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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
2
 – 10

3
 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
6
 – 10

7
 times slower than the faster process and 

has anomalously large dielectric amplitude Δε ~ 10
2
 – 10

4
. 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. Introduction 

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 solutions [15, 18-21], because it helps 

to isolate dynamics of individual protein molecules. In the case of BDS studies it has several 

http://ees.elsevier.com/noc/viewRCResults.aspx?pdf=1&docID=15028&rev=1&fileID=372848&msid={2FDEC053-1198-4A45-BEB2-CF91C54C41AC}
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disadvantages: (i) No dynamics can be studied at frequencies below the tumbling (rotation of 

entire molecules), that at ambient conditions in aqueous solution limits the time scale to faster 

than ~ 10 – 100 ns [15, 18-20, 22]; (ii) Significant contribution from solvent and ionic 

conductivity complicates the analysis at high and low frequencies, respectively; (iii) Solvent 

crystallization limits the temperature range of the studies. Dielectric studies of hydrated protein 

powders help to eliminate some of these problems.  

The main goal of the current studies is the analysis and microscopic interpretation of several 

relaxation processes detected in the dielectric spectra of protein powders. We present detailed 

BDS studies of two proteins, lysozyme and myoglobin, at different levels of hydration and in a 

broad temperature range. The results are compared to BDS studies of other proteins and to 

studies of lysozyme and myoglobin by other experimental techniques and MD simulations. 

Based on our analysis we formulate microscopic interpretation of major relaxation processes 

detected in the dielectric spectra of protein powders. The analysis also identifies some 

misinterpretations and artifacts in earlier BDS studies of protein powders. 

 

II. Experimental  

Sample Preparation 

 Lyophilized powders of lysozyme from chicken egg white, with residual buffer salts ≤ 10 

% (L4919, Sigma-Aldrich Co. LLC.) and myoglobin from equine skeletal muscle, 95 – 100 % 

assay (M0630, Sigma-Aldrich Co. LLC.), were purchased and used without any further 

purification. Desired hydration level, h = (weight of water)/(weight of protein), was achieved by 

keeping lyophilized protein powders above an open water in a desiccator. Final hydration was 
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estimated using weighing the sample before and after hydration process. Protein powder was 

pressed into pellets about 1 mm of thickness and 20 mm of diameter. It was formed by 

compressing powder filled in a cylindrical die at about 150 MPa of pressure at room temperature. 

This compression does not lead to unfolding [23-26], but forms dense samples without 

significant amount of voids. Removal of voids is important for suppression of MW polarization 

effects (see the Discussion section).  

 Apparent density of the initial dried pellet was estimated from measured dimensions and 

weight. For 8 lysozyme samples and 4 myoglobin samples, the apparent densities were estimated 

to be 1.05 ± 0.04 g/cm3 and 1.06 ± 0.03 g/cm3, respectively. These values are consistent with the 

estimate from the fraction of close packed protein molecules: Partial density of globular protein 

is reported to be in the range of 1.3 – 1.5 g/cm3 regardless of protein species [27-33]. Assuming 

that the partial density of lysozyme and myoglobin is ~ 1.4 g/cm3, their apparent density 

corresponds to packing fraction of the protein particles ~75 %. This value is close to the fraction 

of random close-packed sphere 64 % [34, 35]. In reality proteins are not spherical but rather 

ellipsoidal [36, 37]. In this case, even higher packing fraction approaching that of close-packed 

hexagonal sphere 74 % is expected [34]. Furthermore, it has been reported that crystals of a 

variety of small organic molecules and proteins have packing fractions around 75 % [29]. 

Therefore, it is expected that our protein pellets don’t contain significant amount of voids. 

