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Glasslike dynamical behavior of the plastocyanin hydration water

Anna Rita Bizzarri, Alessandro Paciaroni, and Salvatore Cannistraro
Unità INFM, Dipartimento di Fisica dell’Universita`, I-06100 Perugia, Italy

and Dipartimento di Scienze Ambientali, Universita` della Tuscia, I-01100 Viterbo, Italy
~Received 5 November 1999; revised manuscript received 14 February 2000!

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
ta trend for all temperatures. Below 150 K,a 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 vectorq. 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 number~s!: 87.15.He, 66.10.2x
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I. INTRODUCTION

The question of the glassiness of the hydration water
rounding a protein macromolecule is still an open probl
which has recently received great attention in connec
also with protein dynamics and functionality@1–5#. With
decreasing temperature, crystallization of water belongin
the shells close to the protein surface can be suppressed
an amorphous state for the hydration water can be envisa
@6,7#. On the other hand, the structural and dynamical pr
erties of protein hydration water, markedly deviating fro
those of the bulk, exhibit a number of interesting and unus
phenomena@2,5,8–11#, whose occurrence can be ascribed
the unusual interactions with solvent exposed protein ato
possibly modulated by the hydrogen bond network dynam
at the interface. In particular, a sublinear trend with an
isotropic character characterizes the molecular dynam
~MD! simulated mean square displacements~MSD’s!, at
room temperature, of water moving in the proximity of th
protein surface@3,12#. Such a phenomenon, experimenta
supported by neutron scattering@3#, is clear evidence for the
occurrence of anomalous diffusion of hydration water n
the protein surface. In addition, a nonexponential decay
the relaxation of the survival time correlation function in t
first hydration layer can be observed@8,9,13#. All these fea-
tures, which may relate to the unusual organization of s
vent water at the interface, are reminiscent of those of o
amorphous systems@4#.

Furthermore, a MD simulation approach has allowed u
show the existence of an excess of low frequency vibratio
modes, over the estimated Debye level, in the density
states of hydration water around plastocyanin~PC! @5#; an
experimental confirmation of this result was provided ve
recently by neutron scattering@14#. Such a vibrational
PRE 621063-651X/2000/62~3!/3991~9!/$15.00
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anomaly, sometimes called the boson peak, is a signatur
the disordered, amorphous state, whose origin is still am
debated@15–18# and might be connected to the low temper
ture thermal anomalies in these systems@19#. Indeed, the
presence of a low frequency peak in the dynamical struc
factorS(q,n), generally located in the 0.1–5 meV range, h
been detected, by different experimental and MD simulat
approaches, in a large variety of glassy systems@15,20#, and,
remarkably, in several proteins@21–26#. The simultaneous
occurrence of such a vibrational anomaly in both the hyd
tion water and the protein has led us to speculate abo
possible interplay between the macromolecule and the
rounding solvent vibrational features@5,14#.

On the other hand, there is ample evidence of a signific
influence exerted by the hydration water on the macrom
ecule dynamics. A minimum amount of water~about 0.40 g
of water per g of protein! is required to fully activate the
protein dynamics and functionality@1,27#. The dynamics of
the hydration shells around a macromolecule, character
by a continuous forming and breaking of hydrogen bo
patches and involving the presence of a multiplicity of wa
states at the macromolecular surface@6#, has been hypoth-
esized to be responsible for the existence of conformatio
substates~CS’s! @6#, local minima in the potential energ
landscape of the protein@28#. Sampling of the CS, which is
coupled to the onset of anharmonic protein motions@29#,
occurs above the dynamical transition temperature@30,31#,
whose value has been found to be ‘‘slaved’’ to the solv
composition@32#. Generally, such a dynamical transition
proteins is closely reminiscent of that occurring in glass
@33#, and it has been suggested that the surrounding w
may act as a trigger by injecting its own motions into t
protein lateral chains, inducing fast dynamical proces
which, in turn, are precursor of slower, collective macrom
3991 ©2000 The American Physical Society
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FIG. 1. Mean square displace
ment ^Dr 2& 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 a
eraging over a 400 ps time inter
val. Inset:a exponent, as a func-
tion of temperature, derived from
a fit to Eq.~1! in the 100–200 ps
time interval. Solid lines are a
guide to eye.
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lecular motions@6#. These fast and slow relaxations ha
often been related to theb anda relaxation, respectively, in
the framework of mode coupling theory~MCT!, which ac-
counts for the dynamics of glasses@2,34#.

