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Water dynamical anomalies evidenced by molecular-dynamics simulations
at the solvent-protein interface

Claudia Rocchi, Anna Rita Bizzarri, and Salvatore Cannistraro*
Unitá INFM, Dipartimento di Fisica dell’Universita`, I-06100 Perugia, Italy

and Dipartimento di Scienze Ambientali, Universita` della Tuscia, I-01100 Viterbo, Italy
~Received 14 August 1997!

We present a computer simulation picture of the dynamical behavior, at room temperature, of water in the
region close to a protein surface. We analyzed the probability distribution of water molecules diffusing near the
surface, and we found that it deviates from a Gaussian, which is predicted for Brownian particles. Consistently,
the mean square displacements of water oxygens show a sublinear trend with time. Moreover, the relaxation of
hydration layers around the whole protein is found to follow a stretched exponential decay, typical of complex
systems, which could as well be ascribed to the non-Gaussian shape of the propagator. In agreement with such
findings, the analysis of water translational and reorientational diffusion showed that not only are the solvent
molecule motions hindered in the region close to the protein surface, but also the very nature of the particle
diffusive processes, both translational and rotational, is affected. The deviations from the bulk water properties,
which put into evidence a deep influence exerted by the protein on the solvent molecule motion, are discussed
in connection with the presence of spatial~protein surface roughness! and temporal~distribution of water
residence times! disorder inherent in the system.@S1063-651X~98!07003-2#

PACS number~s!: 87.15.2v, 66.10.2x
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I. INTRODUCTION

It is currently generally agreed that proteins and their s
rounding solvent environment exist in a sort of symbio
@1–4#. Proteins are complex systems, exploring in their m
tion a huge amount of different conformational substra
~CS!, thermally activated and related to local minima of t
potential energy surface@5–8#. At room temperature, fluc
tuations among CS occur continuously, and are crucia
determining the macromolecule biological function@5#. The
dynamical interaction of the protein-water system plays
very important role in the activation of these fluctuations
has been suggested that the multiplicity of the surround
water hydrogen bond~HB! patches, rearranging continu
ously, could be at the origin of the conformational motio
of the biomolecule@3#, the long flexible lateral chains bein
well suited to adapting to the many possible HB patterns@9#.
This coupling suggests a close correlation between the
vent properties and the distribution of CS. In this context
has been widely recognized that the biological functiona
of a protein needs a minimum amount of water to be a
vated@4,10,11#. Moreover, a decrease in the hydration lev
leads in general to an inhibition of the protein mobili
@4,11#, in particular of those collective anharmonic motio
which seem to be connected to CS transitions involving
rearrangement of a large number of atoms@12#. When the
temperature is lowered, transitions among CS can be
pressed and the protein ends up being frozen in a kinetic
arrested metastable state that is reminiscent of a glas
system, which is characterized by short-~b! and long-~a!
time scale relaxations@13,14#. The path to this so-called
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glass transition, which in proteins occurs at aTg of about 220
K, has been found to be highly dependent on the solv
properties@13#.

On the other hand, it was realized long ago that prote
influence both the spatial and the dynamical arrangemen
their neighboring water layers@2,15,16#. A large deviation of
the thermodynamic properties from those of bulk water w
observed; for example, suppression of water freezing at
temperatures in the first hydration shell of myoglobin h
been monitored by calorimetry@3,10,17#. Moreover, water
mobility is significantly affected by the interaction with th
protein surface. The dynamics of forming and rupturing
the solvent HBs with suitable protein atoms is found to
dependent on the chemicophysical properties of the am
acids belonging to the protein surface@16,18,19#. In particu-
lar, the analysis of the solvent molecule residence times
local atomic hydration shells, has shown a larger permane
of water molecules in proximity to charged and polar re
dues, with respect to that found from simulations of bu
water@18,20,21#. Global water dynamical properties in shel
around the protein are found to depend on the distance f
the biomolecule surface@2,22–24#. In particular, the mean
square displacements, evaluated by molecular dynam
~MD! simulations, of water molecules which move in th
region close to the protein surface, are found to be sublin
with time @22,23,25#: this result is also confirmed by neutro
scattering measurements@26#. Furthermore, when the wate
mean square displacement is decoupled into a parallel a
perpendicular component with respect to the protein surfa
the anomalous sublinear trend, which is present in both
components, is found to be strongly anisotropic@23#.

In this context, the study of the solvent-macromolecu
interface region, which is characterized by the strongest c
pling between the two entities, is of crucial importance
understanding the influence that protein and water exer
each other.
ic
3315 © 1998 The American Physical Society
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3316 57ROCCHI, BIZZARRI, AND CANNISTRARO
MD simulations, which up to now are able to study, wi
atomic resolution, a protein system in an explicit solve
environment up to a few nanoseconds, are particularly su
to investigating the water-protein interface.

The aim of this paper is to give a global picture of t
water dynamical properties within hydration layers arou
the protein and try to reconcile all the anomalous feature
the framework of models which describe the motion of p
ticles in disordered systems@27,28#.

In Sec. II we discuss in detail the MD methods employ
to get the simulated trajectories. Section III is divided in
two subsections where we present the results. The first d
with the probability distribution of water molecules and tw
related dynamical quantities: the water mean square
placements and the hydration shell relaxation functions
the second, translational and reorientational velocity tim
correlation functions are investigated. In Sec. IV a discuss
of the previous results is reported, in connection with mod
describing random walkers in the presence of topolog
and temporal disorder inherent in the system@27,28#. Con-
clusions are drawn in Sec. V.

