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The polarization of bacteriorhodopsin discs has been characterized by measurements of the electric dichroism
induced by sinusoidal electric field pulses in the frequency range from 0.2 to 100 kHz with field strengths up to
40 kV m�1. Analysis of the stationary dichroism by a disk model with a saturating induced dipole moment in
the direction of the plane shows saturation of the induced dipole at low field strengths in the range around
10 kV m�1. The AC-polarizability aAC increases with decreasing frequency, whereas the saturation field strength
decreases with decreasing frequency in most cases. DC-polarizabilities aDC were obtained from the stationary
dichroism induced by DC pulses and analyzed by the orientation function for discs with a permanent dipole
perpendicular to the plane and an induced dipole in the plane. aDC is always larger than aAC-values; a-values
increase from 100 kHz to DC by factors of 5 to 9. These data demonstrate the existence of a spectrum of slow
polarization processes extending over the ms- into the ms-time range. The increase of polarizability with
decreasing frequency was observed in buffers containing Na+, Ca2+ and Mg2+ as counterions. The dichroism rise
curves observed under AC-pulses could be described by single exponentials tr in the absence of Ca2+ or Mg2+;
1/tr increases linearly with the square of the electric field strength, as expected for induced dipoles. The
polarizabilities obtained from the slope of this dependence increase with decreasing frequency; the absolute
values are higher by factors of �2 than those derived from stationary dichroism data. The dichroism risecurves
induced by AC-pulses show an additional slow exponential in the presence of Ca2+ or Mg2+. The slow
amplitude observed in the presence of Mg2+ is higher than in the presence of Ca2+, suggesting a contribution
from Mg2+-inner sphere complexes. Thus, polarization data provide information about the coordination state
of counterions. A simple criterion for the limit mechanisms of polarization by ‘‘biased dissociation’’ and
‘‘motion along surface ’’ is discussed.

Introduction

Electric parameters of membranes and of membrane proteins
are essential for understanding of bioelectric processes.1–3 A
favored model system for analysis has been bacteriorhodop-
sin,4–7 because it is easily available and relatively stable. Its
high anisotropy both with respect to electric and optical
parameters8–18 simplifies experimental characterization by
electro-optical methods.19,20 A standard approach to determi-
nation of electric parameters requires measurements of electro-
optical data (dichroism, birefringence or light scattering) using
both high frequency and DC-pulses.9–11,14,15,17 The data at
high frequencies are used to evaluate the polarizability, which
is then introduced into the analysis of data obtained by DC
pulses for determination of permanent dipole moments. This
procedure is based on the assumption that the polarizability
is independent of the frequency.
Polarization of ion atmospheres around polyelectrolytes

involves rearrangement of the ion distribution21–34 and, thus,
must be associated with some time distribution of ion motion
at given field strengths. The time distribution of polarization
may be dependent on the size of the object and on the field
strength. Furthermore, the type of ion binding may affect
the polarization time: for example, inner sphere complexes
with long lifetimes35 are candidates for slow contributions to
polarization.
Slow polarization processes have been mentioned in the

literature,36,37 but the experimental evidence is quite limited
in most cases. Dispersion curves of electro-optical amplitudes
for bacteriorhodopsin suggest that the main relaxation of
polarization occurs at about 1 MHz. Most dispersion curves
shown in the literature10,15,37,38 indicate a plateau region

between �100 kHz and �100 Hz followed by the range of
rotational relaxation at frequencies <100 Hz. Thus, polariza-
bilities measured at any frequency in the plateau region were
assumed to be representative for bacteriorhodopsin.
In the present investigation, the dynamics of polarization in

bacteriorhodopsin discs has been investigated in more detail by
measurements of field strength dependences in the frequency
domain from 100 kHz to DC. The data clearly demonstrate
a continuous increase of the polarizability with decreasing fre-
quency n in the range from n< 100 kHz to DC. These results
reveal a broad spectrum of polarization time constants.

