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Water dynamical anomalies evidenced by molecular-dynamics simulations
at the solvent-protein interface
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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 spatiplotein surface roughnesand temporal(distribution of water
residence tim@sdisorder inherent in the systefi§1063-651X98)07003-2

PACS numbes): 87.15-v, 66.10—x

[. INTRODUCTION glass transition, which in proteins occurs atgof about 220

K, has been found to be highly dependent on the solvent
It is currently generally agreed that proteins and their surpropertieq13].

rounding solvent environment exist in a sort of symbiosis On the other hand, it was realized long ago that proteins
[1-4]. Proteins are complex systems, exploring in their mo-influence both the spatial and the dynamical arrangement of

tion a huge amount of different conformational substrategheir neighboring water layef,15,16. A large deviation of
(CS), thermally activated and related to local minima of thethe thermodynamic properties from those of bulk water was
potential energy surfacE5—8]. At room temperature, fluc- OPserved; for example, suppression of water freezing at low
tuations among CS occur continuously, and are crucial iffémperatures in the first hydration shell of myoglobin has

determining the macromolecule biological functigs]. The ~ °€en monitored by calorimetr}3,10,17. Moreover, water

dynamical interaction of the protein-water system plays dnobil_ity Is significantly affec_ted by the _interaction With the
very important role in the activation of these fluctuations. Itproteln surface. The dynamics of forming and rupturing of

o . the solvent HBs with suitable protein atoms is found to be
has been suggested that the multiplicity of th_e Surrou.nd'n%ependent on the chemicophysical properties of the amino
water hydrogen bondHB) patches, rearranging continu- acids belonging to the protein surfajds,18,19. In particu-
ously, could be at the origin of the conformational motions a o

. X ; ~ “lar, the analysis of the solvent molecule residence times, in
of the biomoleculé 3], the long flexible lateral chains being |04 atomic hydration shells, has shown a larger permanence
well suited to adapting to the many possible HB pattéfis

i ] ! of water molecules in proximity to charged and polar resi-
This coupling suggests a close correlation between the sokyes, with respect to that found from simulations of bulk
vent properties and the distribution of CS. In this context, itwater[lg,zo’zil_ Global water dynamical properties in shells
has been widely recognized that the biological functionalityaround the protein are found to depend on the distance from
of a protein needs a minimum amount of water to be actithe biomolecule surfacf2,22—24. In particular, the mean
vated[4,10,11. Moreover, a decrease in the hydration levelsquare displacements, evaluated by molecular dynamics
leads in general to an inhibition of the protein mobility (MD) simulations, of water molecules which move in the
[4,11], in particular of those collective anharmonic motions region close to the protein surface, are found to be sublinear
which seem to be connected to CS transitions involving thevith time [22,23,25: this result is also confirmed by neutron
rearrangement of a large number of atop]. When the  scattering measuremerit86]. Furthermore, when the water
temperature is lowered, transitions among CS can be supnean square displacement is decoupled into a parallel and a
pressed and the protein ends up being frozen in a kineticallperpendicular component with respect to the protein surface,
arrested metastable state that is reminiscent of a glasslikke anomalous sublinear trend, which is present in both the
system, which is characterized by shoi®) and long-(a)  components, is found to be strongly anisotrof@a].
time scale relaxation$13,14. The path to this so-called In this context, the study of the solvent-macromolecule
interface region, which is characterized by the strongest cou-
pling between the two entities, is of crucial importance in
* Author to whom correspondence should be addressed. Electronignderstanding the influence that protein and water exert on
address: cannistraro@pg.infn.it each other.
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MD simulations, which up to now are able to study, with also applied during the first 20 ps. The Shake constraint al-
atomic resolution, a protein system in an explicit solventgorithm [35] was used throughout the simulations to fix the
environment up to a few nanoseconds, are particularly suitethternal geometry of the water molecules and to keep bond
to investigating the water-protein interface. lengths of protein rigorously fixed at their equilibrium posi-

The aim of this paper is to give a global picture of thetions. The simulation extended over 600 ps, the first 100 of
water dynamical properties within hydration layers aroundwhich were used for equilibration. The resulting root mean
the protein and try to reconcile all the anomalous features isquare deviation for all the protein atoms, from the x-ray
the framework of models which describe the motion of par-structure, averaged over the last 500 ps, is #.082 nm.
ticles in disordered systenj27,28|. Trajectories and energies have been calculated with an inte-

In Sec. Il we discuss in detail the MD methods employedgration step of 0.002 ps and collected every 0.1 ps. Other
to get the simulated trajectories. Section Il is divided intodetails of the simulation procedure are reported elsewhere
two subsections where we present the results. The first dedl86]. A part of the simulation, from 200 to 210 ps, has been
with the probability distribution of water molecules and two repeated storing trajectories every 0.002 ps to provide a data
related dynamical quantities: the water mean square diset accurate enough to study short-time dynamics.
placements and the hydration shell relaxation functions. In
the second, translational and reorientational velocity time-
correlation functions are investigated. In Sec. IV a discussion IIl. RESULTS
of the previous results is reported, in connection with models ) ) .

and temporal disorder inherent in the systi2i,28. Con- Dy the protein on its neighboring water layers, the dynamical
clusions are drawn in Sec. V. quantities discussed in this section have been evaluated in

water shells, around the whole protein, involving increasing
distances from the macromolecule surface. Three water lay-
Il. COMPUTATIONAL METHODS ers of different thicknes® have been defined: the first in-

cludes superficial solvent molecules moving withdi A from

The simulated traj_eqtories of_aII_ the atoms of plastocyan_in[he protein surface; the others concern waters which walk
(PO), a copper-containing protein involved in photosynthetlcwithin larger distance¢R=6 A, R=14 A), with the widest

electron transport, gnd of t_heir surrounding water mOIecuIes‘region including almost all the water molecules around the
F;E;ﬁeinté?lf dr:ngettrig?éi diséns%rr:t;?eoggﬁtpéﬁg@ Cp/%d;i?e protein macromolecule investigated. Sinc_e water r_noIeCL_JIes

