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Glassy behavior of a percolative water-protein system
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We show that is possible to look at the glass transition as a percolation transition in phase space. This study
has been carried out on a hydrated globular enzyme for which the thermodynamic transition and the percolative
transition could have a functional significance. The approach adopted is based on the identity of roles played
respectively by the glass transition temperaffgend the critical hydration thresholg for the percolation of
protons on the surface and through the protein, given that dynamical arrest is observed at temperatures and
hydration belowT, and h,. Theoretical predictions for temperature dependence of the nonexponentiality
parameterBww, appearing in the KWW relaxation function, indicate that at high temperat@ggs, re-
mains insensitive to temperature changes, whereas in the vicinity of the glass tran&itign,is linearly
increasing with temperature. The low temperature limiBgfy is about 1/3 and its temperature-independent
behavior starts at 1.23: both predictions have been verified in the present study.
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Cluster concepts have been extremely useful in criticaln this paper we will focus our attention on one of the main
phenomena to elucidate the mechanism underlying a thermdeatures of a glass-forming system, namely, the nonexponen-
dynamic transition. In particular, the possibility to look at the tial behavior of the relaxation functidri2]. This character-
glass transition as a percolation transition in phase space hasic feature is well accounted for, in the time domain, by the
attracted the interest of many researchers in recent yeagell known Kohlrausch-Williams-Watt6KWW) equation
[1-5]. However, very few experimental studies testing this
possibility are available in the literature, and none of them, () = exd— (t/ 7epw) Prww] (1)
to the best of our knowledge, has been carried out on a
biological system where the thermodynamic transition andvherercy IS @ characteristic time scale aBgyy the non-
the percolative transition could have a functional role. Hereexponentiality parameter. It has been recently sh¢®si
we tackle this problem for the well known lysozime-water that Bxww(T) plays the role of a universal parameter for a
system, a protein-water system of particular interest due tevide array of glassy systems, especially with respect to its
the presence, at room temperature, of a percolative transitiol@mperature dependence; namedy,w(T) shows a cross-
of the conductivity at a critical hydration level coinciding over from a low temperature region where it increases with
with the onset of enzymatic activity6]. This transition is  temperature to a high temperature region where it is essen-
known to be due to proton displacements along hydrogentially temperature independent. The crossover temperature is
bonded water molecules adsorbed on the protein surfacg=1.23T; whereTj is the real glass transition temperature,
with ionizable groups as sources of migrating protpns). and, in the low temperature regiofi,w Shows a tendency
Recently, the dynamics of these migrating protons over thgo converge to a value close to 1/3 at the temperature where
lysozyme surface has been investigated by means of dieleghe dielectric relaxation time diverges(T=0.9T,). This lim-
tric spectroscopy techniques over a wide frequency and teniting value of By Seems to be ubiquitous in very different
perature rangg9-11], providing compelling evidence of in- glassy systems, ranging from polymer melts to Ising spin
teresting analogies with the dielectric behavior of fragileglasseq1,13—-15, while the scenario made up by the two
proton glasses, the electric counterparts of magnetic spifynamical regimes below and above the crossover tempera-
glasses. In particular, three canonical features of a glasa_yjre is consistent with the energy |andscape p'Ctl]-&]-?_l
system[12], that is the non-Arrhenius temperature depen-describing the temperature dependence of relaxation and
dence of the dielectric relaxation time, nonexponential relaXtransport properties of glass-forming materials.
ation processes, along with nonergodic behavior below a |n previous work, Lemke and Campbé¢B] showed the
transition temperature, were observed. However, to fingnhfluence of the phase space topology on the dynamical prop-
more analogies between the percolative behavior of the hyerties of a very simple spin-glass-like model, where a perco-
drated protein and that of more conventional glassy systemsative transition was observed, the frustration was extreme
and the topological character of the phase space played a

central role. The dynamical behavior of this system could be
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dress: bruni@fis.uniroma3.it and, as the author suggested, “the model may provide a use-
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ful representation of the evolution of phase space in complex v 40

systems when a glassy transition may be considered as a 120
percolation transition in phase space.” In this respect, the
lysozyme-water system studied here appears to be the natural
candidate to verify this hypothesis, given the glassy behavior
of the protons percolating on the protein surface. Apart from
being of interest in its own right, the possibility of looking at
the percolation transition as a glassy transition might have
far-reaching biological implications, as the proton mobility is
closely linked to the dynamics of the water molecules ad-
sorbed on the protein surfa¢#l,1§, and these water mol- 20
ecules are of crucial importance for protein structure, stabil-

ity, and enzymatic activity6,19-21. The lysozyme powder 0
sample used was prepared as described elsewhéteat 10
pH 7 and hydration levet=0.26 g/g(expressed as grams of

