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ABSTRACT Dynamics of hydration water at the surface of a lysozyme molecule is studied by computer simulations at various
hydration levels in relation with water clustering and percolation transition. Increase of the translational mobility of water molecules
at the surface of a rigid lysozyme molecule upon hydration is governed by the water-water interactions. Lysozyme dynamics
strongly affect translational motions of water and this dynamic coupling is maximal at hydration levels, corresponding to the
formation of a spanningwater network. Anomalous diffusion of hydrationwater does not dependonhydration level up tomonolayer
coverage and reflects spatial disorder. Rotational dynamics of water molecules show stretched exponential decay at low
hydrations.With increasing hydration, weobserve appearance ofweakly boundwatermoleculeswith bulklike rotational dynamics,
whose fraction achieves 20–25% at the percolation threshold.

INTRODUCTION

Biological function is possible only in presence of water,

which is important for conformational stability and dynamics

of biomolecules (see (1–3) for recent reviews). Experimental

studies of some biosystems show that their physiological

activity (for example, metabolism in Artemia cysts (4) and in
various seeds (5)) appears rapidly at some critical hydration

level. Important functions of biomolecules, such as enzymatic

activity of proteins (6–12), proton pumping activity of bac-

teriorhodopsin (13) and its photoisomerization (14,15), and

formation of biologically relevant B-form of DNA (16), also

appear or intensify drastically when water content achieves

some minimal hydration level, characteristic for each system.

Typically, this hydration level is below the monolayer cov-

erage of a biosurface. For some systems (protein powders

(17,18), components of seeds (19,20), yeast (21), Artemia
cysts (22), purple membrane (23)), this hydration level was

found experimentally close to the percolation threshold of

water, whichmarks appearance of a large spanning hydrogen-

bonded water network instead of an ensemble of small water

clusters upon increasing hydration. In the low-hydrated sys-

tems, water is localized in the vicinity of a biosurface and, ac-

cordingly, its percolation transition has quasi-two-dimensional

character (17,19,21,23–25).

Importance of hydration water for the dynamics and

functions of biomolecules is also seen from the studies of

hydrated biomolecules at low temperatures. In the narrow

temperature interval from 200 to 230 K, dynamics of various

hydrated biomolecules show qualitative change, which cor-

relates with onset of their biochemical activity upon heating

(26,27). This transition is weakly sensitive to the biomolecu-

lar structure, requires some minimal amount of water (28–30),

and may be strongly affected by the presence of cosolvents.

These facts indicate that the temperature-induced dynamic

transition of biomolecules is governed by hydration water

(31–34). Drastic change of water dynamics at ;220–240 K

occurs in a similar way in silica pores (35,36) and at the

surfaces of biomolecules (37,38). This dynamic transition of

hydration water may reflect the phase transition of water (39)

to the more ordered liquid phase upon cooling.

There are two main ideas that explain crucial role of

hydration water in biofunction: water works as a plasticizer,

providing conformational dynamics of biomolecules, re-

quired for their function (40); and water is an effective

transport medium in biosystems (charge transport (41,42),

transport ofmetabolites (6), etc.). In the interval of hydrations,

where a spanning water network appears and transforms to

permanent, dynamic properties of a hydratedbiosystem change

drastically. The well-known example is a steplike change of

the dielectric properties of biosystems at some critical hy-

dration level (17,20,24,42–47). At approximately monolayer

water coverage, dynamics of a biomolecule become qualita-

tively similar to the observed at full hydration (48,49).

Computer simulations may give insight into microscopic

mechanisms behind the hydration induced dynamic transition

and function of biomolecules by the analysis of the effect of

increasing hydration level on various physical properties of

hydrated biomolecule. Increase of the hydration level causes

qualitative change of the cluster structure of hydration water

(50–58). At low hydrations, only small hydrogen-bonded

water clusters are present in the system. At high hydrations,

biomolecule is homogeneously covered by a hydrogen-bonded

water network. The transition between these two states is a

percolation transition of hydration water. As biofunction ap-

pears upon increasing hydration in the vicinity of this per-

colation transition, dynamics of hydrated biomolecules should
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be studied with respect to water clustering and percolation.

Clearly, this assumes that percolation threshold of hydration

water should be localized on the surface of a biomolecule

studied.

Translational and rotational dynamics of water molecules

are essentially faster than the slow conformational motions

of biomolecules and, therefore, can be studied by simulations

in more detail. There are striking correlations between the

fast motions of biomolecules and their slow conformational

changes upon increasing hydration (59,60). Due to the strong

coupling of water and protein motions, change of water

dynamics may give information about dynamics of a bio-

molecule. Previous studies of water dynamics at the surfaces

of biomolecules indicate strong slowing down of rotational

and translational movements with decreasing hydration level

both in experiment (61–64) and simulations (65–68). How-

ever, the large intervals between the hydration levels studied

does not allow establishing the laws, which describe the

evolution of water dynamics with hydration. Besides, water

dynamics was never analyzed with respect to the clustering

and percolation transition of hydration water.

We analyze the dynamics of hydration water at the surface

of a hydrated lysozyme molecule. The properties of this

enzyme at various hydrations were studied extensively in

experiments and simulations (8,9,17,18,24,42–49,59,69–75).

At low hydrations and up to h � 0.07 (g of water per g of

protein) water molecules are adjusted mostly to the charge

groups of lysozyme and most protein motions are frozen.

Rotational dynamics of methyl groups is observed at very low

hydration and it seems to be rather insensitive to the hydration

level and temperature. With increasing hydration, water

molecules hydrate the polar groups and form larger water

clusters. At h � 0.15 (17,18,24) a quasi-two-dimensional

percolation transition of water occurs and a hydrogen-bonded

water cluster spans the whole lysozyme powder. The water

percolation transition enables the long-range proton move-

ment along the percolative water network and coincides with

the first appearance of the enzymatic activity of lysozyme

(8,48,49). Increase of the proton conductivity above the

percolation threshold follows the power law predicted by the

percolation theory (17). Recent light and neutron scattering

experiments show sharp steplike increase of the fast relaxa-

tion process at h between 0.1 and 0.15,whichwas attributed to
the rattling of residues in the cages formed by their neighbors

(59,75). It is not clear whether this effect is related to thewater

percolation transition at h � 0.15 due to the large interval

between the hydration levels studied. These experiments

suggest that sharp increase of the fast conformational

fluctuations activates large-scale slow protein motions, which

correlate well with the enzymatic (catalytic) activity

(8,48,49). Experimental studies of hydrated lysozyme powder

(9,49) indicate another important hydration level h ; 0.38,

which is attributed to the complete monolayer coverage of

each lysozyme molecule. Below this hydration level (at h ;
0.25) all lysozyme molecules are covered with water, but

water shells are shared between two or more lysozymes.

