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ABSTRACT
Dielectric and conductivity measurements are
reported for bovine serum albumin as a function of hydration.
Strong evidence is found for the existenceof mobile charges whose
short- and long-range hopping motion strongly depends on the
physical state of the protein-bound water. These charges are considered to be protons. Insi ts into the nature of the electrical
properties of proteiwmethy T glyoxal complexes are provided, and
the possibilities for correlated proton-electron motions are
outlined,

increases the electrical conductivity and dielectric response of
that protein is limited by the fact that at present we have no clear
comprehension of the electrical properties of pure proteins. A
recent review (10, pp. 290-306) of the relevant scientific literature indicates that at present even the very nature and polarity of the dominant charge carrier in proteins is not known
for certain. For this reason our recent efforts have been directed
towards investigating the dielectric and electrical properties of

pure proteins. Our basic viewpoint is that in interpreting such
investigations proteins should be considered in the same terms
as other amorphous and polymeric materials, for which molecular dipole relaxations, ionic mobility, and electronic conduction concepts in extended and localized energy states must all
be given proper consideration. Our interest in such studies has
been heightened as a result of our recent (unpublished) work
with S. Bone and J. A. McLaughlin, which has indicated that
the structural proteins extracted from rat hepatoma exhibit a
significantly greater dielectric loss and conductivity than do
similar proteins extracted from normal rat liver. A clear understanding of the basic cause for this difference should be of
relevance to the general study of the cancer problem.

Modern biology is a molecular biology. The rates of most bio-

logical reactions are assumed to be limited by the classical concepts of mass action theories applicable to reacting molecules
in solution. The main bearers of life are the protein macromolecules, which are often to be found incorporated into membrane
structures. This situation would appear to violate the physical
basis ofclassical mass action theories and suggests that the functioning of such structural proteins is controlled at the submolecular level. The reactivity and subtlety that characterizes living systems also indicates that at its most fundamental level the
“living state” operates at the submolecular level of nuclei and
electrons (1). Such considerations of the reactivity of living systems led one of us to suggest nearly 40 years ago that the functioning of proteins should be understood by considering their
submolecular properties. It was envisaged that one manifestation of such submolecular processes would be the ability of
proteins to sustain electrical conductivity (2). However, as
shown by the pioneering studies of Eley (3,4), proteins isolated
in their pure and dry condition are poor conductors. The basic
reason for this is that the valence and conduction levels of extended electronic states of protein structures are separated by
such a wide energy gap that at normal temperatures there is a
negligible probability for the intrinsic generation of mobile
charge carriers. Formation of charge-transfer complexes with
electron-accepting molecules makes it possible for the electronic ground states of a protein to become desaturated of electronic charge and lead to a conductivity sustained by positively
charged electron “holes. ” Similarly, a charge-transfer interaction with an electron donor could result in the appearance of
mobile electrons in the protein’s conduction energy levels. The
possibility that proteins can be so converted from insulators into
conductors has been demonstrated by Eley and coworkers (5,
6) in conduction studies on complexes of bovine plasma albumin
with chloranil or chlorophyll, and our own studies (7-9) indicate
tbe possibility that aldehydes such as methylglyoxal can act as
electron acceptors in charge-transfer interactions with proteins.
We believe that it is through such charge transfer that structural
proteins are imbued with a submolecular reactivity that is essential for their full biological functioning.
Our attempts to fully understand the basic process by which
methylglyoxal, when incorporated into a protein’s structure,

ELECTRICAL

STUDIES

Our studies of dry bovine serum albumin (hereafter referred
to as albumin), casein, collagen, and lysozyme have revealed
that the dielectric response of the dry material is of the form
shown in Fig. 1. This dielectric behavior can be separated into
two basic components. In the frequency region extending from
around 1 Hz up to 33 GHz and possibly beyond, a weak and
broad dielectric loss peak exists centered at about 10 MHz. This
leads to the observed ac conductivity having the form
o(w) = Au”,