In the present paper, the capabilities of MD simulatio
which has been shown to be a rewarding tool in providing
accurate and reliable description of the dynamics of pro
systems, have been exploited to study the dynamical be
ior of the protein hydration water. To avoid the contributio
arising from the bulk phase, the hydration level has be
restricted to the first hydration shell, at which, however
complete activation of protein dynamics is reached@27,35#.
The MSD, the intermediate scattering function, and the
namical structure factor of hydration water have been inv
tigated in a wide temperature range, by crossing the temp
ture at which the dynamical transition of the P
macromolecule takes place@36#. Surprisingly enough, hydra
tion water diffusion, which is found normally below 150 K
becomes anomalous at the temperature at which the ons
anharmonic protein motions takes place and remains ano
lous up to room temperature. Such behavior has been
lyzed in connection with the spatial and temporal disorde
the protein-solvent interface. The intermediate scatter
function and the dynamical structure factor, analyzed a
function of temperature, reveal dynamical anomalies that
be related to the unusual structural and topological organ
tion of the solvent around the macromolecule. Moreover,
overall results point out that the dynamical behavior of h
dration water, on one hand, is reminiscent of that of ot
complex systems, and, on the other, appears to be str
coupled to the dynamics of the macromolecule.

The paper is organized as follows. In Sec. II, the M
simulated computational methods are briefly reported. S
tion III is divided into three subsections where the results
presented. In the first one, the MSD and the diffusive pr
erties of hydration water are analyzed. The second one d
with the intermediate scattering function and its relaxat
properties. In the third, an analysis of the dynamical struct
factor, and in particular of the inelastic region, is present
In Sec. IV, a discussion of the results is reported in conn
tion also with the protein dynamical behavior. Finally, co
clusions are drawn in Sec. V.
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II. COMPUTATIONAL METHODS

The MD simulated trajectories of PC, an electron trans
copper protein that takes part in the photosynthetic proc
and of the surrounding water molecules, have been comp
by theGROMOS87program package@37#, including the single
point charge/extended~SPC/E! potential for hydration water
@38#. A modified force has been employed to describe
protein-solvent interactions@39#. A covalent bond between
the copper ion and each of its four ligands has been in
duced to preserve the x-ray structure@40#. PC has been hy-
drated with 230 water molecules corresponding to 0.39 g
water per g of protein. The energy of such a protein-wa
system has been minimized by using the steepest des
method. A cutoff radius of 0.8 nm for nonbonded intera
tions and of 1.4 nm for the long range charged interactio
has been applied.

Simulations at several temperatures~100, 130, 150, 180,
200, 220, 240, 250, 260, 280, and 300 K! have been per-
formed by assigning to each atom Maxwellian velocities
the corresponding temperature. A decreasing positio
restraining force with a constant ranging fro
4000 kJ/(mol nm2) to 250 kJ/(mol nm2) was used during
the first 10 ps. The system was coupled to an external t
perature bath with a relaxation time of 0.1 ps, a sepa
coupling for the protein and the solvent being used. After
initial period of 100 ps during which all the systems rea
thermal equilibrium, a production run of 400 ps was pe
formed. Configurations of all trajectories and energy valu
have been saved every 0.1 ps~for other details see Refs
@36,40#!.

III. RESULTS

A. Mean square displacements

Figure 1 shows the MSD̂Dr 2(t)& of water oxygenatoms
around the PC macromolecule, in the 0–200 ps time inter
for different temperatures in the 100–300 K range. At ve
short times, at2 trend, indicative of a ballistic regime, i
registered for the MSD at all the temperatures analyzed
the lowest temperatures, the MSD curves show a plate
such a trend pointing out that the motion of the particles
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FIG. 2. Intermediate scattering
function I s(q,t) as a function of
time of water oxygen atoms
around PC, at a fixedq value (q
52 Å21) 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 att
50. Inset:ta relaxation time as a
function of 1/T. Solid lines are a
guide to eye.
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essentially frozen in the corresponding temporal windo
The onset of the plateau occurs at about 1 ps, while its t
poral extension increases as long as the temperature is
ered, reaching a value of about 10 ps at 100 K. Beyond
plateau, the curves attain a linear trend in the log-log plo
progressively longer times as long as the temperature is
creased. To check that the system has really equilibrate
the temporal window considered, we have extended
analysis up to 1 ns for 100 and 300 K~not shown!; the
results reveal that no changes in thea values are obtained in
agreement with those previously observed by some of
authors@41#. From 100 ps, a power law is able to descri
the long time behavior of the MSD at all the investigat
temperatures:

^Dr 2~ t !&54De f ft
a, ~1!

where De f f is an effective diffusion coefficient which, fo
aÞ1, depends on the distance traveled; such behavior
counts for the large spread inD values observed in the lit
erature when different temporal windows are considered@9#.
On the other hand, Eq.~1! becomes, fora51, the usual
Einstein relationship̂ Dr 2(t)&54Dt where D is the diffu-
sion coefficient. The corresponding values of thea expo-
nent, extracted from the slopes of the curves by a bes
procedure, are plotted as a function of temperature in
inset of Fig. 1. At temperatures below 150 K,a is constant
and practically equal to 1, such behavior being indicative
normal, Brownian, diffusion. The corresponding diffusio
coefficient ranges from 0.005 to 0.020 Å2/ps for tempera-
tures from 100 K to 150 K. We note that these values
much smaller than that obtained, at room temperature, w
all the water molecules in a fully hydrated PC system
taken into account@12#. On the other hand, the possibilit
that the heterogeneity of the water population could h
some relevance on the diffusive properties cannot be ru
out. Upon increasing the temperature, a rapid drop follow
by a progressive lowering ofa is observed. We remark tha
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an a exponent smaller than 1 is indicative of the occurren
of anomalous diffusion and implies that a diffusion coef
cient value cannot be extracted in an unequivocal way@12#.
It is worthy of note that anomalous diffusion is not a unus
ality of low hydrated systems; actually, it takes place also
a fully hydrated PC system, at room temperature, when w
molecules moving close to the macromolecular surface
taken into account. Indeed, ana value less than 1 was als
obtained for myoglobin hydration water, at room tempe
ture, by neutron scattering spectroscopy@3#.

B. Intermediate scattering function

The self-intermediate scattering functionI s(q,t), which
corresponds to the self part of the density-density autoco
lation function or, equivalently, to the spatial Fourier tran
form of the Van Hove correlation function, has been direc
calculated from the MD trajectories of the water oxygen
oms through the relationship

I s~q,t !5 1
3 NK (

i 51

N

exp$ iq•@Ri~ t !2Ri~0!#%L , ~2!

whereN is the total number of water oxygen atoms in t
sample,Ri(t) is the position vector of thei th atom at timet,
and the angular brackets^ & denote averaging over both th
water ensemble and the exchanged momentaq having the
same modulusq, to take into account the anisotropic effec
A q value of 2 Å21, approximatively corresponding to th
first maximum in the structure factorS(q), has been used
Such a function has the advantage that it can easily be m
sured by neutron scattering experiments.

The self-intermediate scattering functionI s(q,t), obtained
from Eq. ~2!, for all the investigated temperatures is show
in Fig. 2. At high temperature,I s(q,t) is characterized, afte
the initial ballistic regime, by a single step time relaxatio
behavior. Upon decreasing the temperature, a small shou
begins to appear at intermediate times this effect becom
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more and more pronounced until a plateau is establishe
the lowest temperatures. In the long time limit, all the curv
eventually decay to zero.

A characteristic relaxation timeta can be singled out a
the time at whichI s(q,t) has decayed to 1/e of its initial
value@42#. The calculatedta values, plotted as ln(ta) vs 1/T
in the inset of Fig. 2, reveal a non-Arrhenius behavior. Ho
ever, for temperatures above 180 K, the almost linear tr
could give some hints about the activation energy for
corresponding process.

For times longer thanta , and for temperatures above 20
K, a stretched exponential or Kohlrausch-Williams-Wa
function

I s~q,t !5Ae2(t/ta)b
~3!

can reliably describe the temporal evolution ofI s(q,t). The
A andb values, as extracted by a best fit procedure from
curves of Fig. 2, are reported in Table I. The preexponen
parameterA is characterized by a slight dependence on te
perature, while theb exponent increases as long as the te
perature is lowered, almost doubling its initial value at t
lowest temperature. This indicates that the stretched re
ation behavior becomes more marked as long as the temp
ture is increased.

