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Estimation of Membrane Potential A\|/ in Reconstituted
Plasma Membrane Vesicles Using a Numerical Model of
Oxonol VI Distribution
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A model of membrane potential-dependent distribution of oxonol VI to estimate the electrical
potential difference Ay across Schizosaccharomyces pombe plasma membrane vesicles (PMV)
has been developed. Ay was generated by the H+-ATPase reconstituted in the PMV. The model
treatment was necessary since the usual calibration of the dye fluorescence changes by diffu-
sion potentials (K+ + valinomycin) failed. The model allows for fitting of fluorescence changes
at different vesicle and dye concentrations, yielding Ay in ATP-energized PMV of 80 mV. The
described model treatment to estimate Ay may be applicable for other reconstituted membrane
systems.

INTRODUCTION

Reconstituted vesicles offer the possibility to
study electrogenic transport processes independent of
cellular metabolism. They are a suitable tool for inves-
tigation of individual transport systems in a given
membrane and their mutual coupling (Glaser and
Hofer, 1987; Mair and Hofer, 1988; Villalobo, 1990;
Hofer et al., 1991). Reconstituted vesicles are mainly
used to study active transport. When adding a source of
metabolic energy (e.g., ATP) the incorporated transport
proteins (such as membrane-bound ATPases) translo-
cate specific ions across the vesicle membrane, gener-
ating an electrochemical ion gradient. For technical
reasons the concentration gradient of ions (except for
the proton gradient) cannot be measured On the other
hand, there are methods for continuous monitoring of
membrane potential Ay (the second component of the
electrochemical gradient) based on optical fluorescence
(Pratap et al., 1990, Scherman and Henry, 1980;
Bashford and Smith, 1979; Apell and Bersch, 1987;
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Smith et al., 1981;Beeler et al., 198l;Wolk and Hofer,
1987; Cooper et al., 1990; Smith, 1990). However, the
calibration of the probe signals for the absolute magni-
tude of the membrane potential is difficult. Until now,
the generation of defined diffusion potentials, mostly
by K+ and valinomycin, was the common method to
calibrate the changes of fluorescence.

For a precise determination of Ay generated by
an active transport system in reconstituted vesicles the
relation of the fluorescence changes induced by diffu-
sion potentials to those generated by an active trans-
port system should be independent of the dye/vesicle
ratio. Actually, this condition is only seldom met for
one of the following reasons: (1) The calculations of
Ay according to the Nernst equation might be incor-
rect, Ay being underestimated due to the transient
nature of the diffusion potentials. (2) The signal
changes induced by diffusion potentials are influenced
by the formation of lipid-soluble complexes between
the ionophore (valinomycin), the permeant ion (K+),
and the optical probe (Pratap et al., 1990; Scherman
and Henry, 1980; Bashford and Smith, 1979).

In this paper we describe a new method to esti-
mate Ay avoiding these effects. This method has been
developed on the basis of a mathematical model which
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describes the distribution of the membrane potential-
dependent dye oxonol VI in the vesicle population.
The membrane potential generated by the reconstituted
Schizosaccharomyces pombe plasma membrane H+-
ATPase was calculated by fitting the model to the mea-
sured fluorescence changes at various dye/vesicle
ratios. Oxonol VI was chosen because its fluorescence
spectra and kinetics are well characterized. Our novel
method is particularly suitable for estimation of Ay
generated by membrane-bound ATPases in PMV
when other calibration methods failed.