Structure and electric parameters of purple membranes

The local and global structure of purple membranes is well
known.4–7 The membrane fragments prepared by standard
procedures are obtained as thin disks with average diameters
in the range of 1 mm. Membrane fragments with 1 mm diameter
include �6.8� 104 protein monomers. Each of the protein
monomers is surrounded by 10 lipids molecules with
phosphate headgroups bearing negative charges. Thus, these
fragments have a very high charge density and attract large
numbers of counterions.
Electro-optical studies including measurements of the elec-

tric dichroism, birefringence and light scattering8–18 demons-
trated that purple membranes have a large permanent dipole
moment in the direction perpendicular to the disk plane and
a large induced dipole moment along the disk plane (Fig. 1).
The permanent dipole is dominant in the range of low DC
fields. Because the energy of the induced dipole increases
with the square of the field strength, the induced dipole
takes over at high field strengths. The rotational diffusion
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of standard purple membrane fragments is relatively slow
and, thus, the permanent dipole cannot follow rapid changes
in the field direction. In contrast, field-induced redistribution
of ions along the disk is relatively fast, resulting in orienta-
tion by the induced dipole at AC frequencies above �200
Hz. The orientation mechanism is indicated by the sign of
the dichroism: at low DC fields the dichroism is negative,
whereas at high DC fields and AC fields of sufficiently high
frequency the dichroism is positive.
The nature of the permanent dipole moment has been char-

acterized by a comparison39 of the pH-dependence of experi-
mental values with calculations based on the crystal
structure. These data indicate that a high intrinsic dipole of
the protein (�600 D per monomer, calculated for the trans-
membrane direction) is compensated to a large degree at
neutral pH (experimental value �53 D per monomer). The
compensation seems to be due to a non-symmetric distribution
of charges on lipid headgroups. According to the available
crystal structure there are 5 lipid headgroups per protein
monomer on each side of the membrane.40 Thus, the non-
symmetric distribution of charges suggests a difference in the
charge state of some headgroup residue(s).
The induced dipole is attributed to field induced polariza-

tion of the ion atmosphere in the disk plane. Details of the
polarization mechanism are analyzed in the discussion.

Orientation function

The field induced orientation of disk structures with an
induced dipole in the disk plane and a permanent dipole per-
pendicular to the disk plane has been described by Shah.42

He assumed a standard induced dipole in the disk plane and
did not consider saturation of the polarizability. Because the
experimental data indicate saturation in the case of bacterio-
rhodopsin discs (cf. below), the orientation function has to
be extended.
Saturation of polarizability has been described by various

functions. It is expected that the standard induced dipole
found at low field strengths with an energy

Ui ¼ � 1

2
aE2 sin yð Þ2 ð1Þ

(a polarizability, E field strength, y orientation angle) is
followed by a transition regime before the polarization is
saturated. A function satisfying this requirement43 is given by

Ui ¼ �aE2
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðE sinðyÞ=E0Þ2

q
� 1

� �
ð2Þ

where E0 is the saturation field strength. At high field strengths
E�E0 the energy is given by

Ui ¼ �aE0EsinðyÞ ð3Þ

whereas at low field strengths E�E0 the energy corresponds
to that of eqn. (1). The full orientation function, including
the contribution resulting from the permanent dipole moment
m (cf. Shah), is given by

F ¼

Rp
0

B
3 cos2 fð Þ � 1

2
2p sin fð Þdf

Rp
0

B2p sin fð Þdf
ð4Þ

whereB ¼ exp[(mE cosf+aE2
0[(1+ [E cos(f)/E0]

2)1/2� 1])/kT].
This orientation function approaches a value �1

2 at high field
strengths. Thus, the dichroism at any field strength is described
by

x ¼ �2Fx1 ð5Þ

where x1 denotes the limiting value of the dichroism at
high field strengths. For fitting of parameters to experimental
data, the orientation function (5) was solved by numerical
procedures.

