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Oxonol VI as an optical indicator for membrane potentials in lipid vesicles
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Experiments with large unilamellar dioleoylphosphatidyicholine vesicles were carried out in order to study
the effect of membrane potential on the fluorescence of Oxonol V1. A partition equilibrium of dye between
membrane and water was found to exist with a partition coefficient y=c ,4/¢,.... of about 19000 (at zero
voltage). In the presence of an inside-positive membrane potential, the negatively charged dye accumulates
in the intravesicular aqueous space according to a Nernst equilibrium. This leads to an increased adsorption
of dye to the inner lipid monolayer and to a concomitant increase of fluorescence. The fluorescence change
can be calibrated as a function of transmembrane voltage by generating a potassium diffusion potential in
the presence of valinomycin. The intrinsic fluorescence of the membrane-bound dye is not affected by
voltage; the whole influence of voltage on the fluorescence results from voltage-dependent partitioning of the
dye between water and membrane. The voltage dependence of the apparent partition coefficient can be
quantitatively described by a three-capacitor model in which the dye is assumed to bind to adsorption planes
located on the hydrocarbon side of the membrane /solution interface. Oxonol VI was found to be suitable
for detecting changes of membrane potential associated with the activity of the (Na* + K*)-ATPase in
reconstituted vesicles. When ATP is added to the external medium, pump molecules with the ATP-binding
side facing outward become activated; this results in a translocation of net positive charge towards the
vesicle interior. Under this condition, fluorescence changes corresponding to (inside-positive) potentials of
up to 150-200 mV are observed. After the build-up of the membrane potential, a quasi-stationary state is
reached in which the pump current is compensated by a back-flow of charge through passive conductance
pathways.

Introduction

Voltage-sensitive dyes are widely used for mea-
suring membrane potentials of cells, cell organelles
and membrane vesicles [1-4]. Experiments with
intact cells usually require the detection of inside-
negative potentials, and most voltage-sensitive dyes
have been selected for this purpose. Oxonols (Fig.
1) belong to the few dyes which have been suc-
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cessfully used in the measurement of inside-posi-
tive potentials [5~7]. Oxonols V, VI and VII have
a pK near 4.2 and are anionic at physiological pH
values [5,7]. They have been applied in studies
with submitochondrial particles [8-11], chloro-
plasts [12,13], bacterial chromaffin granula [16],
plasma-membrane vesicles [17,18] and (proteo)
liposomes {7,19-22].

Oxonols are known to bind strongly to mem-
brane vesicles; upon binding, both the absorption
and the emission spectrum are shifted towards
longer wavelengths [5,7]. Generation of an inside-
positive membrane potential increases this red-
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Fig. 1. Structure of oxonols.

shift [14,15]. Furthermore, evidence has been ob-
tained that oxonol anions easily permeate through
lipid bilayers [6,7,14,23]. Based on these observa-
tions, it has been proposed that in the presence of
an inside-positive potential, vesicles accumulate
the anionic dye in the intravesicular aqueous space,
which leads to enhanced binding of the dye to the
membrane and to a concomitant spectral change
[14,15,19].

In the follow, we describe a quantitative test of
the proposed mechanism of voltage sensitivity of
oxonol dyes, using large unilamellar dioleoylphos-
phatidylcholine vesicles prepared by detergent
dialysis. We show that the experimental results
indeed can be explained by the assumption of a
voltage-dependent dye distribution between intra-
and extravesicular aqueous space, provided that
the theoretical model is suitably modified as to
account for a direct field effect on the
membrane—water partition coefficient of the dye.

The main incentive for this study was the possi-
bility of using oxono! dyes as voltage indicators in
studies with reconstituted (Na* + K*)-ATPase
vesicles [24]. Activation of Na* K*-pump mole-
cules inserted into the vesicle membrane by ad-
dition of ATP to the medium generates an inside-
positive membrane potential. The analysis of the
electrogenic effect of the pump requires a calibra-
tion of the observed spectral changes as a function
of transmembrane voltage. Calibration experi-
ments will be described below in which a Nernst
potential for potassium was created in the pres-
ence of valinomycin. Furthermore, preliminary re-
sults from experiments with reconstituted (Na™ +
K *)-ATPase vesicles will be presented.
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Materials

Dioleoylphosphatidylcholine was obtained from
Avanti Polar Lipids, Birmingham, AL, U.S.A;
Oxonol VI (bis(3-propyl-5-oxoisooxazol-4-yl)pen-
tamethin oxonol) was from Molecular Probes,
Junction City, OR, U.S.A., ATP (Sonderqualitit)
and valinomycin from Boehringer-Mannheim,
Vanadate from Ventron, Karlsruhe. The phos-
pholipid contents were determined by the Phos-
pholipid B test from Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan. All other reagents
were obtained from Merck (analytical grade). Di-
alysis tube was purchased from Serva, Heidelberg.

Vesicle preparations

Lipid vesicles were prepared from synthetic
dioleoylphosphatidylcholine as described previ-
ously by a dialysis method producing homoge-
neous, unilamellar vesicles with an average outer
diameter of 72 nm [24]). (Na* + K*)-ATPase was
prepared from outer medulla of rabbit kidneys
using procedure C of Jorgensen [25], as described
previously [24,26]. The specific activity was in the
range of 1700-2100 pmol P, per h per mg at
37°C. Reconstituted vesicles containing (Na* +
K*)-ATPase were prepared by cholate remove-
ment in ‘buffer H’ containing 30 mM imidazole, 1
mM L-cysteine, 1 mM EDTA, 5 mM MgSO, and
various amounts of Na,SO, and K,SO,. The
average outer diameter of protein-containing
vesicles has been previously determined to be
about 96 nm [24].