MATERIALS AND METHODS

The reconstituted plasma membrane vesicles
(PMV) were prepared by a detergent/dialysis method
as described by Mair and H6fer (1988). Fluore-
scence changes of oxonol VI at two different dye con-
centrations (0.031, 0.156 (AM) with increasing PMV
concentrations were measured with a fluorescence spec-
trophotometer (Hitachi, 650-10M) using an excitation
wavelength of 580 nrn (slit width 20 nm) and an emis-
sion wavelength of 660 nm (slit width 5 nm). The con-
centration of the stock PMV suspension is given by the
amount of phospholipids (20 mg L-a-phosphatidyl-
choline, type XV-E) and the volume of buffer used dur-
ing the reconstitution. Further dilutions of the stock
PMV suspension were also done with reconstitution
buffer. The reconstitution buffer consisted of 1 mM
K2SO4,5 mM MgSO4, and 10 mM MES (pH 6 adjusted
with LiOH). The density p of the phospholipids was 1
g/ml. Electron micrographs of reconstituted PMV show
that the detergent/dialysis method yields a
uniform-size population of PMV (100 nm in diameter;
Mair and Hofer, 1988). A\|/ generated by H+-ATPase at
each given oxonol VI and PMV concentration was mea-
sured after an addition of 5 mM Mg-ATP (pH 6 adjusted
with LiOH). A\|/ generated by the H+-ATPase collapsed
after addition of 5 uM FCCP, and the fluorescence
returned back to its value at A\|/ = 0. Diffusion potentials
of specific magnitude were induced by the addition of
valinomycin and KCl. The corresponding potassium
concentration [K+]a was calculated according to the
Nernst equation with [K+]i = 2 mM. All measurements
were carried out at 20°C in a total volume of 2 ml.

Chemicals

Oxonol VI was from Molecular Probes Inc.,
USA. FCCP, valinomycin, and L-a-phosphatidyl-

choline were from Sigma. All other chemicals were of
analytical grade from Merck.

RESULTS

The introduced model allows a quantitative esti-
mate of the electrical potential difference across vesi-
cle membranes from the measured fluorescence
under two defined experimental conditions: F corre-
sponds to the fluorescence measured at A\|/ = 0 and
Fpot to that at Av > 0 (steady-state fluorescence after
the addition of ATP to the PMV, Fig. 1A, Inset).
Comparing the fluorescence changes expressed as
relative fluorescence Fpot/F - 1 (at different PMV
concentrations) which were generated either by the
plasma membrane-bound H+-ATPase or by defined
diffusion potentials (Fig. 1) revealed that the values
for Fpot/F - 1 under the two experimental conditions
are not related to each other, since otherwise the ratio
of A\|/-induced relative fluorescence should be inde-
pendent of the dye and PMV concentrations. This
prerequisite for successful calibration was not ful-
filled, in particular, at low PMV concentrations
(Fig. 1 A). Figure 1B demonstrates another shortcom-
ing of the common Axy calibration method, i.e., the
opposite effect of an increase of oxonol VI concen-
tration on the relative fluorescence induced either by
ATPase generated Ay or by potassium diffusion
potentials. Moreover, the relative fluorescence was
affected by changing the concentration of valino-
mycin. Hence, the K++ valinomycin-induced relative
fluorescence cannot be used for calibration of H+-
ATPase generated A\j/ in PMV reconstituted from 5.
pombe plasma membrane fraction. We therefore
developed a model which describes the potential-
dependent distribution of oxonol VI in the membrane.
This model is based on the assumptions that lipid
bilayers are permeable to the anionic dye oxonol VI,
and the dye distributes in the aqueous phases across
the membrane according to the Nernst equation
(Apell and Bersch, 1987; Plasek and Sigler, 1995):

In the equation c' is the concentration of the dye inside
the vesicles and c" is the concentration in the medium;
A\|/ is the membrane potential generated by the H+-
ATPase. R, T, and F have their usual meaning. The sub-
stantial difference between the present model and the
previous treatment by Apell and Bersch (1987) consists
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Fig. 1. Relative fluorescence Fpot
/F - 1 of oxonol VI induced by a

membrane potential A\y. F—fluorescence in the presence of PMV at
Ay = 0; Fpot,—fluorescence at A\p * 0. A: Effect of PMV concentra-
tion: • relative fluorescence induced by Ay generated by the plasma
membrane ATPase; A relative fluorescence induced by the addition
of potassium in the presence of valinomycin ([K+]i = 2 mM, [K+

0] =
32.6 mM, ATP = 5 mM, oxonol VI = 30 nM). B: Effect of oxonol VI
concentration: closed and open symbols—31 nM and 156 nM,
respectively; circles—relative fluorescence induced by the addition
of 5 mM Mg-ATP; triangles—relative fluorescence induced by the
addition of 126.4 mM potassium in the presence of 10 nM valino-
mycin ([K*]i = 2 mM). Inset: A representative trace of fluorescence
changes in a PMV suspension.

in the assumption that the number of binding sites for
the dye is limited and the binding of the dye molecules
obeys the Langmuir adsorption isotherm (see below).

