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Quantitative measurement of cationic fluxes, selectivity
and membrane potential using liposomes multilabelled
with fluorescent probes
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Liposomes of egg PC/PG (8:2, mol/mol) were multilabelled with PBFI, pyranine and oxonol VI, fluorescent probes for,
respectively, K*, H* and membrane potential. Monitoring fluorescence with a multichannel photoncounting spectrofluorometer
during K* filling experiments allowed to measure K* influx, the associated H* efflux and the membrane potential, continuously
and simultaneously. The proton net efflux quantitatively mirrored the K* net influx. The rate of the K*/H* exchange
diminished progressively as a quasi-equilibrium was reached for both K* and H*. In the presence of valinomycin, the measured
membrane potential during the K™ filling actually corresponded to the Nernst potential calculated from the observed K*
gradient. In the absence of valinomycin, it corresponded to the Nernst potential calculated from the observed H* gradient. In
the latter case, the permeability coefficient of liposomes to K*, calculated from the Goldman-Hodgkin-Katz relation, was
6-10~13 m s~ L. The selectivity sequence for alkali cations of liposomes was determined from the measured H* efflux associated
to the influx of the different cations. The selectivity sequence corresponded to the series VI of Eisenman, suggesting interaction

of the cation with an anionic field of intermediate strength.

Introduction

Rapid progress in the identification of membrane
transport proteins may be expected from recent ad-
vances in molecular biology approaches [1,2]. However,
development of new biophysical tools, able to give a
functional description of the so identified gene-protein
structures is lacking behind, especially for the descrip-
tion of electroneutral or poorly electrogenic transport
systems reconstituted in proteoliposomes. As facili-
tated ion fluxes are the difference of overall measured
fluxes and non-facilitated ones, the determination of
cationic selectivity and permeability coefficients of li-
posomes are necessary steps before adressing proper-
ties of reconstituted transport proteins. Quantitative
studies of permeability coefficients and selectivity of
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oxycholate; MLV, multi layer vesicle; PBFI, potassium binding ben-
zofuran isophthalate; SUV, small unilamellar vesicle; TBT, tri-
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liposomes to alkali cations are however scarce and
mostly restricted to K* and Na* [3-10]. The measured
permeability coefficients are in the range of 10~ '? to
10~ m s~'. Neutral liposomes of PC do not discrimi-
nate K* and Na*, whereas liposomes of negatively
charged PS show a 10-fold higher permeability to K*
as compared to Na* [3]. The analysis of such selectivity
requires the study of the complete sequence of alkali
cations [11], but this remains a heavy task using ra-
dioisotopes. The present paper presents an in vitro
analysis of transport of alkali cations using a multi-
channel photon-counting spectrofluorometer and lipo-
somes multilabelled with fluorescent probes for K*
(PBFI), H* (pyranine) and membrane potential (oxonol
VI), designed to permit a detailed quantitative descrip-
tion of ion transport processes on membrane vesicles.

Ion specific fluorescent probes encapsulated into
liposomes allow the continuous monitoring at a high
sensitivity of the internal content of various ions during
filling or emptying experiments. Due to the natural
high permeability of liposomes to H™ [5,7,8,12-14],
careful attention has to be paid to the interaction of
H* and alkali cation fluxes, as well as to the trans-
membrane electrical effect of pH gradients. Due to the
low internal volume of membrane vesicles, transmem-
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brane electrochemical gradients rapidly vanish during
filling or emptying experiments. Quantitative analysis
of transport processes thus requires that alkali ion and
H* fluxes, and membrane potential, can be deter-
mined simultaneously.

Potassium filling kinetics have been studied in me-
dia where K* was the only permeant added ion, and
thus the K* influx was obligatory compensated by an
electrically coupled H* efflux. Since H™ efflux mirrors
cation influx in this situation, this experimental setup
allowed the determination of the relative permeability
coefficients of various alkali cations in a rather simple
way from the response of the H™ probe pyranine. The
selectivity sequence observed in the present study (K*
>Na*>Rb*> Cs*> Li") corresponds to the Eisen-
man serie VI, reflecting an intermediate anionic field
strength.

Materials and Methods

Liposomes. Sonicated liposomes were prepared from
10 mg of egg PC/PG mixtures (8:2, mol/mol) in
chloroform. Phospholipids were dried on a vortex mixer
under argon to give a thin film on the wall of a glass
tube. Phospholipids were subsequently dispersed in
300 w1 of the indicated buffers by vigourous mixing on
a vortex mixer in the presence of glass beads for 15 min
under argon. This suspension of multilayer vesicles
(MLV) was sonicated for 15 min under argon in a
Bransonic bath sonicator until clarification to obtain
small unilamellar vesicles (SUV).

