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Glass transition in protein hydration water
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A model of two-dimensional water is studied in order to analyze recent dielectric measurements on pr
hydration water. The frustration introduced by the coupling of the water molecules to the protein sur
prevents a true crystallization and induces a smooth transition to a glassy state that is detected by its st
factor and the stretched exponential behavior of the cage correlation function that measures the rate of c
of the hydrogen bond network around each molecule. The spectrum of the fluctuations in the vicinity o
glass transition exhibits 1/f a noise in agreement with the dielectric measurements. The results suggest
two-dimensional water, which can be probed by dielectric measurements, could be an interesting syst
study the glassy behavior of water.

DOI: 10.1103/PhysRevE.64.011109 PACS number~s!: 05.20.2y, 77.22.2d, 87.15.2v, 05.70.Fh
i-
st
l f
ce

dy
w
o
r-
te
us
c
ia

te
op

tri
h
kl
a

st
ar

la
te

-
ile
ce
v

lay
th

to
tu
n
e

tum
f
ults
ents
the

ni-
er
lar

is
y to
r of
ven
ent
n
in
de-
tely
tell
be-
eir
is
t

s the
ffi-
to

of a
the
ibit
ran-

ent
icu-
by

n

wo
y

I. INTRODUCTION

Water is essential for the stability and function of biolog
cal molecules and its importance in physics and chemi
cannot be underestimated. However its properties are stil
from being completely understood. There has been a re
renewal of interest in its dynamics and thermodynamics@1#,
and the results support the hypothesized continuity of
namic functions between the liquid and glassy states of
ter. While experimental studies of the glassy behavior
bulk water are extremely difficult, hydration water, in pa
ticular water on the surface of proteins, can provide an in
esting alternative to study the slow dynamics water beca
in this case, the binding of the molecules to a substrate
prevent crystallization. Slow dynamics of protein interfac
water has been observed by neutron diffusion@2# but recent
studies using dielectric measurements have exhibited in
esting properties that can be precisely characterized and
the way for a better understanding of interfacial water@3–5#.

Contrary to the neutron investigations, these dielec
measurements are not probing the interfacial water attac
to the surface of a protein in solution, but they study wea
hydrated protein powders, which are covered by a sm
amount of water~less than a monolayer!. When the water
coverage increases, the bound water molecules form clu
that exhibit a percolation transition detectable by a sh
increase of the protonic conductivity@6#. Moreover, recent
studies of the temperature dependence of the dielectric re
ation exhibited a freezing of the proton dynamics associa
to the divergence of the longest relaxation time@3,4# indicat-
ing that the hydrated protein is aproton glass.Above the
transition temperature ('270 K), the relaxation is non
Arrhenius and well described by a Vogel-Fulcher law, wh
at low temperature an Arrhenius temperature dependen
detected. It is interesting to notice that similar results ha
been obtained for two-dimensional water in vermiculite c
@7#, with a non-Arrhenius temperature dependence in
range 215–265 K.

Measurements of the proton mobility are closely linked
the dynamics of the water molecules themselves. Early s
ies of proton mobility in ice@8# had introduced the polaro
concept suggesting that protons were not moving indep
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dently of the surrounding water molecules. Recent quan
mechanical calculations@9,10# confirm that the dynamics o
protons is governed by solvent fluctuations. These res
suggest that, in order to analyze the dielectric measurem
on proton transfer, one must first study the dynamics of
hydration-water molecules themselves.

