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Abstract

The wide range of different effects induced by electric fields in biological macromolecules is clearly due to the unusual
quality and quantity of their electric parameters. A general concept for a quantitative description of the polarizability of
macromolecules remains to be established. In the case of DNA, experimental data indicate the existence of an effective
polarization length Np; at chain lengths N < N, the polarizability increases with N2, whereas saturation is approached at
N > Np. The polarization length decreases with increasing ionic strength in close analogy to the Debye length, but is ~10
times larger than the Debye length. The dynamics of DNA polarization at high field strengths has been observed in the ns
time range and is consistent with biased field induced ion dissociation. In the range of chain lengths from ~400 to ~850
base pairs DNA molecules exhibit permanent dipole moments, which are in a preferentially perpendicular direction to the
end-to-end-vector, leading to a positive electric dichroism. These results are consistent with a “frozen” ensemble of bent
DNA configurations and provide evidence for the existence of slow, non-elastic bending transitions. The electric parameters
of proteins are usually dominated by a permanent anisotropy of the charge distribution, corresponding to permanent dipole
moments of the order of several hundred Debye up to about 1500 Debye. Relatively small dipole moments of protein
monomers add up to millions of Debye, when these proteins are in a vectorial organization in membrane patches, as found
for bacteriorhodopsin and Nat/Kt-ATPase. In these cases the dipole vector may support vectorial ion transport. It is
remarkable that the dipole moments of proteins usually show a relatively small dependence on the salt concentration; a
rational for these observations is provided by a dipole potential at the plane of shear for rotational diffusion, which is defined
in close analogy to the ¢-potential for translational diffusion. Symmetry breaking leading to huge electric dipole moments
may be expected for mixed lipid vesicles: according to model calculations the phase separation of lipid components with
and without net charges may lead to very high dipole moments; the expectation has been verified experimentally for vesicles
containing DMPA and DMPC. The state of these systems should be extremely sensitive to electric fields. In summary,
there is an unusual wide variation of electric parameters associated with biological macromolecules and with biomolecular
assemblies, which is the basis for the complexity of different phenomena induced by electric fields in biological systems.
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1. Introduction

The effects of electric fields on biological macro-
molecules is of considerable interest for various rea-
sons. First of all, processing of electrical signals in
biological systems is based on the interactions of pro-
teins or other macromolecular components with elec-
tric fields and on reactions induced by these fields.
Thus, a qualitative and quantitative understanding of
bioelectricity requires knowledge of the electric para-
meters of the molecules involved in these processes.
Furthermore, electric fields are widely used for the
analysis of biological macromolecules. In spite of
the considerable practical importance, a quantitative
description of the effects induced by electric fields
on these macromolecules is usually not available. Fi-
nally, there is a serious uncertainty on the potential
effects of low electric fields on biological systems.
Although it is quite obvious that there is hardly any
problem under usual environmental conditions, it is
also known that some organisms show a remarkably
high sensitivity towards electric fields [1]. This raises
the question on the physical basis and the limits for
such sensitivity [2].

The analysis of effects induced in macromolecules
by electric fields has a long tradition. Part of the
work reported in the present review is based on the
developments by Manfred Eigen and his coworkers
during the golden age of chemical relaxation in the
50' and 60" of this century [3-4]. The progress since
then is based on several developments. First of all
it has been possible to increase the sensitivity of
the experimental techniques. A serious difficulty in
experimental studies was the unequivocal separation
of chemical and physical effects induced by electric
fields (cf. [5]); it is quite obvious that these ef-
fects were not always separated successfully in early
studies. Another important factor is the availability
of macromolecules in a sufficient quality and quan-
tity: for example, the possibility to prepare DNA re-
striction fragments, providing monodisperse polymer
molecules of various, well defined length, has been
very useful for a quantitative analysis of the electric
polarizability of polyelectrolytes. Finally, the devel-
opment of computers has provided tools for numerical
analysis, which prove to be particularly useful for the
analysis of the complex processes induced by elec-
tric fields in polymers. Because of the large numbers

of charged residues in most biopolymers and because
of the coupling of many different effects induced by
electric fields, most of the field induced phenomena
cannot be described in terms of simple analytical pro-
cedures and require numerical simulations.

The literature on the subject of the present review
is extensive and, thus, the review cannot be complete.
The main emphasis is on recent developments, which
appeared to be of interest to the author.

2. Theory

Electric fields induce rotational motion of mole-
cules with dipole moments, moving their dipole vec-
tor into the direction of the field vector. Most mole-
cules of interest also show some optical anisotropy;
under these conditions the field induced rotational mo-
tion may be detected conveniently by measurements
of the optical anisotropy. The quantitative descrip-
tion of field induced rotation detected by the optical
anisotropy requires knowledge on the hydrodynamic,
electrostatic and optical parameters of the molecules
under investigation. The following short sections
on these subjects are very brief introductions, which
should provide at least some theoretical background
on the procedures used in the following sections.

2.1.  Hydrodynamics

The shape of some macromolecules may be ap-
proximated by spheres or ellipsoids, but these simple
models cannot be used in the majority of the cases.
For objects with a complex shape the hydrodynamic
parameters may be simulated by the following “bead
model simulation” procedure [6]: 1.) the overall
shape of the object is approximated by an assembly
of spherical “beads”; 2.) the hydrodynamics of each
bead is described by Stokes law; 3.) the hydrody-
namic coupling between each bead is described by a
special coupling tensor. Obviously the description of
the hydrodynamic coupling is the critical step. Ap-
propriate coupling tensors have been developed [6];
tests have demonstrated that the results obtained by
bead model simulations are quite reliable [7].

In the context of macrodipoles, bead model simu-
lations are used, for example, to define the center of
diffusion, which serves as the origin of the coordi-
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nate system for the appropriate calculation of dipole
moments in the case of molecules with a net charge
(8-91.