Reconstituted liposomes were obtained from SUV
solubilized by deoxycholate (DOC). Solubilization was
monitored by measuring the decrease of the turbidity
of liposomes in the reconstitution buffer (50 mM histi-
dine-Hepes (pH 6.75), 10% (v/v) glycerol) as a func-
tion of detergent concentration (data not shown). Lipo-
somes were fully solubilized at an effective ratio value
(R, = [(detergent) — CMC]/(phospholipid)) of 0.6.
Sonicated liposomes (5 mg) were diluted in 1.2 ml
reconstitution buffer and an aliquot of DOC (10%
w/v) was added to obtain an R, of 0.6. Disposable
syringes (2.5 ml) fitted with porous glass filters were
filled with 1.5 ml Sephadex G-50 equilibrated with
reconstitution buffer. The syringes were inserted into
plastic tubes and centrifuged for 5 min at 180 X g to
release extra buffer. Aliquots (220 n1) of the lipid-DOC
mixture, prepared as described above, were applied to
the columns and centrifuged again. The volumes recov-
ered were within 90% to 100% of the volumes applied.

Encapsulation of PBFI and pyranine in reconstituted
liposomes. Liposomes were first reconstituted as de-
scribed above in the absence of dyes, and concentrated
5-fold by ultrafiitration (Millipore Ultrafree-PF 100,000
NMWL). A PBFI aliquot (1 mM final) and a pyranine
aliquot (0.5 mM final) were added to the concentrated

liposomes, and the sample was sonicated for 30 s and
freeze thawed (liquid nitrogen-room temperature) once.
Non encapsulated PBFI and pyranine were removed by
chromatography through a Sephadex G-50 column (35
cm X 0.5 cm). As estimated from the fluorescence of
the two entrapped dyes, the specific internal volume
and radius were, respectively, 4.5 |/mol and 60 nm.

Fluorescence measurements. Fluorescence intensities
were measured with a multichannel photoncounting
spectrofluorometer SLM-Aminco 8000C interfaced
with an IBM computer. The T-shaped configuration of
this apparatus allows two simultaneous fluorescence
measurements using two channels at emission (channel
A and B). Different excitation wavelengths can be
rapidly selected during the acquisition cycle with the
fast motor driven monochromator (slewing rate 100 nm
per s). Acquisition cycles were set-up using the macro-
command programming language available in the SLM
software. The data files were further treated (smooth-
ing, calibration, derivation etc.) using SLM software
and programs developed in Microsoft Quick Basic. The
cuvette was stirred and thermostated at 20°C. The
fluorescence signals were ratioed with the signal of the
rhodamine reference cell and corrected for the fluores-
cence of the buffer solutions. In multilabelling experi-
ments, channel B was used alternatively to acquire the
PBFI and pyranine signals after excitation at the de-
sired wavelengths. Channel A was used to acquire the
oxonol signal.

The maximum of PBFI fluorescence after excitation
at 340 nm shifts from 550 nm to 500 nm upon augmen-
tation of the K* concentration [15]. We circumvented
the shift in emission maximum upon addition of K* by
using a 495 nm long-pass cut on filter instead of a
monochromator at channel B.

Fluorescence intensities of pyranine were measured
and stored after excitation at 410 nm, 421 nm and 460
nm, using the same filter and channel.

PBFI was excited at 336 nm, because this wave-
length corresponds to one of the two isosbestic excita-
tion wavelengths for pyranine. This allowed the dis-
crimination of PBFI and pyranine signals in multi-
labelling experiments.

Intensity of the incident light was minimized to
prevent photodegradation of the PBFI dye using 2/8
nm input/output slits for the excitation monochro-
mator. During long experiments, illumination of the
sample was interrupted between the measurements by
shifting the excitation wavelength to 200 nm in combi-
nation with a 285 nm long-pass cut on filter at excita-
tion.

The oxonol fluorescence was recorded at 646 nm
after excitation at 614 nm, using channel A fitted with
a monochromator.

Determination of K+ and H™ fluxes, and membrane
potential during K * influx experiments. Liposomes (80



ug/ml) containing 0.5 mM pyranine and 1 mM PBFI
in 50 mM histidine-Hepes (pH 6.75) and 10% (v/v)
glycerol were added to the reaction cuvette containing
the same buffer and 50 nm oxonol VI. The reaction
was started by the addition of 20 mM K,SO, or other
SO;~ salts of alkali cations at the exterior of the
vesicles. At the end of the experiment, internal and
external media were equilibrated by the addition of
DOC (0.05% (w/v)). Internal K* and H* concentra-
tions, and membrane potential, were determined from
calibration plots as described below. The K* flux (J+)
was calculated by derivation of the concentration gra-
dient kinetics determined from the PBFI fluorescence
according to the following equation:

Tk*ne =V /AY-d([K* Jou— K" Jin)/dt = (r /3)-dA[K" ) /dt (1)

where V, A and r are, respectively, the volume, area
and radius of the vesicle, and [ ] indicates concentra-
tions.

The net proton flux (Jy+,.) was calculated by
derivation of the kinetics of pH gradient formation,
taking the buffer strength into account according to the
following equation [13]:

Tu+qer = B-(V/A)-dpH/dt = B-(r /3)-dpH/d¢ %)

The buffer strength (B) was calculated for a two buffer
system (C,; and C,, respectively, histidine and Hepes):

B=23-C;-D;"(1- D})+2.3:C,-D,-(1- Dy) 3

where D, and D, are, respectively, (10®H~-PKD 4 1)~1
and (10®"-PX2) 4+ 1)~1 and C is the concentration of
the buffer. The calculated value for B corresponded
accurately with the measured one, using a pK, for
histidine of 6.0 and a pK, for Hepes of 7.5. The
contribution of pyranine (0.5 mM) to the buffer strength
was negligible.

