Interaction of Electric Fields with Membrane-Bound Polyionic

Proteins
E. Neumann and K. Tsuji
Max-Planck-Institut fiir Biochemie
D-8033 Martinsried/Miinchen FRG
Abstract

Recent progress in electro-optic instrumentation has led to
experimental results which give new insight into the dynamic
behavior of membrane-bound polyionic macromolecules, such as
bacteriorhodopsin in gurple membranes. Electric impulses of high
field intensity (2x10° to 3x10% vm~!,1 to 20 us duration) cause
transient changes in the optical absorbance of suspended purple
membranes of Halobacterium halobium. The electric dichroism at
1 oM NaCl pH u 6 and at 293 K is dependent on field strength, pulse
duration and wavelength of the monitoring, plane-polarized light
in the range 400 nm to 650 nm. The optically indicated processes
are, however, independent of bacteriorhodopsin concentration, of
ionic strength and of the intensity of the monitoring light. These
data and the analysis of time course and steady state of the reduced
dichroism suggest electric field sensitive, intramembraneous struct-
ural changes which involve restricted orientation changes of the
chromophore. A theoretical analysis of restricted orientation is
developed and applied to the electro-optic data. As a result it is
found that the electric dichroism of purple membranes is associated
with a large induced dipole moment up to 7x102® cm (2.1x10* Debye)
which develops in a cooperative manner; the electric permanent di-
pole moment which is involved amounts to 4.7x1028 Cm (140 Debye).

1. Introduction

Electro-optic and dielectric methods are traditionally applied
in order to study not only electrical but also structural properties
of dipolar and ionic molecules and molecular organizations.
Furthermore, electric field techniques are gaining increasing

241



242 E. NEUMANN & K. TSUJI

importance for the investigation of chemically interacting, ionic

or dipolar systems; for review see ref. [1] and [2]. The measurement
of electric field effects in biological membranes or biomembrane
fragments may, in addition, reveal functionally relevant molecular
information, because almost all biomembranes are the locus of strong
cross-membrane electric fields and of transient changes in these
electric fields. 1In this context we note that bioelectric signals
like the nerve impulse involve transient changes in the electric
field of excitable membranes; these electric changes are controlled
by local electro-chemical gating processes of as yet largely

unknown nature; for review see refs. [3] and [4].

In the following account, a short digression on some funda-
mental principles of electro-chemical coupling and on the analysis
of electrically induced optical changes in chemically interacting
systems is given. Using bacteriorhodopsin of purple membranes as
an example, basic aspects of the analysis of electro-optic data
on membrane-bound proteins are discussed. The results of the
theoretical treatment of the experimental data suggest that the
orientation changes of the chromophore in bacteriorhodopsin are
sterically restricted and are accompanied by a change in the optical
extinction coefficient, resulting in a chemical contribution to the
absorbance change. For the data analysis an electro-optic theory
for restricted orientation is developed. The main result of this
study is that external electric fields induce intramolecular
structural changes in purple membranes which involve restricted
rotation of the chromophore coupled to a very large induced dipole
as well as to an electric permanent dipole moment. The order of
magnitude of the electric moments points to cooperatively stabilized
clusters of bacteriorhodopsin in purple membranes. An electric

1@pulse is able to cause a cyclic chanﬁe through at least five
different conformations of the protein-.

The data on bacteriorhodopsin in purple membranes are suggestive
of a pos§1bly general mechanism for the interaction of electric
fields with membrane-bound proteins, for instance those involved in

the electrical-chemical control of ion flows across excitable bio-
membranes3a4.

2. Primary electric field effects,

The primary effects of electric fields on molecules are fairly
well understood: (1) orientation of dipolar species, deformation
of polarizable systems (and subsequent orientation of induced di-
poles in electrically anisotropic particles); (2) movement of ionic
species in the direction of the field vector. Less well explored
1s how these polarization and electrophoresis effects are specifi-

cally coupled to the various chemical transformations, such as

conformational transitions or dipolar and ionic association-
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dissociation equilibria or steady states. Generally we can only
state that polar structures tend to orient in the field direction;
conformations or molecules with large dipole moments increase in
concentration at the expense of those configurations with smaller
electric moments; finally, electric fields increase the dissociation
of weak acidic and basic groups and promote the separation of ion
pairs into the respective dissociated iomns or ionic groups (second
Wien effect). For an extended discussion see refs. [1] and [2].

3. Elemental chemical reactions

When molecules carrying permanent or induced dipoles or charged
groups interact with each other and undergo chemical transformations,
three types of electro-chemical coupling may be differentiated:
permanent dipole equilibria, induced dipole equilibria, and ionic
association-dissociation processes. Changes in the concentration
of the reaction partners arise from two types of elemental chemical
reactions: inter—- and intra-molecular processes.

Intermolecular steps

1f the dipole moments of a ligand L and a binding site B are
larger than that of the couplex LB, then an electric field shifts
the equilibrium

L+BZ7LB (1)

to the side of the separated reactions partners. A dimerization
equilibrium such as

B(+) + B(+) 7 B(+) * B(¥) (2)

where the dipole moments of B compensate each other upon complex
formation (as indicated by the arrows) is particularly sensitive

to an electric field because the electric reaction moment is of the
order of the dipole moment of the monomer.