. e ) can migrate from one shell to another during the simulation
te_ntlal for water[30]. The initial coordinates have been ob- run, the check of the belonging of a water to a layer only at
tained by the x-ray crystal structure at 1.33 A resolufiet] ¢ beginning of the time interval investigated could lead to

(1 PLC entry _from the _Protein . _Ba)nkTh_e PC x-ray n incorrect evaluation of the averages and of time-
structure consists of a single polypeptide chain containing 9

amino acids, a copper atom, and 1}0 cryst'alhz.atlon Wwaltersy each water molecule to a layer at each MD configuration
The copper atom is bonded to two side chain nitrogen at°m§tep and we followed the water trajectory for subsequent

anr:j SNOI side ch?]inhsglfurhatgms \r’]VhiCh g;zrm? d(ijstorte_:g mes. Such a classification scheme, which we have already
rﬁ edra S'tT'. W'td nydrophobic ¢ aractg . b odescrl € used in our previous work20], was also in agreement with
the copper-ligand interactions, a covalent bond was introg,at employed in Refg21, 37,

duced for each ligand to preserve the x-ray strucf@ég22,

on the basis of spectroscopic evidences pointing out a strong

covalgnt nature of these bon@3]. The charge o_f the copper A. Probability distribution

atom in such a model corresponds-td.6e. With the ex- o . .
ception of copper ligands, all the ionizable residues are as- !N the MD description, the solvent fluid can be considered
sumed to be in their fully charged state, according to theé®S @ stat|_st|_cal ensemble of partlcle_:s whose motion can be
value of pH=6 as reported in the crystallographic work treated within the theory of stochastlc processes, throggh the
[31]. The protein molecule was centered in a truncated octalodel of random walk§38]. In this context, the probability
hedral box obtained from a cube of edge 5.986 57 nm, anglst_nbunon P(r,t) of. f|nd|_ng a water molecule at positian
periodic boundary conditions were applied. The box wagt timet can be defined in terms of a propagalr,ro;t)
filled with 3103 water molecules, i.e., 5.32 g of water per gWhlqh descrl_bes_the evolution in space and time of the initial
of protein. Cutoff radii of 0.8 nm for the nonbonded interac- Particle distributionP(r,,0),

tions and of 1.1 nm for the long-range charged interactions o
were used. Initial atomic velocities were assigned from a P(r't):f P(r,ro;t)P(r,,00d% . (1)
Maxwellian distribution corresponding to 300 [84]. Any

residual translational motion of the center of mass was re-

moved from the initial velocities. The simulations were car-

ried out in the canonical ensemblevt) [34]. The tempera- For an initial distribution given by the Dirag function, cor-
ture of the system was held constant by weak coupling to anresponding to a particle at the origim,&0) att=0, the
external bath of 300 K by using a temperature relaxatiorprobability distributionP(r,t) formally equals the propaga-
time of 0.01 ps for the first 10 ps and of 0.1 ps for thetor expressiorP(r,r,;t) [38]. For Markovian processes, in
remaining simulation run. A decreasing positional restrainingvhich the random walker loses memory of previous jumps at
force, with a constant going from 9000 to 50 kJ/mol’nwas  each stepP(r,t) obeys the general Fokker-Planck equation:

—o0



57 WATER DYNAMICAL ANOMALIES EVIDENCED BY . .. 3317

1.2x10 } | : :
X . 3 ——R=4A; a=075(0.02) . _Uﬂ/
_______ R=6A; «=0.81(0.01) P
Y S N N N I R=14 A o =0.96 (0.01) i
-5 G100k 3
8.0x107 i |
= [ NA 100 ‘
| - 0‘1 1 ‘o :1 -1 - ~‘/
" ’ N
o 4.0x10° | time (ps) v : | /,/
N‘- i
_ 7 1 /_/,)
.‘ 10-2 | »w’
0.0 L il L °.'1 . 1 'ime'(ps)1? — .1‘Dl
0 1| é ‘:’; tl‘r 5 102 107" - |
r (A) Time (ps)

FIG. 1. Probability distributiorP(r,t) of water molecules walk- FIG. 2. Mean square displacements of water versus time for the
ing within 4 A from the protein surface, as a function of the traveledully hydrated plastocyanin system by restricting the analysis to
distance, for different times, from 0.5 fthe highest curveto 6 ps water molecules moving within layers characterlz_ed by different
(the lowest curvewith a time step of 0.5 ps. Solid lines have been distances from the protein surface. A layer of radiiis defined as
plotted as guides to the eye. Inset: log-log plot of the water oxygerl'® région including all the points whose minimum distance to any
mean square displacement, as a function of time, calculated for tH¥Ot€in atom is less than or equal R R:_4A (solid line), R
same water ensemble; the free flight curvet?) is also shown. :GA (dot-dashed ling andR=14 A (dotted ling. Each curve was
obtained by averaging over 20 different time origins and over the
corresponding water ensemble. The valuesaofeported in the
figure were extracted by a fit of the curves, in the time interval from
1to 10 ps, according to E¢6). Standard deviations are reported in
parentheses. The heavy line indicates a trendf?) as ~t?.
Inset: mean square displacements for the same water ensemble in
the time interval 0.1-100 ps.