 

Dielectric Spectroscopy 

 Complex permittivity spectrum, �∗��� � ����� � 	������ , was measured by two 

impedance spectrometers, here �� is the real part and ��� is the imaginary part of the dielectric 

permittivity. Fourier response impedance analyzer (Alpha analyzer, Novocontrol) was used in 
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the frequency range from 10 mHz to 10 MHz. RF-impedance analyzer (E4991A, Agilent 

technology) was employed in the frequency range from 1 MHz to 3 GHz. For the former, parallel 

plate discs sandwiching sample were used, whereas for the latter specially designed high-

frequency electrodes [38] were used. For lower frequency measurements, sample was sealed by 

Teflon cylinder to avoid losses of water. We stress that no any insulator in between sample and 

electrodes have been used. It is known that the use of the insulating layers leads to artificial 

relaxation processes and misinterpretations [39, 40]. The sample temperature was controlled by 

Quatro cryosystem (Novocontrol) with measurements going from higher to lower temperatures. 

Before measurements at any temperature, sample was equilibrated for at least 20 minutes.  

 

Analysis and Fits of the Spectra 

 One of the crucial problems in dielectric spectroscopy of highly conductive material is 

that loss peaks representing dielectric relaxation processes are masked by strong dc-conductivity. 

Conductivity does not contribute directly to the real part of �∗. However, relaxation process 

appears only as a smooth step in the real part, while it appears as a distinct peak in the imaginary 

part. In that case, the derivative analysis of the real part of the spectrum is helpful [41]. It is 

usually presented as: 


����� � � 


�
⋅ ���

� ���
				     (1) 

where � is angular frequency. Both imaginary part and the derivative spectrum have peaks at the 

same frequencies, but the derivative spectrum excludes conductivity contribution and peaks are 

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

component becomes better resolved in the derivative spectrum.  
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Figures 1 and 2 present several representative complex permittivity and the derivative 

spectra for lysozyme at h = 0.36 and for myoglobin at h = 0.34, respectively. The spectra of two 

proteins share similar features: (i) The imaginary part is dominated by strong dc-conductivity, 

and at T > 190 K only one loss peak is well resolved at high frequency (e.g. at around 1MHz at 

203 K in both lysozyme and myoglobin); (ii) Large steps/shoulders with ∆ε ~ 100 – 3000 appear 

in the real part and the derivative spectra at frequencies lower than the peak in ��� ; (iii) At 

temperature below 170 K, bimodal peak and the so-called nearly constant loss (NCL) are 

observed.  
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Fig. 1: Complex permittivity spectra, real part (top panel), imaginary part (middle panel), and 

derivative spectra (bottom panel), of lysozyme at h = 0.36 at representative temperatures. 

Symbols show experimental data, and solid lines show fits composed of dc-conductivity, 

electrode polarization, processes B, D, and G (and E and F at T ≤ 183 K). 
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Fig. 2: Complex permittivity spectra, real part (top panel), imaginary part (middle panel), and 

derivative spectra (bottom panel), of myoglobin at h = 0.34 at representative temperatures. 

Symbols show experimental data, and solid lines show fits composed of dc-conductivity, 

electrode polarization, processes B, D, and G (and E and F at T ≤ 203 K). 

 

At T ≥ 180 K the complex permittivity spectra can be fit with the superposition of three 

Cole-Cole processes [42] (processes B, D, and G), a Cole-Davidson function [43] for the 

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

�
�������
 �!�"#,%,& � ��'(

�
�����'(�!)'(
� *+
���+

  (2)	

Here Δ��, -�, β� are the dielectric relaxation amplitude, the relaxation time and stretching of the i 

process, respectively; �� is the limiting value of dielectric constant at high frequency; ./ is dc-

conductivity; �/  is a vacuum permittivity. The Cole-Cole function instead of e.g. Havriliak-

Negami function [44] was chosen to reduce the numbers of free fit parameters. This choice, 

however, does not affect the estimates of the characteristic relaxation times (defined using the 

frequency of the peak maximum) and their temperature dependences that are the main focus of 

our studies. 
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Fig. 3: Detail of curve fitting for complex permittivity spectra of lysozyme at h = 0.36 and T = 

203 K. Dashed lines with three different intervals correspond to process B, D, and G as being 

specified in the middle panel. Electrode polarization is at much lower frequency, and only its 

high frequency tail can be recognized at this temperature. In the imaginary part, dc conductivity 

is also superimposed (is not shown). Solid lines show total fit to the Eq. 2 with all these 

components. 

 

Fits at T < 180 K cannot be performed without unambiguity. The process marked G at higher 

temperatures becomes a double peak with an extended high-frequency tail. The latter has been 

detected in many glass-forming systems and is usually called the NCL (or excess wing) [45-51]. 

