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The electric field arising from proton pumping across a topologically closed biological membrane causes accumulation close to the
membrane of ionic charges equivalent to the charge of the pumped protons, positive on the side towards which protons are pumped,
negative on the other side. We shall call this the ‘active surface charge’. We here use the Poisson-Boltzmann equation to evaluate the
effects of zwitterionic buffer molecules and uncharged proteins in the aqueous phase bordering the membrane on the magnitude and
ionic composition of the active surface charge. For the positive side of the membrane, the main results are: (1) If the membrane is
freely accessible to bulk phase ions, pumped protons exchange with these ions, such that the active surface charge consists of salt
cations. (2) If a significant fraction of the ions in bulk solution consists of buffer molecules, then some of the pumped protons will
remain close to the membrane and constitute a major fraction of the active surface charge. (3) If a protein layer borders the
membrane, a significant part of the transmembrane electric potential difference exists within that protein layer and protons inside
this layer dominate the active surface charge. (4) On the negative side of the membrane the corresponding phenomena would occur.
(5) All these effects are strictly dependent on the transmembrane electric potential difference arising from proton pumping and would
come in addition to the well known effects of buffers and electrically charged proteins on the retention of scalar protons. (6) No
additional proton diffusion barrier may be required to account for a deficit in number of protons observed in the aqueous bulk phase
upon aeration-induced proton pumping,
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Glossary
Symbols Meaning Units
Latin
A concentration of acid buffering groups M
B concentration of alkaline buffering groups M
c concentration mol m™3
C electric capacitance pFem™?
Cl™ (x) chloride ion concentration at location x M
i intramembrane spacing nm
d., membrane thickness nm
E electric field strength Vm~!
F Faraday’s constant C mol ™!
G Gibbs free energy kJ mol ™!
H*(x) proton concentration at location x mol m—3
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Glossary (continued)
Symbols Meaning Units
J enzyme cycle rate s”t
k Boltzmann’s constant JK!
K, equilibrium constant of acid buffering groups M
K, equilibrium constant of alkali-buffering groups M
K*(x) potassium ion concentration at location x M
OH™ (x) hydroxyl ion concentration at location x M
9 elementary charge C
r radius nm
P membrane-protein, cf. membrane-water, interphase nm
r, protein-water interphase nm
R gas constant JK ! mol™!
T temperature K
x x coordinate in space m
z; number of elementary charges carried by ion i
Greek
a, constant
8 dielectric increment -
€= €g€, dielectric constant N-'m~2¢?
€, relative dielectric constant -
< dielectric constant of vacuum N-'m™2¢?
¢ reduced potential -
A constant .
x 1/Debye-Hiickel length m~!
L partition coefficient -
[} charge density Cm™?
o excess surface charge density Cm™?
i electrochemical potential J mol !
¥ electric potential \'
Ay=AY, bulk-to-bulk electric potential difference v
AYn, transmembrane electric potential difference A\
Subscripts
b bulk
Cl chloride
e electron
eq equilibrium
H proton
i ionic species i
K potassium
m membrane
0 vacuum
p protein
pol polarization
r relative
w water
Operators
v €:8/0x+ &, 8/0y+¢e, 8/02
v v-v
sinh (e*— e~ %)/2
cosh (e*+e~%)/2
tanh (e*—e "} /(e™+e™ %)
arctanh tanh ™! = invtanh
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1. Introduction

Protons play a crucial role in many bioenergetic
processes. In view of Mitchell’s chemiosmotic cou-
pling theory, primary proton pumps, such as those
linked to electron-transport chains and photosyn-
thetic reaction centers, transfer protons from one
side of an insulating closed membrane to the other
side, thereby generating both an electrical poten-
tial difference (Ay) and pH difference (ApH)
between the adjacent bulk water phases [1-5].
Together, these two thermodynamic forces (4
and ApH) constitute the increase of Gibbs free
energy (8G) stored in the system due to the pro-
ton translocation (9H, which represents the mole
number of transferred protons). This increase has
been called the ‘proton-motive force’ (A ):

aG def ~ ~in ~out
—'E;I:;=A"H=F‘H_”‘H

=F-Ay—23RT-ApH [kI/mol] (1)

(Symbols and their meanings are listed in the
glossary, p. 113). This Ajfi,;, in turn, can be used
to drive free energy demanding processes cata-
lyzed by secondary proton pumps, such as phos-
phorylation of ADP to ATP, active transport and
locomotion [2,4].

Though chemiosmotic theory is very popular
today, it is not immune to criticism (for recent
reviews, see refs. 5—7). One of the moot questions
is whether the bulk-to-bulk Afi,; is the sole com-
munication between primary and secondary pro-
ton pumps. Thus, several experimental observa-
tions have been discussed in terms of local proton
pathways (e.g.; ref. 5), direct collisions between
the proton pumps [7,8], conformational coupling
[9,10], and redox effects [11].

What forces act on a proton (i.e., a positively
charged particle) that is pumped across a mem-
brane, thereby leaving a negatively charged OH™
molecule behind? On the one hand, one would
expect that attractive clectrical forces acting on
the H* and OH™ molecule would keep them close
to the membrane surface. On the other, pumped
protons and the OH™ molecules that are left be-
hind will also tend to equilibrate with the adjacent
bulk solutions. Finally, dipoles inside and in the

vicinity of the membrane, as well as membrane
proteins that may become polarized, might further
complicate the situation.

Some of these issues were raised in the discus-
sion between Williams and Mitchell about the
so-called ‘Pacific-Ocean’ effect [12,13]. Williams
argued that if charges are ‘thrown out into the
bulk-solution’, as in osmotic theories, this would
lead to a dissipation of the bulk-to-bulk Ay, par-
ticularly if one of the bulk solutions were the
Pacific Ocean. However, Mitchell contended that
the electrical capacitance of the lipid membrane is
practicably independent of the volume of the outer
phase, so that the Ay component of Afi, in-
creases rapidly ‘as charge is thrown out into the
medium’ even if the outer medium is the Pacific
Ocean [13].

Earlier, Mitchell noted that due to the high
dielectric constant of water (¢, = 80) as opposed
to that of the membrane (¢, = 2-3), most of the
bulk-to-bulk potential difference would exist
across the membrane [3]. Secondly, ¢ profiles in
the aqueous phase would be of little interest since
these would be compensated by pH profiles, the
total electrochemical potential, fiy, being the same
throughout each aqueous phase [3]. Finally,
according to Gauss’ law, the voltage drop across a
planar metallic electrical capacitor is only
determined by the total amount of transferred
charges, irrespective of where they reside in the
adjacent conductive phases (e.g., ref. 14).

It has been reported repeatedly that upon
energization of energy-transducing membranes
(bacterial cells, mitochondria) with a limited
amount of oxygen (an O, pulse), in the absence of
membrane-permeable ions such as K*-valinomy-
cin and SCN™, firstly the rate at which O, is
reduced exceeds the rate at which protons appear
in the bulk solution and secondly, the H* /O
ratio is submaximal (refs. 16-19, and McKenzie et
al., personal communication). Scholes and Mitchell
[15] argued that these observations were due to the
low membrane capacitance which accounted for
the generation of a high Ay even at small O,
pulses, since only 1 nmol H* /mg protein (ie., a
few turnovers of the electron-transfer chain) need
to be pumped across the mitochondrial membrane
to raise the 4¢ to 250 mV [3). This would inhibit
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further net H* transfer as other protons would
leak back through the membrane [20]. This was
confirmed by the observation that in the presence
of permeant ions that abolish Ay at sufficient
concentration, the kinetic discrepancy vanishes
and also the H* /O ratio rises to higher values.
However, submaximal H * /O ratios turned out
to be independent of the magnitude of the O,
pulse and persisted when Ay was calculated to be
energetically insignificant [17,18]. This was re-
cently confirmed by Conover and Azzone (per-
sonal communication), who also claimed that sub-
maximal H* /O ratios are already found at low
Ay values as indicated by the 4y probe mero-
cyanin 540. Additionally, the H ™ /O ratio turned
out to increase at higher ionic strengths of the
medium (Conover and Azzone, personal com-
munication).