JP(r,t)
ot

+V[A(P(r,)]=3VIB(NP(r,t)], (2

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

When the second term of the left hand side is zero, and
B(r) is a constant, Eq(2) describes a particle diffusing 2 :f 3, .2
freely with a diffusion coefficienD proportional toB. The (Ar% dr reP(r.Y). @
solution of such an equation, which suitably represents many
different diffusive processe$39], among which is self- |ntegrating Eq.(4) by using a Gaussian form for the propa-

diffusion of bulk water at room temperature, results in agator, the expected result within the Brownian kinetic theory
Gaussian probability distribution which is generally written js gbtained:

as
(Ar?y=6Dt (5)

1 d/r2 ,
P(r,t)=( ) e—(dr /2Dt), (3)
4mDt valid for t values after which the initial transient has de-
cayed. Practically, this condition is fulfilled for times longer
whered is the spatial dimension. than the correlation time,,, of the velocity autocorrelation
For fully hydrated PC, we evaluate®(r,t) directly from  function (discussed latef40].
the MD trajectories, by averaging over all the water mol- On the other hand, the water oxygen mean square dis-
ecules moving within a layerf@ A from the protein surface placements versuscan be evaluated directly from the MD
and covering a distandg during a flight timet. A collection ~ simulation data. Figure 2 shows the mean square displace-
of curves representing(r,t) at fixed, equally spaced, time ments{Ar?) in a log-log plot, averaged over all the water
values from 0.5 to 6 ps is shown in Fig. 1. In the analyzedmolecules belonging to the three layers of different thickness
temporal region, the mean square displaceméses inseét  (R=4, 6, and 14 A defined above, in a time intervalt of
show, at long times, a linear trend, in the log-log plot; such al0 ps. At very short timedless than approximately 0.2 )ps
behavior points out that the diffusive regime was reachedefore the diffusive regime is established, the behavior of
after about 0.2 ps. All the curves in Fig. 1 are characterizedAr?) for the different curves is almost indistinguishable.
by a bell-shaped trend which largely deviates from a GaussAfter the break, thé Ar2) trends appear linear with time but
ian, as it would instead be expected for Brownian diffusingwith different slopes in the log-log plot, all the curves dis-
particles. In addition, a peak shift of tHe(r,t) curves to- playing a slope smaller than that corresponding to normal
ward larger traveled distances is registered as far as longeiffusion ((Ar?)~t* also shown in Fig. 2[41]. In addition,
times are taken into account. the slopes progressively decrease for solvent layers ap-
The mean square displaceménir?) of diffusing water ~ proaching the protein surface. The same trend &f?) is
molecules is strictly related to the water molecule probabilityobserved also for a longgd00 p3g time interval (see the
distribution by the relationshifp40] inset of Fig. 2.
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We fit the curves of Fig. 2, in the time interval from 1 to
10 ps, to a law:
(Ar?y~te, (6)

The a values extracted from the fit are reported in Fig. 2; all

the values found are smaller than 1. For water diffusing in

the largest regionR=14 A), « is found to be very close to
1 (0.96. In addition, the value of the diffusion coefficient
(D=0.26 A%/ps), obtained from the limiting slope of the
(Ar?) plot, is in agreement with that estimated for bulk
SPC/E wate{30]. As long as smaller distances from the
protein surface are considered, theexponent is found to
decreasen=0.81 for the layer of thicknesR=6 A, and

a=0.75 forR=4 A being obtained. These results show that
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anomalous diffusion takes place for water molecules moving

in the proximity of the protein surface, while the anomaly is
less pronounced when the contribution (ttr?) of waters
moving far from the surface is predomind22]. Since val-
ues less than one are registered &ordispersive diffusion,
indicative of retarded motion with respect to the Brownian
behavior, occurs for hydration watg28].

In the presence of anomalous diffusion, the slope o
(Ar?) changes with time, and an evaluation®fby means
of Eq. (5) could lead to both an incorrect ariedlependent
value forD. This fact might be at the origin of the numerous

discrepancies found in the water diffusion coefficient, espe

cially when an analysis ob as a function of the distance
from the protein is performef2,24,42—44. In this context,
some caution has been suggedt2?] in the use of the self-

diffusion coefficient to characterize the water dynamics in

the above mentioned systems. Alternatively, an effective dif
fusion coefficientD ., depending on distance traveled, can
be introduced45]:

d(Ar?)

m :<Ar2>(a71)/a.

eff= (7)

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

The dynamical behavior of interfacial water can be de
scribed in a different way by evaluating the water molecul
residence times in the first, or successive, hydration shells
protein atoms exposed to the solv¢h8,20,21,4% from an
appropriately defined “survival-time-correlation function”
[21,47], describing the relaxation of the atomic hydration

n

FIG. 3. Semilog plot of the survival-time-correlation function
Ck(t) for the three water layers considered: dd®s<(4 A), squares
(R=6A), and up trianglesR=14 A). The solid lines are the fit-
ting curves obtained by E¢10). The parameters extracted by the fit
are reported in Table I.

tsures the probability that a water molecule remains in a

given layer at a certain tim¢, without having ever ex-
changed with bulk water before.