Other assays. Phospholipid concentration was deter-
mined from the phosphorus content of the samples
according to the method of Gomori [16].

Results

Calibration of the pH probe pyranine (monolabelling
experiments)

Apart from its three sulfonate groups, pyranine pos-
sesses one hydroxyl group with a pK of 7.2. The
protonated (PyrH) and non-protonated (Pyr~) forms
have different absorbance (i.e., excitation) spectra. The
maximum of fluorescence is emitted at 511 nm for both
forms, after excitation at 410 nm for PyrH, and at 460
nm for Pyr~. Pyranine possesses isosbestic points at
336 nm and 421 nm.

Since the fluorescence intensities FI, o, and Fl,,
are linear [17] with the concentrations of PyrH and
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Fig. 1. Effect of pH on the fluorescence of pyranine free in solution
or encapsulated into liposomes. Liposomes (80 wg/ml final) contain-
ing 50 mM histidine-Hepes (pH 6.75), 10% glycerol (w/v) and 0.5
mM pyranine, were diluted in the same medium without pyranine in
the presence of nigericin (0.5 uM). Concentrated aliquots of KOH
were added to vary the pH. The catalysed K*/H* exchange allows
the free diffusion of KOH to the interior of the vesicles. Pyranine
fluorescence was ratioed at 460/410 nm excitation as indicated in
Materials and Methods. The logarithm of Fl,4, /Fl4;, was used to
calibrate the response of pyranine as a function of pH. The same
calibration curves were obtained for pyranine encapsulated into
liposomes (®) or free in solution (0.5 M, O). No difference was
observed for liposomes multilabelled with PBFI and oxonol in addi-
tion to pyranine (not shown).

Pyr~ (according to the coefficients 8 and «, respec-
tively), the Henderson-Hasselbach equation can be used
to describe the variations of log(FI ., /Fl,,,) with pH:

log(FI 459 /Fl430) = pH—pK +log(8 /a) = pH-pK’ “)

where pK'’ is the apparent pK, including the constant
factor log(B8/a) [17].

To calibrate the pyranine signal, concentrated KOH
aliquots were added to a 50 mM histidine-Hepes buffer
(pH 6.75) containing 10% glycerol (w/v) and pyranine
in solution (1 wM), or encapsulated in liposomes (0.5
mM). The electroneutral H* /K* exchanger nigericin
was added to liposomes, to allow a free equilibration of
KOH. The results in Fig. 1 confirm that relation (4)
can be used to fit the pH dependence of the pyranine
fluorescence around the pK [13,17). No difference was
observed between pyranine free in solution or encapsu-
lated into liposomes.

The value of log(FI,4,/FI,;,) was strongly depend-
ent on the K* concentration (Fig. 2). This was due to
an aspecific ionic strength effect, since the same effect
was observed with other monovalent cations (data not
shown). This ionic strength effect was further studied
in relation with the pH dependence of 1og(FI .,/ F1 ,,0),
using different proportions of histidine and Hepes
buffers (50 mM total in 10% glycerol) and varying, for
each proportion, the ionic strength (KCI). This resulted
in a series of parallel calibration curves of
log(FI 4,/ Fl1 4,0) versus pH for different ionic strengths
(not shown). The apparent pK value of pyranine (pK '),
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Fig. 2. Effect of the ionic strength on the pyranine fluorescence. The
fluorescence ratio FI 4, /Fl,;, of free pyranine (0.5 M) in 50 mM
histidine-Hepes (pH 6.75) and 10% (v/v) glycerol was measured as
indicated in Materials and Methods. The ionic strength was varied by
the addition of KCL Other alkali cations had the same effect (not
shown). Solid line: calculated curve by fitting the experimental data
by non-linear regression analysis using Eqn. 10 obtained from the
Debye-Huckel treatment of the ionic strength, with pK; =7.11,
A=0.866 and 4’ =0.065.

calculated using Eqn. 4, diminished when the K* con-
centration increased (Fig. 3).

