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Abstract

We present detailed dielectric spectroscopy studies of dynamics in two hydrated proteins,
lysozyme and myoglobin. We emphasize importance of explicit account for possible Maxwell-
Wagner (MW) polarization effects in protein powder samples. Combining our data with earlier
literature results, we demonstrate the existence of three major relaxation processes in globular
proteins. To understand the mechanisms of these relaxations we involve literature data on
neutron scattering, simulations and NMR studies. The faster process is ascribed to coupled
protein — hydration water motions and has relaxation time ~ 10 — 50 ps at room temperature. The
intermediate process is ~ 10% — 10° times slower than the faster process and might be strongly
affected by MW-polarizations. Based on analysis of data obtained by different experimental

techniques and simulations, we ascribe this process to large scale domain-like motions of
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proteins. The slowest observed process is ~ 10° — 107 times slower than the faster process and
has anomalously large dielectric amplitude Ae ~ 10 — 10*. The microscopic nature of this
process is not clear, but it seems to be related to the glass transition of hydrated proteins. The

presented results suggest a general classification of the relaxation processes in hydrated proteins.
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I ntroduction

It is well recognized that understanding function and activity of biological macromolecules
requires fundamental understanding of their structure and dynamics. While structures of many
proteins and nucleic acids are already known, their dynamics remain poorly understood. Nuclear
magnetic resonance (NMR) spectroscopy, neutron scattering and molecular dynamic (MD)
simulations are actively employed to study microscopic details of protein dynamics [1-13]. They
revealed existence of several relaxation processes on ns — ps time scale, but a general picture of
protein dynamics is still absent. Neutron scattering and MD studies are still limited to protein
dynamics only on time scales faster than hundreds of ns, while NMR provides very local

information and misses global view of the protein dynamics.

In contrast to these techniques, broadband dielectric spectroscopy (BDS) provides
measurements of dynamics in extremely broad frequency range with very high accuracy [14].
However, it has significant drawbacks due to the absence of any microscopic information about
the motions contributing to the dielectric relaxation spectra. These spectra reflect motions of
dipoles and charges, and strong ionic conductivity (is always significant in biological samples)
creates significant problem in analysis and interpretation of the BDS spectra. BDS is also
insensitive to motions that do not modulate dipole moment of the system. Moreover, intrinsic
heterogeneities and interfaces between macromolecules, their complexes and solvent lead to
Maxwell-Wagner (MW) polarization effects that create additional relaxation peaks in the
dielectric spectra. Nevertheless, active use of BDS in recent years lead to significant advances in

our understanding of protein dynamics in a broad frequency and temperature ranges [12, 15-17].

In many cases dynamics of proteins is studied in dilute soltiénd8-21], because it helps
to isolate dynamics of individual protein molecules. In the case of BDS studies it has several
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disadvantages: (i) No dynamics can be studied at frequencies tteowmbling (rotation of
entire molecules), that at ambient conditions in aqueous solution timitsme scale to faster
than ~ 10 — 100 ns [15, 18-20, 22]; (i) Significant contribution from solvent ianit
conductivity complicates the analysis at high and low frequenaspectively; (iii) Solvent
crystallization limits the temperature range of the studdéslectric studies of hydrated protein

powders help to eliminate some of these problems.

The main goal of the current studies is the analysis and microsotgipretation of several
relaxation processes detected in the dielectric spectra dipmodwders. We present detailed
BDS studies of two proteins, lysozyme and myoglobin, at differeeideof hydration and in a
broad temperature range. The results are compared to BDS studésepfproteins and to
studies of lysozyme and myoglobin by other experimental technigneésMD simulations.
Based on our analysis we formulate microscopic interpretationagdrnnelaxation processes
detected in the dielectric spectra of protein powders. The sgablso identifies some

misinterpretations and artifacts in earlier BDS studies of protein powders.

