FIG. 12. Dependence of the average number nH of water-water hydrogen
bonds between water molecules in the hydration shell of SNase on the shell
width D. The open circles show the values of nH at the percolation thresh-
olds, as obtained for both temperatures �see Fig. 6�.

FIG. 13. Mean cluster size Smean normalized by the average number Nw of
water molecules in the shell as a function of the average number nH of
water-water hydrogen bonds in the hydration shell of ELP and SNase. The

vertical arrows show the locations of the percolation thresholds.
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E. Fractal dimension of the largest cluster

We calculated the mass distribution m�r� of the mol-
ecules within the largest cluster, using each of these mol-
ecules as an origin to get reliable averages. The fractal di-
mension of the largest cluster df was obtained from fitting
the mass distribution to the equation m�r��rdf. In infinite
systems, the fractal dimension of the largest cluster at the
percolation threshold is determined by the system dimen-
sionality: for 3D systems df

3D�2.53, and for 2D systems
df

2D�1.896.50 At the percolation threshold of water adsorbed
at hydrophilic smooth planar and spherical surfaces the frac-
tal dimension of the largest water cluster was found close to
1.9 even in relatively small systems.27,28 In the case of low-
hydrated protein systems, df of the largest cluster at the
threshold is also about 1.9.24

The hydration shell of ELP is too small for a meaningful
estimation of the fractal dimension of the largest cluster:
even spanning clusters do not show a mass distribution m�r�
which can be fitted to the power law. However, this is not the
case for the hydration shell of SNase, which contains several
times more water molecules. We estimated the fractal dimen-
sion of the largest water clusters in the hydration shell of
SNase from their mass distributions at distances between 0
and 25 Å, where they display a power-law behavior. The
values of df, obtained from the fitting, are shown in Fig. 14.
The vertical dashed lines indicate the values of D where a
percolation threshold appears at 300 and 360 K, obtained
from the largest cluster size distribution P�Smax� and the clus-
ter size distribution nS �circles of Fig. 6�. The values of the
fractal dimension of the largest cluster at the percolation
threshold at both temperatures of df �2.1 exceed the value of
df

2D�1.896. This can be attributed to the noticeable trend of
the considered hydration shell towards three dimensionality
due to rather large values of D or to the specific nonhomo-

FIG. 14. Dependence of the fractal dimension df of the largest water cluster
in the hydration shell of SNase on the shell width D at 300 and 360 K
�closed symbols�. The vertical dashed lines show the locations of the per-
colation thresholds. The crosses and the dotted line indicate the effective
dimension of the water hydration shell.
geneous topology of the shell. We therefore calculated the
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effective dimensions d of the hydration shells of various
widths, taking into account all molecules in the shell �both
bonded and nonbonded�. The obtained value, d�2.22, prac-
tically does not depend on temperature and only slightly in-
creases with an increasing shell width D �see crosses and
dotted line in Fig. 14�. Hence, not a simple trend toward a
fractal structure in 3D, but rather the specific structure of the
hydration shell is responsible for the fact that the effective
dimension of the water shell and the fractal dimension of the
largest cluster at the threshold noticeably exceed 2 and df

2D

values, respectively. Interestingly, at the percolation thresh-
old the fractal dimension df of the largest cluster in the hy-
dration shell achieves 2.10/2.22�0.946 of the effective di-
mension d of the whole shell, which is extremely close to the
value of 1.896/2.00�0.948 for fractals on 2D lattices. For
comparison, for 3D systems this value is about 2.53/3.00
�0.843.50

IV. DISCUSSION

Our simulation studies of water clustering and percola-
tion in the hydration shell of two different polypeptides �ELP
and SNase� show that at low temperatures they are covered
by a spanning hydrogen-bonded network, formed by water
molecules from the first hydration shell. This network in-
cludes most water molecules in the hydration shell and oc-
cupies essentially more than half of the surface of the bio-
molecule �see Fig. 15, upper panel�. With increasing
temperature, this spanning water network breaks up into an
ensemble of small water clusters in the hydration shell, and
even the largest water cluster occupies only a small surface
area of the polypeptide �see Fig. 15, lower panel�.

The transformation of a hydration water shell from a
more ordered configuration with one large cluster, which
spans the whole molecule, to a less ordered configuration
with small water clusters only occurs via a percolation tran-
sition. This means that this kind of “order-disorder transfor-
mation” of the hydration shell is a transition, which occurs in
a rather narrow temperature interval. Due to the finite num-
ber of water molecules in the hydration shell, such transfor-
mation is smeared out in some range of temperatures and can
be characterized by the temperature dependence of a prob-
ability R to find a spanning water network. Below some low
temperature, the spanning network of hydration water exists
practically permanently, but when crossing the percolation
threshold, the spanning probability starts to decrease sharply.
For example, the percolation transition of hydration water in
the shell of 4.5 Å width near ELP occurs at about 270 K
�Fig. 4�, i.e., below this temperature the spanning network is
present in the system practically permanently. With increas-
ing temperature, it starts to disappear and at T�320 K its
probability is about 50% only �Fig. 4�. In the larger system,
the monomeric protein SNase of 14 kDa molecular mass, the
spanning network disappears faster with temperature. Ex-
trapolation of the results, shown in Fig. 6, to 4.5 Å, gives a
percolation threshold at about 275 K and the state with
R�50% at about 295 K.