Fluorescence measurements

Fluorescence experiments were carried out in a
Perkin Elmer 650-40 fluorescence spektrophotom-
eter. The thermostatically controlled cuvette holder
was equipped with a magnetic stirrer. If not other-
wise indicated, the excitation wavelength was set
to 580 nm (slit width 20 nm) and the emission
wavelength to 660 nm (slit width 5 nm). The
Oxonol VI stock solution contained 3.16 mM dye
in ethanol. From this stock solution dilutions were
prepared by mixing with ethanol/water (1/5,
v/v). Concentrations were chosen such that ad-
dition of 5 pl dye solution to the cuvette resulted
in the desired final concentration (10-500 nM).
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The dilute dye solutions were prepared daily. All
fluorescence data were normalized with respect to
a fluorescence standard.

The cuvette was filled with 1 ml buffer and
equilibrated in the cuvette holder to the designed
temperature. After the background fluorescence
was measured, 5 pl of an Oxonol VI solution was
added. After the fluorescence signal was constant,
an aliquot of the vesicle suspension was added.
Fluorescence changes, AF, caused by additions of
reagents were determined as relative signal changes
with respect to the fluorescence level, F,, prior to
the addition; they were corrected for the small
dilution effect which was determined separately
by adding a known amount of buffer solution. At
the beginning and at the end of each experiment
the temperature in the cuvette was controlled and
the fluorescence signal of the standard was de-
termined. If not otherwise indicated, the experi-
ments were carried out at 20°C.

Results
Spectral properties as a function of dye and lipid

concentration
The absorption and emission spectra of Oxonol
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Fig. 2. Optical absorbance (A4) of a solution of 0.52 uM
Oxonol VI in buffer H as a function of wavelength A. Curve 1:
dye in free buffer solution; curve 2; after addition of vesicles
(50 pg lipid/ml); curve 3: as 2, in the presence of an
inside-positive membrane potential of U = 65 mV. The mem-
brane potential was created by a potassium gradient [K* ], =10
mM, [K* ], =140 mM and 10 nM valinomycin to the medium;
the value of U was calculated from Eqn. 6.

VI in free aqueous solution and in the presence of
dioleoylphosphatidylcholine vesicles are repre-
sented in Figs. 2 and 3. It is seen that both the
absorption and the emission peak are red-shifted
when the dye interacts with the lipid and that a
further red-shift occurs when an inside-positive
membrane potential is generated. Furthermore,
the fluorescence intensity increases (at an excita-
tion wavelength of 580 nm) upon binding of the
dye to the vesicles. As shown by Fig. 4, the peak
wavelength A .., as well as the peak intensity
F,.. approach limiting values when the lipid con-
centration is increased at a constant (overall) con-
centration of Oxonol V1. This indicates that at the
highest lipid concentrations used in the experi-
ment (170 pg/ml) virtually all dye is bound to the
vesicles.

Determination of the partition coefficient, v, at zero
voltage

The membrane—water partition coefficient, vy,
of the dye is defined by
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Fig. 3. Fluorescence intensity, F (normalized to the peak value,
F*, of curve 1), as a function of emission wavelength, A_,
The excitation wavelength was 580 nm. Slid widths: 20 nm
(excitation) and 5 nm (emission). Curve 1: 0.13 uM oxonol VI
in buffer H; curve 2: after addition of vesicles (45 ug lipid /ml);
curve 3: as 2, in the presence of an inside-positive membrane
potential U of 36 mV created by adding K* and 10 nM
valinomycin to the medium, the value of I/ was calculated
from Eqn. 6.
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Fig. 4. Wavelength A, and fluorescence intensity F, ,, at the

emission peak (excitation wavelength 580 nm) as a function of

lipid concentration, at a constant (overall) dye concentration of

0.13 uM in buffer H. F_,, is referred to the peak intensity

F2,. at zero lipid concentration. The curves have been drawn
to guide the eye.

where n, and n, are the amounts of dye (in mol)
in the lipid phase and in the water phase and V,
and ¥V, are the volumes of the lipid and water
phases. If f, and f, are the contributions of one
mole of dye in the water and in the lipid to the
observed fluorescence, the total fluorescence in-
tensity, F, can be represented by

F=n.,fut+nf )

In the following, F is referred to the fluorescence
intensity measured with a fluorescence standard
and is expressed in dimensionless units, so that f,
and f, have the dimension mol~!. Eqns. 1 and 2
together give

V., + vV,
F= ”%YL{/IT‘[ 3)
where n=n, + n, is the total amount of dye in
the fluorescence cuvette. Eqn. 3 predicts that the
ratio F/n should be independent of oxonol con-
centration. This expectation is borne out by the
experiments. As seen from Fig. 5, values of F/n
for three different oxonol concentrations (125, 250
and 500 nM) fall nearly on the same line when
F/n is plotted as a function of lipid concentra-
tion. At all oxonol concentrations, the optical
absorbance of the solution is so low that self-ab-
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Fig. 5. Fluorescence intensity F, divided by the total amount,
n, of Oxonol VI in the fluorescence cuvette. F is referred to a
fluorescence standard and is given in dimensionless units; # is
expressed in nmol. The dependence of F/n on lipid concentra-
tion was measured at different concentrations of Oxonol VI: @,
125 nM; O, 250 nM; O, 500 nM. At all Oxonol concentrations
the optical absorbance was so low that self-absorption, at a
pathlength of 1 cm, was negligible. The curve represents a fit of
Eqn. 3 using the following parameter values: f,, = 0.55 nmol ™},
fi=41nmol ", y =19000.

sorption, at a pathlength of 1 cm, is negligible.
Eqn. 3 can be fitted to the experimentally ob-
served dependence of F/n on lipid concentration,
using the known values of ¥, and ¥V, (V,, is nearly
to the total volume, V=1 ml, of the vesicle sus-
pension in the fluorescence cell, and V; is ob-
tained from the concentration and the density,
p =9 mg/cm’, of the lipid). The theoretical curve
in Fig. 5 adequately describes the experimental
results; from the fit the values of the fluorescence
parameters, f, and f;, and of the partition coef-
ficiency, vy, can be determined to be f, =0.55
nmol ™!, f, =4.1 nmol~! and y = 19000.