The theoretical energy profile of a lipid-soluble
ion in the membrane shows two minima (Kletterer

et al., 1971). Thus, the dye is assumed to bind to
adsorption planes located symmetrically with respect to
the center of the membrane, one in each monolayer of
the phospholipid bilayer. The total amount of dye in the
particular vesicle suspension is given by the equation

where c is the total concentration of the dye in the
vesicle suspension, Vis the total volume, n' and n" are
the amounts of dye bound to the inner and outer
adsorption planes of the vesicle membranes, respec-
tively, V is the inner volume of the vesicles at a lipid
concentration of 1 mg/ml phospholipid, and L is the
amount in mg of added phospholipids.

The relative fluorescence following the addition
of ATP to a vesicle suspension depends on the dye
concentration. The relative fluorescence decreased
with increasing concentration of oxonol VI at each
PMV concentration (Fig. 1B). To describe the fluores-
cence changes at different dye concentrations the
Langmuir adsorption isotherm was used to calculate
the amount of dye bound in the adsorption planes.
According to the Langmuir adsorption isotherm the
amount of binding sites per mg phospholipid n„ in
each adsorption plane is limited. In addition, the
amounts n' or n" of dye bound to the membrane
depend on the concentrations c' or c" of the dye in the
aqueous phases, and are expressed by Eqs. (3) and (4):

where K is the equilibrium constant for the binding of
oxonol VI to the inner adsorption planes at A\|/ = 0. In
the presence of a membrane potential the symmetrical
energy barriers in the inner and outer layers of the
vesicle membrane are modified by an electrostatic
term (Zwolinsky et al., 1949). On the assumption that
Ay drops linearly across the membrane, the change in
the barrier height is oFA\|/, where oAy is the fraction
of the membrane potential which drops across the
energy barriers (Fig. 2).

To calculate the absolute fluorescence of the bound
dye fraction and that of the dye in the two aqueous
phases, the fluorescence changes due to the addition of
PMV to the buffer solution at A\|/ = 0 were measured at
different dye concentrations. With Ay = 0 the addition
of PMV to a buffer containing oxonol VI led to an
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increase of fluorescence F as compared to the fluores-
cence of the dye in aqueous solutions F0. This result is
consistent with fluorescence lifetime measurements of
Smith et al. (1981) who showed that the increase of flu-
orescence yield is due to an increase of the emission life-
time of the membrane-bound dye fraction. Our
experiments show that the total fluorescence in the pres-
ence of PMV is increased by the fluorescence of the
lipids. This effect is more pronounced at low dye con-
centrations. Figure 3 shows the relative fluorescence

Fig. 3. Relative fluorescence F/F0 as a function of plasma mem-
brane vesicle (PMV) concentration for A\(/ = 0. F—as in Fig. 1 (val-
ues corrected for lipid fluorescence); F0—fluorescence in the
absence of PMV. The calculated curve resembles a saturation curve
with a maximum value of relative fluorescence corresponding to
the complete binding of oxonol VI to the PMV. The oxonol VI con-
centration was 31 nM.