. Experimental
Sample Preparation

Lyophilized powders of lysozyme from chicken egg white, withdwesi buffer salts< 10
% (L4919, Sigma-Aldrich Co. LLC.) and myoglobin from equine skeletasale, 95 — 100 %
assay (M0630, Sigma-Aldrich Co. LLC.), were purchased and used witmutfurther
purification. Desired hydration level, = (weight of water)/(weight of protein), was achieved by

keeping lyophilized protein powders above an open water in a desidésuar hydration was



estimated using weighing the sample before and after hydrataoess. Protein powder was
pressed into pellets about 1 mm of thickness and 20 mm of diameteas|formed by
compressing powder filled in a cylindrical die at about 150 MPa of pressure at roperature.
This compression does not lead to unfolding [23-26], but forms dense samphesitwi
significant amount of voids. Removal of voids is important for suppnesgidI\W polarization

effects (see the Discussion section).

Apparent density of the initial dried pellet was estimatechfmeasured dimensions and
weight. For 8 lysozyme samples and 4 myoglobin samples, the appansities were estimated
to be 1.05 + 0.04 g/ctrand 1.06 + 0.03 g/cinrespectively. These values are consistent with the
estimate from the fraction of close packed protein moleculetiaPdensity of globular protein
is reported to be in the range of 1.3 — 1.5 §/oagardless of protein species [27-33]. Assuming
that the partial density of lysozyme and myoglobin is ~ 1.4 Y/¢heir apparent density
corresponds to packing fraction of the protein particles ~75 %. This i&klose to the fraction
of random close-packed sphere 64 % [34, 35]. In reality proteins argphetical but rather
ellipsoidal [36, 37]. In this case, even higher packing fraction apipirtcga¢chat of close-packed
hexagonal sphere 74 % is expected [34]. Furthermore, it has beetedeftat crystals of a
variety of small organic molecules and proteins have packing dractaround 75 % [29].

Therefore, it is expected that our protein pellets don’t contain significasirarof voids.

Dielectric Spectroscopy

Complex permittivity spectrume*(w) = €'(w) — ie”"(w) , was measured by two
impedance spectrometers, hetas the real part and’ is the imaginary part of the dielectric

permittivity. Fourier response impedance analyzer (Alpha analjzarocontrol) was used in
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the frequency range from 10 mHz to 10 MHz. RF-impedance ana(fZZ991A, Agilent
technology) was employed in the frequency range from 1 MHz to 3 GHz. For the forradlel pa
plate discs sandwiching sample were used, whereas for the dp#eially designed high-
frequency electrodes [38] were used. For lower frequency measutersample was sealed by
Teflon cylinder to avoid losses of water. We stress that noreyaitor in between sample and
electrodes have been used. It is known that the use of the insulagimng leads to artificial
relaxation processes and misinterpretations [39, 40]. The samplertgare was controlled by
Quatro cryosystem (Novocontrol) with measurements going fronehighlower temperatures.

Before measurements at any temperature, sample was equilibraaedefst 20 minutes.

Analysis and Fits of the Spectra

One of the crucial problems in dielectric spectroscopy of highhductive material is
that loss peaks representing dielectric relaxation processesagked by strong dc-conductivity.
Conductivity does not contribute directly to the real part*ofHowever, relaxation process
appears only as a smooth step in the real part, while it apgeardistinct peak in the imaginary
part. In that case, the derivative analysis of the real giattte spectrum is helpful [41]. It is

usually presented as:

1 de
Drv(w) = _E . dinw

1)
wherew is angular frequency. Both imaginary part and the derivativerspe have peaks at the
same frequencies, but the derivative spectrum excludes conductimitybation and peaks are

sharper than in the imaginary part [41]. Therefore, lower freqesraie accessible and each

component becomes better resolved in the derivative spectrum.