It has been argued that these results were indi-
cative of local proton pathways (ref. 18, and Con-
over and Azzone, personal communication). For
instance, protons would be pumped into small
domains close to the membrane, which are con-
nected to one, or a few primary and secondary
proton pumps. Therefore, the local Afiy; could be
significantly higher than the bulk-to-bulk Af.
Such a ‘coupling unit’ model for proton-linked
free-energy transduction could explain several
other anomalies of ‘delocalized’ chemiosmotic
coupling as well [5,6,21,22].

Proton barriers have also been suggested in
studies of bacteriorhodopsin. Thus, in the photo-
cycle of this light-driven proton pump of Halo-
bacterium halobium (for a review, see ref. 23), it
has been observed that protons appear in the bulk
aqueous solutions some 4-5 ms after deprotona-
tion of the Schiff base, that is alleged to be
involved in the proton-pumping mechanism. This
is much later than one would expect from proton
diffusion rates (see, however, refs. 5, 25 and 26).
Also, these studies have been explained as being
indicative of a barrier between a membrane-linked
proton pool and bulk solution [26].

These delayed and/or non-appearances of pro-
tons are, however, reminiscent of the previously
mentioned consideration that electrical forces may
tend to keep pumped protons close to the mem-
brane surface. Therefore, we wondered whether

the results of these O,-pulse experiments and
bacteriorhodopsin studies could also be explained
as electrostatic effects within the context of a
chemiosmotic coupling scheme that would allow
rapid diffusion of protons between the aqueous
bulk phase and the membrane surface.

The exact voltage profile and charge distri-
bution close to a membrane surface are defined by
the Poisson-Boltzmann equation [14]. This equa-
tion has been solved for many aqueous electro-
static problems in which the condition of electro-
neutrality was met (or circumvented, e.g., ref. 27)
on either side of the membrane, such as ion distri-
butions in the electrical double layer near fixed
charges on a membrane surface (Gouy-Chapman
equilibria) or ion distributions around fixed
charges inside a membrane. (Donnan equilibria)
(e.g., ref. 28). By contrast, in the studies presented
in this paper, which concern a Ay generated by
ion (proton) pumping across a membrane, we are
dealing with a membrane with on both sides aque-
ous solutions, one of which has excess of negative
freely moving charge carriers, whilst the other has
extra positive charges. This non-electroneutrality
in both phases is responsible for an electric field
inside the membrane and concomitant potential
difference between two bulk solutions. (In none of
our calculations do we consider fixed charges.)
The case where the membrane was bordered by
homogeneous simple salt solutions has been
treated by Lauger et al {29]). Using the Poisson-
Boltzmann equation, the authors showed that in
the presence of a membrane potential, a small
amount of ions, representing the excess charge,
would accumulate near the membrane in a film
with a thickness of approximately the Debye-
Hiickel length (see also ref. 30). It followed that at
low ionic strength, i.e. when the Debye-Hiickel
length is relatively large, the membrane capaci-
tance depends on the ionic strength. Good agree-
ment between theory and experiment was found
[29,31,32].

With the advance of knowledge about the
structure of free-energy transducing membranes
and their immediate environments [33-37], it has
become apparent that the aqueous phases border-
ing these membranes may not be properly mod-
elled as just highly conductive phases comparable
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to electric plates: they contain more than a single
charge carrier, as well as high concentrations of
proteins and other proton buffers. Consequently,
it seemed appropriate to calculate the expected
spatial redistribution of ions upon energization of
biologically realistic membranes. The results would
allow up-to-date answers to the questions raised
above and in discussions of the Pacific-Ocean
effect.

In this paper, we report the results of such
calculations. Various geometries (planar symme-
try, an array of closely stacked parallel mem-
branes and the vesicle), the presence of pH buffers
in the aqueous phases and the presence of proteins
adjacent to the membrane core are considered. We
show that only in the latter two cases might
pumped protons be held close to the membrane
surface and remain undetected by bulk-phase
probing methods.

2. Results

To simplify the calculations and the discussion
of their results we consider a simplified picture of
a biological membrane. The membrane core is
considered to be a homogeneous, hydrophobic
phase devoid of charges with a relative dielectric
constant of 2 and a thickness of 4 nm [29]. In two
of our three models it is bordered on either side by
a homogeneous aqueous solution containing a
monovalent salt and/or a simple pH buffer, In
the third model, there are additional protein layers
(with properties specified below) between homo-
geneous aqueous solutions and the membrane. In
all models, diffusion of protons and other solutes
between the membrane surface and the aqueous
bulk phases is unhindered.

We shall be discussing the situation after a net
translocation of protons across the membrane has
taken place (as a result of proton pumping exceed-
ing proton back leakage). This may represent the
situation at any point during an O,-pulse experi-
ment, or in a steady-state situation where proton
pumping and proton back leakage compensate
each other (here kinetic arguments given in ref. 26
would not apply). Again for simplicity, we always

assume the membrane core to be impermeable for
ions other than protons.

The ways by which we calculate the equilibrium
profiles of the electric potential, y, and concom-
itant ion distributions upon proton pumping are
described in the appendices. Appendix A reviews
the method developed by Liuger et al. [29] for an
infinite planar membrane devoid of fixed charges
bordered by simple salt solutions. Appendix B
gives an adjustment to this method for the pres-
ence of buffers in the aqueous phases. Appendix C
shows how the profiles can be calculated in the
presence of a protein layer bordering the mem-
brane. In appendix D we treat an array of planar
membranes and in appendix E we evaluate a
spherical vesicle. The technique for all cases is
similar: the profile of { is evaluated by solving
the Poisson-Boltzmann equation using ap-
propriate boundary conditions. Subsequently the
concentration profiles of all ions are calculated by
inserting the solution of Y (x) into the Boltzmann
equation of every ion species.

2.1. Charge redistribution near a planar membrane
bordered by salt solutions

The full lines in fig 1 review the profile of ¢ (x)
(x-axis is taken perpendicular to the membrane)
at low ionic strength (1 mM KCl, traces desig-
nated a) and at physiological ionic strength (150
mM KCl, traces with b). The effect of ions on the
relative dielectric constant of water (e,) was cor-
rected for by using €, =¢5 + 8L ¢, where ¢
(=80) is the ¢, of pure water (25°C) [38}. For a
KC(l solution, & equals —11 [38]. These correc-
tions, however, usually amount to less than 2%.
The charge density p (=F-(H*+K*-Cl™—
OH7)) as a function of x is depicted by the
dashed lines. In the two calculations the same
amount of charge was considered to have been
translocated across the membrane. In fig. 1, we see
that at low ionic strength (1 mM KCl), the bulk-
to-bulk Ay =y(o0) —Y(—0o0) =200 mV, is sig-
nificantly higher than the transmembrane poten-
tial difference Ay, = Y(r,) — ¢ (—r,) =178 mV.
At even lower ionic strength, this effect becomes
much more pronounced (not shown) (cf. ref. 29, p.
39). This is due to the effect of the negative charge



