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Electrical-to-Mechanical Coupling in Purple Membranes:
Membrane as Electrostrictive Medium
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ABSTRACT In this paper, we present acousto-electrical measurements performed on dry films of purple membranes (PM)
of Halobacterium salinarium. The purpose of these measurements is to determine the relation between mechanical and
electrical phenomena in bacteriorhodopsin and to define the role of the protein in the proton transfer process. Electrical-to-
mechanical coupling in PMs manifests itself as direct and inverse piezoelectric effects. Measurements performed on the
samples with different degrees of PM orientation and at various values of the externally applied cross-membrane electric field
indicate that piezoelectric phenomena in PMs arise from the electric asymmetry of the membranes, i.e., they originate from
electrostriction. Experiments with samples made of oriented PMs allow estimation of the value of the intrinsic cross-
membrane electric field, which is ~108 V/m. A hypothetical model of PM is presented where the electrical-to-mechanical
coupling is suggested to be the main driving force for the proton translocation against the Coulomb forces acting in the

membrane.

INTRODUCTION

Bacteriorhodopsin (BR) from the purple membrane of
Halobacterium salinarium is the simplest membrane protein
performing the active transmembrane proton pumping.
Knowledge of the structural organization of the BR with
less than 3-A resolution (see recent data: Kimura et al.,
1997; Essen et al., 1998; Luecke et al., 1999; Belrhali et al.,
1999) enables relation of the details in structural changes to
the intermediate states in proton transportation from the
intracellular to extracellular sides of the membrane. These
intermediates of the photocycle, denoted as J, K, L, M, N,
and O are well spectroscopically detectable according to
their absorption maxima in various spectral regions (see
Mathies et al., 1991; Rothschild, 1992; Oesterhelt et al.,
1992; for review). These intermediates arise and decay
sequentially after the photon absorption by retinal—the
chromophore of BR, which is covalently bound to the
protein via a protonated Schiff base linkage. Thus, the
process of the proton pumping initiated by trans-to-cis
isomerization of the retinal immediately after absorption of
the photon is driven by deprotonation of the Schiff base in
the M intermediate (Varo and Lanyi, 1991). This conclusion
is based on spectroscopic results obtained by various exper-
imental techniques, such as visible, ultraviolet, resonance
Raman, and Fourier-transformed infrared spectroscopy (see
Lanyi, 1993; for the review), and nuclear magnetic reso-
nance (de Groot et al., 1989, 1990) and by using mutants of
BR (Brown et al., 1995; Balashov et al., 1997; Lu et al.,
2000). BR has been studied by changing the external con-
ditions, such as pH (Zimanyi et al., 1992; Heberle and
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Dencher, 1992; Cao et al., 1995; Ludmann et al., 1998b),
and the amount of water (Popp et al., 1993; Ganea et al.,
1997). These studies allowed monitoring of the retinal chro-
mophore by using its sensitivity to the (protonated/depro-
tonated) state of the Schiff base and to follow details of the
time-course of the proton exchange between particular
groups of the protein and between the protein and its
surrounding.

Together with spectroscopic measurements, which allow
determination of the transition rates between different in-
termediates, electric measurements reveal the electrogenic-
ity of the intermediates in the course of the proton transport,
which is directly related to the functional aspect of BR
(Trissl, 1990; Wang et al., 1997; Ludmann et al., 1998a).
Despite of the details in the sequence of proton transfer
through the protein in the course of photocycle of BR, the
mechanism resulting in the driving force of this process still
remains obscure.

The active transport of protons in BR and the increase in
the electric conductivity of the purple membranes stimu-
lated by light are usually considered as separate phenomena,
not related to each other on the common physical ground.
The conductivity problem is, in general, more complex,
because, in addition to the proton transfer via the interme-
diate states, it can also be sensitive to reorganization of
internal charged groups and dipoles present in the protein.
BR rapidly reacts to the externally imposed electric field:
the field causes a protein deformation, as recently demon-
strated by atomic force microscopy (Rousso et al., 1997a,b).
These studies have shown that the protein dynamics initi-
ated by the absorption of light causes the initial increase in
the volume of the protein with a subsequent decrease in it on
the microsecond/millisecond time scale. According to our
recent suggestions (Kietis et al., 1998a), such protein dy-
namics can also be related to the driving force for the proton
pumping performed by the protein. This suggestion was
based on linear (Kietis, 1984; Kietis and Rozga, 1987) and
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nonlinear (Kietis et al., 1998b) piezoelectric properties of
BR. However, the origin of piezoelectricity of BR still
remains unclear.