Figure 4 presents an example of the fit in this temperature range 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 same G peak 

that was observed at higher T, and whether these might be two new peaks that overlap with the G 

peak. For simplicity we assume that one of the bimodal peaks (E or F) is the same G peak, and 

G’-peak is used to fit the NCL. Since the NCL does not really has a separate peak, the process G’ 

maximum was placed at the midpoint between the processes E and F to simplify the fit. 
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Fig. 4: Detail of curve fitting for complex permittivity spectra of lysozyme at h = 0.36 and T = 

163 K, where bimodal peak appears. The dashed lines present processes E, F and G’, while the 

solid lines present processes B and D. The solid lines through the experimental data (symbols) 

present total fit curves. Peaks of processes E and F are also shown by arrows. Since process G’ 

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

 

 

III. Results and Discussion 

Nearly Constant Loss 

Analysis of the spectra (Figs. 1 – 4) suggests the existence of at least 3 well resolved 

dielectric relaxation peaks at T > 180 K and appearance of one more peak at lower T. Let’s start 
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our discussion with higher frequency data. It has been suggested in a few papers (e.g. [8, 9, 52, 

53]) that there is a high frequency peak in the MHz range with very weak temperature 

dependence. As displayed in the magnified high frequency spectra (Fig. 5), our detailed analysis 

with accurate measurements extended to higher frequencies clearly exclude the existence of the 

high frequency peak. As temperature is decreased to below 180 K, it shows strong NCL that is a 

usual high frequency tail of structural relaxation observed in many glass-forming systems. In 

particular, it has been observed in LiCl-H2O system [51] and can be a part of the hydration water 

relaxation process that we marked G in our fits. We suspect that the earlier studies [8, 52] 

misinterpreted spectral fluctuations and uncertainty on the edge of the low-frequency 

spectrometer (in the MHz range) as an additional relaxation peak. Our analysis reveals small 

values of the exponent for the high-frequency tail that decreases with temperature decrease, ε” ∝ 

ν
-0.24 at 163 K and ∝ ν-0.17 at 143 K (Fig. 5). This behavior is usual for NCL. Thus our accurate 

measurements in the MHz – GHz range at lower T clearly demonstrate the existence of the NCL 

only. This result is consistent with the recent measurements on bovine serum albumin (BSA) 

[17] that also found only NCL in this frequency range at lower T. Thus the NCL is a general 

feature in the dielectric relaxation spectra of various hydrated protein powders. 
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Fig. 5: The high frequency part of the dielectric spectra of lysozyme at h = 0.36. Full lines show 

process G, while dashed lines indicate power law behavior ν
-0.24 at 163 K and ν-0.17 at 143 K. 

Arrows represent the reported in [8] peak positions of the fast process. Our detailed analysis 

reveals no peak, just an NCL. 

 

Main Process 

The only process that is well resolved in the dielectric spectra at T > 180 K is the process 

marked G in our fits (Figs. 1 – 3). Because it is the only well-resolved peak, it was named the 

Main process in [8, 9], and we will use this name in the following discussion. There are three 

characteristic features of this process: (i) The relaxation time of this process has slightly super-

Arrhenius temperature dependence down to T ~ 200 – 180 K (Fig. 6); (ii) At T ~ 170 – 190 K the 

temperature dependence of this process crosses over to an Arrhenius behavior with characteristic 

activation energy barrier ~ 30 – 41 kJ/mol; (iii) It has strongly stretched rather symmetric 

spectral shape with the stretching exponent of the Cole-Cole function, βmain ~ 0.4 – 0.5 even at T 