An ionic equilibrium such as

ST SPR A 3

-

where the association step involves ion pair formation, is uéually
shifted to the rhs when an electric field is present (dissociation
field effect or second Wien effect).

Intramolecular steps

Suppose the molecules B are able to equilibrate between two
alternate conformations according to
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B(+) 2 B'(4) (4)

where B' has a larger dipole moment than B, an electric field will
shift the equilibrium toward B'. Tt is recalled that the equili-
brium constant for reaction (4) is defined as K = [B']/[B], where
the brackets denote concentration.

4. Thermodynamics of chemical field effects

The equilibrium constant (or the steady-state distribution)
constant, K, of a chemical equilibrium is dependent on intensive
state variables such as temperature T, pressure P, or an external
electric field E. For laboratory conditions the state of zero
electric field is generally taken as the reference state; thus
at E=0, K = Ko' When K(E) is the corresponding value in the
presence of an electric field, the condition

AK = K(E) - K, << Ko (5)

specifies a linear approximation, generally valid for the small
equilibrium shifts which electric fields can cause.

The isothermal-isobaric displacement of dipolar equilibria in

electric fields can be described by a general van't Hoff relation-
ship:

30nK M
( 9E ) P,T RT (6)

where R is the gas constant and AM is the electric reaction moment
defined by

AMs= NA { Zvjaj (Ei)j + Z vjpj'L(rj)} )

In Eq. (7), N, is the Avogadro number; v, is the stoichiometric
coefficient (counting positive for produgts and negative for
reactants), a, is the electric polarizability, p, is the permanent
dipole moment of species j; E, is the internal fleld and L(r,) is

the Langevin function of the ¥atior, = p,E_/kT, E, being the
directing field. J ji~d d

In the range where Eq. (5) is applicable, integration of
Eq. (6) provides an expression for the field~induced shift in K:

AK _ 1

Ionic equilibria can be treated in an analogous way, see, €.8.
refs [1] and [2]. )
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The general relationship in Eq. (8) can be further specified. For
instance, if pure induced dipoles interact, Eqs. (7) and (8) yield:

AK 1
K kT [Z V3% (Ei)jdE 9

o

At field strengths which saturate the induced dipole moments m. =
o (Ei)j to (mj)s’ the system behaves like a permanent dipole e&ui—

k|
librium and

5K v £(g,n) 2, .2
X 5z Evj(mj)s E (10)

where f(e,n) is a function of the dielectric constant and the re-
fractive index of the solvent and where we assume that (Ei)j = Ei =
f(e,n)E; see refs. [1] and [2].

For the intramolecular step of Eq. (4) we have vgr = 1, vp = -1;
with the assumption that (Ei)B' = (Ei)B = Ei = f(e,n)*E we obtain

Mg = N, * apy * Ejy Mg =N, - op - Ej. Then, M = My, - Mp =

N 'ha-E, where Aa = aj, — ap, and
AK _ f(e,n) Aa ¢ E dE (11)
Ko kT

Provided that Aa is constant, i.e. at small field strengths,

_QK ‘;: f(E n) . 2 (12)
Ko -*EE%—— Ao E

and at saturating field intensities,
KK £(e,n i (13)

where (Am)s = (mB')s - (mB)S. As seen in Eqs. (12) and (13) an

induced dipole mechanism is characterized by a temperature variation
from T-2 to T-1. It should be mentioned that there are several
experimentally useful criteria to differentiate the various mech-
anisms and types of electric interactions [1,2].

The concentration changes described by AK may be indicated by
optical and/or electrical methods; variations with T an? E may
then be used to identify type and mechanism of interaction.
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Experimentally, recent progress in instrumentation has opened the
way for measuring field-induced, rotational and chemical relaxations
in paralle}6 both optically and electrically, even in the nanosecond
time range 1. It is obvious that the analysis of the kinetics and
thermodynamics of these relaxations is particularly straightforward
when rectangular pulses are applied.

5. Rotational and chemical contributions to absorbance changes

The absorbance per cm of a multi-component system is generally
given by Lambert-Beer's law:

A= D €, (14)

where €, is the molar extinction coefficient and ¢, is the molar
concentration of species i, It is recalled that tge extinction
coefficients of molecules which are intrinsically optically aniso-
tropic, reflect average values €, of all chromophore orientations
in the system. 1

In principle both the ei and ci-terms may be field dependent
such that in general,

de, 3c,

= 1 Y
dA Z Ci( BE)c.dE D> Ei( aE)s.&E (15)
i i i i

More specifically, when an electric field is applied to a chemical
system which exibits both electrical and optical anisotropy, the
field induced absorbance change AA , measured with light polarized
at angle ¢ relative to the electrig vield vector, may not only

involve orientational changes (Asi,c) but also concentration changes
(Ac,).
i

In the absence of an electric field the absorbance per cm of
such a system is expressed by

A= T.e.° (16)

T i'i
i

Whereas A is independent of o, the absorbance in the field is o-
dependent:

E E
A =

o 2; E:i,cc i a7

Denoting the field induced changes in € and c, by
i

A = - €

E1,0 €i,o 1 (18)
Ac, = cE -c,°
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- A is rewritten in