In this paper, we present the studies of mechanical-to-
electrical coupling phenomena in purple membranes. The
main purpose of these studies is to determine the origin of
protein dynamics initiated by the externally applied electric
field and, especially, to establish the possible role of the
protein in the proton pumping. We discuss how the feed-
back of the protein to the electronic excitation of retinal can
result in the driving force for the proton transfer against the
Coulomb forces acting in the membrane.

It is shown that electrostriction is inherent in BR and,
moreover, the presence of the transmembrane electric field
allows understanding of the origin of the piezoelectricity
discovered in these systems. It is noteworthy that electro-
striction was observed in other ion channels as well
(Pasechnik, 1982). Therefore, together with the experimen-
tal analysis of the results obtained for the BR films, a more
general discussion relating the mechanism of the proton
pumping is also presented.

MATERIALS AND METHODS
Sample preparation

Non-oriented films of purple membranes (PM) were produced by dropping
the PM suspension on the rotating glass tray covered with the same layer
of SnO,. The thickness of the film was estimated from the optical density
(D) using the relation D = nkd, where n is the molar concentration of
chromophores, k is the extinction coefficient (k = 6.3 X 10° m?*M for BR
at 570 nm), and d is the thickness of the film. By substituting the
concentration n (calculated as the inverse of the BR molecule volume
divided by the Avogadro number) it can easily be shown that the thickness
of the film with the optical density of 2 optical units is ~14 um. The
optical density of the film was adjusted to D ~ 2 optical units by repeatedly
dropping the suspension and drying it layer by layer.

Oriented films of PM containing BR were electrophoretically precipi-
tated on a glass plate coated with a SnO, layer according to the standard
procedure (Varo, 1981). The area of the film surface was 0.5 cm? in size.
The SnO, layer served as a light-transparent electrode for measuring the
optical density and the photoelectric potential of the film. The load resis-
tance of the potential measuring equipment was chosen to be 10'% €.

The voltage generated by the actinic light (A = 570 nm, illumination
intensity around 400 W/m?), is in the range from 5 to 15 V depending on
a particular PM film. This variation is attributed to the differences in the
degree of orientation of PMs in various films and thus can be used for the
estimation of the latter value. The films with resulting voltage close to zero
were classified as “non-oriented,” those providing voltages around 5 V
were identified as “weakly oriented” or “partly oriented” and the films
whose voltages were close to 15 V, were treated as “highly” or “totally”
oriented. It is worthwhile to mention that the orientation degree of the films
is even visually distinguishable because the oriented films turned to have
a bluish color. This is caused by the increased acidity (Oesterhelt and
Stoeckenius, 1971), which results from the dissociation of water molecules
in the vicinity of the electrode used for electrophoresis. Thus, in our
preparation procedure, the pH of the samples is related to their degree of
orientation (oriented films were prepared under the conditions with lower
pH than non-oriented ones).

Biophysical Journal 80(4) 1631-1640

Kietis et al.

Experimental

For direct and indirect electromechanical response of PM films, a home-
built setup, schematically shown in Fig. 1, was used. The AC voltage from
the oscillator producing the 1.2-MHz harmonic signal U, _ with the am-
plitude U,, < 2V was applied on the film. The DC voltage source was also
applied for the generation of the bias signal U, in the interval from —80 to
80 V. Here, the sign of the voltage has a meaning in the case of oriented
(asymmetric) PM films only. It corresponds to the positive voltage con-
nected to the external side of the membrane (see Fig. 1). The harmonic
deformation S__ of the film resulted from electrostriction or piezoelectricity
(Kietis et al., 1999) was directed by the glass waveguide to the BaTiO4
piezoelectric transducer (PET) with the resonance frequency equal to that
of the external harmonic signal, i.e., 1.2 MHz. Static (time-independent)
deformations of the PM film have no influence on the PET.

To improve the acoustic contact between the film and the waveguide,
the latter was moistened with the transformer oil. The BaTiO; converter is
sensitive to the longitudinal acoustic modes and generates the electric
signal U, _. The DC voltage U, generates static deformation, which has no
influence on the PET. However, by changing U, it is possible to scan the
volt-deformational characteristic of the film. If this characteristic is non-
linear, the transformation function of the AC signal,

kleZ(UO) = Uy/Uyy, (1)

is dependent on the DC voltage U,. Here U, denotes the amplitude of the
U,_ signal and U,, is the amplitude of U,_. From this dependence,
volt-deformation characteristics of the film can be obtained using the
following arguments.