118 F. Kamp et al. / Energization-induced redistribution of charge carriers near membranes

100
e

|
H10 i
= 0

3
E G z
2 R
= 25 z
z 2
W A =
5 H -os @
i2H <
Q #1'b =
= @ 3
5 1\ iy
u 2K Q
] 'Z =
w é \ 3
7 A -

O N T e ——— +o—
0 20 40
x (nm}

Fig. 1. Electric potential ( ) and charge density (------ )

profiles generated by a fixed amount of charge separation

across a membrane. (Case a) 1 mM ionic strength, (Case b) 150

mM ionic strength. x = Q refers to the middle of the mem-

brane; x =2 represents the membrane-water transition. €, =
2.0, ¢, =800, d,, = 4.0nm.

left on the other side of the membrane. The dashed
line (a) in fig, 1 shows that even at low ionic
strength, the excess charge accumulates close to
the membrane surface. At locations beyond 40 nm
off the surface, the solution becomes nearly elec-
troneutral (p —0). The total amount of accu-
mulated charge per membrane surface area (¢ =
[Zp+dx) equals the area underncath the dashed
lines. This turns out to be 0.790 X 10~3 C/m’.
Thus, a membrane capacitance, based on the bulk-
to-bulk Ay (as we shall usually do in the follow-
ing), C=0/4vy of 0.395 uF/cm? was calculated
(cf. ref. 29). Furthermore, fig. 1 shows that under
physiological circumstances (150 mM KCl, lines
b), the potential drop between the membrane
surface and bulk solution becomes extremely small.
Nonetheless, all excess charges still reside in the
small region of the potential drop. In this case, the
Ay, is the same as that in the situation of low
ionic strength. However, a smaller Ay is generated
(Ay = 44, =178 mV). The total charge/surface
area now turns out to be again 0.790 X 1073 C/m?,
and the membrane capacitance amounts to 0.438

uF /et

2.2. Effeét of polarizability of the medium surround-
ing the membrane on the position of the charge

Fig. 2 shows the p and  vs. x profiles if at
physiological ionic strength the polarizability of
the medium surrounding the membrane were, fic-
tively, 5000¢,. By comparison with fig. 1b, this
illustrates that higher polarizability of the con-
ducting phase indeed enables the free charge to
penetrate more deeply into the bulk phase. How-
ever, the effective charge, i.e., p + p,,, Where p,
refers to the charge density due to dipole polariza-
tion, remains very close to the membrane, If the
aqueous medium were infinitely polarizable, all
excess free charges would spread out completely
through the entire bulk phase, with the effective
charge still remaining exceedingly close to the
membrane.

Mitchell [3] argued that, although the conveyed
charges smear out equally over the bulk phase, the
high polarizability of water still results in Ay
being only slightly larger than Ay, . We see that
this would be correct, i.e., the charges would be
gjected into the medium for some 20 nm, if the
permittivity of water were very high, say, over
5000. In reality, €S, is only 80, being insufficient to
have the translocated charge spread further than 4
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Fig. 2. J(x) ( ) and p(x) (------ ) profile upon proton

pumping across a membrane into a medium with high polariza-
bility. €, = 2.0, € gium = 5000, d;, = 4.0 nm.
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different bulk-to-bulk Ay. ( ) Ay=20 or 200 mV;
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2.3. Effect of variation of Ay

Fig. 3 shows the (normalized, i.e. {(x)/ (o))
Y vs. x profiles at low ionic strength (1073 M
KC1), if the respective bulk-to-bulk potential dif-
ferences were 20 mV, 200 mV (both represented
by the full line) and 2 V (dashed line), as calcu-
lated from the non-linear Poisson-Boltzmann
equation. The profiles differ significantly for
membrane potential differences over 200 mV. Ap-
plication of Boltzmann’s equation to calculate the
concomitant p profiles and total amount of accu-
mulated charges yields membrane capacitances of
0.395, 0.395 and 0.408 pF/cm’ respectively. This
Ay dependence of C vanishes at higher ionic
strength.

2.4. Where are the protons?

Which particles represent the excess surface
charges, protons or salt ions? Are the originally
pumped protons restrained from dissolving into
the bulk phase by electrical forces? This question
can be addressed conveniently by use of the Boltz-
mann equation, which applies to all mobile par-
ticle species. For protons, and for any x > 7,

H*(x)=H"(o0)-exp(~q,- (¥(x) —¥(o0))/kT)
(2)

For K*:
K*(x)=K*(c0) - exp(—g.- (¥(x) —¢(oo)))fk)T
3
Therefore, at pH 7 and 1 mM KCl
H*(x)/K"(x) = H"(c0)/K"(0)
=10"7/0.001 =10"* (4)

We note that at pH 7, the accumulated charges are
mainly represented by salt ions, even at low ionic
strength (1 mM KCI). This leads us to the conclu-
sion that unless the proton concentration in the
medium approaches the ionic strength (for such
cases, see sections 2.6 and 2.7), the originally
pumped protons are displaced by salt ions, and
readily diffuse into the bulk solution, the (free)
surface charge density being maintained.

2.5. Different geometries

2.5.1. Parallel membranes

We have also calculated the profile of the elec-
tric potential for an array of (an infinite number
of) parallel membranes (cf. fig. 4, three out of the
array are shown as the hatched areas). Such a
calculation might be appropriate for the highly
folded inner mitochondrial membrane, or the
stacked thylakoid membranes in chloroplasts. The
mathematical model for this situation is outlined
in appendix D. The full line in fig. 4 shows how,
at an intermembrane spacing of 2/=3 nm, d,, =3
nm, and a 100 mM KCI solution (with reduced
polarizability) between the membranes, the elec-
tric potential varies with the position in space. The
details of this variation differ from those in the
case of the single planar membrane (fig. 1), mainly
because now the electric field must become zero at
a distance ! from the membrane, rather than at
infinity. In either system, however, the difference
in electric potential between the membrane surface
and the positions farthest away from the mem-
brane is small: a few percent of the transmem-
brane electric potential Ay . It is important to
remember that our model membrane is devoid of
surface charge mn order to stress the effects of
charge translocation. The presence of surface
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charge has recently been shown to have strong
implications, especially in the case of closely
stacked membranes [40].

At low ionic strength, however, the plane paral-
lel case differs strongly from the case of a single
membrane in that the voltage increase in going
from the membrane surface to the bulk phase
(defined as halfway between the membranes) does
not become very high. Thus, it was calculated that
at an intermembrane spacing of 8 nm, this poten-
tial difference never exceeds 25 mV if the trans-
membrane potential equals 200 mV. By contrast,
in the case of a single membrane, at very low ionic
strength (i.e., <1 mM), most of the bulk-to-bulk
Ay exists between the membrane surface and the
bulk solution. Furthermore, at extremely close
stacking of the membranes, it was evaluated that
the potential difference between the membrane
surface and halfway between the membranes be-
comes a fraction of the transmembrane potential
difference that is independent of the ionic strength,
as shown in fig. 5. This occurs as the Debye-Hiickel
length (1/k) exceeds the intermembrane spacing;
then medium polarization due to ion movement
becomes inconsequential. In physiological cir-

-
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Fig. 4. Model of an array of infinite membranes. ( )
Profile of ¢ upon charge separation across the membranes.
[ ) Charge density. Arrows indicate the direction of H*
pumping. For further explanation, see text. Calculations for
d,=3nm, [=15nm, e, =6, ¢, =20, 100 mM KCl solution.
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Fig. 5. Relative potential difference between the center of an

aqueous phase in fig. 4 (x=0) and the membrane surface

(x=1) (ie, (Y(H)~¢(0)/A¢,,) as a function of the inter-

membrane spacing I. At very close stacking, i.e., when (1/x) >

1, the potential drop becomes independent of the jonic strength,

( ) 150 mM KCI; (------ ) 20 mM KCL; (-« - - )1 M
KCL Calcnlated as described in appendix D.

cumstances, 1/x is equal to about 1 nm. Thus at
certain metabolic states [24,36,40—42), the stacking
of the membranes in mitochondria and chloro-

‘plasts could indeed be of the same order of magni-

tude as 1/k. As the intermembrane spacing be-
comes wider and wider, the behaviour of the sys-
tems converges to that of a single membrane and
exhibits the ionic strength dependence of that case
(fig. 5). The dashed line in fig. 4 shows that, even
at physiological ionic strength, the charge pumped
across the membranes extends over a significant
part of the intermembrane space (cf. ref. 40).

