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ABSTRACT The dichroism of purple membrane suspension was measured in dc and ac electric fields. From these
measurements three parameters can be obtained: the permanent dipole moment, u, the electrical polarizability, o, and
the retinal angle, 4, (relative to the membrane normal). The functional dependence of the dichroism on the electric field
is analyzed. There is a small decrease (~2°) in retinal angle going from dark adapted to the light adapted form. No
measurable difference in u, , and § was found under the photocycle. The dichroism was measured in two different salt
solutions (KCI and CaCl,) in the range 0—10 mM. The retinal angle increases from 64° to 68° with increasing ionic
strength going through a minimum. This is attributed to the changing (decreasing) inner electric field in the membrane.
The polarizability, «, consists of two parts. One component is related to the polarization of the purple membrane and the
second component to the ionic cloud. The second component decreases with ion concentration approximately as 2 (« is
the Debye parameter) in agreement with a model calculation for the polarization of the ionic cloud. The origin of the

slightly ionic strength dependent permanent dipole moment is not well understood.

INTRODUCTION

Electrooptical measurements on purple membrane (pm)
suspensions were made by several authors (1-8). These
measurements can be divided into two groups. In the first
group (1, 4,5) a strong but sufficiently short (~10 us)
electric impulse is applied. It is supposed that the duration
of the impulse is so short, that it cannot cause substantial
rotation of pm, and thus the observed electrooptical effect
are assumed to reflect internal, conformational changes in
the pm, caused by the electric field. In the second group
(2, 3, 6-8) a moderate but longer (~1 s) electric field was
applied to pm suspension. In that case, time is long enough
to allow a steady-state redistribution of pm, leading to an
optically anisotropic medium.

In his experiment Keszthelyi (2) found that the pm has
a permanent electric dipole moment (u) pointing perpen-
dicular to the membrane plane. Because of this dipole
moment a low dc electric field (~10 V/cm) can highly
orient the pm in the suspension perpendicular to the field
(dc orientation). This method of orientation was used to
study the transient electric signal of proton movement
during the photocycle (9).

Kimura et al. (3, 8) observed a change in alignment
going from low to higher frequency of the applied field.
Above ~100 Hz the membranes will align with their plane
parallel to the field (ac orientation). This observation has
been attributed to the polarization of the membrane inter-
face.

In this paper we report the results of dc and ac
electrodichroism measurements on pm mainly in steady-
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state conditions. First the experimental setup is outlined. In
Results the experimental data are compared with theory,
and the effect of several factors on electrodichroism (light-
dark adaption, photocycle, ionic strength) is given. At the
end we discuss our results and compare with other results.

MATERIALS AND METHODS

Suspensions of purple membrane sheets prepared from Halobacterium
halobium (Strain JW-3) were a gift from the Institute of Biophysics,
Biological Research Center, Hungarian Academy of Science, Szeged.
The original suspension, which contained ~100 umol/I bacteriorhodopsin
(BR), was stored at 4°C and was used within 3 mo. To make the effect of
polydispersity less significant the suspensions were filtered under N,
atmosphere by nuclear filters (pore sizes 1.0 and 1.27 um; JINR, Dubna,
USSR) and diluted to the final concentration (~5.107¢ mol/1) with the
appropriate salt solutions. After dilution the absorbances were 0.5-0.8
cm~'.

The two main electrodes were platinized platinum sheets (15 x 4 mm)
cemented on glass. Two potential measuring electrodes were placed
between the current-electrodes slightly above the measuring light path.
They were made from platinum wires (0.1 mm diam) in glass capillaries
and they were platinized, too. The electrodes for the measurements in
distilled water or in salt solutions of low concentration were freshly
prepared or renewed by standard procedure. For light-adaptation and
photocycle excitation of the BR a window was made on the bottom side of
the cuvette, allowing illumination of the suspension perpendicular to the
measuring light. The cuvette was thermostatted at 25°C.

