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The dynamical behavior of water around plastocyanin has been investigated in a wide temperature range by
molecular dynamics simulation. The mean square displacements of water oxygen atoms show, at long times, a
t* trend for all temperatures. Below 150 K, is constant and equal to 1; at higher temperatures it drops to a
value significantly smaller than 1, and thereafter decreases with increasing temperature. The occurrence of such
an anomalous diffusion matches the onset of the dynamical transition observed in the protein. The intermediate
scattering function of water is characterized, at high temperature, by a stretched exponential decay evolving, at
low temperature, toward a two step relaxation behavior, which becomes more evident on increasing the
exchanged wave vector Both the mean square displacements and the intermediate scattering functions show,
beyond the ballistic regime, a plateau, which progressively extends for longer times as long as the temperature
is lowered, such behavior reflecting trapping of water molecules within a cage formed by the nearest neighbors.
At low temperature, a low frequency broad inelastic peak is observed in the dynamical structure factor of
hydration water; such an excess of vibrational modes being reminiscent of the boson peak, characteristic of
disordered, amorphous systems. All these features, which are typical of complex systems, can be traced back
to the glassy character of the hydration water and suggest a dynamical coupling occurring at the
macromolecule-solvent interface.

PACS numbegs): 87.15.He, 66.16:-x

[. INTRODUCTION anomaly, sometimes called the boson peak, is a signature of
the disordered, amorphous state, whose origin is still amply
The question of the glassiness of the hydration water surdebated 15—18 and might be connected to the low tempera-
rounding a protein macromolecule is still an open problenture thermal anomalies in these systef9]. Indeed, the
which has recently received great attention in connectiompresence of a low frequency peak in the dynamical structure
also with protein dynamics and functionalift—5]. With  factorS(q,v), generally located in the 0.1-5 meV range, has
decreasing temperature, crystallization of water belonging tbeen detected, by different experimental and MD simulation
the shells close to the protein surface can be suppressed aapproaches, in a large variety of glassy systgh&s20], and,
an amorphous state for the hydration water can be envisagedmarkably, in several proteif21-26. The simultaneous
[6,7]. On the other hand, the structural and dynamical propeccurrence of such a vibrational anomaly in both the hydra-
erties of protein hydration water, markedly deviating fromtion water and the protein has led us to speculate about a
those of the bulk, exhibit a number of interesting and unusuapossible interplay between the macromolecule and the sur-
phenomen#2,5,8—11, whose occurrence can be ascribed torounding solvent vibrational featur¢s,14).
the unusual interactions with solvent exposed protein atoms, On the other hand, there is ample evidence of a significant
possibly modulated by the hydrogen bond network dynamicénfluence exerted by the hydration water on the macromol-
at the interface. In particular, a sublinear trend with an anecule dynamics. A minimum amount of watebout 0.40 g
isotropic character characterizes the molecular dynamicef water per g of proteinis required to fully activate the
(MD) simulated mean square displaceme4SD’s), at  protein dynamics and functionalifyL,27]. The dynamics of
room temperature, of water moving in the proximity of the the hydration shells around a macromolecule, characterized
protein surfacg3,12]. Such a phenomenon, experimentally by a continuous forming and breaking of hydrogen bond
supported by neutron scatterif@], is clear evidence for the patches and involving the presence of a multiplicity of water
occurrence of anomalous diffusion of hydration water neartates at the macromolecular surfdéé¢, has been hypoth-
the protein surface. In addition, a nonexponential decay iresized to be responsible for the existence of conformational
the relaxation of the survival time correlation function in the substategCS’s) [6], local minima in the potential energy
first hydration layer can be observggl9,13. All these fea- landscape of the proteir28]. Sampling of the CS, which is
tures, which may relate to the unusual organization of solcoupled to the onset of anharmonic protein moti¢2as],
vent water at the interface, are reminiscent of those of othepccurs above the dynamical transition temperaf@@® 31,
amorphous systenid]. whose value has been found to be “slaved” to the solvent
Furthermore, a MD simulation approach has allowed us t@omposition[32]. Generally, such a dynamical transition in
show the existence of an excess of low frequency vibrationgbroteins is closely reminiscent of that occurring in glasses
modes, over the estimated Debye level, in the density of33], and it has been suggested that the surrounding water
states of hydration water around plastocyat®©) [5]; an  may act as a trigger by injecting its own motions into the
experimental confirmation of this result was provided veryprotein lateral chains, inducing fast dynamical processes
recently by neutron scatterin§l4]. Such a vibrational which, in turn, are precursor of slower, collective macromo-
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FIG. 1. Mean square displace-
ment(Ar?) as a function of time
of water oxygen atoms around PC,
for different temperatures: 100,
150, 180, 200, 220, 240, 250, 280,
and 300 K from bottom to top. All
the data have been obtained by av-
eraging over a 400 ps time inter-