2.5.2. Spherical geometry

We have also considered the (idealized)
spherical membrane vesicle (cf. appendix E). The
membrane potential profiles do not deviate much
from those of the planar case, unless the radius of
the vesicle were to be of the same order of magni-
tude as the thickness of the membrane. This is not
realistic for vesicles of biological membranes. The
capacitance per unit surface is found to be inde-
pendent of the size of the vesicle, if the surface of
the vesicle is calculated based on the average of
the two radii of the vesicle.
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2.6. Buffered media

In the calculations presented up to this point,
aqueous media were considered to consist of solu-
tions of KCl in water near physiological pH val-
ues. Thus, the total proton concentration would be
equal to the concentration of free protons which,
at pH 7, would be much smaller than the con-
centration of K™*. Physiological media however
include (H*) buffers, such that the total H* con-
centration (i.e., that including the protons bound
to the buffer) would be much higher than 10~7 M
and could actually approach the concentration of
the buffer. We investigated whether in such cases
the charge accumulation near the membrane
surface arising upon proton pumping might con-
sist largely of buffer-bound protons rather than
salt cations.

The problem becomes particularly simple when
one considers at a fixed ionic strength the replace-
ment of part of the KCl with buffers A and B
(with pK, values =7; cf. appendix B). Such a
substitution does not affect the Debye-Hiickel
length 1/k. Consequently, the profile of the elec-
tric potential is identical to the full line labeled b
in fig. 1.

The corresponding dashed line still gives the
charge density. However, part of this charge den-
sity now consists of protons bound to the buffer.
In analogy to the derivation of eq. 4, the ratio
between total (i.e., free plus buffer-bound) H* and
K™ at any point in space is given by:

(H*(x) + AH*(x))/K* ()
= (H"(00) + AH (0)) /K" (0) &)

In the case where AH™* and K* were equal (such a
situation would be approximated by a solution of
50 mM KCl and 75 mM Tris (Cl) at pH 7.8), 50%
of the charge accumulated near the membrane

would consist of protons bound to the buffer.

Consequently, 50% of the translocated protons
would go undetected by a pH electrode located in
the bulk phase. Conversely, whenever the salt con-
centration exceeds the concentration of the buffer
by a factor of 10 or more and if the membrane
surface is readily accessible to the salt, one would

expect all (>90% of) the pumped protons to
migrate rapidly to the bulk phase.

2.7. Additional protein layer

In section 2.6 we analyzed the situation in
which a proton buffer occurred everywhere in the
aqueous medium. Aqueous phases do not always
have high average concentrations of proton
buffers. In some cases, it may be more realistic to
assume that in a region close to the membrane
there is a rather high buifer concentration. We
studied a model where the buffer consists of pro-
teins associated with the membrane. (fig. 6; ap-
pendix C) This case corresponds to that in section
2.6 except that the H* buffer is now limited to a
region close to the membrane. Furthermore, it was
assumed that the salt cation (K*) may not parti-
tion equally between the protein and water phases,
as expressed by the equilibrium partition coeffi-
cient ITy = (K"],/[K"],) (in the case of ¢ =
).

Fig. 7 shows ¢ (full line) and H*(x) — OH (x)
(dashed line) as well as K*(x)— CI~(x) (dotted
line) profiles for the case where we consider such a
protein layer adjacent to the membrane surface
according to the model outlined in fig. 6. In the
calculation leading to fig. 7, we assumed the thick-
ness of the protein layer to be 13 nm [43], and
further: a relative dielectric constant (excluding
the Kirkwood-Shumaker polarization [44]) for the
protein (e,) of 10, buffering groups present at

K AtH=AH L AtHeAH K
cr B+OH-B-OH- BHOH-=B.OH- . o
water protein protein water

Fig. 6. Model of a five phase system comprising two aqueous

solutions separated by a biological membrane with two protein

layers, one on each side of it. For further explanation, see text
and appendix C.
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Fig. 7. Profile of  ( ) and charge density as represented
by excess protons (------ } and excess salt ions (-+-- - ) in the

presence of a membrane potential, if a salt-impermeable pro-

tein layer of 13 nm thickness borders the membrane. 150 mM

KCl; buffer concentration, A =B =100 mM; II; = 1074 pH
7.0; €, =20, €, =100; pK, =5.

concentrations of 1 mM in the AH* and B-OH~
and 100 mM in the A and B forms. The partition
coefficient (IT) for K* and Cl~ between water and
the protein phase was chosen to be 1074, [KCl] =
150 mM in the bulk phase. For simplicity the
water phase outside the protein layer was con-
sidered to be devoid of buffer. Interestingly, there
is a significant decrease in y in the protein layer,
and a tiny drop in  for the aqueous phase.
Furthermore, we see that the charge density inside
the protein layer is mainly represented by excess
protons.

The total fraction of pumped protons that is
held inside the protein layer can be evaluated as
follows: The amount of excess charge inside the
protein layer (o) equals:

o= ["(p*(x)=p"(xN dx [c/mt] ()

Thus, 6, can be calculated by combining egs. C2,
C3, C5 and C7, and integrating over x. The rela-
tive contributions of protons (¢") and salt ions
(e®) 1o o, can be evaluated from the correspond-

ing Boltzmann equations. For the example of fig.
7:

H  H*(x)+H'(x)-4/K,

o< K+ ()
_H'(c0)+H"(x)-A/K, _
- K (o) - 66.7 )

The total amount of charge (o) residing in the
protein layer plus water phase equals: o=¢€_ g,
AY,,/2r,. Now the fraction 0% /o =0o".0,/(0™
+6X) can be calculated. This fraction represents
the amount of pumped protons that are held
inside the protein layer. The result of these calcu-
lations was that ¢" /¢ was 43% (the rest of o is
represented by salt ions near the protein-water
interphase, see fig. 7).
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Fig. 8. Fraction of excess protons (/) inside the protein layer
contributing to the total amount of excess charge (o) at
different properties of the protein bordering the membrane.
€¢n= 20, pH 1.0, 150 mM KCl, r,, = 2 nm. (A) Variation of r,;
€, =10.0, IT, =107 ( ) buffer concentration, 200 mM;
[CETETE ) buffer concentration, 100 mM. (B) Variation of buffer
concentration; €, =100, r, =15 am, IIx =10"% (C) Varia-
tion of ¢,; 7, =15 nm, buffer concentration, 100 mM, Il =
10~% (D) Variation of IHy; €, =100, r,=15 nm, buffer
concentration, 100 mM.
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Variation of ¢ and ¢, had little effect upon the
magnitude of this fraction. However, if the buffer
concentration was lowered to 10 mM, the thick-
ness of the protein layer was less than 4 nm, or
particularly if IT, was chosen to be higher than
10™4, the fraction dropped sharply (fig. 8), ¢*
increased significantly up to the total o, and the ¢
profile approached that of the situation where no
protein layer was present. In contrast, variation of
€, showed some interesting features. It turned out
that if e, was lower than 10, otl/6 rose signifi-
cantly above 0.5 (fig. 8C).