By imposing both the DC (U,)) and AC (U, _ = U,, cos wt) voltages, the
resulting voltage creating the deformation § = S(U) then is a sum of both
values, i.e., U = U, + U, _. In the case of a weak AC field (U,, << U,),
the amplitude of the deformation S, can be estimated as

S, as U )
0= 377 10+
dU U=Us
C
o i PM PET
Il /
R ex-side
U,. %
‘]
Uo / S.
in-side 4 1
1 U
AW f"
1 1
FIGURE 1 Experimental setup. PM, the film of dry purple membranes

with electrodes connected to the surfaces; 4, the acoustic waveguide;
PET, BaTiO; piezoelectric transducer. AC voltage U, _ is imposed on the
sample via the capacitor C (100 pF). Bias voltage U, is connected to the
resistor R (100 k). The response to the external electric field is obtained
as U, _. The response to the external deformation is measured with the AC
voltage supplied as U, _. Then the resulting DC and AC components of the
sample response are measured as U, and U, _ (for details see text).
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The latter relationship enables us to determine experimentally the deriva-
tive of the unknown deformation function at a fixed value of the applied
voltage U, as a ratio Sy/U,,. Because the PET signal U, is proportional to
the deformation, i.e., U,, ~ S, by considering also Egs. 1 and 2, we can
derive the deformation function S from the dependence of the transforma-
tion coefficient k,_,,(U,) on the bias voltage,

S(Uo) ~ k1_>2(U0) dUo + COHSt, (3)

where the integration constant can be determined from the chosen bound-
ary condition. The natural boundary condition in our case is to set the
deformation equal to zero at the bias value where the transformation
function is zero. Eq. 3 describes the general dependence of the deformation
on the applied voltage, i.e., it defines the volt-deformation characteristic of
the PM film.

When the external AC signal with the frequency of 1.2 MHz is imposed
on PET, the latter becomes a source of the acoustic waves, which stimulate
the deformation of the film. If the film has inherent piezoelectric proper-
ties, the electric signal appears between the electrodes connected to the
surfaces of the film. This scheme of the measurement corresponds to
studies of the direct piezoelectric effect, whereas the previous description
of the scheme allows detection of the so-called inverse piezoelectric effect.

RESULTS
Inverse piezoelectric effect in PM films

The dependence of the transformation function defined by
Eq. 1 on the DC voltage U, is shown in Fig. 2 for the films
with the different degrees of the PM orientation. The phase
difference of 180° between the input signal U,_ and the
detected signal U,_ is reflected in the data by the minus

E,/10°, Vim
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04} :
0.0
] 1
" 04t .
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.08F 2 :
1: non-oriented
2: weakly oriented
-1.2¢ /% 3: highly oriented | |
1.6 ) 2 L L
-100 -50 0 50 100 150

U, Vv

0’

FIGURE 2 The dependence of the electrical-to-acoustical transforma-
tion function in non-oriented (I, diamonds), partly (2, triangles), and
highly (3, circles) oriented PM films on the applied bias voltage U,,. On the
top axis, the values of the bias voltage are given recalculated into the
cross-membrane electric field (£, = U,/d). Positive values of the electric
field E, mean that the electric field is directed from the external to the
internal side of the membrane. Negative values of the transformation
function indicate that the phase difference between excitation and detection
signals is 180°. Solid lines depict linear approximations of the measured
datasets.
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sign of the transformation function. Evidently, at the values
of the bias voltage, where the flip of this phase difference
occurs, the transformation function is zero. The position of
this zero-crossing point on the U, axis depends on the
degree of orientation of PMs and is well distinguished for
non-oriented and weakly oriented films. In the case of
highly oriented films, this point could not be reached be-
cause it is at U, > 100 7 i.e., at values of the electric field
higher than those where the electrical damage of the sample
occurs. By integrating the experimentally obtained transfor-
mation function according to Eq. 3 and considering phase
changes of the signal, the volt-deformation characteristics
of the films with different degrees of PM orientation are
obtained (see Fig. 3). Because the measured signal U, is
proportional to the deformation of the film S_, the results
are presented in arbitrary units. It is noteworthy that the
volt-deformation characteristic of non-oriented films is a
parabolic function, symmetric with respect to the point
U, = 0. From the comparison of the response of PM films
with the known piezoelectric material (e.g., quartz crystal),
we determine the sign of the deformation. It appears that
both positive and negative external fields create positive
deformation (the thickness of the film decreases). The in-
crease in the degree of the PM orientation in the film shifts
the minimum of the parabolic characteristic toward the
positive values of U,,. As already mentioned, this minimum
is not reachable in the case of highly oriented films because
of the electric damage to the sample.

For comparison, the same kind of measurements were
also carried out with some other films or plates of the same
thickness. For instance, the transformation coefficient 4, _,,
for mica plate is obtained to be zero within the sensitivity of
our experimental equipment, whereas the polyethylene film
generates the signal U,_, which has a similar dependence
on the bias voltage U, as is obtained for non-oriented films
of PMs. Thus, it is noteworthy that the shift of the minimum
of the parabolic characteristics of the deformation along the
U, axis (see Fig. 3) is obtained for the oriented PMs only.