Figures 1 and 2 present several representative complex pétyniind the derivative
spectra for lysozyme &t= 0.36 and for myoglobin &t = 0.34, respectively. The spectra of two
proteins share similar features: (i) The imaginary padoisinated by strong dc-conductivity,
and atT > 190 K only one loss peak is well resolved at high frequencydeayound 1MHz at
203 K in both lysozyme and myoglobin); (ii) Large steps/shouldetsAwit- 100 — 3000 appear
in the real part and the derivative spectra at frequenciesr [tvan the peak ia”; (iii) At
temperature below 170 K, bimodal peak and the so-called nearly cofstan{NCL) are

observed.
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Fig. 1: Complex permittivity spectra, real part (top panelggmary part (middle panel), and
derivative spectra (bottom panel), of lysozymehat 0.36 at representative temperatures.
Symbols show experimental data, and solid lines show fits composed-afndactivity,

electrode polarization, processes B, D, and G (and E andl £ 83 K).
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Fig. 2: Complex permittivity spectra, real part (top panelggmary part (middle panel), and
derivative spectra (bottom panel), of myoglobinhat 0.34 at representative temperatures.
Symbols show experimental data, and solid lines show fits composed-afndactivity,

electrode polarization, processes B, D, and G (and E andl £ 203 K).

At T > 180 K the complex permittivity spectra can be fit with theesppsition of three
Cole-Cole processes [42] (processes B, D, and G), a Cole-Davidsoioriuf®3] for the

electrode polarization (EP), and a dc-conductivity (Fig.3):



* _ ) Agi AgEP 0o
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HereAg;, 7;, fB; are the dielectric relaxation amplitude, the relaxation ame stretching of the
process, respectively,, is the limiting value of dielectric constant at high frequemgyis dc-
conductivity; g, is a vacuum permittivity. The Cole-Cole function instead of Elgvriliak-
Negami function [44] was chosen to reduce the numbers of free &mpters. This choice,
however, does not affect the estimates of the charactaestixation times (defined using the
frequency of the peak maximum) and their temperature dependéatesd the main focus of

our studies.
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Fig. 3: Detail of curve fitting for complex permittivity spex of lysozyme ah = 0.36 andrl =
203 K. Dashed lines with three different intervals correspond teegsoB, D, and G as being
specified in the middle panel. Electrode polarization is at muchrlén@guency, and only its
high frequency tail can be recognized at this temperature. limtéggnary part, dc conductivity
is also superimposed (is not shown). Solid lines show total fit toEthe2 with all these

components.

Fits atT < 180 K cannot be performed without unambiguity. The process marketigat
temperatures becomes a double peak with an extended high-frequenthedtter has been
detected in many glass-forming systems and is usuallydchiéeNCL (or excess wing) [45-51].
Figure 4 presents an example of the fit in this temperatunge with five processes, but it is not
a unique scenario. It is not obvious which of the two peaks in the double peak is the sake G pea
that was observed at highErand whether these might be two new peaks that overlap with the G
peak. For simplicity we assume that one of the bimodal peaks FlEisrthe same G peak, and
G’-peak is used to fit the NCL. Since the NCL does not really has a sepaiatéheeprocess G’

maximum was placed at the midpoint between the processes E and F to simpiify the f
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Fig. 4: Detall of curve fitting for complex permittivity speg of lysozyme ah = 0.36 andTl =
163 K, where bimodal peak appears. The dashed lines present procdsseslE;’, while the
solid lines present processes B and D. The solid lines through thenexmtal data (symbols)
present total fit curves. Peaks of processes E and F arshalam by arrows. Since process G’

represents the NCL, its peak was just placed at the middle of the double peak.