Materials and methods

Purple membranes were isolated from Halobacterium
salinarum S9 (given by Dr J. Tittor) using standard pro-
cedures, including fractionation by sucrose density centrifuga-
tion.41 The samples proved to be homogeneous by SDS-PAGE
and by isoelectric focusing. The D96N-sample was given by
Dr J. Tittor. Before measurements, the membrane suspensions
were extensively dialyzed against standard pH buffers and were
sonicated in a Bransonic 220 for 3 min to break down aggre-
gates. The following standard buffers were used: 1 mM
NaClO4 , 1 mM Na-cacodylate pH 7, 0.2 mM EDTA
(NCE); 1 mM NaClO4 , 1 mM sodium cacodylate pH 7,
0.2 mM MgSO4 (NCM); 1 mM NaClO4 , 1 mM sodium
cacodylate pH 7, 0.2 mM CaClO4 (NCC).
The electric dichroism was measured at 546 nm and 20 �C

using a setup described previously18 (Fig. 2). Electric field
pulses were generated by a Tektronix AWG 5105 arbitrary
waveform generator together with a Fluke 5205A amplifier.
A Fluke 5700A Calibrator combined with a relay device for
adjusting pulse lengths was also used for pulse generation.
The electric field pulses were applied to the samples in a cuvette
with 1 cm optical pathlength and with an insert machined from
Teflon holding platinum electrodes at a distance of 4.8 mm.
The absorbance at 546 nm was in the range of 0.1 to 0.15.
Usually the plane of polarization was adjusted parallel to the
field vector. In order to maintain the light-adapted state of
BR, samples were exposed to the light of a 100 W lamp.
Complete light-adaptation of BR was monitored by determin-
ing the ratio of absorbances at 590 nm and 540 nm. This ratio
is about 1.04 for light-adapted bacteriorhodopsin. Sufficiently
long electric field pulses were applied to ensure complete
adjustment of the stationary state of orientation. Stationary

Fig. 2 Scheme of the instrument used for measurements of the
electric dichroism.

Fig. 1 Directions of dipole moments and modes of orientation of
purple membranes.

166 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 1 6 5 – 1 7 1 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4



values of the dichroism were calculated from the stationary
change of light intensity using the standard equation:

x ¼
DAk � DA?

�AA
¼

1:5DAk
�AA

ð6Þ

where DAk and DA? are the field-induced absorbance changes
determined by light polarized parallel and perpendicular to the
field vector, respectively. Ā is the absorbance in the absence of
an external electric field. For fitting of experimental data a sim-
plex routine was used. The parameters in Table 1 were
obtained by least squares fits of the dichroism (cf. Fig. 4) with
a minimum in the sum of absolute residuals.

Results

Stationary AC dichroism

AC electric field pulses applied to solutions of bacteriorhodop-
sin induce positive dichroism. Dispersion curves of this effect
shown in the literature are restricted to single values of the
electric field strength. A set of measurements at different field
strengths is given in Fig. 3a in the standard form of the
reduced electric dichroism. When these data are normalized
to 1 at the maximal values of the dichroism observed at each
field strength separately (cf. Fig. 3b), the resulting dispersion
curves reveal a clear dependence of the shape on the field
strength that has not been described in the literature yet. The
distinct dependence on the frequency at different field strengths
is also clearly illustrated in a set of data obtained for a solution
containing Ca2+-ions (Fig. 3c).
Stationary values of the dichroism x measured as a function

of the field strength E at a given frequency can be described by
the standard orientation function for induced dipoles,19 if the
data are restricted to low field strengths E� 5 kV m�1. Experi-
mental data measured over a wider range of field strengths
require an extended orientation function for a satisfactory
description. As shown in Fig. 4, the orientation function with
saturation of the polarizability presented above can be used to
describe the experimental data at a high accuracy. Because the
permanent dipole of bacteriorhodopsin does not contribute
under the applied AC pulses, its value was fixed to m ¼ 0
during fitting with eqn. (5).
The dichroism data measured at the highest field strengths

E� 40 kV m�1 are close to the limiting value (cf. Fig. 4a),
and, thus, fitted values of the limit dichroism can be considered
as reliable. Furthermore, the dichroism values x observed at
different frequencies approach very similar limiting values at
high field strengths. However, the dichroism x at low field
strengths clearly increases with decreasing frequency (cf. Fig.
4b), reflecting an increase of the polarizability with decreasing
frequency. Least-squares fits of the data by the orientation
function provided values for the polarizability, the saturation
field strength and the limiting value of the dichroism compiled
in Table 1. The polarizabilities measured both for wild type
bacteriorhodopsin and for the mutant D96N at different ionic
conditions increase with decreasing frequency. The saturation

field strength E0 decreases with decreasing frequency for the
D96N-sample. Most of the E0-values obtained for the wild
type sample show a similar trend-with the exception of the
data at 0.2 kHz.