S, au T 3 S T T T T
1.0+
1 non-oriented
5 2 weakly oriented
0.5F 3 highly oriented

60 30 0 30 60 90 120
EJ10°, Vim

FIGURE 3 Deformation of PM films with various degrees of orientation
plotted as a function of the cross-membrane electric field. Notations as in
Fig. 2.
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Volt-deformation characteristics shown in Fig. 3 are ev-
idently nonlinear. This means that the sample can generate
higher harmonics of the excitation signal. Therefore, mea-
surements directed to detect the second harmonics have
been carried out. When the PM film is excited by the AC
voltage U, at 600 kHz, and PET is tuned to 1.2 MHz, the
second harmonic signal is obtained as U, _. For all types of
the films, the ratio between amplitudes of the second har-
monic (U,,) and the excitation signal (U,,) does not depend
on U, (see Fig. 4), whereas the value U,, itself shows a
quadratic dependence on the amplitude of the excitation
signal U, (see Fig. 5). The latter allows us to conclude that
the volt-deformation characteristics are completely defined
by the quadratic dependence on the external DC field. The
difference between the oriented and non-oriented films can
be attributed to the differences in electromechanical prop-
erties of these films.

Direct piezoelectric effect in PM films

The direct piezoelectric effect is also inherent in the PM
films. This can be observed by using the same equipment
shown in Fig. 1 by connecting the excitation voltage U, _ to
the PET at 1.2 MHz frequency. The acoustic wave is then
generated that propagates through the waveguide (AW in
Fig. 1) and deforms the PM film. If the film has inherent
piezoelectric properties, the electric signal U,_ appears on
the electrodes connected to the surfaces of the film. The
dependence of such electric response (with the correspond-
ing transformation function k,_,;, = U,,/U,,, which is sim-
ilarly defined as in Eq. 1) on the applied DC external
voltage is shown in Fig. 6. From comparison of the results
with those presented in Fig. 2, it is evident that direct and
inverse mechanical-to-electrical effects disappear at the
same values of U, for the films with the same degree of
orientation. This is a direct indication that both effects are of
the same origin.
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FIGURE 4 Frequency-doubling efficiency of PM films plotted as a
function of the applied bias voltage. The top axis shows the bias values
recalculated into the cross-membrane electric field.
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FIGURE 5 Dependence of the second harmonic amplitude U,, on the
amplitude of the input signal U, ,. Solid lines show the fits of the measured
datasets with parabolic functions.

DISCUSSION

The quadratic dependence of the deformation on the exter-
nal electric field (see Fig. 3) revealed by the measurements
of the indirect piezoelectric effect can be explained in terms
of the electrostriction effect, which determines the electro-
mechanical properties of BR. Differences in the experimen-
tal results yielded by the films with different degrees of
orientation are interpreted in terms of the presence of the
internal cross-membrane electric field. This is the basic
concept used for the interpretations of the experimental
data.

Inverse piezoelectric effect

The shift of the minimum of the transformation function
along the U, (or E,) axis depending on the degree of

E/10° (v/m)
-50 0 50 100
15 T T T
3 ¢ non-oriented
A partly oriented
1.0+ © highly oriented | |
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FIGURE 6 Electrical response of PM films with different degrees of
orientation to the external deformation plotted as a function of the external
bias voltage U,. The response k,_,, is obtained as the ratio of amplitudes
of the AC voltage U, _ applied on the PET and U,_ measured on the
surfaces of the PM film. On the top axis, the values of the bias voltage are
recalculated into the values of the cross-membrane electric field. Notations
as in Fig. 2.
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orientation (see Fig. 2) can be attributed to the internal
electric field present in the PM. This field can result from
the dipole moment of the BR molecule, or, macroscopically
speaking, from the electric asymmetry of a separate PM. In
non-oriented films, the internal electric fields compensate
each other, resulting in the overall zero electric field, and,
thus, the parabola shown in Fig. 3 is symmetric with respect
to E, = 0. This compensation effect is evidently absent in
partly or highly orientated films, and, consequently, the
resultant electric field across the film is nonzero. The ex-
ternal DC voltage applied compensates this resultant elec-
tric field. In the experiment, this manifests itself as a shift of
the corresponding parabola along the E,, axis.