At the lowest temperatures, theI s(q,t) curves, from the
end of the plateau, can be appropriately described by
power law, usually called the von Schweidler law,

I s~q,t !5B2CS t

ta
D b

, ~4!

where B,C, and b are fitting parameters@3,34# ~the fitting
curves practically superimpose on the experimental ones
are not shown in Fig. 2!. These parameters are reported
Table II and reveal a weak temperature dependence; in
ticular, all these values, with the exception of theC param-
eter at 130 K, show a slight increasing trend with decreas
temperature.

At low temperatures, slight oscillations, clearly distin
from the noise background, can be observed in theI s(q,t)
plots, starting from about 2.5 ps. Oscillatory behavior
I s(q,t) has been recently interpreted as a time domain m
festation of the boson peak@43,44#. Nevertheless, great cau
tion has been suggested in attributing a physical relevanc
such oscillations, since they could arise from some simu
tion artifacts; e.g., a finite size effect arising from a distu

TABLE I. Stretched exponential fitting parameters of the int
mediate scattering function of water oxygen atoms around PC
extracted by a fit to Eq.~3! in the 100–200 ps time interval.

T(K) b A

300 0.33 0.90
280 0.34 0.95
260 0.36 0.93
250 0.39 0.93
240 0.40 0.91
220 0.50 0.94
200 0.62 0.93
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bance that propagates through the system leaving and r
tering the boundaries of the periodic box at the sou
velocity @45#. It should be remarked, however, that in th
present study we do not apply any kind of boundary con
tions.

To get some hints on the dynamical behavior over diff
ent spatial scales, the intermediate scattering functionI s(q,t)
has been calculated, at 200 K, as a function ofq and it is
shown in Fig. 3. From this figure, it can be remarked that
decay to zero of theI s(q,t) curves becomes slower whe
smallerq values are taken into account; i.e., when progr
sively more extended spatial regions are considered. M
over, the presence of a plateau becomes more and more
dent with increasingq. Again, for times longer than the
relaxation timeta ~calculated by the same procedure r
ported above!, theI s(q,t) curves follow a stretched exponen
tial decay and they can be properly fitted by Eq.~3!. The
inset of Fig. 3 shows the extractedb exponent as a function
of q. This parameter is almost 1 at the smallestq value, while
it continuously decreases on increasingq up to 2 Å21;
thereafter it remains almost constant.

C. The dynamical structure factor

The incoherent dynamical structure factorS(q,n) of PC
hydration water can be directly derived by the temporal F
rier transform ofI s(q,t):

S~q,n!5
1

2pE2`

1`

dt exp~22p int !I s~q,t !. ~5!

In calculatingS(q,n) we used numerical fast Fourier tran
form, and the slowly decaying tail ofI s(q,n) was multiplied
by a Gaussian damping envelope, in agreement with R
@46#, to overcome spurious effects due to truncation.S(q,n),
at aq52 Å21 wave vector, is shown in Fig. 4 for the dif
ferent temperatures analyzed. The spectra of Fig. 4 can
generally interpreted in terms of three main components,
the elastic, the quasielastic, and the inelastic ones, wh
relative intensity depends on the temperature. By restric
our analysis to the inelastic region, we note that, at temp
tures up to 180 K, a broad inelastic bump appears cle
visible in the low frequency region, peaking at about 1
meV. By increasing the temperature, this peak becomes
and less distinct due to the increasing intensity of the qu
elastic contribution. The inelastic nature of this peak is s
ported by an observedq2 variation of its intensity@5#.

-
as

TABLE II. Power law fitting parameters of the intermedia
scattering function of water oxygen atoms around PC as extra
by a fit to Eq.~4! in the 1–100 ps time interval.

T(K) B C b

180 0.70 0.36 0.69
150 0.77 0.40 0.73
130 0.78 0.38 0.76
100 0.82 0.46 0.77
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FIG. 3. Intermediate scattering functionI s(q,t) as a function of time of water oxygen atoms around PC, for differentq values~0.4, 0.8,
1.2, 1.6, 2.0, 2.4, and 2.8 Å21, from top to bottom! at 200 K. Inset:b exponent, as a function ofq extracted from a fit to Eq.~3!, in the long
time tail ~10–200 ps! of I s(q,t). Solid lines are a guide to eye.
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Generally, the frequency dependence of the dynam
structure factor in the inelastic region can be cast in the fo
;(1/n)n(n,T)g(n), where n(n,T) is the Bose factor and
g(n) is the density of states. In the Debye approximation a
at low frequency,g(n) turns out to be proportional ton2 and
n(n,T) is approximated bykBT/hn; accordingly, a constan
trend as a function of frequency is expected for the dyna
cal structure factor. Therefore, the observed peak repres
an excess of vibrational states over the flat Debye le
~boson peak!.