Q" td

the field-induced absorbance change AAO = A
terms of Egs. (16) and (17):

- E — 0
AAG - 2? (Ei,oci ici)

(o] "~ —
2; ary (el + dcp) *'%4 eibey s
where the separation of terms depending on ¢ from those independent
of o is apparent., Introducing the definitions

(19)

1

(rot) o
= +
AAG ; Aei,o(ci l\ci) (20)
and
g (chem) h> EiAci i (21)
i

Eq. (19) may be generally written in terms of a rotational and a
chemical contribution [7]:

LA = AAérOt) + aalchem (22)

o}
For axially symmetric systems AA(Chem) can be experimentally
obtained in two independent ways, using the measured absorbance
changes AA_ at the polarization modes 0=0 and o=7/2, or 0=0.955 rad
(54.7°). Tn this case the relationship

as (Tot) (rot) _

l + ZAAl 0 (23)
holds, and for o =0.955 rad Eq. (22) reduces to

_ (chem)
Bhy.955 = BA (24)

On the other hand, Eqs. (22) and (23) can be combined to yield

1 sa 42 say = nalchem (25)
3 B4y 1
Therefore, the equality
1 26
Bg.g55 = 3 (b4 + 204)) =

can be ugsed as a criterion for axial symmetry of the electric
dipole moment of the orienting unit.

Note that AA (rot) specified in Eq. (20) may contain concen-
tration changes A®,. These changes (I Ae,, c.), are separable

‘ i i .
from the pure rotational term I Asi ch, oniy when the kinetics
b4

?f the rotational part is faster than the concentration changes
1, 2].
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6. Conformational changes induced by electric fields in
bacteriorhodopsin

Bacteriorhodopsin is the photoactive protein of the purple
membrane whigh is a specialized part of the cell membrane of many
halobacteria~. The protein functions as a light-driven proton pump
producing an electrochemical proton gradient from which finally the
free energy of the light induced ATP synthesis is derived?. As an
integral membrane protein, bacteriorhodopsin is exposed to the
internal electric field of the membrane. In order to study the
structural and functional effects of the intrinsic electric field
and of variations of the membrane field, isolated purple membrane
fragments may be subjected to external electric impulses. Provided
that electric-field induced structural changes are accompanied by
variations in the chromophore and its protein environment, specified
conformational transitions should be optically measurable. Light
transmission changes have been indeed observed when field pulses
were applied to purple membranes 10713 a5 well as to apomembrane
fragments1 . However, type and mechanism of the optical signal
changes have not been analyzed.

Orientation of whole membrane fragments will contribute t?O 12
the optical signal if the applied electric fields last longer 2T

In rectangular electric pulses of short duration the contribu-
tion of fragment orientation is negligibly small and does not inter-

fere with electro-optical signals arising from intramembraneous
processes.

6.1 Theory of restricted orientation

The experimental data indicate that bacteriorhodopsin in purple
membranes are electro-optically anisotropic. The chromophore is a
part of a rather rigid protein-lipid structure15, hence orienta-
tional displacements of the chromophore within the protein are
expected to be sterically restricted. Limited orientation is

different from rotations of freely mobile particles and requires a
different theoretical analysiss.

It is known that the angle |y between the chromophore transition
moment u of bacteriorhodopsin and the membrane normal is about 1.2
rad (70°)16-18  1he electro-optic data of the present study
suggest that an electric field E causes an angular displacement
Ay of u from the position y° in the absence of a field. As
exemplified in Figure 1(a), steric restriction may cause, for
instance, that Ay is limited to a maximum value Ay . Generally
two limiting cases of orientational restriction may be considered

for the membrane bound proteins, when the membrane fragments them-—
selves remain distributed randomly.

In Case I, u may be displaceable in both directions relative
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Fig. 1 (a)

(b)

(c)

{a)

~

V=

0 AXp AX

Cross section of purple membrane; parellel to the mem-

brane normal n; u, optical trarsition moment; Ay is the
angular displacement in an electric field E. Case 1:

¥ can rotate symmetrically toward and away from n such

that yE = 4O % Ay. Case II: p can rotate to only one

side, e.g., wE =% -~ Ay leading to positive dichroism.

Geometrical relations of electric dichroism in Cartesian
coordinates. E is in the z-direction, the light beam
from a source L is in the x—-axis and the polarizer, P,
is in the y, z-plane providing plane-polarized light
under the angle ¢ relative to E. The optical transition
moment u of a particular chromophore lies under the
angle 6 to E.

Dependence of the restriction energy term U_ on the
angular displacement Ax for Model A (well-type potential

energy profile) and Model B (potential emergy according
to Hooke's Law).
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to the membrane normal, either increasing or decreasing y. Hence,
this angular displacement is symmetric and, in the field, we obtain

W =+ A

In Case II, p can rotate in only one direction. This asymmet-
ric displacement leads to wE = 4 - Ay for positive dichroism and,
alternatively, to yE = ¢y© + Ay for negative dichroism. If Case TI
applies, only one half of the membrane fragments are affected by
the electric field.