2.2. Optical parameters

The anisotropy of light absorption is described by
extinction coefficient tensors. In the case of macro-
molecules there are often many different residues con-
tributing to the absorbance. If the extinction coeffi-
cient tensors of the residues are known, the tensor of
the complete molecule is calculated by tensorial ad-
dition: the components have to be represented in a
reference coordinate system and then can be added
together.

2.3. Electric parameters

As discussed in various sections of this review,
permanent dipole moments y, may be calculated rel-
atively easily according to

=D aimi (1)

provided that the coordinates r; of the charges g¢;
on the charged residues are known. If the crystal
structure is known, the coordinates can be obtained
from appropriate data banks, e.g. the Brookhaven
Protein Data Bank. If the structure has not been
determined yet, it is possible to construct models,
using the methods of molecular modelling.

The calculation of polarizability tensors is far more
difficult and continues to be a challenge even for
polyelectrolytes of relatively simple shape (cf. sec-
tion 3.3.).

2.4. Calculation of transients

If the hydrodynamic, optical and electric parame-
ters are known, it is possible to calculate electroopti-
cal transients. For example, dichroism decay curves,
measured at zero field strength, may be calculated
using the equations given by Wegener, Dowben and
Koester [10]. Wegener [11] has also described the
calculation of electrooptical risecurves in the Kerr
limit of low electric fields; these risecurves involve 8
relaxation times in the general case.

In practice it is rarely possible to keep the elec-
tric field strength within the Kerr limit. For the case
of arbitrary electric field strengths, transients may be
calculated by Brownian dynamics simulations [12].
This approach proves to be very useful for the char-
acterization of electrooptical risecurves.

3. Polarizability of polyelectrolytes

Most biopolymers have a high charge density and
are surrounded in solution by an extensive ion at-
mosphere. When these polymers are exposed to ex-
ternal electric fields, the polymer molecules start to
react, e.g. by alignment into the direction of the field
vector, already at particularly low field strengths, in-
dicating the existence of an unusually high electric
polarizability. There is a large number of different
biopolymers, which may be used for investigations
of the unusual electric parameters. However, dou-
ble helical DNA has been studied much more exten-
sively than any other biopolymer for various reasons.
One of the arguments for investigation of DNA is of
course its biological importance. Several technical
arguments for DNA are based on its molecular prop-
erties: the double helix is optimal for investigations
a) because of the well defined structure; b) because of
the unusually high optical anisotropy resulting from
stacking of the bases in an almost perpendicular di-
rection with respect to the long axis; ¢) because of
the availability of well defined fragments of homo-
geneous molecular structure over a broad range of
chain lengths. As soon as experimental studies on
DNA restriction fragments were available, most of
the data accumulated in the early literature for vari-
ous polydisperse macromolecules were not of much
interest anymore. The data obtained for DNA restric-
tion fragments are very useful for comparison with a
wide variety of theoretical models, which have been
developed over the years by many different groups
(for a recent model with references to the literature
cf. [13D).

3.1. The polarizability of DNA, its dependence on
the chain length and the ionic strength

The field induced orientation of DNA can be
recorded relatively easily by measurements of the
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dichroism (or of the birefringence). The magnitude
of the dichroism measured at different electric field
strengths may then be compared with orientation
functions {14], which describe the degree of orienta-
tion by a Boltzmann function involving the energy
of a given type of dipole in the electric field rela-
tive to the thermal energy. An analysis of the data
obtained for DNA indicated that its electric para-
meters cannot be explained by a simple induced or
permanent dipole function. The experimental data
obtained for double helices at low field strengths are
consistent with an induced dipole, whereas at high
field strengths the data are consistent with a perma-
nent dipole. Thus, it has been concluded that the
polarizability of DNA saturates [15-19]. According
to the experimental data, the electric field strength,
where the polarizability approaches saturation, de-
creases with increasing chain length [16-17]. The
saturation will not be discussed here; the following
short discussion is restricted to the polarizabilities o
measured at low field strengths.

The polarizabilities of DNA restriction fragments
have been characterized by different groups. Unfor-
tunately the conclusions are different with respect to
the dependence on the chain length N: according to
one of the reports [20] the polarizability increases
with N® at low N-values, whereas two other groups
[16-17] found an increase with N2, Contradictions of
this type are clearly not optimal for the field, because
it remains unclear where the difference comes from.

It must be expected that the chain length depen-
dence is affected by the length scale describing elec-
trostatic interactions at the given solution conditions.
Thus, the increase of the polarizability with the chain
length, which is found at low N-values, is expected to
be reduced at higher chain lengths due to electrostatic
shielding. Another effect contributing to the observed
chain length dependence is the inherent flexibility of
the chains. Data from the authors laboratory indicate
that the increase of the polarizability o with the chain
length N approaches saturation at high chain lengths.
This dependence may be described by the following
exponential function

a:aoo(l—e_(N/N”)z) ()

where a, represents the polarizability in the limit
of infinitely high chain length N and N, represents
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Fig. 1. Polarizability « of DNA restriction fragments as a

function of the square of the chain length N2 at different ionic
strengths: 2.44 mM (o), 7.44 mM (A) and 12.44 mM (x). The
continuous lines represent least squares fits according to equation
(2); the resulting parameters are compiled in table 1.

an effective polarization length. At low chain lengths
the polarizability described by equation (2) increases
with the square of the chain length according to

@ = @oo(N/Np)? (3)

According to least squares fits of experimental data
to equation (2) the limit chain length N, decreases
strongly with increasing ionic strength of the solution
(figure 1, table 1). It is remarkable that the magnitude
of N, is clearly larger than the Debye length ry.
However, the decrease of N, with increasing ionic
strength is closely related to the corresponding ionic
strength dependence of the Debye length. As shown
in table 1, the ratio of the effective polarization length
and the Debye length ry4 is virtually independent of
the ionic strength and is about 11. The limit slope
aoo/Nf, observed in the range, where « is a quadratic
function of N, shows a relatively small decrease with
increasing salt concentration (cf. table 1).
Stellwagen [16] and Elias & Eden [20] presented
their chain length dependence of the polarizability
without a discussion of a limit chain length. This ap-
pears to be mainly due to the fact that these authors
measured at a lower ionic strength, where the limit
chain length is larger and an approach to saturation
is not clearly indicated by the experimental data. The
polarizabilities presented by Diekmann et al. [17]
are in very satisfactory agreement with equation (2):
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Table 1

245

Comparison of the polarization length N, obtained according to equation (2) with the Debye length ry and the limit slope of the

polarizability according to equation (2).