Above the one monolayer coverage, the full internal motions

of protein are recovered, although the characteristic timescales

are slower than at the infinite dilution. Note, that qualitatively

similar changes of lysozyme dynamics are observed when

dehydration is achieved by substitution ofwater by cosolvents

(30,73,76).

In this article, we study the translational and rotational

motions ofwatermolecules near the surface of lysozymeupon

increasing hydration from approximately one-third to one

monolayer coverage. Analysis of water dynamics is preceded

by the analysis of water clustering and by the localization of

the percolation threshold of hydration water. To elucidate the

effect of the dynamical motions of a lysozyme molecule onto

dynamical properties of hydration water, simulations were

performed for the rigid (frozen) and flexible lysozyme

molecules.

METHODS

Hen egg-white lysozyme (77) is a small globular protein with 129 amino-

acid residues and contains a-helices and a triple-stranded b-sheet in two

structural domains. Lysozyme molecule (molecular mass of ;14.5 kDa)

was modeled, using the crystallographic heavy atom coordinates from the

Protein Data Bank (78) (entry 2LYM (79)) and AMBER force field (80),

which treats all atoms, including hydrogens, explicitly. For the residues,

we chose the charge states corresponding to pH 7. The total charge of18e

on the protein surface was then neutralized by a uniform distribution of the

opposite charge between all protein atoms to make the system neutral

(adding a charge of �8e/1960 � �0.004e to each atom of the lysozyme

molecule). The TIP4P model (81) was used for water. A spherical cutoff

at 9 Å was used for truncation of the nonbonded interaction terms and

the particle-mesh Ewald (82) summation method was used for the cal-

culation of the electrostatic interactions. Integration time steps of 2 fs were

used.

A single rigid or flexible model lysozyme molecule was placed in the

center of a cubic box (edge length 60 Å), and periodic boundary conditions

were applied. Hydrated systems were prepared by random placing of Nw

water molecules in the free space of the simulation box. The water molecules

were equilibrated at constant temperature during 1 ns in the field of the

protein atoms. The number of water molecules Nw varied from 200 to 600.

Molecular dynamics simulations of the lysozyme 1 water systems were

done in the constant-volume NVT canonical ensemble. The temperature of

the system was kept at T ¼ 300 K using separate coupling of protein and

solvent to external temperature baths (67). We used Berendsen thermostat

(83) with a coupling time of 0.5 ps and Nosé-Hoover algorithms (84,85)

with a coupling time of 2.5 ps. Water clustering was analyzed in both cases

and no difference in the cluster structure was detected. Analysis of water

clustering and percolation was performed as described in detail elsewhere

(50–58). Water molecules belong to the same cluster if they are connected by

a continuous path of hydrogen bonds. Two water molecules are considered

as hydrogen-bonded when the distance between the oxygen atoms is,3.5 Å

and the water-water pair interaction energy is ,�2.4 kcal/mol. Molecular

dynamics runs during 14 ns were used to study the translational and

rotational dynamics of hydration water. Dynamics of water molecules was

studied by the analysis of the trajectories every 1.0 ps for translations and

every 0.2 ps for rotations. The dynamic properties of water were monitored

only for water molecules near the protein surface. To exclude the

contribution arising from the water molecules in a vapor phase, dynamics

were studied only for water molecules with oxygens closer than 7.5 Å to the

nearest heavy atom of a lysozyme molecule.
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RESULTS

Percolation transition of hydration water

Percolation threshold of hydration water may be estimated

from the calculation of the probability P(Smax) that, in an

arbitrarily chosen configuration, the largest cluster contains

Smax water molecules. The probability distributions P(Smax),

of the size Smax of the largest water cluster obtained at

various hydration levels, are shown in Fig. 1 for the case of a

flexible lysozyme molecule. Right peak of the distribution

P(Smax) corresponds to the spanning water cluster, which

homogeneously covers the biomolecule (54). The left peak

represents nonspanning largest water clusters and it domi-

nates at low hydrations. Analysis of the distributions P(Smax)

allows location of the middle point of the percolation

transition, where the probability R to observe a spanning

water cluster is 50%. At this particular hydration level,

distribution P(Smax) has the lowest height and the largest

width. Fig. 1 shows that hydration level Nw ¼ 375 is the

closest to the midpoint of the percolation transition.

The probability distribution P(Smax) allows more accurate

location of the midpoint of the percolation transition (52,56)

using the value Stmax ¼ 225, which approximately separates

spanning and nonspanning largest clusters (Fig. 1, vertical
dashed line). Assuming that all largest water clusters with the

size exceeding Stmax are spanning, the probability R to find a

spanning cluster may be calculated as the integral of P(Smax)

over Smax . Stmax: The spanning probability R obtained in

such a way at various hydration levels is shown in the upper

panel of Fig. 2. Fit of R(Nw) to sigmoid function yields the

inflection point at Nw � 380. The width DSmax of the prob-

ability distribution P(Smax) was computed as DSmax ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ÆðSmax � SavmaxÞ2æ=Nw

q
: It shows a maximum close to the

inflection point of R(Nw). This observation is also valid for

the rigid lysozyme (middle panel in Fig. 2). The maximum of

DSmax is observed at roughly the same hydration level as the

maximum of the mean cluster size Smean ¼ SnSS
2/ SnSS,

calculated without largest water cluster (56). The maximum

of Smean is located below the true percolation threshold in any

finite system (86). Indeed, the percolation threshold of

hydration water at Nw � 475 was located from the cluster

size distribution and fractal dimension of the largest water

cluster at the surface of a rigid lysozyme (50). Fig. 2 shows

that, for the flexible lysozyme, the percolation threshold

slightly shifts to lower hydrations. This shift may be

attributed to decrease of the water-accessible surface of a

flexible lysozyme molecule relatively to a rigid lysozyme

molecule.