[I1.  Resultsand Discussion
Nearly Constant Loss

Analysis of the spectra (Figs. 1 — 4) suggests the exestehat least 3 well resolved

dielectric relaxation peaks &t> 180 K and appearance of one more peak at ldwket's start
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our discussion with higher frequency data. It has been suggestddvinpapers (e.g. [8, 9, 52,
53]) that there is a high frequency peak in the MHz range with wexgk temperature
dependence. As displayed in the magnified high frequency spectrd)Foyr detailed analysis
with accurate measurements extended to higher frequenciey eeeltide the existence of the
high frequency peak. As temperature is decreased to below 180hkws strong NCL that is a
usual high frequency tail of structural relaxation observed in nggess-forming systems. In
particular, it has been observed in LiCi@Hsysteni51] and can be a part of the hydration water
relaxation process that we marked G in our fits. We suspecthbagarlier studies [8, 52]
misinterpreted spectral fluctuations and uncertainty on the edgeheoflow-frequency
spectrometer (in the MHz range) as an additional relaxation @aakanalysis reveals small
values of the exponent for the high-frequency tail that decre@adesemperature decreasg,[]
v at 163 K andd v at 143 K (Fig. 5). This behavior is usual for NCL. Thus our accurate
measurements in the MHz — GHz range at loWelearly demonstrate the existence of the NCL
only. This result is consistent with the recent measurements on bemfiagn albumin (BSA)
[17] that also found only NCL in this frequency range at loWwemhus the NCL is a general

feature in the dielectric relaxation spectra of various hydrated protein powde
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Fig. 5: The high frequency part of the dielectric spectigsaizyme at = 0.36. Full lines show
process G, while dashed lines indicate power law behaViét at 163 K and™®'" at 143 K.
Arrows represent the reported in [8] peak positions of the fasegsdour detailed analysis

reveals no peak, just an NCL.

Main Process

The only process that is well resolved in the dielectric spatires 180 K is the process
marked G in our fits (Figs. 1 — 3). Because it is the only vesiblved peak, it was named the
Main process in [8, 9], and we will use this name in the followisgudision. There are three
characteristic features of this process: (i) The relaxdiiea of this process has slightly super-
Arrhenius temperature dependence dowh t0200 — 180 K (Fig. 6); (ii) AT ~ 170 — 190 K the
temperature dependence of this process crosses over to an Arrhdaiisibeith characteristic
activation energy barrier ~ 30 — 41 kJ/mol; (iii) It has strongfietched rather symmetric
spectral shape with the stretching exponent of the Cole-Coladong8ain ~ 0.4 — 0.5 even at
~ 200 K. Clear emergence of the NCL at lower temperatures watgd the analysis of spectral

shape of the Main processak 180 K. These characteristic features of the Main proaas h
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been reported earlier for lysozyme [8, 9], myoglobin [52] and BSA 1¥§, and are general
features of the dielectric spectra of protein powders. Moreovett, lz@s been discussed in
several papers [54-56], it is the same process that has beenedbgsemnany other water-
containing samples and is often calledrocess of water. In agreement with the earlier reports
on the v-process [54-56], an unusual temperature dependence of the dieletdration
amplitude of the Main process can be recognized in Fig. 7Aézedecreases with decreasing
temperature). Because of the complexity of the spectrum below I®@adedh dependence of
the crossover temperature cannot be determined unambiguously in our ldowdgver, a

decrease of this crossover temperature with increase in hydration has betedl iedéi7].
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Fig. 6: Temperature dependence of the relaxation times categtifa) lysozyme dt = 0.36 and
(b) myoglobin ah = 0.34. The filled and half-filled symbols stand for dieleateiaxation times
of processes B, D, G, E and F. The open circles represent retipoowuctivity via plateau
value of the real part of complex conductivity. The star-symbolsepteneutron scattering
relaxation times for non-exchangeable protons in protein moleculewti8feas plus-symbols