~ 200 K. Clear emergence of the NCL at lower temperatures complicates the analysis of spectral 

shape of the Main process at T < 180 K. These characteristic features of the Main process have 
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been reported earlier for lysozyme [8, 9], myoglobin [52] and BSA [16, 17], and are general 

features of the dielectric spectra of protein powders. Moreover, as it has been discussed in 

several papers [54-56], it is the same process that has been observed in many other water-

containing samples and is often called ν-process of water. In agreement with the earlier reports 

on the ν-process [54-56], an unusual temperature dependence of the dielectric relaxation 

amplitude of the Main process can be recognized in Fig. 7 (i.e. Δ�G decreases with decreasing 

temperature). Because of the complexity of the spectrum below 180 K detailed h dependence of 

the crossover temperature cannot be determined unambiguously in our study. However, a 

decrease of this crossover temperature with increase in hydration has been reported in [57]. 
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Fig. 6: Temperature dependence of the relaxation times of hydrated (a) lysozyme at h = 0.36 and 

(b) myoglobin at h = 0.34. The filled and half-filled symbols stand for dielectric relaxation times 

of processes B, D, G, E and F. The open circles represent reciprocal conductivity via plateau 

value of the real part of complex conductivity. The star-symbols present neutron scattering 

relaxation times for non-exchangeable protons in protein molecules [8], whereas plus-symbols 

represent neutron scattering relaxation times for protons in hydration water [7]. 

 

The dielectric relaxation spectra are not sufficient to unravel the microscopic details of 

the molecular motion involved in the Main process and results of other techniques should be 

involved. Using hydrogen/deuterium contrast neutron scattering can separate contribution of 

hydration water and of the protein to the relaxation spectra [58, 59]. Detailed analysis of neutron 

scattering spectra of lysozyme (with important correction for methyl group contribution) 

revealed that both hydration water and protein relaxation has similar relaxation time and its 

temperature dependence [8, 9] (Fig.6a). Moreover, the stretching of the protein relaxation 

process in the neutron scattering spectra of lysozyme and myoglobin is also very strong [1, 8, 9]. 

NMR studies also revealed relaxation of many side groups in the same 10 – 100 ps time scale at 

ambient conditions [3, 4]. All these results clearly suggest that the Main process is a coupled 

protein-hydration water relaxation [9]. It involves rotation and translation motion of water 

coupled to localized fluctuations of protein. According to detailed analysis of neutron scattering 

and MD simulations results atomic motions in this protein relaxation process are localized to 

distances ~ 1 – 3 Å [10, 60-62].  

Extrapolation of the data for this process in different proteins to room temperature 

provides estimates of the characteristic relaxation time ~ 10 – 30 ps (see e.g. Fig. 6 and Ref. 

[12]). Studies of many proteins in dilute solutions at ambient temperature also revealed the 
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process around the same relaxation time [5, 6, 13, 15, 18, 19]. In the case of dilute solutions it is 

usually ascribed to hydration water. Thus the Main process exists in hydrated protein powders 

and solutions and is a coupled protein-hydration water relaxation process. It involves rotational 

and translational water motions and localized fluctuations of the protein [9, 11, 12, 62]. 

According to [8, 63, 64], it is the process that causes the sharp rise of the mean-squared atomic 

displacements (the so-called dynamic transition) at above ~ 220 K in hydrated proteins measured 

by neutron scattering. 

 

Slow Process 

At frequencies below the Main peak, ionic conductivity dominates the dielectric loss 

spectra (Figs. 1 – 2). Several authors used insulating layers (e.g. a Teflon film) to suppress the 

ionic conductivity [52, 65, 66]. It is well-known that this layer leads to some artificial peaks in 

the dielectric relaxation spectra and their misinterpretations [39, 40]. Thus we will not discuss 

any of the papers that used the insulating layers in the dielectric measurements. Detailed analysis 

of the dielectric spectra (Fig. 3) clearly revealed two more processes (B and D) at frequencies 

below the Main process. The process D was called Slow process in [9, 12], and we will use the 

same name here. This process appears in the frequency range where conductivity relaxation 

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

Analysis of the characteristic relaxation time of the Slow (D) process indeed shows that 

its temperature variations follow the conductivity contribution and even quantitatively τslow is 

close to the conductivity relaxation time ~ �0/. (Fig. 6). This does not necessarily mean that the 