In this work our aim is to propose and investigate a mi
mal model of protein hydration water. Using the full pow
of supercomputers, it is possible to proceed to molecu
dynamics simulations of realistic models of water@1#, and
nowadays similar simulation of an hydrated protein
achievable although the very long time scales necessar
properly investigate a glass transition may be at the borde
current possibilities. These studies are interesting but, e
for elaborate models, their validity is nevertheless depend
upon the validity of the model and, for protein hydratio
water, the results would only be valid for the specific prote
studied. Moreover, as realistic models are designed to
scribe all the properties of the water molecules as accura
as possible, such molecular dynamics simulations do not
which of these properties is responsible of the observed
havior. One important feature of water molecules is th
ability to form hydrogen bonds in specific directions. Th
suggests thatgeometrycould be the crucial factor. To tes
this idea we have chosen a water model that emphasize
directional character of the hydrogen bonds and is su
ciently simple to allow us to study various cases in order
draw conclusions that do not depend on the peculiarities
given situation. We show that, if one takes into account
binding to the protein surface, the simple model does exh
a glassy behavior. We analyze some properties of this t
sition and discuss its connection with the dielectric data.

II. A MODEL FOR TWO-DIMENSIONAL WATER

Various models have been introduced to study differ
properties of water, but one of them appears to be part
larly adapted for our purpose. This is the model proposed
Ben-Naim in 1971@12# that has recently been revived i
studies of the hydrophobic effect@13#. Water molecules can
form hydrogen bonds in four directions in space, the t
directions of the OuH bonds and two others determined b
©2001 The American Physical Society09-1
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electronic orbitals of the oxygen atom which form a tetrah
dra with the OuH bonds. Those bonds determine the stru
ture of ice and the local structure of liquid water and they
responsible for the anomalous properties of water such a
maximum density. The Ben-Naim model has been desig
to describe the network of hydrogen bonds, but, since it w
initially built for analytical studies, instead of the fou
‘‘arms’’ in a tetrahedral geometry for a water molecule,
considers only three arms in a triangular arrangement in
dimensions. This simplification, which would have been
weakness for bulk water, is well adapted to describe hyd
tion water because the molecules are hydrogen bonded t
surface by one of their four arms, leaving only the thr
others available for interactions with neighboring wate
within a cluster. One interest of the Ben-Naim model is th
it avoids the calculation of Ewald’s sum since the elect
static interactions have been replaced by effective s
range potentials. This is important for our purpose beca
the investigation of the glass transition requires studies
very long time scales.

In the Ben-Naim model, the interaction potential betwe
two water molecules is a sum of two terms

Ui j ~XW i ,XW j !5ULJ~Ri j !1UHB~XW i ,XW j !, ~1!

whereXW i is a generalized three-component vector that sp
fies the coordinatesxi , yi of moleculei in two dimensions
and its orientation defined by the anglea i5( iW1 ,xW ) between
its first arm and the fixedx axis chosen as a reference,Ri j is
the distance between moleculesi and j, ULJ(Ri j ) is a
Lennard-Jones potential between the centers of the m
ecules,ULJ(R)54e@(s0 /R)122(s0 /R)6#, parametrized by
its energy scalee and ranges0. The hydrogen-bond poten
tial UHB is split in two factors

UHB~XW i ,XW j !5eHGs8~Ri j 2RH! (
k,l 51

3

Gs~ iWk•uW i j

21!Gs~ jW l•uW i j 21!, ~2!

where functionGs(x) is an unnormalized Gaussian functio
Gs5exp(2x2/s). The parametereH is negative and sets th
energy scale of the hydrogen-bond potential. The first fac
indicates that an hydrogen bond has a preferred lengthRH ,
while the second factor, which involves a summation over
pairs of indicesk,l that label the three arms of moleculesi
and j respectively, is an angular term which indicates th
hydrogen bonds are preferentially formed when an arm
moleculei is aligned with an arm of moleculej. The vectors
iWk , jW l are unit vectors of the arms of the two molecules a
uW i j 5RW i j /Ri j is a unit vector along the direction that joins th
center of the molecules. The angular term is chosen such
the strongest hydrogen bond is formed when two arms of
water molecules are perfectly collinear, and no distinction
made between donors and acceptors. It is this term that
poses the geometry of the network of hydrogen bonds.
01110
-
-
e
its
d
s

o

a-
the
e
s
t
-
rt

se
n

n

i-

l-

r

ll

t
f

d

at
e
s
-
e

parameterss8 ands determine the selectivity of the forma
tion of hydrogen bonds with respect to the distance or ori
tation of the molecules.