AC-dichroism risecurves

An independent method for determination of polarizabilities is
based on the field strength dependence of the risetime con-
stants. In the absence of Mg2+ or Ca2+, secured by dialysis
against EDTA, the dichroism risecurves can be described by
single exponentials at a high accuracy. According to the theory
for induced dipoles,44 the rise time constants tr should be
dependent on the electric field strength E according to

1

tr
¼ 2aDr

xkT
E2 ¼ a

3xkTtr0
E2 ð7Þ

where kT is the thermal energy, Dr ¼ 1/(6tr0) the rotational
diffusion coefficient, tr0 the dichroism decay time and x a
numerical factor that was specified by Schwarz44 as 3.35,
whereas simulations of Brownian dynamics45 for rod-like
molecules demonstrated a value x ¼ 2.9. Plots of 1/tr against
E2 show that eqn. (7) is valid also in the present case (cf. Fig.
5); the slope d(1/tr)/d(E2) increases with decreasing fre-
quency, demonstrating an increase of the polarizability with
decreasing frequency. The a-values obtained with x ¼ 2.9
and tr0 ¼ 91.8 ms are 3.48, 4.68, 6.18 and 6.60 in units of
[10�28 C m2 V�1] for 100, 10, 1 and 0.2 kHz, respectively.
Thus, the polarizabilities obtained from the risetimes constants
reveal the same dependence on the frequency as that derived
from the stationary values of the dichroism, but the latter
values are lower by a factor of about 2.
The present investigation of the frequency dependence was

not extended below n ¼ 0.2 kHz because of (2n)-modulation
of the dichroism curves at n< 0.2 kHz. The effect is already
clearly visible at 0.2 kHz at higher field strengths, where orien-
tational relaxation into the direction of the field vector is accel-
erated. Deviations of relaxation time constants observed at 0.2
kHz at high field strengths (cf. two points not included in the
fit in Fig. 5) seem to be due to this effect.
In the presence of Ca2+- or Mg2+-ions the dichroism rise

curves cannot be described by single exponentials, but require
a second exponential for a reasonable description (cf. Fig. 6).
The reciprocal time constant of this second exponential can
be represented as a linear function of the square of the electric
field strength at a reasonable accuracy. The slope of this
dependence is about a factor of 10 smaller than that found
for the single exponential described above, suggesting a smaller
contribution to the polarizability. In general the amplitude is
larger in the presence of Mg2+ than in the presence of Ca2+,
which may come from a contribution from Mg2+-inner sphere
complexes.
The dichroism curves were measured at different orienta-

tions of the polarizer, in particular at the magic angle orienta-
tion. These measurements did not provide evidence for the

Table 1 Electro-optical parameters of wild-type (WT) and D96N bacteriorhodopsin measured at different frequencies n in various buffers
(a polarizability, E0 saturation field strength, m permanent dipole moment, x limiting value of the dichroism, 20 �C, estimated accuracy �10%)