Slow process results from some interfacial effects (e.g. MW polarizations). It is also possible that 

the temperature dependence of the Slow process is controlled by the same mechanism that 
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controls conductivity. To sort out possible effects of the interfaces and their polarization we 

performed additional experiments. The MW polarization can appear in the spectra of protein 

powders due to several reasons, including air gaps between powder sample and electrodes and 

some voids in the sample. The former should depend on the contact condition at the surface of 

the sample, such as area of air gaps, and their thicknesses. Voids in the samples are expected to 

depend on the packing fraction of powder. Therefore, we examined a variety of contact 

conditions to exclude the possibility for the former, and a variety of packing fraction in order to 

see the effect from the latter. Several conductive materials, such as gold leafs, silver powder (2 – 

3.5 µm of diameter) and indium foils (125 µm of thickness), were inserted between both sides of 

pellet and electrodes. These materials provide significantly different surface conditions as they 

change their shape according to the pellet surface roughness. On the other hand, powders at a 

variety of packing fractions were also examined: (i) pellet made by compressing powder via 

press applying about 150 MPa of pressure, (ii) tightly packed powder prepared by pressing 

powder by hand at pressure less than 0.4 MPa, (iii) loosely packed powder made by just 

sandwiching powder by electrodes with tiny pieces of spacers. It was confirmed that the last one 

was certainly loosely packed from the view point of dielectric spectrum. In its dielectric 

spectrum, clear MW process showed up additionally at frequency between the process B and D, 

and thereby relaxation intensity of the process B was decreased considerably while the process D 

did not exhibit significant change. We confirm that this modification of the dielectric spectrum 

can be reproduced based on the spectrum of tightly packed powder (sample 1), assuming 

equivalent circuit composed of the sample 1 and air gap partially blocking dc-conductivity. Thus 

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

proteins.  

Another complication with analysis of this process is the contribution of ice relaxation in 

the same frequency range [17, 67]. Excess water (above a particular hydration level that depends 

on protein) would usually crystallize at lower temperatures. The ice formed in this process will 

also have dielectric relaxation modes that will be in the same frequency range as the Slow 

process, 10-4 – 10-2 s at around 200 K. However, the Slow process at this temperature has 

significantly larger activation energy, ~ 70 kJ/mol, compared to ice Ih relaxation, ~ 19 kJ/mol 

(250 – 170 K) [67]. Moreover, in general ice contribution would have significant difference on 

initial cooling and heating that provides a way to differentiate it from 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 pressed pellets with good electrical 

contact that reduces the MW polarization contribution. We also will use samples with h < 0.4 

where only small formation of ice is expected. Characteristic relaxation time of the Slow process 

appears ~ 3 orders slower than τmain of the Main process and also shows slightly non-Arrhenius 

temperature dependence at T > 200 K (Fig. 6). Its amplitude is comparable and even a bit higher 

than the amplitude of the Main process (Fig. 7). This process has been detected in many earlier 

studies of protein powders [9, 12, 16]. Moreover, extrapolation of its relaxation time to room 

temperature provides τslow ~ 10 ns (Fig. 6), which is close to the relaxation time of the dielectric 

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 for processes in hydrated (a) 

lysozyme at h = 0.36 and (b) myoglobin at h = 0.34. Because of the appearance of the double 

peak, amplitudes at T ≤ 183 K for lysozyme and T ≤ 203 K for myoglobin were not analyzed.  

 

Once again, analysis of the dielectric relaxation spectra only does not provide 

information on microscopic origin of the Slow process. In many papers this process is ascribed to 

hydration water that is tightly bound to protein surface [15, 18, 20, 22]. In that case, however, it 

is assumed that the hydration water can be ~ 103 times slower than the bulk water. Moreover, the 

amplitude of this process suggests that about half of the hydration water should be tightly 

bounded to the protein surface. Analysis of neutron scattering, MD simulations [10, 13] and 

NMR data [5, 6] suggests that major part of protein’s hydration water is slowed down only by a 
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factor 2 – 4 (consistent with the data for the Main process), and more than 90% of hydration 

water molecules are exchanged with the bulk water on time scale faster than 1 ns [12]. This 

excludes, in our view, a possibility to ascribe the Slow process to tightly bounded hydration 

water. 