The electric dichroism was generated either by a train of 2 kHz
sinusoidal-waves or a pair of dc-impulses with opposite sign (duration of
impulses 1 s). Triggering signals from a Timer (Biol. Res. Center, Hung.
Acad. of Sci., Szeged) allowed the simultaneous measurement of the
transmitted light intensity and the electric potential between the elec-
trodes from which the dichroism and the field strength were calculated.
The time-dependence of the signals was measured — after compensating
and amplifying — by a transient recorder (NEO-200, CRIP, Hungary).
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THEORY

The theory of electrooptical effects was given by Shah (10). We
reproduce here the main results of this theory applied to the electrodich-
roism of purple membrane.

Suppose that the pm fragments have an electric dipole moment, g,
pointing to the direction of the membrane normal (Fig. 1) and electrical
polarizability («, along the normal, o, perpendicular to it and o, > «,).
The angle between the retinal and the membrane normal is é. In a
suspension the pm fragments will be thermally randomized and in spite of
the retinal fixed orientation in the membrane, the absorption of polarized
light is isotropic, independent of polarization. In an electric field the
permanent and induced dipole moments interact with the field, leading to
a partial alignment of membranes against thermal randomization. This
results in an anisotropic absorption (electric dichroism). The relative
absorption change (S,) can be given by

S,=(A4, — A)/A =h(3cos’d — 1)(3cos’a — 1)g, (1)

where o is the angle between the measurement polarized light electric
vector and the external electric field, E. Here ¢ is the orientation factor
defined by

¢ =1h{3cos’0 — 1), (2)

where 8 is the angle between the electric field and the membrane normal
(Fig. 1). { ) means an average over the Boltzmann distribution function.
¢ can be given by

3 [ xtexp (B - M dx
(6. 7) = > 2 s 3)

2 j:l exp (Bx — yx?) dx 2

1

where
B = WE/(KT) = BoE
v = (ay — 0)E*/(2kT) = yoE?
x=cosf @)

and k is the Boltzmann constant and T is the absolute temperature.

In the above considerations it is tentatively assumed that the external
electric field does not cause any internal changes in the pm molecular
structure, its effect is only a pure rotational redistribution of the pm
fragments. In that case it follows from Eq. 1 for Sy (¢ = 0) and S, (¢ =
90°):

S +28, =0. (5)

RESULTS

The previous theoretical results relate to steady state
conditions. When the electric field is suddenly switched on

FIGURE 1 The direction of the retinal (8), the electric dipole moment
(1) and the main polarizability («) relative to the membrane normal (n).
E is the external electric field.
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or off, before reaching the steady state there is a transient
behavior of electrodichroism. To describe the transient
signal the rotational diffusion differential equation should
be solved. There are two limiting cases for pm electrodich-
roism. If 7 is the rotational diffusion time constant of a pm
fragment (in our case 7 ~ 10-100 ms, see later), a
frequency v, can be defined: v, = 1 /7. If » is the frequency
of the electric field, the two limiting cases are: (a) v << »,.
The rotation of pm can follow the electric field. It is found
experimentally that at low fields the polarizability is much
smaller than the permanent dipole moment (3* >> 1, see
Eq. 4), the pm can be regarded as having only permanent
dipole moment (with ¥ ~ 0). This is called d¢ electrodich-
roism. In our experiment it is realized with v ~ 15 Hz. (b) v
>> .. In this case the pm cannot follow the rapid change of
the electric field. The permanent dipole moment contribu-
tion (depending on E) in Eq. 3 averages out to zero and
only the polarization term remains. This is called ac
electrodichroism. In our experiment v = 2 kHz was used.
We found that in the range of ~0.5 kHz < v < 100 kHz,
the ac electrodichroism is practically independent of fre-
quency. We used the effective value of E in Eq. 4, as the
time average for the interaction energy.

