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DIELECTRIC RELAXATION IN SOLID LYSOZYME
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Dielectric constant and loss factor of solid polycrystalline lysozyme have been measured as a function of frequency
from 30 Hz to 3 MHz at different temperatures from -25' to 30'. A very weak and broad dispersion peak has been observed
in the frequency range 10- 100 KHz in addition to a strong dispersion at lower frequencies. Activation parameters of
the former relaxation process have been obtained using the Cole-Cole modified Debye model of dielectric relaxation.
Internal mobilities in the polar protein components are found to be the probable cause of relaxation.
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Introduction
Dielectric properties of synthetic polymers in the solid

state have been extensively studied and have been reviewed in
many comprehensive texts [1-3]. These studies describe the
mobilities in the main chain and side chains of the polymers.
Dielectric studies of natural polymers, on the contrary, have
generally been restricted to measurements in aqueous solu-
tions [4-6]. Such solution state measurements have given
valuable information about shapes and sizes of protein mole-
cules, their dipole moments, the water of hydration and about
the nature of the inter-molecular bondings. Solid state dielec-
tric data in hydrated proteins collected over the last few
decades has mainly concentrated on the protein-water interac-
tion [7,8] and mechanisms of charge transfer in protein sys-
tems [9-11].

Intra-molecular dynamics in proteins which is being
regarded as the key to the understanding of their biological
behaviour can also be studied via solid state dielectric data.
Only a few such studies have been reported [12,13] and there
is a need for a systematic investigation of dielectric properties
of solid proteins with reference to their internal dynamics.

Experimental
The egg-white lysozyme used in this study was obtained

from the Sigma Chemical Company. It was stated to be 3 times
crystallised, dialysed and lyophilised (Grade 1). The sample
was estimated to have about 6% water by weight from gravi-
metric analysis of the sample before and after vacuum drying
at 110' for one day.

All measurements weremadeon lysozyme powder packed
to a density of 120 mg/cc in a sample cell of electrode diameter
17 mm, guard electrode diameter 18 mm and the thickness of
the sample was 0.8 mm. The temperatures required were main-
tained by placing the sample cell in a thermostatic oven whose
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accuracy was ± 1.5' in the temperature range of these observa-
tions.

Dielectric measurements were made using the complete
dielectric measuring set of Ando Electric Company, Japan
which consisted of a bridge used in combination with a null
detector and an oscillator. Details of the experimental setup
can be found elsewhere [14,15].

The measured quantities were the capacitance (Cx) and
the conductance (Gx) of the specimen and the static relative
permittivity E' and loss factor En were calculated as

E' = Cx/Ca and En = Gx/w Ca
where Ca is the capacitance of the cell with air and to is the
angular frequency of observation. All measurements were
reproducible within the 5% experimental error.

Results and Discussion
The measured values of dielectric constant and loss factor

in polycrystalline lysozyme powder at three different tempera-
tures arc shown as a function of frequency in Figs. 1 and 2 re-
spectively.

These curves are indicative of two distinct dispersions; a
lower frequency strong dispersion and a weak dispersion at a
higher frequency with a very broad peak. The former disper-
sion could not be characterised completely as the peak of this
dispersion could not be observed even at the lowest obtainable
frequency of our measuring set.

The weaker dispersion (to be referred to as a.'-dispersion)
which is centered at about 35 KHz at 0' could only be detected
at temperatures below the normal freezing point of water. At
higher temperatures this oc'-dispersion is completely over-
masked by the strong lower frequency dispersion. A pro-
nounced effect of the bound water on the low frequency
dielectric dispersions of hydrated proteins has been known for
quite some time [10] and is considered to be associated with
the electrode polarisation effects and processes of non-con-
ductive long range charge transport.
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As is clear from the loss curves (Fig.2), the IX '-loss peak
shifts towards higher frequencies with the increase of tem-
perature. Thus indicating the relaxation process to be a tem-
perature activated rate process [16]. In order to obtain the
activation parameters of the relaxation process involved in the
observed dispersion, the mean correlation time (reciprocal of
the angular frequency at maximum loss) was plotted as a
function of reciprocal temperature on a log linear graph
(Fig.3). An Arrhenius type behaviour has been observed [16].
The relaxation process is therefore described by