represent neutron scattering relaxation times for protons in hydration Wiater [

The dielectric relaxation spectra are not sufficient to unrdaeelmicroscopic details of
the molecular motion involved in the Main process and results of athbnitues should be
involved. Using hydrogen/deuterium contrast neutron scattering canategantribution of
hydration water and of the protein to the relaxation spectré&bf8Detailed analysis of neutron
scattering spectra of lysozyme (with important correction rfaethyl group contribution)
revealed that both hydration water and protein relaxation hasasimeixation time and its
temperature dependence [8, 9] (Fig.6a). Moreover, the stretchirigeoprotein relaxation
process in the neutron scattering spectra of lysozyme and myogadso very strong [1, 8, 9].
NMR studies also revealed relaxation of many side groups irathe $0 — 100 ps time scale at
ambient conditions [3, 4]. All these results clearly suggestttietMain process is a coupled
protein-hydration water relaxation [9]. It involves rotation and tedim motion of water
coupled to localized fluctuations of protein. According to detailedyaisabf neutron scattering
and MD simulations results atomic motions in this protein relamgprocess are localized to

distances ~ 1 — 3 A [10, 60-62].

Extrapolation of the data for this process in different proteingobm temperature
provides estimates of the characteristic relaxation tini® — 30 ps (see e.g. Fig. 6 and Ref.

[12]). Studies of many proteins in dilute solutions at ambient teryveralso revealed the
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process around the same relaxation §i&es, 13, 15, 18, 19]. In the case of dilute solutions it is
usually ascribed to hydration water. Thus the Main processsaridtydrated protein powders
and solutions and is a coupled protein-hydration water relaxationsgrdcenvolves rotational
and translational water motions and localized fluctuations of the iprf@e 11, 12, 62].
According to [8, 63, 64], it is the process that causes the sisarpfrthe mean-squared atomic
displacements (the so-called dynamic transition) at above ~ 22Mydrated proteins measured

by neutron scattering.

Sow Process

At frequencies below the Main peak, ionic conductivity dominatesdtkectric loss
spectra (Figs. 1 — 2). Several authors used insulating lag/grsa( Teflon film) to suppress the
ionic conductivity [52, 65, 66]. It is well-known that this layer leanlsdme artificial peaks in
the dielectric relaxation spectra and their misinterpreta{i8@s40]. Thus we will not discuss
any of the papers that used the insulating layers in the dielsetasurements. Detailed analysis
of the dielectric spectra (Fig. 3) clearly revealed twaremprocesses (B and D) at frequencies
below the Main process. The process D was called Slow procgslip], and we will use the
same name here. This process appears in the frequency range cohductivity relaxation

mode and MW polarization effects in heterogeneous systems are expected [39, 40].

Analysis of the characteristic relaxation time of the S{®) process indeed shows that
its temperature variations follow the conductivity contribution and eywemntitativelyzsow IS
close to the conductivity relaxation timesyto (Fig. 6). This does not necessarily mean that the
Slow process results from some interfacial effects (e.g. MW polianizat It is also possible that

the temperature dependence of the Slow process is controllelde byaine mechanism that
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controls conductivity. To sort out possible effects of the interfaces their polarization we
performed additional experiments. The MW polarization can appear ispéera of protein
powders due to several reasons, including air gaps between powqxe seuth electrodes and
some voids in the sample. The former should depend on the contact conditiersatface of
the sample, such as area of air gaps, and their thicknessesinvtiidssamples are expected to
depend on the packing fraction of powder. Therefore, we examined ayvafiagtontact
conditions to exclude the possibility for the former, and a variepaoking fraction in order to
see the effect from the latter. Several conductive matesiat$, as gold leafs, silver powder (2 —
3.5 um of diameter) and indium foils (125 um of thickness), were @isbdtween both sides of
pellet and electrodes. These materials provide significantigreift surface conditions as they
change their shape according to the pellet surface roughdedhe other hand, powders at a
variety of packing fractions were also examined: (i) peiheide by compressing powder via
press applying about 150 MPa of pressure, (ii) tightly packed popmgared by pressing
powder by hand at pressure less than 0.4 MPa, (iii) loosely ¢hgoeder made by just
sandwiching powder by electrodes with tiny pieces of spacesssliconfirmed that the last one
was certainly loosely packed from the view point of dielectpecgum. In its dielectric
spectrum, clear MW process showed up additionally at frequenasede the process B and D,
and thereby relaxation intensity of the process B was dedreassiderably while the process D
did not exhibit significant change. We confirm that this modifaraif the dielectric spectrum
can be reproduced based on the spectrum of tightly packed powder (sBmpkEsuming
equivalent circuit composed of the sample 1 and air gap patilaltking dc-conductivity. Thus

these analyses suggest that neither processes B nor D dmetexdttio insufficient packing, i.e.
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the MW effect from voids or contact effects, and present aéax processes in hydrated

proteins.

