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HIGH ELECTRIC FIELD DIELECTRIC STUDIES OF AQUEOUS MYOGLOBIN SOLUTIONS
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High field dielectric measurements of the Piekara factor Ae/E?2 have been carried out for a range of concentrations of
horse heart myoglobin in water at 293 K. Using the literature value for the dipole moment of myoglobin and the established
theory for the classical orientational dipolar non-linear effect predicts a value of Ae/E? one order of magnitude greater than
that for watei. The measurad effect, however, was found to be one order of magnitude less than for water. This difference
is explained as being most probably due to the existence of antiparallel molecular dipole pairs in the myoglobin solution.
The possibility of a positive Ae due to a field induced conformational change of the myoglobin cannot, however, be ruled

out.

1. Introduction

While it is possible to elucidate the geometrical
structure of proteins by X-ray diffraction analysis the
electrical configuration of these molecules is not clear
despite numerous dielectric studies over a period of
thirty to forty years. These dielectric studies have
revealed two or three dispersion regions for each mole-
cule. The lowest dispersion region is generally agreed
to be due to the permanent dipole moment while the
higher frequency dispersions can be due to free water,
bound water or individual side chains. Studies by
Oncley and collaborators [1—4] of globular proteirn
molecules showed their electric dipoles to be in the
range 6 X 10~ 28 t0 3 X 10727 Cm and their low
frequency dispersions to fall in the range 0.1 to 10
MHez. A dielectric dispersion study of myoglobin was
also undertaken by Marcy and Wyman in 1942 [5].

More recently an extensive dielectric dispersion
study of myoglobin in water has been reported by
South and Grant [6]. In addition to rigid dipole rota-
tion these aunthors also consider proton fluctuation

[7]1, the Maxwell-Wagner effect [8,9] as applied to
proteins [10], the surface conductivity theory [11],
the ion mobility model [12], the ion atmosphere ef-
fect of Debye and Falkenhagen [13] and the sugges-
tion that the water of hydration is solely responsible
for the dielectric dispersion [14]. From their experi-
mental data they came to the conclusion that all
these mechanisms other than the rigid dipole rotation
could be excluded excepting a possible allowance
for proton fluctuation effects. These authors proceed
to calculate the dipole moment of inyoglobin from
the experimental equation used by Oncley [2]:
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u is the dipole moment in Cm, €, the permittivity of
Tee space, M the relative molecular mass, & Boltz-
mann’s constant, T the absolute temperature, § the
specific dielectric increment and /V Avogadros number:
g is the Kirkwood g factor [15], and n,, the Onsager
internal refractive index of the protein [16]. Due to
ignorance regarding the values of g and n, they are

@



92 G. Parry Jones et al. [Aqueous myoglobin solutions

both assumed to be unity by South and Grant [6].
Uncertzinties about these factors plus other problems
such as the value of the internal field etc undoubited-
ly cast doubt on the values of dipole moments cal-
culaied using this formula. Nonetheless the experi-
mental values quoted by South and Grant [6] of
5.26 X 10~28 Cm and 5.79 X 10~ 28 Cm at the isoelec-
tric point (pH = 7) for whale and horse myoglobin
respectively are found to be in agreement with the
dipole moment as calculated from first principles
(knowing the structure of myoglobin) by the same
authors. The centre of the dispersion for concentra-
tions of about 1 kg m— 3 is about 6 MHz.

2. Non-linear dielectric effects

Non-linear dielectric effects (INDE) are recorded
as small changes (Ae€) in the relative electric permitii-
vity due to large applied electric fields. The first
NDE were recorded as early as 1920 by Herweg [17]
in.diethyl ether. The development of the subject
since that time has been in large measure due to
Piekara and his collaborators [18—20]. An excellent
account of the basic ideas of NDE is given in “Theory
of electric polarization” by Bottcher [21] and re-
views are given by Kielich [22] and Parry Jones [23].

In the ‘classical’ NDE as predicted by Debye [24]
Ag is negative due to the polarization of the dipoles
in the large field. A similar competition between the
field and thermal agitation for non-polar but aniso-
tropic molecules will give rise to a positive Ae. Yet
another type of effect is due to the change in the
dipole moment of the molecule itself giving a positive
Ag. This change in the dipole moment has been at-
tributed to conformational changes [25], ionization
of hydrogen bonds [26] etc.

Following Bottcher [21] the classical NDE based
on the Onsager equation is given by
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€ is the low frequency relative permittivity and n the
refractive index of the liquid, u is the effective molec-
ular moment in Cm, k the Boltzmann constant, T the
absolute temperature, NV the number of dipoles per
unit volume (m3), € the permittivity of free space

and R the non-linear field effect correlation factor
defined by Piekara and Kielich [27]. The uniis of
Ae/E? are m? V~2, These authors also define a
further quantity Rp which is essentially the same as
the Kirkwood ‘g’ factor mentioned previously. If the
energy of molecular interaction is zero then R, =

R, = 1. Considering the simple case of dipole pairwise
coupling R, and R are given by

R,=121L, R =1—2(1 —3L/y)+ (5L £ 4)L,

G.4)

where L = L(y) is the Langevin function andy =
W/kT the energy of dipole coupling of two molecules
in units of k7. The upper sign corresponds to a ten-
dency for the molecules to be in parallel alignment
while the lower sign corresponds to antiparallel align-
ment. Piekara and Kielich [28] show that R = Rg

3
and hence g = >v/R,.