1028a/C m2 V�1 E0/kV m�1

1024m/C m
x

n 100 10 1 0.2 DC 100 10 1 0.2 DC 100 10 1 0.2 DC

WT NCE 1.60 2.12 2.82 3.32 7.92 11.8 10.6 9 11 7.7 0.505 0.504 0.493 0.443 0.268

NCC 1.57 2.14 3.12 3.57 7.52 10.3 9 8.9 11.9 7.45 0.290 0.291 0.268 0.237 0.118

NCM 1.12 1.57 2.48 2.96 8.90 9.8 8.8 7.8 10.1 7.89 0.273 0.272 0.247 0.207 0.064

D96N NCE 0.64 0.86 1.24 2.49 3.29 13.3 10.9 10.3 6.3 11.8 0.385 0.376 0.300 0.174 0.274

NCC 0.67 0.98 1.59 2.44 3.90 13.8 13.1 12 11.2 10.5 0.185 0.172 0.139 0.096 0.094

NCM 0.58 0.85 1.52 2.38 5.33 14.7 12.5 10.9 9.2 11.5 0.184 0.179 0.138 0.097 0.089
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existence of field induced reactions occurring under the condi-
tions of the present experiments. Thus, the slow relaxation
effect observed in the presence of Ca2+ or Mg2+ is not due to
field induced association of bacteriorhodopsin discs, which
should be indicated by an increase of the absorbance due to
turbidity.

Stationary DC-dichroism

The stationary dichroism measured under DC pulses is nega-
tive at low field strengths and turns to positive values at high
field strengths. The general form of this dependence on the

field strength is consistent with the orientation function
described by Shah,42 with a permanent dipole perpendicular
to the plane and an induced dipole in the plane. However,
the orientation function can only be used for accurate

Fig. 5 Reciprocal values of dichroism rise time constants 1/tr for
bacteriorhodopsin in buffer NCE at 20 �C as a function of the square
of the electric field strength E2 at different frequencies: 100 kHz (X,—),
10 kHz (�,---), 1 kHz (N,	 	 	) and 0.2 kHz (c,–.– ). The data at 0.2
kHz denoted by ‘‘; ’’ indicate saturation of the polarizability and,
thus, were not included in the linear regression. Using eqn. (7) with fac-
tor x ¼ 2.9 and tr0 ¼ 91.8 ms, the slopes of the linear regressions
provided the polarizabilities 3.48, 4.68, 6.18 and 6.60 in units of
[10�28 C m2V�1] for 100, 10, 1 and 0.2 kHz, respectively.

Fig. 3 (a) Stationary values of the dichroism x for bacteriorhodopsin
in buffer NCE at 20 �C as a function of the frequency n at different field
strengths E [kV m�1]: 2.083 (X), 6.25 (+) and 20.83 (�); (b) Same data
as in (a) but normalized to unity at the maximal x-value measured at
the given field strength, i.e. the x-values measured at each given field
strength were divided by the maximal value xmax found at the given
field strength; (c) data measured in buffer NCC, normalized as
described in b. The symbols representing given field strengths in panels
b and c are as defined in a.

Fig. 4 Stationary values of the dichroism x for bacteriorhodopsin in
buffer NCE at 20 �C as a function of the electric field strength EAC at
different frequencies: 100 kHz (X,—), 10 kHz (�,---), 1 kHz (N,	 	 	)
and 0.2 kHz (c,–.– ). The continuous lines represent least squares
fits according to eqn. (5); the fit parameters are given in Table 1. (a)
Complete data set; (b) data at low electric field strengths.
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representation of data measured at low field strength. Devia-
tions of experimental data at higher field strengths are consid-
erable-it is not possible to fit data measured over a wide range
of field strengths by the Shah function.18

The saturation of the polarizability observed under AC-
pulses is expected to occur also under DC-pulses and, thus,
the orientation function, eqn. (5), should be useful for descrip-
tion of the stationary DC-dichroism as well. As shown in Fig. 7
the experimental data can be described by eqn. (5) at a high
accuracy over the full range of electric field strengths.
However, examination of the fitted parameters reveals a
serious problem: the limit dichroism is extreme (�2.98) and
outside reasonable limits. Further analysis shows that the
electric parameters are also not reasonable: the induced dipole
term is dominant at low field strengths and the permanent
dipole term prevails at high field strengths-just opposite to
the conclusions derived from the shape of the experimental
transients.18 Thus, it must be concluded that the parameters
are not reasonable from the physical point of view, although
the fit happens to be excellent.
The parameters obtained by least squares fitting of the data

in Fig. 7 by eqns. (4) and (5) imply a special balance of the

energies from the induced and the permanent dipole up to high
field strengths. Because these energies remain rather close to
each other, the degree of orientation is far from saturation
even at the highest field strength shown in Fig. 7. In contrast,
the parameters obtained from the Shah orientation function
lead to saturation of orientation at relatively low field
strengths, because the energy of the induced dipole increases
with the square of the field strength.
Under the given conditions, the results obtained by the Shah

orientation function from the data at low field strengths must
be considered as the best available approximation. The DC
polarizabilities obtained by this procedure, compiled in Table
1, are higher than AC polarizabilities measured at 0.2 kHz.
Thus, there is a continuous increase of the polarizability with
decreasing frequency.