II. COMPUTATIONAL METHODS

The simulated trajectories of all the atoms of plastocya
~PC!, a copper-containing protein involved in photosynthe
electron transport, and of their surrounding water molecu
have been determined using theGROMOS program package
@29# including the extended simple point charge~SPC/E! po-
tential for water@30#. The initial coordinates have been o
tained by the x-ray crystal structure at 1.33 Å resolution@31#
~1 PLC entry from the Protein Data Bank!. The PC x-ray
structure consists of a single polypeptide chain containing
amino acids, a copper atom, and 110 crystallization wat
The copper atom is bonded to two side chain nitrogen ato
and two side chain sulfur atoms which form a distorted t
rahedral site with hydrophobic character@32#. To describe
the copper-ligand interactions, a covalent bond was in
duced for each ligand to preserve the x-ray structure@20,22#,
on the basis of spectroscopic evidences pointing out a st
covalent nature of these bonds@33#. The charge of the coppe
atom in such a model corresponds to10.6e. With the ex-
ception of copper ligands, all the ionizable residues are
sumed to be in their fully charged state, according to
value of pH56 as reported in the crystallographic wo
@31#. The protein molecule was centered in a truncated o
hedral box obtained from a cube of edge 5.986 57 nm,
periodic boundary conditions were applied. The box w
filled with 3103 water molecules, i.e., 5.32 g of water pe
of protein. Cutoff radii of 0.8 nm for the nonbonded intera
tions and of 1.1 nm for the long-range charged interacti
were used. Initial atomic velocities were assigned from
Maxwellian distribution corresponding to 300 K@34#. Any
residual translational motion of the center of mass was
moved from the initial velocities. The simulations were ca
ried out in the canonical ensemble~nvt! @34#. The tempera-
ture of the system was held constant by weak coupling to
external bath of 300 K by using a temperature relaxat
time of 0.01 ps for the first 10 ps and of 0.1 ps for t
remaining simulation run. A decreasing positional restrain
force, with a constant going from 9000 to 50 kJ/mol nm2 was
t
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also applied during the first 20 ps. The Shake constraint
gorithm @35# was used throughout the simulations to fix t
internal geometry of the water molecules and to keep b
lengths of protein rigorously fixed at their equilibrium pos
tions. The simulation extended over 600 ps, the first 100
which were used for equilibration. The resulting root me
square deviation for all the protein atoms, from the x-r
structure, averaged over the last 500 ps, is 0.1860.02 nm.
Trajectories and energies have been calculated with an
gration step of 0.002 ps and collected every 0.1 ps. Ot
details of the simulation procedure are reported elsewh
@36#. A part of the simulation, from 200 to 210 ps, has be
repeated storing trajectories every 0.002 ps to provide a
set accurate enough to study short-time dynamics.

III. RESULTS

In order to better put into evidence the influence exer
by the protein on its neighboring water layers, the dynami
quantities discussed in this section have been evaluate
water shells, around the whole protein, involving increas
distances from the macromolecule surface. Three water
ers of different thicknessR have been defined: the first in
cludes superficial solvent molecules moving within 4 Å from
the protein surface; the others concern waters which w
within larger distances~R56 Å, R514 Å!, with the widest
region including almost all the water molecules around
protein macromolecule investigated. Since water molecu
can migrate from one shell to another during the simulat
run, the check of the belonging of a water to a layer only
the beginning of the time interval investigated could lead
an incorrect evaluation of the averages and of tim
correlation functions. Therefore we classified the belong
of each water molecule to a layer at each MD configurat
step and we followed the water trajectory for subsequ
times. Such a classification scheme, which we have alre
used in our previous work@20#, was also in agreement with
that employed in Refs.@21, 37#.

A. Probability distribution

In the MD description, the solvent fluid can be consider
as a statistical ensemble of particles whose motion can
treated within the theory of stochastic processes, through
model of random walks@38#. In this context, the probability
distributionP(r ,t) of finding a water molecule at positionr
at time t can be defined in terms of a propagatorP(r ,ro ;t)
which describes the evolution in space and time of the ini
particle distributionP(ro,0),

P~r ,t !5E
2`

1`

P~r ,ro ;t !P~ro,0!d3ro . ~1!

For an initial distribution given by the Diracd function, cor-
responding to a particle at the origin (ro50) at t50, the
probability distributionP(r ,t) formally equals the propaga
tor expressionP(r ,ro ;t) @38#. For Markovian processes, i
which the random walker loses memory of previous jumps
each step,P(r ,t) obeys the general Fokker-Planck equatio
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]P~r ,t !

]t
1“@A~r !P~r ,t !#5 1

2 ¹2@B~r !P~r ,t !#, ~2!

whereA(r ) andB(r ) are the first and the second moments
P(r ,t), respectively.

When the second term of the left hand side is zero,
B(r ) is a constant, Eq.~2! describes a particle diffusing
freely with a diffusion coefficientD proportional toB. The
solution of such an equation, which suitably represents m
different diffusive processes@39#, among which is self-
diffusion of bulk water at room temperature, results in
Gaussian probability distribution which is generally writte
as

P~r ,t !5S 1

4pDt D
d/2

e2~dr2/2Dt !, ~3!

whered is the spatial dimension.
For fully hydrated PC, we evaluatedP(r ,t) directly from

the MD trajectories, by averaging over all the water m
ecules moving within a layer of 4 Å from the protein surface
and covering a distanceur u during a flight timet. A collection
of curves representingP(r ,t) at fixed, equally spaced, tim
values from 0.5 to 6 ps is shown in Fig. 1. In the analyz
temporal region, the mean square displacements~see inset!
show, at long times, a linear trend, in the log-log plot; suc
behavior points out that the diffusive regime was reach
after about 0.2 ps. All the curves in Fig. 1 are characteri
by a bell-shaped trend which largely deviates from a Gau
ian, as it would instead be expected for Brownian diffusi
particles. In addition, a peak shift of theP(r ,t) curves to-
ward larger traveled distances is registered as far as lo
times are taken into account.