3. Experimental

The horse heart myoglobin was supplied by BDH
Chemicals Lid. The water was doubly distilled and de-
ionized having a conductivity of 107% Sm™?! or less.
The solution concentrations were in the range 0.4 to
3kg m—3 and with associated conductivities of
05X103Sm 1 t03X1038Sm™1 respectively.
All solutions were sonicated briefly before the mea-
surements.

The non-linear dielectric measuremenets were
carried out using a computing counter system which
has been previously described [29,30]. Oscillation
frequencies in the range 6 to 8 MHz were used. The
pulse widih at half height was 15 us and the maximum
field amplitude of the order of 107 V. m~1. The pH
of the solutions was measured using an EIL model 38A
pH meter. The temperature of the measurements (293
K) was kept constant to 0.1 K.

4. Resulis

The NDE was measured as a function of concentra-
tion. All plots of Ae against EZ were found to be linear
within experimental accuracy. A plot of Ae against
E? fora0.57 kg m ™3 solution of mycglobin in water is
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Fig. 1. Plot of —Ae against £2/1071% V2 ;™2 for myoglobin

in water at a concentration of 0.57 kg m™2 and a temperature
of 293 K.

shown in fig. 1. The Ae due to Joule heating has been sub-
tracted [31] but no allowance has been made for any ion-
ic effects. The dependence of the NDE on concentration
isgiven in fig. 2. The full circles correspond to the data af-
ter correction for Joule heating. The value of Ac/E?
rapidly becomes more negative with increasing con-
centration. Over the concentration range the value
doubles from that of water of —0.8 X 10~13 m2 v—2
at 293 K [32]. Comparison cf this plot with fig. 5 of
ref. [32] shows the data to be virtually the same as
those from water to which trace amounts (a few
ppm) of NaCl had been added. It would appear,
therefore, that the dominating effect in this case is
due to conductivity, the mechanism of which has
been discussed previously [32]. Bearing this in mind
measurements on water to which trace amounts of
HCl1 had been added to adjust the conductivity to be
the same as the particular myoglobin solution were
carried out. These sets of measurements i.e. on the
myoglobin solution and on the water of the same con-
ductivity were carried out successively and under
as identical conditions as possible. Subtraction of the
water value from the myoglobin solution value gave
the open circles of fig. 2.

While the error in the absolute value of Ae/E? in
each case is about 15% [32] the relative error in the
two corresponding values is from 3 to 5%. As a result,

C/hgm'3
O, _ 3 s ¢ 2O + 30
T 3

~

N> ~5h

=
2]

o
~_ -10

2l

-15

Fig. 2. Plot of Ae/E2/10715 m?2 V™2 against concentration
C/kg m™3 of myoglobin in water at 293 K. Full circles cor-
respond to measured values. Open circles correspond to values
for myoglobin solution Iess those due to water of the same
conductivity in each case.

the error in the difference (open circles) at say 1 kg
m™3 is of the order of 20.07 X 10~ 15 m? v—2_ Since
the difference is very small the percentage error is
very large. Nonetheless, approximate limits can be
set on the difference value e.g. at 1 kg m™—3 the value
of Ae/E? is likely to be between —0.01 and —0.05 X
10715 m? v—2 the most probable value being
—0.03X10" ¥ m? v—2,

Since the measurements of the NDE were carried
out in the middle of the dipolar dispersion region [6]
the contribution of the dipole to the measured value
has been reduced by about 60%. As a result, the estim-
ated value of Ae/E 2 for the myoglobin at 1 kg m—3
becomes —0.06 X 10~15 m2 V2. The corrections due
to the atomic and nuclear and electronic contributions
have been assumed negligible in the context of this
estimate.

The pH of the solution was found to vary with
concentration becoming more acidic with increasing
concentration. Dilute solutions were found to have
a pH close to the isoelectric pH of 7. Typically the
pH for solutions of 3 kg m™> was about 5. The more
concentrated solutions were dialysed against distilled
water in an attempt to remove ionic impurities. This
method was found to be of limited application.
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5. Discussion

Inspecting the data given by the closed circles of
fig. 2 (i.e. the resulis for the myogiobin solution) and
bearing in mind the effect of conductivity on the
measured Ae/.b‘2 for water it is clear that for the range
of concentrations considered here the contribution
of the myoglobin is much less than that of the water.