To confirm this finding, the density of statesg(n) of PC
hydration water has been derived from the spectral den
Cvv(n) of the velocity autocorrelation functionCvv(t):
al

d

i-
nts
el

ty

g~n!;Cvv~n!5
1

2pE2`

`

dt exp~22p int !Cvv~ t !. ~6!

The ratio g(n)/n2 of the PC hydration water, shown fo
some temperatures in the inset of Fig. 4, reveals at 100
bump located around 1.3 meV which shifts to a slight low
frequency at 180 K; conversely, at higher temperatures~220
and 300 K!, this peak essentially disappears. Therefore,
presence of such a peak in the density of the states, whic
located almost at the same position observed inS(q,n), pro-
vides further support for the presence of a boson peak in
hydration water below the dynamical transition of th
protein.
l

t
0,
FIG. 4. Incoherent dynamica
structure factorS(q,n) as a func-
tion of energy at a fixedq value
(q52 Å21) of the water oxygen
atoms around PC for differen
temperatures: 100, 150, 180 ,20
220, 260, and 300 K from bottom
to top. Inset: Density of states@Eq.
~6!# divided byn2 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.
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IV. DISCUSSION

The dynamical behavior of hydration water around P
reveals some properties which, if on the one hand they m
edly deviate from those of the bulk, on the other are clos
reminiscent of those observed in many disordered syste
Moreover, the dynamics of the PC hydration water appe
to evolve with temperature in a way that suggests an in
play with the protein dynamics. Actually, at low temperatu
at which only localized vibrational motions of the macromo
ecule are active, the diffusion of hydration water is alm
normal@a51 in Eq.~1!#. Conversely, at higher temperatur
and in particular just at the glass transition temperature of
@36#, at which the onset of anharmonic stochastic fluctuati
takes place@47#, anomalous diffusion (a,1) appears and
persists up to room temperature. Such behavior is part
larly relevant also in connection with the fact that MD sim
lations of supercooled bulk water, based on the same po
tial model for water, do not reveal any diffusive anomaly
a wide temperature range@44,48#. We note that, as a direc
consequence of the presence of anomalous diffusion, an
equivocal value for the diffusion coefficient cannot be det
mined and some caution in the analysis of water mobi
around biomolecules is required, as remarked in Ref.@12#.
The presence of anomalous diffusion was previously
ported to occur in PC hydration water at room temperat
@12#. At that time, it was suggested that the spatial disor
connected to the roughness of the protein surface, as we
the temporal disorder due to a distribution of jumping tim
or to a concerted diffusion of particles trapped in the ca
formed by the nearest neighbors, could be in some way
sponsible for such a phenomenon@4,9#. The present results
which extend the previous analysis to cover a wider temp
ture range spanning well below and above the protein
namical transition temperature, can provide us with insi
about the mechanisms underlying the diffusive processe

Generally, normal diffusion can be described by a Gau
ian shape for the probability distributionP(r ,t) of finding a
tagged particle atr at the timet, when starting at the origin a
t50, and the propagator takes the form

P~r ,t !5S 1

4pDt D
d/2

e(2dr2/2Dt), ~7!

whered is the dimensionality of the spatial region in whic
the diffusion process occurs andD is the diffusion coefficient
of the particles. A Gaussian propagator results in the w
known Einstein relationship which connects the long tim
limit MSD andD. For particles diffusing on a fractal surfac
such as the solvent accessible surface of many globular
teins, including PC@49#, the propagatorP(r ,t) can be ex-
pressed by@9,50#

P~r ,t !5t2ds/2jbe2a1jg
, ~8!

whereds is the spectral dimensionality of the fractal surfac
j5rt 2d/2df is the scaling variable assumed to be greater t
1, anddf is the fractal dimensionality of the surface; andb
andg are

b5
df~df2ds!

2df2ds
, g5

2df

2df2ds
, ~9!
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from which, by assumingdsÞdfÞd, it comes out thatb
Þ0 andgÞ2 and then the propagator of Eq.~8! is no longer
Gaussian@50#. In the framework of this model, the following
expression for the long time limit MSD can be worked ou

^Dr 2&;tds /df . ~10!