3. Discussion

The exact profile of ¢ is important for a num-
ber of reasons: First, the interpretation of i mea-
surements depends on it [40). Ay is often mea-
sured by ‘surface’ or ‘bulk’ probes, which are
often found to yield different results [6]. Bulk
probes are membrane-permeant ions which redis-
tribute over the two compartments separated by
the membrane in response to changes in the bulk-
to-bulk Ay, so that the electrochemical potential
(f,=F)—RT In c¢;) remains the same in both
compartments. Surface probes are dyes, the spec-
troscopic properties of which respond to changes
in the electric field. Thus, the question concerns
where these dyes dissolve in the membrane, and
how the electric field at the location of the probe
is related to the Ay (R.J. McKenzie, L. Faulk,
G.F. Azzone and T.E. Conover, personal com-
munication), and if this relation is the same under
calibration and measurement conditions.

Second, although in the delocalized coupling
model (i.e., with infinite proton conductance in
either aqueous phase) Afi; would be constant,
irrespective of the locations in the two opposite
aqueous phases between which it would be mea-
sured, its components Ay and ApH may well vary
with these locations. For instance, if one were to
measure ¥, close to a fixed negative charge in the
internal phase and {,, close to a fixed positive
charge in the external phase, the local 4¢ would
differ from that between locations distant from
such fixed charges. This phenomenon can have
important implications, as 4¢ and ApH can well

have different kinetic effects on proton pumps
[45-48), depending on which transition is most
rate limiting.

Summing up the results of this paper, we arrive
at the following picture of a water-membrane-
water system with a Ay generated by proton
pumping: Pumping of protons across a membrane
results in an excess of mobile positive charges at
one side of the membrane, and an excess of nega-
tive charges at the other. Evaluation by use of the
Poisson-Boltzmann equation [29] shows that un-
der physiological circumstances,  is almost ho-
mogeneous throughout the bulk solutions. (Hence
we may say: A\Pd:'-fAllxb = Ay,.) However, there is
a tiny drop in ¢ in going from the bulk (x = o0)
to the membrane surface (x = r,,). Although this
change is extremely small and close to the surface,
this drop represents all excess charge accounting
for non-electroneutrality in that area.

Ay is already formed during the proton trans-
location from one side of the membrane to the
other and we see that charge, once it has been
translocated through the isolating membrane, does
not become delocalized (*osmotic’), but will accu-
mulate near the membrane surface according to a
Boltzmann distribution. Therefore, pumped pro-
tons can only dissolve into the bulk phase pro-
vided other ions (e.g., salt ions) compensate, the
surface charges being preserved [49]. At any rea-
sonable ionic strength, this is expected to take
place readily. Thus, this may clarify one point of
the Pacific Ocean discussion: the charge does not
delocalize, but the pumped protons do. Another
point of that discussion referred to concern about
the possible dissipation of the electric field inside
the membrane if the excess charge were to disap-
pear into the medium [12]. Even if the charge
penetrated into the medium, the electric field in-
side the membrane would not be affected as it
depends solely upon the magnitude of the charge
separation, irrespective of the location of the ex-
cess charge relative to the membrane (see also fig.
1).

At apparent variance with the conclusion that
all the pumped protons dissolve readily into the
bulk phase are experimental observations of pH
changes in the bulk phase upon low-level energiza-
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tion of free-energy transducing membranes. As
reviewed in section 1, the pH changes tend to be
smaller than expected from the known total
amount of pumped protons. Myatt and Jackson
[50] argued that this non-appearance of protons
might be due to incomplete electron-chain
turnovers between subsequent light flashes that
energized their chromatophores of Rhodopseu-
domonas capsulata. This explanation does not
apply to O,-pulse experiments where the amount
of a single addition of oxygen is always com-
pletely consumed.

The observation that even at low electric poten-
tial differences between the aqueous bulk phases
not all translocated protons appear in the bulk
phase can be (and has been; for a review, see ref.
5) explained if there were to be a resistance to
proton movement between the membrane surface
and the aqueous bulk phase plus a back leakage
pathway between the two aqueous bulk phases
[51]. Junge and Polle [24] explained the non-ap-
pearance of protons in the bulk phase through a
kinetic retardation of proton diffusion alone, due
to a high concentration of immobile buffers. As
detailed elsewhere [25], such an explanation only
works in the kinetic sense and does not explain
non-appearance on time scales allowing proton
equilibration with the bulk phase. In this paper,
we came upon two sets of circumstances under
which the net number of protons appearing in the
bulk phase was lower than the number of protons
translocated across the membrane even though
proton diffusion was assumed to be completely
unhindered. One set of circumstances involved
proton buffers constituting a major fraction of the
medium ionic strength. Then the pumped protons
rather than exchange with the bulk-phase salt
cation would exchange with the bulk-phase pro-
tonated buffer molecules. (This exchange need not
necessarily consist of actual movement of a pro-
tonated buffer molecule and reverse movement of
an unprotonated buffer molecule, but might also
boil down to hopping of protons between buffer
groups). In this situation, there would be a net
confinement of protons to the region near the
membrane surface.

We also investigated another possibility in
which such non-appearance of protons in the bulk

phase would be a purely electrostatic effect. We
considered an additional protein layer adjacent to
the membrane surface. The presence of something
like such a layer seems feasible on the basis of the
high protein/lipid concentration ratios in biologi-
cal membranes and the known structures of en-
ergy-transducing organelles, particularly mito-
chondria [34,36,37,43]. We note that, because we
modelled the membrane as a 3—-4 nm thick hydro-
phobic core, part of this protein layer would in
actual fact correspond to the more hydrophilic
regions of the actual membrane. We also assumed
unequal distribution of salt ions between the pro-
tein and water phase, ie., Iy = (K, /Kj)eq < 1.
This is justified as a protein phase probably does
not allow for solvation of large amounts of salt
ions. Protons and OH™ molecules, however, are
supposed to dissolve easily into the protein layer,
since they can reside on protein-hydration water
and on ubiquitous buffering groups.

In section 2.7 we discussed a simple model for
such a system (figs. 6 and 7; appendix C). We saw
that under physiologically realistic circumstances,
there would be a significant potential drop inside
the protein layer (about 50% of the Ay), and only
a tiny drop in the water phase. The H*/K™ ratio
near the membrane’s surface turned out to be
much greater than in the absence of a protein
layer. Thus, with a protein at a buffer group
concentration of 100 mM, K, =10"°, pH 7, IT,
=10"* and 150 mM salt solution, the
H*(r,)/K*(r,) ratio could be calculated to be
67. This means that in this case, most excess
charges inside the protein layer are represented by
protons, whereas in the absence of a protein layer
it is predominantly salt ions that account for the
excess charges near the membrane surface. Also, a
significant fraction of the excess charge on the
positive side of the membrane would actually re-
side in the protein layer. Thus, due to the presence
of a salt-impermeant, hardly polarizable, protein
layer, which causes lowering of the ionic strength
nearby the membrane, part of the pumped pro-
tons can be held inside that layer. There is some
controversy in the literature concerning the
polarizability of proteins. Different theoretical
studies report values of ¢, varying between 1 and

15 [38,53,54]. Our €, value reflects the protein
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polarizability exclusive of the Kirkwood-Shumaker
[44] proton polarization and may therefore be
significantly lower than overall values reported for
€, [38].

Consequently, we contend that if such a protein
layer were present, or if the medium (in the vicin-
ity of the membrane) were to consist largely of
buffer, the non-appearance of protons in the bulk
phase could be fully explained as an electrostatic
effect. Indeed, our simple model can explain the
observed results of O,-pulse experiments. The
o /0 ratio represents the amount of pumped
protons that are not measured in the bulk phase
upon energization. Thus, 1 — o™ /o is proportional
to the measured H* /O ratio. The above-
mentioned calculations of 0! /o show that only a
fraction of the originally pumped protons are ex-
changed with K™, enabling the protons to dissolve
into the bulk aqueous solution. Therefore, only
substoichiometric H* / O ratios will be measured
upon energization. In addition, this H* /0O ratio
is expected to be independent of the size of the O,
pulse, because the magnitude of o had little effect
upon the ¢! /o fraction.