Membrane potentials generated by K *-concentra-
tion gradients

Membrane potentials may be generated by
establishing a transmembrane K *-concentration
difference in the presence of valinomycin. At the
beginning of the experiment, the K*¥ concentra-
tion is the same in the intra- and extravesicular
aqueous space, and the membrane is made selec-
tively permeable by the addition of valinomycin.
When the extravesicular K* concentration is in-
creased, a Nernst potential for K,

’ ” RT ”
U= =T @
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is created. ¢’ and ¢’ are the intra- and extraves-
icular potentials, respectively, and ¢’ and ¢’ are
the corresponding K * concentrations; R is the gas
constant, T the absolute temperature and F the
Faraday constant. For the generation of the volt-
age U, an electric charge, Q, has to move across
the membrane in order to charge up the mem-
brane capacitance, AC,, (A4 is the total membrane
area and C, =1 pF/cm’ is the specific membrane
capacitance):

Q=4CU (%)

The inward movement of K* associated with the
establishment of the Nernst potential increases the
intravesicular K* concentration from an initial
value ¢, to a final value ¢’. If the membrane-per-
meable anionic dye is added to the medium, an
additional transmembrane charge transport oc-
curs, as the dye equilibrated between extra- and
intravesicular aqueous space. This contribution of
the dye to the membrane potential can, in general,
not be neglected, although the effect may be small
at low dye concentrations (see below). Under ‘the
condition that the volume of the intravesicular
aqueous space is small compared to the total
volume, the extravesicular K* concentration, ¢”,
remains virtually constant during the build-up of
the membrane potential. The intravesicular K™
concentration changes, however, from the initial
value, ¢;, to a final value, ¢’. As shown in Ap-
pendix A, ¢’ and c; are related by

,”

c QA+ a)epey
¢ =c,+C*In >+ Dadd
c

1+ ao)e' +a(l+a)ey

(6)

C¥=—n —5 (7
o=yV,/2V'; asV'/V" (8)

C* has the meaning of the concentration of uni-
valent ions, referred to intravesicular volume, V',
which are required to charge up the membrane
capacitance to a voltage of RT/F =25 mV. For a
spherical vesicle of internal radius » = 32 nm, this
concentration is given by C* = 3RTC,, /F*r = 250
gM. The ratio, a, of intra- and extravesicular
aqueous volume was always small; at the highest
experimental lipid concentrations (about 200

pg/ml), a is of the order of 1073, For a spherical
vesicle, the quantity ¢ may be estimated to be
o = 3yd/2r, where d is the membrane thickness.
With the experimentally determined partition
coefficient, y=19000, o becomes about 2000.
Eqn 6, which refers to an equilibrium state, is
valid irrespective of the order of addition of
valinomycin, K* and the dye. If ¢’ is numerically
evaluated from Eqn. 6, the membrane potential U
can be calculated from Eqn. 4 (with ¢’ = ¢g).
Eqgn. 6 limits the absolute magnitude of mem-
brane potentials which can be generated by the
K *-gradient method. If the initial intravesicular
potassium concentration is zero (cg = 0), the rela-
tion C* In(cy /c’)=c¢" holds for small dye con-
centrations (cp = 0). This yields, with C* =250
uM and ¢} =140 mM, a final intravesicular K*
concentration of ¢’ =0.5 mM and, according to
Eqn. 4, a membrane potential U = 140 mM. This
value of U represents a practical upper limit of
the voltage range in which fluorescence signals can
be calibrated by the Nernst-potential method. In
Fig. 6 the membrane potential, U, predicted from
Eqns. 4 and 6 is plotted as a function of ¢, /c; for
a fixed value ¢; =140 mM and a total dye con-
centration of either ¢, =0 or ¢y, =1 pM. The
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Fig. 6. Membrane potential, U, in the presence of a K*
concentration difference. ¢§ and ¢{ are the initial intra- and
extravesicular K* concentrations, respectively, prior to the
build-up of the membrane potential. The uppermost curve has
been calculated from the Nernst equation assuming a constant
intravesicular K* concentration. The lower curves have been
obtained from Eqns. 4 and 6 with ¢” = ¢/ =140 mM, a =10"%,
¢ =1980, and C* = 250 uM.



difference of the curves for cp, =0 and ¢p =1 uM
represents the influence of the third term on the
right side of Eqn. 6. It is seen that at concentra-
tions as large as cp =1 puM the effect of dye
translocation on membrane potential is small. In
most experiments, however, ¢, was much lower.
This means that the term proportional to ¢p in
Eqn. 6 can be neglected under the conditions of
our experiments.

Voltage-induced fluorescence changes

When an inside-positive membrane potential is
generated by a K *-concentration difference in the
presence of valinomycin, the fluorescence inten-
sity, F, increases (Fig. 7). The experimentally ob-
served dependence of fluorescence intensity onli-
pid concentration was compared with the predict-