Neutron spin-echo measurements on protein solutions clearly identified process in 5 – 30 

ns time range of several proteins and ascribe this process to domain motions [68-72]. Combined 

analysis of MD simulations and neutron scattering data for hydrated protein powders also 

revealed a ns-relaxation process in proteins that was ascribed to some conformational jumps [10, 

11]. NMR studies also found several backbone and side group motions in proteins on the ns time 

scale [3, 4]. Although clear microscopic picture of the Slow process is still absent, it seems 

obvious that this is the relaxation of protein that involves large scale motions, including domain 

motions and fluctuations of secondary structures. We want to note that the appearance of the 

Slow process in the dielectric relaxation spectra might be visible due to motion of the water 

continuum caused by the protein motions. But it seems obvious to us that this relaxation 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 spectra, clearly show the existence of a 

process at frequencies below the Slow process (process B in Figs. 1 – 3). This process has 

Anomalously large Intensity (∆εAI ~ 103 in lysozyme and ∆εAI ~ 200 in myoglobin), and we will 

call it AI-process. It has slightly non-Arrhenius temperature dependence and relaxation time that 

depends strongly on hydration level (Fig. 8). Characteristic relaxation time of this process at 

hydration level h > 0.3 is ~ 106 – 107 times slower than the Main process, and it reaches τAI ~ 102 
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– 103 s at T ~ 180 K (Figs. 6, 8). Similar process has been found in recent dielectric spectroscopy 

studies of BSA [16, 17]. In this case the amplitude of the process was even higher, ∆εAI ~ 104. In 

all these cases, extrapolation of the relaxation time of this process to room temperature suggests 

that it should be ~ 1 – 10 µs (Figs. 6, 8).  

 

 

Fig. 8: Temperature dependence of relaxation times of the process B (AI-process) at various 

hydration levels. 

 

The most interesting is a possible connection of this process to the glass transition in 

hydrated protein powders. This idea has been already discussed in [16, 17]. The temperature at 

which structural relaxation time (α-process) in glass-forming systems reaches 102 – 103 s is 

usually defined as Tg. The characteristic relaxation time of the AI-process indeed reaches these 

values at temperatures where calorimetry show some weak signs of the glass transition [16, 17, 

73, 74]. Moreover, many studies of protein powders with different techniques suggested 

existence of a broad glass transition at T ~ 160 – 200 K that depends on hydration level [74-78]. 
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Analyzing temperature dependence of τAI in lysozyme and myoglobin at various hydration level, 

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

-12 � -/ exp�6/�8 � 8/�!  (3) 

The results of the fit are presented in the Table 1 and help to estimate the expected Tg as a 

temperature at which τAI reaches 100 s. Comparison of so estimated Tg for lysozyme and 

myoglobin are presented in the Fig. 9 together with other estimates of Tg published in literature 

[57, 73, 75]. This comparison clearly suggests that the AI-process might be the structural 

relaxation of hydrated proteins. Moreover, as has been suggested in earlier papers [53, 54, 56, 

57, 79], the crossover in temperature dependence of the Main (or ν-) process at T ~ 170 – 200 K 

(Fig. 6) might be also related to crossing the Tg of the system. Fragility index m, defined as 

9 � :; log - ;?8@ 8⁄ B⁄ C
D"DE

 [80], was calculated from the obtained parameters of VFT 

equation, and is presented in the Table 1. Assuming the AI-process reflects structural relaxation, 

our analysis suggests that the hydrated protein systems are rather “strong”, consistent with the 

calorimetric study by Green and Angell [81]. Such a low fragility is typical for network glass-

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

 

Table 1: Parameters for Vogel-Fulcher-Tammann (VFT) equation obtained from this study. A 

symbol h indicates hydration level. Symbols B and T0 are parameters for the VFT equation. 

Glass transition temperature Tg is defined as the temperature where relaxation time reaches 100 

s. Fragility index m [80] and activation energy ∆H at Tg are also listed. 

h 
  

B 
K 

T0 
K 

Tg 
K 

m ∆H(Tg) 
kJ·mol-1 

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 81.89 195.3 27.5 103.0 
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Myoglobin      
0.34 3863 81.80 186.6 28.5 101.8 
0.14 5135 77.43 216.8 24.9 103.3 

 

 

Fig. 9: Hydration level dependence of the glass transition temperature. Solid symbols show Tg obtained 

in this work, defined as temperature where the relaxation time of the process B reaches 100 s. Open and 

crossed symbols indicates representative literature data of Tg: LS (open square) indicates inflection of the 

temperature dependence of the Brillouin peak and the Boson peak of lysozyme measured by light 

scattering spectroscopy [57]; IR (open diamond) shows inflection of temperature dependence of OD 

stretching vibrational frequency of myoglobin [75]; Cp (crossed square) indicates onset temperature of 

the broad heat capacity jump of hydrated crystalline lysozyme [73]. 