This ionic strength effect was analyzed according to
the Debye-Huckel theory [18]. Protons will be accumu-
lated in the vicinity of the strongly negatively ionized
pyranine (valency z,= —4 or —3 depending on pH),
according to the following Boltzman distribution law,
where ¢ is the (negative) electrostatic potential consid-
ered at the distance r from the reference ion pyranine,
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Fig. 3. Effect of the ionic strength on the apparent dissociation
constant for H* (pK’) of pyranine. Fluorescence of free pyranine
(0.5 uM) was measured as indicated in the text, in 50 mM histidine-
Hepes and 10% (v/v) glycerol. The pH was varied by varying the
ratio histidine /Hepes, whilst ionic strength was varied by addition of
KCl. The value of pK' was determined from a plot of 1og(FI 4,/
Fl,,0) vs. pH according to Eqn. 4 for different ionic strength. With
augmenting ionic strength (I), the apparent value (pK’) diminishes
towards the intrinsic value (pK/=7.07) (Eqn. 9). The plot of
logtpK’ —pKi’) vs. ¥I was linear (inset) and allowed to calculate
the parameters A (0.747) and A’ (0.0934) from, respectively, the
intercept with the y-axis and the slope of the regression line.

k, and T are the classical thermodynamic constants,
and e, is the unit electrostatic charge:

[H*], =[H"Jo-exp(— e, ¢ /kT) (5)

Thus, the local proton concentration actually perceived
by the pyranine dye depends on both the proton con-
centration in the bulk (H}) and the value of the
electrostatic potential ¢. The latter can be estimated
using the linearized Poisson-Boltzman equation, where
z,, is the valency of the reference ion pyranine, € the
dielectric constant of the medium, I the ionic strength

and K~! is the Debye-Huckel reciprocal length:

¢ =(z,e,/€r)exp(— Kr) (6)
with:
K =|((47 /kT) 2 1-€2) M

combining Eqns. 4 to 7 gives:

log(F1 49 /Fl430) = pH, —pK; +log(B/a)— A-exp(— AVI) (8)

with:

A=0.43(z2} /erkT) and A’ = ry(8me2 /€kT)

where pK; is the ‘intrinsic’ dissociation constant of
pyranine (i.e., the one in the absence of electrostatic
interactions). Finally, the apparent pK' of the pyra-
nine dye experimentally determined from the value of
log(FI ,4,/F1 4) versus pH should depend on its intrin-
sic value, on the parameters 8 and a, and on the ionic
strength according to:

pK'=pK;~log(B/a)+ A-exp(~ A’ﬁ)=pK{+ A-exp(— A’\/I—)

)

A decrease of pK' with augmenting ionic strength
is predicted by Eqn. 9, as experimentally observed (Fig.
3). At higher ionic strength, pK’ should approach the
value of pK;. From this experimentally estimated pK/
value, the observed difference log(pK' — pK/) should
be linear with yT, which was actually observed (Fig. 3,
inset). The value of the constants 4 and A’, deter-
mined respectively from the slope and the intercept of
the regression line could be used to fit accurately the
experimental data (see theoretical curve in Fig. 2).

Calibration of the K * probe PBFI (monolabelling exper-
iments)

The PBFI molecule is a crown ether compound,
linked via its nitrogens to benzofuran fluorophores
bearing isophthalate groups as additional liganding
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Fig. 4. Calibration of the fluorescence of PBFI encapsulated in
liposomes and free in solution as a function of K concentration.
Liposomes (80 wug/ml final) containing 50 mM histidine-Hepes (pH
6.75), 10% glycerol (w/v) and 1 mM PBFI were diluted in the same
medium without PBFI. Nigericin (0.5 uM; H* /K> exchange) and
TBT (0.5 mM; CI~/OH™ exchange) were added to equilibrate
internal and external K* concentrations. The initial diminution of
the PBFI signal was caused by an internal K* contamination (associ-
ated to the lipids). Thereafter aliquots of concentrated KCl were
added to the medium to calibrate the PBFI signal as a function of
the internal K* concentration. Inset: Scatchard plot of PBFI fluores-
cence with K* concentration for encapsulated (a) or 2 uM free
probe probe (O). The parameter f is defined as (FIg+—FI,)/(FI .,
—FI,), where FI, and FI_, are, respectively, the PBFI fluores-
cence in the absence of K* or in the presence of a saturating K*
concentration. Similar results were obtained when liposomes were

multilabeled with pyranine and oxonol (not shown).

centers [19]. It binds K* according to a mass action
law:

K 4 app = (IPBFI}-[K* ) /[KPBFI] 10)

The fluorescence of the KPBFI complex is higher than
that of free PBFI. Fluorescence increases with the
concentration of KPBFI, according to the following
equation, where FI, and FI are respectively the fluo-
rescence of the dye in the absence and in the presence
of K*, and vy is a constant [15]:

Flg = Fl, + y-[KPBFI] an
The binding isotherm in terms of fluorescence is:
(FIg —FI,) = (FI 0 —FI,) - [K¥ ] /(Kgapp + K1) (12)

Potassium titration of PBFI fluorescence with con-
centrated KCI aliquots allowed to determine FI, FI ..
and K, using a Scatchard plot (Fig. 4). When encapsu-
lated in liposomes, PBFI was titrated in the presence
of 0.5 uM nigericin and 0.5 mM TBT as described by
Jezek et al. [15]. The combination of K*/H* and
Cl~/OH™ antiporters permits the free equilibration of
KCI across the lipidic membrane. The same K, values
were determined for free or encapsulated PBFI in 50
mM histidine-Hepes (pH 6.75) and 10% (v/v) glycerol
(Fig. 4, inset).
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Fig. 5. Effect of the buffer ionic strength on the apparent dissocia-
tion constant (K ,,,) of free PBFI for K*. Free PBFI (2 uM) in
various BTP-SO, (pH 6.75) concentrations was titrated with KCl and
the value of K, ,,, was determined from Egn. 12. The data were
fitted by non-linear regression to the theoretical relation for the ionic
strength effect of the buffer according to the Debye-Huckel theory
(solid line: Kg,,,=A Kq-expl— A-exp(4"-VI)) with A-K4=
19.56 mM, A’ =0.81, and A” = —0.11).