[oxonol] = 52 nM

un L L a1

0 50 100 150 200 [lipid}
pg/mi

Fig. 7. Fluorescence intensity, F, as a function of lipid con-
centration for different membrane potentials, U. F* is the
intensity measured with a fluorescence standard instead of the
cuvette. The membrane potential was generated by a K*
concentration gradient in the presence of valinomycin. A sus-
pension of vesicles formed in buffer H containing 10 mM K*
were diluted with a solution of identical composition to yield
the desired lipid concentration. To this solution was added 10
nM valinomycin. This usually resulted in a small signal change
representing a constant offset of the fluorescence signal, F (see
text). After the fluorescence signal became constant, the ex-
travesicular K™ concentration was increased by successive ad-
dition of small amounts of 3 M KCL. The value of U was
calculated from Eqns. 4 and 6 with a=10"% ¢ =1980 and
¢q =52 nM. The curves have been calculated from Egn. 3
using the following parameter values: n /¥, =52 nM, p;=9
mg/ml, f, = 0.55 nmol 7}, f, = 4.1 nmol ™%, y =19000 (0 mV);
26400 (17 mV); 44600 (39 mV); 84000 (65 mV).
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ions of the model, using again Eqn. 3. As shown
by Fig. 7, the experimental results could be satis-
factorily described by Eqn. 3 using voltage-in-
dependent values of the fluorescence parameters,
/w and f,. The only quantity in Eqn. 3 which had
to be varied with voltage in order to fit the experi-
mental data was the partition coefficient, y. This
finding is consistent with the notion that the effect
of voltage consists exclusively in changing the
fraction of dye molecules which are bound to the
membrane, whereas the average environment of a
bound dye molecule remains virtually unchanged.
With increasing inside-positive potentials, anionic
dye molecules accumulate in the intravesicular
solution. Since the external aqueous medium has a
much larger volume, this leads to a net increase of
the amount of bound dye. This increased dye-
binding can be described by an apparent partition
coefficient v,,, which is plotted in Fig. 8 as a
function of voltage. A model which describes the
voltage dependence of v,,, will be discussed later.

O 1 1 t 1 n —1 1 4
0 20 L0 60 80
Ufmv

Fig. 8. Apparent partition coefficient, Yapp> @S a function of
membrane potential, U. Yapp Was obtained by fitting Eqn. 3 to
the experimental data represented in Fig. 7 and to additional
data not shown in Fig. 7. The reconstitution of the (Na* +
K *)-ATPase vesicles was carried out with protein /lipid ratio
(w/w) of 0.8/7.5. The theoretical curve was calculated from
Eqn. 14 using the following parameter values: y =19000,
¢p=130 nM, d=4 nm, V’/V” =10% V¥, =V". See legend
of Fig. 7 for further explanations. ®, 13 nM Oxonol VI; O, 130
nM Oxonol VI; O, 13 nM Oxonol VI, vesicles containing
(Na* +K™*)-ATPase.
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If the voltage-induced fluorescence change, 4 F,
results from a voltage-dependent redistribution of
dye between water and membrane, the magnitude
of AF should depend on lipid concentration. This
is illustrated in Fig. 9, in which the relative fluo-
rescence change, AF/F,=[F(U)— F(0)]/F(0), is
plotted as a function of lipid concentration for a
membrane calculated from Eqn. 3 with v,,,(U=
0) =19000 and v,,,(U=65 mV)=_84000 taken
from Fig. 8. The non-monotonic shape of the
A F/F, curve can be understood in the following
way. At low lipid concentration the fluorescence
signal is dominated by dye molecules dissolved in
water, so that AF/F, is small. At high lipid
concentration most of the dye is already bound to
te lipid meaning that the fluorescence change in-
duced by an inside-positive voltage again is small.
The theoretical curve in Fig. 9 agrees with the
experimental results, although the scatter of the
data points is too large to demonstrate unequiv-

AF
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Fig. 9. Fluorescence change, AF = F(U) — F(0), observed after
generation of an inside-positive membrane potential of U = 65
mV, as a function of lipid concentration, F,=F(0) is the
fluorescence intensity at zero voltage. The membrane potential,
U, was created by an extravesicular K™ concentration of 140
mM in the presence of 10 nM valinomycin; the intravesicular
K* concentration was 10 mM. The value of U was calculated
as described in the legend of Fig. 7. [Oxonol] (nM): @, 62; O,
125; O, 250; =, 500.

ocally the decrease of AF/F, at low lipid con-
centrations.

Calibration of fluorescence changes as a function of
membrane potential

The relative fluorescence change AF/Fy=[ F(U)
— F(0)]/F(C) was measured in the voltage range
between 0 and +120 mV (inside positive). These
calibration experiments were carried out in the
following way. To a suspension of vesicles with
identical K* concentrations in the intra- and ex-
travesicular medium was added 10 nM valinomy-
cin. This resulted in a (usually negative) fluores-
cence change which was always smaller than 10%.
A possible explanation of this signal offset which
was only observed with protein-free vesicles con-
sists in the assumption that a small membrane
potential is present prior to the addition of
valinomycin, which may result from the presence
of residual cholate in the inner leaflet of the
vesicle membrane [27]. Upon addition of
valinomycin, the membrane potential drops to
zero, corresponding to the symmetrical K™ con-
centrations on either side of the vesicle membrane.
The magnitude of the signal offset varied from
vesicle preparation to vesicle preparation; how-
ever, when all fluorescence signals were referred to
the fluorescence intensity after valinomycin ad-
dition, the calibration curves were reproducible.

In order to test whether the observed fluores-
cence changes are uniquely determined by mem-
brane voltage, calibration experiments were car-
ried out in which the same voltage was generated
with different combinations of intra- and extraves-
icular potassium concentrations, keeping the ratio
¢’ /¢” fixed and maintaining a constant total con-
centration, ¢,, of Na* plus K* on both sides of
the membrane. The result of these experiments is
shown in Figs. 10A-C. As seen from Figs. 10A
and 10B, the calibration curves measured with
intravesicular K* concentrations of 1 and 10 mM
are nearly the same, albeit with a small systematic
deviation towards lower AF/F, at ¢;=1 mM.
The total concentration of K* plus Na* in Figs.
10A and 10B was ¢, = 150 mM; in Fig. 10C are
shown experiments in which ¢, was varied (¢, =75,
150 and 300 mM). It is seen that the calibration
curve is not significantly different at the different
ionic strengths. Figs. 10A-C further show that the
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Fig. 10. Relative fluorescence change, AF/F=F(U)-
F(0)]/F(0), as a function of transmembrane voltage, U. The
voltage was generated by maintaining a K* concentration
gradient across the vesicle membrane in the presence of 10 nM
valinomycin. The value of U at a given initial intravesicular
K * concentration, cg={K* ]2, was calculated from Eqns. 4 and
6, neglecting the term proportional to cp in Egn. 6. the
concentrations of Oxonol VI ranged between 125 and 380 nM.
T = 20° C. The theoretical curves were calculated from Eqn. 9
with the following parameter values: (A) Lipid concentration
10 pg/ml; total concentration, c;, of Na* +K™* in the intra-
and extravesicular medium, 150 mM; initial intravesicular K+
concentration, 1 (O) or 10 mM (®). (B) As (A) but lipid
concentration 20 pmol,/ml. (C) Lipid concentration 50 ug/mi;
¢, variable (75 (O), 150 (@) and 300 () mM); initial intraves-
icular K concentrations between 1 and 10 mM.

