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Abstract

In this study, some theoretical model functions hav been used to explain
the molecular behaviour of four different types ofproteins; human haemoglobin,
Insulin, egg-white lysozyme ang - globulin molecules in solution. The results ofte
computational fitting procedures showed that the délectric dispersion of the protein
molecules generally followed the Debye and Cole-Golfunctions. The dielectric
parameters obtained from the dispersions, relatingo the structural and electrical
properties of the molecules were tabulated. The rationships between the dispersion
amplitude A and the molecular dipole momentu of the proteins and also between
the relaxation time T and the energy of activationAH of the molecules have been
highlighted. The molecular interpretation of the pdarization effects responsible for
the dielectric dispersions have been discussed.

1.0 Introduction

It is well known that the type of material betwede plates of a capacitor increases its capacitbpce
factor called the dielectric constant or relatiwrpittivity. Most substances used for this purpbaee a dielectric
constant lying between 2 and 10 and are good itmsslaSuch materials are termed non-polar becausie t
constituent molecules do not bear a permanent @ipmment capable of rotating in an electric fidldis implies
that the distribution of both positive and negativrges on the molecule is symmetrical with resfethe centre
of the molecule and therefore there is no dipoleneat. If however, the distribution of charge on thelecule is
asymmetrical, the molecule bears a permanent dipeleit becomes polar. Owing to the interactidrth@ dipole
moment with an electric field, a polar substance &alielectric constant which is larger than tHaa mon-polar
material.

Previous research works in this area [1,2,3,4] t&nevn that the dielectric constant of a polar wwle is
strongly dependent on various physical parametgth as the temperature, pressure and frequendyeddpplied
electric field, whereas the dielectric propertiéa mon-polar material are independent of them.

The accuracy with which theoretical functions fitet experimental dielectric relaxation data is of
considerable importance in the development of aaliegmolecular orientation models in liquid dielextr Using
this technique, the dielectric behaviour of a widage of aqueous protein solutions has been stuoiied a
frequency region extending from a few kilohertzeas of gigahertz. The dielectric behaviour of anbar of those
molecules has been represented analytically, eithéerms of the single Debye equation, involvingyoone
relaxation time and a semi circular locus in thenptex dielectric plane, or in terms of the equatiie to Cole and
Cole [5] which is an arc of a circle in the compfdane and involves a logarithmically symmetricestisbution of
relaxation times about a most probable value. Adttepresentation proposed by Cole and DavidsondfEsponds
to an asymmetrical distribution of relaxation ting®l involves a skewed-arc locus.

Most protein molecules exist in solution in theatural environment. Their molecular behaviour can
therefore be studied directly in solution. Howevamystalline protein molecules, especially in trevdered form
can also be studied by dissolving them in appré@salvents. Most of them are found to be readilylsle in water
at room temperature and normal pH, while some @l only at acidic pH, and others are solublethrer liquids
such as propylene glycol and ethylene glycol. Theppse of this work is to describe some theorefigattions
used in elucidating the behaviour of protein moleswsuch as insulin, lysozymgsglobulin and haemoglobin in
solution. The importance of the work is to undemst the basic dielectric behaviour of such molesuhetheir
natural liquid environment.
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2.0 Experimental consideration

Three methods of sample preparation were usedisrsthdy. The haemoglobin protein solutions studied
were prepared directly from fresh human blood ot#difrom subjects with haemoglobin genotype AAa88 AS
using the method of Laogun et al [7,8]. The prot@ncentration in each solution was diluted to 5%.

The second batch of protein solutions studied waswehite lysozyme and gamma globulin which are
soluble in water. The solutions were prepared fpmwdered egg-white lysozyme [Grade 1; Lot 102F 53Ghd
gamma-globulin [Chon Fraction 2] purchased fromn&gChemical Company, UK. The samples were prepayed
dissolving an appropriate amount of the powder igiilted water to produce 5%, 10%, 20% and 30% tsmhu
concentration. A solution of the insulin powdérigh was not soluble in water were prepared frora@d mixture
of propylene glycol which readily dissolved thedifis at a pH of around 3 samples were also preparéifferent
concentrations of insulin and propylene glycol extjvely, using the method of Laogun and Shepp8éidThe
dielectric measurements were carried out on eagiplsausing experimental techniques which had beseribed
previously [10]. Relative permittivitg’ and the loss factag” were measured using a series of dielectric lasdg
involving a Boonton’s 75C Capacitance Bridge, a WayKerr B201 Bridge and a Marconi dielectric bridge
working over the frequency range from around 10 K&l200 MHz. The measured parametrand €” generally
have an error of less than +5%. The parameters latefitted to relevant mathematical dielectiadtions using a
least square curve fitting routine [11], dependorgthe assumed shape of the molecule rotating énafiplied
electric field.