Furthermore, as one can infer from eq. 7,
ot /0¥ decreases at higher salt concentration which
then implies that o' /o also decreases, so that we
can explain why the measured H™* /O ratio may
increase at higher salt concentration, as found by
Conover and Azzone (personal communication).

In the case of the protein layer, the kinetic
discrepancy between oxygen consumption and
proton appearance in the bulk solution could also
be explained. If indeed K* were to diffuse with
difficulty into the protein layer, it would take
some time to arrive at the equilibrium H*/K*
ratio in the protein layer after protons have been
pumped into the layer. In the presence of SCN™
or of K*-valinomycin, ions can permeate into the
protein layer and both phenomena will disappear,
even before Ay has been dissipated.

Also, in the matter of retarded proton ap-
pearance upon deprotonation of the Schiff base in
the photocycle of bacteriorhodopsin, we must bear
in mind that pumped protons can only dissolve in
the bulk solution, provided other ions compensate,
either by dissipating the generated (local) Ay or

by replacing accumulated protons near the mem-
brane surface.

In the explanation of the lack of bulk-phase
observable protons in oxygen-pulse experiments,
the model calculations for the case where the
aqueous medium largely consisted of protonatable
molecules might seem. less relevant than calcula-
tions for the situation with the salt-impermeant
protein layer. We would suggest, however, that the
actual situation might be intermediate between the
two model situations. Considering the intermem-
brane, extramatrix space m mitochondria (the
periplasmic space in bacteria), we note high pro-
tein concentrations and hence high buffer capaci-
ties which extend over tens of nanometers. If these
spaces were salt-permeable, this would come close
to the model with ready accessibility of the mem-
brane surface for salt cations and a high buffer
content of the media (section 2.5). For the
mitochondrial matrix space this is true a fortiori.
Although the mitochondrial matrix contains about
100 mM K™, the anions are largely protonatable
substances (proteins, adenine nucleotides, phos-
phates). Mitchell and Moyle [52] estimated the
buffer capacity of the intramitochondrial matrix
at approx. 20 mM H™ /pH unit. This would corre-
spond to the presence of a buffer with a pK,
value of 5 at a concentration of 2 M. In most of
our calculations we assumed a buffer concentra-
tion of only about 100 mM. We conclude that
consideration of the effects revealed by our calcu-
lations is important in discussing proton pumping
across actual free-energy transducing membranes.

Note that in these explanations the electro-
chemical potential of both protons and salt ions is
the same throughout the protein and water phases
on ecither side of the membrane. This is an im-
portant feature, since it is a more reasonable as-
sumption that proteins are nearly impermeable for
salt ions (or that the space bordering membranes
contains buffer rather than nonprotonatable salts),
than considering a proton diffusion barrier be-
tween a local proton pool and bulk solution (as is
usually done in localized chemiosmotic coupling
schemes; for a review, see ref. 5): particularly
protons are exceedingly mobile in aqueous and
most protein phases. We would like to emphasize,
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however, that there remain several anomalies of
the delocalized chemiosmotic coupling scheme that
have not as yet been explained by solely assuming
the presence of a buffer-rich or salt-impermeable
protein layer, bordering the membrane.

The potential profile inside the protein layer
(fig. 7) might have additional implications. Firstly,
if the kinetics of H*-ATPase depend on 4y and
ApH in different ways, then the crucial question is
where the active part of the H*-ATPase resides
inside the protein layer. Secondly, fluctuations of
the relative contributions of Ay and ApH to the
Afiy, due to the presence of a salt-impermeable
protein layer or of local buffers, might be of great
interest in the coupling mechanism [55,56]. Thirdly,
we infer from fig. 7 that the electrical field varies
inside the protein layer. This might be of impor-
tance for Ay measurements with surface probes
(cf. ref. 40). For instance, if the probe resides
inside the protein layer, it will respond to changes
in the ¢ profile. Addition of K* and valinomycin,
which is usually part of the calibration procedure,
might make the protein layer more permeable for
salt ions. This could affect the § profile inside the
protein layer considerably. Hence, the response of
the probe to a K* plus valinomycin induced diffu-
sion potential might be totally different from that
to a Ay generated by proton pumping.

We have tackled several electrostatic problems
by use of the Poisson-Boltzmann equation in a
manner similar to that carried out in Debye-
Hiickel and Gouy-Chapman theory. Clearly, in all
these cases we are dealing with local non-electro-
neutrality where ensembles of charged particles
are subjected to electrical forces and also tend to
even out concentration profiles. In the Poisson-
Boltzmann equation we assume all particles to be
point charges being dissolved in a dielectric con-
tinuum. Since the radius of hydrated ions is only
of the order of tenths of a nanometer, and thus
smaller than the dimensions of our system (e.g.,
d,, = 4 nm), the assumption of point charges seems
to be feasible. The latter assumption also appears
to be appropriate: In the absence of excessively
strong fields, water, membranes, and proteins be-
have as linear dielectrics [38,57). Furthermore, in
our calculations we used the non-linear Poisson-
Boltzmann equation if the condition (g (Y (7,) —

¥(00))) < kT was not fulfilled (except for the case
of the protein layers). In classical Debye-Hiickel
theory, application of the non-linear Poisson-
Boltzmann equation leads to inconsistency with
the assumption that energy relationships between
the central ion and peripheral ions ought to be
reciprocal [58]. In our case, as well as in that
electric double layers, this problem does not arise
because it is the charge separation across the
membrane that mainly determines the energy of
the charged particles in the vicinity of the mem-
brane [59]. In fact, we neglect Debye-Hiickel
screening of charge carriers near the membrane
surface. Therefore, the distribution of ions in re-
sponse to the electric field near the membrane is
given by the Boltzmann equation.

One could argue that it is improbable that there
is a continuous protein layer bordering the phos-
pholipid bilayer and that this assumption implies
departure from the conventional Singer model of
biological membranes. Studies of energy-coupling
membranes, however, have shown that the pro-
tein /phospholipid ratio is so high that, at least
locally, considerable parts of the membrane en-
zymes protrude from the membrane [34,35]. For
convenience, we assumed the protein layer to be
continuous to illustrate some interesting effects.
Additionally, one could argue that the buffering
groups inside the protein layer are not sufficiently
concentrated to apply a continuous model to that
layer. Indeed, secondary effects associated with
possible complications inherent to the application
of the Poisson-Boltzmann equation may detract
somewhat from the precise results of our calcula-
tions. However, they will not compromise the
qualitative essence of our results, namely, the facts:
(i) that upon proton pumping, protons need to be
exchanged with co-ions in order to dissolve into
the bulk solution and (ii) that this exchange might
be jeopardized by the presence of mobile buffers
or immobile proteins adjacent to the membrane.