The dependence of K,,,, of PBFI on the ionic
strength of the medium has been examined by titrating
the free probe with KCl in BTP-Cl (pH 6.75), for a
buffer ionic strength in the range of 5 to 300 mM. As
for pyranine, the value of K, ,,, increased upon aug-
mentation of the buffer ionic strength, accordingly to
the Debye-Huckel theory (Fig. 5).

Using histidine-Hepes buffers at different pH values
but at a constant ionic strength, it was observed that
the value of K, ,,, rapidly increased when the medium
was acidified (Fig. 6), whilst the value of FI, and FI
remained almost unaffected (not shown). At a given
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Fig. 6. pH dependence of the apparent dissociation constant for K*
of PBFI encapsulated or free in solution. Encapsulated PBFI (®) was
calibrated using liposomes (80 ug/ml) containing 1 mM PBFI and
0.5 mM pyranine in 50 mM histidine-Hepes (pH 6.75), 10% (v/v)
glycerol and nigericin (0.5 uM). This K* /H™" exchanger allowed to
equilibrate various K* concentrations by adding KOH aliquots at
the exterior. The value of K,,,, was calculated as indicated in the
text from the Eqn. 14. The internal pH was simultaneously deter-
mined from the fluorescence of the pyranine dye. Free PBFI (O) was
calibrated in the same buffer by adding KOH aliquots. From Eqn. 15
values of 0.7-107> and 1.5-107® M were obtained for K,y and
Ky respectively.
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ionic strength, this increase of K, could be de-
scribed assuming a competition of H* and K™* for the
binding site. Noting K, the dissociation constant for
K* and K,y the dissociation constant for H*, the
binding equation is given by:

(K" 1= (Kgx + Kax [H"1/Kgp1)/(Fl . —Flg) /(FIg —FL,))

(13)
[K* )= Ky app / ((Fl oy = FI) /(FIg —FIL,)) (14
with:
Kqapp=Kax + Kax [H" 1/ Ky 15)

The plot of K ,,, vs. H™ actually gave a straight line
from which K4 and K,y can be calculated (Fig. 6).
For both free and encapsulated PBFI, similar K, x and
K4y values were obtained.

In conclusion, careful attention has to be paid to
ionic strength effects of monovalent salts on the re-
sponse of both dyes pyranine and PBFI. The theoreti-
cal frame of Debye-Huckel gives a powerful rationale
to describe and predict such aspecific effects. This is
useful when transport experiments involve variations of
ionic strength at the interior of the vesicles. In the
following experiments, ionic strength was maintained
at a constant value: since K* was the only permeant
species added to the external medium, the entry of K*
into the vesicles was compensated by an equivalent H*
efflux. Formally, the increase in K™ concentration in
the vesicles was electrically compensated by an equiva-
lent decrease of the cationic forms of the buffer.

Calibration of the oxonol VI probe (monolabelling experi-
ments)

The fluorescence of the lipophilic anion oxonol VI
was measured at excitation/emission wavelengths of
614 /646 nm, corresponding to the maximum relative
variation of the fluorescence upon its binding to lipo-
somes (not shown). The response of oxonol to an inside
positive membrane potential results from an augmenta-
tion of its binding to the internal leaflet of the mem-
brane vesicle [20]. Fluorescence was expressed as the
ratio of fluorescence augmentation (AFI) to basal fluo-
rescence at zero membrane potential (FI ). The stan-
dard assay medium (2 ml) contained 50 mM histidine-
Hepes (pH 6.75), 10% (v/v) glycerol and 50 nM ox-
onol. This low oxonol concentration was used to pre-
vent dissipation of the inside positive membrane poten-
tial by the anionic conductance of the probe. The
probe was calibrated using imposed K* gradients
(SOZ~ salt) in the presence of valinomycin (Fig. 7). A
linear relation was observed between AFI/FI and the
theoretical membrane potential (Fig. 7, inset) as ex-
pected from the mechanism of the response of the dye
[20].
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Fig. 7. Calibration of the oxonol VI fluorescence as a function of
imposed K™ diffusion gradient in the presence of valinomycin.
Liposomes (80 ng/ml prepared in 50 mM histidine-Hepes (pH 6.75),
10% (v/v) glycerol and 0.5 mM K,SO, were diluted in the same
medium plus 0.1 M valinomycin and 50 nM oxonol VI. The K*
diffusion membrane potential was created by addition of a concen-
trated aliquot of K,SO, in the external medium. Thereafter, the
membrane potential was collapsed by addition of 0.01% DOC (w/v).
Inset: the maximum fluorescence minus the fluorescence in the
presence of DOC (AF]) divided by the fluorescence in the presence
of DOC (Fl,) was used to calibrate the oxonol response as a
function of the K* diffusion potential (JV) calculated from the
Nernst equation.