Discussion

Modes of polarization

A major part of the ions associated with purple membranes is
expected to be in the form of a mobile ion atmosphere. This
appears to be consistent with the experimental data in the lit-
erature suggesting that the main part of the polarization is a
very fast process with a relaxation frequency in the MHz-
range. However, some of these ions are probably bound to
the discs in a less mobile form and, thus, slower components
of field induced redistribution may be expected. Potential sites
for coordination of ions are phosphate groups of lipids and in
addition carboxyl groups of aspartic or glutamic acids in the
protein. The relaxation time constants of these ion complexes
may cover a broad time range and, thus, a broad range of
polarization time constants may be expected.
Although slow polarization processes in polyelectrolytes

may be predicted to exist under certain conditions, experimen-
tal evidence is hardly available. This is partly due to the
difficulty that most polymer samples are not suitable for a
quantitative analysis because of flexibility and/or hetero-
geneity with respect to particle size. Both flexibility and hetero-
geneity lead to a broad spectrum of time constants for
orientation and, thus, it is impossible to separate orientational
from polarization processes. In the case of purple membranes,
the flexibility is limited and the heterogeneity can be reduced to
a tolerable level. For the sample used in the present investiga-
tion the heterogeneity is indicated by a spectrum of dichroism
decay time constants in the range from �35 to �150 ms. The
rotation time constant tr of circular disks

46 is given by

tr ¼
2Zd3

9kT
ð8Þ

where d is the diameter, Z the viscosity and kT the thermal
energy. Thus, the range of time constants corresponds to a size
distribution with diameters from �0.9 to �1.4 mm, which is
relatively narrow. This sample has been used to determine
the AC polarizability over the frequency range from 100 to
0.2 kHz (Table 1, Fig. 8). Moreover, the frequency range is
extended by the determination of the DC-polarizability.
The experimental data indicate an unexpectedly broad

distribution of polarization time constants. According to the
present results, the influence of bivalent ions on the overall
shape of the dispersion curves (Fig. 8) is relatively small. The
spectrum of time constants extends from the ms to the ms time
range, both in the absence and presence of bivalent ions.
Monovalent counterions like Na+ are known for their high
reaction rates and, thus, the physical basis for slow processes
should be specified. In this context it is useful to compare
the present data with results obtained for latex particles by
dielectric relaxation. Schwan et al.47 demonstrated that the
characteristic dielectric frequency of latex particles decreases

Fig. 7 Stationary values of the dichroism x for bacteriorhodopsin in
buffer NCE at 20 �C as a function of the DC electric field strength
EDC . The data denoted by ‘‘X ’’ were included in a least squares fit
to the Shah orientation function, represented by the continuous line
(fit parameters given in Table 1). The data denoted by ‘‘S ’’, not
included in the fit, demonstrate the deviations from the Shah function
at high field strengths. The dashed line shows a least squares fit of the
data by eqns. (4) and (5) with the parameters m ¼ 7.83� 10�25 C m,
a ¼ 2.45� 10�27 C m2 V�1, E0 ¼ 0.39 kV m�1, x ¼ �2.98.