In Fig. 3, the functionCg(t), evaluated from MD trajec-
tories according to Eq@8), is plotted versus for the three
water layers considered. All the three curves show the same
trend which consists of a fast initial decay, on a time scale of
picosecond or even less, followed by a slower decay. For the
largest water layerR=14 A), involving a large portion of
waters which move quite far from the protein surface, it can

be observed that the long-time relaxation is almost linear in
the semilog plot, indicating that the long-time decay of the
survival-time-correlation function can be approximately well
described by a single exponential relaxation. This result is
consistent with relaxation properties observed in bulk water
[41]. As far as water layers progressively closer to the pro-
tein surface are taken into account, a single exponential de-
cay is no longer followed, as put into evidence by the sig-
nificant deviation of the curves foR=6 and 4 A from a
straight line in the semilog plot. It turns out, instead, that in
these cases, the long-time decay can be accurately described
y a stretched exponentia]lKohlrausch-Williams-Watts

kww)] [49]:

B

Cr(t)~Ae U7 9

shells. This method, which proved to be extremely valuablg o, is jargely employed in the characterization of the non-

in the local characterization of the PC-water interface

[20,48, can also be employed to study the relaxation of th
entire water layer around the protein body. In this context
the “layer survival-time-correlation function” can be de-
fined as

1

N
Y (prj(0)pgr;(t))

Crlt)= <pR,j(0)2>

8

j=1

exponential nature of relaxations in several phenomena in

fomplex condensed matter systef®]. The KWW time

constantr provides the time scale over which the process
evolves: in our case, it gives an estimate of the residence
time of waters in the considered solvent layer. The exponent
B is the signature of relaxation in disordered medi,50:

the smaller is the value o8, the largest deviation of the
relaxation functions from an exponential occurs; whilegif
=1, the single exponential is recovered. However, £&X).

in which pg ;(t) is a binary function that takes the value of could not fit the entire relaxation trend shown in Fig. 3, as
oneif the jth water molecule stays in the layer of thicknessdata concerning the fast initial decay are not well repro-
R, for a timet without getting out in the interim of this duced. A fast initial relaxation superimposed on the long,
interval, and ofzero otherwise. This quantityfCr(t) mea- stretched one has already been observed in many different
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TABLE I. Stretched exponential time constarfts, =) and  gtead, appear to be quite high, being 39.9+ 0.6 ps for the
exponentsBs, B,) extracted by a best fit, according to EG0), of  g_g A layer andr, =164+ 2 ps for the 0—14 A one. These
the survival-time-correlation functioiCg(t) of water hydration  yagyits are consistent with the fact that the larger the layer,
shell for different layers. the slower the exchange with bulk water. As previously men-
tioned, the exponeng, of the stretched long relaxation is

Layer 7s (P9 Bs n (P9 A found to decreF;se fonﬁ;I water layers in whichgthe influence of
0-4 A 0.3720.03 0.79-0.05 13.4-0.2 0.54+0.03 superficial waters is progressively larger. However, the ex-
0-6 A 0.38-0.09 0.70-0.05 39.9-0.6 0.64-0.01 ponentg, for the largest water layer still greatly differs from

0-14 A 1.25-0.05 0.60-0.04 164-2 0.69-0.02 unity, being onlyB,=0.69. This seems to be in disagreement
10-14 A 031005 086-0.02 531009 0.96-005 with what is found for the mean square displacement analy-

14-18 A 059005 067001 7501 097003 Sis, from which water molecules in the largest shell recover
features typical of bulk water. Evidently, even if a large por-
tion of waters weakly affected by the protein is involved in
relaxation processd$0], due to the presence of a transient the largest shell, molecules moving close to the protein sur-
phenomenon which usually decays on a very short-time scali@ce (characterized by a high anomalous behavioake a
compared to the relaxation itself; in some cases, the fagtignificant contribution to the layer relaxation process. To
decay is modeled as a single exponent0]. We found, better investigate such an aspect, we evaluated the function
instead, that also the short-time relaxation can be reliabl{Cr(t) for two more solvent layers, both of thickrse4 A and
described by a stretched exponential law. Thus a suitable@volving water molecules walking from 10 to 14 A and
formulation, able to reproduce both the short and the longfrom 14 to 18 A. Because of the large distance from the
time decay ofCg(t), is given by surface, the influence of the protein on these water layers
should be quite low. Actually, from the last two rows of
>B', (10 Table I, it can be seen that th® exponent becomes very
close to one. Furthermore, it should be noticed thatalues
which is a sum of two stretched exponentials, characterizeth the 10—14 and 14—18 A shells are slightly lower than that
by different time constants: one for the short)(and an-  observed in the 0—4 A shell, indicating an enhanced mobility
other one for the long-%) time decay, and also by different of waters far from the surface with respect to that occurring
B values. A fitting procedure of data shown in Fig. 3, by Eq.in the proximity of the protein surface. Finally, it should be
(10), allowed us to successfully describe tBg(t) trends for  noted that also for these two shells, the short-time decay
all three water layergsee solid lines in Fig.)3the extracted shows essentially the same features observed for the previous
parameter values are reported in Table I. From this table, ighells.
can be noticed that the values of, relative to the fast
dynamics, are found to be of the order of 1 ps or less, for all B. Translational and reorientational motions

three water layers considered. Such a fast transie@kiit) .
could be due to the fact that water molecules vibrate and 1he study of the mean square displacements has shown

liberate inside a microscopic cage formed by their nearesfat the diffusion of water molecules close to the protein
neighbors, before escaping from such structures. During suctfface has an anomalous character. In order to get further
a motion, water molecules close to the border of a solveniformation on the solvent diffusional motion, both transla-
layer might cross forward and backward across its surfacéional and rotational, we evaluated the water translational
thus giving rise to the fast initial decay of the hydration layerVelocity autocorrelation function and the reorientational au-
relaxation function. This picture of water dynamical behav-tocorrelation function. The former, which is defined as