'to = 'to exp (EAIRT) (1)

where 'to is the mean correlation time, 'to the pre-exponential
factor, EA the activation energy, R the gas constant and T the
absolute temperature. The relaxation process can further be
developed in terms ofa chemical rate process in the form of the
following equation.

'tc• h exp (-6.S) exp (6.H) (2)
kT -r ~

where h is the Planck's constant, k the Boltzmann's constant,
6.S the molar entropy of activation for the relaxation process
and 6.H the Arrhenius activation enthalpy per mole. The molar
enthalpy of the relaxation process, as obtained from the slope
of the line in Fig. 3, is 14.6 k cal/mole, This enthalpy value is
not very different from that found in poly-v-mcthyl-Lvgfuta-
mate (H=14 k cal/mole) for the side chain reorientations [17].
The pre- exponential factor as obtained from the intercept of
this Arrhenius plot, is approx. 7x 10-18 s, which gives the molar
entropy of activation as 2x 10-2 cal/dcg mole at temperatures
around 0'. This small value of 6.S suggests that the reorienta-
tion takes place with a little cooperative interaction of the
neighbouring groups.

To account for symmetrical distributions of correlation
times, Cole and Cole [18] used the following modified Debye
equation

E - E. ~
E'(W) = Eo. + ---- (3)

1 + (ko 't ) I- ~
c

where E* is the complex dielectric constant (E'-i E". The real
part, E' is the dielectric constant, and the imaginary pane" is
the dielectric loss. E~ and E. are the high and low frequency
limits of the dielectric constant, to is the angular frequency and
'to is the mean relaxation time. The parameter P indicates the
width of the distribution of correlation times around 'to which
may range from °to I. For materials with a single correlation
time where p = 0, the Cole- Cole equation reduces to the usual
Debye equation [19]. The graphical representation of equation
3 gives the arc of a semicircle in the complex plane with the
diameter of the semicircle making an angle P1t 12 with the real
axis. Intercepts of this semicircle on the real axis give the

limiting values of high and low frequency static relative
permittivities.

Cole-Cole plots of our data as shown in Fig. 4 indicate that
there is a large distribution in correlation times. Data points,
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Fig. 1. Variation of dieJc~tric constant (E') with frequency at different
temperatures.
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Fig. 2. Variation of loss factor (E") with frequency at different

temperature.
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Fig. 3. Arrhenius plot for the weak disperson. The activation parameters
are discussed in text.
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Fig. 4. Cole-Cole plots of lysozyme data at different temperatures
(solid lines are best fits of semi-circular arcs for the ",'-dispersion.) (Lower
frequency points much higher the theoretical curve due to the lower fre-
quency strong dispersion <ireexcluded from the fit).

for which the strong lower frequency dispersion process was
the dominant source of relaxation, were filled to the semicir-
cular curves given by equation 3. All low frequency data
points for which the strong lower frequency dispersion proc-
ess was the dominant source of relaxation were excl uded from
the fit. The diameter of the best filled semicircles made an
angle of 63 degrees (0.35 radians) with the real axis, which
gave the value of the width parameter ~ as high as 0.7. No
notable change in the width parameter of the distribution of
correlation times with the change of temperature has bee
observed in the temperature range of our observations.

A slight increase in the strength of dispersion (£. - £~ has
been found with the increase in temperature indicating an
increase in intramolecular mobilities of the polar protein
components with the increase of temperature. Following the
theories of Debye and Onsager, it can be shown that (20 -21).