W_ate_r Over grams OT dry protéinThe sample was placed FIG. 1. Angular frequencyw) dependence of the re@éft axis)
within a plane capacitor ina standard cryostat. Details on theqg imaginary(right axis components of the measured electric
sample holder and experimental setup can be found in Refn,qyius for a lysozyme sample &=270 K, h=0.26 g/g. The
[22]. Measurements were made in the temperature intervahes through the data are the result of a fit procedure that takes into
230-320 K and in the frequency range 301C° Hz. account the complex admittance of low frequency dispersion and

In general, the dielectric response of many hydrated syssample relaxations. The inset shows a detail of the low frequency
tems, when plotted as permittivity versus frequency, showgeak due to sample conductivity.

an anomalous low frequency dispersi@fD), which occurs

mainly in samples with large densities of low mobility measured spectra, and the Havriliak-NegdkN) param-
charge carrierf23]. One interpretation of such LFD SUggests gyars characterizing it could be obtaingid]. In particular
that it could be due, at least partially, to the sample-electrocﬂgje dielectric relaxation fime and the cosflicients: andﬂ,

:nterfage._ In _th|s| case, |tbcan be represehnted n tlgz\ms ere estimated as a function of temperature over the range
umped circuit elements, by a constant phase angle4 . extending from above the glass transition to above room

element[24], whose frequency-dependent complex permit-emherature. As shown in Fig. 3, the relaxation timéT)

tvity ecpa can be written as follows closely the Vogel-Fulcher-TammantWVFT) law
ecpa(®) = Cjw)™? 2) _(solid .Iine) over the _en_tire frequency and temperature range
investigated, and this is typical of glassy systems where the

where C and d are positive constants witd<1. Another  dynamics becomes frozen approaching low temperatures:
possible contribution to LFD may arise from processes asso-

ciated with the hopping of charge carriers between localized By

sites in the sampl§23]. The frequency dependence of this (T =1 ex[{T—T ) )
contribution cannot be distinguished from that indicated in 0

Eq. (2), butit is possible to state thatdfis in the range of i T, the temperature at which the relaxation time di-
0.8<d<1, then the LFD response may be ascribed t0erges, equal to 193 K. Evidence linking the glass and per-
charge carrier hoppinf25]. Broadband dielectric measure- \ation transition for a hydrated protein sample is provided
ments were performed on a lysozyme sample, as shown ify the hydration dependence of the proton relaxation time at
Fig. 1, where real and Imaginary components of the totatgnsiant temperaturisee Fig. 4 of Ref[10]). In that case it
measured electric moduldé”=1/e" are shown. This way of 55 nossible to fit experimental data with a VFT modified

representing the data is totally equivalent to the more congnciion where the variable temperature in E8). has been
ventional permittivity versus frequency one, but it offers the

advantage of being more sensitive to conductivity processes,
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visible as a low frequency relaxation, and less sensitive to 1 E

polarization phenomena and LFD in the same frequency 1.0 F .

range(compare Fig. 1 with Fig. 1 of Ref11]). Following E et
the fitting procedure described in previous papidrs,22, S0F .

which gives the solid lines shown in Fig. 1, the frequency osbE

dependence of individual contributions to the measured di- F s

electric response can be isolated. Figure 2 shows the value of 07

d appearing in Eq(2) as a function of temperature. This S T T T
fitting parameter is constantly above 0.95 for temperatures 0'6220 240 260 280 300 320 340
larger than 240 K, suggesting the likely contribution of per- T[K]

colating protons to the LFD. The relaxation term due to pro-
ton displacements on the protein could be isolated from in- FIG. 2. Temperature dependence of the paramgi@ppearing
terfacial and conductivity phenomena contributing to thein Eq. (2).
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FIG. 3. Temperature dependence of the main relaxation time _
Tmain(T) (closed SymboDsThe solid line through the data represents =) (TTTTETET] INTRUTRUT] SETTANTTT] IAL A TYETY FTNTTTT] FINTIIT
the fit with a VFT equatior(To=193 K, 70=1.33x 107" s, andBy 08 10 A 218 14 15
=544 K). On the right axis, the temperature dependence of the con- e,

ductivity relaxation timer,(T) is shown(open symbols The con-

ductivity relaxation time is defined as the inverse of the angular meters The solid line is a linear fit of the data in the interval
frequency where a maximum appears in the imaginary compone Kww- T .
q y PP ginary P ri .0,1.2. Dashed vertical line is drawn c’l't:1.23Tg,D representing

of the electric modulugsee inset in Fig. 1 The limited data range h t ture bet wo distinct § ical reai
for the conductivity relaxation time is due to the simultaneous pres- € crossover temperature between two distinct dynamical regimes.