3.0 Theoretical analysis of dielectric data

The initial approach used was that of Peter Deby® wonsidered protein molecules in solution as
spheroids of revolution under an applied electietdf Thus, their behaviour is often explained gsthe Debye

function [12] given by:‘D(w):é‘D[S' - j£"] :[é’m +AI ¢(t)e"“dt]. The real and imaginary parts of the function are
A &= g-0, _ Awr
(1+arr?)’ w 1+dT
of ¢ at very low and high frequencies respectivalyis the relaxation time andis the angular frequency.
The real and imaginary components of the generbiy®&unction gives a parametric equation of a eiml

givenby:&'=¢_+ where A = g, — &, with the subscripts s ardindicating the limit

2 2
the £"— &' plane. On eliminating the parameter and rearranging, one obtaiés'_(ng""w)j +em :(ESJ'TQJ _

. Therefore, for many simple

This is the equation of a circle with cent{e{,gs ;gw j oj and radius% =%

liquids, a plot ofe” againste’ in the argand diagram lies on a semicircle.

Certain protein molecules are made up of long-chaimo acids. Such long-chain molecules and polgmer
show broader dispersion curves and lower maximualediric loss than would be expected for a singébye
dispersion. To account for the expected distributad relaxation times in such molecules, Cole amade(5]
modified the Debye function to the form:

L, E—E jo
Ejzé"—]g'ztfw*' s ) _Jo

e
1+ (JfJ 2rte,
fs

wherea is the spread parameter for the relaxation tiflesd < 1). For a single Debye relaxation= 0, while for
an infinite distribution of relaxation timeg,= 1. Unlike the semicircle argand diagram of Brebye dispersion, the
Cole-Cole function gives an arc which is symmetrataout a line through the centre of the circleafial to theg”
axis.

Certain materials are found to exhibit neither Bebye nor the Cole-Cole symmetry. Thus, for such

liquids the plot on thes" —&' argand plane gives a skewed arc. The functionttferskewed arc locus which
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corresponds to an asymmetrical distribution ofxaf@n times was proposed by Cole and Davidsord 3}, given
el-¢, _ 1
£ €, _(1+ja)r)
Cole and Davidson found that for certain materglsh as glycerol and propanediol, the plog'of €’

exhibited a skewed arc. It is worthy of note thabur studies, none of the samples used exhititedCole-
Davidson skewed dispersion behaviour. As showigiré 1, thee” — &' plot of our haemoglobirHpb.) data shows
that the loci for the Hb AA and Hb SS samples foka the Debye and the Cole-Cole interpretationg.onl

><'|03

15

by: — wherea is again the spread parameter (@< 1).

3
x10°

Figure 1: The (&" — &) plot for haemoglobin (Hb) AA and Hb SS (open)

For the haemoglobin data, we also plattedgainst frequencyf and €<€')(£—€,) againstew?® to obtain the

dispersion amplitudd, T anda. Table 1 shows the computer fitted values ofdispersion parameters for both the
Debye and Cole-Cole model functions.

Table 1: Computer fitted values of g, €, dispersion amplitudeA and relaxation timet for the single Debye and Cole-
Cole dispersions of human haemoglobin (Hb) AA (adtihaemoglobin), AS (sickle cell haemoglobin traitand
SS (abnormal sickle cell haemoglobin) in solution.

Fitted dielectric parameters
Haemo- € €. A o Tx 107,

globin Debye| Cole-Cole | Debyd Cole-Cold Debye Cole-Cole e@mle | Debye| Cole-Cole
Genotype

AA 2351 2330 80 40 2271 2290 0.26 1.4 0.80
AS 2311 2260 75 40 22365 2220 0.23 2.1 0.80
SS 1863 1760 65 30 17982 1730 0.18 25 1.33

The data for egg-white lysozyme was used to ingasti changes in the dielectric parameters at diffesolution
pH using both the Debye and Cole-Cole model funstio Table 2 shows the computer fitted dielegisicameters
for a 5% aqueous solution of egg-white lysozyme giH of 3.5, 7.0 and 11.0 and a temperature 8€20The
dielectric dispersion of the lysozyme samples, athepH level, showed that the relaxation timestier Debye
function was shorter than that of Cole-Cole, duth&longer relaxation amplitudes of the Cole-Gutalel.
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Table 2: Computerfitted dielectric parameters foraqueous solutions of egg white lysozyme at a tempgure of 20°C.