In the lower panel of Fig. 2 we show fraction P* ¼ Smax/

Nw of water molecules belonging to the largest cluster, and

FIGURE 1 Size distribution P(Smax) of the largest water cluster at the

surface of a flexible lysozyme molecule at various hydration levels: Nw ¼
200, 300, 350, 375, 400, 450, 500, and 600. The distribution for Nw ¼ 375,

which is the closest to the midpoint of the percolation transition, is shown

by the thick line. The vertical dashed line indicates Stmax ¼ 225, which

approximately separates spanning and nonspanning largest clusters.

FIGURE 2 Spanning probability R (upper panel), width DSmax of the size

distribution of the largest cluster (middle panel), fraction P* of water

molecules in the largest cluster, and the normalized average size S�av of water
clusters (lower panel) at the surfaces of rigid and flexible lysozyme

molecules at various hydration levels. The dashed line in the upper panel

represents the fit of R for the flexible lysozyme to the sigmoid function with

the inflection point at Nw � 380 indicated by the vertical dotted line. True

percolation threshold of water at the surface of the flexible lysozyme is

shown by the vertical solid line.
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the normalized average size S�av ¼ SnSS
2=NwSnS of all

water clusters, including the largest one. Note that the func-

tion P* is close to the well-known percolation probability

P (fraction of molecules, belonging to the spanning cluster),

when R approaches 1. The dependencies for rigid and

flexible lysozyme molecules are rather similar. Note smaller

size of the largest water cluster in the latter case for the high

hydrations (Nw . 425). This means that motions of

lysozyme molecules cause some injuries to the spanning

water clusters only.

Translational dynamics of hydration water

The total (overall) mean-square displacement (MSD) Ær2æ of
water molecules at the surface of the rigid molecule was

calculated for various times t as

Ær2æ ¼ Æjr~iðtÞ � r~ið0Þj2æ; (1)

where average was taken over both the time origins and

all water molecules in the hydration shell. In the case of a

flexible lysozyme, MSD of water molecules was calculated

relatively to the average coordinates of the backbone atoms

and also in a laboratory system as for the rigid lysozyme

molecule. The difference between Ær2æ calculated by two

methods was found negligible within accuracy of simula-

tions, indicating a negligible displacement of the center of

mass of the partially hydrated lysozyme molecule during the

time interval of ;1 ns when the MSD of each water mol-

ecule was calculated.

Time dependence of the total MSD of water at the surfaces

of rigid and flexible lysozyme molecules are shown in Fig. 3

for some hydration levels. The value Ær2æ continuously

increases upon hydration. Similar behavior was observed in

the simulation studies of water near the surface of differently

hydrated plastocyanin (65,66). Translational mobility of

water at the surface of a flexible lysozyme is noticeably

higher that at the surface of a rigid lysozyme. This difference

is approximately a factor of two at low hydrations and it

progressively vanishes at higher hydration levels. Consider-

able enhancement of water translational motion at low

hydrations is obviously caused by the motions of the surface

groups of a flexible lysozyme molecule. This effect dimin-

ishes at higher hydrations, when the role of water-water in-

teractions in translational motion of water molecules becomes

more important.

The time dependence of Ær2æ is essentially nonlinear at all

hydration levels studied. Such behavior is peculiar for

confined systems and systems with temporal and spatial

disorder. For example, in a cylindrical pore, MSD of

molecules normally to the pore axis nonlinearly increases at

short times and achieves saturation at longer times. As a

result, the time dependence of the total MSD is nonlinear at

short times and becomes linear only when displacements

essentially exceed pore diameter. Due to the same reason,

total MSD of water molecules adsorbed at the surface of a

biomolecule (or the surface of any other finite object) cannot

exceed some maximal value and achieves saturation at long

times. At shorter times, when
ffiffiffiffiffiffiffiffi
Ær2æ

p
is essentially smaller the

size of a biomolecule, Ær2æ varies with time t in accordance

with a power law

Ær2æ; t
a
; (2)

where the exponent a ¼ 1 for diffusion in homogeneous

media (normal diffusion) and a , 1 for diffusion in inho-

mogeneous media (anomalous diffusion). Anomalous diffu-

sion of water molecules at the surfaces of various biomolecules

may originate from the roughness of the surface and from

the strong spatial variations of the surface-water interaction

and it was seen in some experiments and simulations

(65,66,87,88).

For diffusion near a surface, it is reasonable to decompose

the total MSD into the components parallel and perpendic-

ular to the protein surface. For each time step, we have

defined the distance of the molecule to the surface as a

distance z from water oxygen to the nearest heavy atom of a

lysozyme. The total displacement r was decomposed into

displacement along z direction and displacement in xy plane,
parallel to the surface of a lysozyme molecule (89). Note that

such defined MSD Æ(xy)2æ characterizes diffusion of water

along the lysozyme surface within some limited range of

displacements only. Time dependences of Ær2æ/3, Æ(xy)2æ/2,
and Æz2æ for one of the studied system are shown in Fig. 4

(for other systems these dependencies look qualitatively

FIGURE 3 Total mean-square displacements Ær2æ of water molecules at

the surfaces of the flexible and rigid lysozyme molecules at various hy-

drations Nw shown in legend.
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similar). As expected, MSD normal to the surface Æz2æ
achieves saturation rather quickly (at t , 100 ps). The

maximal MSD Æz2æ reflects the average degree of the lo-

calization of water molecules in the vicinity of the lysozyme

surface. The saturation value of Æz2æ varies from ;0.01 to

0.02 nm2 for both flexible and rigid lysozyme molecules in

the hydration range studied. Both total MSD Ær2æ and MSD

Æ(xy)2æ parallel to the surface show anomalous diffusion.