Another complication with analysis of this process is the contabudf ice relaxation in
the same frequency range [17, 67]. Excess water (above a partigditation level that depends
on protein) would usually crystallize at lower temperatures.idédormed in this process will
also have dielectric relaxation modes that will be in the saewiency range as the Slow
process, 10 — 10° s at around 200 K. However, the Slow process at this temperature has
significantly larger activation energy, ~ 70 kJ/mol, compared g¢dhcrelaxation, ~ 19 kJ/mol
(250 — 170 K) [67]. Moreover, in general ice contribution would have signtfidéference on
initial cooling and heating that provides a way to differentistie®m other dielectric relaxations.

Therefore, the contribution from ice could be distinguished from the Slow process.

In the following analysis we only use the data on pressedip@&ligh good electrical
contact that reduces the MW polarization contribution. We alsousél samples with < 0.4
where only small formation of ice is expected. Charactemnstaxation time of the Slow process
appears ~ 3 orders slower thani, of the Main process and also shows slightly non-Arrhenius
temperature dependenceTlat 200 K (Fig. 6). Its amplitude is comparable and even a bit higher
than the amplitude of the Main process (Fig. 7). This process®d®mn detected in many earlier
studies of protein powders [9, 12, 16]. Moreover, extrapolation of itsatsbaxtime to room
temperature providegw ~ 10 ns (Fig. 6), which is close to the relaxation time ofdib&ctric

process observed in dilute protein solutions at frequencies above tumbling [15, 18, 19].
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Fig. 7. Temperature dependence of the dielectric amplitudes foegsex in hydrated (a)
lysozyme ath = 0.36 and (b) myoglobin &t = 0.34. Because of the appearance of the double
peak, amplitudes at< 183 K for lysozyme andl < 203 K for myoglobin were not analyzed.

Once again, analysis of the dielectric relaxation spectra onbBs dwt provide
information on microscopic origin of the Slow process. In many papers this preesssibed to
hydration water that is tightly bound to protein surface [15, 18, 20, 2#jatrcase, however, it
is assumed that the hydration water can be’+idf@s slower than the bulk water. Moreover, the
amplitude of this process suggests that about half of the hydratiter slaould be tightly
bounded to the protein surface. Analysis of neutron scattering, MDlagions [10, 13] and

NMR data [5, 6] suggests that major part of protein’s hydraticlems slowed down only by a
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factor 2 — 4 (consistent with the data for the Main process), amd than 90% of hydration
water molecules are exchanged with the bulk water on time fasikr than 1 ns [12]. This
excludes, in our view, a possibility to ascribe the Slow protegghtly bounded hydration

water.

Neutron spin-echo measurements on protein solutions clearly identifiedss in 5 — 30
ns time range of several proteins and ascribe this processiain motions [68-72]. Combined
analysis of MD simulations and neutron scattering data for hydjatetin powders also
revealed a ns-relaxation process in proteins that was ascribethéoconformational jumps [10,
11]. NMR studies also found several backbone and side group motions ingoyte¢he ns time
scale [3, 4]. Although clear microscopic picture of the Slow pcesstill absent, it seems
obvious that this is the relaxation of protein that involves large soations, including domain
motions and fluctuations of secondary structures. We want to ndtéhthappearance of the
Slow process in the dielectric relaxation spectra might béleislue to motion of the water
continuum caused by the protein motions. But it seems obvious to ubkishalaxation process

is intrinsic to proteins and not to the tightly bounded hydration water.