Spectral analysis and calibration procedures for multil-
abelled liposomes

Fig. 8 shows the corrected excitation spectra of
pyranine (0.5 uM) or PBFI (1 uM) in 50 mM
histidine-Hepes (at various pH values) and 10% (v/v)
glycerol, or both probes together. These spectra are
corrected for blanks and ratioed with the fluorescence
of the rhodamine reference cell. The sum of the spec-
tra obtained with the probes individually was identical
to the spectrum obtained with a mixture of probes.
Addition of oxomnol, did not modify the spectra of
pyranine and PBFI (not shown). PBFI, pyranine and
oxonol fluorescences were measured as indicated in
Materials and Methods. A 336 nm wavelength was
retained for the excitation of PBFI, since it corre-
sponds to the isosbest of pyranine being closest to the
maximum excitation wavelength of PBFI (340 nm). At
336 nm, the small contribution of pyranine to the PBFI
signal was independent of the internal pH.

To circumvent the effects of varying ionic strength
on PBFI and pyranine, the following dual calibration
procedure was used for multilabelled liposomes. Con-
centrated KOH aliquots were added in the presence of
the electroneutral H* /K™ exchanger nigericin. Since
the equilibration of the vesicles resulted from a H* /K™
exchange, the ionic strength inside the vesicles re-
mained unchanged. Furthermore, due to the buffer
strength used, the quasi-totality of K™, initially added
with OH™, was neutralized by the anionic form of the
Hepes buffer, following its deprotonation upon OH~
addition: the bulk ionic strength itself was not signifi-
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Fig. 8. Comparison of the excitation spectra of free pyranine and
PBFI, and of the mixture of the two probes. The excitation spectra of
1 uM PBFI, with 2, 20 and 40 mM K™ (traces 1 to 3) and 0.5 uM
pyranine at pH 6.75, 7.50 and 8.00, (traces 4 to 6) were measured in
50 mM histidine-Hepes and 10% (v /v) glycerol using channel B and
a 495 nm long-pass cut on filter (see Materials and Methods). The
spectra were corrected for the fluorescence of the buffer solutions
and ratioed with the fluorescence of the rhodamine reference cell.
No difference was observed between the mathematical sum of the
spectra of free pyranine and PBFI measured individually (trace
7 =sum of traces 3 and 6), and the spectrum of a mixture of PBFI
and pyranine (trace 8). Routinely the isosbestic point of pyranine at
336 nm was used to excite the PBFI probe to determine K*
concentration without interference of the response of pyranine fluo-
rescence to pH. The isosbestic point at 421 nm was used to ratio the
PBFI fluorescence. pH dependent pyranine fluorescence was meas-
ured at 410 and 460 nm as indicated in the text.

cantly modified. Anew, no difference was observed
when calibration of the probes was performed with
free or encapsulated dyes (not shown). The proton
concentration was calculated from the pyranine fluo-
rescence for a constant ionic strength using the deter-
mined value of pK' from Eqn. 4.

FI,, Fl . and K,,,, for PBFI fluorescence were
determined directly from the calibration plot from Eqn.
12 and the parameters K, and K, were calculated
from Eqn. 15. After calibration of the probes, the
internal K* concentration was determined from Eqn.
13. The value of I was considered constant during the
influx experiment and equal to the initial internal ionic
strength.

Simultaneous measurements of K* influx, H™ efflux
and membrane potential

Internal K* and H* concentrations, and membrane
potential, were determined according to the above
described procedures, after addition of 20 mM K,SO,
at the exterior of the vesicles, both in the presence and
absence of valinomycin. In the presence of valino-
mycin, a high membrane potential was determined
from the response of the oxonol probe (Fig. 9A). The
diffusion potential decayed slowly while a pH gradient
was built. After approx. 100 min both H* and K* were
at a quasi thermodynamical equilibrium. During the
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whole kinetics, the value given by the oxonol probe was
close to the theoretical Nernst potential calculated
from the observed K* gradient (determined from the
PBFI fluorescence).

In the absence of valinomycin, the initial value of
the membrane potential was null in the presence of the
protonophore CCCP (not shown), and about 10 mV in
its absence (Fig. 9B). However, a time-dependent in-
crease of the membrane potential was observed, in
contrast to the decrease previously observed in the
presence of valinomycin. The maximum size of the
membrane potential was in accordance with the calcu-
lated Nernst potential for the built H* gradient, meas-
ured with the pyranine probe. It reached the same
stationnary level as the one previously observed in the
presence of valinomycin.

