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1. Introduction

In [1,2] we presented a model for the charge separa-
tion and subsequent proton and ion movement in a
photosynthetic membrane. The model assumed that
one side of the membrane (e.g., intrathylakoid side in
chloroplasts) would be more negatively charged than
the other. This asymmetry leads to the dark equili-
brium internal electric field in the membrane which,
in the light, directs the light-induced charge carriers
from donors located at inner side to acceptors posi-
tioned at the outer thylakoid surface.

As would be expected, the calculated magnitude
of such an electric field, or, which is equivalent, the
surface potential difference, depends on the assump-
tions which are made in the particular mathematical
model. A commonly used theoretical framework is
based on the Gouy-Chapman theory of the electric
double layer [3]. In this theory one assumes a sharp
boundary between the aqueous region where ions are
diffused, and the hydrophobic part of the membrane.
The boundary itself is considered to be uniformly
charged with a surface charge density corresponding
to the distribution of real surface ionizable groups.
One then solves the Poisson-Boltzmann equation {3]
in one dimension and finds the electrostatic potential
in the aqueous region and on the surface of the mem-
brane. For two surfaces the situation is somewhat
more complicated, but little error is made by applying
the Gouy-Chapman theory to the two surfaces sepa-
rately, as if the membrane was infinitely thick. Let us
denote the surface potential on one side of the mem-
brane by ¥, and on the other by ¥ ,. Let their dif-
ference be AW, What is the magnitude of AW ? The
surface potentials on each side depend on the salt
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concentrationsin the bulk solution and on the surface

charge densities. Typically, for the surface charge den

sity relevant to chloroplast membranes (2.5 uC/cm?

[4,5)) the surface potential varies from ~—130 mV

to —20 mV as the concentration of monovalent salt

changes from 0.001 mol/l to 0.2 mol/l. At the same
time the surface potential on the opposite side of the
membrane must be of the same order. Thus it is easy
to see that:

(a) A is relatively small. Typically it is ~10 mV
when the surface charge densities do not differ
much and the salt concentration is not too high
2].

(b) AY, decays for high salt concentrations as the
surface potentials tend to zero.

The above features of the calculated values of the sur-

face potential difference cannot be reconciled in our

model with the following experimental findings:

(a") The light-induced potential change is of the order
of 250 mV for a photosynthetic thylakoid mem-
brane [6];

(b") The charge separation, as monitored by the elec-
trochromic effect, is fairly insensitive to ionic
conditions {7].

Thus, we must ask the question.

If the asymmetry of the surface charges, and hence
the built-in electric field is responsible for the vec-

torial charge separation across the membrane [1,2],

is the Gouy-Chapman theory adequate for the de-

scription of the electric fields and potentials inside
the membrane?

This theory adequately predicts the average value of

the electric potential at a certain distance from, or

on the surface of the membrane. Thus it is a valuable

tool in investigating all phenomena which depend on
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the average potential. Examples are: local values of
pH; concentrations of ions near the membrane sur-
face; or forces between the membranes. However, in
the case of charge separation at the reaction centre of
a plant or bacterial photosystem as well as in other
molecular processes the local electric fields and poten-
tials are important. Thus in a mathematical model
which would predict magnitude of such local fields
and potentials the discrete nature of charges at the
water—membrane interface must be considered.

An additional simplification usually made in the
calculations of membrane electric potentials is the
neglect of the structure of the region immediately
adjacent to the hydrophobic part of the membrane.
Here, we investigate the effects of discrete charges as
well as the dielectric properties of this region on the
magnitude of local electric potentials in the membrane.

2. The discrete charge model

There are several models describing local electric
potentials in membrane systems due to discrete charges

at the water—membrane interface (review [8], [9—11]).

Here, we have used the technique applied in [11] for
calculations of electric potentials due to arbitrary dis-
tribution of surface charges. A complication in our
problem is the presence of two water—membrane
interfaces, hereafter called polar regions. Whilst the
details of the technique which enables us to calculate
the electric potential of an arbitrary distribution of
discrete charges within and without the membrane
will be reported elsewhere, we consider here a very
simple example (fig.1). We are doing this only for the
purpose of discussion of the possible magnitudes of
local electric potentials, and the example considered
may not relate to any specific biological system. The
results given below can also be obtained by a modifi-
cation (which admits the polar regions) of Brown’s
technique [8].

Fig.1 illustrates a single, cylindrical particle embed-
ded in a neutral membrane (e.g., a bacteriorhodopsin
molecule in a lecithin vesicle). To the far left and far
right (fig.1) is the aqueous region characterized by a
dielectric constant €, of ~80. The middle region is
the hydrophobic part of the membrane whose dielec-
tric constant can be assumed e, = 2.4 [12]. The polar
regions which separate the membrane proper from the
aqueous regions also have different dielectric proper-
ties. Each region consists of a few layers of water mole-
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Fig.1. A cylindrical protein particle of radius p is embedded
in the membrane whose hydrophobic core has thickness d.
The polar headgroups of lipids (not shown) and the protein
are located in the adjacent polar regions of thickness a. The
dielectric permittivities of the aqueous regions, polar regions
and the interior of the membrane (including the protein) are
characterized by ey, e, and ey, respectively. The protein
carries surface charges located at the polar regions distance p
from the symmetry axis A4’ of the particle.

cules bound to the head-groups of lipids and hydro-

phylic groups of proteins. There may also be adsorbed

ions and other molecules such as sucrose. The dielec-
tric constant of the polar region must be lower than
that of the bulk water for two reasons:

(a) The bound water molecules cannot form associa-
tions of larger dipole moments, as they do in the
bulk region [3];

(b) The presence of other than water material affects
a composite dielectric constant [13].