The mean square displacement^Dr 2& of diffusing water
molecules is strictly related to the water molecule probabi
distribution by the relationship@40#

FIG. 1. Probability distributionP(r ,t) of water molecules walk-
ing within 4 Å from the protein surface, as a function of the trave
distance, for different times, from 0.5 ps~the highest curve! to 6 ps
~the lowest curve! with a time step of 0.5 ps. Solid lines have be
plotted as guides to the eye. Inset: log-log plot of the water oxy
mean square displacement, as a function of time, calculated fo
same water ensemble; the free flight curve (;t2) is also shown.
f
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^Dr 2&5E d3r r 2P~r ,t !. ~4!

Integrating Eq.~4! by using a Gaussian form for the prop
gator, the expected result within the Brownian kinetic theo
is obtained:

^Dr 2&56Dt ~5!

valid for t values after which the initial transient has d
cayed. Practically, this condition is fulfilled for times long
than the correlation timetcorr of the velocity autocorrelation
function ~discussed later! @40#.

On the other hand, the water oxygen mean square
placements versust can be evaluated directly from the MD
simulation data. Figure 2 shows the mean square displ
ments^Dr 2& in a log-log plot, averaged over all the wate
molecules belonging to the three layers of different thickn
~R54, 6, and 14 Å! defined above, in a time intervalDt of
10 ps. At very short times~less than approximately 0.2 ps!,
before the diffusive regime is established, the behavior
^Dr 2& for the different curves is almost indistinguishabl
After the break, thêDr 2& trends appear linear with time bu
with different slopes in the log-log plot, all the curves di
playing a slope smaller than that corresponding to norm
diffusion ~^Dr 2&;t1 also shown in Fig. 2! @41#. In addition,
the slopes progressively decrease for solvent layers
proaching the protein surface. The same trend of^Dr 2& is
observed also for a longer~100 ps! time interval ~see the
inset of Fig. 2!.

n
he

FIG. 2. Mean square displacements of water versus time for
fully hydrated plastocyanin system by restricting the analysis
water molecules moving within layers characterized by differ
distances from the protein surface. A layer of radiusR is defined as
the region including all the points whose minimum distance to a
protein atom is less than or equal toR: R54 Å ~solid line!, R
56 Å ~dot-dashed line!, andR514 Å ~dotted line!. Each curve was
obtained by averaging over 20 different time origins and over
corresponding water ensemble. The values ofa reported in the
figure were extracted by a fit of the curves, in the time interval fro
1 to 10 ps, according to Eq.~6!. Standard deviations are reported
parentheses. The heavy line indicates a trend of^Dr 2& as ;t1.
Inset: mean square displacements for the same water ensemb
the time interval 0.1–100 ps.
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3318 57ROCCHI, BIZZARRI, AND CANNISTRARO
We fit the curves of Fig. 2, in the time interval from 1
10 ps, to a law:

^Dr 2&;ta. ~6!

Thea values extracted from the fit are reported in Fig. 2;
the values found are smaller than 1. For water diffusing
the largest region (R514 Å), a is found to be very close to
1 ~0.96!. In addition, the value of the diffusion coefficien
(D50.26 Å2/ps), obtained from the limiting slope of th
^Dr 2& plot, is in agreement with that estimated for bu
SPC/E water@30#. As long as smaller distances from th
protein surface are considered, thea exponent is found to
decrease:a50.81 for the layer of thicknessR56 Å, and
a50.75 forR54 Å being obtained. These results show th
anomalous diffusion takes place for water molecules mov
in the proximity of the protein surface, while the anomaly
less pronounced when the contribution to^Dr 2& of waters
moving far from the surface is predominant@22#. Since val-
ues less than one are registered fora, dispersive diffusion,
indicative of retarded motion with respect to the Browni
behavior, occurs for hydration water@28#.

In the presence of anomalous diffusion, the slope
^Dr 2& changes with time, and an evaluation ofD by means
of Eq. ~5! could lead to both an incorrect andt-dependent
value forD. This fact might be at the origin of the numerou
discrepancies found in the water diffusion coefficient, es
cially when an analysis ofD as a function of the distanc
from the protein is performed@2,24,42–44#. In this context,
some caution has been suggested@22# in the use of the self-
diffusion coefficient to characterize the water dynamics
the above mentioned systems. Alternatively, an effective
fusion coefficientDeff , depending on distance traveled, c
be introduced@45#:

Deff5
d^Dr 2&

dt
.^Dr 2&~a21!/a. ~7!

Such an equation could provide a more reliable way to qu
tify, in the temporal window of interest, the water local m
bility around a protein macromolecule.

The dynamical behavior of interfacial water can be d
scribed in a different way by evaluating the water molec
residence times in the first, or successive, hydration shel
protein atoms exposed to the solvent@18,20,21,46# from an
appropriately defined ‘‘survival-time-correlation function
@21,47#, describing the relaxation of the atomic hydratio
shells. This method, which proved to be extremely valua
in the local characterization of the PC-water interfa
@20,48#, can also be employed to study the relaxation of
entire water layer around the protein body. In this conte
the ‘‘layer survival-time-correlation function’’ can be de
fined as

CR~ t !5
1

NW
(
j 51

NW ^pR, j~0!pR, j~ t !&

^pR, j~0!2&
~8!

in which pR, j (t) is a binary function that takes the value
one if the j th water molecule stays in the layer of thickne
R, for a time t without getting out in the interim of this
interval, and ofzero otherwise. This quantityCR(t) mea-
l
n

t
g

f

-

f-

n-

-
e
of

e

e
t,

sures the probability that a water molecule remains in
given layer at a certain timet, without having ever ex-
changed with bulk water before.