The K* and H* net fluxes were calculated as indi-
cated in Materials and Methods. The initial K* and
H™ fluxes were electrically coupled, in the absence of
valinomycin, by a small membrane potential (Fig. 9).
This permits to use-the value of the initial flux (J, )

7.2

7.0

6'50 120 0 60 120

Time (min) Time (min)
Fig. 9. Simultaneous determinations of membrane potential, internal
pH and K* concentration during K™ filling kinetics of liposomes,
using the probes oxonol VI, pyranine and PBFIL Liposomes (80
wg/ml) containing 50 mM histidine-Hepes (pH 6.75), 10% (v/v)
glycerol, 1 mM PBFI and 0.5 mM pyranine, were diluted into 50 mM
histidine-Hepes (pH 6.75), 10% (v /v) glycerol and 50 nM oxonol VI.
Calibration of the probe signals and fluorescence measurements
were performed as described in the precedent figures and in Materi-
als and Methods. The reaction was started by addition of 20 mM
K,SO, in the medium in the presence (left panels) or absence (right
panels) of valinomycin. At the end of the experiment, internal and
external ionic conditions were equilibrated by addition of DOC
(0.05% w/v). Panels A and B: membrane potential measured with
the oxonol probe (solid line), or calculated from the K* diffusion
gradient (A, upper dotted line) or from the H* diffusion gradient
(A, lower dotted line). Panels C and D: internal K* concentration
measured with the PBFI probe. Panels E and F: internal pH meas-
ured with the pyranine probe.
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Fig. 10. K* permeability coefficient determined from simultaneous
measurements of K* flux and membrane potential. Liposomes (80
ug/ml) containing 50 mM histidine-Hepes (pH 6.75), 10% (v/v)
glycerol, 1 mM PBFI and 0.5 mM pyranine were diluted into 50 mM
histidine-Hepes (pH 6.75) and 10% (v/v) glycerol and 0.2 uM
CCCP. K* fluxes and membrane potential were calculated as indi-
cated in Materials and Methods. The K* permeability coefficient
was determined according to Fick’s law (Eqn. 16 trace B), or by
correcting for the measured membrane potential according to the
Goldman-Hodgkin-Katz equation (Eqn. 17 trace A).

o
o

together with the Fick’s law (used for electroneutral
diffusion), to approximate the permeability coefficient
to K* (Pg) of the membrane:

Py =J,; /AK"] (16)
In the presence of a membrane potential, the perme-
ability coefficient can be corrected, using the Gold-
man-Hodgkin-Katz equation:

Py = Jx(RT / VF)(exp(VF /RT)—1)
X{(IK* Jin- exp(VF /RT) = [K* Jou))] ™" 17

in which R, T and F are the classical thermodynamical
parameters, Ji is the K* flux, V' is the membrane
potential and [K*],, and [K*], represent, respec-
tively, the internal and external K* concentrations.

However, this procedure is useful only when the
membrane potential is not too close to the one deter-
mined by the K* diffusion gradient. In the latter case
(for instance in the presence of valinomycin) the value
of the denominator in Eqn. 17 will be close to zero,
resulting in large variations in the calculated Py, upon
small variations in the experimentally determined K™
concentrations and membrane potential.

Fig. 10 shows that such a correction allows to calcu-
late the permeability coefficient over a prolonged time
period during a K* influx experiment in the absence of
valinomycin. A permeability coefficient to K* of (6 +
3)-107 m s™! at 20°C was obtained from this rela-
tion.

Furthermore, net K* and H* fluxes exhibited a
stoichiometry close to 1:1 (Fig. 11). This was expected
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Fig. 11. K* and H* fluxes respectively measured with the PBFI and
pyranine probes during a K* filling experiment. Liposomes (80
pg/mb containing 50 mM histidine-Hepes (pH 6.75), 10% (v/v)
glycerol, 1 mM PBFI and 0.5 mM pyranine were diluted into 50 mM
histidine-Hepes (pH 6.75) and 10% (v/v) glycerol. The reaction was
started by addition of 20 mM K,SO, at the exterior. K* and H*
fluxes were calculated from the derivation of the measured internal
K* and H* concentrations as explained in Materials and Methods
(Eqns. 1 and 2). (A) Upper panel: H* flux. Lower panel: K* flux.
(B) Ratio of H* flux and K* flux.
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Fig. 12. Permeability coefficients of liposomes to alkali cations.
Liposomes (80 pg/ml) containing S0 mM histidine-Hepes (pH 6.75),
10% (v/v) glycerol and 0.5 mM pyranine were diluted in 50 mM
histidine-Hepes (pH 6.75) and 10% (v/v) glycerol at 45°C. The
reaction was started by addition of 40 mM of alkali cations (as sof—
salts) in the medium. The measured proton efflux mirrored the
equivalent net cation influx, as shown in Fig. 11, and allowed to
estimate the permeability coefficients as indicated in the text. The
permeability coefficients were plotted as a function of the reciprocal
ionic radius of the different alkali cations. The data represent the

mean of three independent repetitions.



since K™ and H* were the only significant permeant
ions in the medium. Since the K* and H* fluxes are
mirror images, the latter can also be used to estimate
the permeability of the membrane to K* and to other
cations. In this way we used the pH dye pyranine to
study the cationic selectivity of the membrane, measur-
ing the net H* fluxes developed after imposition of a
cation gradient (Fig. 12). From all tested ions, K* was
the most permeant one, whilst the ionic selectivity
sequence was: K*>Na*> Rb*> Cs*> Li*, which
corresponds to the Eisenman series VI {11].