The parameters of the model have been determined
that the interaction potential~1! gives an optimal fit of the
potential of a standard model of water, the extended sim
point charge~SPC/E! model @1#, for various relative posi-
tions and orientations of the water molecules. They are
50.016 eV,s052.625 Å, eH520.192 eV,RH52.5 Å,
s851.5715 Å2, s51.835931024.

For free water molecules in two dimensions, the Be
Naim model captures some experimentally observed pro
ties of real water such as its density anomaly@12,13# and it
freezes into an hexagonal icelike structure at low tempe
tures. In order to describe the properties of the hydrat
water, we must add an important component, the binding
the molecules to the surface that restricts their translatio
freedom. In our approach the surface is described by an
derlying lattice that corresponds to the favorable sites
hydrogen-bond binding. The geometry of this lattice depe
on the substrate~specific protein, glass, clay, for instanc!
but its general and essential feature is to be disordered
not fully random. Two water molecules cannot bound to tw
sites that are too close to each other, and, since we are i
ested in percolated water clusters, the binding sites must
be too far from each other either. In order to generate
underlying disordered lattice that meets these criteria,
start from a set of points randomly chosen inside a selec
spatial region that determines the size of the cluster.
assume that these points are connected by Lennard-Jone
tentialsULJ(R) and we perform a small number of Mont
Carlo ~MC! steps that move the sites in order to reduce
energy of the lattice. The number of steps is not sufficien
bring the lattice close to its equilibrium structure~which
would be a perfect triangular lattice! but sufficient to remove
the major constraints introduced by points that are too cl
to each other. The amount of residual disorder can be va
by changing the number of MC steps, larger numbers lead
to more regular lattices. A typical underlying lattice for
water cluster of 49 molecules is shown in Fig. 1.

Once an underling lattice has been chosen, it is kept fi
for a set of numerical studies in which the temperature or
model parameters are varied. One water molecule is attac
to each binding site by an harmonic potentialUloc5e locr

2,
wherer is the distance between the water molecule and
binding site in the underlying lattice. As the model is pure
two dimensional, only the component of the distance tha
parallel to the surface is considered. The value ofe loc de-
pends on the substrate but it is not critical although it mo
fies quantitatively the results. We show here two cases
differ by one order of magnitude: e loc
50.244 1022 eV/Å2 that is such that the frequency of th
small amplitude vibrations of a water molecule in its tran
lation parallel to the surface, that can be performed by bo
rotations, is one-seventh of the frequency associated to
stretching of a hydrogen bond, and a larger valuee loc
50.244 1021 eV/Å2 corresponding to strongly bound wa
ter.
9-2
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FIG. 1. ~a! Example of underlying lattice of binding sites for a cluster of 49 water molecules. The points are the binding sites an
have been drawn between each site and its three nearest neighbors to emphasize the topology of the lattice.~b! Structure of the water cluste
obtained on this lattice atT50.020 eV. Each water molecule is shown as a triangle with its angles pointing in the direction of the
arms.
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The presence of the underlying lattice is an important f
ture of the model because it has a structure and a conne
ity that does not correspond to the equilibrium icelike stru
ture that the water molecules would chose if they were fre
moving in space. This introduces afrustration that strongly
influences the dynamics of the water clusters.