'E.; “T lipid) = 50 pg/mi
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calibration depends on lipid concentration, as may
have been anticipated from Fig. 9. The continuous
curves in Figs. 10A~C have been calculated on the
basis of the theoretical model (Eqns. 9 and 14) to
be discussed later.

At inside-negative potentials U the fluorescence
signal AF/F, tends to saturate already at small
values of U, below = —40 mV, as seen from Fig.
11. It is also seen from Fig. 11 that for U < 0 the
fluorescence signal deviates from the theoretical
curve (continuous line) which has been calculated
using values of the model parameters determined
from experiments at U > 0. The origin of this
discrepancy is not clear so far.

In all experiments described so far, the dye was
added to the extravesicular medium. A few experi-
ments were carried out in which the dye was
present already in the dialysis medium used for
the formation of the vesicles. The same dye con-
centration (130 nM) was present in the fluores-
cence cuvette to which the vesicles were added.
Under this symmetrical condition with respect to
dye concentration, the calibration curve was found
to be virtually the same as in the asymmetrical
case. This observation is consistent with the as-
sumption (on which the interpretation of our ex-
periments is based) that Oxonol VI equilibrates
across the vesicle membrane.

02 [K'1+INa%l= 150 mM
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o ¥e
d
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U/mv
Fig. 11. Relative fluorescence change, 4 F/F,, at inside-nega-
tive membrane potentials, U. Vesicles loaded with 140 mM K*
were suspended in a medium containing 10 nM valinomycin,
52 nM Oxonol VI and various K* concentrations, ¢’ <100
mM. The total concentration of Na* +K™* in the intra- and
extravesicular medium was kept constant at 150 mM. The lipid
concentration was 50 pg/ml. 7= 20°C.
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Membrane potentials generated by the Na*,K *-
pump

Reconstituted (Na™ + K7)-ATPase vesicles
formed by detergent dialysis contain pump mole-
cules of either orientation [28,29]. By adding ATP
to the extravesicular medium, only those pumps
with an outside-facing ATP-binding site become
activated. Since the (Na* + K*)-ATPase normally
transports 3 Na* ions outward and 2 K* ions
inward [30], activation of inside-out-oriented
pumps should generate an inside-positive mem-
brane potential in the vesicle [24]. An experiment
demonstrating this electrogenic effect of the pump
is shown in Fig. 12. After addition of 2.5 mM
ATP to the vesicle suspension at a temperature of
11°C, the fluorescence starts to increase, reaching
a plateau after about 80 s. From the plateau value
of AF/F, (= 0.8) and the calibration curve for 35
pg/ml lipid, the maximum voltage is estimated to
be about 90 mV (inside positive). When vanadate,
a potent inhibitor of the Na* K -pump [30] is
added to the medium, the signal declines, ap-
proaching an asymptotic value with a time con-
stant of abount 200 s. (The fact that the fluores-
cence intensity drops below the starting value may
result from a change of interfacial potential by

t=1t2°C
F S mM vanadate

25mM ATP
'

vesicles

50s " 30s —_—

0 K*
d/ O Nd"

Fig. 12. Membrane potential generated by the Na*,K *-pump.
Vesicles were reconstituted in buffer H containing 140 mM K*
and 10 mM Na™, as described before [24] and suspended in
buffer H containing 140 mM Na* and 10 mMK™. The average
number of pump molecules with the ATP-binding site facing
outward was determined to be n=1. 52 nM Oxonol VI, 35
pg/ml lipid, 2.5 mM ATP and 5 mM vanadate were succes-
sively added. F is the fluorescence intensity. The temperature
was 11.2°C.

vanadate binding, as reflected by the fast fluores-
cence change upon vanadate addition.) The de-
cline of fluorescence intensity is likely to result
from a decay of membrane voltage via the leakage
conductance of the vesicle membrane. If this is
true, then the time constant, 7, should be equal to
C./G., where C, and G, are the specific capaci-
tance and the specific conductance of the mem-
brane, respectively. With 1=200 s and C =1
uwF/em?, G, becomes about 5 nS/cm?, which is
reasonable value for a lipid bilayer {31]. From the
initial slope of A F/F, versus time ¢ in Fig. 12, the
initial rate of voltage change can be estimated to
be dU/dt = 1.75 mV - s™! which must be equal to
negv,/AC, where n is the average number of
(outward oriented) pump molecules per vesicle, e,
the elementary charge, v, the initial turnover rate
and A the average area of the vesicle membrane.
In the vesicle preparation used for the experiment
of Fig. 12, n was determined from the potassium
flux rate [24] to be about 1. This yields, with
A=0025 pm? and e, =1.6-10""° C, an initial
turnover rate of vy =AC,(dU/dt)/n,=~2.8 s~
On the other hand, if v is the turnover rate in the
quasi-stationary state in which the pump current
is compensated by a backflow of charge through
the membrane conductance G, the relation neq
= AG_U, holds where U, = 90 mV is the stationary
voltage. This gives v=0.058 s~ ! Thus, the
turnover rate, v, in the quasi-stationary state is
about 50-times smaller than the initial turnover
rate, v,. The difference between v and v, 1s likely
to reflect the voltage dependence of pumping rate
(32].