Appendix A: Electric potential profile for a single
planar membrane surrounded by unbuffered aque-
ous media |

For the sake of completeness, we derive again
the profile of ¥ across a membrane in the pres-
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ence of net charge translocation, following the
method of Laiiger et al. [29). Let us consider an
infinite planar membrane with a conducting aque-
ous phase on both sides. We have conveyed net
charge (i.e., 0 C/m?) from one side of the mem-
brane to the other. We assume planar symmetry,
ie., the excess charge spreads equally over the
surface on either side of the membrane (i.e., ¥ and
p vary only in the x-direction, perpendicular to
the membrane surface). In the presence of a mem-
brane potential, caused by a charge separation,
electrical forces will tend to keep the excess charge
carriers in either aqueous phase close to the mem-
brane. Adversely, the accumulated particles will
tend to diffuse off the membrane into the bulk
phase, thereby evening out the concentration pro-
file and increasing the entropy of the system. An
interesting paradox which is a consequence from
Gauss’ Law is that if, in this case of planar
symmetry (and also for spherical symmetry), the
conveyed charge resides further from the mem-
brane, the bulk-to bulk Ay increases (the symbol
Ay always refers to the bulk-to-bulk potential
difference in this paper), but the transmembrane
Ay, as well as the field inside the membrane, E_,
remain the same, and are fully determined by the
magnitude of o, irrespective of where the charges
are! Hence, if charge moves further away from the
membrane, this does not lead to dissipation of the
Ay, as Williams [12] feared in the Pacific-Ocean
discussion.

The above-mentioned competition between
electrical and thermodynamic forces will culminate
in an equilibrium distribution of the transferred
charges, p(x), and concomitant profiles of E(x)
and Y (x) which can be evaluated as follows: the
electric field is a direct function of the distribution
of charges following:

JE
I (Ppol +p) /¢ (A1)

Eq. Al can be simplified according to dielectric
theory [14,38,60,61] into:

2 = p/(eso) W

The electric field is also the spatial derivative of

the electric potential:

-3y

E= 9x

(A3)

Combining eqs. A1 and A3 gives Poisson’s equa-
tion:

a%/dx*= —p/(eg,) (A4)

which describes the electrostatic interactions be-
tween the free point charges in a dielectric con-
tinuum.

Since the energy of the charged particles near
the membrane surface is mainly determined by the
electric field due to the charge separation, Boltz-
mann’s equation reads:

ei(x) =¢,(0) -exp[ —z,6(x)] [mol/m’] (AS)
with
o=g. (¥(x) —y(0))/kT (A6)

defined as the reduced potential. This equation
applies to any ionic species i with charge z2,q,,
being subjected to the electrical field (£ =
—dy/dx), and describes the spatial equilibrium
distribution of that ion. Considering only monova-
lent ions, combination of the two equations, eqs.
AS and A6 (with p = ¥,z,Fe,) yields the ‘Poisson-

" Boltzmann’ equation [60,61]:

d*¢/dx*=x? sinh(¢(x)) (A7)
where

2 29.Fe(e0)
o e (A8)

1/x is the Debye-Hiickel length [55] which
amounts to 1 nm for an ionic strength of 100 mM
and 10 nm for an ionic strength of 1 mM. It was
assumed that at x = co the solution becomes elec-
troneutral, i.e. c(e0)=c"(o0)=c*(ec). The con-
centrations of H* and OH~ were assumed to be
negligible relative to that of the salt.

With the appropriate additional assumptions
(see below), the solution of this equation gives the
equilibrium electrical potential profile and con-
comitant spatial ion distributions. The Poisson-
Boltzmann equation can be solved analytically for
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planar and cylindrical geometries. For spherical
symmetries numerical methods are required [60].

To solve the one-dimensional Poisson-Boltz-
mann equation for our system with planar geome-
try (and also for stacked planar membranes as
well as the spherical case, see appendices D and
E), we apply the following assumptions {29):

(1) The influence of the changes in pressure in
the region of the charge accumulation is negligi-
ble.

(2) We consider an aqueous phase with only
monovalent ions (KCl solution).

(3) The system is antisymmetrical around x = 0,
where x = 0 refers to the middle of the membrane.
This implies that \[/(O)d;‘().

(4) At x = o00: (a) dy/dx =0, i.e., far from the
membrane, the solution becomes electroneutral:
p—0; E—0. (b) ¢(x0)=0.5-A¢, where Ay is
the bulk-to-bulk membrane potential, which is set
to a certain value.

(5) Inside the membrane (0<x <r,): p=0:
d*/dx?=0- dy/dx = — E, = independent of
X,

(6) At the membrane-water transition (x = r,):
(a) ¢ is continuous. (b) €+ E is continuous:

lim(c d—‘”)— lim(c ﬂ) (A9)

xtr, mdx x| ry Ydx

[14]. (In addition, in every phase ¢, is a constant
in that phase.)

Using boundary conditions 1-6 the following
solution for the non-linear Poisson-Boltzmann
equation can be derived:

O<x<ry Y(x)=—-E_ -x (A10)
ro<x<oo: Y(x)=
¥(o0) + 2T
. (¥ () —¥(0))
. arcta.nh{(tanh[ AKT )
-exp(—x(x — 1))} (A11)

with Y(r,) and E_ still unknown.

Applying boundary conditions 6a and 6b, (r,,)
can be evaluated by use of the iteration method
from the following formula:

2kTrg,,

€mde

g (¥ (rm) = ¥(0))
2kT

¥(rm) +

smh[ =0 (A12)
Also, according to Gauss’ Law E,, and o can be
related:

Ep=—4(rn)/ra~ —0/(ex) (A13)

Finally, with eq. A5 the distribution of ions is
evaluated.

For the linear Poisson-Boltzmann equation
(which requires that q.(¢(r,) — ¢ (o0)) < kT; ie,
e®* =1+ ¢), the solution is much simpler:

¥ ()

0<x<rm: \L(x)=m~x (A14)
rp<x<oo: P(x)=
_exp(—x(x—r,))
¥(0)- 1 A+ rge,x/e,) ] (A1)

Appendix B: Buffered media

If, in addition to the non (pH) buffering mono-
valent salt, the aqueous media contain a buffer,
the charged form of the buffer will contribute to
charge density p. In general, this situation will not
lead to the same Poisson-Boltzmann equation (eq.
A7), but to equations that are more difficult to
solve. However, there is a situation where a simple
equation is obtained and we expect that this case
shares most characteristics with the general case of
complicated buffer mixtures. In this simplified
situation, there is a mixture of buffer A and buffer
B at equal total concentrations. The protonation
equilibria and acid dissociation constants are de-
fined by:

A+H*e2 A-H* K,=H*' -A/A-H*
B+OH 2B-OH~ K,=OH -B/B-OH™
(B1)
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Consequently, the concentration of positive
charges becomes:

pH(x)=F-(H*'(x) +4-H*(x) + K*(x))
=F-[H*(o0)+A-H*(0)/K,+ K" ()]
-exp(—¢(x)) [C/n?] (B2)

where H*(x) denotes the concentration of pro-
tons at location x, and similarly:

p~(x)=F [OH () +B-OH () /K,
+CI™ ()] - exp(#(x)) [C/m’] (B3)

For simplicity, we assume pH 7 in the bulk phase
(i.e., OH (00) = H*(o0)), and also assume 4 /K,
= B/K,. Now the Poisson-Boltzmann equation
becomes:

d’¢/dx* =k - sinh(¢(x)) (B3)
with again ¢ as reduced potential (eq. A6) and:

» 2g.F[H*()+A4:-H*(x0)/K, + K*()]
= kTe,

(B4)

The solution of the Poisson-Boltzmann proceeds
as described in appendix A.