Cr(t)=Ae W Be(t/n

ior near the protein surface is reminiscent of that introduced (V(0)- V(1))
through the mode coupling theory for supercooled bulk wa- Coo="F—= (12)
ter[51]. Also in that case, the formation of a cage of nearest (v(0)%)

neighbors, which at low temperatures persists over a longer-

time scale, is able to explain the relaxation properties ohas been calculated from the water trajectories for the three
water. In this respect, such a result provides a further suppotayers of different thickness defined above, and has been
to the close analogy between water in the proximity of aplotted in Fig. 4. From this figure, it comes out that within 1
protein surface and bulk water at low temperature. For whaps, all theC,, curves have been practically decayed to zero.
concerns the stretched exponghyt, it can be seen that it is Since the translational motion assumes diffusional character-
of the order of 0.7, slightly increasing from the largest to theistics in times after whiclC,, has decayed to zero, it comes
thinnest water shell. The last two columns of Table | reportout that for our system the diffusive regime is reached within
7 and B, describing the long-time decay @iz(t). As ex- 1 ps, such a behavior being also found for the first layer
pected, the relaxation times of hydration shells are very difwater molecules whose motion is partially slowed down by
ferent according to which layer is considered: for the smallthe presence of protein macromolecule. Thus the sublinear
est one ar, of 13.4+-0.2 ps is found in good qualitative trend of the mean square displacements with time should not
agreement with residence times of water molecules in atomibe attributed to a difficulty in reaching the diffusional re-
shells of radis 4 A around charged and polar atomic hydra-gime, but essentially to a modified nature of the diffusive
tion sites[20]. This fact seems to indicate a dominance ofprocess itself22].

charged sites in the regulation of the first layer water behav- All three C,, curves in Fig. 4 after some time become
ior. Residence times of water in the two largest shells, inhegative because of the “rebound” of molecules from the
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FIG. 4. Translational velocity autocorrelation function for water  FIG. 5. Rotational reorientation of the water molecule dipole
molecules belonging to the three progressively thicker layers dedirection forl=1 [see Eq(12)]. The curves, corresponding to the

fined in Fig. 2. Inset: power spectra of the velocity autocorrelationthree different layers, are depicted as in Fig. 2. Inset: the same plot,
functions. but in a semilog scale. Continuous thin lines are the best-fit curves

obtained by Eq(9); the fitting parameters are reported in Table II.
shell of their neighbors, and then they show a positive bump R
according to what is observed in bulk wafég]. This bump  Wherepu(t) is the unit vector along the molecular dipole axis
is shifted toward more negative values for waters confined irdt timet. The trends of’; andI'; as a function of time are
layers closer to the protein surface. Similar results are obshown in Figs. 5 and 6, respectively. Bdth andT", decay
tained for a different protein, ubiquitiii5], and for a hydro- toward zero with different rates according to the water layer
phobic solute in an aqueous environmEsif]. Since the os- considered. In each case, however, reorientation appears to
cillations manifested in the velocity autocorrelation functionsbe slower for water molecules belonging to the 0—-4 A sol-
are generally due to many body intermolecular potentials, th#ent layer. This means that, on average, the reorientational
differences among th€,, , registered for the three different diffusion turns out to be retarded for water molecules mov-
solvent layers, indicate that water molecules can be subjectdfld in the proximity of the protein surface, possibly due to
to slightly different forces according to the region to which stronger solvent-solute interactions with respect to those of
they belong. The Fourier transform of ti®&,, , reported in ~ water farther from the macromolecule. Interestingly enough,
the inset of Fig. 4, is characterized, for all the curves, by onéhe long-time decay of the reorientational time-correlation
peak at angular frequency of abauf=27r)=10pstand function could not be described by a single exponential law,
by a shoulder at abowt=>50 ps % such results are in good as can be seen in the insets of Figs. 5 artb61’; andl',,
agreement with those observed in bulk wd&g]. Since the respectively, where a deviation from a straight line in the
diffusion process in liquids can be viewed as a succession giemilog plot is evident. According to what is found for the
jumps after which a water molecule imprisoned by its neighfelaxation of the survival time correlation fUnCtion, a KWW
bors behaves in a solidlike manner, the frequency distribustretched exponential decay suitably describes the long term
tion of the power spectrum can be interpreted as the densietgecaY- Solid lines in the insets of Figs. 5 and 6 represent the
of states of independent oscillators. Then, a peak in the frePest-fit curves according to E€R); the corresponding values
quency spectrum represents the population of a mode of ®r 7andg are reported in Table II. For both, andI',, the
given frequency, related to the vibration of water molecules.
For water molecules moving within 6 £0—4 and 0-6 A
shells from the protein surface, a slight shift of the main 10r
peak towards higher frequency is observed with respect to

waters moving in the larger shell. This can be due to a tight- 08 — §:g§
ening of the forces acting on the molecule, making it vibrate

06f R=14 A

at a higher frequency in the microscopic cage formed by its
nearest neighbors. Such vibration occurs on the time scale of < o4}
fractions of 1 ps, and is in good agreement with the fast