In Fig. 3, the functionCR(t), evaluated from MD trajec-
tories according to Eq.~8!, is plotted versust for the three
water layers considered. All the three curves show the sa
trend which consists of a fast initial decay, on a time scale
picosecond or even less, followed by a slower decay. For
largest water layer (R514 Å), involving a large portion of
waters which move quite far from the protein surface, it c
be observed that the long-time relaxation is almost linea
the semilog plot, indicating that the long-time decay of t
survival-time-correlation function can be approximately w
described by a single exponential relaxation. This resul
consistent with relaxation properties observed in bulk wa
@41#. As far as water layers progressively closer to the p
tein surface are taken into account, a single exponential
cay is no longer followed, as put into evidence by the s
nificant deviation of the curves forR56 and 4 Å from a
straight line in the semilog plot. It turns out, instead, that
these cases, the long-time decay can be accurately desc
by a stretched exponential@Kohlrausch-Williams-Watts
~KWW!# @49#:

CR~ t !;Ae2~ t/t!b
, ~9!

which is largely employed in the characterization of the no
exponential nature of relaxations in several phenomena
complex condensed matter systems@50#. The KWW time
constantt provides the time scale over which the proce
evolves: in our case, it gives an estimate of the reside
time of waters in the considered solvent layer. The expon
b is the signature of relaxation in disordered media@27,50#:
the smaller is the value ofb, the largest deviation of the
relaxation functions from an exponential occurs; while, ifb
51, the single exponential is recovered. However, Eq.~9!
could not fit the entire relaxation trend shown in Fig. 3,
data concerning the fast initial decay are not well rep
duced. A fast initial relaxation superimposed on the lon
stretched one has already been observed in many diffe

FIG. 3. Semilog plot of the survival-time-correlation functio
CR(t) for the three water layers considered: dots (R54 Å), squares
(R56 Å), and up triangles (R514 Å). The solid lines are the fit-
ting curves obtained by Eq.~10!. The parameters extracted by the
are reported in Table I.
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57 3319WATER DYNAMICAL ANOMALIES EVIDENCED B Y . . .
relaxation processes@50#, due to the presence of a transie
phenomenon which usually decays on a very short-time s
compared to the relaxation itself; in some cases, the
decay is modeled as a single exponential@50#. We found,
instead, that also the short-time relaxation can be relia
described by a stretched exponential law. Thus a suita
formulation, able to reproduce both the short and the lo
time decay ofCR(t), is given by

CR~ t !5Ae2~ t/ts!bs1Be2~ t/t l !
b l, ~10!

which is a sum of two stretched exponentials, characteri
by different time constants: one for the short- (ts) and an-
other one for the long- (t l) time decay, and also by differen
b values. A fitting procedure of data shown in Fig. 3, by E
~10!, allowed us to successfully describe theCR(t) trends for
all three water layers~see solid lines in Fig. 3!; the extracted
parameter values are reported in Table I. From this table
can be noticed that the values ofts , relative to the fast
dynamics, are found to be of the order of 1 ps or less, for
three water layers considered. Such a fast transient inCR(t)
could be due to the fact that water molecules vibrate
liberate inside a microscopic cage formed by their nea
neighbors, before escaping from such structures. During s
a motion, water molecules close to the border of a solv
layer might cross forward and backward across its surfa
thus giving rise to the fast initial decay of the hydration lay
relaxation function. This picture of water dynamical beha
ior near the protein surface is reminiscent of that introdu
through the mode coupling theory for supercooled bulk w
ter @51#. Also in that case, the formation of a cage of near
neighbors, which at low temperatures persists over a lon
time scale, is able to explain the relaxation properties
water. In this respect, such a result provides a further sup
to the close analogy between water in the proximity o
protein surface and bulk water at low temperature. For w
concerns the stretched exponentbs , it can be seen that it is
of the order of 0.7, slightly increasing from the largest to t
thinnest water shell. The last two columns of Table I rep
t l andb l , describing the long-time decay ofCR(t). As ex-
pected, the relaxation times of hydration shells are very
ferent according to which layer is considered: for the sm
est one at l of 13.460.2 ps is found in good qualitative
agreement with residence times of water molecules in ato
shells of radius 4 Å around charged and polar atomic hyd
tion sites@20#. This fact seems to indicate a dominance
charged sites in the regulation of the first layer water beh
ior. Residence times of water in the two largest shells,

TABLE I. Stretched exponential time constants~ts , t l! and
exponents~bs , b l! extracted by a best fit, according to Eq.~10!, of
the survival-time-correlation functionCR(t) of water hydration
shell for different layers.