In our calculations we used ¢, as the relative
dielectric constant of the aqueous phase. It may be
noted that the polarization of the buffer due to
movement of protons from one buffer group to
another [44] might also have been considered a
part of an elevated ¢,. Since we are here focusing
on the fraction of the charge accumulation that is
due to protons, the present approach was more
fruitful,

Appendix C: Protein layers

We consider two protein layers adjacent to the
membrane, one on each side of it (see fig. 6). We
assume the protein layer to be nearly impermeable
for large ions such as K* and Cl~, which leads to
an equilibrium distribution over the protein and
water phases according to Il =[K; /K3 ], <1,

where I is termed the partition coefficient. On
the other hand, we assume the protein layer to be
permeable for protons and OH™ (= H,O minus
H*) due to the presence of hydration water and
alkaline and acidic buffering groups in that layer.
These buffering groups can become charged via
the following reactions:

A+ H* 2 A-H*

B+ OH" & —B-OH"

K,=[H* A/A-H"], (€1)
K,=[OH™-B/B-OH ],

Within the protein layer the treatment is analo-
gous to that of the buffered media (cf. appendix
B), except for terms involving partition coeffi-
cients for the ions between the protein layers and
aqueous bulk phases. The concentration of posi-
tive charges in the protein becomes:

pT(x)=F - (H*(x) +A4-H*(x) + K*(x))
=F . [H*(c0) +A4-H*(0)/K,
+IIy - K* ()] -exp(—¢(x)) [C/m’]
(2)

where H*(x) denotes the concentration of pro-
tons at location x; and similarly:

p~(x)=F-[OH (%) + B-OH (x0)/K,

+1Ig- CI ()] - exp(9(x)) [C/m’]
(C3)

For simplicity, we assume pH 7 in the bulk phase
(ie., OH™(o0) = H*(o0)), and also assume 4/K,
=B/K, and Il =Il.

Now the Poisson-Boltzmann equation in the
protein layer becomes:

d’¢/dx? = k] - sinh(¢(x)) (Ca)

with again ¢ as reduced potential (eq. A6) and:
2 2qu[H+(°°)+A'H+(°°)/Kn+HK'K+(w)]
Kp =
kTe g,

(m~1) (C5)

Assuming, as before, no free charges in the mem-
brane, (dy/dx)=0 at x = o0, and also allowing
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linearization of the Poisson-Boltzmann equation,
the following equations can be derived

‘P(x) =ox
kT
Fm<x<r: Y(x)=y(c0) + q—a2~exp(npx)

O<x<ry,:

+ %“3 -exp(—«k,x)  (C7)

[

r,<x<oo: Y(x)=y(c0)+ ’;Ta4-exp(—:cx)

° (c8)

a,~a, were evaluated by applying the boundary
conditions of continuity of both Y and ¢- E at the
membrane-protein (x =r,,) and protein-water (x
=r,) interphases.

In eq. C5 ¢, corresponds to the relative dielec-
tric constant of the aqueous phase exclusive of the
dielectric polarizability due to protons moving
between buffer groups (the Kirkwood-Shumaker
[44] contribution, cf. ref. 38). The latter is taken
into account explicitly in keeping track of the
spatial distribution of buffer-bound protons.

Appendix D: Stacked membranes

Many free-energy transducing membranes are
not organized as a single flat membrane. In
mitochondria and chloroplasts a large number of
energy-coupling membranes are stacked. To de-
termine the consequences that might occur for the
spatial profile of the electric potential, we solved
the Poisson-Boltzmann equation for the case de-
picted in fig. 4: an infinite array of membranes
(hatched areas) of thickness 4,,, which are sep-
arated by layers of aqueous medium of thickness
21, The polarity of the membranes (in terms of the
direction in which their electron-transfer chains
pump protons) alternates as indicated by the
arrows. Again, for the aqueous layers the
Poisson-Boltzmann equation is valid, whereas
Poisson’s equation applies throughout space. The
only difference with the case of the single planar
membrane concerns the boundary conditions. The
condition that for x to + ¢0, F must go to zero is
replaced by the condition that £ must equal zero

halfway between every pair of neighbouring mem-
branes, i.e, at x=0, +(2/+4d,), +(4+2d,),
etc. Note that this does not imply that p=0 at
those locations. Once the potential profile between
x=0 and x=1+(1/2)d,, has been calculated,
the rest can be deduced from the symmetry prop-
erties of the system. The potential profile inside
the membrane (! < x </+d_)) is given by:

v(x)=v(D) +o:(x—1)/(e.k0)
=¢ (D +(x—1) - 8dp/d,, (D1)

Here o is the amount of charge per unit surface
area translocated across the membrane.

The potential in the aqueous phase between
x=0 and x=/ can be obtained by solving the
Poisson-Boltzmann equation. The reference point
for ¢ has again been selected at x =0. Since in
this case the references p* and p~ are not equal,
this equation cannot be reduced to eq. A7. Here
we shall restrict ourselves to cases where, within
every single aqueous phase, the reduced potential,
¢, is small, such that the above equation can be
linearized to yield:

d%y

o A+ K%y (D2)
with:
A=F-(c(0) —c*(0))/(ewe0) (D3)
and:
x* =g F-(c*(0) +c(0))/(eneokT) (D4)

(Since ¢~ (0) — c*(0) < c*(0), we assume « to be
known.)

With the boundary conditions {(0)=0 and
E(0) = 0, the solution is:

¥(x) = (A/x?) - (cosh(x) — 1) (Ds)

From eqs. A3, D4 and DS, the electric field
strength at the membrane surface can be calcu-
lated:

E(1) = — (A/k) - sinh(xl) (D6)

From the continuity of €- E one finds the rela-
tionship between A, ¢~(0) — ¢*(0) and the total
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amount of translocated charge, o (using egs. A3,
D1 and D6):

_ im‘_;?‘im _ _gwgo-tvsinh(xl) (D7)
ie.

g F (@~ c‘: (0))sinh(x7) (D8)
and also:

NN (DY)

d_ -¢, sinh(xl)
Substitution into eq. D5 gives:

Y(x) €p° (cosh(xx) — 1)
8¥n e, x-dg-sinh(xl) (D10)

Using eq. A4, we find for the net charge density:

Ay g€ i cosh(xx)
~ d,, sinh(k/)

(C/m) (p11)

Appendix E: Spherical vesicles

The Poisson-Boltzmann equation for spheri-
cally symmetric membrane systems cannot be
solved analytically [60]. Thus, we consider the
linearized case only. Let p(7) denote the net (posi-
tive) charge density at r (r=0 signifying the
center of the sphere). The Poisson equation for the
system is (in spherical coordinates):

O0<r<gd,, dygr<oo:
VA (r)=—p(r)/(e.80)
d,<r<d,:
v (r)=0

Where d, and d, are the radii of the two mem-
brane surfaces and
14,4
r2dr dr

Let (0), ¢*(0) and ¢~ (0) be, respectively, the
potential, positive ion concentration, and negative
ion concentration at »=0, and ¥(c0), ¢*(c0) and

(E1)

2

\%

¢~ (c0) be those at »= oo. Then, the solutions of
eq. E1, together with the Boltzmann equation can
be obtained as:

O<r<d;: Y(r)==2e "+ 'Ble"’——)\;
.4
(E2)
di<r<dy: Y(r)=-=t+p (E3)
hr<e wn=Tee Lm0
K

where k and k' are given by egs. D4 and AS,
respectively, and A and X by:

y o P (@ =c"(0)
(€weo)
_ g Fp(0)(c*(0) + ¢ (0))
(eneokT)
g P (e () = ()
(eut0)
, 8P+ (7 (0 + () ¥(0)
(€ueokT)

The values of «,;, B, etc., are to be determined by
the boundary conditions that include: (1) the con-
tinuity of potential and ¢ E at the two surfaces of
the membrane; (2) the conservation of charges; (3)
the given potential difference between points at
the center of the sphere and at infinity; and (4)
the average concentrations of ionic species inside
and outside the sphere. After eqs. E2—E4 have
been obtained, the charge density profile can be
evaluated and used to calculate the net charge
moved across the membrane (to produce the given
potential difference).

(E6)
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