According to this expression, the observed trend of thea
exponent, shown in the inset of Fig. 1, can be traced bac
an evolution with temperature of theds and/ordf parameters.
Conversely, a spread of the waiting time between succes
jumps of the diffusing particles could give rise to a type
temporal disorder which can be described by the follow
form for the propagator@9,50#:

P~r ,t !5t2(m21)/2jbe2b1jg
, ~11!

where m is a parameter related to the time distribution,j
5rt (2m21)/2 is the scaling variable, larger than 1, andb and
g are given by

b5
22m

32m
, g5

2

32m
. ~12!

Again, the propagator of Eq.~11! deviates from a Gaussia
for mÞ2. In this framework, the long time limit MSD can b
expressed by

^Dr 2&;tm21. ~13!

Accordingly, the trend of thea exponent shown in the inse
of Fig. 1 would involve a corresponding evolution of them
parameter with temperature.

On the other hand, knowledge of the MD simulated t
jectories allows us to determine this probability distributi
P(r ,t) and therefore to compare it with those correspond
to the theoretical models@Eqs. ~8! and ~11!#. Such a prob-
ability distribution, calculated at a fixed timet53 ps, as a
function of the traveled distancer is shown in Fig. 5, for
three different temperatures~100, 220, and 300 K!. The
broadening with temperature of theP(r ,t) curves indicates
that the mobility of water molecules is enhanced by incre
ing the temperature. These data can be reproduced, at al

FIG. 5. Probability distributionP(r ,t) as a function of the dis-
tance traveled at the fixed timet53 ps, calculated from the MD
simulated trajectories of water oxygen atoms around PC for th
different temperatures: 100, 220, and 300 K. The continuous li
are the best fit curves obtained at the same level of accuracy~as
evaluated byx2 test! by using Eqs.~8! and ~11!.
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the same level of accuracy, by both Eqs.~8! and~11! ~see the
continuous lines and the legend of Fig. 5!. This means that
from a formal point of view, both the models can adequat
describe the diffusive process and its evolution with te
perature in our system. The values of the fitting paramet
for both cases, are also reported in Fig. 5. We note t
while df decreases, bothds and them parameters show a
increasing trend on lowering the temperature. If we look
these values in connection with the previous analysis, it
pears that, for both the models, the propagator closely
proaches a Gaussian at the temperature of 100 K, whi
markedly deviates from it at 300 K; such behavior impli
that the physical mechanism underlying the diffusive proc
can be deeply affected by the temperature. If we assume
the diffusion is driven by the spatial disorder at the interfa
a variation of both thedf andds parameters with temperatur
should be conceived. However, this is not consistent with
fact that both the fractal and spectral dimensionalities of s
tems similar to ours are expected to be substantially indep
dent of temperature@51,52#. On the other hand, under th
assumption that the temporal disorder could be at the bas
the observed diffusive process, the evolution of the para
eterm with temperature should be taken into account. In t
respect, we remark that an analysis of the residence time
water, at room temperature, around PC@13# showed a power
law distribution of these times; such a distribution havi
been described in terms of the above mentioned temp
disorder model@4#. Generally, this behavior reflects a spre
of the times that water molecules spend at the various pro
sites, possibly arising from the heterogeneity of the envir
ment, which, in addition, undergoes stochastic fluctuatio
While the spatial heterogeneity, which represents an intrin
property of the protein system, should not change with te
perature, the fluctuations connected to the dynamical be
ior of the macromolecule could be drastically affected by
temperature. Actually, above the glass transition temp
ture, the enhancement of the macromolecular flexibility,
volving larger atomic displacements, could determine
larger spread in the position of water molecules if compa
to that occurring at low temperature at which only harmon
small amplitude, motions take place in the macromolec
On such a basis, the temporal disorder could be a more li
candidate to describe the occurrence of anomalous diffu
in our system. The fact that anomalous diffusion is not r
istered in supercooled bulk water@44,48#, as already men-
tioned, is strongly indicative of a modulation of the diffusiv
behavior by the interaction of water molecules with the p
tein atoms at the interface.