When the experiment is carried out at a higher
temperature (18°C), the initial rate of fluores-
cence change after ATP addition is much in-
creased (Fig. 13). The fluorescence signal, F,
maintains its plateau value only for a short time
and then declines toward a much lower level. A
likely explanation of the decline of F lies in the
assumption that ATP-driven potassium extrusion
results in a progressive reduction of intravesicular
K™* concentration which eventually leads to an
inhibition of the pump followed by a decay of
voltage via leakage pathways. From Figs. 13 and
10 the initial rate of voltage change may be esti-
mated to be about 10 mV - s™1, corresponding, for
a spherical vesicle of internal radius r = 40 nm, to
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Fig. 13. Membrane potential generated by the Na™,K*-pump.

Vesicles were reconstituted in buffer H containing 30 mM K*

and 120 mM Na* and suspended in the same medium. 13 mM

Oxonol VI, 8 pg/ml lipid, 2.5 mM ATP, 10 nM valinomycin

and 5 mM vanadate were added successively. T=18°C. a, b

and ¢ have been estimated to be about 160, 100 and 75 mV,
respectively.

a K*-depletion rate of (3C,/eyr)-dU/dt=0.2
mM-s~! (assuming that two K* ions are ex-
truded per turnover). This means that the intraves-
icular K*-concentration would drop within about
150 s from the initial value of 30 mM to nearly
zero if the pumping rate v were to retain its initial
value for this period of time. In reality, pumping
is slowed down by the opposing effect of trans-
membrane voltage, which tends to increase the
depletion time, ¢*. The fact that the estimated
value of t* agrees approximately with the dura-
tion of the quasi-stationary period in Fig. 13 is
consistent with the assumption that the decay of
the fluorescence signal results from K™* depletion
of the vesicle. This assumption is further sup-
ported by the finding that, upon addition of
valinomycin, the fluorescence increases again (Fig.
13), indicating the presence of an inward directed
K *-concentration gradient.

The relative fluorescence change, A F/F,, at the
plateau of the fluorescence signal in Fig. 13 is
about 2.7. Since this value exceeds the range of the
calibration curve (Fig. 10), the voltage U corre-
sponding to AF/F, can only be estimated on the
basis of the theoretical calibration curve calcu-
lated by fitting the model parameters to the ex-
perimental data at lower voltage. In this way the
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voltage at the plateau of F in Fig. 13 is estimated
to be approx. 160 mV.

The initial rate of fluorescence change after
ATP addition has been measured at different tem-
peratures. Using the calibration curve, the density
of active pump molecules per vesicle and account-
ing for the membrane capacitance, the initial
pumping rate, v,, can be evaluated as a function
of temperature. The results are plotted in Fig. 14
in the form of an Arrhenius diagram. From the
slope of In v, vs. 1/T the activation energy of the
pump current is determined to be E, =160 kJ-
mol %, Implicit in the determination of E, is the
assumption that the redistribution of the dye across
the vesicle membrane is not rate limiting.

Under similar conditions the activation energy
of the turnover rate was experimentally determined
to be 115 kJ/mol using an indocyanine dye as
potential indicator [24]. In order to test for a
possible influence of Oxonol VI on the activation
energy a number of control experiments was per-
formed. In a first series of experiments the en-
zymatic activity of reconstituted (Nat+ K™*)-

t/°C

T T T T T

200+

1001

50t

201

10+

i |

33 34 35

TY107%k™!
Fig. 14. Initial pumping rate, vy (referred to unit membrane
area), as a function of reciprocal temperature. v, has been
estimated from the initial rate of fluorescence change after
ATP addition using the calibration curve (Fig. 10) and
accounting for the membrane capacitance. E, is the activation
energy obtained from the Arrhenius relation.
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ATPase was checked in the presence of different
concentrations of Oxonol VI. At aqueous dye
concentrations lower than 500 nM the enzymatic
activity measured by the pyruvate kinase/lactate
dehydrogenase assay [35] was not significantly
influenced. In a second series of experiments,
vesicles (with and without enzyme) containing 10
mM K were diluted in an isoosmolar buffer with
140 mM K™*. Upon addition of valinomycin, the
fluorescence signals increased to reach the level of
the Nernst potential. The initial rate of fluo-
rescence change was recorded at different temper-
atures. No significant temperature dependence was
found in the range between 8°C and 25°C. At
15°C and a valinomycin concentration of 20 nM
the initial rate of voltage change was found to be
about 30 mV /s. This rate is large compared to the
rate of voltage rise observed after pump activation
by ATP.

Marcus et al. [36] found strong effects of chain
length and of the number of double bonds in the
fatty-acid residue of the lipid onto the activation
energy of reconstituted (Na‘ + K*)-ATPase.
These findings suggest a possible explanation of
the increased activation energy. Oxonol VI, which
is contained in the membrane in a ratio of 1,/500
to 1/100 dyes per lipid molecules, could include a
‘cholesterol-like’ effect on membrane rigidity, or it
may alter membrane thickness and interfere in
this way with pumping activity.

Discussion

The results presented in this study show that
the effect of transmembrane voltage on fluo-
rescence of Oxonol VI in a vesicle suspension can
be understood on the basis of a simple model. The
experiments carried out at zero voltage indicated
that a partition equilibrium exists between dye in
water and dye adsorbed to the membrane. Upon
adsorption, the fluorescence (at an excitation
wavelength of 580 nm) increases by a factor of
4.1/0.55 = 7.4. With a partition coefficient v =
19000, a substantial fraction of the dye is bound
to the membrane at lipid concentrations of the
order of 10-100 pg/ml. In the presence of an
inside-positive membrane potential, the negatively
charged dye accumulates in the intravesicular
aqueous space according to a Nernst equilibrium.