The double-logarithmic plot of the time dependences of

the total MSD Ær2æ for water molecules at the surfaces of a

flexible and rigid lysozyme molecules (Fig. 5) evidences that

Ær2æ follows Eq. 2 in a wide range of hydrations. In the time

interval 10–100 ps the dependencies Ær2æ (t) for Nw . 300

may be well fitted to Eq. 2 with exponent a¼ 0.7756 0.010

for the flexible lysozyme and a¼ 0.7936 0.010 for the rigid

lysozyme. The values of these exponents do not depend on

the hydration level within the error bars shown. Indepen-

dence of the obtained values of the exponent a to hydration

level indicates that the anomalous diffusion is caused mainly

by the spatial disorder in the system. Noticeable deviations

of Ær2æ (t) from the Eq. 2 is seen at low hydrations, where

effective value of a continuously decreases at t , 10 ps.

These deviations should be attributed to the water molecules,

which are strongly bound to lysozyme surfaces (there are

;36 water molecules, having two or more hydrogen bonds

with lysozyme molecule (45,46)). The total MSD of such

water molecules quickly achieves saturation during their

rather long residence times. So, our simulations indicate

presence of two main classes of water molecules with respect

to the translational motion: molecules with short residence

times, which show anomalous diffusion due to the spatial

disorder already at the short times; and molecules with long

residence times, which remain bound to some centers at

lysozyme surface during hundreds of picoseconds. Contri-

bution of the latter molecules to the average MSD may be

considered as a constant in the first approximation and the

total MSD may be fitted to the equation

Ær2æ; ta 1 const: (3)

The time dependence of the total MSD was fitted to Eqs. 2

and 3 for each hydration level (Fig. 6). Clearly, Eq. 3

essentially better reproduces Ær2æ (t) at short t for low hydrated

systems. Relative contribution of the strongly bound water

molecules to the total MSD decreases with increasing

hydration level (compare the data for Nw ¼ 200 and Nw ¼
600 in Fig. 6). When time t exceeds residence times of

strongly bound water molecules, effect of spatial and

temporal disorder cannot be distinguished and Eq. 2, with

presumably lower value of the exponent a, should be valid.

In case of anomalous diffusion, the dependence of the

translational mobility of water on the hydration level can be

characterized in different ways. We may compare the mean-

square displacements Ær2æ at some chosen time t or, alter-
natively, compare the times t yielding the same value of Ær2æ.
Wemay also characterize water mobility by the time-dependent

effective diffusion coefficient Deff(t),

FIGURE 4 Time dependencies of the MSDs Ær2æ/3, Æ(xy)2æ/2, and Æz2æ of
water molecules at the surface of a flexible lysozyme molecule at Nw ¼ 500.

Solid and dashed lines show the time dependence ;t0.40 and ;t0.775,

respectively.

FIGURE 5 Time dependence of MSD Ær2æ of water molecules at surfaces

of the flexible and rigid lysozyme molecules in double logarithmic scale

(solid lines). Hydration increases from the bottom to the top. The power laws

corresponding to the anomalous diffusion (Eq. 2) with different values of

a are shown by dashed lines.
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Deff ¼ Æðrðt1DtÞ � rðtÞÞ2æ
2dDt

; (4)

where d is Euclidean dimension of a system (d ¼ 3 for

the bulk water) and t # t 1 D t is a time interval used for

estimation.

Short-time water diffusion, which may be characterized by

the total MSD Ær2æ at t ¼ 10 ps, gradually increases with

hydration level and tends to saturation just above the

percolation threshold (see upper left panel in Fig. 7). The

effective diffusion coefficients Dtot
eff and D

k
eff were estimated

by Eq. 4 for the total displacement Ær2æ and for the

displacement Æ(xy)2æ parallel to the surface, using d ¼ 3

and d ¼ 2, respectively. Dtot
eff and D

k
eff , calculated in the time

interval 5 ps , t , 15 ps, depend on hydration level

similarly to Ær2æ at t¼ 10 ps (see upper right panel in Fig. 7).
The values of Dtot

eff are noticeably lower then D
k
eff due to the

strong confining effect of a boundary on the displacement in

z direction (normally to the surface). This effect is absent for

the displacements parallel to the surface and D
k
eff may be

compared with the self-diffusion coefficient of bulk water D
� 4.2 3 10�9 m2 s�1 for the water model studied (90) (see

horizontal line in the right upper panel in Fig. 7). However,

such comparison suffers from the fact that coefficient D
k
eff is

obtained from Eq. 4, which assumes linear time dependence

of MSD, whereas hydration water shows anomalous diffu-

sion (see Figs. 5–7).

Dependence of water mobility on hydration may be further

analyzed using the derivatives of Ær2æ, Dtot
eff , and D

k
eff with

respect to hydration level Nw (Fig. 7, lower panels). They
show a rapid drop at the hydration level Nw � 380, cor-

responding to the midpoint of the percolation transition and

approaches zero at the percolation threshold (Nw � 475).

Starting from the midpoint of the percolation transition,

translationalmobility of water correlates with the average size

of water clusters, size of the maximal cluster, and spanning

probability, which show roughly similar behavior in the con-

sidered range of hydrations (see Fig. 2). This correlation may

be seen when water mobility is plotted as a function of the

average cluster size Sav. For water at the surface of a flexible
lysozyme, there is a linear correlation between mobility and

Sav in a wide hydration range. For example, this correlation is

seen when water mobility is characterized by the inverse time

t�1 corresponding to the total MSD Ær2æ ¼ 0.1 and Ær2æ ¼
1 nm2 (Fig. 8, left panel).
In the case of a rigid lysozyme, trend of water mobility to

saturation with approaching the percolation threshold is much

less pronounced (Fig. 9) and its correlation with cluster

properties, such as S�av, is questionable (Fig. 8, right panel).
This evidences importance of protein motions for mobility of

hydration water. Obviously, the fast translational motions of

water molecules should reflect mainly a local environment

FIGURE 6 Time dependence of total MSD Ær2æ of water molecules at

surfaces of the flexible and rigid lysozyme molecules in double logarithmic

scale. The fits to Eqs. 2 and 3 are shown by dashed and solid lines, re-

spectively.