III. MONTE CARLO SIMULATIONS

The model of bound water has been investigated by
simulations with a Metropolis algorithm. The energy i
cludes the interaction between all the water molecules o
cluster and their binding energy to the underlying lattice. T
MC simulations can be used for a dual purpose. Star
from an arbitrary configuration of the water molecules, t
relaxation of the water cluster toward its equilibrium co
figuration determines its structure as a function of tempe
ture. This is the usual application of the Monte Carlo meth
to investigate equilibrium properties. Once the energy is
bilized to its average equilibrium value, the MC calculati
can probe the fluctuations in the water cluster with a fic
tious time scale given by the number of MC steps. T
provides an efficient alternative to molecular dynamics sim
lations at constant temperature, such as Langevin dynam
Both methods use stochastic dynamics to explore the p
space but the MC calculations allows larger moves becau
does not have to follow all the steps of an actual trajecto
There are of course drawbacks in this approach. First,
though we henceforth call it ‘‘time’’ for brevity, the MC
time scale does not correspond to the actual physical time
that we cannot quantitatively connect the frequencies
served in the MC simulations to the dielectric measureme
Second, MC dynamics is only valid for the slow, and lar
amplitude motions, but cannot describe fast, small am
tude, motions such as phonon modes. Therefore molec
dynamics and Monte Carlo approaches are complemen
MC dynamics has, for instance, been successfully use
follow the slow dynamics of polymer melts for which a goo
agreement with experiments is found@14#. MC simulations
are particularly suitable to study the glassy behavior of p
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tein hydration water because they can efficiently investig
the rotational flips of the molecules. These motions invo
hydrogen-bond breaking and reforming and are rare even
the scale of the vibrational motions of the molecules, es
cially in the vicinity of the glass transition, as shown by th
low frequencies of the dielectric relaxation associated to
proton motions@3#.

Structural data on the water cluster are provided by
static pair correlation functiong(r ) @Fig. 2~a!#. As one might
expect, at high temperatures, the water molecules have l
amplitude fluctuations around their binding positions a
g(r ) is similar to the pair distribution function of liquid wa
ter. It shows a peak aroundr 5RH and is almost featureles
for larger. On the contrary, at low temperature,g(r ) shows
a series of peaks indicating a rather organized struct
which is however not as regular as in a solid because
binding of the water molecules to the protein surface p
vents a crystallization into a regular ice structure.

The high and low temperature domains are separated
smooth transition that can be detected by a broad maxim
of the specific heat per particle@Fig. 2~b!#, deduced from the
fluctuations of the energyE of the cluster ofN molecules in
the MC iterationsCv5(^E2&2^E&2)/@N(kBT)2#. The width
of the transition region depends on the strength of the in
action with the underlying disordered lattice. Increasinge loc
broadens the transition.

In order to make the link with the dielectric measur
ments, it is necessary to characterize the fluctuations of
network of hydrogen bonds. This can be done by monitor
the cage correlation function@15# C(t) that measures the
rate of change of the hydrogen bond network around e
molecule. It can be defined as follows: at timet0, determine
for each moleculei the neighboring molecules and the ind
ces of the arms of these molecules that are hydrogen bon
to the arms of moleculei. This defines the ‘‘cage’’ of mol-
eculei. At a later timet, if nothing has changed in the cag
of moleculei, setCi51, and, if anything has changed~index
of a neighbor, broken hydrogen bond, or index of the link
arms!, setCi50. The cage correlation function is then d
fined by the sum of theCi ’s over the cluster,C(t)5(Ci .
9-3
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FIG. 2. ~a! The pair distribution functiong(r ) at high and low temperatures. Full line:T50.020 eV, dash-dotted line:T50.044 eV.
Notice thatg(r ) is normalized arbitrarily. It decays for larger because we investigate a finite cluster and not an infinite medium.~b! Specific
heat per particle vsT ~in energy scale! for a cluster of N549 water molecules. The points are the MC results: squarese loc

50.244 1022 eV/Å2, trianglese loc50.244 1021 eV/Å2. The dash and dotted lines are guides to the eye obtained by fitting the num
points with the expressionCv5A/(11B(T2T0)21C(T2T0)3, whereA, B, C, andT0 are parameters.
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The time evolution ofC(t) measures the persistence of
configuration of the network of hydrogen bonds. AsC(t)
only probes the breaking or formation of hydrogen bon
and not the small amplitude fluctuations of the water m
ecules, it is a quantity that can be calculated in a meanin
way by Monte Carlo dynamics.