The frequency dependence and transient behavior of
electrodichroism of pm was studied experimentally in
detail by Kimura et al. (8). Thus, in the case of pure ac
electrodichroism it can be shown that the ratio of the areas
above the rising curve and under the decaying curve of the
dichroic signal should approach 1 as £ goes to 0. This is
supported by experiment (Fig. 2). In the case of dc
electrodichroism this ratio is 4 (data not shown).

ac Electrodichroism

First we would like to check to what extent are the previous
relations fulfilled experimentally, namely the dependence
on the polarization angle, o, and on the electric field, E,

10 K (7 1
! :\‘ T1J
\\ T,
*Ne t
N\
N
.\\
R N
~ 05t \\ o 1
- N
AN .
N
N
AN
N
N
AN
N\
o ] 1 AN
25 5103
2 (V}cn‘f)

FIGURE 2 The ratio of the areas of ac dichroic signal as a function of the
ac electric field squared. The insert shows the time dependence of the
dichroic signal and the areas.
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(Egs. 1, 3, and 5). All measurements here were made on
suspensions in distilled water and at v = 2 kHz.

Fig. 3 shows the dependence of Sjand S, on the electric
field. Evidently Eq. 5 is not fulfilled. This deviation may
reflect an intrinsic change in the membrane caused by the
electric field and /or an asymmetry around the field.

Light scattering can cause asymmetry and deviation
from Eq. 5. Some details about light scattering are given in
Appendix L.

In the derivation of Egs. 1 and 5 it is assumed that the
only effect of the electric field is a pure rotation of pm. If
the electric field causes some change inside the membrane
(which results e.g., in a change of absorption when the field
is on), this effect has to be taken into account separately. A
similar deviation was found by Tsuji et al. (5) who referred
to this change as “chemical. ”

A sensitive way to present this deviation is the depen-
dence of S, on the polarization angle, a. According to Eq. 1
in the case of a pure rotation, .S, depends on (3 cos’a — 1)
linearly (at constant field, i.e., at constant ¢) going through
the origin. This plot is given in Fig. 4 for two different
fields. As can be seen the dependence is almost linear, but
the line does not go through the origin. There are two
deviations: a parallel shift of the line and an increase at ¢ =
0° and ¢ = 90°. The first is an isotropic part (not dependent
on o) and the second is an anisotropic part of the deviation.
As can be seen from Fig. 4 a parallel shift of the measured
S, to the origin restores the validity of Eq. 5 to a high
degree. The origin of these isotropic and an anisotropic
deviations is not well understood. Tentatively we attribute
them to a“chemical” change and light scattering, respec-
tively. To get the rotational part of S,, we will make a
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FIGURE 3 Electric field dependence of experimental dichroism at o = 0 (Sp), @ = 90° (S)), and at ¢ = 54.7° magic angle (Sg). The — 2S5,
curve (dashed line) is higher than S, showing a deviation from Eq. 5 (pm suspension in distilled water.)
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FIGURE 4 The dependence of electric dichroism on the polarization angle factor at two different electric fields (0 E = 73 V/cm e E = 289
V/cm). The light straight lines are a parallel shift to the origin of the heavy lines going through the experimental points (pm suspension in

distilled water).

correction to the measured Sj (see also reference 7)
Sj=8 — (S + 25)). (6)

From the ac electrodichroism measurements, two parame-
ters, the retinal angle, 8, and the polarizability, v,, can be
obtained by fitting to Eq. 1. The corrected Sj values were
used to the fit. If Eq. 1 holds with a constant retinal angle,
d, then S§ should depend linearly on ¢. This is not the case
as it is shown in Fig. 5. The fit was made to the lower
elecftic field values of Sj. There is a systematic deviation
from Eq. 1 as if the retinal angle, §, were increasing at
higher orienting fields.

As the experimental S data cannot be fitted to ¢ in the
whole range, first we will fit at lower fields. It is shown in
Appendix II that ¢ (Eq. 3) can be series expanded in
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powers of E? To get the two parameters & and v, it is
necessary to go up to the E* term in the series expansion.
This means that Sj/E* should be a straight line as a
function of £? at lower fields

SI/E? = a, + a,E? W)
and using Eq. A2.4 with 8 = 0 we get
Yo = —21a,/(2a,)
g=3cos’d — 1 = 5a}/(Tay). (8)

The experimental Sj values show this behavior and the 6
and vy, parameters derived by this way agree quite well
with the presentation shown in Fig. 5 (lower curve). In the
following the parameters derived by this way will be
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FIGURE 5 Lower curve (®): S vs. ¢ representation with parameters 8 = 62.2° and v, = 15.1 - 107 cm?/ V2. Upper curve (0): the effect of

polydispersity (see the text). (pm suspension in distilled water).

denoted as experimental by g° and v;. We emphasize that
the correction made to Sy in Eq. 6 does not make much
difference in the behavior of Syas a function of E.