FIGURE 7 Total MSD Ær2æ of water molecules at the surface of a flexible

lysozyme molecule at t ¼ 10 ps (left upper panel) and its derivative with

respect to Nw (left lower panel). Diffusion coefficients Deff and D
k
eff of water

molecules at the surface of a flexible lysozyme molecule (right upper panel)

and their derivatives with respect to Nw (right lower panel). Polynomial fits

are shown by the dashed lines.
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of water molecule. This local environment may be divided

on two parts, related to water-protein and water-water

interactions. The latter part may be characterized, for

example, by the average number nH of H-bonded neighbors.

Indeed, the short-time mobility of water at the surface of a

flexible lysozyme, estimated in different ways, varies almost

linearly with nH in the whole hydration range studied (Fig.

10). Behavior of the short-range water mobility at the surface

of a rigid lysozyme is qualitatively similar. However,

contrary to the flexible lysozyme, the correlation between

water mobility and nH remains linear for larger displace-

ments as well (Fig. 9, lower panel).
The coupling of water and lysozyme dynamics may be

seen when the difference D(t�1) between the mobilities of

water at the surfaces of the flexible and rigid lysozyme

molecules is considered (Fig. 11). This coupling is not

sensitive to the time/length scale considered (compare open
and closed symbols in Fig. 11). Clearly, D(t�1) is the largest

in the hydration range from Nw ¼ 350 to Nw ¼ 500, where

the probability R to observe a spanning water network varies

from ;20 to 100%.

Rotational dynamics of hydration water

The rotational motion of water has been analyzed through

the reorientational dynamics of its electrical dipole, defined

as the vector pointing from the water oxygen to the middle

point of the two hydrogen atoms. Two first- and second-rank

autocorrelation functions G1 and G2 were calculated as the

time average of the Legendre polynomials Pl(cos(u)),

G1 ¼ ÆP1ðtÞæ ¼ ÆcosuðtÞæ; (5)

G2 ¼ ÆP2ðtÞæ ¼ Æ3cos2uðtÞ � 1æ; (6)

where u is the angle between dipole orientation at time t and
its initial orientation. Both G1 and G2 decay faster toward

zero at higher hydration levels.

At low hydrations, the decay of the autocorrelation

function G1 may be described by the Kohlrausch-Williams-

Watts stretched exponential equation (91,92):

G1 ¼ exp � t

t1

� �b
 !

: (7)

For example, time dependence of G1 for 200 water molecules

at the surface of a flexible lysozyme may be well fitted by

Eq. 7 with b ¼ 0.325 and t1 � 48 ps (see upper dashed line
in Fig. 12). At higher hydration levels, decay of G1 cannot be

described by one-term Eq. 7 (see lower dashed line in Fig. 12
for Nw ¼ 600). We have found at all hydrations studied that

G1 may be well described by a two-terms equation, which

includes, in addition to a stretched exponential, a simple

Debye decay:

G1 ¼ ð1� aÞexp � t

t1

� �b
 !

1 a exp � t

t2

� �
: (8)

FIGURE 8 Normalized inverse time t(200)/t(Nw), corresponding to the

total MSD Ær2æ ¼ 0.1 nm2 and Ær2æ ¼ 1.0 nm2 of water molecules at the sur-

face of the flexible and rigid lysozyme molecules as function of the

normalized average cluster size S�av. Linear dependence is shown by dashed

lines in the left panel.

FIGURE 9 Normalized inverse time t(200)/t(Nw), corresponding to the

total MSD Ær2æ ¼ 1.0 nm2 of water molecules at the surface of the flexible

and rigid lysozyme molecules as function of the hydration level (upper

panel) and of the average number nH of H-bonded neighbors (lower panel).
Linear dependence is shown by dashed line in the lower panel.

2992 Oleinikova et al.

Biophysical Journal 93(9) 2986–3000



Equation 8 assumes an existence of two kinds of molecules,

showing quite different reorientational dynamics in the con-

sidered time interval. Water molecules strongly bound to

the lysozyme surface show stretched-exponential relaxation,

whereas weakly bound molecules show simple one-term

exponential relaxation, like in the bulk. Fractions of these

two kinds of molecules, (1 � a) and a, respectively, should

depend on the hydration level. The value of b obtained from

the fits of G1 to Eq. 8 was found to be independent on

hydration level within accuracy of simulations and equal

0.33 6 0.01 for both flexible and rigid lysozyme molecules.

The values of the relaxation time t1, obtained from the fitting

of G1 to Eq. 8 with the stretching exponent b fixed at 0.33,

are shown in Fig. 12. The value t1 continuously decreases

with hydration (Fig. 13) and this decrease is much steeper at

the surface of a rigid lysozyme, because of much slower

rotational relaxation of water at low hydrations. The same

trends are observed for the average relaxation time calcu-

lated as

Æt1æ ¼ t1
b
G

1

b

� �
; (9)

with G as the gamma factorial function (see Tables 1 and 2).

The rotational relaxation may be also characterized by the

second-rank correlation function G2, which is directly related

to the results of nuclear magnetic relaxation dispersion mea-

surements. The second-rank correlation function G2 shows

faster decay than G1. Accordingly, the relaxation times t1 and
t2 found from the fits of G2 to Eq. 8 are lower at all hydrations

studied (see Fig. 13). The values of stretching exponent b
derived from the fits of the second-rank correlation func-

tion to Eq. 8 were found independent on hydration and

equal to �0.245 for the rigid and 0.225 for the flexible ly-

sozyme molecules, respectively.

In contrast with the stretched exponential relaxation time,

the Debye relaxation time t2 does not vary with hydration and
stays at t2 ¼ 4.7 6 0.4 ps and 2.5 6 0.6 ps for G1 and G2,

respectively (Fig. 13). The characteristic times of Debye

relaxation of bulk TIP4P water molecules are 2.5 and 0.9 ps,

FIGURE 10 Total MSD Ær2æ at t ¼ 10 ps (upper panel) and inverse time

t�1, corresponding to the total MSD Ær2æ ¼ 0.1 nm2 (lower panel) of water

molecules at the surface of a flexible lysozyme molecule as functions of the

average number nH of H-bonded neighbors. Linear fits are shown by dashed

lines.