Ionic Strength 1y Np 034xN, 0.34xNp/ry @ool(Np)?
{mM] [hm]  [bp]  [nm] - Cm?V—1pp=2
244 6.17 219 743 12.0 8.63 10—
7.44 353 110 372 10.5 692 10—
124 273 84 28.6 10.5 6.51 104

the Np-value is virtually identical with that given for
the lowest ionic strength in table 1, whereas the limit
slope is lower. Rau and Charney [21] discussed in a
theoretical paper, that “the ends of the rod become in-
creasingly isolated, electrostatically” with increasing
chain length and concluded that the dependence of
the polarizability on the chain length changes from a
quadratic to a linear one at high chain lengths. How-
ever, these authors did not present experimental data.

3.2. The dynamics of polarization

Independent information about the polarization
process may be obtained by an analysis of its dy-
namics. A first report on the measurement of a
polarization time constant of DNA was based on the
frequency dependence of the anisotropy of the con-
ductivity [22,23]. According to these measurements
the polarization time constant of DNA with ~1400
base pairs is 0.3 us. The authors have described the
frequency dependence of the orientation by a single
relaxation time 3. The authors claim that the sensi-
tive dependence of all quantities, including 7, on the
cubic power of the length has been established. It is
obvious that these early results had a strong impact
on the field. However, an examination reveals clear
problems, which appear to be mainly due to the fact
that in those early days the physical properties of
DNA were not known in sufficient detail. First of all,
the cubic power dependence has been suggested by a
simple model, but has not been checked experimen-
tally. The description of the frequency dependence
of the orientation by a single relaxation process is
oversimplified; it has been clearly demonstrated by
different groups that there is more than a single re-
laxation process for double helices with ~1400 base
pairs (for measurements in the frequency domain cf.

[24,25]). The chain length of the DNA was far be-
yond the persistence length; it is known that in this
range there are special contributions to field induced
orientation (e.g. section 4.). Finally, technical prob-
lems in the early measurements are indicated by a
clear dependence of the relaxation time of “disorien-
tation” on the DNA concentration. In summary, the
early investigation was a useful stimulus; however,
part of the results, including the polarization time
constant, require reinvestigation.

More than 20 years later the dynamics of DNA po-
larization has been analyzed again by measurements
of dichroism risecurves at a very high time resolu-
tion [26]. An unequivocal assignment required use
of DNA restriction fragments; the chain lengths were
in a range below 100 base pairs, where the helices
behave like rigid rods and their rotational diffusion
can be described by single time constants. The quan-
titative analysis of dichroism risecurves measured for
DNA fragments with 76 and 95 base pairs, based on a
deconvolution procedure, revealed a small but clearly
reproducible delay of the dichroism rise. This type of
delay must be expected, because straight DNA dou-
ble helices are without dipole before application of a
field pulse. The dipole is created upon field applica-
tion. The quantitative analysis of the dichroism rise-
curves showed that these risecurves are convolution
products of the polarization process and the rotational
diffusion process. The polarization time constants 7,
are in the range of ~10 ns. Measurements at different
ion concentrations revealed that 1/7, is a linear func-
tion of the salt concentration, as may be expected for
simple binding of cations to the negatively charged
DNA. The rate constant of cation binding, which is
derived from this dependence, is k* ~ 101 M~ts~1;
this value indicates a diffusion controlled process of
cation binding to the DNA, which is consistent with
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expectation and suggests that both data and interpre-
tation are reasonable. The rate constants of cation
dissociation k= have also been derived from the ex-
perimental dependence of 7, on the salt concentra-
tion; the k™ -values increase with increasing electric
field strength, indicating field induced dissociation of
cations from the DNA. Thus, according to the most
simple interpretation of the experimental data, the di-
pole moment is generated by biased dissociation of
cations from one of the ends of the double helix.

It should be noted that the polarization time con-
stants obtained for the two fragments with 76 and 95
base pairs were found to be identical, within the lim-
its of experimental accuracy. If the polarization time
constant would increase with the cube of the chain
length, as suggested by certain models, the time con-
stants should differ by a factor of ~2. A difference
of this magnitude should have been noticed and, thus,
the available data provide evidence against a depen-
dence on the cube of the chain length. However, it
should be noted that there may be different regimes
of polarization mechanisms (cf. [26]).

3.3. Brownian dynamics simulations

A theoretical analysis of the polarization of poly-
electrolytes is very difficult, because many different
effects have to be considered and it is virtually im-
possible to include all these effects in an analytical
treatment. Under these conditions Brownian dynam-
ics simulations appear to be a useful approach to the
problem [27,28]. Although it is not possible to de-
scribe the details of such simulations in the present
context, it should be useful to discuss at least some
of the results.

The model is a simple rodlike polymer within a
box surrounded by counterions and eventually by ad-
ditional ions [28]. The electrostatic interactions be-
tween the particles in the box are calculated under
conditions equivalent to those in aqueous solution.
Interactions beyond the box are evaluated by Ewald
summation assuming periodic boundary conditions.
Application of electric field pulses to this system
leads to the generation of a dipole moment paral-
lel to the field vector with time constants close to
10 ns. These simulated time constants are in satis-
factory agreement with the experimental polarization
time constant obtained from dichroism risecurves (cf.

previous section).