Orientation factor

The formalism to calculate the orientation factor for restrict-
ed orientation is analogous to that for free, unrestricted orienta-
tion. Therefore, the key equations for free orientationl? are given
first.

The absorbance change, AA , caused by the electric field, E,
in an electro-optically anisotfopic system, measured with light
that is plane-polarized at the angle g with resEect to E (see
Figure 1(b)), is given by AA_ = A§ - A where A’ is the absorbance
in the presence of the field’and A is the absorbance at E = O.

The reduced absorbance change is generally expressed in terms
of the orientation factor ¢ according to

AA
g

3 - %{3coszw - 1) (3cos20 - 1)% 27
where w is the fixed angle between the optical transition moment

p and the electrical symmetry axis of the orienting unit (permanent
and induced dipoles)zo.

The reduced dichroism is defined by

E E
A - A
AA i
= —~—7(—‘~; =<% (3coszm - 19 (28)

E E
where A}, and A | are the absorbance values measured in the parallel
(0=0) and in the perpendicular (c=7n/2) modes of light polarization,
respectively.

The orientation factor is given by

b = 2 (3<cos’y> - 1) (29)

where x is the angle between the electric cymmetry axis of the
orienting unit and the direction of the external electric field.
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2
The average value of cos X is defined by
2 T2 .
<cos“ x> = cos’ ¥ fX2n siny dy (30)
o

and the angular distribution function of the orienting unit for
the steady state is given-by
exp (-U/KT)
f = (31)

Fexp(—U/kT)Zﬂ siny dy

s}

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

The potential energy, U, of a freely orienting unit character-
ized by the permanent dipole moment p and by the excess polariza-
bilities a, (parallel to the electric symmetry axis) and a,
(perpendicular to it) is given by

2
U= - pE,cosy —-%(al - az)Eicos X (32)

d

where, to a first approximation, we assume that the directing field
E, and the internal field E, are equal to the external field E;

see discussion. Introduciné Eqs. (30) to (32) into Eq. (29) yields
the familiar relationship

r1
3 0 wlexp(Bu + yul) du
¢ = 1 7
2
2 exp(Bu + Yu ) du
J-1
where
u = cosy
R = pEd/kT
2
Yy = (OLl - Gz)Ei/(ZkT)-

For restricted orientation the potential energy may be written
in two terms:

U=U +0U (34)
(o] r

where U has the form of Eq. (32) and the restriction term U _
specifi@s the type of steric restriction. Obviously, for umrestrict-
ed, free orientation, U =0 and U = U_. In general, with respect

to y, orientation is viéwed as an anguiar displacement %X'Of tge
electric symmetry axig of the orienting unit from a position X at
E=0 to 2 porition x~ in the presence of the field; hence
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Ay = xo - xE > (0. Whereas in unrestricted, free orientation Ax does
not enter into the energy term, restricted orientation may be
explicitly expressed as a function of Ax. The further analysis in
this study will be confined to the theoretical treatment of two
physically simple models.

In Model A the steric restriction is approximated by a well-
type energy profile for U_with infinitely high boundaries. The
angular displacement is therefore subjected to the condition
0 £ Ay < Ax_ where A is the maximum displacement which corresponds
to a maximum Ay forxghe displacement of the chromophore u relative
to the membranemnormaI; see Figure 1(a). The restriction term U
is then Ur = 0 for 0 < Ay s.Axm, and Ur = o for Ay > Axm, and the
total energy is given by:

2
U=- pEcost - %{al - az)E cossz, for (XO - Axm) S.XE

< G°+ bx ) (35)
U=ew, for O S.XE<(XO—Axm) or XE > (x@ + Axm)

The potential energy is a function of two variables xo(O S.XO < m
and XE(O.S xE.s x%); note that xo is independent of XE. Therefore
we may introduce a partial orientation factor ¢, o for the particular
angular position x°. Then, the orientation factor ¢ can be obtained
as the average of @Xo for all angular directions x°:

ﬂ

1 .

® =3 I (I)Xoslnxo dy° (36)
(o]

Note that the integral is reduced by a factor 1/2 in Case TI
because for one half of the system there is no orientation.

The partial orientation factor is now obtained from Egqs. (29)
to (33) with x = xE. For the Model A Eq. (35) is introduced into

Eq. (31), respectively. The respective partial orientation factor
is then:

{0}

2
3 uzexp(Bu + Yuz)du
v u
1 1
¢Xo = 2 (37)
PU
2 2
2 exp(Bu + yu“)du
J U
R 1
with Hy = cos(x  + Axm) and Hy = cos (x° - Axm).

For the analytical treatment of model B see ref. [5].



—cceriE—roy,  ooEm -~ — T S e R e

INTERACTION OF ELECTRIC FIELDS 253

The results of numerical calculations of Eq. (36) for the symmetric
Case I and the asymetric Case II are shown in Figure 2, using Model
A (well-type energy profile) with Axy, as a parameter and Model B
(Hooke-type energy profile) with a/kT as a parameter, respectively.
Note that the variable (B¢ + 2y) with the permanent (B) and the
induced (y) dipole terms defined by Eq. (33) is proportional

to E“. Therefore the field strength dependence of the reduced
dichroism can be curvefitted to the function ¢(B“ + 2y). Hence,

the mechanism as well as the type of orientation (free or restricted)
may be determined.