[ 10 20 30 40 50
time (ps)

temporal scale dynamics displayed by the hydration shell 0.2
relaxation. eI

The rotational diffusion of water has been analyzed ooy T . .
through the reorientational dynamics of its electrical dipole 0 10 20 30 40 50
p which is defined as the vectdmolecule-fixed pointing time (ps)

from the water oxygen to the middle point of the two hydro-
gen atoms. The time behavior pf has been determined by  FIG. 6. Rotational reorientation of the water molecule dipole
means of the autocorrelation functioh$ of the Legendre direction forl=2 [see Eq(12)]. The curves, corresponding to the
polynomialsP,(cosd). The functionsl’| are defined as three different layers, are denoted as in Fig. 2. Inset: the same plot,
but in a semilog scale. Continuous thin lines are the best-fit curves
[ (t)=(P,(m(0)- m(1))), (12 obtained by Eq(9); the fitting parameters are reported in Table II.
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TABLE Il. Stretched exponentidlEq. (9)] fitting parametersr  ing examples of stochastic processes violating the finite
and B of the reorientational autocorrelation functiofis and I, moment requirement have been observe('jvyL§3] and
corresponding to long-time decay, of hydration water in differentsubsequently Mandelbr¢54] have investigated the case of

layers. no finite second moment in the step length, a situation which
yields the common observed asymptotic inverse power law
Iy Iy distribution for the total displacement of the walkers. Scher

Layer 7 (ps B (09 8 and Montroll[55] and Shlesingef56] have studied instead

the case of no finite moments in the waiting time distribu-
0-4 A 9.7+0.2 0.63:0.04 4.80-0.05 0.59-0.03 tion. In this context, deviations from Brownian particle dif-
0-6 A 9.0:0.3 0.65:0.09 4.21-0.04 0.62:0.03 fusion can be attributed to random walks in geometrically
0-14 A 7.4-0.2 0.72:0.06 3.50-:0.02 0.66-0.04 disordered fractal structures and/or to temporal disorder,
both having underlying scale-invariant properties, spatial or
temporal, with no characteristic length or time scq&s57.

time constants of the stretched exponentials are progressivelhe anomalous features displayed by the protein-solvent sys-
larger as far as waters closer to the protein surface are takéam, and indicating a strong deviation from Markovian ran-
into account; such a behavior gives a quantitative estimate gfom walk processes, should be traced back to the topological
the retardation effect exerted by the protein on superficiahnd dynamical disorder peculiar to these systems. For ex-
water reorientation. In comparison 1o, however, the re- ample, it has been shown that solvent accessible surfaces of
laxation of I', occurs on a significantly faster time scale. different globular proteins, among which is PC, are charac-
Moreover, theB exponent values show that the deviation terized by roughness and some kind of self-similarity, which
from the single exponential decay is more marked for watefS reminiscent of that of a fractal surfa¢é8,59. Indeed,
molecules belonging to the layer closer to the surface. Th@rotein surfaces have been modeled as fractal surfaces with
previous analysis, regarding both translational and rotationalimension greater than 58,59. In particular, for PC, a
diffusion of water, shows, on average, a retardation in thdractal dimensiond=2.18 was calculated from the x-ray
motion of solvent molecules near the protein surface, withstructure[59].

respect to that of bulk water. Similar results have been ob- The exploration of the rough surface from the water mol-
tained for water around a hydrophobic sol(i87] and also  ecules moving in the vicinity of the macromolecule could
around a different protein, ubiquitii5]. Generally, both the affect the solvent diffusive behavior. Actually, the dispersive
sublinear trend of the mean square displacements and theansport regime, which we have found to characterize water
stretched exponential form df; andI', relaxations point molecule motion around PC, is consistent with the model
out that the very nature of the diffusive procébsth trans-  describing random walks on fractal structufés,60,6]. In
lational and rotationalis deeply affected by the presence of these models, in fact, as a consequence of the scaling prop-
a biological macromolecule. erties of the fractal structure, the mean square displacement
can be expressed by

IV. DISCUSSION <Ar2>~tald_ (13)

Different dynamical properties of water at 300 K, per-
turbed by a biological solute, have been analyzed. Generall
our results point out that the presence of the protein dee g . .
influences th)1e dynamics of vf/)ater molecules,pespeciallyﬁ he connectivity of the protein tertiary structur@2]. If the
proximity to the protein surface even if some effects are alsg°"'9 term mean square displacements, shown in Fig. 2, are
found at rather large distances from the macromolecule. Th _tted '.Oy Eq.(13), using a value of 2.18 for frgctal dllmen_-
Brownian motion, which generally represents a suitables'onal'ty' the following values for the spectral dimensionality
model for the description of self-diffusion of bulk water at can be extractedi=1.64 for the 0-4 A layer, and=1.77
vent diffusive process in the protein-solvent interfacial re-Point out that the spectral dimensionality of the protein struc-
gion. In addition, the relaxation of the survival time- ture appears to be different if waters close to the protein
correlation functions, as well as of the reorientationalSurface or water molecules traveling quite far from it are
functions, significantly deviates from an exponential behaviaken into account. In the presence of surface roughness, an
ior, such functions being instead satisfactorily described by £xpression for the water molecule probability distribution
stretched exponential law. This behavior indicates that th&as been derivef28]. It consists in a non-Gaussian propa-
dynamical features of hydration water cannot be explaine@ator given by{25,28,62
by the stochastic master equations which are usually em- ~
ployed to describe Markovian processes. Generally, to char- P(rt)=t"f(¢), (14
acterize a random walk, two functions are to be defirgs]:
the first is the distribution of the step lengths that generat .
the walk, and the second is the distribution of waiting times=rt ~%?%) expressed by
between steps. The finiteness of the first two moments of the —
step distribution function and of the first moment of the wait- f(&)~exp(—ape??d) for £<1, (15)
ing time distribution[38] are required to derive the Fokker-

Planck master equation for a random walk; certain interest- f(€)~ &P exp(—a &) for £>1, (16)