o[ val. Inset:« exponent, as a func-
10 tion of temperature, derived from
[ a fit to Eq.(1) in the 100-200 ps
10'3g 00 3 time interval. Solid lines are a
Y [ Y S Y SRS PRI UY - guide to eye.
2 -1 0 1 2
10 10 10 10 10
Time (ps)
lecular motions[6]. These fast and slow relaxations have II. COMPUTATIONAL METHODS

often been related to the and  relaxation, respectively, in The MD simulated trajectories of PC, an electron transfer

the framework of mo_de coupling theoACT), which ac- copper protein that takes part in the photosynthetic process,
counts for the dynamics of glassk34. _ _and of the surrounding water molecules, have been computed

In the present paper, the capabilities of MD simulation,,,, the sromoss7program packagE87], including the single
which has been shown to be a rewarding tool in providing alhoint charge/extende@®PC/B potential for hydration water
accurate and reliable description of the dynamics of proteirﬂgg]_ A modified force has been employed to describe the
systems, have been exploited to study the dynamical behayrotein-solvent interactiong39]. A covalent bond between
ior of the protein hydration water. To avoid the contribution the copper ion and each of its four ligands has been intro-
arising from the bulk phase, the hydration level has beemjuced to preserve the x-ray structyi#®]. PC has been hy-
restricted to the first hydration shell, at which, however, adrated with 230 water molecules corresponding to 0.39 g of
complete activation of protein dynamics is reachi2d,35.  water per g of protein. The energy of such a protein-water
The MSD, the intermediate scattering function, and the dysystem has been minimized by using the steepest descent
namical structure factor of hydration water have been invesmethod. A cutoff radius of 0.8 nm for nonbonded interac-
tigated in a wide temperature range, by crossing the tempergons and of 1.4 nm for the long range charged interactions
ture at which the dynamical transition of the PC has been applied.
macromolecule takes plag86]. Surprisingly enough, hydra-  Simulations at several temperatur@90, 130, 150, 180,
tion water diffusion, which is found normally below 150 K, 200, 220, 240, 250, 260, 280, and 300 Kave been per-
becomes anomalous at the temperature at which the onset rmed by assigning to each atom Maxwellian velocities at
anharmonic protein motions takes place and remains anomghe corresponding temperature. A decreasing positional
lous up to room temperature. Such behavior has been angestraining force with a constant ranging from
lyzed in connection with the spatial and temporal disorder as000 kJ/(mol nrf) to 250 kJ/(mol nri) was used during
the protein-solvent interface. The intermediate scatteringhe first 10 ps. The system was coupled to an external tem-
function and the dynamical structure factor, analyzed as @erature bath with a relaxation time of 0.1 ps, a separate
function of temperature, reveal dynamical anomalies that caBoupling for the protein and the solvent being used. After an
be related to the unusual structural and topological organizanitial period of 100 ps during which all the systems reach
tion of the solvent around the macromolecule. Moreover, ttherma| equi”brium, a production run of 400 ps was per-
overall results point out that the dynamical behavior of hy-formed. Configurations of all trajectories and energy values
dration water, on one hand, is reminiscent of that of othehave been saved every 0.1 ffsr other details see Refs.
complex systems, and, on the other, appears to be strictlgg 4()).
coupled to the dynamics of the macromolecule.

The paper is organized as follows. In Sec. Il, the MD
simulated computational methods are briefly reported. Sec- Ill. RESULTS
tion Il is divided into three subsections where the results are
presented. In the first one, the MSD and the diffusive prop-
erties of hydration water are analyzed. The second one deals Figure 1 shows the MSDAr?(t)) of water oxygenatoms
with the intermediate scattering function and its relaxationaround the PC macromolecule, in the 0—200 ps time interval,
properties. In the third, an analysis of the dynamical structurdor different temperatures in the 100—300 K range. At very
factor, and in particular of the inelastic region, is presentedshort times, a? trend, indicative of a ballistic regime, is
In Sec. IV, a discussion of the results is reported in connecregistered for the MSD at all the temperatures analyzed. At
tion also with the protein dynamical behavior. Finally, con-the lowest temperatures, the MSD curves show a plateau,
clusions are drawn in Sec. V. such a trend pointing out that the motion of the particles is

A. Mean square displacements
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FIG. 2. Intermediate scattering
function 14(q,t) as a function of
time of water oxygen atoms
around PC, at a fixed value (g
=2 A~1) for different tempera-
tures: 100, 150, 180, 200, 220,
240, 250, 280, and 300 K from top
to bottom. All the curves have
been normalized to the one #t
=0. Inset: 7, relaxation time as a
function of 1T. Solid lines are a
guide to eye.