Electric dichroism of restricted orientation. The primary
data of electric dichroism of systems like purple membranes are
related to the angle 6 between the optical transition moment H of
a particular chromophore (or clusters of chromophores) and the
direction of the external electric field; see Figure 1(b). For the
sake of simplicity we shall at first assume that the electric
symmetry axis is parallel to the optical transition moment (w=0).
This assumption is in line with the observation of positive di-
chroism; see Eq. (28). Furthermore, as demonstrated below the
experimental data on membrane-bound bacteriorhodopsin can be con-
sistently analyzed in terms of an axially symmetric overall electric
moment. For w=0, the boundary conditions for 6 are the same as
those for x discussed in the previous section.

For Model A the further treatment is particularly simple if
the saturation value & of the orientation factor is considered.
At sufficiently high eXternal electric fields all chromophore o
transition moments which have Erientations between 6° = 0 and 6~ =
A8 are parallel to E, i.e., 8 = 0. The remaining molecules whose
transition moments are positioned between 80 = A6 and 6° =7
assume the positions 6E = 6 - A8, for the permanent dipole orien-
tation; while 6F = 0° - A6 when A6y < 8° <n/2 and gE = 6° + A6y,

when w/2 §_G°§ﬁ—Aem for the induced dipole orientation.
The reduced absorbance changes, AA /A, for maximum angular

displacement of the chromophore are readily obtained. For Case I
the saturation values are:

(1) permanent-dipole orientation

A
(ii) induced-dipole orientation

BA 1 2 2
2 = +(3 - 2coshd - cos A8 _)(3cos 0o - 1) (38)
s 4 m m

AA A . 2
(“") - (1 - cosAé_ + sinA® cosA8 )(3cos’c - 1). (39)
AJs m m m
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w05

< 100 200

Fig. 2: Orientation factor & for restricted angular displacements
8x_ of the electric axis as a function of B<+2y; for
cogpariSOn, unrestricted free orientation is included.

-—— refers to ¢ due to pure permanent dipoles, i.e.,

y = 0; refers to ¢ due to induced dipoles, i.e.

B =0, vy >o0.

The parts (a) and (b) refer to Cases I and II, respectively,
assuming the restriction energy Model A for various maximum
angular displacements Ax_ as a parameter. Parts (¢) and

(d) refer to Cases I andmII, respectively, assuming the
restriction energy Model B for various values of a/kT.
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These relationships permit an experimental determination of Aem

It should be mentioned that the assumption of w=0, involved in the
derivation of Eqs. (38) and (39), provides a minimum estimate

for A8 _. For this case, AD_ = Ay = Ay s, and the maximum angular
displacement relative to the membPane nOrmal is ohtained.

6.2 Experimental

The concentration of bacteriorhodopsin in purple membranes
isolated from the Ml strain of Halobacterium halobium w%s gftermined
on the iasis of the extinction coefficient £ = 63000 M *cm at
570 mn1 .

The optical density of purple membrane suspension for the
electric pulse measurements was adjusted to about 0.3 in 1 mM NaCl
solution at 293 K, unbuffered (pH - 6), unless otherwise stated.
The optical density value of 0.3 corresponds to a concentration
which yields sufficiently large signals without serious light
scattering contributions by the membrane fragments. The electro-
optic measurements were performed with an electric-field-jump 6
apparatus recently developed by Schallreuter, Rohner and Neumann.
Rectangular electric pulses up to 35 kV and of various durations
between 1 us and 100 us were used. All measurements were carried
out at 293 K. The temperature increase due to Joule heating can
be calculated. For the highest voltage V = 35kV and the longest
pulse duration of At = 100 us, the temperature increase AT = 3.5 K
is negligibly small, because the absorbance change from 293 K to
296.5 K is less than 3%.°

The change in the absorbance AA0, defined above is ca}culated
from the light transmittance at a given wavelength and a fixed
light polarization mode o:

AAO = - log(l + AIU/I)

where I is the transmitted light in the absence of the electric
field (independent _of o). The field induced transmittance.change
is given by AT_= I~ - I where I_ is the light transmitted in the
Presence of the electric field. It is noted that in this study
AIo is generally not small compared to I. Therefore, the approxi-
mation AA = -0.4343AI /T cannot be applied.

6.3 Results

In Figure 3 typical signal changes induced by an ele?tri?
impulse in purple membrane suspensions at two light polarization
modes are shown. At an electric field strength of E = 15.4 x 10
Vm™* a time independent, steady-state level of the light trans-
mittance in the field (subscript ss) is reached only if the pulse
duration is equal to or larger than 6 pus. For the parallel (o= 0)
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Electric dichroism of bacteriorhodopsin in purple
membrane; concentration of bacteriorhodopsin ¢ =

4.8 x 107 M in 1 mM Nac1, unbuffered, pH ¥ 6, T = 293 K.
The light transmittance change AT at A = 565 nm is 5
caused by a rectangular electric pulse of E = 15.4 x 10
V1 applied at t=0 for 20 us (see arrows). (|l|) and
(L) are the signal changes for light plane-polarized
parallel (0=0) and perpendicular (o=1/2) to the electric
field; the light intensity I at t=0 is 3.0 V.
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and the perpendicular (o=7/2) polarization modes of the monitoring
light the reduced absorbance changes calculated according to Eq.