As we discussed in the Introduction, the breaking of a

spanning network of hydration water may be related to
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temperature-induced conformational transformations of bio-
molecules and phase separation of their aqueous solutions.
We cannot say at what temperature the level of the destruc-
tion of the spanning network of hydration water is sufficient
to cause such phenomena. This temperature definitely ex-
ceeds the temperature of the percolation transition of hydra-
tion water, and it is likely below the temperature, where
R�50%. The interval between the temperature of the perco-
lation transition �R�95% � and the temperature, where
R�50%, shrinks with an increasing size of the polypeptide.
For the small ELP this interval achieves 50 K �Fig. 4�,
whereas for the larger SNase it is only about 20 K �Fig. 6�.

A comparison of the absolute values of the temperatures
of the percolation transitions of water in the hydration shells
of ELP and SNase, obtained in simulations, with the real
temperature scale needs special consideration. The phase dia-
grams of the available water models differ noticeably from
the phase diagram of real water �see Refs. 51 and 52 for a
comparative analysis of the phase diagrams of various water
models�. There are two main characteristic temperatures
which can be used for estimating the temperature shift of the
phase diagram of model water with the behavior of real wa-

FIG. 15. �Color� Arrangement of the water molecules in the first hydration
shell of SNase �shell width D=4.5 Å�. The molecules of the first, second,
and third largest hydrogen-bonded water clusters are colored in red, green,
and yellow, respectively. Water molecules in smaller clusters are white. Up-
per panel: T=300 K, largest cluster is spanning. Lower panel: T=360 K,
largest cluster is nonspanning.
ter: the critical temperature of the liquid-vapor phase transi-
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tion and the temperature of the liquid density maximum. The
latter temperature is the most important parameter for our
studies, as it is close to the considered temperature interval.

The SPCE water model shows the liquid density maxi-
mum at about 240 K, i.e., about 35 K below its location in
real water.52 Hence, to map approximately our results on the
“temperature scale” of real water, we have to shift the data
points, shown in Fig. 4, upwards by about 35 K. In this case,
if we take D=4.5 Å, the percolation transition occurs at
�305 K and at T�355 K the spanning cluster exists with a
probability �50%. An analysis of the conformation of the
peptide GVG�VPGVG�3, whose hydration properties have
been studied in the present paper, shows pronounced changes
from a disordered to a more ordered structure at a tempera-
ture of about 290–300 K,53 which should correspond to the
interval of 325–335 K if the temperature shift between
SPCE and real water is taken into account. In real aqueous
solutions of large poly�VPGVG� elastin-based polymer, the
phase separation into water-rich and organic-rich phases, ac-
companied by sharp conformational changes of the polymer
�the so-called “inverse temperature transition”�, occurs at
about 300 K.29 In short elastinlike peptides, where the phase
separation was not detected, pronounced conformational
changes of ELP molecules are still observed54–56 and for the
peptide GVG�VPGVG�3 an inverse temperature transition
occurs at �300–310 K.54,57 Hence, the experimentally mea-
sured inverse temperature transition of the peptide
GVG�VPGVG�3 occurs in the same temperature range,
where the spanning network of hydration water breaks into
an ensemble of small water clusters in our simulations. Both
experimental55,56 and simulation56,58 studies of the even
smaller GVG�VPGVG� show a conformational transition at
about 310–330 K. Interestingly, the qualitative changes of
the peptide-water dynamics detected in Ref. 58 at this tem-
perature may reflect specific changes of the hydration shell.

The TIP3P water model does not show a liquid density
maximum and the critical temperature of its liquid-vapor
transition is not available. This essentially complicates the
mapping of the results obtained for the model SNase in liq-
uid TIP3P water, onto real systems. In general, the tempera-
ture of the liquid density maximum increases with the tetra-
hedral ordering of model water: usually it is overestimated
for five-site water models and underestimated for three-site
models �see Ref. 52 for a comparative analysis�. Therefore,
we may assume that the phase diagram of the three-site
TIP3P water model, which shows a tetrahedral order even
weaker than the SPCE model,59 is shifted downwards by at
least 35 K with respect to real water. Therefore, for a com-
parison with real systems, the data points for the model
SNase in TIP3P water, shown in Fig. 6, should be shifted at
least 35 K upwards. In this case, if we take D=4.5 Å, the
breakup of the spanning network of hydration water occurs
at T�310 K, and at T�330 K the spanning cluster exists
with a probability of �50%. This is consistent with the ex-
perimentally observed unfolding temperature of SNase at
about 325 K.60

The temperature of the breakup of the spanning network
of hydration water depends on the definition of the hydration

shell. In the present study we used the simplest possible defi-
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nition, based on the distance between water oxygens and
heavy atoms of the biomolecule. A more unambiguous and
more physically grounded definition of hydration water
should be developed for a more quantitative analysis of its
percolation transition.

Summarizing, we have shown that the transformation of
the hydration water shell of a polypeptide from an “ordered”
to a “disordered” state occurs via a quasi-2D percolation
transition, which occurs in the biologically relevant interval
of temperatures. This transition may have a direct relation to
temperature-induced conformational transitions of biomol-
ecules and temperature-induced phase separations of their
aqueous solutions. Further studies are necessary to clarify the
observed correlation between the presence of a spanning net-
work of hydration water and the conformational stability of a
biomolecule. In this respect, studies of the effect of pressure
or addition of cosolvents on the percolation transition of hy-
dration water should be especially useful.
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