Time (ps)

essentially frozen in the corresponding temporal windowan a exponent smaller than 1 is indicative of the occurrence
The onset of the plateau occurs at about 1 ps, while its temef anomalous diffusion and implies that a diffusion coeffi-
poral extension increases as long as the temperature is lowient value cannot be extracted in an unequivocal .
ered, reaching a value of about 10 ps at 100 K. Beyond thé& is worthy of note that anomalous diffusion is not a unusu-
plateau, the curves attain a linear trend in the log-log plot aglity of low hydrated systems; actually, it takes place also in
progressively longer times as long as the temperature is dexfully hydrated PC system, at room temperature, when water
creased. To check that the system has really equilibrated imolecules moving close to the macromolecular surface are
the temporal window considered, we have extended théaken into account. Indeed, anvalue less than 1 was also
analysis up to 1 ns for 100 and 300 (dot shown; the  obtained for myoglobin hydration water, at room tempera-
results reveal that no changes in thevalues are obtained in  ture, by neutron scattering spectroscgy.

agreement with those previously observed by some of the
authors[41]. From 100 ps, a power law is able to describe
the long time behavior of the MSD at all the investigated
temperatures:

B. Intermediate scattering function

The self-intermediate scattering functidg(q,t), which
corresponds to the self part of the density-density autocorre-
lation function or, equivalently, to the spatial Fourier trans-
form of the Van Hove correlation function, has been directly
calculated from the MD trajectories of the water oxygen at-
oms through the relationship

(Ar?(t))=4Dggt", oY)

where D¢ is an effective diffusion coefficient which, for
a+1, depends on the distance traveled; such behavior a
counts for the large spread [ values observed in the lit- N
erature when different temporal windows are considéggd 1 iqg- TR (1) — R

On the other hand, Eq1) becomes, fora=1, the usual '(q.=3N 2’1 expia-[R(O-R(OL ). @
Einstein relationshig Ar2(t))=4Dt whereD is the diffu-

sion coefficient. The corresponding values of theexpo- whereN is the total number of water oxygen atoms in the
nent, extracted from the slopes of the curves by a best fisample R;(t) is the position vector of thith atom at timd,
procedure, are plotted as a function of temperature in thand the angular bracke{s) denote averaging over both the
inset of Fig. 1. At temperatures below 150 K,is constant water ensemble and the exchanged momenteaving the

and practically equal to 1, such behavior being indicative ofsame modulus, to take into account the anisotropic effects.
normal, Brownian, diffusion. The corresponding diffusion A q value of 2 A™1, approximatively corresponding to the
coefficient ranges from 0.005 to 0.020%/s for tempera- first maximum in the structure fact@®(q), has been used.
tures from 100 K to 150 K. We note that these values arésuch a function has the advantage that it can easily be mea-
much smaller than that obtained, at room temperature, whesured by neutron scattering experiments.

all the water molecules in a fully hydrated PC system are The self-intermediate scattering functibyiq,t), obtained
taken into accounf12]. On the other hand, the possibility from Eg. (2), for all the investigated temperatures is shown
that the heterogeneity of the water population could haven Fig. 2. At high temperaturd¢(q,t) is characterized, after
some relevance on the diffusive properties cannot be rulethe initial ballistic regime, by a single step time relaxation
out. Upon increasing the temperature, a rapid drop followedehavior. Upon decreasing the temperature, a small shoulder
by a progressive lowering af is observed. We remark that begins to appear at intermediate times this effect becoming
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TABLE I. Stretched exponential fitting parameters of the inter- TABLE Il. Power law fitting parameters of the intermediate
mediate scattering function of water oxygen atoms around PC ascattering function of water oxygen atoms around PC as extracted

extracted by a fit to Eq(3) in the 100—200 ps time interval. by a fit to Eq.(4) in the 1-100 ps time interval.
T(K) B A T(K) B C b
300 0.33 0.90 180 0.70 0.36 0.69
280 0.34 0.95 150 0.77 0.40 0.73
260 0.36 0.93 130 0.78 0.38 0.76
250 0.39 0.93 100 0.82 0.46 0.77
240 0.40 0.91
220 0.50 0.94
200 0.62 0.93 bance that propagates through the system leaving and reen-

tering the boundaries of the periodic box at the sound

more and more pronounced until a plateau is established vtelocity [45]. It should be remarked, however, that in the
the lowest temperatures. In the long time limit, all the curve resent study we do not apply any kind of boundary condi-

tions.
eventually decay to zero. . . . .