The Brownian dynamics simulations demonstrate,
for example, that there is field induced dissociation
of ions from the polyelectrolyte. The simulations
also show that the dipole moments saturate at high
field strengths. There are many more effects that can
be demonstrated by these simulations; some of these
can hardly be verified by experimental studies. For
example, experimental data provide only the overall
dipole moment corresponding to the difference be-
tween that induced parallel and perpendicular to the
long axis of DNA. In the Brownian dynamics model
it is no problem at all to simulate both components
separately. According to these simulations the per-
pendicular component is surprisingly close to the par-
allel one, at least for helix models up to 30 base pairs
length. The simulated data indicate that the paral-
lel component increases more than linearly with the
chain length, whereas the increase of the perpendic-
ular component is linear with the chain length.

A major problem in the assignment of polariz-
abilities is the effect of hydrodynamic interactions
(cf. [29]). Recent simulations [30] demonstrate that
the influence of hydrodynamic interactions is rather
small for polymers with counterions in the absence
of byions. It has been shown that addition of byions
leads to a considerable increase of parallel dipole
components due to hydrodynamic interactions. Thus,
the Brownian dynamics approach can be used to char-
acterize individual contributions to the polarizability
of polyelectrolytes.

4. A special type of “permanent' dipole in DNA
double helices

A large number of different laboratories have stud-
ied the electric dichroism of DNA. The general con-
clusion from all these investigations was that the elec-
tric dichroism of DNA double helices is negative. Oc-
casionally there were some reports on unusual tran-
sients for DNA samples showing a relaxation com-
ponent with a positive amplitude; usually these ob-
servations were attributed to special conditions and
have not been analyzed in detail. A positive station-
ary value of the electric dichroism of DNA has not
been reported before 1994,

During a control experiment in the authors labo-
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ratory it was found by accident that the stationary
dichroism of a given DNA restriction fragment is pos-
itive under special conditions [31]. The conditions
of the experiments were unusual in the sense that
the electric field strength applied to the solution was
much lower than used previously. The detection of
optical signals under these conditions required an in-
strument with a particularly high signal to noise ratio.
Extensive measurements confirmed the existence of a
regime, where the electric dichroism of double helical
DNA is positive; it could be demonstrated that this
effect is not just an artifact and that it is not caused
by aggregation or by an unusual conformation of the
DNA.

The positive electric dichroism was detected at
low electric field strengths E < 1 kV/cm in a range
of chain lengths between approximately 400 and
850 base pairs (figure 2); the buffers used for these
measurements contained monovalent ions at ionic
strengths between 1 and 11 mM. In all cases the
positive dichroism turned to the standard negative
one, when the electric field strength was increased to
values above ~1 kV/cm (figure 2). Apparently the
electric field strengths used in previous investigations
reported in the literature was >1 kV/cm.

The electrooptical analysis at low field strengths
[31] revealed another unusual feature: the positive
electric dichroism always appeared together with tran-
sients indicating permanent dipole moments. When
the electric field strength E was increased, the tran-
sients typical of permanent dipoles were converted
into transients known for induced dipoles (figure 2);
this conversion was observed in the same range of
E-values, where the stationary dichroism is converted
from positive to negative values. Because all these ef-
fects are observed at very low electric field strengths,
it is clear that the permanent dipole moment must
be rather large. An approximate value for the dipole
moment has been evaluated by an analysis of the
relaxation amplitudes obtained from dichroism rise-
curves. The amplitudes corresponding to the positive
dichroism have been measured at different E-values
and have been subjected to least squares fitting ac-
cording to the orientation functions for permanent
and induced dipoles. Fitting was successful using the
permanent dipole function with a value for the per-
manent dipole of ~70000 Debye.

The observation of a positive dichroism and a large
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Fig. 2. Change of the light intensity A transmitted through a
solution of a 587 bp fragment as a function of time t during
exposure to electric field pulses (dashed lines) of 3 different
electric field strengths E. The light is polarized parallel to the
electric field vector (1 mM NaCl, 1mM Na-cacodylate pH 7.0,
02 mM EDTA at 2°C; DNA helix concentration 0.121 uM;
from [31]).
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Fig. 3. Configurations generated according to the wormlike coil model for a contour length corresponding to the persistence length

(from [31]).

permanent dipole for DNA under conditions, where
this DNA is expected to be in its standard double
helical form, raises serious questions. It cannot be
excluded that the DNA is transformed to an unusual
structure, which has not been characterized until now.
However, there is an explanation of the unusual ob-
servations, which is based on the standard structure
and known parameters of this structure. First we
have to consider the fact that the positive dichroism
has been observed in a range of chain lengths, where
the inherent flexibility of the double helix leads to
clear deviations from the straight form. Inspection of
a set of configurations generated by a Monte Carlo
procedure (figure 3) shows that virtually all of the
configurations are not symmetric. For highly charged
molecules like DNA, loss of symmetry implies the
existence of an electric moment.

The standard definition of dipole moments accord-
ing to physics has been given for molecules with-
out net charge. In the case of molecules like DNA
with a high negative net charge, the standard defin-
ition cannot be used; however it is clear that in the
presence of an external electric field molecules with
a non-symmetric distribution of charges experience a

torque. The appropriate extension of the concept of
dipole moments to this special situation requires cal-
culation of the electric moment to a special reference
point: the center of diffusion. The coordinates of the
center of diffusion within the coordinate system of
a given molecular configuration may be obtained by
bead model simulations (cf. 2.1). For most of the
configurations shown in figure 3 the charge distribu-
tion with respect to the center of diffusion results in
a dipole moment with a preferential direction which
is perpendicular to the end to end vector. This direc-
tion of the dipole moment implies a positive value of
the electric dichroism.

Obviously there is a broad distribution of configu-
rations and thus also a broad distribution of values of
the dichroism. One of these distributions for a given
chain length and persistence length is illustrated by a
population diagram in figure 4. It is very obvious that
the majority of the configurations is associated with
a positive dichroism. The calculations leading to the
results presented in figure 4 are based on the assump-
tion that the lifetime of each of the configurations
is sufficiently long compared to the time base of the
experiment. Thus, the experimental data indicate the
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-1.2

Fig. 4. Population diagram of bent DNA molecules generated by a Monte Carlo procedure: Number of different configurations found
in different ranges of the dipole moment 2 and of the limit electric dichroism (Ae/€)o from a simulation for a DNA double helix
with 587 bp with a total number of 8000 random configurations; persistence length 4500 A; the average limit dichroism is +0.0863;
the stationary reduced dichroism (at low field strengths) is 2.43x10~3; the average decay time constants are 7, = 6.3 us, 72 = 722
us; the maximal dipole moment in the ensemble is 43460 D (from [31]).

existence of a “frozen” ensemble of configurations.
In this context “frozen” refers to the time scale of the
electrooptical experiments (cf. figure 2), which are
conducted in the us time range; thus, the configura-
tions are converted into each other at a slower time
scale.