[II

in which A is a constant, w is the angular frequency (w = Z?rj,
fbeing frequency), and s has a value close to unity. This behavior in proteins has been noted for albumin? and for cytochrome
c oxidases and is a characteristic response exhibited by a wide
range of elemental amorphous materials (11). This effect can

be interpreted in terms of the hopping motion of electrons between localized sites, and the broad frequency response results
from there being a spread both of the hopping distance between
sites and of the energy barriers across which the electrons hop
or tunnel (ref. 11, pp. 59-62). The empirical law of Eq. 1 has
* Permanent address: Laboratory of the National Foundation for Cancer Research, University College of North Wales, Bangor, Gwynedd,
LL57 1UT. Wales.
t Pethig, R. (1972)Preprints of the 3rd International Symposium on the
Chemistry of the Organic Solid State, Glasgow, pp. 95400.
* Eley, D. D., Rooker. S. J., Landon, M. & Mayer, R. J. (1973) Bio&m&al Society, Transactions of the 534th Meeting, Nottingham,

The publicationcostsofthis article were defrayedin part by pagecharge
payment. This article must therefore be hereby marked “advertise-

Vol. 1, p. 62.

ment” in accordance with 18 U. S. C. 01734 solely to indicate this fact.
261

262

Biophysics: Cascoyne et al
in which so is the permittivi~ of free space and N is the density
of dipolar entities of mean dipole moment iii giving rise to the
dielectric dispersion. From Eq. 4 typically for albumin ?&ii2
= 9 x IOM3’Ca m-‘. Albumin is composed of 575 amino acid
residues and has a molecular weight of the order 66,700, so that
for our samples of mean specific density 200 kg rnq3 the above
value for iV& corresponds to a mean dipole moment value of
3.3 X lVes C m per albumin molecule. The total moan-square
dipole moment of a polymer chain composed of poiar subunits
is given (15) by

FIG. 1. Frequency variation of the i~ina~
~rn~nent of the
rehdive permit&iv&ymd
faz dry albumin at 84 K.
been explained in terms of a “universal” dielectric response
involving the correlated behavior of low-energy excitations in
the test materials (12). However, as will be shown below, the
weak dielectric response of Fig. 1 can also be interpreted in
terms of molecular vibrations of the protein’s polypeptide
structure.
In Fig. 1 a large dielectric loss peak is seen to occur at very
low frequencies, and this has been the most fully characterized
for hemoglobin (13) and albumin (14). The relaxation time ?-that
characterizes this low-hequency dielectric loss follows a temperature-a~vated law of the form
7 = T*exp~/~~,

[%I

with the relaxation activation energy W having a value very similar to the activation energy E observed for the steady-state conductivity cr given by
0 = cr,exp(-E/kT),

[31

In Eqs. 2 and 3 the factor kTis the Boltzmann energy, This near
equivalence of W and E of Eqs. 2 and 3 (W = E = 1.15 2 0.05
eV for the dry protein) suggests that the Iow-sequent dieiectrio dispersion and the steady-sateconductivity are intimateiy
related,Thenatureof the losspeakhasbeenfoundto be independent of the sample thickness and remains in existence
when thin sheets of polytetrafluoroethylene or mica are placed
between the electrodes and the sample, This indicates that the
dielectric dispersion is a true bulk phenomenon. As expected
from classical dielectric theory, the existence of the dielectric
Ioss peak is accompanied by a reduction As in the real part of
the relative permittivity, with
As = E, - &**
The magni~de of bc: can be obtained for the area of the dielectric toss peak by using the relationship

For albumin in the dry state the limiting low-frequency value
ofthe relative permittivity is typically of the order E, = 40, with
e, = 3. I being the limiting high-~~ueucy value measured at
100 kHz. From the theories of Debye and Onsager it can be
shown {ref. IO, p. 21) that

f em) Niiiz
la - E,)(2&*
&*(&,
-i-zy = -9~,kT’

in which %,,is the vector magnitude of the nth dipole ofthe chain
and f is a unit vector in the direction ofthe applied electric field,
The sums extend over all of the n dipoles on the chain and the
average is to be taken over all of the possible chain conftgurations and o~en~~ons, with P being the probability of occurrence of any particular chain configuration. For a completely
random polypeptide chain then it can be shown (ref. 10, p. 50)
that to a good approximation Eq. 5 reduces to the form
Fif 3 1, ME;,

161

in which n is the number of amino acid residues of moment
Tiipin each poIypeptide chain. A dipole moment of 3.3 x lows
C m for albumin would then correspond to an eRectise dipole
moment of 1.32 X 10VasC m (4.0 debye units) for each peptide
unit. The ~~esponding result from our measurement on lysozyme of specific density 1100 kg me3 gives an effective moment of 1.23 x 10-s’ C m for each peptide unit. Peptide units
can be calculated (ref. 10, pp. 44-49) to have a dipole moment
of 1.2 x 1O-2QC m, so that the low-frequency dielectric dispersions observed for albumin and fysozymewould require
comalete freedom of rotation for everv oeotide unit or relaxatioud of large o-helical re@ons where the peptide moments
wouid be additive. Such a situation can be considered unlikelv
for our dry compressed samples. Instead the dielectric disperf.