>yvhered_is the fractal dimension of the surface adds its
| pectral dimensionality, the last being a quantity related to

gvhich~ involves a functionf(¢) of a scaling variable §
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1F ::
04k . . simulation data s g « 0144
theoretical curve = R i
$=0.6 (0.2) 2 o1l . £ e
=14 (0.2) 3 P, §o
° ' £ e
— Q [ 8
- 0.2 £ ttfa, ° 0 10 20 30
& ﬁ 001k . Q time (ps)
8 h
3 s+ 04A p=1.70(0.08)
0.0 g 0.001F * O06A p=152(0.05)
) = 0-14 A; 1=1.33 (0.03)
6 8 0.0001 L L
0 2 4 1 10 100
r(A) time (ps)
FIG. 7. Probablllty distributiorP(r,t) as a function of the trav- FIG. 8. Log_|og p|ot of the residence time distribution, as a

eled distance for t=5 ps, calculated from the MD trajectories of function of the time intervat, for solvent molecules residing in
waters moving withi 4 A from the protein surface. The continuous |ayers of different thickness. Continuous lines are the best-fit curves
line is the best-fit curve as obtained by USing Etp—) The fltﬂng obtained by Eq(18) The f|tt|ng parameters are also Shomn_
parameters are also shoustandard deviations are reported in pa- dard deviations are reported in parenthgseset: the semilog plot
rentheses of the same distribution for the water layer 10—14 A. The continu-
ous line is the best-fit curve obtained by E9).
B andv being
to which solvent molecules are submittig#f]. This picture

d_(a— 1) d suggests that the variety of chemicophysical properties of the
= PYEri v= a3 (170 amino acid residues exposed to the solvent, together with the

protein motions, are able to modulate the times that water
— ~ molecules spend at the various protein hydration sites. In this
Whend=d=2, asitis for the standard diffusion on a regular connection, it should be remarked that a spread in the resi-
medium, the Gaussian shape of the propagator is recoveregence times was registered by both NMR and MD investiga-
Instead ford#d+2, the expression in Eq14) manifests tions [18,20 for water molecules around different protein
strong deviations from the Gaussian behavior, being an “enmacromolecules. In particular, the residence time distribu-
hanced Gaussian” for small values of the scaling varigble tion of waters withh 4 A from the PC surface, extracted by
or a “stretched Gaussian” for largeé We tried to fitP(r,t),  computing the number of MD steps that a water molecule
calculated from the MD trajectories, by means of Egl); a  resides in a given layer during a time intertalis shown in
good agreement between the theoretical and the MD simuFig. 8 in a log-log plot. Such an approach, similar to that
lated P(r,t) was obtained. The result of the fit fge>1 is  used in previous workg20,25, allowed us to directly mea-
shown in Fig. 7 for a selected time value; the extracted pasure residence times in the whole solvent layer around the
rameters3 andv are also reported. These values are found tgrotein. For all the analyzed solvent layers involving, at least
be quite close to those directly calculated through @d),  partially, molecules closer to the protein surface, the distri-
by introducing the correspondirdyvalue for P[59] and the  bution for residence times shows long tails which are very
d value previously determined from the mean square diswell described by an inverse power law:

placement curve$B=0.50+0.01 andv=1.60+0.01). The —u

evidence that the functional form of the propagatéq. P~ =~ (18

(14)] reproduces so well the computed data supports the hyrpe exponents:, extracted as the slope of straight lines in a
pothesis that the protein surface roughness, modeled as|&y |og plot, are reported in Fig. 8. In particular, the value of
fractal surface, could really affect the water dynamical be-, — 1 70+ 0.08 for the 0—4 A layer, is in satisfactory agree-
havior and then could be at the origin of the evidenceqnent with that g.=1.5+0.2) found for the local atomic dis-
anomalous diffusional behavior. L ... . tribution of residence time20,25, by using a different ap-
On the other hand, the anomalies in the water diffusive,roach. The presence of such a distribution for residence
process might also be ascribed to a temporal disorder in thg,es of water molecules leads to the interpretation of their
dynamical behaviof27,38,63. Water molecule diffusion  qtion as a series of steps which do not occur only at fixed
over the protein surface is deeply affected by both the proteig o intervals, but are regulated by a waiting time distribu-
structure and dynamics. In fact, water molecules walking iny;q, J(t) given by Eq.(18). On the contrary, for Brownian

the vicinity of the protein could interact, also by forming yiion, “the probability of remaining at a given site during
HB, with superficial protein atoms; such interaction, stronglythe time intervat decays exponentially in timg27]:
dependent on the electrostatic as well as on the polar char-

acter of the amino acid residues, reveals a large variability P(t)~e OV, (19)
from site to sitgf19,20. In addition, the continuous protein

motion, including the CS transitions and involving a wide Such a trend is registered when the solvent layer 10-14 A,
range of time scales, can modulate the landscape over whickhich involves solvent molecules with predominant bulk
water molecules are moving, producing traps or local forcesvater features, is taken into account. Actually, as can be



57 WATER DYNAMICAL ANOMALIES EVIDENCED BY . .. 3323

inferred from the inset of Fig. 8, the long tail in the semilog
plot reveals a linear trend with time as predicted by @§).