Some further observations [31] add evidence for
the interpretation of the data described above. The
positive dichroism proved to be quite sensitive to pho-
toreactions: a relatively small dose of UV-radiation is
sufficient to convert the positive dichroism to a neg-
ative one. It is known that UV-irradiation of DNA
leads to the formation of various products, which tend
to interrupt base stacking, which is the main source of
the mechanical rigidity of the double helix. Thus, the
ensemble of configurations appears to be converted
from a “frozen” to a “melted” state by introduction

of photoproducts.

Another remarkable observation: until now the pos-
itive dichroism has only been observed in the absence
of bivalent ions; addition of Mg?* is sufficient to
convert the positive dichroism to the standard nega-
tive one. This result seems to be due to a reduction
of the charge density of the DNA by Mg?*-binding
and may also be partly due to an increase of the DNA
flexibility in the presence of Mg?+.
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5. Proteins: permanent anisotropy of the charge
distribution

5.1. On the experimental assignment of permanent
dipole moments

The analysis of protein dipoles has a rather long
tradition: Oncley and coworkers [32] studied protein
dipoles by dielectric measurements already during the
30' and 40', long before any protein structure was
known. Some of the dipole moments found by these
measurements were unusually high and raised ques-
tions about their nature. It proved to be difficult to
distinguish between different interpretations: do the
electric moments reflect permanent anisotropies of the
charge distribution or special forms of polarizabili-
ties. A particular problem was raised by Kirkwood
and Shumaker [33], who demonstrated by model cal-
culations that fluctuations of the proton distributions
in proteins may lead to considerable contributions
to measured electric moments. A critical examina-
tion shows that an unequivocal assignment of elec-
tric parameters by dielectric measurements in their
standard form is not possible. This is demonstrated,
for example, by the fact that the electric parameters
of DNA could not be distinguished from those of
proteins. The experimental demonstration of the na-
ture of a dipole moment clearly requires more than
the measurement of dielectric increments at different
frequencies. In this respect electrooptical measure-
ments are clearly superior, provided that these mea-
surements are performed at a sufficient time resolu-
tion: when the rise of the electric dichroism is ana-
lyzed with sufficient care, using well established cri-
teria [34,14], permanent dipoles may be distinguished
from special forms of polarizabilities, including cases
with a saturated polarizability like DNA double he-
lices. Another advantage of the electrooptical ap-
proach is the fact that measurements can be extended
up to high buffer concentrations, including physio-
logical concentrations [35,36]. Most dielectric data
were collected in aqueous solutions without buffer,
which is more than dangerous for polyelectrolytes
having structures that are strongly dependent on salt
and proton concentrations.

5.2.  Examples of proteins with a permanent dipole
moment

Lac repressor The first case of a protein with a
large permanent dipole moment in the authors labo-
ratory [37] was found by accident during an analy-
sis of the lac repressor. It has been known for a
long time that lac repressor is a tetramer. For such
a tetramer it was very suggestive to assume a sym-
metric tetrahedral structure, which should not have
a permanent dipole moment. The experimental data,
however, clearly demonstrated the existence of a huge
permanent dipole moment of 1200 D [37]. The evi-
dence for the permanent moment did not only result
from the dependence of the dichroism on the field
strength, but more definitely from the time constants
of the dichroism risecurves, which were in perfect
agreement with the prediction of Benoit [34] in the
limit of low field strengths. Thus, the conclusion
could not be avoided that the structure of lac repres-
sor is not symmetric, unless the data were perturbed
by some special artifact. Almost ten years later the
crystal structure of lac repressor has been solved and
in fact the protein structure proved to be nonsymmet-
ric [38-39]. A detailed comparison of experiments
with calculations is not yet possible, because part of
the lac repressor structure has not been resolved yet
due to a high internal flexibility.

Lac repressor is an example of a DNA binding pro-
tein. Another example is the Tet-repressor, which also
shows a large permanent dipole moment of 1050 D
[40]. The large dipole moment of the Tet-repressor is
even more remarkable, because the molecular weight
of the Tet-repressor is much lower than that of the lac-
repressor. It is likely that the large dipole moments of
these proteins are related to the DNA binding func-
tion: binding to the double helix with the large den-
sity of negatively charged phosphates is at least partly
promoted by complementary positive charges at the
protein binding site. Thus, the charge distribution of
DNA binding proteins may be highly nonsymmetric
in many cases.

a-chymotrypsin proved to be an appropriate sys-
tem for a detailed comparison of experiments and
calculations. In this case the experimental data [41]
showed a permanent dipole moment of 480 D at pH
8.3; the dipole moment decreases with decreasing pH
to 360 D at pH 4.2. Using the known crystal struc-
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ture it was possible to calculate a theoretical dipole
moment from the coordinates of charged residues and
from the partial charges associated with a-helices.
Because the protein bears a net charge at pH-values
other than the isoelectric one, the dipole moments
had to be calculated with respect to the center of
diffusion. The coordinates of the center of diffusion
were determined by a bead model simulation based
on the crystal structure. The dipole moments cal-
culated according to this procedure at different pH-
values proved to be in agreement with the experimen-
tal one within the limits of accuracy of +:10%. Based
on the crystal structure it was also possible to test
the magnitude of contributions to the dipole moment
resulting from fluctuations of the proton distribution.
It could be shown that there is only a minor contri-
bution resulting from these fluctuations in the case of
chymotrypsin. For comparison it may be noted that
dielectric measurements of a-chymotrypsin provided
a similar but not identical dipole moment [42].