2 = = - . i- . .
(27) are (AA” /A) = 0.32 * 0.02 and (AA_L/A)SS 0.27 + 0.02

As seen in Figure 3, the signal change, after the electric

field is switched off, reflects a continuous relaxation spectrum.
At the present accuracy of data recording, the corresponding
absorbance curves may be formally described in terms of at least
four exponential components according to

where AA_ is the steady-state absorbance change (when the pulse is
terminatgﬁ) and 8, and T, are the relative amplitude and relaxation
time of component i, res%ectively. For the curve in Figure 3 it is
found that v, = 0.3 + 0.03 ms, T, = 3.0 + 3.3 ms, T3 = 26 = 4 ms,

T, = 100£10 ms; 8, ¥ 0.2, 6, ¥ 042, 65 2 0.3, §, 0.3

Compared to the time range of the rise curve in the presence
of the electric field, the field-off response is slower by orders
of magnitude. This experimental result already indicates that the
optical data cannot reflect simple, free orientation of the chromo-
phore.

Figure 4 shows the field strength dependence of the reduced
absorbance change (steady-state) at A = 565 nm for three light
polarization modes; o=0, parallel; o=m/2, perpendicular; 0=0.955
rad (54.7°). Note that the absorbance change AA" apparently
saturates at E > 4 x 10° vm™! while -0A ) still increases with
increasing field strength.

It is found that the reduced absorbance change (steady-state)
depends on the wavelength of the monitoring light, in a different
manner for the various polarization modes. In particular, the
parallel mode has a pronounced maximum at about 565 nm. The ratio
of the absorbance changes, (84);/44)), equals -1.2 % 0.2 at 565 nm;
at 400 nm this ratio is -0.5 % 0.05. The value of AA0.955/A is larger
at 400 nm than at 565 nm. The reduced absorbance changes (steady
state) at o=0 and o=n/2 are found to be independent of purple
membrane concentration between 1.4 X 106 M and 2.0 x 102 M and of
ionic strength between 1 mM and 3 mM NaCl. The intensity of the
monitoring light affects only very slightly the magnitude of the
reduced absorbance changes. Thus light induced contributions to
AA0 are negligibly small.

The relaxation times of the field-off responses are, within
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Fig. 4: The electric field strength dependence of the steady-state
value of the reduced absorbance change AAG/A for the purple
membrane suspension at A = 565 nm: 0, o=0; e, 0 =n/2, and
Ayo =0.955. The dashed curves were calculated according
to equation (40): — — — refers to AAO(rOt)/A at o=0 and
o=1/2; --- refers to pA{Chem) jn o Cther experimental
conditions are the same as in Figure 3.

experimental error, independent of the field strength, pulse
duration, wavelength, light polarization direction, concentration

of purple membrane, ionic strength and the intensity of the moni-
toring light.

6.4 Discussion

The primary experimental data, AA0; on purple membranes do not
follow Eq. (23), i.e., bAp t+ 22A) # 0. Therefore, chemical changes
may be involved. If, however, AA 955 is compared with (AA“ +
2AA }1)/3, it is found that Eq. (28) golds. Hence, the system
exhibits axial symmetry and Eq. (22) in the form

(rot) _
bA S =0 = AAg g (40)

can be used to calculate the rotational contributions of AA_. The
experimental data represented in Figure 4 are evaluated according

to this subtraction procedure and the results are included as
dashed lines.

The wavelength dependence of AA (rOt)/A suggests that the
absorption band between 400 nm and 6 0 nm arises from at least two
different optical transitions. It is noted, too, that the chemical
contribution (AA /A) is larger at 400 nm (-0.14 + 0.02) than

at 565 nm (—0.059'258.005). It is seen in Figure 4 that the

reduced changes in AA.I(rOt)/A and —Aéj_ Yot) /A increase with
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increasing field strength in qualitatively the same way as
salchem) sa

The practical coincidence of AAérOt) with AA(Chem) is not only
reflected in the steady-state but also in the kinetics; the entire
time courses of the relative signal changes in the various polari-
.zation modes, i.e., the rotational and the chemical contributions,
are coincident within the margin of experimental error. These
results suggest that ra(chem) 504 AAU(rOt) reflect two aspects of
one and the same process which is induced by the electric field.

Orienting unit. As is described above, the reduced absorbance
changes are independent of bacteriorhodopsin concentration and of
the ionic strength of the suspension. Therefore, particle-particle
interactions may be considered as negligibly small.

Electric dichroism may be caused by orientation of entire
membrane fragments. Purple membrane fragments are oriented by
long lasting, exponentially decaying electric fzeldslo912, or in
relatively low electric field strengths (1 x 10 Vm'l) applied for a
sufficiently long time (1-2 min)la. The time constant for fragment
orientation can be estimated using Perrin's equation“*. Purple
membranes may be considered as oblate discs with diamcters between
0.5 ym and 1 umzz; the rotational time constants for these dimen-
sions are in the order of 100 ms.