A characteristic relaxation time, can be singled out as o ggt some hints on the dypamlcal behawor over differ-
the time at whichl (g,t) has decayed to @&/of its initial ent spatial scales, the intermediate scatterlng fun¢g¢q1t)
value[42]. The calculated-, values, plotted as Inf) vs 17 has been calculated, at 200 K, as a functiorgaind it is
in the inset of Fig. 2, reveal a non-Arrhenius behavior. How-Shown in Fig. 3. From this figure, it can be remarked that the
ever, for temperatures above 180 K, the almost linear trenf€cay to zero of they(q,t) curves becomes slower when
could give some hints about the activation energy for theSmallerg values are taken into account; i.e., when progres-
corresponding process. sively more extended spatial regions are considered. More-

For times longer tham,, , and for temperatures above 200 OVver, the presence of a plateau becomes more and more evi-
K, a stretched exponential or Kohlrausch-Williams-Wattsdent with increasingg. Again, for times longer than the
function relaxation timer, (calculated by the same procedure re-

ported abovg thel ((q,t) curves follow a stretched exponen-
14(q,t) =Ae V7’ (3)  tial decay and they can be properly fitted by E8). The
] ) . inset of Fig. 3 shows the extract¢gtlexponent as a function
can reliably describe the temporal evolutionlgfq,t). The  of g This parameter is almost 1 at the smalkgsalue, while
Aandpg vall_Jes, as extracted b_y a best fit procedure from th(ﬁ continuously decreases on increasiggup to 2 AL
curves of Flg. 2, are reported in Ta.ble I. The preexponenua{hereafter it remains almost constant.
parametei is characterized by a slight dependence on tem-
perature, while thg8 exponent increases as long as the tem-
perature is lowered, almost doubling its initial value at the C. The dynamical structure factor
lowest temperature. This indicates that the stretched relax- ) ]
ation behavior becomes more marked as long as the tempera- 1he incoherent dynamical structure fac(g,») of PC
ture is increased. hydration water can be directly derived by the temporal Fou-

At the lowest temperatures, thg(q,t) curves, from the Ter transform ofl (q,t):
end of the plateau, can be appropriately described by the 1 (4
power law, usually called the von Schweidler law, S(q,v)= EJ dtexp(—2mivt)l(q,t). (5)

b

, (4)

t
Is(q,t)zB—C(T—
‘ In calculatingS(q,») we used numerical fast Fourier trans-
whereB,C, andb are fitting parameterg3,34] (the fitting  form, and the slowly decaying tail df(q,») was multiplied
curves practically superimpose on the experimental ones arlsy a Gaussian damping envelope, in agreement with Ref.
are not shown in Fig. )2 These parameters are reported in[46], to overcome spurious effects due to truncatig(y, v),
Table Il and reveal a weak temperature dependence; in paat aq=2 A~! wave vector, is shown in Fig. 4 for the dif-
ticular, all these values, with the exception of igparam-  ferent temperatures analyzed. The spectra of Fig. 4 can be
eter at 130 K, show a slight increasing trend with decreasingenerally interpreted in terms of three main components, i.e.,
temperature. the elastic, the quasielastic, and the inelastic ones, whose

At low temperatures, slight oscillations, clearly distinct relative intensity depends on the temperature. By restricting
from the noise background, can be observed inltliq,t) our analysis to the inelastic region, we note that, at tempera-
plots, starting from about 2.5 ps. Oscillatory behavior intures up to 180 K, a broad inelastic bump appears clearly
Is(q,t) has been recently interpreted as a time domain manivisible in the low frequency region, peaking at about 1.3
festation of the boson pedk3,44]. Nevertheless, great cau- meV. By increasing the temperature, this peak becomes less
tion has been suggested in attributing a physical relevance tand less distinct due to the increasing intensity of the quasi-
such oscillations, since they could arise from some simulaelastic contribution. The inelastic nature of this peak is sup-

tion artifacts; e.g., a finite size effect arising from a distur-ported by an observeqf variation of its intensity[5].
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FIG. 3. Intermediate scattering functibg(q,t) as a function of time of water oxygen atoms around PC, for diffegeralues(0.4, 0.8,
1.2,1.6,2.0,2.4,and 2.8 &, from top to bottom at 200 K. Inset exponent, as a function gfextracted from a fit to Eq:3), in the long
time tail (10—200 pg of 1(q,t). Solid lines are a guide to eye.