Acetylcholinesterase (AChE) is a special case,
which deserves a separate discussion. The crystal
structure analysis of AChE from Torpedo californi-
cus [43] demonstrated a distinct anisotropy of the
charge distribution, which was used to calculate a
dipole moment of 505 D [44]. Because of a potential
function of this dipole an experimental verification
of this conclusion appeared to be desirable. This
turned out to be more difficult than expected, because
AChE from Torpedo californicus occurs as a dimer,
where partial compensation of the moment must be
expected. The problem has been solved by using a
special AChE from the venom of a vietnamese snake,
Bungarus fasciatus, which was demonstrated to occur
as a monomer. Measurements demonstrated for this
species a dipole moment of 1000 D (in a 5SmM MES
buffer [45]). Because the amino acid sequence of
the Bungarus AChE is similar but not identical with
the Torpedo AChE, the Bungarus structure was mod-
elled in analogy to the Torpedo structure. The dipole
moment of 1830 D calculated for this model, with
respect to the center of diffusion, is higher than the
experimental one. The difference between calculated
and experimental values appears to be mainly due
to the attachment of charged carbohydrate residues,
which could not be included in the calculation.

The case of AChE is of interest for different rea-
sons. First of all, it shows, how much calculated di-

pole moments may deviate from the correct value, if
not calculated with respect to the center of diffusion.
AChE has an overall net charge of about 6 negative
elementary charges. In such cases dipole moments
must be calculated with respect to the center of dif-
fusion, if the values should have any physical signif-
icance. The dipole moment of AChE is of special
interest, because it may serve to direct the cationic
substrate to the active site via a deep and narrow
gorge. The dipole moment is parallel to the narrow
gorge; model calculations suggest that the dipole mo-
ment contributes by guiding the substrate to the cat-
alytic site [46] and, thus, increases the efficiency of
this enzyme. AChE is characterized by an unusually
high turnover rate.

Calculations of dipole moments are relatively sim-
ple, if the coordinates of crystal structures are avail-
able. Because large numbers of crystal structures may
be easily obtained from e.g. the Brookhaven Protein
Data Bank, there are now more results of calculations
than reliable experimental data. The first compilation
of calculated dipole moments has been presented by
Barlow and Thornton [47] for 32 different proteins.
Most of the dipole moments were in the range of
several hundred Debye units, the largest value was
823 D. The most recent computation of 13 protein di-
pole moments includes a comparison of several pro-
cedures for the calculation [48]. It is remarkable
that the results obtained by the most sophisticated
procedure, the finite difference Poisson Boltzmann
method, are not much different from those obtained
by the most simple procedure, i.e. using equation
(1) with standard pK-values and without considera-
tion of interactions between ionizable sites. A similar
conclusion was obtained previously in the case of «-
chymotrypsin [41]. During a screening of 500 protein
crystal structures according to the simple procedure
in the authors laboratory, most of the dipole moments
were found in the range of several hundred Debye
units; in 46 cases the dipole moment was more than
1000 D, in a few cases the dipole moment was even
larger than 2000 D. These results illustrate the dis-
tribution of electric parameters in proteins; any po-
tential functional implications have to be checked in
each case separately.
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5.3.  lonic strength dependence

Because the structures of biological macromole-
cules are often strongly dependent on the ionic
strength, the electric moments have been routinely
measured at different salt concentrations. In most
cases the resulting dipole moments showed very little
dependence on the ionic strength. Recently measure-
ments of the dipole moment of a-chymotrypsin have
even been extended up to ion concentrations of 0.1
M [36], using a special technique for electrooptical
measurements at “physiological” salt concentration
based upon cable discharge [35]. The permanent
dipole moment remained even at this high salt con-
centration; its magnitude was reduced only by a rel-
atively small amount (table 2). This raises the ques-
tion, why the dipole moments of macromolecules are
detectable in aqueous solutions, although the dipoles
are expected to be shielded by the large number of
counterions surrounding the macromolecules.

Table 2

Electrooptical data of a-chymotrypsin obtained at 20°C at dif-
ferent salt concentrations. The data for the highest salt concen-
tration are from [36], the other data are from [41]. Monovalent
salt concentration c4, Mg?+-concentration cpsg4, limiting value
of the electric dichroism (A¢/€)o, dipole moment corrected for
the internal field effect pcorr (cf. [41]).

C+ CMg pH (AC/C)OO Hcorr Heorr

[mM] [mM] - - [10-27 Cm]  [D]
24 - 7.0 0.11 14 420
74 - 7.0 0.13 14 420
12.4 - 7.0 0.13 14 420

9 02 83 0.10 1.5 450
9 1 8.3 0.08 15 450
19 1 83 0.05 1.7 510
125 10 72 0.02 1.1 340

The problem is analogous to that encountered with
the electrophoretic motion of colloidal particles. Al-
though the charge of the particles is shielded at some
distance, nevertheless the particles move in electric
fields. In these cases the electrophoretic motion is
determined by the (-potential at the plane of shear
between the vesicle associated and the stationary part
of the double layer [49-51]. The {-potential has been

defined for translational motion. The extension of
this concept to rotational motion leads to the defini-
tion of a p-potential, which determines the torque at
the plane of shear for rotational diffusion [52]. The
thickness of the layer moving with the particles has
been estimated to be in the order of 0.2 nm for the
case of the {-potential. It is very likely that the thick-
ness of the corresponding layer in the case of the
p-potential is of very similar magnitude. This inter-
pretation provides a rationale for the relatively small
dependence of experimental dipole moments on the
salt concentration. A thin solvent layer associated
with the protein molecules also explains the relatively
close agreement of experimental dipole moments with
those calculated from crystal structures.