The polydispersity of the pm fragments can cause a
deviation from Eq. 3. The point is that the smaller
fragments have smaller v, and they will orient at higher
fields. We will treat the polydispersity in the following way
(see Appendix II also). Using Eqs. 7 and A2.7 we get

Ye = Yo/ %o
£ =g (/%) )

(where the bar means average over the size distribution),
or with the mean square deviation of v,

g/g— 1= -7)/>0 (10)

Egs. 9 and 10 clearly show the effect of polydispersity on
the experimental determination_of the parameters v; and
g°. For a monodisperse sample y2 = ¥, (and only for this
case) and then 45 = v, and g° = g. But for polydisperse
sample v; and g° depend on the p(y,) distribution and in
general v; > y,and g° < g.

We checked the polydispersity of the purple membrane
suspension by measuring the relaxation of the dichroic
signal after switching off the orienting ac field. The
relaxation can be fitted by two time constants (except at
high electric fields and lower ionic strength, where at least
three time constants appear). The amplitudes of these two
components depend on the field, the faster component
increasing with the field. We concluded from these mea-
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surements that our sample consists mainly of two compo-
nents with different membrane sizes. One component has a
relaxation time 7, ~ 100 ms and the other 7, ~ 15 ms. From
Perrin’s formulae we get for the membrane diameters d, ~
1.1 um and d, ~ 0.6 um. At higher fields (and higher ionic
strength), where the orientation is almost complete, the
relative amplitudes are p, ~ 0.6 and p, ~ 0.4. The change
of the relative amplitudes with the electric field can be
accounted for by the polydispersity.

It was mentioned earlier that the pm suspension was
fractionated by nuclear filters. Electronmicroscopy shows
that pm fragments are not circular but elongated or
irregular. Most of the population with larger size belongs
to ~1-1.3 um diam, corresponding to the used nuclear
filters. The two time constants observed in relaxation may
reflect partly the larger and smaller size of one pm
fragment. We believe that the relaxation gives more reli-
able statistics for polydispersity than electron microscopy.

With the above values the effect of polydispersity on the
measured 4¢ and g° can be taken into account. Assuming a
v, ~ d? dependence and that g (retinal angle) does not
depend on the membrane size, ¥ and g can be calculated
using Eq. 9. The result is shown in Fig. 5 (upper curve).

The fit is better with polydispersity, but a deviation
remains at higher fields. We attribute this deviation to an
increase in the retinal angle with the orienting ac electric
field. For the data shown in Fig. 5 we get for g = —0.348
(8 = 62.2°), after correction for polydispersity g = —0.431
(6 = 64.2°) and at high fields g’ = —0.6 (6 = 68.6°). The
electric field effect on the retinal angle is a 4° increase (the
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retinal turns to the membrane plane) at an ac field of 280
V/cm. Later we show that this electric field effect on
retinal angle disappears with increasing ionic strength.

A few further remarks: With the given polydispersity
Eq. 10 cannot be fulfilled without assuming a retinal angle
increase. The observed third time constant in the ms range
may correspond to the retinal angle increase relaxation. In
the following we give the polydispersity corrected values
for g, ¥o, and B, furthermore v, and 3, are calculated for
the larger size and denoted by v,, and G,.