Layer ts ~ps! bs t l ~ps! b l

0–4 Å 0.3760.03 0.7960.05 13.460.2 0.5460.03
0–6 Å 0.3860.09 0.7060.05 39.960.6 0.6460.01
0–14 Å 1.2560.05 0.6060.04 16462 0.6960.02
10–14 Å 0.3160.05 0.8060.02 5.3160.09 0.9060.05
14–18 Å 0.5960.05 0.6760.01 7.560.1 0.9760.03
t
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stead, appear to be quite high, beingt l539.960.6 ps for the
0–6 Å layer andt l516462 ps for the 0–14 Å one. Thes
results are consistent with the fact that the larger the la
the slower the exchange with bulk water. As previously me
tioned, the exponentb l of the stretched long relaxation i
found to decrease for water layers in which the influence
superficial waters is progressively larger. However, the
ponentb l for the largest water layer still greatly differs from
unity, being onlyb l50.69. This seems to be in disagreeme
with what is found for the mean square displacement an
sis, from which water molecules in the largest shell reco
features typical of bulk water. Evidently, even if a large po
tion of waters weakly affected by the protein is involved
the largest shell, molecules moving close to the protein s
face ~characterized by a high anomalous behavior! make a
significant contribution to the layer relaxation process.
better investigate such an aspect, we evaluated the func
CR(t) for two more solvent layers, both of thickness 4 Å and
involving water molecules walking from 10 to 14 Å an
from 14 to 18 Å. Because of the large distance from t
surface, the influence of the protein on these water lay
should be quite low. Actually, from the last two rows o
Table I, it can be seen that theb l exponent becomes ver
close to one. Furthermore, it should be noticed thatt l values
in the 10–14 and 14–18 Å shells are slightly lower than t
observed in the 0–4 Å shell, indicating an enhanced mobi
of waters far from the surface with respect to that occurr
in the proximity of the protein surface. Finally, it should b
noted that also for these two shells, the short-time de
shows essentially the same features observed for the prev
shells.

B. Translational and reorientational motions

The study of the mean square displacements has sh
that the diffusion of water molecules close to the prote
surface has an anomalous character. In order to get fur
information on the solvent diffusional motion, both transl
tional and rotational, we evaluated the water translatio
velocity autocorrelation function and the reorientational a
tocorrelation function. The former, which is defined as

Cvv5
^v~0!•v~ t !&

^v~0!2&
, ~11!

has been calculated from the water trajectories for the th
layers of different thickness defined above, and has b
plotted in Fig. 4. From this figure, it comes out that within
ps, all theCvv curves have been practically decayed to ze
Since the translational motion assumes diffusional charac
istics in times after whichCvv has decayed to zero, it come
out that for our system the diffusive regime is reached wit
1 ps, such a behavior being also found for the first la
water molecules whose motion is partially slowed down
the presence of protein macromolecule. Thus the sublin
trend of the mean square displacements with time should
be attributed to a difficulty in reaching the diffusional r
gime, but essentially to a modified nature of the diffusi
process itself@22#.

All three Cvv curves in Fig. 4 after some time becom
negative because of the ‘‘rebound’’ of molecules from t
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shell of their neighbors, and then they show a positive bu
according to what is observed in bulk water@52#. This bump
is shifted toward more negative values for waters confine
layers closer to the protein surface. Similar results are
tained for a different protein, ubiquitin@15#, and for a hydro-
phobic solute in an aqueous environment@37#. Since the os-
cillations manifested in the velocity autocorrelation functio
are generally due to many body intermolecular potentials,
differences among theCvv , registered for the three differen
solvent layers, indicate that water molecules can be subje
to slightly different forces according to the region to whi
they belong. The Fourier transform of theCvv , reported in
the inset of Fig. 4, is characterized, for all the curves, by o
peak at angular frequency of aboutw(52pn)510 ps21 and
by a shoulder at aboutw550 ps21; such results are in goo
agreement with those observed in bulk water@52#. Since the
diffusion process in liquids can be viewed as a successio
jumps after which a water molecule imprisoned by its neig
bors behaves in a solidlike manner, the frequency distri
tion of the power spectrum can be interpreted as the den
of states of independent oscillators. Then, a peak in the
quency spectrum represents the population of a mode
given frequency, related to the vibration of water molecul
For water molecules moving within 6 Å~0–4 and 0–6 Å
shells! from the protein surface, a slight shift of the ma
peak towards higher frequency is observed with respec
waters moving in the larger shell. This can be due to a tig
ening of the forces acting on the molecule, making it vibr
at a higher frequency in the microscopic cage formed by
nearest neighbors. Such vibration occurs on the time sca
fractions of 1 ps, and is in good agreement with the f
temporal scale dynamics displayed by the hydration s
relaxation.

The rotational diffusion of water has been analyz
through the reorientational dynamics of its electrical dip
m which is defined as the vector~molecule-fixed! pointing
from the water oxygen to the middle point of the two hydr
gen atoms. The time behavior ofm has been determined b
means of the autocorrelation functionsG l of the Legendre
polynomialsPl(cosu). The functionsG l are defined as

G l~ t !5^Pl„m̂~0!•m̂~ t !…&, ~12!

FIG. 4. Translational velocity autocorrelation function for wat
molecules belonging to the three progressively thicker layers
fined in Fig. 2. Inset: power spectra of the velocity autocorrelat
functions.
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wherem̂(t) is the unit vector along the molecular dipole ax
at time t. The trends ofG1 andG2 as a function of time are
shown in Figs. 5 and 6, respectively. BothG1 andG2 decay
toward zero with different rates according to the water la
considered. In each case, however, reorientation appea
be slower for water molecules belonging to the 0–4 Å s
vent layer. This means that, on average, the reorientatio
diffusion turns out to be retarded for water molecules mo
ing in the proximity of the protein surface, possibly due
stronger solvent-solute interactions with respect to those
water farther from the macromolecule. Interestingly enou
the long-time decay of the reorientational time-correlati
function could not be described by a single exponential la
as can be seen in the insets of Figs. 5 and 6~for G1 andG2 ,
respectively!, where a deviation from a straight line in th
semilog plot is evident. According to what is found for th
relaxation of the survival time correlation function, a KWW
stretched exponential decay suitably describes the long t
decay. Solid lines in the insets of Figs. 5 and 6 represent
best-fit curves according to Eq.~9!; the corresponding value
for t andb are reported in Table II. For bothG1 andG2 , the

e-
n

FIG. 5. Rotational reorientation of the water molecule dipo
direction for l 51 @see Eq.~12!#. The curves, corresponding to th
three different layers, are depicted as in Fig. 2. Inset: the same
but in a semilog scale. Continuous thin lines are the best-fit cur
obtained by Eq.~9!; the fitting parameters are reported in Table