Fig. 6 Dichroism rise curve for bacteriorhodopsin in buffer NCM
induced by a 10 kHz pulse with an effective electric field strength of
73.7 kV m�1. A least squares fit provides the time constants
t1 ¼ 0.917 ms and t2 ¼ 14.8 ms (20 �C).
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with the square of their radius. This relation was found to be
independent of the nature and the concentration of electrolyte
as well as of the concentration of the particles. For particles
with 1.17 mm diameter the characteristic frequency was
�500 Hz, with a ‘‘ fairly well defined spectrum of relaxation
times ’’. Thus, the time constants of polarization are in the
same range as those observed for purple membrane fragments.
The different shape of latex particles and purple membranes
may also have some influence on the spectrum of polarization
times, but the influence of the size is expected to be more
important than that of the shape.
The experimental data obtained by Schwan et al.47 were

explained by a theory of Schwarz22 in terms of a displacement
of counterions in the atmosphere around the latex particles.
According to this theory the polarization time constant of
spherical particles is given by

tp ¼ r2

2D
ð9Þ

where r is the radius of the sphere and D is the surface diffusion
coefficient of the counterions. When the standard diffusion
coefficient of counterions in aqueous solution is used, the
resulting time constant is smaller than the experimental one.
Thus, motion of counterions along the surface is slowed down
by some activation barriers. By a spectrum of activation ener-
gies, Schwarz22 accounted for the relaxation spectrum
indicated by the experimental dispersion curves.
The theory of Schwarz22 was criticized by Schurr23 and later

by Fixman28 for omission of any flux of charge into, or out of,
the bulk solution. Fixman concluded that the dominant slow
process that controls relaxation is the slow diffusion of neutral
salt in the environment of the macromolecule. The theore-
tical literature on the polarization of polyelectrolytes is
extensive21–32 and, thus, cannot be reviewed here. Apparently
the polarization process is too complex for description by a
tractable analytical theory. More information may be obtained
by Brownian dynamics simulations.33,34

Limit cases of polarization mechanisms

In the absence of a comprehensive theory for polarization of
polyelectrolytes it may be useful to discuss simple limit
mechanisms. A dipole of any polyelectrolyte may be induced
by motion of counterions along the polymer or by a non-
symmetric change of ion association at the ends of the poly-
mer. Evidence for the latter mechanism was obtained in the
case of short, rod-like DNA restriction fragments,48 where
polarization was observed in the ns-time range. The reciprocal

polarization time constants were shown to be dependent on the
ion concentration as expected for a diffusion controlled asso-
ciation reaction. The experimental data are consistent with
field-induced non-symmetric dissociation of ions at one end
of the DNA. The driving force for this reaction is generation
of the dipole. Evidence for non-symmetric dissociation has
been obtained for restriction fragments with 76 and 95 base
pairs.48 For these fragments the experimental data do not
show any chain length dependence of the polarization time
constants. The time constants of polarization found in the
experiments were reproduced by simulations of Brownian
dynamics.34

The strong evidence for polarization by biased dissociation
in the case of DNA double helices raises the question for a sim-
ple criterion to predict conditions, where the different limit
mechanisms are expected to be active. The ‘‘biased dissocia-
tion’’ mechanism is characterized by the time constant of ion
dissociation, whereas the ‘‘motion along surface ’’ mechanism
is characterized by the diffusion coefficient of ions along the
surface Di . The time constant of dissociation is given by 1/
kd , where kd is the rate constant of ion dissociation. During
a time interval 1/kd , ions may move along the surface by a
characteristic distance d ¼ p

(Di/kd). If the polymer is longer
than d, polarization by ‘‘biased dissociation’’ is faster than
by ‘‘motion along surface ’’. Thus, the ‘‘biased dissociation’’
mechanism is expected to be dominant for objects with dimen-
sions > d, whereas the ‘‘motion along surface ’’ mechanism
should be dominant for objects with dimension <d (cf. ref.
30). For DNA the rate constant kd for monovalent ions48 at
low salt concentration (�1 mM) is in the range 107 s�1 and
the diffusion coefficient for Na+ in water is 1.3� 10�5 cm2s�1.
Using these values we get a value of 11 nm for the character-
istic distance. Thus, the biased dissociation mechanism is
expected to be effective for DNA’s with more than �35 base
pairs, in agreement with the experiments.48 This criterion
based on comparison of time constants should be useful as a
simple approximation.
Application of the simple criterion to purple membranes