In the presence of a distribution of waiting times character- ek $=0.99 (0.02)
ized by an inverse power law, with an exponensmaller 1B
than 2, such as that obtained for PC hydration water, a non 2 E oo
linear temporal dependence for the mean square displace e 'o
ments can be derivel®8,65,66: SIS .
I s =0.42 (0.04
BN o S SN — e
e e

Actually, Eq.(20) could provide a way of calculating from oSk $=0.33 (0.03)
the long-time mean square displacement trend. The value o ,fF ¢ freedifiusion model
u (w=1.75+0.05) extracted according to such a procedure € F [ waring frs distibaton model
for the 0—4 A layer, turns out to be slightly higher than that N ! .
previously obtainedsee Fig. 2, the two values being con- 0 20 40 60 80 100

As in the case of diffusion on a fractal surface, the sub-

linear trend of_(Arz) can be ascribed to a non-Gaussian gg o Semilog plot o (t) [Eq. (25)] evaluated for the spa-
propagator, which can be modeled[as] tial region corresponding to a sphere of radRs 4 A, and for
P(r t)=t- (k- Dr2f 21 different expressions of the propagator according to the different
(r.v) (8), (1) models employed. Circles: Gaussian propagpar. (3)]; squares:
propagator predicted by the fractal modé&q. (14)]; diamonds:

=t~ (w=1)2 i
whereg=rt andf(¢) is propagator predicted by the continuous time random walk model

_ _aii—a,e2 [Eg. (21)]. Continuous lines are the best-fit curve obtained by Eq.
f(§)~exp =% for £<1, (22) (9); the extracted exponenfdare also showristandard deviations
) are reported in parentheges
f(&)~ &P exp P1E" for ¢>1, (23

by the probability that, after a timg a particle being in a
spatial region() has survived without having ever escaped
[67]:

where 8 and v in this case are given by means of

2—u 2
B= 3. v—3_lu. (29
cﬂ(t):J d® P(r,1), (25)

It is evident that a deviation of Eq21) from a Gaussian Q
propagator occurs forn# 2. A good agreement between the
theoretical curve, derived from E@21) for £>1, and the Wwhere the integral extends over the volufeFor () defined
propagator data extracted from the MD trajectories is regisas a sphere of radiuR (approximately describing the thick-
tered (results not shown The corresponding values ex- ness of a water laygrEq. (25) represents the probability that
tracted from the best-fit procedure fg@# and v (3=0.6 a water molecule has traveled less thanduring a time
+0.2 andv=1.3+0.2) are the same as those obtained byinterval t. In this particular case, the definitions given by
fitting the probability distribution of Fig. 7 with the stretched Egs.(8) and(25) conceptually coincide. In this context, we
exponential propagator related to the fractal mgél. (14)  numerically evaluated the functid@(t) using different ex-
coupled to Eq(16)]. Such a result should not be surprising pressions for the probability distribution: free diffusion, dif-
since the fitting expressions are formally equivalent, for fixedfusion on a disordered structure, and diffusion governed by a
t, in the two cases. Thg and v values, as derived from the distribution of waiting times. To represent the case of free
water probability distribution, can be compared with thosediffusion on a regular medium, well described by the Brown-
calculated from Eq(24), where for u the value obtained ian model, the Gaussian expression R{r,t) given in Eq.
from the water residence time distribution is introduced, i.e.(3), and including, for the diffusion coefficient, the valbe

B=0.2+0.1 andv=1.5+0.2. While ther value is consis- =0.26 A?/ps extracted from the largest water layer, was
tent with that arising from the fit of the probability distribu- used. Instead, for anomalous diffusion, the stretched expo-
tion, the 8 value appears significatively lower. nential propagatorksee Eqs(14) and(21)], which describe

Both models of a random walker in the presence of temthe diffusive behavior on disordere@patial or temporal
poral and spatial disorder give a good description of watemedia well, have been employed, the values of the param-
molecules motions in the region close to the protein surfaceeters obtained by the best-fit procedures having been intro-
the stretched forms of the propagator can successfully deduced. The integral in E¢25) has been performed over a
scribe the sublinear trend of the mean square displacememgpatial region{) corresponding to a sphere of radifs
with time. =4 A. The results of the integration are shown in Fig. 9. In

In order to complete this picture, it can be shown that alsdhe case of free diffusion, a single exponential relaxation has
the stretched exponential decay of the hydration shell closdveen obtained: such a result is consistent with the dynamics
to the macromolecule is consistent with a non-Gaussian formf a Brownian particle, whose probability of staying in a
for the propagator. In fact, an alternative method to evaluatgiven spatial region, without having ever exchanged with
the hydration layer relaxation functidb(t) can be derived bulk, decays according to a single exponential law. The other
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two curves of Fig. 9, obtained by performing the integrationprocess(both translational and reorientatiopalf hydration
exactly in the same conditions as in the first case, show water reveals drastic changes with respect to bulk water. In
stretched exponential trend witA values reported in the fact, not only is the mobility of water close to the protein
plot. These values are in satisfactory agreement with thoseurface on average hindered, but the appearance, in the log-
extracted from the long-time decay of the relaxation of theiog plot, of a sublinear trend with time for the mean square
shell of thicknessR=4 A, the better agreement occurring displacements reflects the occurrence of anomalous diffu-
when the temporal disorder model is taken into accountsion, |n addition, the stretched exponential decay of the long-
These results indicate that all the observed anomalies in th@ne tajl for the reorientational time-correlation functions as
hydration water properties can be globally described in termgg) a5 for the relaxations for hydration water points out a

of a non-Gaussian propagator. In addition, they suggest thalmjex dynamical behavior, very similar to that observed in

a closer description of the solvent propagator can be reach her disordered systems

if disorder on a temporal scale is taken into account. : . .

! P All these features have been ascribed to a non-Gaussian

form for the probability distribution of finding a particle

somewhere in space and time. Such a behavior can be traced
The presence of a biological solute in a water ensembl&ack to a spatial, as well as to a temporal, disorder of the

exerts a strong influence on the structural and the dynamicarotein-solvent system, also in connection with the amor-

organization of the solvent. The very nature of the diffusivephous character of hydration water.

V. CONCLUSIONS
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