FIG. 6. Rotational reorientation of the water molecule dipo
direction for l 52 @see Eq.~12!#. The curves, corresponding to th
three different layers, are denoted as in Fig. 2. Inset: the same
but in a semilog scale. Continuous thin lines are the best-fit cur
obtained by Eq.~9!; the fitting parameters are reported in Table
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time constants of the stretched exponentials are progress
larger as far as waters closer to the protein surface are t
into account; such a behavior gives a quantitative estimat
the retardation effect exerted by the protein on superfi
water reorientation. In comparison toG1 , however, the re-
laxation of G2 occurs on a significantly faster time scal
Moreover, theb exponent values show that the deviati
from the single exponential decay is more marked for wa
molecules belonging to the layer closer to the surface.
previous analysis, regarding both translational and rotatio
diffusion of water, shows, on average, a retardation in
motion of solvent molecules near the protein surface, w
respect to that of bulk water. Similar results have been
tained for water around a hydrophobic solute@37# and also
around a different protein, ubiquitin@15#. Generally, both the
sublinear trend of the mean square displacements and
stretched exponential form ofG1 and G2 relaxations point
out that the very nature of the diffusive process~both trans-
lational and rotational! is deeply affected by the presence
a biological macromolecule.

IV. DISCUSSION

Different dynamical properties of water at 300 K, pe
turbed by a biological solute, have been analyzed. Gener
our results point out that the presence of the protein dee
influences the dynamics of water molecules, especially
proximity to the protein surface even if some effects are a
found at rather large distances from the macromolecule.
Brownian motion, which generally represents a suita
model for the description of self-diffusion of bulk water
room temperature@39#, is no longer able to describe the so
vent diffusive process in the protein-solvent interfacial
gion. In addition, the relaxation of the survival time
correlation functions, as well as of the reorientation
functions, significantly deviates from an exponential beh
ior, such functions being instead satisfactorily described b
stretched exponential law. This behavior indicates that
dynamical features of hydration water cannot be explai
by the stochastic master equations which are usually
ployed to describe Markovian processes. Generally, to c
acterize a random walk, two functions are to be defined@38#:
the first is the distribution of the step lengths that gener
the walk, and the second is the distribution of waiting tim
between steps. The finiteness of the first two moments of
step distribution function and of the first moment of the wa
ing time distribution@38# are required to derive the Fokke
Planck master equation for a random walk; certain inter

TABLE II. Stretched exponential@Eq. ~9!# fitting parameterst
and b of the reorientational autocorrelation functionsG1 and G2 ,
corresponding to long-time decay, of hydration water in differ
layers.

Layer

G1 G2

t ~ps! b t ~ps! b

0–4 Å 9.760.2 0.6360.04 4.8060.05 0.5960.03
0–6 Å 9.060.3 0.6560.09 4.2160.04 0.6260.03
0–14 Å 7.460.2 0.7260.06 3.5060.02 0.6660.04
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ing examples of stochastic processes violating the fin
moment requirement have been observed. Le´vy @53# and
subsequently Mandelbrot@54# have investigated the case o
no finite second moment in the step length, a situation wh
yields the common observed asymptotic inverse power
distribution for the total displacement of the walkers. Sch
and Montroll @55# and Shlesinger@56# have studied instead
the case of no finite moments in the waiting time distrib
tion. In this context, deviations from Brownian particle di
fusion can be attributed to random walks in geometrica
disordered fractal structures and/or to temporal disord
both having underlying scale-invariant properties, spatia
temporal, with no characteristic length or time scales@55,57#.
The anomalous features displayed by the protein-solvent
tem, and indicating a strong deviation from Markovian ra
dom walk processes, should be traced back to the topolog
and dynamical disorder peculiar to these systems. For
ample, it has been shown that solvent accessible surface
different globular proteins, among which is PC, are char
terized by roughness and some kind of self-similarity, wh
is reminiscent of that of a fractal surface@58,59#. Indeed,
protein surfaces have been modeled as fractal surfaces
dimension greater than 2@58,59#. In particular, for PC, a
fractal dimensiond̄52.18 was calculated from the x-ra
structure@59#.

The exploration of the rough surface from the water m
ecules moving in the vicinity of the macromolecule cou
affect the solvent diffusive behavior. Actually, the dispersi
transport regime, which we have found to characterize wa
molecule motion around PC, is consistent with the mo
describing random walks on fractal structures@28,60,61#. In
these models, in fact, as a consequence of the scaling p
erties of the fractal structure, the mean square displacem
can be expressed by

^Dr 2&;t d̃ / d̄, ~13!

where d̄ is the fractal dimension of the surface andd̃ is its
spectral dimensionality, the last being a quantity related
the connectivity of the protein tertiary structure@62#. If the
long term mean square displacements, shown in Fig. 2,
fitted by Eq.~13!, using a value of 2.18 for fractal dimen
sionality, the following values for the spectral dimensional
can be extracted:d̃51.64 for the 0–4 Å layer, andd̃51.77
and 2.09 for the other two layers, respectively. These res
point out that the spectral dimensionality of the protein str
ture appears to be different if waters close to the prot
surface or water molecules traveling quite far from it a
taken into account. In the presence of surface roughness
expression for the water molecule probability distributi
has been derived@28#. It consists in a non-Gaussian prop
gator given by@25,28,62#

P~r ,t !5t2 d̃ /2f ~j!, ~14!

which involves a functionf (j) of a scaling variable (j

5rt 2 d̃ /2d
-
) expressed by

f ~j!;exp~2a0j2 d̄ / d̃! for j,1, ~15!

f ~j!;jb exp~2a1jn! for j.1, ~16!

t
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b andn being

b5
d̄~ d̃21!