This leads to an increased adsorption of dye to the
inner lipid monolayer and to a concomitant in-
crease of fluorescence. This mechanism which has
been previously discussed in the literature
[14,15,19] is strongly supported by the quantitative
analysis described in this paper.

Voltage dependence of the apparent partition coeffi-
cient

From the analysis of voltage-induced fluo-
rescence changes as a function of lipid concentra-
tion (Fig. 7) it is found that the intrinsic fluo-
rescence, f,, of the membrane-bound dye is volt-
age-independent. The whole effect of voltage on
the fluorescence F of the vesicle suspension can be
described by a voltage-dependent apparent parti-
tion coefficient v,,, which enters into Eqn. 3:

waw + Yapp/lVI

F=n—"r————""7— 9
V, + Yaple ®

In the following, we show that the experimentally
observed voltage-dependence of v,,, (Fig. 8) can
be quantitatively described by the three-capacitor
model depicted in Fig. 15, which has previously
been used in the analysis of adsorption of lipo-
philic ions to lipid bilayers [34,35]. The dye is
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Fig. 15. Three-capacitor model used in analyzing the voltage
dependence of the apparent partition coefficient v,5,. The dye
is assumed to adsorption planes located symmetrically with
respect to the centre of the membrane. C, is the electrical
capacitance between the adsorption plane and the adjacent
aqueous solution. ¢, and cp} are the aqueous dye concentra-
tions. ¢, ¥., ¢!’ and y” the electric potentials, and N’ and
N’ the surface concentrations of bound dye.



assumed to bind to adsorption planes located on
the hydrocarbon side of the membrane/ solution
interface. The surface concentrations, N” and N”,
of bound dye (Fig. 15) which are referred to unit
membrane area are given by

N’ =p"-ch, N”=p"c} (10)
where ¢y, and cf} are the aqueous dye concentra-
tions. If " and " are the electrical potentials in
the intra- and extravesicular space and y; and ¢!’
the potentials in the adsorption planes (Fig. 15),
the voltage dependence of the interfacial partition
coefficients, 8 and B, may be expressed by

B =Bexp(—u'); B” =B exp(—u") 11

u'=F(y' —¥{)/RT; u’sF(y” = y{)/RT 12)
B is the value of B8’ and B” at zero voltage. The
dimensionless voltages, " and u”’, can be numeri-
cally evaluated on the basis of the three-capacitor
model, as described in Appendix B. Since under
equilibrium conditions (U= 0, ¢, = cp =cp) the
relation (N’ + N"')/d = ycp, holds, B and y are
connected by

B=vd/2 (13)

with membrane thickness d (= 4 nm).

The fluorescence, F, of the vesicle suspension
may be calculated introducing the relations n,, =
cpV’ +epV”and ny=n—n,=A(N’+N")into
Eqn. 2 (A is the total membrane area and ¥’ and
V" are the volumes of the intra- and extravesicu-
lar space). Together with the Nernst relation
cp/cp = exp(FU /RT y=exp(u), the fluorescence
intensity, F, is obtained in the form of Eqn. 9,
where v, is given by

(N'+N"y/d

_ __YVw_cxp(u—-u')+exp(—u")
Yo =TTV A eV YV, 2

V exp(u)+ V"

(14)

In the limit ¢, — 0, " and " in Eqns. 11 and 14
reduce to u’' = —u" =(C,/C,)u (Appendix B).
Since v, V,,, V' and V" = V,, are known, Eqn. 14
can be fitted to the experimentally observed volt-
age dependence of v,,, (Fig. 8) using the numeri-
cally evaluated values of «” and "’ which depend
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on the capacitance C, (Fig. 15). It is seen from
Fig. 8 that the theoretical curve which has been
calculated with a=C,/C, =02 adequately de-
scribed the experimental data. The value of a = 0.2
indicates that the adsorption plane is located away
from the interface towards the hydrophobic inter-
ior of the membrane. This is consistent with the
finding from *'P-NMR experiments that Oxonol
VI does not perturb the local motion of the phos-
phate group in phosphatidylcholine bilayers [20].
Eqns. 9 and 14 can also be used to fit the calibra-
tion curves, as shown by the theoretical curves in
Figs. 10A-C.

Experiments with (Na* + K * )-ATPase vesicles

Oxonol VI was found to be suitable for detect-
ing changes of membrane potential associated with
the activity of the Na*,K*-pump in reconstituted
vesicles. When ATP is added to the external
medium, pump molecules with the ATP-binding
site facing outward become activated, which re-
sults in a translocation of net positive charge
towards the vesicle interior. Under this condition
large fluorescence changes are observed corre-
sponding to inside-positive potentials of up to
150-200 mV. After the build-up of the membrane
potential, a quasi-stationary state is reached in
which the pump current is compensated by a
back-flow of charge through passive conductance
pathways. Experiments of this kind may be used
for studying the current-voltage behaviour of the
Na* K -pump.

Concluding remarks

From the foregoing analysis, a number of con-
clusions concerning the application of Oxonol VI
for voltage measurements can be drawn. Since
Oxonol VI distributes between intra- and extraves-
icular medium according to a Nernst equilibrium,
inside-positive potentials can lead to a strong ac-
cumulation of the anionic dye and to high con-
centrations of bound dye in the inner lipid mono-
layer. This means that the simple mechanism dis-
cussed here for the dependence of optical proper-
ties on voltage can be operative only at suffi-
ciently low dye concentrations. At high dye con-
centrations (c¢p > 1 pM) additional phenomena,
such as aggregation of dye molecules and self-
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quenching of fluorescence, may be expected [15].

For an optimum voltage-response of the dye,
the vesicle concentration is critical, as shown by
Fig. 9. The optimum lipid concentration (which is
independent of dye concentration) is found to be
about 10-20 pg/ml. Calibration of the fluores-
cence signal as a function of voltage is meaningful
only at a well-defined lipid concentration.