6. Membrane proteins
6.1. Electrostatics of bacteriorhodopsin

Electrooptical measurements by various groups
[53-56] provided evidence that bacteriorhodopsin
disks are associated with permanent dipole moments
in the range of 1 million of Debye. These unusually
large dipole moments raised serious doubts about
their nature. It has been suggested, for example,
that at least part of the large dipole moment is of
an “interfacial” character [57]. As discussed already
above, it is not trivial at all to provide an unequivo-
cal proof for the existence of a permanent anisotropy
of the charge distribution in a biological macro-
molecule, because there are usually many alternative
interpretations, which cannot be ruled out easily.

The electrooptical parameters of bacteriorhodopsin
have been reinvestigated recently using stationary val-
ues of the dichroism measured over a broad range
of electric field strengths [52]; these data (figure 5)
have been analyzed in terms of the complete orien-
tation function for disks having a permanent dipole
moment in perpendicular direction to the plane and
a polarizability parallel to the plane [58]. Accord-
ing to this analysis the permanent dipole moment is
4x10° D for membrane fragments of 1 p diameter.
Measurements on fragments of different size showed
that the dipole increases with the area of the mem-
brane disk. This result is consistent with a permanent
anisotropy of the charge distribution and is hardly
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Fig. 5. Stationary reduced electric dichroism (Ae/e) of bacte-
riorhodopsin as a function of the electric field strength E. The
continuous line represents a least squares fit of the data points
marked by (0) according to the orientation function of Shah [58]
with a permanent dipole moment of u = 1.19x10~2% Cm, a po-
larizability of o = 6.6x10~28 Cm?V~! and a limiting value of
the dichroism of (Ae/e)oo = 0.31; the experimental data marked
by x were not included in the least squares fit; the deviations
from the theoretical line at higher E-values seem to be due to
the field induced changes discussed in section 6.2. (1 mM NaCl,
1 mM Na-cacodylate pH 7.0, 0.2 mM EDTA; 20°C, from [52]).

consistent with an “interfacial character”. The po-
larizability in the plane of the disks, which is of an
“interfacial character”, increases with the 4th power
of the disk radius [52].

The structure of bacteriorhodopsin has been deter-
mined by electron cryo-microscopy up to a resolution
of 3.5 A in the direction of the membrane plane and
of 4.3 A perpendicular to this plane [59)]. The struc-
ture is not yet complete, because the ends of the pep-
tide chains are “genuinely disordered”; nevertheless
it is possible to calculate an approximate value of the
dipole moment from this structure. The calculated
value of ~570 D is a factor of 10 higher than the
experimental value calculated per protein monomer
(~55 D). The large difference may be due to a non-
symmetric distribution of charged lipid residues.

According to the calculations the protein dipole is
directed from the inside to the outside. There is also
some experimental evidence for this direction [55]. It
is well known that the function of bacteriorhodopsin
is pumping of protons from the inside of cells to
their outside [60-61]. This function requires supply
of protons to the cytoplasmatic entrance of the pump
and removal of protons from the exit. Obviously both

supply and removal are based on diffusion. In both
cases the efficiency may be increased by electrostatic
gradients: at the entrance protons may be attracted by
some negative potential, which may contribute to an
increase of the target size by long range electrostatic
interactions; at the exit the protons may be pushed
away by some positive potential. The combined po-
tentials are equivalent with a dipole moment directed
from the inside to the outside and, thus, are consistent
with the calculated direction of the dipole moment.

6.2.  Electrodynamics of bacteriorhodopsin

A detailed comparison of the dichroism risecurves
of bacteriorhodopsin with risecurves simulated for
disks with equivalent hydrodynamic, electrical and
optical parameters (figure 6) demonstrated that there
is a relaxation process which cannot be attributed to
the usual field induced rotation [52]. The additional
process indicates a change of the bacteriorhodopsin
structure, which is induced already at a relatively low
electric field strength of ~150 V/cm. The depen-
dence of the time constant observed for the additional
process indicates a very high change of the electric
moment in the order of magnitude of 1x10~24 Cm,
corresponding to about 10% of the dipole moment
for the whole disk; thus it is likely that the change
involves the whole disk. The nature of the structure
change is not clear yet. The field induced process is
remarkable, because it represents an example for a
structure change, which is induced already at a par-
ticularly low electric field strength.

6.3. Electrostatics of Nat/K+-ATPase

A recent investigation of Nat/K*-ATPase prepa-
rations by fluorescence detected measurements of its
electric dichroism [62] demonstrated that its elec-
tric parameters are quite similar to those of bacteri-
orhodopsin (cf. [63]). The dependence of the dichro-
ism on the electric field strength is again consistent
with disks having a permanent dipole moment in the
direction perpendicular to the plane and a high polar-
izability parallel to the plane. The permanent dipole
moment for the disks is in the range of 10° D; the
dipole moment per ATPase monomer is estimated to
be 430 £50 D. Thus, Nat/K*-ATPase represents an-
other case of a membrane protein, where the organi-
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Fig. 6. Comparison of experimental (a) and computed (b) dichro-
ism rise curve of bacteriorhodopsin at an intermediate electric
field strength E (from [52]). (a) Change of the light intensity A7
transmitted by a bacteriorhodopsin solution induced by an electric
field pulse E (dashed line); the light (A = 546 nm) was polarized
parallel to the field vector; ImM NaCl, 1mM Na-cacodylate pH
7.0 0.2 mM EDTA; 20°C; the exponential processes in the rise
curve are indicated by 1, 2 and 3: (b) Brownian dynamics sim-
ulation of the electrooptical transient of a disk with an effective
diameter of 980 nm (diffusion tensor obtained by bead model
simulation) using the following electric parameters: permanent
dipole perpendicular to the plane 8.7x10—2%; polarizability par-
allel to the plane 4.9x10~2% Cm?V—!; extinction tensor: in
plane components 76000, component perpendicular to the plane
19000: Note that the transmitted light intensity is shown in (a),
whereas (Ae¢/e) is shown in (b); this is the reason for the am-
plitude inversion; the relaxation process 3 is clearly visible in
(a) but not in (b).

zation of a large number of monomers in a membrane
patch leads to an extremely high dipole moment. It
is very likely that this property is related to the vec-
torial function of the protein (cf. 6.1).