Equations (1), (3), and (4) can be used to deter-
mine c' from Eq. (2) using the Newton iteration
method. With known c' the same equations can then
be used to calculate the numerical values of n',n", and
c", which enter in the equations for the relative fluo-
rescence (5) and (6). To achieve this the values of the
parameters Ay, nm a, K, and e of the model have to be
determined by fitting the parameters to the experimen-
tal data (for further details see the Appendix). The
measured relative fluorescence was therefore com-
pared with the values of the relative fluorescence pre-
dicted by the model with the same total concentrations
of the dye and the lipid, c and L, respectively, used in
the experiment. As shown in Figs. 3 and 4 the fitted
curves describe the experimental data under two dif-
ferent sets of condition, for Ay = 0, and for Ay > 0 fol-

Fig. 2. Change of the energy barrier in the outer layer of the phos-
pholipid bilayer. The change in the barrier hight is given by aFA\y.
o, outside; a, adsorption plane; the dash-and-dot line denotes mid-
dle of the membrane.

using symbols explained in Eq. (2).
The fluorescence increase following an inside-

positive membrane potential is caused by the
enhanced binding of oxonol VI to the inner adsorption
plane. According to the Nernst equation the dye accu-
mulates in the inner aqueous vesicle phase and, conse-
quently, more dye is bound to the inner adsorption
plane of the vesicle membrane. For the relative fluo-
rescence at A\|/ > 0 the following equation holds:

F/F0 as a function of the PMV concentration after sub-
tracting the effect of lipid fluorescence. For all oxonol
VI concentrations the F/F0 ratio exhibited saturation
behavior (data not shown). These results suggest that
raising the PMV concentration at a constant total dye
concentration leads to an increase in the membrane-
bound dye fraction whereas the amount of dye in the
aqueous phase decreases. At high PMV concentrations
all dye is bound to the PMV and the F/F0 ratio does not
increase any further. The enhancement factor e is the
ratio of the dye fluorescence when it is bound within the
membrane to that of the dye in aqueous solution. If the
emission lifetime of oxonol VI in the lipid or aqueous
phase is independent of the dye concentration, e has the
expected constant value for all dye concentrations.

The relative fluorescence F/F0 for Ay = 0 is
given by the following equation:
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DISCUSSION

The Ay value of 80 mV calculated from the data
of Fig. 4 by the model fitting is consistent with the
efficiency of yeast plasma membrane H+-ATPases in

reconstituted systems. Because the PMV were recon-
stituted in the presence of 2 mM K+, proton pumping
into the vesicles by the H+-ATPase was electrically
coupled to an K+-efflux, which partially shortcut the
generation of Ay. In the steady state, the pump current
was exactly balanced by the efflux of potassium
and/or protons from the vesicles. Consequently, Ay
and the fluorescence signal were constant. This result
is consistent with that of Perlin et al. (1984) who
showed that for K+ concentrations larger than 10 mM
Ay decreased significantly in favor of ApH. In addi-
tion, Ay has an inhibitory effect on the rate constants
of conformational changes of the H+-ATPase itself.

The value for the enhancement factor e is similar
to that found by Apell and Bersch (1987) and is verified
by the experimental data (Fig. 3). The predicted number
of binding sites nx corresponds to that calculated by the
method of Bashford et al. (1979). Unfortunately, there
are no comparable values for the equilibrium constant
K. The value of a suggests that the binding sites for
oxonol VI are located at the inner side of the membrane.
The lower value of a, found by Apple and Bersch
(1987), might be due to another type of phospholipids
used during the reconstitution of the vesicles.

The relative fluorescence Fpot/f in energized vesi-
cles (Ay > 0) shows a distinct maximum at low PMV
concentrations. This is caused by two phenomena: (1)
The amount of free oxonol VI permeating into energized
vesicles (Ay > 0) depends on the concentration of the dye
in the aqueous phase. With decreasing PMV concentra-
tion the amount of dye in the aqueous phases increases.
Consequently more dye penetrates through the mem-
brane and more dye is bound to the inner adsorption
plane. This leads to the observed fluorescence increase.
(2) According to the Langmuir adsorption isotherm the
amount of binding sites for oxonol VI in the membrane is
limited. At low concentrations of energized PMV (Ay >
0) all binding sites are occupied. Increasing the PMV
concentration leads to more dye-binding sites so that
beyond a certain PMV concentration there are more
binding sites than tree dye molecules. Hence, the relative
fluorescence change decreases. To prevent self-quench-
ing of the dye fluorescence the experiments were carried
out with dye concentrations below 200 nM (Apell &
Bersch, 1987; Smith et al., 1981).