Generally, the frequency dependence of the dynamical 1 (=
structure factor in the inelastic region can be cast in the form  9(»)~C,,(v)= ZJ dtexp(—2mivt)C,,(t). (6)
~(1/v)n(v,T)g(v), wheren(»,T) is the Bose factor and o
g(») is the density of states. In the Debye approximation andrhe ratio g(»)/»? of the PC hydration water, shown for
at low frequencyg(v) turns out to be proportional to? and  some temperatures in the inset of Fig. 4, reveals at 100 K a
n(»,T) is approximated bkgT/hv; accordingly, a constant bump located around 1.3 meV which shifts to a slight lower
trend as a function of frequency is expected for the dynamifrequency at 180 K; conversely, at higher temperat(229
cal structure factor. Therefore, the observed peak represerasid 300 K, this peak essentially disappears. Therefore, the
an excess of vibrational states over the flat Debye levepresence of such a peak in the density of the states, which is
(boson peak located almost at the same position observef(ip, v), pro-

To confirm this finding, the density of statgév) of PC  vides further support for the presence of a boson peak in the
hydration water has been derived from the spectral densititydration water below the dynamical transition of the
C,,(v) of the velocity autocorrelation functio@,,(t): protein.

-

FIG. 4. Incoherent dynamical
structure factoiS(q,v) as a func-
tion of energy at a fixed| value
(q=2 A1) of the water oxygen
atoms around PC for different
temperatures: 100, 150, 180 ,200,
220, 260, and 300 K from bottom
to top. Inset: Density of stat¢&q.
(6)] divided by»? as a function of
energy at 100 K(white circles,
180 K (black circles, 200 K
(black squares and 220 K(white
squares Solid lines are a guide to
eye.

gV (a.u)

i
hv(meV)

S(q,v) (arb. units)
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IV. DISCUSSION 1.0 T T - T T

The dynamical behavior of hydration water around PC 08k - + 100K d=2.05d=1.89 pn=179 |
reveals some properties which, if on the one hand they mark- v 220K dF211d=1.75 p=1.82
edly deviate from those of the bulk, on the other are closely _ 0.6 300K d=2.18d=1.44 =157
reminiscent of those observed in many disordered systems. <=
Moreover, the dynamics of the PC hydration water appears ©& 0.4
to evolve with temperature in a way that suggests an inter-

play with the protein dynamics. Actually, at low temperature, 02
at which only localized vibrational motions of the macromol- 0.0
ecule are active, the diffusion of hydration water is almost : - P—

normal[ @=1 in Eq.(1)]. Conversely, at higher temperature, 0 1 2 rA) 3 4 5
and in particular just at the glass transition temperature of PC - - - -

[36], at which the onset of anhf_alrmc_)nic stochastic fluctuations FIG. 5. Probability distributiorP(r,t) as a function of the dis-
take,s placg47], anomalous diffusion ¢<1) apPea,rS and_ tance traveled at the fixed tinte=3 ps, calculated from the MD
persists up to room temperature. Such behavior is particusimyated trajectories of water oxygen atoms around PC for three
larly relevant also in connection with the fact that MD simu- gitferent temperatures: 100, 220, and 300 K. The continuous lines

lations of supercooled bulk water, based on the same poteRre the best fit curves obtained at the same level of accueacy
tial model for water, do not reveal any diffusive anomaly in evaluated byy? tesh by using Eqs(8) and (11).

a wide temperature randd4,4§. We note that, as a direct

consequence of the presence of anomalous diffusion, an ufrom which, by assumingls#d;#d, it comes out tha{8
equivocal value for the diffusion coefficient cannot be deter-«0 andy+ 2 and then the propagator of E®) is no longer
mined and some caution in the analysis of water mobilityGaussia50]. In the framework of this model, the following

around biomolecules is required, as remarked in REI].  expression for the long time limit MSD can be worked out:
The presence of anomalous diffusion was previously re-

ported to occur in PC hydration water at room temperature (ArZy~ds/dr, (10

[12]. At that time, it was suggested that the spatial disorder ] ] ]

connected to the roughness of the protein surface, as well &¢cording to this expression, the observed trend of dhe

the temporal disorder due to a distribution of jumping times 8XPonent, shown in the inset of Fig. 1, can be traced back to

or to a concerted diffusion of particles trapped in the cage§n evolution with temperature of thig and/ord; parameters.