Additional insights into the dynamics of the hydration w
ter can be obtained from analysis of the intermediate sca
ing function. We have shown that, at high temperature,
quantity follows a stretched exponential relaxation dec
which is a common feature of disordered systems@34#. Such
relaxation behavior is particularly remarkable when it is co
sidered in connection with the nonexponential relaxat
trend of other related chemicophysical parameters obse
in proteins. For example, the kinetics of CO rebinding
myoglobin ~1 of its biological substrates! is nonexponential
in time and it deviates from Arrhenius behavior@47#. This
feature, which reflects a dynamics ruled by a non-Markov
statistics and characterized by several time scales@53#, can
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be traced back to a rugged energy landscape and then t
existence of a huge amount of CS, whose topological or
nization depends on the solvent@32,47#. A similar descrip-
tion can be invoked for the energy landscape of the solv
in close contact with the protein macromolecule. Such a p
ture is supported by a recent MD simulation study on a gla
forming liquid, which suggests that the appearance o
stretched exponential relaxation could arise from the e
tence of many nearly isoenergetic local minima whose
ploration is strongly dependent on temperature@54#. In light
of these results, and in connection with the fact that the p
tein and the solvent exist in a sort of symbiosis, the ene
landscape of both systems should be conceived as a g
entity @55#.

At low temperature, theI s(q,t) curves reveal a two step
relaxation behavior and the appearance of a plateau, dep
ing on the temperature, reflects a slowing down of the wa
dynamics. Such behavior, which has also been observe
supercooled bulk water@44#, could be due to a sort of trap
ping of the molecules in a cage formed by the nearest ne
bors. In other words, the water molecule could be rattling
the cage until it reaches sufficient energy to overcome
energy barrier or to find a vacancy outside the cage@34#;
such a hopping process of a single molecule may requi
simultaneous rearrangement of a large number of parti
surrounding it. An estimation of the cage radiusr can be
obtained, in the framework of the MCT@34#, from the A
preexponential factor in Eq.~3! through the expressionA
5e2r 2q2/3. Actually, if we use forq a value of 2 Å21, we
obtain a cage radiusr of ;0.3 Å, a value which is consis
tent with the effective hard core diameter of water@3,4,44#.
Moreover, such a finding is in agreement with the behav
observed at different length scales. Actually, when lowq
values, corresponding to a length scale larger in compar
with the cage dimension, are taken into account, the plat
disappears and the relaxation converges toward simple e
nential decay (b51); conversely, for shorter length scale
the stretched exponential behavior persists.

On the other hand, the dynamics that characterizes
escape from the cage, occurring before the complete es
lishment of the long time relaxation, can be described by
van Schweidler law@see Eq.~4!# @34#. Such an approach
allows us to independently evaluate the cage dimension.
tually, theB parameter in Table II can be related to the ca
radius through the expressionB5(12q2r 2) from which we
can extractr values ranging from 0.25 to 0.28 Å, in satisfa
tory agreement with the previous estimate. Concerning thb
parameter, whose values are also reported in Table II,
note that it essentially does not depend on temperature,
behavior being consistent with the hypothesis thatb is a
characteristic quantity of the system, related to its spa
organization@34#. The fact that, in PC,b is found to be larger
than in the myoglobin hydration water (b50.55) @3# could
reflect the different spatial arrangement of the solvent aro
the two macromolecules characterized by a different seco
ary structure.

All the properties analyzed show that the dynamics of
hydration water, whose features appear to be strongly
fected by the dynamics of the macromolecule, displays cl
analogies to that of other amorphous systems. In this resp
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we remark that our data on the intermediate scattering fu
tion show a close similarity with those obtained by M
simulation on supercooled bulk water whose dynamics w
also described in the framework of the MCT@44,48,56#.

A further support for the glassy character of protein h
dration water is provided by the occurrence of the low f
quency peak in bothS(q,n) and the density of states. Such
peak, preliminarily presented in Ref.@5#, is closely reminis-
cent of the low frequency vibrational anomaly typical
glassy materials, usually called the boson peak@57,15#. It is
worthy of note that the existence of such a peak in prot
hydration water was first put into evidence by MD simu
tion @5#, and recently confirmed by a neutron scattering stu
@14#. By the way, the MD analysis revealed the presence
the dynamical susceptibility of the water translational ba
in the hydration water around PC@5#; such a band appear
similar to that observed in MD simulated bulk water@56# as
well as in myoglobin hydration water as investigated by n
tron scattering@3#.