These observations can be understood in terms of elec-
trostriction (see Appendix and Landau and Lifshitz, 1960,
for details). On the basis of the above, let us assume now
that PM films compose a mixture of two fractions charac-
terized by different (opposite to each other) orientations of
the resultant electric field with respect to the external field.
Then the resulting electric field in the film can be deter-
mined as

E= E() + E1~ + aEm - (1 - a)Ema (4)

where £, is the intrinsic electric field of a single membrane
and « is the fraction of membranes in the film oriented so
that their electric field is directed along E,,. For our exper-
imental conditions, the electric field £, . = U, _/d created
by the AC external voltage U, _ can be written as £, _ = E,
cos wt. By substituting Eq. 4 into Eq. A.3 and neglecting
time-independent terms that determine the static deforma-
tion (the latter is not registered by the PET), the variable
deformation can be determined as

1
s = f{[Eo + (2 — 1E,]E cos wt + 5 EY; cos 2wt},
5)

where c is the elasticity of the PM and & = g,p(de/dp) is the
electrostriction coefficient (see the Appendix for exact def-
initions of & and c¢).

For non-oriented films, & = 0.5. Thus, by substituting
this value into Eq. 5, it follows that

S = g (EOEIOCOS ot + %E%O cos 2wt>, (6)
i.e., the first harmonics of the deformation (and the trans-
formation function k,_,,(U,) according to its definition in
Eq. 1) is proportional to the applied external field E,. It is
evident that non-oriented films do not emit the first-har-
monic acoustic waves when £, = 0. The phase difference
between the excitation signal £, _ and the deformation
response S_ changes by 180° when the direction of E, is
changed, which is reflected in Eq. 6 as the change in the
sign of the amplitude of the first harmonics. The second
harmonics of the deformation (see Eq. 6) is independent of
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the external DC voltage U, (as well as E,)) as is seen in Fig.
4. From this definition of the transformation function, Eq. 6
also implies the quadratic dependence of the amplitude of
the second harmonics of deformation on the amplitude of
the excitation signal U,,, which is indeed observed (see
Fig. 5).

From the comparison of experimental observations with
the model presented in the Appendix, the dependence of
deformation on the electric field in PMs can be entirely
described as a parabolic function (see Eq. 5). Considering
the fact that the deformation is positive (the thickness of the
film decreases) regardless of the direction of the external
electric field, according to Eq. A.2, the electrostriction
coefficient has to be positive (de/dp > 0).

For the films with partly or highly oriented PMs, a > 0.5.
Thus, the first term in Eq. 5 that gives the first harmonics is
nonzero even at £, = 0 and both the DC voltage field E,,
and the internal membrane field £, determine the condi-
tions of the first harmonics generation, shown in Fig. 3. For
partly oriented films 0.5 < a < 1, from Eq. 5 it follows that
the amplitude of the first harmonics is zero when E, =
—(a — 1)E,,. Such a shift of the minimum of the first
harmonics amplitude is indeed seen in Fig. 3, where the
results are shown for the films with different degrees of PM
orientation.

For highly oriented films, we can roughly assume that
a = 1. Then the minimum of the first harmonics amplitude
corresponds to the condition £, = —E,, which means that
the external DC voltage has to compensate for the internal
cross-membrane electric field. Due to very high values of
the latter, this minimum was not reached experimentally.
However, by extrapolating the experimental data to the
intersection point with the E, axis, the cross-membrane field
can be determined, and, from experimental data for highly
oriented films, it was found to be equal to E, ~ —10°
V/em. The minus sign means that the external (endoplas-
mic) surface of the PM has to be charged negatively. The
accuracy of the value of the cross-membrane field deter-
mined in this way depends entirely on how well PMs are
oriented within the film. Furthermore, in the absence of the
external field E,,, for the first harmonics of deformation, Eq.
5 yields

&
S. =" EnBy-. (7)

This result demonstrates the relationship between the piezo-
electricity and the electrostriction effect for the PM films,
the surfaces of which are charged. The piezoelectric coef-
ficient is then proportional to the value of the cross-mem-
brane field.

Direct piezoelectric effect

The cross-membrane field E,, arises from the polarization
P, which is caused by the charges bound on the surfaces of

Biophysical Journal 80(4) 1631-1640
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the membrane. Provided the density of bound charges is
constant, polarization cannot be changed by the deforma-
tion. Polarization is related to the cross-membrane electric
field and the membrane susceptibility & by the equation,

goeE, = P,,. (8)

Calculating the derivative of Eq. 8 assuming that P, is
constant, (this is justified if the change in the mass density
is mainly due to the changes in the thickness of the mem-
brane), we find,

E ds_ dE,,
nap~ dp 9)