 

A possible connection of the AI-process to the glass transition in hydrated proteins makes 

especially intriguing to understand the microscopic nature of this process. Unfortunately, the 

time-scale of this process does not allow to study it with neutron scattering, because the latter has 

limitations at a few hundreds of ns time scale. The current MD simulations are just reaching this 

time and we are aware of only one paper that indeed found a protein relaxation in the µs time 

scale [83]. It is especially challenging for MD simulations because equilibration of the system 

should be at least 10 times longer than the characteristic time of the process we intend to study. 
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This means that simulations should be performed on time scales extending to ~ 100 µs, which is 

not easily feasible at the current stage. We are also not aware of any NMR studies of protein 

dynamics at these time scales. Moreover, the dielectric studies of dilute protein solutions are not 

able to detect this process because it appears on the time scale significantly longer than the 

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

The anomalously large amplitude of this process suggests that it should be related to a strong 

polarization of the protein or its surface, to motion of charges and counter-ions. A strong 

increase of the amplitude of this process by going from myoglobin (∆ε ~ 200) to lysozyme (∆ε ~ 

103), and to BSA (∆ε ~ 104) provides some additional hint to the microscopic nature of this 

process and its anomalously large intensity in the dielectric spectra. Recently Matyushov and 

coworkers have suggested a ferroelectric hydration shell around protein [84]. This kind of 

cooperative polarization might be responsible for such an intense dielectric process. It would be 

interesting if this model can explain the amplitude of AI-process and its difference between 

myoglobin, lysozyme and BSA. It would be also important to extend MD simulations to the µs 

time scale and try to identify this process and its microscopic nature through simulations. If this 

process is indeed responsible for the glass transition in proteins, understanding of its microscopic 

mechanism maybe crucial for understanding of many biophysical and biochemical processes in 

biological macromolecules. 

 

IV. Conclusions 

Detailed analysis of the dielectric spectra of hydrated lysozyme and myoglobin revealed 

three major relaxation modes at T > 180 K. This result is consistent with the recent dielectric 

studies on BSA [16, 17], if we exclude ice relaxations also detected in these studies. Our analysis 
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excludes existence of the fast relaxation process suggested in [8, 9, 52, 53], and ascribes these 

earlier observations to signal fluctuations and accuracy of the measurements on the edge of the 

spectrometers in the MHz frequency range. Instead of this process we observed an NCL (as the 

high-frequency tail of the Main process), consistent with the observation of the near constant loss 

in BSA [17].  

The observed three major processes are: (i) Main process with characteristic τmain ~ 10 – 50 

ps at room T; (ii) Slow process with τslow ~ 5 – 30 ns at room T; (iii) Anomalously Intense 

process with τAI ~ 1 – 10 µs at room T (Fig. 6). Our analysis and earlier literature data suggest 

that the Main process is a coupled protein-hydration water relaxation, where hydration water 

exhibits rotational and translational motions, while protein has only localized conformational 

fluctuations with characteristic amplitude ~ 1 – 3 Å [10, 60-62]. The microscopic nature of the 

Slow process is less understood. In our view, we can exclude the contribution of tightly bounded 

hydration water to this process. Neutron scattering, MD simulations and NMR studies all suggest 

that this is a protein relaxation process, most probably large scale domain-like motions [68-72]. 

Even less is understood about the AI-process. It appears on the time scale not easily accessible 

for current neutron scattering and MD-simulations. However, a possible connection of the AI-

process to the glass transition in hydrated proteins makes it especially intriguing and important to 

understand the microscopic nature of this process. We expect that MD simulations extended to 

the microsecond time range will provide microscopic details of this relaxation process. 
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