formed by the nearest neighbors, could be in some way re_Conversely, a ;prefad of thg waiting time bet.ween successive

sponsible for such a phenomen@hd]. The present results, JUMPS of the dlffusmg particles could give rise to a type.of

which extend the previous analysis to cover a wider temperd€mporal disorder which can be described by the following

ture range spanning well below and above the protein dyform for the propagatof9,50]:

namical transition temperature, can provide us with insight o (u-1)2eB by

about the mechanisms underlying the diffusive processes. P(r,t)=t ghe 1D
Generally, normal diffusion can be described by a Gauss- - . e

ian shape for the probability distributid?(r,t) of finding a V:Vf:?(r?,ft_ll)s/z?s ?ﬁéaggfﬁ,rgr\?;?if&etﬂ;?;e:'?,an'ftggl(ﬁfg'

tagged particle at at the timet, when starting at the origin at y are given by

t=0, and the propagator takes the form

2—u 2

dr
42 = —, =—. 12
P(r t)= 477Dt) o~ dr2i2Dt) @) B 34 Y 34 (12

. . . . . L ., Again, the propagator of Eq11) deviates from a Gaussian
Whergd IS the dimensionality of .the Spe}t|al region n Wh'Ch for u# 2. In this framework, the long time limit MSD can be
the diffusion process occurs abdis the diffusion coefficient expressed by

of the particles. A Gaussian propagator results in the well-
known Einstein relationship which connects the long time (Ar?)~tr1, (13
limit MSD andD. For particles diffusing on a fractal surface,
such as the solvent accessible surface of many globular préccordingly, the trend of ther exponent shown in the inset
teins, including PJ49], the propagatoP(r,t) can be ex- of Fig. 1 would involve a corresponding evolution of tphe
pressed by9,50] parameter with temperature.
On the other hand, knowledge of the MD simulated tra-
P(r,t) =t 92gPe~a1é” (8)  jectories allows us to determine this probability distribution
] ] ) ) P(r,t) and therefore to compare it with those corresponding
whered; is the spectral dimensionality of the fractal surface;iq the theoretical modelkEgs. (8) and (11)]. Such a prob-
g¢=rt~ris the scaling variable assumed to be greater thap;jity distribution, calculated at a fixed tinte=3 ps, as a
1, andd; is the fractal dimensionality of the surface; a8d  function of the traveled distanceis shown in Fig. 5, for
andy are three different temperatured00, 220, and 300 K The
de(di—dy) 2d broadening with temperature of th(r,t) curves indicates
S Ml y= f (9) that the mobility of water molecules is enhanced by increas-
2d¢—ds ’ 2d¢—dy’ ing the temperature. These data can be reproduced, at almost
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the same level of accuracy, by both E¢®.and(11) (see the be traced back to a rugged energy landscape and then to the
continuous lines and the legend of Fig. $his means that, existence of a huge amount of CS, whose topological orga-
from a formal point of view, both the models can adequatelynization depends on the solvef®2,47. A similar descrip-
describe the diffusive process and its evolution with tem-ion can be invoked for the energy landscape of the solvent
perature in our system. The values of the fitting parameterspn close contact with the protein macromolecule. Such a pic-
for both cases, are also reported in Fig. 5. We note thature is supported by a recent MD simulation study on a glass-
while d; decreases, bottl; and theu parameters show an forming liquid, which suggests that the appearance of a
increasing trend on lowering the temperature. If we look atstretched exponential relaxation could arise from the exis-
these values in connection with the previous analysis, it aptence of many nearly isoenergetic local minima whose ex-
pears that, for both the models, the propagator closely apploration is strongly dependent on temperati&4]. In light
proaches a Gaussian at the temperature of 100 K, while if these results, and in connection with the fact that the pro-
markedly deviates from it at 300 K; such behavior impliestein and the solvent exist in a sort of symbiosis, the energy
that the physical mechanism underlying the diffusive procesgandscape of both systems should be conceived as a global
can be deeply affected by the temperature. If we assume thahtity [55].

the diffusion is driven by the Spatlal disorder at the interface, At low temperature’ thes(q,t) curves reveal a two Step

a variation of both thel; andds parameters with temperature re|axation behavior and the appearance of a plateau, depend-
should be conceived. However, this is not consistent with th(,a,ng on the temperature, reflects a slowing down of the water
fact that both the fractal and spectral dimensionalities of SYSgynamics. Such behavior, which has also been observed in
tems similar to ours are expected to be substantially indepe%’upercooled bulk watdi4], could be due to a sort of trap-

dent of 'gemperaturéSl,SZ. On.the other hand, under thg g’ng of the molecules in a cage formed by the nearest neigh-
assumption that the temporal disorder could be at the basis Eors. In other words, the water molecule could be rattling in

the observed diffusive process, the evolution of the Parami e cage until it reaches sufficient energy to overcome the
eter u with temperature should be taken into account. In this 9 gy

respect, we remark that an analysis of the residence times §feray barrier or to find a vacancy outside the ctge|