The Process with Anomalously Large Intensity

The dielectric spectra, especially the derivative specteaylgl show the existence of a
process at frequencies below the Slow process (process B inlFgs). This process has
Anomalously large Intensity\¢a ~ 1¢ in lysozyme and\ea ~ 200 in myoglobin), and we will
call it Al-process. It has slightly non-Arrhenius temperatdependence and relaxation time that
depends strongly on hydration level (Fig. 8). Characteristic agtax time of this process at

hydration leveh > 0.3 is ~ 16— 10 times slower than the Main process, and it reaghes1F

19



— 10’ s atT ~ 180 K (Figs. 6, 8). Similar process has been found in recent dizimectroscopy
studies of BSA [16, 17]. In this case the amplitude of the procas®ven higherea ~ 1¢. In
all these cases, extrapolation of the relaxation time ofptioisess to room temperature suggests

that it should be ~ 1 — 10 ps (Figs. 6, 8).
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Fig. 8: Temperature dependence of relaxation times of the gr&é€al-process) at various

hydration levels.

The most interesting is a possible connection of this process tglase transition in
hydrated protein powders. This idea has been already discussed in [IBhd T¢mperature at
which structural relaxation timex<{process) in glass-forming systems reachés-1a0 s is
usually defined a3, The characteristic relaxation time of the Al-process indeadhes these
values at temperatures where calorimetry show some weakddigms glass transition [16, 17,
73, 74]. Moreover, many studies of protein powders with different techniguggested

existence of a broad glass transitiom at 160 — 200 K that depends on hydration level [74-78].
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Analyzing temperature dependencegfin lysozyme and myoglobin at various hydration level,

we fit the data to Vogel-Fulcher-Tammann (VFT) equation:

Tar = To exp[B/(T — Ty)] 3

The results of the fit are presented in the Table 1 and helptitoags the expectedy as a
temperature at whichy reaches 100 s. Comparison of so estimdigdor lysozyme and
myoglobin are presented in the Fig. 9 together with othenatds ofTy published in literature
[57, 73, 75]. This comparison clearly suggests that the Al-procegbt e the structural
relaxation of hydrated proteins. Moreover, as has been suggestatian gpers [53, 54, 56,
57, 79], the crossover in temperature dependence of the Maiy) (@ocess al ~ 170 — 200 K

(Fig. 6) might be also related to crossing Weof the system. Fragility indem, defined as

m = [dlogr/d(Tg/T)]T=Tg [80], was calculated from the obtained parameters of VFT

equation, and is presented in the Table 1. Assuming the Al-prodesssrstructural relaxation,
our analysis suggests that the hydrated protein systemstlage ‘istrong”, consistent with the
calorimetric study by Green and Angell [81]. Such a low figgié typical for network glass-

formers such as silica [80] and water [82].

Table 1. Parameters for Vogel-Fulcher-Tammann (VFT) equaticaingat from this study. A
symbol h indicates hydration level. SymboB and Ty are parameters for the VFT equation.
Glass transition temperatufg is defined as the temperature where relaxation time red€ifes

s. Fragility indexm [80] and activation energyH at Ty are also listed.

h B T Ty m  AH(Ty)
K K K kJmol*

Lysozyme
0.83 4282 55.13 171.4 23.6 77.4
0.36 4515 58.96 181.5 23.7 82.3
0.19 4180 81.89 1953 275 103.0

21



Myoglobin
0.34 3863 81.80 186.6 28.5 101.8
0.14 5135 77.43 216.8 24.9 103.3
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200 Myoglobin —
190 L " @ BDS O IR]
e I @7 Brillouin |
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Fig. 9: Hydration level dependence of the glass transition temper&alie. symbols showl, obtained

in this work, defined as temperature where the relaxatiom eifthe process B reaches 100 s. Open and
crossed symbols indicates representative literature ddig b® (open square) indicates inflection of the
temperature dependence of the Brillouin peak and the Boson pelggoaiyme measured by light
scattering spectroscopy [57]; IR (open diamond) shows infleafotemperature dependence of OD
stretching vibrational frequency of myoglobin [75]; Cp (crosseds)uindicates onset temperature of
the broad heat capacity jump of hydrated crystalline lysozyme [73].