Under our experimental conditions, the change in the cross-
membrane field is caused by the (weak) AC field E_;
therefore, let us assume d£,, = FE,_. Considering also the
definition of the density as p = m/V, where m is a mass of
the membrane enclosed in the volume V, and supposing that
the mass is fixed, we obtain

dp = —(m/V?)dV = pS. (10)

Here S = —dV/V, because, as mentioned above, for thin
membranes the variation of the volume is mainly caused by
the changes in the thickness. Substituting Eq. 10 into the
right-hand side of Eq. 9, the variation of the cross-mem-
brane field is expressed as

1 de

k.= " ePdp

E.S. (11)
In the case when the external DC field is applied to the
membrane, it must be added to the value £, in Eq. 11. The
above equations are valid for the stand-alone membrane,
whereas for dry films, the orientation parameter « must also
be introduced in the same way as in Eq. 4. Incorporation of
the orientation parameter and the externally applied DC
field in Eq. 11 can be generalized as

1 de
E_=— - pd7p [E,Qa—1) + E)S-. (12)

Eq. 12 explains striking similarities between Figs. 2 and 6.
For all types of the PM films, the obtained values of the
external field E,, where the electric response to the defor-
mation vanishes in Fig. 6, are the same as the values where
the mechanical response to the electric field crosses zero in
Fig. 2. This is because the terms in square brackets in Eq. 5
and Eq. 12 are the same. The other feature explained by the
formalism presented above is the phase difference between
excitation and response signals in both cases. The minus
sign in Eq. 12 shows that, in Fig. 6 as compared to Fig. 2,
the response curve should be inverted, which is clearly
reproduced in our experiments.

Referring to the above considerations, piezoelectric prop-
erties of PM films shown in Figs. 1-6 can be understood as
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a result of electrostriction and electric asymmetry of purple
membranes.

General

On the basis of the results described above, the following
model of the PM function related to this mechanical-to-
electrical coupling property can be formulated. As was
already mentioned in Materials and Methods (see subsec-
tion Sample preparation) the oriented films are visually
distinguishable from the non-oriented films. The oriented
ones are blue and their absorption spectra are shifted to red
by 15-20 nm in comparison with the absorption of BR
under normal conditions (at 570 nm). This shift can be
attributed to the environment pH = 3 + 5 (Oesterhelt and
Stoeckenius, 1971), whereas the photoactivity of BR under
these conditions remains unchanged (Moltke and Heyn,
1995). It was shown (Jonas et al., 1990; Mostafa et al.,
1995; Taneva and Petkanchin, 1999) that the dipole moment
of the PM strongly increases at these values of pH. This
results from the changed balance of the surface charges, i.e.,
the external surface becoming more negative than the inter-
nal side. This is in line with our model, which is based on
the assumption of the presence of the intrinsic electric field
(E,,) in the PM caused by the electric asymmetry (differ-
ences in charges bound on the surfaces) of the membrane.
This asymmetry is schematically shown in Fig. 7 by sug-
gesting that the external side of the membrane has bound
negative and the internal side-positive charges.

Because of the electrostrictive properties of the mem-
branes, the intrinsic cross-membrane field E,, causes the

cytoplasmic a endoplasmic

side side
£ L )

FIGURE 7 Electromechanical model of the membrane in the presence
(4) and in the absence (B) of external illumination. The membrane has
intrinsic electric asymmetry P, .. Due to the electrostrictive properties of the
membrane, this asymmetry causes the thickness of the membrane to
decrease from the value d (which would describe the hypothetical electri-
cally symmetric membrane) to the value d — Ad,. When light initiates the
proton transfer to the endoplasmic side of the membrane (see panel B), the
resulting cross-membrane field partly compensates the intrinsic membrane
field and causes the thickness to relax to d — Ady+. Note that this
relaxation can also be caused by the externally applied electric field.
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contraction of the membrane even in the absence of the
external DC voltage U, (see Fig. 7 4), which explains the
results shown in Fig. 3 in the case of highly oriented
membranes. When the externally applied field has the same
direction as the internal field £, (negative voltage is con-
nected to the endoplasmic side), the films are squeezed even
more, and vice versa, i.e., when the external field is opposite
to the intrinsic membrane field, the membrane relaxes and
its thickness increases.

Optical excitation of the PM generates the proton pump-
ing across the membrane toward the external (endoplasmic)
side and the resultant cross-membrane field decreases. Ac-
cording to the electrical-to-mechanical coupling model sug-
gested above, the thickness of the membrane should in-
crease then (see Fig. 7 B). Qualitatively, this is in line with
recent observations of the changes in the thickness of the
films (Rousso et al., 1997a,b). The excitation light at 570
nm causes the proton transfer across the membrane and
hence the thickness of the membrane increases. By using an
additional excitation at 412 nm, the proton transfer cycle is
disturbed, and the impact of the proton transfer on the
electric cross-membrane field decreases (Rousso et al.,
1997a). According to our model based on the electrostric-
tion effect, the thickness of the membrane then has to
decrease.