Electrodichroism in dc Field

Measurement of electrodichroism in d¢ fields should yield
parameters (3, and 4. It can be shown that the contribution
of polarizability (v,) is negligible at low dc electric fields
(in the range of a few V/cm). The data reduction can be
done similarly as in ac measurements using Eq. A2.4 with
Y, = 0. It turns out, that the retinal angle determined from
dc measurements is much smaller than the value derived
from the ac dichroism data. A similar problem was found
by Kimura et al. (3) and Barabds et al. (7). Purple
membrane fragments have net negative electric charge and
in dc electric field this causes an electrophoretic movement
of the membranes. The translational electrophoretic move-
ment disturbs the free rotation of the pm and causes a
distortion of the electric dichroism measurements. To
avoid this problem we used the data in the lowest order in
Eq. A2.4 (i.e., the linear part in E* of the measured Sy).
This allowed the determination of only one parameter,
namely 3,; for 6 we used the value derived from the ac
measurement. But there is no guarantee that this proce-
dure eliminates the electrophoretic distortion.

The electrophoretic distortion is much less serious in ac
electrodichroic measurements. Probably at 2 kHz frequen-
cies and above, the pm cannot move electrophoretically
and the disturbing hydrodynamic forces are negligible.
This is supported by the observation that the electrodich-
roic signal is constant in the frequency range 2-20 kHz at
constant amplitude of the ac electric field. If electrophore-
sis disturbed the signal, it should be frequency dependent
in this range, too.

Light and Dark Adaptation

Most of our measurements were made on light adapted
(LA) pm but in a few cases we measured dark adapted
(DA) pm with low measuring light intensity, to check
whether the retinal angle, 8, and perhaps v, and 8, change
with light-dark adaptation. We found (see later, Fig. 7)
that § increases by ~2° in the dark adapted form at low
ionic strength. This increase is <1° at higher ionic strength
(1 mM KCl or CaCl,).

The observed changes of v, and 8, with light-dark
adaptation are within experimental uncertainties (Figs. 6
and 9). We can state only that there can be a slight
increase of v, in the dark adapted form.

Effect of the Photocycle on 4, v,, and 8,

In these measurements the actinic light exciting the photo-
cycle was perpendicular to both the absorption measuring
light and the orienting electric field. For a given orienting
field we measured the absorption with the actinic light on
(proton pump working) and without actinic light (no
proton pump). The scattered light from the actinic light
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FIGURE 6 The dependence of the electrical polarizability of pm on the Debye-Hiickel parameter, .
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was measured separately and had to be taken into account.
The absorption decreased from 0.34 to 0.307 under the
actinic light for the parallel component (4;) and to 0.316
for the perpendicular component (A4,). This difference
comes mainly from photoselection. From these data we
estimated the photocycle working at a 30% power at the
given actinic light intensity.

Within experimental uncertainties there was no detect-
able change in the electrodichroism with and without the
actinic light. We conclude that there is no essential change
in 6, v,, and B, if the proton pump is working.

Effect of Ionic Strength on §, v,, and 3,

Electrodichroism was measured in KCl and CaCl, in the
concentration range 0—10 mM and 0-2 mM. Above these
concentrations detectable aggregation of pm occurred and
the measurements were disregarded. In the highest salt
concentration and at high ac orienting field 2-3°C temper-
ature increase (measured with a Cu-constantan thermo-
couple) could be detected. This heating was not observable
at lower fields and salt concentration. As 6, v,, and 3, are
derived from the lower orienting field data, heating cannot
effect these parameters.

The parameter, v,, and the polarizability («, — a,) of
the pm monotonically decrease with increasing ionic
strength (Fig. 6). In this figure the data are given as a
function of the Debye-Hiickel constant, x. As can be seen,
the data are, within experimental uncertainties, on the
same curve for both salts in this x-representation. This
supports the idea that the polarizability of pm originates in
the electric polarization of the ionic cloud around pm. A
similar behavior was found by Kimura et al. (3, 8).

We found a retinal angle dependence on salt concentra-

tion. With increasing « the retinal angle first decreases and
then increases to a higher value of ~68° at our highest salt
concentration. This is shown in Fig. 7. The minimum in § at
low salt concentration seems to be shifted a little for CaCl,,
but the behavior is similar. From electrodichroic measure-
ments Kimura et al. (3, 8) reported a value of § ~ 70° and
Barabis et al. (7) 6 ~ 68°. These measurements were made
at relatively high ionic strength and these agree with our
data at high x. We attribute the & dependence on salt
concentration mainly to an inner electric field variation
with salt concentration i.e., to a screening effect. This will
be discussed later. It was mentioned earlier that at lower
ionic strength we see an increase of 6 at high orienting
fields (Fig. 5). This effect disappears at high salt concen-
tration and the data can be represented by a constant
retinal angle after correction for polydispersity (Fig. 8).