ence in the measured spectra of sample dielectric relaxations, inter-
facial relaxation, and polarization electrode effects that at high tempossible to get a direct estimate 8§ from the data de-
perature does not allow an easy and unambigous determination stribed in the present report. To overcome this problem, it
the conductivity relaxation time. has been shown that the time-domain KWW relaxation func-
tion and the frequency-domain HN functions are intercon-
replaced with the variablh, indicating the water content of nected[27]. In particular, the relationship among the HN
the sample. Surprisingly, the hydration level at which theparametersy and 8 for the main dispersion and th&y is
relaxation time diverges was found to be equal to 0.16 g/ggiven by[27]
i.e., coinciding with the percolation threshold for protons.
This result strongly resembles the finding of Lemke and
Campbell(:?‘ee Fig. 6 of Ref[3] shc_)wing the divergence of Brww(T) = 1'2\3'a1(T) Ba(T). (4)
the relaxation time at the percolation threshplgiving us a . ] .
strong indication of the link between percolation and glassy Adopting the procedure used in Rgt3], we determined,
behavior. When we replace the variable temperature witfior the hydrated protein investigated, a dielectric glass tran-
hydration level we are still able to induce a kind of “topo- Sition temperatureT, , as 7T, )=100s. We then plotted
logical” glass transition in the phase space; in other wordsBkww(T) as a function ofT/T,_in Fig. 4. Remarkably, not
7 (h) diverges wherh~ h, because the proton dynamics is only is the low temperature limitextrapolated down td@
frozen due to lack of long range connectivity among hydra=0.9Ty) of Bxww, 0.35 close to the expected value of 1/3,
tion water molecules. At hydration beldw, the dynamics of ~but the crossover temperature occurs exactlyrat.23T,
the system of charges over the protein surface becomes noalso as expected in the framework of the energy landscape
ergodic, in analogy with the behavior of glasses belfy  picture. The gap in thgww values at the crossover tem-
Second evidence linking the glass and percolation transitiongerature might be due to a subtle change of shape of the
can be obtained looking at the temperature dependence of theain relaxation: additional data above and below the cross-
conductivity relaxation timer, (Fig. 3), defined as the in- over temperature are probably needed to clarify this point.
verse of the angular frequency where a maximum in theNevertheless, the agreement of our findings with both theo-
imaginary component of the electric modulus appdaee  retical predictions[3,14,13 and experimental results ob-
inset in Fig. 1 [26]. This temperature dependence can betained with other glassy systeris3] not only points to the
fitted by the VFT equation, with the same transition temperaanalogies between a glass and a percolation transition, but
ture as the main sample relaxation time, confirming that theilso indicates that the approach based on configuration space
processes of glassy dielectric relaxation and percolative cormorphology provides a simple but general description to a
ductivity are indeed closely related. Finally, following the wide class of disordered systems. The cluster percolation
theoretical indication given by Lemke and Campl8l, we  model, used to explain the dielectric response of hydrated
studied the temperature dependence of the nonexponentialiproteins, describes a stochastic system with self-similarity on
parameterBqww appearing in Eq(l). The measurements at least two levels of scale, which is associated with the
described here were taken in the frequency domain; whiléandom walk of protons through the hydrogen-bonded net-
the KWW relaxation is in the time domain; therefore it is not work of water molecules. An approximation for the fractal

FIG. 4. Temperature dependence of the nonexponentiality pa-
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dimensionD; of the random walk of protons may be ob- proton transfer as measured by dielectric techniques. This
tained frompBxww [25]: interplay is particularly important in the context of the search
- for a functional link between the dynamics of the hydrated
Dt = 3Bkww - ©)

protein and enzymatic activity. The standard view of the ori-
Below the crossover temperatui@; is in the range 1.2-2, gin of catalytic properties of enzymes focuses on the binding
while above the crossover temperatilrgis very close to 3,

while a _ _ : >, energy differences between the ground state and the transi-
indicating a three-dimensiondBD) Euclidean system, in  tjon state arising from arrangements of residues in the active

good agreement with previous studies on the same hydratege. There is an alternative view, however, that suggests that
prot(_ain[25,2a. In particular, the perco!ative protonic con- protein dynamics might play a role in cataly$Bl]: given
ductivity has been shown to be described as a 2D procesfie interplay between solvent and protein dynamics, the
with the hydration level close to the critical threshblgd and lassiness of migrating protons along the hydrogen bond net-
as a 3D process at larger water content. As far as the possible)  at the protein surface might have been envisaged to
biological implication of these findings is concerned, we no- ouple with the intrinsically fast proton transfer procéss-

tice that a transition between two dynamical regimes aroun urring on the picosecond time scé&2,33) with the much
T=1.23Ty has l:_)een observed for_ the qutqmate dehy_drogeék)wer process governing enzymatic activity.
nase enzyme with neutron scattering technii@83 and with

Raman optical activity measurements on the lysozyme en- The authors wish to thank P. Ascenzi, Dept. of Biology,
zyme [30]. These observations may stress once more th&niversitd di Roma Tre for valuable assistance in sample
interplay between water dynamics, protein flexibility, andpreparation.
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