I

sionshouldbeconsidered
to arisefromthepresence
ofhopping
charges within or on the surface of the protein molecules. The
effective dipole moment for albumin of 3.3 x 10m2sC m wouId
then correspond to each protein molecule possessing one free
charge hopping over a mean distance of 2.1 nm or, for example,
to the uncorrelated motions of three charges hopping between
For the temperature range
sites on average 0.7 nm ap.
292-344 K the product Nisi has been found on average to be
independent of temperature, whereas (see IX.scussion)gentle
chemical tr~tmen~ of the proteins can sign~~can~y alter
!G?. For reasons that wiI1 emerge during this article, we believe that the fow-frequency dielectric loss peak of Fig. 1 arises
from the hopping motions of protons. For exampte, support for
the conciusion that only one type of charge carrier is involved
arises from the narrow nature of the low-frequency dielectric
loss peak. This indicates that the charges exhibit a small spread
of possible relaxation times, which in turn implies that the
charge carrier motion involves a narrow range of bopping distances and potential energy barrier heights. Protons, rather
than electronic carriers, are likely to be subjected to such constraints. Other support for the involvement of protons wit1
emerge Iater in this article,
The weak hi-~eq~ency
dielectric absorption depicted in
Fig. I for albumin as ~om~nied
by a reduction of the real part
of the relative permittivity of magnitude he = 0.46 (14). From
Eqs. 4 and 6 such a dispersion strength corresponds to an ef-
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fective moment of8.4 X 10e3’C m (2.5 X 10-s debye unit) per
peptide unit and as such could easily correspond to vibrational
motions of the polypeptide chain and its polar side groups.

HYDRATION,EFFECTS
With increasing protein hydration, the low-frequency dielectric
dispersion has been found. to progressively shift to higher frequencies (I4), with the effective value for AGE’remaining unchanged. Defining the characteristic relaxation time T by l/
2?~f,, in. which fm is. the frequency at the maximum of the loss
peak, then from the,data of ref. 14 and unpublished results the
variation of T with hydration for albumin is as shown in Fig. 2.
The relaxation time is seen to.depend very strongly on the hydration content and at just under 400 water molecules sorbed
per albumin molecule there is a sharp change in this hydration
dependence. An extrapolation of 7 to a hydration content of
around 40 wt %, where completion of the strongly bound “structured”,hydration sheaths can be considered to have occurred
(16), gives a value for T of 3 X lo-’ sec. This can favorably be
compared with the value of the order 10-s set estimated by
Kirkwood and Shumaker (17) for the dielectric dispersion that
would arise from the fluctuations of protons on the surface of
an albumin molecule in solution. Our present efforts are directed towards obtaining an experimental value for the limiting
high hydration value for 7.
The steady-state conductivity has also been found (14) to be
strongly dependent on hydration, and the typical result obtained for albumin is shown in Fig. 3. A change in the conductivity-hydration relationship is seen to occur for a hydration
content of the order 9 wt % (approximately 350 sorbed water
molecules per albumin molecule). We. believe that the sharp
transitions observed in the relaxation time and conductivity-hydration relationships are associated with the configuration of the water molecules bound to the protein surface. Support for this conclusion is given by a close analysis of dielectric
measurements for hydrated albumin (14, 16), which yields values for the effective dipole moment of the water molecules
bound to the protein surface. A detailed account of this analysis
will be published separately and we wish here to indicate the
main result as shown in Fig. 4. In this figure the effective polarizability per water m&e&e is shown as a function of the total
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FIN. 3. Variation of the steady-stateconductivity crwith hydration
for albumin at 294 K.
albumin hydration. The important feature to note is that for hydration contents up to a level corresponding to around 375 water
molecules per albumin molecule the polarizahility of each
bound water molecule remains constant, but thereafter it steadily increases. The polarizability at the lower hydrations corresponds to an effective dipole moment of 2.6 X lo-” C m (0.79
debye unit), which, because normal bulk water has a moment of
6.14 X 10m30C m, indicates that the water molecules in the primary sorption sites ofalbumin are rotationally hindered to a significant extent. Furthermore, the dielectric measurements indicate that water molecules in the secondary sorption sites
interact with those in the primary sites so as to loosen their
structure and increase their effective polarizability. This is reflected by the changes in the characteristicsof Figs. 2 and 3
above hydration.values of about 10 wt %. It can be concluded
that the dielectric and steady-state conductivity properties of
albumin are intimately related to the physical properties of the
bound water.
Our previous studies (e.g., ref. 14) have indicated that an empirical relationship of the form
7 = &,&,/u