The origin of the boson peak observed in glasses has o
been attributed to the topological disorder of the system@16#.
It has been hypothesized that it could originate from str
tural correlations over an intermediate range scale, assoc
with localized excitations which give rise to a strong scatt
ing of acoustic phonons. In other words, it is believed t
density fluctuations on domains of medium order, due to
intrinsic heterogeneity of glassy systems, could be resp
sible for the strong scattering of acoustic localized exc
tions and then lead to the observed enhancement of low
quency modes@16,51,58#. It could then be speculated tha
the concerted motions of particles trapped in the cag
which may involve a large region, might be connected to
low frequency vibrational excess of modes appearing in
dynamical structure factor. Actually, in the Debye appro
mation, a relationship between the peak frequencyn0 and the
correlation lengthj characterizing this intermediate rang
order has been postulated@16#:

n05
vs

2j
, ~14!

wherevs is the sound velocity. Even if it is not easy to get
reliable estimate of the acoustic mode propagation velo
in a hydrated protein system, a value forvs ranging between
2000 and 4000 m/s for proteins at different hydration lev
has been suggested@6,59#. By using such values, togethe
with a boson peak energyhn0;1.5 meV, Eq.~14! provides
a correlation lengthj between 7 and 14 Å. This value cou
be consistent with the presence of some collective moti
whose spatial extension covers a large part of the pro
macromolecule. We would like to focus our attention on t
fact that a boson peak, centered at about the same frequ
was detected by MD simulation in both the protein mac
molecule and the surrounding solvent@5,60#, this result hav-
ing been confirmed by recent neutron scattering res
@60,14#. As already mentioned, the presence of such an
cess of modes appears to be a sort of universal featur
proteins, of their structure or folding. Our results suggest t
a similar universality might also be invoked for the bos
peak of hydration water around proteins. The intimate c
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tact between the solvent exposed protein residues and
water molecules could give rise to a sort of vibrational co
pling between the two systems. The density fluctuations
the whole system, shown to be of long range and collec
character and of biological relevance, would primarily ar
from the fact that solvent water could ‘‘inject’’ its dynamic
into the protein sidechains@2#, whose librations have bee
shown to be strictly dependent on the hydrogen bond n
work restructuring dynamics occurring at the protein-solv
interface@61#.

The strict interplay between the protein and the solven
further supported by the presence of 1/f a noise in these sys
tems. Actually, we have shown the appearance of 1/f a noise,
with the same value for thea exponent, in the potentia
energy fluctuations of both PC and the surrounding solv
@62#. Generally, 1/f a noise, a feature of dissipativel
coupled, nonlinear systems@63#, is a manifestation in the
temporal domain of complexity and it could be connected
some way to the density of states@64#. In this framework, it
can be suggested that a sort of exchange of modes betw
the protein and the surrounding solvent could occur. On
other hand, since 1/f a noise has been related to the existen
of a multiplicity of metastable states@63,65#, an interplay
between the macromolecular and solvent energy landsc
could again be envisaged. All these aspects, which shoul
analyzed also in connection with the functional role play
by the macromolecule, require further investigation.

V. CONCLUSIONS

Hydration water around PC exhibits dynamical propert
whose features are closely reminiscent of those observe
glassy systems. The unusual interactions with protein ato
are expected to be responsible for the observed dynam
behavior of the solvent. The occurrence of hydration wa
anomalous diffusion, which has been traced back to the p
ence of a temporal disorder at the interface, is observed a
same temperature at which the protein dynamical transi
takes place; such behavior is probably correlated to the
hanced macromolecular stochastic motions above the g
transition temperature. Further evidence of a close conn
tion between the solvent and the protein dynamics is p
vided by the stretched exponential relaxation of the wa
intermediate scattering function above the protein dynam
transition temperature. In addition, the dynamical behav
of hydration water at the interface indicates the presenc
structural correlations involving different length scales.
low temperature, hydration water molecules appear to
trapped in cages formed by the nearest neighbors, and
multaneous rearrangement of several particles is require
activate the hopping events at the basis of the diffusive
relaxation processes. Moreover, concerted motions of
ticles, characterized by length scales spanning a quite la
portion of the system, have been hypothesized to be at
origin of the low frequency vibrational excess of modes o
served in the hydration water. The presence of such an
cess of modes, when considered in connection with the s
lar vibrational anomaly shown by the protein, might sugg
a possible, intriguing, dynamical coupling between the m
romolecule and the surrounding solvent.
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