water, at room temperature, around PG] showed a power S_UCh a hopping process of a single molecule may requi_re a
law distribution of these times; such a distribution havingsmultane_ous_ rearrangement of a large number of particles
been described in terms of the above mentioned temporgUrrounding it. An estimation of the cage radiugan be
disorder modef4]. Generally, this behavior reflects a spread©Ptained, in the framework of the MC[34], from the A
of the times that water molecules spend at the various proteiffeexponential factor in Eq3) through the expressioa
sites, possibly arising from the heterogeneity of the environ=e~ "9, Actually, if we use forq a value of 2 A%, we
ment, which, in addition, undergoes stochastic fluctuationsobtain a cage radiusof ~0.3 A, a value which is consis-
While the spatial heterogeneity, which represents an intrinsitent with the effective hard core diameter of watgr4,44.
property of the protein system, should not change with temMoreover, such a finding is in agreement with the behavior
perature, the fluctuations connected to the dynamical behawbserved at different length scales. Actually, when Iqw
ior of the macromolecule could be drastically affected by thevalues, corresponding to a length scale larger in comparison
temperature. Actually, above the glass transition temperawith the cage dimension, are taken into account, the plateau
ture, the enhancement of the macromolecular flexibility, in-disappears and the relaxation converges toward simple expo-
volving larger atomic displacements, could determine anential decay @=1); conversely, for shorter length scales,
larger spread in the position of water molecules if comparedhe stretched exponential behavior persists.
to that occurring at low temperature at which only harmonic, On the other hand, the dynamics that characterizes the
small amplitude, motions take place in the macromoleculeescape from the cage, occurring before the complete estab-
On such a basis, the temporal disorder could be a more likelishment of the long time relaxation, can be described by the
candidate to describe the occurrence of anomalous diffusioman Schweidler law[see Eq.(4)] [34]. Such an approach
in our system. The fact that anomalous diffusion is not reg-allows us to independently evaluate the cage dimension. Ac-
istered in supercooled bulk watp44,48, as already men- tually, theB parameter in Table Il can be related to the cage
tioned, is strongly indicative of a modulation of the diffusive radius through the expressi@= (1—qg?r?) from which we
behavior by the interaction of water molecules with the pro-can extract values ranging from 0.25 to 0.28 A, in satisfac-
tein atoms at the interface. tory agreement with the previous estimate. Concernindthe
Additional insights into the dynamics of the hydration wa- parameter, whose values are also reported in Table Il, we
ter can be obtained from analysis of the intermediate scattenote that it essentially does not depend on temperature, such
ing function. We have shown that, at high temperature, thidbehavior being consistent with the hypothesis thais a
quantity follows a stretched exponential relaxation decaygharacteristic quantity of the system, related to its spatial
which is a common feature of disordered syst¢B8+. Such  organizatior{34]. The fact that, in PCh is found to be larger
relaxation behavior is particularly remarkable when it is con-than in the myoglobin hydration wateb € 0.55) [3] could
sidered in connection with the nonexponential relaxatiorreflect the different spatial arrangement of the solvent around
trend of other related chemicophysical parameters observatie two macromolecules characterized by a different second-
in proteins. For example, the kinetics of CO rebinding toary structure.
myoglobin (1 of its biological substratess nonexponential All the properties analyzed show that the dynamics of PC
in time and it deviates from Arrhenius behavi@¥7]. This  hydration water, whose features appear to be strongly af-
feature, which reflects a dynamics ruled by a non-Markoviarfected by the dynamics of the macromolecule, displays close
statistics and characterized by several time scd@d8f can  analogies to that of other amorphous systems. In this respect,
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we remark that our data on the intermediate scattering fundact between the solvent exposed protein residues and the
tion show a close similarity with those obtained by MD water molecules could give rise to a sort of vibrational cou-
simulation on supercooled bulk water whose dynamics wagling between the two systems. The density fluctuations of
also described in the framework of the M(44,48,54. the whole system, shown to be of long range and collective
A further support for the glassy character of protein hy-character and of biological relevance, would primarily arise
dration water is provided by the occurrence of the low fre-from the fact that solvent water could “inject” its dynamics
quency peak in bot(q, ») and the density of states. Such a into the protein sidechaink2], whose librations have been
peak, preliminarily presented in R¢b], is closely reminis-  ghown to be strictly dependent on the hydrogen bond net-

cent of the low frequency vibrational anomaly typical of \ ok restructuring dynamics occurring at the protein-solvent
glassy materials, usually called the boson pegk15. It is interface[61]

worthy of note that the existence of such a peak in protein The strict interplay between the protein and the solvent is