Though the determination of the permanent dipole
moment of pm is less certain because of disturbing electro-
phoresis, we found a weak ionic strength dependence of 3,
and u. Fig. 9 shows this dependence of 3, after correction
for polydispersity and for the larger pm fragments (diame-
ter ~1.1 um) and the calculated permanent dipole moment
per bacteriorhodopsin, assuming 1.1 um diam. We get
higher values for KCI than for CaCl,.

DISCUSSION

In this section we would like to discuss mainly the following
observed effects: the rather strong ionic strength depen-
dence of the polarizability (Fig. 6); the behavior of the
retinal angle with ionic strength and in higher orienting ac
electric field (Figs. 7 and 5); the magnitude and origin of
the permanent dipole moment of pm.

The comparison of our data on « with other measure-
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FIGURE 7 The dependence of the retinal angle, 8, on the parameter «.
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FIGURE 8 The same as Fig. 5 but for pm suspension in 5 mM KCL

ments (3, 6-8) is difficult as these experiments were made
with different membrane sizes and ionic strength. The
polarizability depends on both of these parameters.
Kimura et al. (3, 8) found a quite similar ionic strength
dependence as our measurements give (Fig. 6). On this
basis one can think that the polarizability of pm comes
mainly from the electric polarization of the ionic cloud
around the pm. A theoretical treatment of the polarization
of ionic atmosphere around a long, infinitely thin, charged
strip (membrane) of d width was given in (11). The result
for the polarizability «, parallel to the surface and along
the width and for the unit length of the strip is

2 32
o= E(EQ) %F(dx),

e\ kT (n

where e is the elementary charge, Q is the charge of the
strip per unit surface, ¢ is the dielectric constant of the
solution and F(dk) is a slowly varing function approximat-
ing 1if d >> 1/« (11). This result can be applied for a
circular disk (e.g., for the pm) if the diameter d >> 1/«. In
that case Eq. 11 gives for the polarizability of the disk

Ll (KQ)2 4 F(do).

_ 1
“= R\ kT (11a)

(For comparison: the Debye length 1 /k =~ 10 nm for | mM
KCland 4 ~ 1,100 nm for our pm). Eq. 11a gives ad” and a
«~* dependence for the polarizability at higher salt concen-
tration. Fig. 10 shows the comparison of the measured «
(Fig. 6) and Eq. 11a at higher salt concentration. A =3
dependence is indeed observed. In Eq. 11a the only fitting
parameter is Q if we take the pm size known. Assuming a
disk of 1.1 um diam this gives for the net charge of pm =
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2e¢/BR. The model of Engelman et al. (12) for the bacteri-
orhodopsin in purple membrane gives 14 positive and 19
negative charge for one BR at neutral pH distributed
mainly near the surface of pm and partly inside the
membrane. This gives five net negative charges/BR com-
pared with our finding of two charges/BR. The difference
can come partly from the charged lipid head groups.

The polarizability of the ionic cloud goes to zero as «
becomes large. But according to Fig. 10 we get a nonzero
polarizability, o, ~ 1.6 - 1072 ¢cm?, at high « value, too.
This has to be attributed to an intrinsic polarizability of the
purple membrane. It is not known what molecular groups
in pm provide this intrinsic polarizability, but the changing
retinal angle and permanent dipole moment (Figs. 7 and 9)
suggest that the neighborhood of the retinal takes part in it.
The small increase in polarizability on dark adaptation
(Fig. 6) is probably due to a change in «, caused by the
retinal conformational change.

Another point of Fig. 10 is the deviation of experimental
polarizability form the expected theoretical value of Eq.
11a at higher F/K3 (i.e., at lower ion concentration, <1 mM
for KCIi). Numerical calculation (11) shows a rapid
decrease of the function F(dk), but it occurs at a lower ionic
strength than the above deviation. This deviation may
reflect an intrinsic change in pm (e.g., internal electric
field effect, see later) or some other ionic mechanism,
different from the ionic cloud polarization.