The experiments presented in this study clearly show that
electrical and mechanical phenomena in PM films (hence, in
stand-alone membranes) are coupled. Our hypothesis is that
this coupling could play a significant role in the functioning
of BR creating the main driving force of charge separation.
The illustration of how this process can take place is shown
in Fig. 8. Initially the proton resides on the Schiff base (SB)
separated from the acceptor (4c) by an energy barrier W,
(Fig. 8 4). Upon excitation, the dipole moment is induced in
the retinal molecule (it is accompanied by the changes in the
geometrical structure—isomerization), which creates a po-
larization field represented by the potential difference U,
Due to the mechanical-to-electrical coupling, the change in
the cross-membrane field results in deformation (reorgani-
zation) of the protein. Upon the deformation, the distance
between the proton position at the Schiff base and the
proton accepting group decreases, and the height of the
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energy barrier changes down to W, within some time (7,).
This time is determined by the inertia and friction (viscos-
ity) that tamper with the movement of a-segments of the
protein. Moreover, according to Eq. 11, the field U, distorts
the barrier, making it asymmetric in favor of the proton
transfer to Ac (Fig. 8 B). At this point, the intermediate of
BR is electrogenic because the negative charge is induced
on the endoplasmic side of the membrane (Fig. 9). Due to
the asymmetry and the decrease in the energy barrier, the
SB deprotonation takes place within some characteristic
time 7,. The resulting electric field created by the trans-
ferred proton U+ partly or fully compensates the polariza-
tion field U, and restores the symmetry of the energy barrier
(Fig. 8 C). Hence, the intermediate C of BR has to be
electrically neutral. After some time (75), the polarization
field U, relaxes and the initial size of the barrier is restored.
However, now the barrier is asymmetric again due to the
cross-membrane field created by the transferred proton. The
height of the barrier increases back to its initial value W,
which holds the proton from returning to its initial position
at the Schiff base (Fig. 8 D). To summarize, the proton
driving force is a result of this mechanical-to-electrical
coupling, which results in positive charge generation on the
external side of the membrane when the whole sequence of
events finishes (Fig. 9).

The sequence of the intermediates reflecting the light
energy conversion according to our model is as follows. The
absorbed photon at the very initial stages creates the me-
chanical tension in the protein, the energy of which is
converted after some time into the energy of deformation
and the created electric field (B intermediate). The proton
translocation during the next stage (C intermediate) com-
pensates the electric field, which results in the decrease of
the proton energy. Thus, it is evident that the proton itself
does not gain energy and remains energetically relaxed in A,
B, and C intermediates. However, at stage D, when only the
potential energy of the proton Uy+ is remaining and the
polarization energy U, relaxes, the whole deformation en-
ergy concentrated at stage B is delivered to the proton. This
allows us to attribute the proton driving force to the defor-
mation of the protein as the result of the electrical-to-
mechanical coupling.

U,
c.U . D -t
LT
P> W,
Wad ; +l
e L —

FIGURE 8 [Illustration of the mechanical-to-electrical coupling acting as a driving force in charge separation in BR. For details see text.
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FIGURE 9 Kinetics of the electric potential (U, = U, + Uy+) of (4)
a single BR molecule and (B) the changes in transparency (A7) of a single
BR molecule for the proton transfer. The time constants for different
intermediates of BR are also shown. The correspondence of the states A, B,
C, and D to the spectroscopically determined intermediates K, L, and M are
presented in brackets.

The electrogenicity of our postulated states A, B, C, and
D for the separate BR molecule and possible correspon-
dence of these states to the intermediates K, L, and M,
known from the spectroscopic studies, are represented in
Fig. 9. For a separate PM, the effective potential change
(U.) on the external surface of the membrane is shown in
Fig. 9 4, whereas changes in the BR transparency for the
proton transfer in the different intermediate stages is shown
in Fig. 9 B. The latter dependence of the transparency for
the proton transmittance directly resembles the changes of
the energy barrier as shown in Fig. 8. To describe the
transition between these states in the ensemble of such
molecules, the following kinetic equations have to be
considered:

d4] 4]

dr T’
ac] (8 [c]

dr T T3 ’ dt T3 ’

dB] [4] [B)

dt 7 T’

dp] _[C]

om (13)

where [X] is the concentration of the BR molecules in
X-state. Moreover, the condition, [4] + [B] + [C] + [D] =
Nig, has to be fulfilled, N, being the concentration of the
optically excited BR molecules.