It was recently shown that electric fields of low intensity
and a duration of several seconds orient purple membrane fragments.
The dichroism of fragment orientation is, however, negative and
suggests orientation of the membrane normal parallel to E.

The positive dichroism observed in our study with short-lasting
high field intensity pulses can therefore not come from fragment
orientation. In addition, pure fragment orientation is not expected
to result in a chemical contribution to the absorbance changes.

A further possibility for orientational changes is the bending
of membrane fragments. Because purgle membranes are known to be
rather rigid protein lipid lattices 5, it is improbable that the
optical signals are caused by fragment bending.

We are thus driven to conclude that the bacteriorhodopsin
molecules themselves are the origin of the observed electric
dichroism. The rigidity of the hexagonal lattice would, however,
Prevent the protein molecule from changing position as a whole
within the membraneZ®. It is more likely that only local parts of
the protein involving the chromophore can move to a limited extent
in the electric field; restricted chromophore motion is also
apparent in the light-induced photocycle 1,25-30,
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Electric field strength degendence of the orientation
factor ¢ in terms of E2 » B“+2y and B , for restricted
angular dlsplacement of the electric dlpole axis from
x® to x%-Ax 5 Ax_ = 0.35 rad (20°). 5) Low field

strength range for various ratios of B“/2Yy(——m—).
(b) Total experimental range of E: — — — refers to the
induced dipole contribution (2y); ---- refers to the

permanent dipole contributions. The comparison with the
experimental data (0) involves the assumption that w=O0.
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In summary, the electro-optic signals described in this study
most probably result from electric-field-induced structural changes
which can be identified as limited orientational changes involving
the chromophore.

Orientation mechanism. Applying the theory for restricted orienta-
tion to the field strength dependence of the reduced dichroism

AA r°t)/A, we obtain the mechanism for the angular displacement of
the chromophore in bacteriorhodopsin. According to Eqs. (28) and
(33), the orientation factor ¢ is proportional to AA(TOt)/A and

|8 + Zyl is proportional to E2, respectively. Therefore, the
experimental data set AA(Yot)/A is fitted to the theoretical curves
of ¢ versus |82 + 2y| (see Figure 2), using proper scale factors3l,
It is found that among the models considered, only Case II of Model
A gives saticfactory results; Case I(A) and Model B as well as free
orientation can be excluded.

According to the observation of positive dichroism we assume
for simplicity that (w=0). In detail, Figure 5(a) shows the compar-
ison of ¢ from AA(rot)/A (steady-state) with ¢ calculated for
Case ITI(A) with Ax_ = 0.35 rad as a function of g2 + 2y for various
ratios of 82/2Y; (?)O). The experimental data fit the curve for
82/2y = 0 up to E2 = 5x1011 v2m=2, if at E2 = 1x101! v2u~2, g2 +
2y =60 and if ¢ = 0.19 for AA{FOt)/A = 0.57. The low field
strength range is thus dominantly determined by an induced dipole
moment.

An additional slight increase in ¢ becomes apparent at higher
field strengths (E2 > 53011 Vszz) and can be attributed to a
Permanent dipole moment.

Figure 5(b) summarizes the results: the entire experim?ntal
field strength range is quantitatively described by the maximum
angnlar disglacement Ax = 0.35 rad, the permanent dipole m?ment
P = 4.7x10728 cm (140 ngye)and the excess polarizability dlfgerence
a, - a, = 2.4x10-30 Fm? (2.2x107+* cm’) corresponding to an induced
d%Dolezmoment of 7x]0"26 Cm (2.1x10% Debye). Note that these
numbers represent only estimates for the apparent values of the
electric moments, because no reliable correction factors for the
internal and the’directing fields3Z can be given at present. In
any case, the bacteriorhodopsin molecules in purplg membranes
represent a highly polarizable system. In conclusion, the field
strength dependence of the electro-optical data suggest thaF the
orientational change of the chromophore is restricted both in extent
and in direction. The unidirectional angular displacement of the
chromophore is limited to Aem = 0.35 rad (20°) for w=0; the
orientation direction is toward the membrane normal.

Cooperativity. One may note that the electric dipole moments of the
orientation process, in particular the induced dipole moment, are
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comparatively large. The permanent dipole moment may originate in
the a-helices and in the paired polar groups (salt bridges) of
bacteriorhodopsin. Since the seven a-helical segments are almost
parallel to the membrane normalls, the dipole moment of one a-helix
is not compensated by the oppositely directed moment of another
a~helix. Furthermore, a segment contains on the average 30 * 3
amino acid residues33 and about 70% is a-helical3#. Because the
dipole moment of one hydrogen bonded CO-:-:<HN group in an a-helix is
1.1x10"2% cn (3.4 Debye)35, the permanent dipole moment of these
groups in one segment is about 2.3x10~28 cm (69 Debye). Since the
estimate of 4.7x10"28 from the experimental data is larger, either
ionic side groups of the residues contribute appreciably to the
electric moment, the orienting unit comprises more than one bacter-
iorhodopsin molecule, or the directing field is larger than the
external field.