At high temperature (T>0.035 eV), we observe a ver
fast decay of the cage correlation, which is not surpris
since g(r ) shows that the system is in a liquid state. T
intermediate temperature range (0.025 eV,T,0.035 eV)
is the most interesting because theC(t) shows a slow, non-
exponential decay, which is well described by astretched
exponentialbehavior

C~ t !5C0expF2S t

t D bG1C1 , 0.3<b<0.6. ~3!

WhenT is decreased below 0.025 eV,b→1, i.e.,C(t) re-
covers a simple exponential decay, with a very long corre
tion timet, indicating that the water cluster is almost froze

As time evolves,C(t) decreases, but it does not drop
zero because the molecules are attached to the under
lattice. The neighbors of each molecule are fixed so that
hydrogen bonds that a molecule can make belong to a fi
set. Therefore, after an initial decay, which can be very s
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near the glass transition,C(t) settles to a constant averag
value but still fluctuates around this value because hydro
bonds are continuously forming and breaking. The spectr
of its fluctuations, which can be calculated by the discr
Fourier transform of the recorded values ofC(t), provides
another measurement of the dynamics of the formation
breaking of the hydrogen bonds@Fig. 3~b!#. It shows a power
law C( f )}1/ f a over about three decades, witha50.25
60.05 in the transition region, indicating the existence o
broad range of time scales, dominated by slow fluctuatio
This result is particularly interesting in the context of th
latest dielectric measurements that have also exhibited
1/ f a noise in the power spectrum of the dielectric fluctu
tions @5#.

IV. DISCUSSION

The cage correlation function, which reflects the dyna
ics of the hydrogen bonds in the cluster, appears to be c
sistent with the dielectric measurements because, as
cussed above, proton transfers are assisted by the dyna
of the water molecules. Therefore the stretched exponen
relaxation of the cage correlation function, which is typic
of a glassy behavior, can explain the experimental obse
tion of a proton glass. The dynamics of the water cluste
FIG. 3. ~a! Time evolution of
the cage correlation functionC(t)
at T50.028 eV. The figure
shows ln@lnC(t)# vs ln(t). ~b! Spec-
trum of the fluctuations of the
cage correlation functionC( f ), in
a decimal logarithmic scale, atT
50.032 eV.
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also consistent with the observation of an Arrhenius beha
of the dielectric measurements at temperatures below
glass transition. The very large increase oft that is observed
in the MC dynamics at lowT indicates that proton transfer
assisted by water motions become extremely rare event
the low temperature range, only jumps thermally activa
over a high barrier can transfer protons from a molecule
the next. As the water clusters do not freeze in a regular
structure but into a disordered lattice due to the binding
the underlying surface, the protons have to jump over a se
random barriers. For a Gaussian distribution of barriers, t
diffusion coefficient can be shown to beD}exp@2E2/T2#
@16#. However, the smallT range that has been investigat
experimentally (250 K,T,270 K) is too restrictive to
discriminate an Arrhenius kinetic law from a non-Arrheni
law such as exp@2E2/T2#.

Therefore we have connected the glass transition
served in the proton dynamics to a glass transition of
water molecules themselves. The freezing of the water
namics is consistent with the observation of a fast chang
water thermal motions below 270 K for weakly hydrat
myoglobin@11#. The Ben-Naim potential is only a simplifie
et
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description of water molecule interactions; however, it p
vides a good picture for the geometry of the hydrogen bon
Combined with the frustration that comes from the under
ing protein binding sites, it leads to a glassy behavior, sho
ing that long range electrostatic interactions are not cruc
The present study cannot claim a complete description
‘‘two-dimensional water,’’ but, as the MC studies of wat
clusters and dielectric measurements point toward the s
direction, it suggests that the hydration water of proteins,
perhaps also of porous materials, could provide an inter
ing system to study some of the properties of supercoole
glassy water, and that dielectric measurements are a us
tool for such a study. The recent observation@17# of a similar
smooth transition in the range 240–250 K by neutron sc
tering on water adsorbed on vycor glass suggests that
ideas included in the present model are sufficiently genera
extend beyond the case of protein hydration water.
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