The origin of the A and C intermediates is related to rise
and vanishing of the molecular deformation according to
our model. Therefore, we can suggest that 7, =~ 75 and thus
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both these values equal to 7 ~ 2 us, while 7, = 7 and
7. =~ 50 ps according to the lifetimes of the photochemical
intermediates K and L of BR (see, for instance Trissl, 1990;
Mathies et al., 1991). Because B and D intermediates are
electrogenic when the changes in the potential (Ugg« =
U, + Uy-) take place, the electric response to the optical
excitation can be determined as the difference of the con-
centrations of the BR in states D and B. Similarly, the
kinetics of the changes in conductivity in the ensemble of
PMs Ao caused by the transmittance effect (transparency)
of the single BR (see Fig. 9 B) can be determined as a sum
of BR molecules being populated in B and C states. Thus,

Ugg+ = [D] — [B], Ao = [B]+ [C]. (14)

By solving Eq. 13 for the case of short excitation pulses, i.e.,
when the pulse duration is much shorter than ,, the result
can be easily obtained, giving the kinetics shown in Fig. 10,
which qualitatively resembles the experimental observa-
tions (see, for instance Trissl, 1990, and Mclntosh and
Boucher, 1991). Thus, the model presented above gives a
general illustration of how the electrical-to-mechanical cou-
pling can drive the charge transfer in BR.

CONCLUSIONS

In this study, we have demonstrated the electrical-to-me-
chanical coupling in PM films. This coupling manifests
itself experimentally as the direct and inverse piezoelectric
effect of these films. It has been shown that both these
effects are caused by the electric asymmetry of PMs and
electrostriction. The experiments performed on the oriented
samples allow determination of the value of the cross-
membrane electric field.

We hypothesize that the electrical-to-mechanical cou-
pling is the main driving force for the proton transfer against

AgU_,a.u.

i ——[BHC] :
— [DI-[B]

1 1 L i 1

0 20 40 60 80 100
time (i)

FIGURE 10 Kinetics of the electric potential Ugg (solid line) and the
time dependence of the changes of conductivity Ao (dashed line) in the
ensemble of BR molecules according to the model, shown in Fig. 8. The
following time constants are used for calculations: 7, = 73 = 2 us,
7, = 50 us.
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Coulomb forces in the membrane, in other words, this
coupling is the main source of electrogenicity of PM. This
working hypothesis, however, has to be further tested by
other acousto-electrical and spectroscopic experiments. Ex-
periments directed to detect the electrical-to-mechanical
coupling in other photoactive pigment-protein complexes
could answer whether this phenomenon is common to the
pigment-protein complexes involved in the charge transfer
across the biological membranes.

APPENDIX: THE MAIN EXPRESSIONS FOR
ELECTROSTRICTION

Let us briefly describe the main standpoint of electrostriction. The force (f)
acting on the unit area of the dielectric medium in the electric field is
determined by (Landau and Lifshitz, 1960)

1 ) g de )
f=—§80EV8+5V pdpr R (A1)

where g, is the dielectric constant, p is the material density of the film, &
is the dielectric susceptibility and £ is the strength of the electric field
inside the dielectric media. The first term results from the spatial inhomo-
geneity of the dielectric susceptibility. For the dielectric plate present in the
electric field, this force would appear at the separating boundary between
the plate and its environment. The second term in Eq. Al is caused by the
dependence of the dielectric susceptibility on the density of the matter p.
The integral of the second term over the whole volume of the dielectric
body is zero, so that this force cannot change the position of the body in
space. However, this force causes the mechanical tension of the dielectric
medium in the presence of the external electric field; this phenomenon is
known as electrostriction. The density of electrostriction forces in the
homogeneous medium is evenly distributed within the volume, and, in this
sense, this phenomenon is similar to the inverse piezoelectric effect. For
one-dimensional plate, the mechanical tension (7) per surface unit can be
calculated from Eq. Al as

r=2,%p A2
This force of the mechanical stress is compensated by the hydrodynamical
pressure in fluids and gases, and by elasticity in solid states.

According to the Hooke’s law, 7" = ¢S, where c is the elasticity and S
is the deformation. Then, by using Eq. A2, it follows that

£

_ > m
S=5. L, (A3)
where
= de A4
E=ep dp (A4)

is the so-called electrostriction coefficient. The positive sign of deforma-
tion (S > 0) means the contraction of the dielectric plate, whereas, in the
opposite case (S < 0), it is expanded. Because this sign is independent of
the direction of the external electric field (thus, for the media characterized
by de/dp > 0), the volume decreases in the presence of the external electric
field. Materials characterized by the negative electrostriction coefficient
(de/dp < 0) expand in the electric field.
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