The response time of Oxonol VI after a fast
voltage change is limited by the permeation rate of
the dye across the membrane. In our experiments
the response time was limited by the mixing time
of reagents in the fluorescence cuvette and was
less than 3 s. In experiments with bacterial chro-
matophores [14] Oxonol VI was found to respond
in the time range of milliseconds to a light-in-
duced change of membrane potential.

Appendix A

Derivation of Egn. 6

We assume that initially the intra- and ex-
travesicular K* concentrations are c¢; and c{,
respectively, and that the membrane potential is
zero. Upon addition of valinomycin and Oxonol
VI, K* ions and dye anions move inward. After
equilibration, the potassium concentrations in the
intra- and extravesicular space are ¢’ and ¢”.
Since the total amount of K" in the system re-
mains constant, the relation
V' +"V =gV + V" (A-1)
holds, where ¥V’ and V" are the volumes of the
intra- and extravesicular aqueous spaces. Simi-
larly, if cpV” is the total amount of dye which is
initially added to the medium, the relation

’ ’ ’ 144 7 d ’ 17
eV =cpV + eV’ + —2-A1((cD +cp (A-2)

is fulfilled. ¢, and c¢f, are the dye concentrations
in the intra- and extravesicular solutions after
equilibration, A is the total membrane area, and 4
is the membrane thickness; the factor (d/2)Ay(cp
+ cp) accounts for dye binding to either mem-
brane/ solution interface (v is the partition coeffi-
cient defined by Eqn. 1). Implicit in Eqn. A-2 is
the assumption that the partition equilibrium at

the interface is voltage-independent; this assump-
tion is only approximately fulfilled, as discussed
previously. We further assume that effects of elec-
trical double-layers can be neglected in the pres-
ence of a sufficiently high concentration of inert
electrolyte, and that the only permeable ion species
(after addition of valinomycin) are K* and the
dye anion. After equilibration, the membrane
potential is given by

, , RT  ¢” RT, ¢
U=y -y =Tln7=_F_lnE% (A-3)
D

In order to build up this voltage, a charge Q =
AC,U has to move across the membrane (4 is the
total membrane area, and C,, is the specific mem-
brane capacitance). Q is given by the number of
K™ ions and dye anions which have entered the
intravesicular aqueous space; an additional contri-
bution to Q results from dye anions which became
adsorebd to the inner membrane interface:

O=F[(c' =)V +clpV' —clpdyd /2] (A-9)

This gives, together with Q = AC U:

’"

o =cf+C* ln%,—+c{)(1+o) (A-5)
C*=RTAC,, /F*V’ (A-6)
o=yAd 2V’ =4V, 2V’ (A-T)

¥V, is the volume of the lipid phase. Eqns. A-1-A-5
together yield:

1 "

¢ =cf —a(c —ep)s a=v'/v” (A-8)

144 r”
, , ¢ (1+ o) cpc
¢ =¢cg+C*In —+
0 ¢ (+ae)c +a(l+a)c”

(A-9)

Eqn. A-8 and A-9 may be further simplified, since
in the experiments described here, the volume of
the intravesicular aqueous space is only a negligi-
ble fraction of the total volume. For a spherical
vesicle of internal radius, r, and membrane thick-
ness, d, the relation a = y,r/3p,d holds, where y,
and p, are the mass concentration and the density
of the lipid, respectively. With r =50 nm, d=5
nm, p,=1 g/cm® and y, =200 pg/cm’ (corre-
sponding to the highest experimental lipid con-
centration), becomes of the order of 107 % This
means that ¢” = ¢/



Appendix B

Boundary potentials generated by dye adsorption

When negatively-charged dye molecules bind to
adsorption planes located on the hydrophobic side
of the membrane/solution interface, boundary
potentials are created. If ¢ and ;" are the elec-
trical potentials in the adsorption planes and '
and ¢"’ the potentials in the aqueous solutions
(Fig. 15), the surface concentrations N” and N”
of dye molecules are given by

N=Bexp(—u')ch; “'EKR% (B-1)
Nu =B exp(— uu)cg; u”E¢ - \pi (B-2)

RT/F

B is the interfacial partition coefficient and cp
and cp are the aqueous concentrations of the dye
anion which are related by the Nernst equation:

Cl,) 3 \[/1_ ;‘/H _
?,g ——exp( RT/F ):exp(u) (B-3)
On the basis of the three-capacitor model [33,34]
depicted in Fig. 15, the voltages u’, 4" and u are
related to the charge densities ¢” and ¢” in the
adsorption planes:

qi’=—FN’=—¥(Ciui—Cau') (B-4)
T
w=F(y’ ~y")/RT (B-6)

C, is the capacitance between adsorption plane
and aqueous phase and C; is the capacitance
between the adsorption planes. C, and C, are

related to the total membrane capacitance, C,,, by

™

r_2. .1 B-7
Cm— Ci (')

O

a

The total amount, n, of dye in the vesicle suspen-
sion is given by

n=cp¥ + ¥V’ + AN+ N") (B-8)

V' and V" are the volumes of the intra- and
extravesicular aqueous solutions and A is the total
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membrane area. Replacing B by the partition
coefficient y according to 8= vd/2=1vV,/24 (V,
is the total volume of the lipid) and using Eqns.
B-1-B-8, one obtains

ynd (1-2a)exp(u—u’)
2N, Vexp(u)+ V" +yV [exp(u—u’)+exp(—u")]/2

u (B-9)

ynd (1-2a)exp(—u"’)
2N, V'exp(u)+ V" +yVexp(u—u’)+exp(—u")1/2

1—a ,,

u (B-10)

=u—u"+

a=C,/Cn;  No=RTC, /F? (B-11)
Egns. B-9 and B-10 can be used for numerical
evaluation of the boundary potentials, " and u",
which enter into the expression for the apparent
partition coefficient v,,, (Eqn. 14). In the limit of
low dye concentration (n—0), Eqns. B-9 and
B-10 reduce to

u=—u"=au (B-12)
as expected.
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