FIGURE 11 The difference Dt�1 between the inverse times, correspond-

ing to the total MSD Ær2æ¼ 0.1 nm2 and Ær2æ¼ 1.0 nm2 of water molecules at

the surfaces of flexible and rigid lysozyme molecules.

FIGURE 12 First-rank dipole-dipole autocorrelation function G1 of water

at the surface of a flexible lysozyme at various hydrations Nw. The fits of

stretched exponential Eq. 7 to G1 for the lowest and highest hydrations

studied are shown by dashed lines. The fits of the data to the two-term

Eq. 8 are shown by solid lines.
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respectively (90). The fraction a of water molecules with

Debye-like rotational dynamics increases with hydration

level, as it is shown in Fig. 14. At low hydrations, a is

negligibly small and, therefore, cannot be estimated from the

fits with a reasonable accuracy. At the surface of a rigid

lysozyme, we have detected appearance of the water mole-

cules with Debye-like rotational dynamics only when Nw .
300. At the flexible surface, such water molecules appear at

much lower hydration (linear extrapolation of a(Nw) yields

a ¼ 0 at Nw � 130), and their fraction is ;20–25% at the

percolation threshold (see Fig. 14).

DISCUSSION

We have analyzed the effect of clustering on the dynamics of

water molecules at the surface of low-hydrated lysozyme

molecule. Character of water clustering drastically changes

with increasing hydration and percolation analysis allows

detail characterization of this process. Apart from various

clustering properties (spanning probability, average cluster

FIGURE 13 Relaxation times t1 and t2 found from the fits of Eq. 8 to the

first-rank and second rank dipole-dipole autocorrelation functions G1 and G2

of water at the surface of flexible and rigid lysozyme molecules at various

hydrations Nw.

TABLE 1 Numbers of water molecules Nw, average number

nH of H-bonded neighbors, average relaxation time ht1i (ps)
computed by Eq. 9, and relaxation time t2 (ps) of the first-rank

and second-rank dipole-dipole correlation functions and

their ratios for the rigid lysozyme molecule; the value

of the stretching exponent b is 0.33 and 0.245 for

G1 and G2, respectively

Nw nH Æt1æ(G1) Æt1æ(G2) Æt1æðG1Þ=Æt1æðG2Þ t2ðG1Þ=t2ðG2Þ
200 1.55 6012 615 9.7 —

250 1.75 1370 274 5.0 —

300 1.91 528 138 3.8 —

325 1.98 371 112 3.3 —

350 2.05 300 90 3.3 1.4

375 2.11 257 75 3.5 1.6

400 2.16 225 63 3.6 1.6

425 2.20 204 55 3.7 1.6

450 2.25 182 48 3.8 1.7

475 2.30 160 41 3.9 1.7

500 2.34 141 35 4.1 1.7

525 2.38 136 34 4.1 1.7

550 2.42 129 32 4.0 1.8

600 2.47 108 26 4.1 1.9

Bulk 2.5 0.9 — 2.8

TABLE 2 Numbers of water molecules Nw, average number of

H-bonded neighbors nH, average relaxation time ht1i (ps)
computed by Eq. 9, and relaxation time t2 (ps) of the first-rank

and second-rank dipole-dipole correlation functions and

their ratios for the flexible lysozyme molecule; the value

of the stretching exponent b is 0.33 and 0.245 for

G1 and G2, respectively

Nw nH Æt1æ(G1) Æt1æ(G2) Æt1æðG1Þ=Æt1æðG2Þ t2ðG1Þ=t2ðG2Þ
200 1.53 291 207 1.4 —

300 1.9 157 78 2.0 1.8

350 2.05 112 44 2.5 1.7

375 2.09 89 35 2.5 1.7

400 2.17 96 35 2.7 1.8

450 2.26 69 22 3.1 1.7

500 2.33 72 24 3.0 1.8

600 2.46 61 19 3.1 2.0

Bulk (90) 2.5 0.9 — 2.8

FIGURE 14 Amplitude a of the Debye term in Eq. 8, when it is fitted to

the first-rank (circles) and second-rank (triangles) dipole-dipole autocorre-

lation functions G1 and G2 of water at the surface of flexible and rigid

lysozymes at various hydrations Nw. Water percolation threshold is shown

by the vertical dotted line.
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size, etc.), it gives two specific hydration levels, which

indicate important steps in the development of cluster struc-

ture: a midpoint of the percolation transition, where spanning

water network exists with a probability of 50% and a true

percolation threshold, where this network exists permanently

(Fig. 2). These two hydrations characterize formation of a

water monolayer at the surface of a biomolecule, because

appearance of a spanning network should be identified with

the first appearance of a water monolayer. Spanning water

network at the percolation threshold is rarefied (its fractal

dimension is ;1.9), but covers a biomolecule homoge-

neously. Important functions of biomolecules appear in the

hydration range, corresponding to the formation of a water

monolayer via percolation transition (see Introduction). This

justifies the importance of characterizing the dynamics of the

hydrated biomolecule with respect to the characteristic

hydration levels, mentioned above. Analysis of the transla-

tional and rotational dynamics of water molecules, done in

this article, is the first step.

There are several factors, which determine translational

motion of water molecules in such complex system as low-

hydrated biomolecules: restriction of the motions in the

direction normal to the protein surface; restriction of the

motion due to the finite size of a biomolecule; spatial disorder

due to the roughness and heterogeneity of the surface; and

temporal disorder due to the presence of the strongly attractive

sites at the surface. Importance of these factors depends on the

time- and length scales considered, on the properties of a

biomolecule, and on the hydration level. Localization ofwater

molecules near the surface ultimately limits their displace-

ments normal to the surface. Accordingly, the value of the

diffusion coefficient, estimated from the time dependence of

the total MSD, is essentially below the bulk value (Fig. 8).

This apparent slowing-down of water motions reflects

localization of molecules near a surface and does not

necessarily mean decrease of their mobility at short timescale.