pH Model function A 8o
€ (€. Ea) 1T x 107sec. o men
3.5 Debye 77.1+2.7 54.8 +3.0 1.13+0.07 | - 1.64 +0.06
Cole-Cole 75.9+1.6 63.2 +3.5 1.22 +0.06 | 0.06 +0.02 | 1.61 +0.06
7.0 Debye 83.6 +6.1 127.7 +7.6 1.36 +0.13 | - 1.36 +0.13
Cole-Cole 70.5 +3.8 179.5 +8.1 1.89 +0.15 | 0.20 +0.05 | 1.89 =0.15
11.0 | Debye 94.3+7.1 211.4 +15.0 1.79+0.12 | - 1.82 +0.07
Cole-Cole 69.5 +6.8 382.4 +10.2 2.49 +0.19 | 0.34+0.02 | 1.76 +0.05

Table 3 shows the computer—fitted parameters oddairom the dispersion of different concentratiohs
gamma-globulin protein molecules at a temperatfi25eC. It would be observed that the root-mean-squas
(RMSESs) for the Cole-Cole model were generally mlasker than the Debye, showing that the Cole-Caodes &
more superior model for the analysis. The valuethefparameters quoted in the table are therefore the Cole-
Cole fit.

Table 3: Variation of the dielectric dispersion paametersA , T, a and the model root-mean-square errors
with concentration of gamma-globulin.

T RMSE
Concentration kg m A (us) o Cole-cole Debye
122 106.1 | 3.4 | 0.26 0.90 3.65
102 85.7 3.1 | 0.33 0.96 3.64
83 71.6 25 | 0.36 0.59 3.32
64 50.3 1.7 | 0.35 0.50 2.50
45 33.0 1.0 | 0.30 0.28 1.67
25.6 19.2 0.5 | 0.30 0.24 1.00

4.0 Discussion
4.1 Dielectric dispersion amplitudeA and dipole moment p

In general the dipole moment of a protein molednlaqueous solution is fluctuating with time astpns
move to and from the ionisable sites of the mdkacsurface. The consideration of the dipole monsenttherefore
be split into two parts, first the permanent dipsiement (i.e the time or ensemble average) anchdgcthe mean
square fluctuation dipole. The possible contringiof each of these to the dielectric dispersianlieen discussed
by Scheider [14] making use of the kinetic progeridf the system. The permanent dipole momentbaayritten
as u = [,p(r)rd v wherep(r) is the average volume charge density of anyitpoin the molecule and the

integral is taken over the whole volume of the roole,V .

This integral may be divided into two parts, i.qs, = eX (X )r, + [, p(r)rd v whereeis the protonic
charge, andxhas the value -1, 0 or 1 according to the chargsit®i. The first of these terms arises from the
charged groups on the surface of the molecule,ewthié second term describes the charge distributiothe
remaining part of the molecule of volume,

Avoiding the complication of accurately obtainingolecular dipole moment using Scheider’'s method,
Oncley [15] treated protein molecules in aqueolstism as rigid dipoles in a viscous medium. Hentlderived the
equation relating the dipole momemtof the protein molecules to the dielectric dispersamplitudeA and the
relative molecular maddgl using the generalised Kirkwood-Onsager theoryl[ZB,showing thaf1 is given by:i.e

1
ER
'UZ[Z‘EOI\QRTAT —2 23 5 where g is the Kirkwood correlation parameter ang is the Onsager internal
n: +
p
refractive index for the protein. However, it ha&seh the common practice to calculate protein dipaenent using

25, MKTA
N
coulomb.meter which converts to the more familiait of Debye (D), [1D =3.33 x 18 C-m].

1
2
the approximationg = 1,n, = 1, in which case the function reduces/ﬂof[ } . The basic unit is in
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From this study, the variation of the dipole momeith the dispersion amplitude of insulin molecubess
investigated at different temperatures as showabie 4. The table shows a fluctuation ithe valtig due to the
fluctuation in the dispersion amplitude with tengdere. In general, it may be said from our restiigt the
dispersion amplitude and dipole moment of the insmiolecules are independent of temperature ugbi6.2Their
relatively high values at 4G may be due to increased molecular agitationattémperature.