hydration water was first put into evidence by MD simula- further supported by the presence of“Lhoise in these sys-

tion [5], and recently confirmed by a neutron scattering stud .
[14]. By the way, the MD analysis revealed the presence iﬁe_ms. Actually, we have shown the appear.anceb“f mblse.’
ith the same value for ther exponent, in the potential

the dynamical susceptibility of the water translational ban . :

in the hydration water around PG]; such a band appears energy fluctuations of both PC and the surrounding solvent

similar to that observed in MD simulated bulk waié6] as [62]. | C;eneralllly, 1§ noise, a feature .fOf d'.ss'p.":lt'vﬁly

well as in myoglobin hydration water as investigated by ney-COUPIET, noniinear systen[ﬁs], IS a manifestation in the
temporal domain of complexity and it could be connected in

tron scatterind 3. fte3Pme way to the density of stated4]. In this framework, it

The origin of the boson peak observed in glasses has o
been attributed to the topological disorder of the sysie6i can be suggested that a sort of exchange of modes between
the protein and the surrounding solvent could occur. On the

It has been hypothesized that it could originate from struc . . .
yP 9 er hand, since ¥ noise has been related to the existence

tural correlations over an intermediate range scale, associatéX

with localized excitations which give rise to a strong scatter0! & multiplicity of metastable statef$3,69, an interplay

ing of acoustic phonons. In other words, it is believed thalbetvl‘éeen t_hebmacr(_)moleé:uller z;nd solvent enerz_g);] Iarr]wdslt(:jage
density fluctuations on domains of medium order, due to th&©U!d again be envisaged. All these aspects, which should be

intrinsic heterogeneity of glassy systems, could be respo analyzed also in connection_ with the fgnctional Irole played
sible for the strong scattering of acoustic localized excitaPy the macromolecule, require further investigation.

tions and then lead to the observed enhancement of low fre-

quency mode$16,51,58. It could then be speculated that

the concerted motions of particles trapped in the cages, V. CONCLUSIONS

which may involve a large region, might be connected to the
low frequency vibrational excess of modes appearing in th?vh
dynamical structure factor. Actually, in the Debye approxi-
mation, a relationship between the peak frequencgnd the
correlation lengthé characterizing this intermediate range
order has been postulateth]:

Hydration water around PC exhibits dynamical properties
ose features are closely reminiscent of those observed in
glassy systems. The unusual interactions with protein atoms
are expected to be responsible for the observed dynamical
behavior of the solvent. The occurrence of hydration water
anomalous diffusion, which has been traced back to the pres-
ence of a temporal disorder at the interface, is observed at the
Vs same temperature at which the protein dynamical transition
Vozz—gy (14)  takes place; such behavior is probably correlated to the en-
hanced macromolecular stochastic motions above the glass
transition temperature. Further evidence of a close connec-
whereu is the sound velocity. Even if it is not easy to get ation between the solvent and the protein dynamics is pro-
reliable estimate of the acoustic mode propagation velocityided by the stretched exponential relaxation of the water
in a hydrated protein system, a value fqrranging between intermediate scattering function above the protein dynamical
2000 and 4000 m/s for proteins at different hydration levelsransition temperature. In addition, the dynamical behavior
has been suggestd8,59). By using such values, together of hydration water at the interface indicates the presence of
with a boson peak enerdyvy~1.5 meV, Eq.14) provides  structural correlations involving different length scales. At
a correlation lengtt¥ between 7 and 14 A. This value could low temperature, hydration water molecules appear to be
be consistent with the presence of some collective motionsrapped in cages formed by the nearest neighbors, and a si-
whose spatial extension covers a large part of the proteimultaneous rearrangement of several particles is required to
macromolecule. We would like to focus our attention on theactivate the hopping events at the basis of the diffusive and
fact that a boson peak, centered at about the same frequencglaxation processes. Moreover, concerted motions of par-
was detected by MD simulation in both the protein macro-ticles, characterized by length scales spanning a quite large
molecule and the surrounding solvg¢bt60], this result hav- portion of the system, have been hypothesized to be at the
ing been confirmed by recent neutron scattering resultsrigin of the low frequency vibrational excess of modes ob-
[60,14]. As already mentioned, the presence of such an exserved in the hydration water. The presence of such an ex-
cess of modes appears to be a sort of universal feature @&ss of modes, when considered in connection with the simi-
proteins, of their structure or folding. Our results suggest thalar vibrational anomaly shown by the protein, might suggest
a similar universality might also be invoked for the bosona possible, intriguing, dynamical coupling between the mac-
peak of hydration water around proteins. The intimate confromolecule and the surrounding solvent.
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