The primary sequence data33 and x-ray crystallographic resultsl5
suggest that the positively charged side groups of lysine and
arginine residues and the negatively charged carboxylate side chains
of aspartic and glutamic acid residues could form ion pairs of the
type COO -« -uNt, Per bacteriorhodopsin, a maximum of 14 such pairs

could be present. An applied field will shift the equilibrium
COOH***N €00~ + HN' to the rhs.

An induced dipole moment could now appear when the applied
electric field increases the distance, %, between the charged groups
of an ion pair. 1In such a case the dipole moment changes from the
zero-field value p; to a value PE = Py + Ze AL, where e, is the
charge and A%; is the field-dependent distance change in an ion
pair of type i. The increase in %2. then appears as an electric
polarizability leading to an induced dipole moment.

If such an ion pair is formed at contact sites of different
bacteriorhodopsin molecules in the membrane lattice, electrostatic
coupling can be the origin of cooperative behavior. The magnitude
of the measured induced dipole moment suggests that the orienting
unit is not a single bacteriorhodopsin macromolecule, but rather
represents a larger cluster of cooperatively coupled proteins.

Evidence for cooperativity in purple membranes is frequently
reported. For instance, cooperativity is indicated in the binding
of retinal to apomembranes36, in the bleaching process37, as well
as in the proton-pump cyclell. It has been suggested that coopera-
tive units larger than the trimer are involvedgé. If indeed larger
clusters of bacteriorhodopsins orient the chromophores in a coopera-
tive manner, then the electric axis of the orientation process is
the vectorial sum of the various local contributions within the
macromolecules. The local changes including the orientational dis-
Placement of the chromophore toward the membrane normal are the con-

formational transitions induced by the electric field, leading to

a finite value of A(chem) . y siAci. It is evident that the
i
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conformational changes must involve at least one structure with a
different extinction coefficient.

Reaction cycle. The enormous difference between the time ranges

of the rise curve in the presence of the electric field and of the
field-off response (see Figure 3) strongly suggests that the
sequence of state changes caused by the electric field is different
from the structural transitions occurring in the multi~state field
off relaxation. The experimental data, therefore, suggest a cyclic
reaction scheme which comprises at least five conformations in
cooperative clusters of membrane-bound bacteriorhodopsin. The
electric field causes a transition from state bR, to state bR,,
whereas the field-off relaxation reflects the paSsage through at
least three, probably more, intermediate conformations.

o
le —_—> sz
A
\? $ bR I/ (n>3) (1)
142

In the light of the orientation mechanism discussed above,
the step bR, 7 bR, may represent a 'synchronized', rapid alignment
of ionic groups. “These conformational changes appear to occur
in the electric field in a concerted way and include a change in
the chromophore transition moment from 1.2 rad (state le) to the
angle <0.87 rad (state sz).

We may now specify Eq. (19) in terms of these states by

= - €, — €,) 42
AAG = {Aal’c(l x) + A€2 0x}cT + (62 e )Xy (42)

]
where ¢ = [bR,] + [bR.] is the total concentration of bacterio-
rhodopsin and X = [sz%/cT is the fraction in state bR,.

Since the experimental data indicate restricted angular dis-
Placement of the chromophore to only one direction, x g 0.5, at
sufficiently high electric field where orientation is saturited,
we have x = 0.5. For this case_the extinection coefficient €,y is
reedily calculated from AA(Chem = (€, - £,)%c,. For initagie,
at 565 nm £, = 54000 M~len™! and at 400 nm €, = 21000 M Tem .

Although at the present accuracy of optical data recording the
field-off relaxations appear to reflect at least four processes,
the response curve is more probably a continuous spectrum of many
local conformatiopal transitions. Whereas the electric fi?ld acts
simultaneously on all charged groups and dipoles of bacteriorhodop—
sin to cause a structural transition (bR 7 bR,), the rearrangements
in the absence of the field are more complex and face higher ‘
activation barriers, as is suggested by the larger relaxation times.
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At present it is not possible to connect the 'electro—optic
cycle' represented in scheme (41) with details of the photocycle.
However, some aspects of field and light effects are worth
mentioning. It has been recently observed that in dry films of
purple membranes there are spectral similarities between the
field-induced intermediates and the first intermediate of the
photocycle [13].

The conformational changes evident by our electro-optic data
clearly involve an orientational displacement of the chromophore
toward the membrane normal. Interestingly, on the basis of Raman
spectroscopic data it has been suggested that during the photocycle
the chromophore rotates out of the membrane plane38. A further
correlation between the photocycle and the electro-optic data is
the appearance of cooperativity.

Although *he cyclic nature and the kinetics of the electric
field induced structural changes suggest common features with the
photocycle, further studies are necessary in order to identify the
effect of electric field on the dynamic properties of bacteriorhod-
opsin.

The electric field effects observed in membrane-bound bacterio-
rhodopsin are, however, suggestive of a possibly general mechanism
for a very effective interaction of electric fields with the ion
flow gating proteins in excitable biomembranes [1-4]. The field
dependence of the ion permeability changes underlying the nerve
impulse and other membrane potential changes would then be
molecularly based on a polarization mechanism where the distances
between charged groups of the gating proteins depend on the inten—
sity of the membrane electric field.
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