A possible connection of the Al-process to the glass transitioydirated proteins makes
especially intriguing to understand the microscopic nature ofpttusess. Unfortunately, the
time-scale of this process does not allow to study it with neutron scatteriagisieethe latter has
limitations at a few hundreds of ns time scale. The currentsMidlations are just reaching this
time and we are aware of only one paper that indeed found a prdéedatien in the us time
scale [83]. It is especially challenging for MD simulatidrecause equilibration of the system

should be at least 10 times longer than the characteristiofithe process we intend to study.
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This means that simulations should be performed on time sca&xlgg to ~ 100 us, which is
not easily feasible at the current stage. We are also noe awany NMR studies of protein
dynamics at these time scales. Moreover, the dielectricestadidilute protein solutions are not
able to detect this process because it appears on the tinmesgpaficantly longer than the

tumbling time (~ 10 — 100 ns [15, 18-20, 22]).

The anomalously large amplitude of this process suggests that it ffeorelated to a strong
polarization of the protein or its surface, to motion of charges and ceangs A strong
increase of the amplitude of this process by going from myog(asir 200) to lysozymeAg ~
10°), and to BSA g¢ ~ 10%) provides some additional hint to the microscopic nature of this
process and its anomalously large intensity in the dielectrictrspeRecently Matyushov and
coworkers have suggested a ferroelectric hydration shell arowtdimp84]. This kind of
cooperative polarization might be responsible for such an intensetdef@ocess. It would be
interesting if this model can explain the amplitude of Al-procasd its difference between
myoglobin, lysozyme and BSA. It would be also important to extendsiiiulations to the ps
time scale and try to identify this process and its microsaugiiare through simulations. If this
process is indeed responsible for the glass transition in proteinsstamdigng of its microscopic
mechanism maybe crucial for understanding of many biophysicabiandemical processes in

biological macromolecules.

V. Conclusions

Detailed analysis of the dielectric spectra of hydraistadyme and myoglobin revealed
three major relaxation modes Bt> 180 K. This result is consistent with the recent dielectric

studies on BSA [16, 17], if we exclude ice relaxations also detectbdse studies. Our analysis
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excludes existence of the fast relaxation process suggest®8ddng2, 53], and ascribes these
earlier observations to signal fluctuations and accuracy of theumegaents on the edge of the
spectrometers in the MHz frequency range. Instead of this praeeebserved an NCL (as the
high-frequency tail of the Main process), consistent with the observation ofaheamstant loss

in BSA [17].

The observed three major processes are: (i) Main processhaitacteristicrmain ~ 10 — 50
ps at roomT; (ii) Slow process withesow ~ 5 — 30 ns at roord; (iii) Anomalously Intense
process withea ~ 1 — 10 ps at roorm (Fig. 6). Our analysis and earlier literature data suggest
that the Main process is a coupled protein-hydration water telaxavhere hydration water
exhibits rotational and translational motions, while protein has adslized conformational
fluctuations with characteristic amplitude ~ 1 — 3 A [10, 60-62]. Miroscopic nature of the
Slow process is less understood. In our view, we can exclude thébatatriof tightly bounded
hydration water to this process. Neutron scattering, MD simulasiodNMR studies all suggest
that this is a protein relaxation process, most probably lasde domain-like motions [68-72].
Even less is understood about the Al-process. It appears on thectil@enst easily accessible
for current neutron scattering and MD-simulations. However, a possibleection of the Al-
process to the glass transition in hydrated proteins makes it espietiajlying and important to
understand the microscopic nature of this process. We expect thainiations extended to

the microsecond time range will provide microscopic details of this te&axarocess.
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