indicates that there are rather slow processes of both ion disso-
ciation and motion of ions along the surface. This conclusion
is supported by independent experiments. Dissociation of
Mg2+-ions induced by addition of EDTA was reflected by
changes of electro-optical data with time constants in the range
of hours up to days (in preparation). Although this slow pro-
cess may be controlled by reactions within the protein, the slow
reactions of the protein are then obviously coupled with ion
binding.
Finally, application of the simple polarization criterion to

the case of latex particles raises some questions. As shown
by Schwarz,22 the observation of slow polarization processes
is compatible with motion of ions along the surface, if some
activation barriers of reasonable magnitude are assumed. If
this interpretation is correct, dissociation of ions from the
surface layer should be relatively slow, because otherwise
the ‘‘biased dissociation’’ mechanism would be active.

Binding state of bivalent ions

The dispersion curves obtained in the presence of different
ions are equivalent in a first approximation, but a more
detailed analysis reveals some difference. The ratio of the
polarizabilities aDC/a100 measured at the extremes of the fre-
quency range is 5.0 (5.1) in the absence of bivalent ions, 4.8
(5.8) in the presence of Ca2+ and 7.9 (9.2) in the presence of
Mg2+ for wild-type bacteriorhodopsin (and for D96N, respec-
tively). The high ratio observed in the presence of Mg2+ indi-
cates a particularly high contribution from slow polarization
processes, which seem to be mainly due to inner sphere com-
plexes. It is well known that these complexes35 react slowly
with a characteristic rate constant of 105 s�1 for formation

Fig. 8 Polarizability a of purple membranes as a function of the
frequency n in buffers NCE (L,—), NCC (�,---) and NCM (o,	 	 	).
The polarizabilities obtained from DC-experiments are indicated by
horizontal lines (20 �C).
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of inner sphere contacts and with relaxation time constants in
the ms-time range. Ca2+ ions are very similar with respect to
equilibrium parameters, but their rate constant for forma-
tion of inner sphere complexes is more than 3 orders of
magnitude higher.35 Thus, the parameters of polarization
measured over a broad frequency range can be used as
evidence for the state of ion binding.

Ion binding in the protein

The data obtained in the present investigation demonstrate
that the dispersion of the polarizability is influenced by the
presence of bivalent ions, but this effect is small compared
with the strong influence of the ion composition on the limit
dichroism x1 . In the absence of bivalent ions the x1-value
is much higher than in the presence of Ca2+ or Mg2+-ions. It is
remarkable that the ion induced changes in the limit dichroism
are much larger than those both in the polarizability and the
permanent dipole moment. Thus, it is likely that the changes
in the limit dichroism are not mainly due to ion binding at
surface residues but probably involve ion binding sites close
to the retinal group.
Binding sites for ions in the protein may be characterized by

measurements with different mutants. The data obtained for
the wild-type and D96N bacteriorhodopsin are very similar
with respect to the frequency dependence of the polarizability,
as should be expected for equivalent ionic atmospheres.
However, there are some differences in the limit dichroism as
a function of the frequency (cf. Table 1), which should be char-
acterized in more detail. Replacement of amino acid residues
at different sites may be used for identification of binding sites.

Bending/stretching of membrane fragments

The state of polarization may also be affected by bending or
stretching of the purple membrane fragments. Because the
induced dipole of stretched states is expected to be larger than
that of bent states, field induced stretching must be expected
under conditions with a dominant induced dipole. The oppo-
site process of bending may be induced by electric fields under
conditions with a dominant permanent dipole, because bend-
ing of objects with a net charge increases their permanent
dipole. Bending/stretching processes should be reflected by a
special contribution to the dichroism. A modulation of the
dichroism at 0.2 kHz and high field strengths was observed,
that may be partly due to bending/stretching. However, these
data were not included in the evaluation of the polarizability.
Thus, the polarizabilities in the range 
0.2 kHz should not be
affected by bending/stretching, whereas the DC-polarizabil-
ities are expected to contain a contribution from bending/
stretching processes. The large increase of the polarizability
from 0.2 kHz to DC may be partly due to these processes.
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