2d̄2d̃
, n5

2d̄

2d̄2d̃
. ~17!

Whend̄5d̃52, as it is for the standard diffusion on a regul
medium, the Gaussian shape of the propagator is recove
Instead ford̄Þd̃Þ2, the expression in Eq.~14! manifests
strong deviations from the Gaussian behavior, being an ‘‘
hanced Gaussian’’ for small values of the scaling variablej,
or a ‘‘stretched Gaussian’’ for largej. We tried to fitP(r ,t),
calculated from the MD trajectories, by means of Eq.~14!; a
good agreement between the theoretical and the MD si
lated P(r ,t) was obtained. The result of the fit forj.1 is
shown in Fig. 7 for a selected time value; the extracted
rametersb andn are also reported. These values are found
be quite close to those directly calculated through Eq.~17!,
by introducing the correspondingd̄ value for PC@59# and the
d̃ value previously determined from the mean square
placement curves~b50.5060.01 andn51.6060.01!. The
evidence that the functional form of the propagator@Eq.
~14!# reproduces so well the computed data supports the
pothesis that the protein surface roughness, modeled
fractal surface, could really affect the water dynamical b
havior and then could be at the origin of the evidenc
anomalous diffusional behavior.

On the other hand, the anomalies in the water diffus
process might also be ascribed to a temporal disorder in
dynamical behavior@27,38,63#. Water molecule diffusion
over the protein surface is deeply affected by both the pro
structure and dynamics. In fact, water molecules walking
the vicinity of the protein could interact, also by formin
HB, with superficial protein atoms; such interaction, stron
dependent on the electrostatic as well as on the polar c
acter of the amino acid residues, reveals a large variab
from site to site@19,20#. In addition, the continuous protei
motion, including the CS transitions and involving a wid
range of time scales, can modulate the landscape over w
water molecules are moving, producing traps or local for

FIG. 7. Probability distributionP(r ,t) as a function of the trav-
eled distancer for t55 ps, calculated from the MD trajectories o
waters moving within 4 Å from the protein surface. The continuou
line is the best-fit curve as obtained by using Eq.~14!. The fitting
parameters are also shown~standard deviations are reported in p
rentheses!.
ed.

-

u-

-
o

-

y-
a

-
d

e
he

in
n

ar-
ty

ich
s

to which solvent molecules are submitted@64#. This picture
suggests that the variety of chemicophysical properties of
amino acid residues exposed to the solvent, together with
protein motions, are able to modulate the times that wa
molecules spend at the various protein hydration sites. In
connection, it should be remarked that a spread in the r
dence times was registered by both NMR and MD investi
tions @18,20# for water molecules around different prote
macromolecules. In particular, the residence time distri
tion of waters within 4 Å from the PC surface, extracted b
computing the number of MD steps that a water molec
resides in a given layer during a time intervalt, is shown in
Fig. 8 in a log-log plot. Such an approach, similar to th
used in previous works@20,25#, allowed us to directly mea-
sure residence times in the whole solvent layer around
protein. For all the analyzed solvent layers involving, at le
partially, molecules closer to the protein surface, the dis
bution for residence times shows long tails which are v
well described by an inverse power law:

c~ t !;t2m. ~18!

The exponentsm, extracted as the slope of straight lines in
log-log plot, are reported in Fig. 8. In particular, the value
m51.7060.08 for the 0–4 Å layer, is in satisfactory agre
ment with that (m51.560.2) found for the local atomic dis
tribution of residence times@20,25#, by using a different ap-
proach. The presence of such a distribution for reside
times of water molecules leads to the interpretation of th
motion as a series of steps which do not occur only at fix
time intervals, but are regulated by a waiting time distrib
tion c(t) given by Eq.~18!. On the contrary, for Brownian
motion, the probability of remaining at a given site durin
the time intervalt decays exponentially in time@27#:

c~ t !;e2~bt!. ~19!

Such a trend is registered when the solvent layer 10–14
which involves solvent molecules with predominant bu
water features, is taken into account. Actually, as can

FIG. 8. Log-log plot of the residence time distribution, as
function of the time intervalt, for solvent molecules residing in
layers of different thickness. Continuous lines are the best-fit cur
obtained by Eq.~18!. The fitting parameters are also shown~stan-
dard deviations are reported in parentheses!. Inset: the semilog plot
of the same distribution for the water layer 10–14 Å. The contin
ous line is the best-fit curve obtained by Eq.~19!.
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inferred from the inset of Fig. 8, the long tail in the semilo
plot reveals a linear trend with time as predicted by Eq.~19!.
In the presence of a distribution of waiting times charact
ized by an inverse power law, with an exponentm smaller
than 2, such as that obtained for PC hydration water, a n
linear temporal dependence for the mean square displ
ments can be derived@28,65,66#:

^Dr 2&;tm21. ~20!

Actually, Eq.~20! could provide a way of calculatingm from
the long-time mean square displacement trend. The valu
m (m51.7560.05) extracted according to such a proced
for the 0–4 Å layer, turns out to be slightly higher than th
previously obtained~see Fig. 2!, the two values being con
sistent.