The open circles of fig. 2 obtained by subtraction
of the water data from those of myoglobin solutions
of the same conductivity will effectively correspond
to the myoglobin contribution to the NDE with cer-
tain limitations and corrections. The first and obvious
point to be considered is the loss of water signal for
the solution due to the volume occupied by the myog-
lobin. Since the concentrations used are of the order
of 1 kg m—3 this correction will be 0.1% at most and
is negligible. Subtraction of the water value assumes
that Is is not modified (in the solution) by the presence
of the myozlobin, i.e., there are no significant solute
solvent interactions. This subject has been considered
in detail by South and Grant [6].

Water in the neighbourhood of the myoglobin mole-
cules will experience an electric field due to its dipole
and any surface charges on the protein, giving rise
to saturation, i.e., removal of their contribution to
the NDE. South and Grant [6] conclude that this
effect is not large and would be negligible in terms
of the volume of water involved at the low concentra-
tion used here. The maximum possible volume of the
hydrated myoglobin molecules using the siructured
water approach of O’Kenski [33] is given by South
and Grant [6] as 7.5 1 per m” of solution at a concen-
tration of 1 kg m—3. This would reduce the NDE
contribution from the water (in the myoglobin solu-
tion) by 0.006 X 1015 m? V2 a figure which is an
order of magnitude less than the calculated value for
myoglobin. As a result it would appear that the value
for myoglobin derived as described above is reason-
ably coireci.

Using eq. (2) the value of Ae/E2 due to myoglobin
can be estimated. All calculations are taken for the
case of a concentration of 1 kg m~ 1. From the data of
South and Grant [6] for aqueous myoglobin solutions
the dielectric increment is 0.15 and hence € for the
solution assuming € for water to be 80.1 as previously
[32] will be 80.25. The dieleciric decrement is given
by the same authors as 0.04 and hence 72 will be 1.77

less 0.04 or 1.73. Using these values the quantity in
the braces in eq. (2) which is essentially the local
field factor becomes 23.7 compared io 24.7 for
water itself. Assuming p to be 5.79 X 10~ 28 Cm as
given by South and Grant [6], T= 293 K, the molec-

.ular weight of myoglobin as 17 000, Rs'= 1 (no

solute-solute interactions), the predicted value of
Ae/E? becomes —3.7 X 10~ 15 m2 V—2. This compares
with the value for water of —0.8 X 10~15 m2 v—2

and the measured value for the myoglobin solutions

of some two orders of magnitude less than this.

It is obvious, therefore that the data cannot be
explained simply in terms of the classical NDE with
no intermolecular interactions involving the myoglobin.
The possibility of other effects such as structured
water, ion atmosphere, Schwarz ion mobility and
Maxwell-Wagner effects have been discounted by
South and Grant [6]. These authors considered these
effects up to conductivities of 4 X 102 Sm™! which
is an order of magnitude higher than the most con-
ducting solutions used in this study.

Returning to eg. (2) the product of the local field
factor and R must be of the order of 0.01 io explain
the experimental data (assuming the value of u as
taken from the literature to be correct). If it is further
assumed that the local field factor is substantially
correct then the data give a value of R of the order
of 0.01. Taking the case of pair interactions as men-
tioned in section 2 and remembering that R, ~ 3/R_
a value of R_ of about 0.2 is obtained. This value of
Rp or the Kirkwood ‘g’ facior of 0.2 implies that the
myoglobin molecules are arranged in antiparallel pairs
hence reducing their effective dipole moment. As
pointed out previously the Oncley [2] equation as-
sumes g = 1 and hence the experimentally determined
value of u which South and Grant [6] quote will be
affected; it will not, however, affect their theoretical
value.

One other possibility needs to be considered name-
ly, the presence of possible positive Ae effects for
myoglobin which are partially masking the classical
negative effect. Since the myoglobin molecule is
essentially spherical the contribution of positive
effects due to anisotropy of polarizability would be
small. The other source of positive effects, conforma-
tional changes is much more likely and cannot be
ruled out as a possibility here.
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6. Conclusions

Due to the relatively small difference between the
measured values for myoglobin solutions and for
water the NDE for myoglobin could not be accurately
determined. However, the very large discrepancy be-
tween the predicted value for the classical NDE ef-
fect and the experimental value gives some interesting
insights into possible mechanisms involving the myo-
globin molecule. It would appear that the most likely
explanation for the anomaly is a strong antiparallel
alignment of myoglobin dipole pairs. The possibility
that the dipole moments given in the literature are
incorrect cannot of course be ruled out and any ex-
planation of the results could conceivably partially
involve a reduction of the dipole moment, but it is
unlikely that the discrepancy could be completely ac-
counted for in this way.

The possibility of a positive NDE masking the nega-
tive effect cannot be overruled. A positive effect if
present would be due to field induced conformational
changes of the myoglobin molecules and would be of
important biological significance. Further studies of
this system are indicated.
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