7. Symmetry breaking in mixed lipid vesicles

Usually the distribution of charged molecules is
regulated by electrostatic interactions and thus accu-
mulation of charged residues of a given type, asso-
ciated with a large anisotropy of the charge distrib-
ution, is avoided. However, under special condittons
this rule may be violated to some degree due to the
existence of special molecular interactions. A case of
this type has been observed for mixed lipid vesicles.

Lipid bilayers may be composed of many different
lipid components. For simplicity, it may be assumed
that a given bilayer is composed of a 1/1 mixture of
one lipid component bearing a net charge and another
one without a net charge. When the mixture is at
a sufficiently high temperature, the two components
will be mixed homogeneously within the bilayer. If
the bilayer is organized in the form of a spherical
vesicle, the vesicle is expected to be without an elec-
tric dipole moment, as long as the lipids in the sphere
are distributed homogeneously.

If the temperature of the solution containing the
vesicles is decreased, separation of the lipid compo-
nents into separate phases must be expected. The type
of separation is dependent on the magnitude of the
interactions between the components. For simplicity
it may be assumed that there is a high cooperativity
of the phase separation leading to a complete separa-
tion of the components: in this case one of the com-
ponents is driven into one half of the sphere and the
other one into the other half. It should be emphasized
that this model represents an extreme case; separa-
tion cannot be expected to be complete in practice.
However, the extreme case may be used for a simple
model calculation: after phase separation there is a
high anisotropy of the charge distribution. Based on
integration using polar coordinates ([64], cf. figure 7)
the dipole moment is expected to be

w/2
d, = q42mrr3 / cos(p)sin(p)dp = gqrr®>  (4)
0
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Fig. 7. Scheme of the phase separation in a spherical vesicle with
two different lipid components: a) symmetric distribution before
phase separation; b) limit case of complete phase separation; c)
calculation of the dipole moment under the assumption that the
charged lipids are segregated into the upper half of the sphere
(from [64]).

where ¢4 is the effective charge density in the half
of the sphere containing the charged residues and r
is the radius of the lipid vesicle.

For a double layer with a lipid packing density of
~2 molecules/nm? in each layer [65-66] and using the
assumption of a reduced charge density corresponding
to ~10% of the phosphate density, the charge density
is approximately g4 & 6 x 1072°C/nm?; in this case
the dipole moment for a vesicle with a radius r =
100 nm is ~ 6 x 107D. As mentioned above, this
estimated value represents an upper limit.

For an experimental investigation lipid vesi-
cles have been prepared from 50% dimyristoyl-1-

a-phosphatidylcholin (DMPC) and 50% dimyris-
toylphophatidic acid (DMPA). The experimental
data, including transients measured with reversal
of electric field pulses, indicate the existence of a
permanent dipole moment at temperatures below
30°C. These indications have not been observed for
vesicles prepared from DMPC or DMPA alone and
also have not been observed at temperatures above
30°C. According to a simple interpretation of light
scattering amplitudes measured as a function of the
electric field strength by the orientation function for
permanent dipoles, the permanent dipole moment for
vesicles with an average diameter of ~200 nm is of
the order of magnitude of ~ 2.4 x 106D [64].

8. Conclusions

The electric parameters and the field induced
processes of biological macromolecules are of unusu-
ally high complexity because there is a wide range
of different structures and most of these structures
bear large numbers of charged residues. In addition,
most of the structures are subject to changes between
different states. Under these conditions the correct
assignment of experimental data may be rather dif-
ficult. However, the problems may be solved by
careful experiments combined with calculations on
appropriate models.

In the case of proteins, for example, it has been
rather difficult in the past to rule out that the major
part of dipole moments results from proton fluctua-
tions. A detailed interpretation of experimental data
may be supported by model calculations based on
crystal structures. Using the coordinates of charged
residues, it is relatively simple to calculate dipole
moments, including e.g. contributions resulting from
proton fluctuations. Moreover, information about the
direction of dipole moments may be obtained from
values of the electric dichroism and may also be used
for a comparison with corresponding information de-
rived from crystal structures; this may be essential for
a decision between different interpretations. Mean-
while a close correspondence between calculated and
measured dipole moments has been demonstrated for
a rather large number of cases; usually the dipole
moment is mainly determined by the anisotropy of
residues bearing full charges, i.e. lysine, arginine,
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aspartate and glutamate residues. It should be noted
that the calculated result for molecules with a net
charge, may be rather far away from the correct one,
if the reference is not the center of diffusion (cf. 5.2).
Dipole moments of several hundred Debye appear to
be standard among proteins, whereas dipole moments
in the range above 1000 Debye are less common, but
have been observed already in several cases.

For membrane proteins organized in large patches,
the relatively small dipole moments associated with
individual molecules add up to huge moments of
several 10° Debye for the whole patch. It is likely
that these dipole moments support vectorial transport
across the membrane by attracting ions on one side
and repulsion of these ions on the other side.

The problems associated with the assignment of
electric moments have been quite obvious for the case
of nucleic acids, where unusual electrooptical effects
have been reported by several authors. The interpre-
tation of rather puzzling effects has been possible by
detailed model calculations; all the parameters intro-
duced into these calculations are on the basis of the
essential features of nucleic acid structure; there is
no conflict with any established parameter. Now, the
special effects can be used to learn about the physi-
cal properties of nucleic acids, e.g. the dynamics of
double helices.

Electric parameters of unusual magnitude have
been reported in the literature in a rather large num-
ber of cases. Usually these observations remained
unexplained. The main challenge is the appropriate
assignment in terms of reasonable models. In recent
years the assignment has been advanced for an in-
creasing number of cases. The acquired knowledge
should be useful, for example, for a judgement on
bioelectric phenomena. Questions on the physical
basis of electric field sensors with a particularly high
sensitivity are directly related to the electric para-
meters of biological macromolecules. Some of the
systems discussed in the present review demonstrate
the possibility of field induced reactions at electric
field strengths, which are lower than anticipated
previously. Thus, it may be expected that further
extensions in this direction are possible.
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