As in the case of diffusion on a fractal surface, the su
linear trend of ^Dr 2& can be ascribed to a non-Gaussi
propagator, which can be modeled as@28#

P~r ,t !5t2~m21!/2f ~j!, ~21!

wherej5rt 2(m21)/2 and f (j) is

f ~j!;exp2a1j2a2j2
for j,1, ~22!

f ~j!;jb exp2b1jn
for j.1, ~23!

whereb andn in this case are given by means ofm:

b5
22m

32m
, n5

2

32m
. ~24!

It is evident that a deviation of Eq.~21! from a Gaussian
propagator occurs formÞ2. A good agreement between th
theoretical curve, derived from Eq.~21! for j.1, and the
propagator data extracted from the MD trajectories is re
tered ~results not shown!. The corresponding values ex
tracted from the best-fit procedure forb and n ~b50.6
60.2 andn51.360.2! are the same as those obtained
fitting the probability distribution of Fig. 7 with the stretche
exponential propagator related to the fractal model@Eq. ~14!
coupled to Eq.~16!#. Such a result should not be surprisin
since the fitting expressions are formally equivalent, for fix
t, in the two cases. Theb andn values, as derived from th
water probability distribution, can be compared with tho
calculated from Eq.~24!, where for m the value obtained
from the water residence time distribution is introduced, i
b50.260.1 andn51.560.2. While then value is consis-
tent with that arising from the fit of the probability distribu
tion, theb value appears significatively lower.

Both models of a random walker in the presence of te
poral and spatial disorder give a good description of wa
molecules motions in the region close to the protein surfa
the stretched forms of the propagator can successfully
scribe the sublinear trend of the mean square displacem
with time.

In order to complete this picture, it can be shown that a
the stretched exponential decay of the hydration shell clo
to the macromolecule is consistent with a non-Gaussian f
for the propagator. In fact, an alternative method to evalu
the hydration layer relaxation functionCR(t) can be derived
-

n-
e-

of
e
t

-

-

d

e

.,

-
r

e;
e-
nts

o
er
m
te

by the probability that, after a timet, a particle being in a
spatial regionV has survived without having ever escap
@67#:

CV~ t !5E
V

d3r P~r ,t !, ~25!

where the integral extends over the volumeV. ForV defined
as a sphere of radiusR ~approximately describing the thick
ness of a water layer!, Eq.~25! represents the probability tha
a water molecule has traveled less thanR during a time
interval t. In this particular case, the definitions given b
Eqs. ~8! and ~25! conceptually coincide. In this context, w
numerically evaluated the functionCV(t) using different ex-
pressions for the probability distribution: free diffusion, di
fusion on a disordered structure, and diffusion governed b
distribution of waiting times. To represent the case of fr
diffusion on a regular medium, well described by the Brow
ian model, the Gaussian expression forP(r ,t) given in Eq.
~3!, and including, for the diffusion coefficient, the valueD
50.26 Å2/ps extracted from the largest water layer, w
used. Instead, for anomalous diffusion, the stretched ex
nential propagators@see Eqs.~14! and ~21!#, which describe
the diffusive behavior on disordered~spatial or temporal!
media well, have been employed, the values of the par
eters obtained by the best-fit procedures having been in
duced. The integral in Eq.~25! has been performed over
spatial regionV corresponding to a sphere of radiusR
54 Å. The results of the integration are shown in Fig. 9.
the case of free diffusion, a single exponential relaxation
been obtained: such a result is consistent with the dynam
of a Brownian particle, whose probability of staying in
given spatial region, without having ever exchanged w
bulk, decays according to a single exponential law. The ot

FIG. 9. Semilog plot ofCV(t) @Eq. ~25!# evaluated for the spa
tial region corresponding to a sphere of radiusR54 Å, and for
different expressions of the propagator according to the differ
models employed. Circles: Gaussian propagator@Eq. ~3!#; squares:
propagator predicted by the fractal model@Eq. ~14!#; diamonds:
propagator predicted by the continuous time random walk mo
@Eq. ~21!#. Continuous lines are the best-fit curve obtained by E
~9!; the extracted exponentsb are also shown~standard deviations
are reported in parentheses!.
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two curves of Fig. 9, obtained by performing the integrati
exactly in the same conditions as in the first case, sho
stretched exponential trend withb values reported in the
plot. These values are in satisfactory agreement with th
extracted from the long-time decay of the relaxation of
shell of thicknessR54 Å, the better agreement occurrin
when the temporal disorder model is taken into accou
These results indicate that all the observed anomalies in
hydration water properties can be globally described in te
of a non-Gaussian propagator. In addition, they suggest
a closer description of the solvent propagator can be reac
if disorder on a temporal scale is taken into account.

V. CONCLUSIONS

The presence of a biological solute in a water ensem
exerts a strong influence on the structural and the dynam
organization of the solvent. The very nature of the diffus
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process~both translational and reorientational! of hydration
water reveals drastic changes with respect to bulk water
fact, not only is the mobility of water close to the prote
surface on average hindered, but the appearance, in the
log plot, of a sublinear trend with time for the mean squa
displacements reflects the occurrence of anomalous d
sion. In addition, the stretched exponential decay of the lo
time tail for the reorientational time-correlation functions
well as for the relaxations for hydration water points ou
complex dynamical behavior, very similar to that observed
other disordered systems.

All these features have been ascribed to a non-Gaus
form for the probability distribution of finding a particle
somewhere in space and time. Such a behavior can be tr
back to a spatial, as well as to a temporal, disorder of
protein-solvent system, also in connection with the am
phous character of hydration water.
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