(E.- EJ (E.+ EJ N< m >2
E. (E~+ 2)2 - 9EokT (4)

<)

where <m>2 is the mean square of the total dipole moment.
From equation 4 N<m>2 was found to vary from 2.19x

10.32.C2/m at-2Y to 3.41 x 1O.32C2/mat 0'. Lysozyme is com-
posed of 129 residues and has a molecular weight of 14600, so
that for our sample, the concentration of peptide units is
6.38xlO 26/m 3.The values obtained for N<m>2 would then cor-
respond to an effective dipole moment per peptide unit of
0.73x 10.29 c.m. at 0' which decreases to 0.59x 10-29 c.m. at -25'.
These values of dipole moments are about half the value of the
estimated dipole moment of a peptide group (1.2x 10.29c.m.)
[20] and therefore could have been resulted from some sort of
limited relaxation of the peptide moments in the polypeptide
backbones.

Out of 129 residues of lysozyme 80 arc polar. Consider-
ing the observed dispersion to be the result of the dipolar
relaxation of the polar side chain components of the protein,
the dipole moment per polar side chain is estimated to range
from 0.93 x 10.29c.m. at 0' to 0.74 X 10.29C.m. at -25'. These
values are consistent with the average dipole moment of a
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polar amino acid side chain (as estimated from the considera-
tions [20]. The low value of the mean acti vation energy, a wide
spread in the relaxation times and an increase in dispersion
strength with the increase in temperature also supports this
view point. There is also a possibility of some sort of correla-
tion motion of the main chain and the polar side chains as
found in poly- 't:benzyl glutamate [20]. This would however
require a higher value of activation energy.

References
1. N.G. McCrum, B.E. ReadandG. Williams, Anelastic and

Dielectric Effects in Polymeric Solids (Wiley, London,
1976).

2. F.E. Karsaz, (cd.), Dielectric Properties of Polymers
(Plenum, New York, 1972).

3. Y. Wada, Dielectric and Related Molecular Processes, M.
Davies (cd.), Spec. Period. Report, The Chern. Soc. Lon-
don, 3, 143 (1977).

4. G.P. South and E.H. Grant, Proc. R. Soc. (London) Ser.,
A, 328, 371 (1972).

5. G.P. South and E.H. Grant, Biopolymers, 12,1937 (1973).
6. E.H. Grant, RJ. Sheppard and G.P. South, Dielectric Be-

haviour of Biological Molecules in Solution (Clarendon
Press, 1978).

7. S.c. Harvey and P. Hoekstra, J. Phys. Chern., 70, 2987
(1972).

8. V.P. Tomaselli and M.L Shamos, Biopolymers, 12,353
(1973).

9. N. Sasaki, Biopolymers, 23, 1725 (1984).
10. D.D. Eley, N.C. Lockhart and C.N. Richardson,J. Chern.

Soc. Faraday Trans., I, 75,323 (1979).
11. J. Eden, P.R.C. Gascoyne and R. Pethig, J. Chern. Soc.

Faraday I, 76, 426 (1980).
12. J .E. Algie and R.A. Gamble, Kolloid-Z, 251,554 (1973).
13. J.1. Hawkes and R. Pethig, Biochim. Biophis. Acta, 952,

27 (1988).
14. T'Z,RizviandA.Shamim,Sci. Int. (Lahore),3, 171(1991).
15. T.Z. Rizvi and A. Shamim, Proc. ofPaIc. Inst. Phys., 146

(1991).
16. S. Glasstone, KJ. Laidler and H. Eyring, (McGraw-Hil\,

New York, 1941), pp. 341.
17. A. Tanaka and Y. Ishida,J. Polym. Sci. Polym.Phys., 11,

1117 (1973).
18. S.K. Cole and R.H. Cole, J. Chern. Phys., 9, 341 (1941).
19. P. Debye, Polar Molecules (Dover Publication New York,

1929).
20. R.Pethig, Dielectric and Electronic Properties of Bio-

logical Materials (Wiley, Chichester, 1979), pp.21, 48,
24,62).