171
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exists between the separately measured relaxation time T and
steady-state conductivity ain any one sample. Recently (19) we
have formulated a theoretical basis for a relationship of this
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FIG. 4. Variation of the effective polarizability per bound water
moleculefor albumin as a function of total hydration at 294 K.
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form. Basically, generally accepted concepts in conventional
dielectric theory and electronic conduction in amorphous solids
are brought together to describe the situation in which charges
hopping between localized sites can produce both a well-defined dielectric dispersion and steady-state conductivity. Our
suggested exact form for Eq. ? is

and the observed similarity with Eq. 7 has resulted from fortnitous values for st and G. The relationship of Eq. 8 has been
tested satisfactorily for a whole range of protein samples of various hyd~tions as well as for the pe~len~hloran~
complex.
Those few cases in which .the reIationshi~ has not agreed with
experiment have been understandable in terms of impurities
such as sodium and chlorine ions ,contributing to the total conductivity but not to the dielectric dispersion. For the purposes
of this article the significance of the applicability of Eq. 8 is.that
it indicates that the hoppingcharges giving rise to the dielectric
dispersion are not localized-the- charges continue to hop
th~u~.the whole bulk of.the sample to give the observed conductivity. Furthermore, this short-range and long-range hopping transport process is very strongly dependent on the degree
ofhydration and in particular on the local structure of the bound
water molecuies.

DISCUSSION
Perhapsthe simplestchemicalreaction that can occur in a protein is one involving the local transfer of a proton. Also, leaving
aside at present the possibility of electronic conduction, the proton, with its radius that is amaller than that of any other ion by a
factor of 10s, should rank as the most.mobile charged partiole in
a protein matrix. Evidence for protonic conduction in proteins
includes that for keratin (20), cytochrome c and hemopfohin
(21), collagen (22), and most recently for single crystals of lysozyme (23)~Regarding the proton fluctuation model of Kirkwood
and Shumaker (17) and its possible relevance to the Iow-frequency dispersion of Fig. 1, it is of interest to note that dielectric measurements For myoglobin in solution have indicated
that, after macromolecular rotation effects, proton fluctuations
contribute the most to the total dielectric behavior (24). Of partie&r significance is the early work by Baker and Yager (25)‘on
nylon in which they proposed that mobile protons originating
from hydrogen bonds contributed to both the conductivity and
a low-frequency dielectric dispersion. We be&eve that such a

modelis of relevancefor our studiesdescribedhere.
The results of Figs. 2 and 3, together with the theory leading
to Eq. 8, can be taken to indicate that the main effect ofincreasing protein hydration is to increase the effective mobility afthe
dominant charge carriers, The mob&y iu.is given by

in which 9 is the charge, s is the mean-hop distancebetween
sites located on either side of energy barriers of mean height W,
and T.isgiven by Eq; 2. For the case in which the charges escape
from a counter charge (equiv~ent.to the “trapping” site being
electrically neutral when occupied) the required hop energy
over the coulombic potential’barrier is given by
H = q2/4m&d,

in which &r is the hip-~quen~

relative ~~ittivi~.

[IO1

When8
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= kT the charge can be considered to be situated’at the critical
escape distance d = d.,from the trapping site. For dry albumin,
&,=3.1togived,=
18.3 nm, and at a.hydration of 18 wt % E,
= 6.0 to give d,, = 9.5 nm. The hop distance between two such
trapping sites for dry albumin would then exceed 36 nm (2 dJ
and in Eq. 2 the activation energy
would equal H. Two facts
indicate that this model is not fuIly appIicabIe to our sampfes.
First, a charge 9 hopping a mean distance 3 will exhibit an effective dipole moment 6 = 95, so that the measured dipole moment value of3.3 x lo-% C m per albumin molecule would correspond to there being no more than one hopping charge carrier
for every 17 albumin molecules. A free charge carrier concentration of such ma~itude can be considered as being unrealistically small. Second, for such large mean hop distances the
charges would experience the full extent ofthe macMtseopicpermittivity, which in turn will be directly proportional to ha, in
which h is the hydration and cy is the polarizability variation
shown in Fig, 4. From Eq. 2, in which the v&e for W would be
given by Eq. 10, we would then expect Fig. 2 to show T having
a greater rather than decreased hydration dependence for k
above 10 wt %. Also because the conductivity cris given by