To account for the observed change in retinal angle with
ionic strength and ac field we take into account the effect
of an internal electric field in pm. As the membrane is
charged, with net negative charges located at the surface of
the inside part of pm (12), at low ionic strength there will
be a high electric field in the membrane, directed from
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FIGURE 9 The dependence of the permanent electric dipole moment on the parameter «.

outside to inside of pm. With increasing ionic strength the
surface charges will be screened by the ionic cloud leading
to the decrease of the internal field. This internal field can
polarize the interior of pm, resulting in a change (decrease)
of the retinal angle. The behavior of 8, a,—a,. and p at « <
10% cm~' (Figs. 6, 7, and 9) may reflect the same origin,
namely the effect of the internal field.

In high orienting ac electric field the pm is parallel to
the field. The ac field can interact with the retinal by

polarizing the environment of the retinal, leading to an
increase of the retinal angle (Fig. 5). The effect of the
orienting ac field on the retinal angle is opposite to the
effect of the internal electric field due to membrane
charges. At high ionic strength the internal field is low and
the orienting ac field effect on the retinal disappears (Fig.
8). In this picture it is assumed that the retinal can turn
more easily to the normal of the membrane than into the
opposite direction (see also reference 5).
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FiGURE 10 The polarizability as a function of F/«* (a fit to Eq. 11a).
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There can be several contributions to the dipole moment
of pm. The a-helix of a protein has 3.4 D/residue (13). As
BR in pm has an odd number of a-helices (seven or five, see
references 12 and 14), only one helix gives a contribution.
Taking 20-25 residues in a helix we get 70-85 D dipole
moment for one BR. Another contribution can come from
the membrane charges, but to estimate this a detailed
knowledge of the charge distribution would be needed. The
internal electric field due to membrane charges can polar-
ize the interior of the membrane giving the third part of the
dipole moment. The ionic cloud and hydrodynamic effects
can contribute to the dipole moment. To estimate the
resulting dipole moment is a complicated problem. The
observed dipole moment at high ionic strength is ~70 D
(Fig. 9) and this can be accounted for by the a-helix
contribution. The changes in the dipole moment at lower
ionic strength can originate in the membrane charges and
internal electric field effect. It is known (7) that at lower
pH the dipole moment decreases and even changes sign.
This is probably caused by the change of the membrane
charges with pH.

No essential change in permanent dipole moment was
found in this work under photocycle (see Results). A rather
large decrease (35%) in dipole moment under photocycle
was reported by Kimura et al. (8). The origin of contra-
diction in these two experimental observations is not known
for us. We believe that we took properly into account the
disturbing actinic light scattering to get reliable data for
the dipole moment. Furthermore, it would be very difficult
to understand such a big effect of photocycle on the
permanent dipole moment.

Within experimental uncertainties (~1°) we could not
detect a change in retinal angle under photocycle. Two
points have to be emphasized here. Electrodichroism at
575 nm measures mainly the noncycling retinals and it
gives the angle between the retinal’s transition moment
and the membrane normal. Consequently a possible rota-
tion of the retinal (or bacteriorhodopsin) around the
membrane normal under photocycle cannot be detected by
this method. Light-activated rotation of bacteriorhodopsin
was reported by Ahl and Cone (15).

APPENDIX I

Effect of Light Scattering on
Electrodichroism

The effect of light scattering on electrodichroism measurements is briefly
analyzed. If light scattering is present (as it always is), its effect is to
increase the measured absorption of the sample. If A4 is the real absorption
of the unoriented suspension and a is the apparent absorption caused by
light scattering and A4, a, are the same for oriented pm in electric field
then the measured light intensities are

I =Iyexp(—A - a)

I, = lexp(—A, — a,). (Al.1)
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The measured value of S, is given by

A, +a,—(A+a) A,— A

Sd
A+ a A
I +(a, —a)/(A, - A4)
) 1 +a/A (Al2)
and the quotient §¢/S,
_AA
VAN "4 A
1+ (a —a)/[In({/])) - (q) — a)] (A1.3)

1+ (a, - a)/ln(I/L) - (a, — @)

In Eq. A1.3 the first factor equals —2 in the case of a pure rotation and
the second factor gives the correction due to light scattering. Light
scattering affects the quotient S3/S, only if it is polarization angle
dependentie., if ap, a, # a.