Table 4: Variation of dielectric dispersion amplitude and dipole moment of a solution of crystallineinsulin
molecules with temperature.

Temperature €0 Dispersion Dipole momeniu
°c amplitudeA (Debye unit)
3 49.740.3 6.1+0.1 121+1
10 47.3+0.1 6.2+ 0.2 124+2
18 447+ 0.1 56+0.4 120+ 4
25 41.6+0.1 52+0.4 117+4
40 38.2+ 0.3 6.7+0.7 137+ 7

4.2 Dipole relaxation time,t and energy of activation AH.

Dielectric relaxations are rate processes, andre¢lexation timet is the reciprocal of a mean rate
coefficient, x. Such molecular rate processes usually follow Alnéhenius temperature law. Thus, using that
concept, Eyring [18] expressed the molecular ratefficienty in terms of the relaxation tine,as:

y=1=a exp(ﬂ) or 7 =exp A(ﬂ] where A = 1/A is a numerical constant amsH is Arrhenius
r RT RT

activation enthalpy per mole. Thus, a plot of toggainst 1/T gives:

d(og ) _ AH
(1) 2.303 R
dl +
=

whereAH is in Joule mot. The value ofAH for water molecules is known to be equal to 3€.3nol* while those
of insulin andy-globulin investigated in this study gave valugs25 2 kJ mof* and 14.8 2.7 kJ mof
respectively.

4.3 Molecular interpretation of the dispersion mechanisms

From the proteins we have studied, the dispersioplitude A is generally proportional to the
concentration of the solution. However, each irdlial protein exhibits its characteristic dispersidnich may be
attributed to some additional polarization effeatising from a number of processes. The most preminf these
include permanent dipole rotation, proton fluctoatithe Maxwell Wagner double layer mechanism attiv@rtz's
iron mobility effects. The permanent dipole moménatory [12, 16, and 17] assumes that protein médsquossess
permanent dipole moments, which will experiencenaantational force when subjected to an elecigtdf If an
alternating electric field of increasing frequenrisyapplied, the relative proportion of the oriegtiforce to the
viscous resistance of the solution drops with feaguy, resulting in a characteristic dielectric digion. Debye
[12] showed that a spherical molecule rotating wistous medium may be described by a single rétaxaéime.
The low values of the relaxation spread parametahtained in the Cole-Cole analysis of the protewesstudied
indicates that the process of Debye rotation péaysnportant role in the dispersions observed.

The proton fluctuation theory [19] supports theséxnce of acidic and basic sites on the surfageaiéin
molecules, thus making protons to continually bamdi dissociate, causing the dipole moment of thkeenée to
fluctuate with time. It may be observed from thekitiood equation that the dispersion amplitude ggpprtional
not tou but top?, showing that it is possible to obtain a dispersiven if the average dipole moment is zero, as
long as there are sufficient fluctuations to previd substantial mean square dipole moment. Howeher,
determination of the relaxation time is usually pdicated by the kinetic nature of the process. Tiba-zero
permanent dipole moment exhibited by the samplessored in our study supports the strong contribuioproton
fluctuation in the dispersions.

The Maxwell Wager effects [20, 21] occur in an imageneous mixture of dielectrics owing to the build
up of charges on the boundaries between the ditfenaterials. This process appears to be quiterddn® in the
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dispersions observed in our studies, since bothptbéein molecules and the solvents have their different
conductivities and permittivities. The Cole-Colendtion has been found to be well-suited for degugitsuch a
complex process containing a distribution of Delgkaxation times with a non-zero spread parametefhis
therefore, is in support of the superiority of ele-Cole function over the Debye established foamresults.

Lastly, the contribution of Schwarz’s ion cloud nebd22] cannot be underestimated in the dispersion
processes, since the motion of the ion cloud ejstiround protein molecules may create some addltio
substantial polarization effects on the applicatiban electric field.

50 Conclusion

Some model functions have been used in describdiegcharacteristic dielectric dispersions of four
different types of proteins at the molecular levighe functions helped in unfolding the mechanismhgrotein-
protein and protein-solvent molecular interactianstheir liquid environment. The least squares etfitting
technique used helped in determining the apprapfiatctions in terms of the root-mean-square erodfit. The
dielectric parameters obtained from the fittingqadures relate to the molecular structure andrédatproperties
of the proteins and are of great importance in tstdading their functional behaviours and alsoenagal protein
engineering.
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