W

o = NW,
in which N is the hopping charge carrier concentration and b is
the mobility given .by Eq. 9, then in .Fig. 3 the rate of change of
u with h should increase rather than decrease as found experimentally.We can conclude, therefore, that the hopping charges
do not experience the full macroscopic ~~j~biIi~
and instead
hopoverrelativeIyshortdist~ces(e.g.,
lessthanabout 1.5nmf;
for which the exact conformation of the bound water molecules
rather than their collective ~l~biii~
is the important factor
controlling charge mobility. Such a scheme is compatible with
protonic conduction. Such short hopping distancesbetween the
“trapping” sites implies that there is an overfapping of neighboring coulombic potential barriers. The di~sion of charges
can therefore ,be envisaged as a process of percolation through
“‘connected” hopping sites, with each hop being coordinated
with the movement of neighboring charges so as to avoid unfavorable coulombic, repulsive, interactions. Maximal charge
transport wiII occur when on averagethe number of occupied
trapping sites equais the number of vacant ones (a charge carrier
am only hop to an empty site). With j. A. Me~u~iin we have
chemically modified lysozymk and albumin (e.g., lyysineand arginine blocking, dialysis against weak acids and bases)in an attempt to vary the nature ofthe p~tein-bound counter-ions. Significant changes in the resulting conductivity and dielectric

behavior have been observed to result from such treatments,
and they can be taken as evidence for the existence of protonic
transport. This work will be pubiished separateIy.
It should also be noted that repulsive interactions set a limit
on the maximal density of electrically un~mpen~ted charge
that can exist in a material. This maximal. space charge density
occurs when the repulsive energy between two like charges,
H, is of the order ofthe available thermal energy, kT,, It can be
shown by using this criterion, in,Eq; 10 that for albumin this
maximal density of uncompensated charge would correspond
to ,onechargefor every 17 protein molecules.From this it may
be concluded that uncompensat~ space charge effects are not
of major jrn~~~ee in underst~ding the conduction phenomena reported here.
Although a strong case for the relevance of protonic conduction has been given above, this does not exclude the possibility
that electronic conduction.effects can also occur in proteins. ,In
fact, we believe that the coexistence of electron and proton
transport may produce a wide range of possible submolecular
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electrical activities. For example, recent theoretical studies
have concluded that electron transfer can occur acrosshydrogen
bonds and that the rate of such transfer is greatly increased when
the electron motions are strongly coupled with those of the protons (26, 27). Also, aromatic amines are capable of the simultaneous production of electron-transfer and proton-transfer
molecular complexes’@S), and the protonation of peptide side
chains can introduce new electronic energy levels in proteins
(29). Recent experimental data (30) and theoretical studies
(31, 32) indicate that electronic transport in proteins will predominantiy occur as a hopping ,rather than a coherent wave
process. This makes the effective mobilities of electrons comparable to those ofprotons and increases the possibility for some
form of correlated activity. So far such effects have not been
considered in depth by biological scientists, but the impli~tions
to a wide range of phenomena observed in living systems may
be extremely important.
Finally, we believe that these studies assist in inte~reting
the effects observed for the protein-methylglyoxal complexes
(7, 8). It now seems likely that rather than introducing a new
dieiectric loss peak the action of methyl~yox~ is to decrease
the relaxation time of Eq. 2bysome 3-4 orders of magnitude,
so bringing the associated low-frequency dielectric loss peak
into a measurable range of frequencies at room temperature.
We have found that the protein-methylglyoxal samples take up
more.water than normal proteins. For low partial pressures of
water this may be a major factor. The pliability
of the methylglyoxal molecules linked to the lysine side chains as Schiff
bases (33) may also be involved, as well as the proton donoracceptor nature of the Schiff bases. Such possibilities, as well
as the involvement of electronic charge-transfer interactions,
should be explored in our efforts to find experimental support
for the concept that macromolecufes such as proteins provide
more the stage than. the actors of the. drama of life (34).
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