Measurements were made at A = 725 nm with the same electrodich-
roism experimental set up. The result (Fig. 11) is similar to the electro-
dichroism at A = 575 nm (see Fig. 3) but the parallel component
decreased and the perpendicular component increased. If we assume that
at A = 725 nm we have only light scattering i.e., there is no absorption by
the pm at this wavelength, then Fig. 11 gives ¢y — a and a, — a (see Eq.
A1.2). In that case this result can be used to check Eq. A1.3, but the light
scattering components a and a, have to be extrapolated to A = 575 nm.
The light scattering is strongly particle size (d) dependent. For small
particle (d << \) we expect a Rayleigh A~* dependence, but for particle
d ~ X, as in the case of pm, a weaker dependence A\~? would be
appropriate. For both A-dependence the calculated quotient according to
Eq. A1.3 is shown in Fig. 12 with the observed S}/S, values at A = 575
nm. As it is seen the A™* dependence would account for the observed
deviation of Sy/S, from the ideal — 2 value but the A ~? dependence is too
weak and it’s effect is negligible.

We would like to make two further remarks. In the above consider-
ation, it was assumed that the pm absorbs no light at A = 725 nm. A very
small absorption (of the order of 1% or less of it’s maximum absorption at
X\ = 570 nm) through electrodichroism could account at least partly for
the observed anisotropy at A = 725 nm (Fig. 11).
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FIGURE 11 Electrodichroism at A = 725 nm.
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FIGURE 12 Deviation of —S8;/S, from the expected ideal 2 value: ®
experimental points measured at A = 575 nm, 0,1 corrected values for
light scattering assuming a A~* and A ~2 dependence, respectively.

According to Eq. A1.2 S, can be split into two terms

AA, Aa,
" A+a A+a

(A1.4)

L4

It seems to us that light scattering, the second term in Eq. A1.4, cannot
cause an isotropic shift in S, as is observed (see Fig. 4).

There is some uncertainty in these considerations: the role of light
scattering, polarization angle dependence, isotropy (chemical) shift. We
need more information about polarized light scattering on pm but our
present experimental set up is not very suitable for sensitive light
scattering measurements. The question clearly needs further investiga-
tion.

APPENDIX II

Series Expansion of ¢ and Polydispersity

In many cases it is not possible to get experimental data in the whole
range of E to compare with the function ¢. Instead this comparison has to
be made at lower fields with a series expansion of ¢. An expansion of ¢
was given by Shah (10) but in his expansion some terms are missing. As in
the literature this expansion is frequently used, we give here a short
derivation.

To get an expansion of ¢ in powers of E? we expand in Eq. 3 only
exp(—vx%)

v (| x4 it )

and introducing

1) = [ xte dx (A21)
we get
;
SR oo
A recursion formula can be given for the functions, f,
Jo = 2sinh8/8
filfo=1+2/8* — 2 cothB/B
Sdfa =1+ (- 4/B) o/ fo — 4 coth/B  (A23)
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Taking expansion of £,/ f, we get with Eq. A2.2 for ¢

& = YsB: — sy — FusB — YhusBy + Yhisy’ ... (A2.4)

The effect of polydispersity for ac electric dichroism (i.e., 8, = 0) can be
taken into account with a distribution function p(y,). If p(«,)dy, gives the
fraction of the sample with parameter v, in the range (v,, v, + dv,), then
the mean values are

L paw dye-1

Yo = [.. Yo + P(Yo)d¥o

- - A2.5)
Yo = ,[ Yo - P(Yo)do. (
For ¢ we get
6B - [ p() - 6(v0 By, (A26)
Using Eq. A2.4, ¢ can be expanded in power of E2,
P=—Ys1o- EX+ Ysvi - E*. .. (A2.7)
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