Fluorescence changes of oxonol VI caused by
diffusion potentials could not, as expected, be fitted
by the model (comparing Figs. 1A and 4). This may be
due to the formation of lipid-soluble complexes of
valinomycin, oxonol VI and K+ in the apolar phase of
the vesicle membrane (Pratap et al., 1990; Scherman

Fig. 4. Fitting of the model equations to experimental data of the
relative fluorescence Fpot/F-1 in energized PMV. The membrane
potential Av|/ was generated by the plasma membrane H*-ATPase
of Schizosaccharomyces pombe. Oxonol VI concentration was
31 nM in A and 156 nM in B. The parameter values giving the best
fit were: K = 2.2 ml/nmol, n« = 0.95 nmol/mg, a = 0.475, € = 6.00,
and A\|f corresponding to 0.080 V.

lowing the addition of ATP to the PMV suspensions
(steady-state Ay of PMV in the presence of 5 mM
Mg-ATP). Under these conditions a membrane poten-
tial of 80 mV was assessed. The correlation coeffi-
cient between the experimental data and the calculated
curves was 0.9726.
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and Henry, 1980; Bashford and Smith, 1979). This
assumption is further supported by the observation
that the addition of valinomycin to salt-free vesicle
suspensions under steady-state conditions led to
unspecific changes in oxonol VI fluorescence.

For a precise correlation of the observed fluores-
cence changes with a given Ay, irrespective of its gen-
eration, values of Ay-induced fluorescence changes
have to be reproducible and independent of the
dye/vesicle ratio. When this prerequisite is not met,
the model fitting described here is a suitable method to
assess Ay generated by the H+-ATPase in reconsti-
tuted plasma membrane vesicles.
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For a suitable starting point the series c\ converges to
zero. As initial values for c' the concentration of the
free dye for A\|/ = 0 was chosen.

For Ay = 0 and c' = c" Eq. (A1) simplifies to

With c' from Eqs. (A4) or (A5), the values of c", n',
and n" can be calculated using Eqs. (1), (3), and (4),
and the relative fluorescence can be determined for
Ay = 0 using the equation

For each parameter pj Eqs. (A1) to (A7) are seeded
with a starting value. For j = 1 to m the constants
P1 , . . . , pm are fitted. For each fit of Pj a new fitting of
parameters p1 to pj-1 is performed.

APPENDIX

Parameter Fitting

The distribution of oxonol VI in the membrane is
desribed by Eq. (2) after substituting for n', n" from
Eqs. (3) and (4), and for c" from Eq. (1). Equation (2)
can be then expressed as

In this equation A, 6, and C are

where

The value of c' was determined using the Newton
iteration method

Similarly, the relative fluorescence for Ay > 0 can be
determined using the equation

Because the fluorescence from the inside of the vesi-
cles cannot be measured, c' does not occur in the last
two equations.

To determine the parameters K, nm a, e, and Ay
of the model we use the following procedure. The rel-
ative fluorescence of the experimental data a1,..., an

is measured in dependence on the parameters c (total
dye concentration) and L (amount of lipids in mg).
For each ai,Fp(vi) is calculated using the equations of
the model, and v, is given by the parameters c and L of
each experiment. The parameters K, nM a, e, and Ay
are expressed in terms of a series p = (p1 , . . . , pm).
The aim of the algorithm is to minimize the differ-
ence Dp between the experimental data ai and the val-
ues given by the model Fp (vi). Dp is given by the
equation
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Calculation of V

With a PMV diameter of 100 nm (Mair and
Hofer, 1988), a membrane thickness of 4 nm, and a
lipid density of 1 g/ml (Apell and Bersch, 1987) the
amount of PMV can be calculated: The lipid volume
per vesicle can be obtained by subtracting the inner
from the total volume of the vesicle. The density equa-
tion gives the total number of reconstituted vesicles per
1 mg of lipids: 8.628 • 1012. The inner volume of one
vesicle is 4.077 • 10-16 cm3. The total inner volume V
of 8.628 • 1012 vesicles is 0.00352 cm3 per mg lipids.
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