Estimations of the diffusion coefficient of water, based on the

MSD along the surface, are free from the confining effect of a

surface and give values comparable to the values of the bulk.

However, such comparison also has very relative character, as

water diffusion is normal in the bulk case and anomalous at

the surface of a biomolecule (Figs. 4–6).

Water mobility at the surface of a rigid lysozyme almost

linearly increases with hydration level with only slight trend

to saturation. This agrees with mainly linear dependence of

water mobility on the hydration level at the surface of a rigid

DNA molecule (57). Water-water interactions may be de-

scribed by the average number nH ofH-bonded neighbors. For
rigid lysozyme, the correlation of water mobility with nH is

linear for both short- and long-time mobility. Qualitative

changes of thewater clusteringwhen approaching and crossing

the percolation threshold does not affect this correlation

noticeably. So, the water-water interactions is a dominant

factor, which strongly facilitates water mobility at the surface

of a rigid lysozyme with increasing hydration level.

Various characteristics of the short-time and long-time

water mobility at the surface of a flexible lysozyme molecule

(Figs. 7–9) show that they increase with hydration level and

achieve saturation approximately at the percolation thresh-

old. Above the midpoint of the percolation transition, water

mobility linearly correlates with parameters, characterizing

formation of a spanning water network (for example, with

the average normalized size S�av of water clusters, Fig. 8). The
correlation of water mobility with nH is seen for the short-

but not long-time mobility of water. Very small difference in

the clustering and percolation transition of water at the

surfaces of flexible and rigid lysozymes (Fig. 2) should not

be responsible for the qualitative difference in the hydration

dependence of water mobility. We may assume that dynam-

ical motions of lysozyme facilitate faster rearrangement of

water clusters, which makes water mobility more sensitive to

the cluster structure. However, it is more reasonable to

attribute specific hydration dependence of the water mobility

at the surface of a flexible lysozyme molecule to its coupling

with the dynamics of a lysozyme molecule.

Obviously, dynamics of a biomolecule and dynamics of its

hydrations water should be coupled. For example, pressure-

induced dynamic transition in crystalline Staphylococcal

nuclease (SNase) causes similar qualitative changes of

pressure dependence of the MSD of both water molecules

and hydrogens of SNase molecule (93). So, comparison of

water dynamics at rigid and flexible lysozyme may give

insight on the dynamics of a lysozyme molecule. Correlation

of water mobility with a presence of a spanningwater network

appears when lysozyme is flexible. The hydration-induced

enhancement of lysozyme dynamics is maximal in the

hydration range, bounded by the appearance of a spanning

water network from below and by the percolation threshold

from above. This picture agrees with the available experi-

mental analysis of the effect of hydration on lysozyme

dynamics (8,9,48,49,75,59). Namely, internal dynamics of

lysozyme molecule is restored, when it is covered by some

minimal amount of hydration water. Note that correlation

between the percolation transition of water and pressure-

induced dynamic transition of protein molecules was also

observed in simulations of crystalline SNase (53).

The diffusion of water is anomalous at the surfaces of both

rigid and flexible lysozymes. This behavior is observed in

timescale from few picoseconds up to 100–200 ps. At longer

timescale, the finite size of a lysozyme molecule leads to the

saturation of water MSD, which is typical for translational

diffusion in confined systems (94–96). The latter effect is

noticeable in our simulations, when the total MSD exceeds

;1 nm2, that corresponds to the linear displacement on

approximately half of the linear size of lysozyme. The

anomalous diffusion of water near lysozyme surface in a

wide range of hydrations is well described by the power law

with exponent a of ;0.78. Comparable values of the

exponent a were obtained for time dependence of the total

MSD of hydration water in simulation studies of other
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systems. For a fully hydrated plastocyanin, water in the layer

of ;4 to 6 Å width shows anomalous diffusion with a of

;0.8 (65,88). Comparable value of a (�0.6) was observed

in the first water layer near fully hydrated lysozyme (68). A

slightly lower value of a (;0.5) was obtained for transla-

tional motion of water in a low-hydrated silica pore (97) and

larger (;0.8) for water diffusion in the surface layer of a

completely filled nanopore (98).

Whereaswe obtaineda of;0.78 from the time dependence

of the total MSD, the time behavior of theMSD parallel to the

surface is described by a ;0.40 (see Fig. 5), which is

surprisingly close to the experimental value of a for water

diffusion at the surface of a low-hydrated myoglobin mole-

cule (87). The lower values of a for parallel MSD should be

attributed to the stronger spatial disorder for the two-

dimensional motions in a plane in comparison with the

motions in a layer of some finite width. Note, that a in the

surface water layer found from the simulations of fully hy-

drated systems strongly depends on the definition of hydration

layer (65,88). In contrast, in partially hydrated lysozyme we

have found a to be almost independent on hydration level.

This behavior can be expected, when anomalous diffusion is

caused mainly by the spatial disorder. Presence of a strongly

adsorbing sites at lysozyme surface (45,46), which provide

long residence times for water molecules, affects time

dependence of the MSD at short times only and decreases

the effective value of a at this timescale. At low hydrations, it

can be approximately taken into account by adding some

constant to the time dependence of the MSD (see Eqs. 3 and

4). This effect quickly disappears with increasing hydration

level, because the contribution to MSD from strongly bound

molecules becomes progressively less important. Assuming

the anomalous diffusion of water to be induced only by spatial

disorder of the protein surface, a ¼ ds=d
f
s , where dfs is the

fractal dimension of the protein surface (dfs ; 2.2 (66)) and ds
is a spectral dimension. Our simulations yield ds � 1.74 and

1.70 for the rigid and flexible lysozyme molecules, respec-

tively.

We observed a strong retardation of the rotational motion

of water near lysozyme, which achieves approximately two

orders of the magnitude at the lowest hydration level studied

(see Tables 1 and 2 and Fig. 13). At low hydrations, ro-

tational dynamics of water shows stretched exponential

relaxation with broad distribution of relaxation times de-

scribed by the stretched exponent b � 0.33 for the first rank

and even smaller b � 0.23 for the second-rank dipole-dipole

correlation functions. The water molecules with strong re-

tardation of rotational motion and with broad distribution of

relaxation times should be considered as strongly bound. The

similar lowvalues of the stretching exponentwere observed in

a neutron scattering experiment for combined rotational-

translationalmotion ofwater in hydratedmyoglobin (b� 0.3)

(87) and in simulations of water near mica surface (b� 0.25)

(99). Contrary to the previous studies of water rotational

motions near biomolecules (68,88), we observe also weakly

bound water molecules with Debye rotational relaxation.