Thus, although the measured dielectric constant of

the water—metal interface is ~15 [3], in the case of

biological membranes it may even be lower. To cover
different possibilities we have considered three values
for the dielectric constant of the polar region: a low

€p = 6, medium €, = 20 and high €p = 50.

In the example considered we have assumed that
univalent charges were located on the edges of the
particle in the polar regions, 2 A from the hydrophobic
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part of the membrane and the distance p of either

3. Conclusions
10 A or 12 A from the symmetry axis of the particle
The thickness of the membrane was assumed 40 A The local electric fields and potentials inside the
and the thickness of the polar regions 12 A [14]. We membrane depend significantly on:
have calculated the electric potential profiles along

1. A particular distribution of surface and membrane
the symmetry axis of the particle for two sets of salt charges;
concentrations in the bulk solution:

(a') Highsalt, with 0.1 mol/l of mono-and 0.01 mol/l

{mV}
of di-valent cation concentration;

potential

+ 700
I\

(b") Low salt, with 0.01 mol/l of mono- and
0.001 mol/l of di-valent cation concentration.

In fig.2 we plot the electric potential profile for
the case of 5 positive charges at the left-hand side
(Lh.s.) and 2 positive charges at the right-hand side
(rh.s.)polar region. High salt conditions were assumed
and other parameters as specified in the caption. It
can be seen that the values of the dielectric constant
of the polar regions have a large effect on the calcu-

lated potential profiles. For e, = 6 the maximum of
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whilst for €, =50itisonly 118 mV.

The effects of different number and valence of
charges are illustrated in fig.3 where the potential pro-
files are plotted for the following combinations of
surface charges: (a) 5,2; (b) 3,2 and 3,—1; where the
first number is the sum of charges of the Lh.s. polar
region and the second represents the same for the r.h.s.
polar region (cf. fig.1). Other parameters as specified

in the caption in fig.2. Two conclusions can be drawn
from this example:

T400
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1. The electric potential profile in the aqueous region
on either side of the membrane is essentially deter-
mined by the charges at the adjacent polar region.

........

2. Inside the membrane, the electric field, which is

the measure of the slope of the electric potential,
cannot be considered constant.

Table 1 gives the values of the calculated potential e 10 20 30 40
difference for the points 4 and 4’ (see fig.1) which
are positioned on the symmetry axis of the particle at
the opposite boundaries between the polar regions and

Fig.2. The electric potential profiles due to § positive charges
the hydrophobic part of the membrane. It can be seen

at the Lh.s. and 2 positive charges on the r.h.s. of the mem-

brane calculated along the symmetry axis (44") of the protein.
X denotes the position with respect to the centre of the mem-
that the variation in salt concentrations of one order brane; the boundaries of different regions are indicated. The
of magnitude has a small effect compared with the calculations were performed assuming the following values of
effects of variations of the dielectric constant of the the parameters: 2 =12 A;d = 40 A;p = 12 A; the concentra-
R h in the distance between the tion of mono-valent cations 0.1 molfl and the concentration
p olar regions, or ¢ anges' Inthe .ls A of divalent cations 0.01 mol/l. The top curve was calculated
charges and the axis 44" for which the potentials are
calculated.

for €p= 6, the middle curve for €p = 20 and the bottom curve
for €p = 50.
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Fig.3. The electric potential profiles along the symmetry axis
of the particle due to the following distribution of surface
charges (all positive and univalent, except when specifically
indicated): (a) 5 on the Lh.s., 2 on the r.h.s. (top curve);

(b) 3 on the Lh.s., 2 on the r.h.s. (middle curve); (c) 3 on the
1.h.s., 1 negative on the r.h.s. (bottom curve). The assumed
dielectric constant of the polar region was €p = 20.

2. Dielectric properties of the water—membrane inter-
face.

By comparison, salt conditionsin the bulk solution
have only moderate effects.

Since local electric fields play an important role in
the processes at the molecular level, it follows that in
order to gain a better understanding of specific mech-
anisms, such as the charge separation in photosynthesis,
one needs to know the positions of charged species
(including bound ions) at the membrane—water inter-
face and inside the membrane.

The magnitude of local potentials is significantly
different from the average values predicted by the
Gouy-Chapman theory. It is feasible that the built-in
local potential gradients are large enough to account
for the measured light-induced potentials in photo-
synthetic bacteria or plants; thus the theory of charge
separation based on the postulated asymmetry of sur-
face charges [1,2] is not in contradiction with experi-
mental data.

FEBS LETTERS

April 1981

Table 1
The electrostatic potential difference AV 4 4+ (in mV)
between the points 4 and 4 at the opposite boundaries
between the polar regions and the membrane (see fig.1)

p=124A p=104A
p
value High salt Low salt High salt Low salt
50 81.7 96.2 106.8 121.6
20 156.9 172.7 213.1 229.2
6 385.3 398.8 5323 576.0

The calculations were performed for two sets of ionic condi-
tions: (a) ‘high salt’ with 0.1 mol/l of mono-and 0.0} mol/l
of di-valent cations; and (b") ‘low salt” where the concentra-
tions were 10-times smaller. The distance p between the
charges (5 at the L.h.s. and 2 at the r.h.s. polar region) and
the axis AA4' was either 12 A or 10 A. The assumed values
of the dielectric permittivity of the polar regions were 6, 20
and S0. Other parameters as in the text and fig.1
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