These water molecules show fast rotational motion with re-

laxation times t2� 4.7 and 2.5 ps for the first and second-rank

autocorrelation functions, respectively, which are noticeably

larger the bulk values (2.5 and 0.9 ps (90)). So, in a wide

hydration range, rotational motions of water molecules can be

well described by the two-term Eq. 8. Independence of the

stretched exponentb and the value of t2 on the hydration level
evidences in favor of such description.

The mechanism of rotational dynamics affects the ratio of

the relaxation times derived from G1 and G2. This ratio is 3

for the isotropic rotational diffusion and is essentially lower

for reorientations, which involve large-amplitude angular

jumps (100). In the case of a flexible lysozyme, the ratio

Æt1æðG1Þ=Æt1æðG2Þ for the stretched exponential relaxation

increases upon hydration and achieves the value of ;3 at

monolayer coverage (Table 2). Rather different behavior of

Æt1æðG1Þ=Æt1æðG2Þ is seen at the surface of a rigid lysozyme,

where this ratio always exceeds 3 and becomes higher at low

hydrations (Table 1). The ratio t2ðG1Þ=t2ðG2Þ for weakly

bound water varies slowly with hydration level and does

not exceed 2 even at monolayer coverage (Tables 1 and 2).

The ratio of ;2 was obtained for 4 Å thick water layer near

fully hydrated plastocyanin (88). Low values of the ratio

t2ðG1Þ=t2ðG2Þ indicates that reorientation mechanism of

weakly bound water involves large-amplitude angular jumps

rather than small diffusive steps (100).

Rotational motion of hydration water affects the dielectric

properties of hydrated lysozyme (44,45,101,102). The dielec-

tric increment De, originated from the reorientation of dipole

moments m in presence of external electric field, may be

estimated as (101,103)

De ¼ rwm
2

2e0kT
g; (10)

where rw is the number density of dipoles; e0 is the

permittivity of free space; k is the Boltzmann constant; and

g is the Kirkwood factor, which accounts for correlations in

dipole orientations. We may use Eq. 10 to estimateDe caused
by rotation of water molecules in low hydrated systems

assumingm to be equal to the dipole moment in a vapor phase

and using rw from simulations of a model lysozyme powder

(50). At a given frequency n of external electric field, only

dipoles with relaxation times, 1/(2pn) contribute toDe, and
rw in Eq. 10 is a density of water molecules with t, 1/(2pn).
Dielectric studies of a lysozyme powder show that 32 water

molecules per one lysozyme have relaxation times t. 104 ns

and should be considered as irrotationally bound at n ¼ 10

kHz (45, 102). In a model powder with the density 0.66 g

cm�3 at zero hydration (50), the density of water molecules,

which should contribute to De at n ¼ 10 kHz, is rw ¼ (Nw �
32)/36 (nm�3), where Nw is a number of water molecules per

one lysozyme. Hydration dependence of the dielectric

increment De (10 kHz) for a model lysozyme powder,
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calculated by Eq. 10 in absence of the correlation of dipoles

(g¼ 1), is shown in Fig. 15 (left panel). This dependence may

be compared with Demeasured as a difference of e at n ¼ 10

kHz and 9.95 GHz (45), when experimental data are shifted to

account for contribution of lysozyme polarization at zero

hydration. There is a good agreement between simulated and

experimental data up to h ; 0.12 g/g. With approaching the

percolation threshold (at h � 0.14 g/g (17)), growth of water

clusters and formation of a spanning water network lead to

increasing correlation of water dipoles (g . 1) and experi-

mental De starts to increase faster upon hydration. Above the
percolation threshold, where the spanning network of hydra-

tion water exists permanently, a slope of the dependence

De(h) is;3 times larger than at low hydrations. This value is

comparable with theKirkwood factor g¼ 2.9 for a bulk liquid

water (103).

Dielectric increment of hydrated lysozyme powder mea-

sured at n ¼ 25 GHz (44), arises from reorientation of water

molecules with relaxation times ,6.4 ps, which may be

related to the weakly bound water molecules found in our

simulations. To compare the experimental and simulation

data in this case, we have to establish the relation between

the hydration level of a single lysozyme molecule and the

hydration level of a powder. Water dynamics, as well as

water clustering, is very sensitive to the number nH of water-

water hydrogen bonds (56). Therefore, it is reasonable to

consider the states of hydration water with the same value of

nH as similar. In Fig. 16 we show nH of water at the surface of

a single lysozyme molecule and nH of water in the model

lysozyme powder (50) as functions of Nw and hydration h.

Both nH dependences coincide in a wide hydration range,

when Nw for a single lysozyme molecule is scaled by a factor

2/7. Contribution of weakly bound water molecules to

dielectric increment De of a model lysozyme powder was

calculated by Eq. 10, taking into account their fraction a
(Fig. 14) and assuming g ¼ 1. The calculated De values at

various hydrations (open symbols in the right panel of Fig.
15) may be compared with the experimental data at n ¼ 25

GHz (44) corrected for contribution of lysozyme polarization

at zero hydration (solid symbols in the right panel of Fig. 15).
A good agreement of experimental and simulation data in

this case cannot be expected, because Demeasured at n ¼ 25

GHz should contain contribution only from a part of weakly

bound water (from molecules with t , ; 6 ps). Besides, at

h . 0.3, the experimental data (44) should contain contri-

bution from bulklike water molecules that appear after

completion of the first monolayer (49). Note finally that

weakly bound water molecules appear at Nw � 130, which

corresponds to h � 0.05 in the case of a powder (star in the

right panel of Fig. 15); that is, just after the strongly

adsorptive sites of lysozyme are saturated at h � 0.04

(45,49).
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