Discussion

Validity of the spectroscopic methods

Impermeant fluorescent. dyes are generally highly
ionized molecules. The observed ionic strength effects
on the response of pyranine and PBFI dyes indicate
that electrostatic interactions are to be taken into
account for quantitative analysis. Of course, maintain-
ing the ionic strength at a constant value would be the
best way to overcome this difficulty. But, if impossible,
the Debye-Huckel theory provides a convenient con-
ceptual frame to describe, and correct for ionic strength
effects.

The design of impermeant ion specific dyes gener-
ally involves ionized binding sites. Thus, competition of
H* and the specific ion of interest, as observed for
PBFI, can be considered as another general behaviour
to be taken into account for quantitative analysis. To
face this difficulty, the simultaneous use of the ion
specific probe and a pH probe permits to correct for
the competiting effect of H™.

Calibration of the probes, encapsulated or free in
solution did not give significant differences in monola-
belled or in multilabelled samples (Figs. 1, 6, 8). The
internal K* concentration in filling kinetics, deter-
mined from the PBFI fluorescence, reached a final
equilibrium value which is in good agreement with the
known concentration of K* initially added outside
(Fig. 9). Furthermore, the K* and H™* fluxes as esti-
mated from the PBFI and the pyranine fluorescences
respectively could reasonably be considered to be mir-
ror images, as was to be expected to garanty elec-
troneutrality in the absence of other permeant ionic
species (Fig. 11).

The oxonol VI probe is also usable for the quantita-
tive determination of the membrane potential, pro-
vided that its conductance is reduced using very low
concentrations of oxonol (10 nM range). In these con-
ditions, the theoretical potential calculated in K* fill-
ing kinetics from the measured K* gradient (PBFI
dye) in the presence of valinomycin is close to the
potential given by the probe (Fig. 9), whilst in the
absence of valinomycin the potential is close to the one
calculated from the pH gradient (pyranine).
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The validity of the different quantitative methods,
which include encapsulation, acquisition and correc-
tion procedures, as well as mathematical treatment of
signals (calibration, derivatives etc.) is thus a posteriori
attested by the overall physical consistency of the vari-
ous parameters.

In conclusion, apart from methodological advan-
tages (for example, correction for H* competiting ef-
fects), the use of multilabelled vesicles allows to gain
simultaneously and quantitatively three pieces of infor-
mation: the ionic transport of interest, the coupled
cotransport and their transmembrane electrical effects.

Transmembrane electrical effects

In the absence of valinomycin, the membrane poten-
tial determined with the oxonol probe after the imposi-
tion of an inward K* diffusion gradient was about 10
mV (Fig. 9B). Indeed, the permeability coefficient to
H™* of liposomes has been shown to be about one
million times as high as compared to other univalent
ions, including K* [5,7,8,12-14]. Thus, the membrane
conductance to protons was much higher than that to
K*, in spite of the very low H*, and high K*, concen-
trations in the medium, and efficiently short-circuited
the membrane potential.

An important consequence of the natural high H*
conductance of liposomes is that the membrane poten-
tial was negligible only at the begining of K* filling
experiments. The size of the membrane potential in-
creased in agreement with the theoretical (Nernst)
membrane potential for the observed pH gradient built
by the K* /H™* exchange in these experiments (Fig. 9A,
B). A stationary state was reached where the mem-
brane potential corresponded to the quasi-equilibrium
potential for both H* and K™ ions.

The H* conductance became truly negligible as
compared to the K* conductance when valinomycin
was present: the value of the membrane potential
following the imposition of a K* gradient was almost
instantaneously established, and was in good agree-
ment with the Nernst potential calculated from the
measured K* gradient (Fig. 9A).

Quantitative analysis of permeability coefficient and
cationic selectivity of liposomes

Data in literature on ionic permeability coefficients,
and ionic selectivity in liposomes are scarce and vari-
able. The permeability coefficient of phosphatidyl-
choline lipid bilayers for Na* and K* are variable
(107 ms™ 1[4 1072 m s~ [8); 0.3:10712 to 2.7 -
1072 m s~! [5]). This variability is probably caused by
the difference in used lipids, as well as in the methods
to estimate the permeability coefficient. Another source
of variation is the type of liposomes used. Elimination
of detergent and prevention of oxidation of lipids dur-
ing preparation is crucial for a high permeability bar-
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rier [12,22). In the present study, we determined the
ionic permeability coefficient of liposomes of PC/PG
(8:2, mol/mol), from the measured K* and H* fluxes,
taking the membrane potential into account. As shown
above, the oxonol probe gave reliable determinations
of the membrane potential during K* filling experi-
ments, and allowed to calculate the permeability coeffi-
cient from the measured K* flux according to the
Goldman-Hodgkin-Katz equation.

The net K™ flux could be measured directly using
PBFI, but also indirectly from the net H* flux meas-
ured with the pH probe pyranine (Fig. 11). The validity
of this procedure is shown by the near 1:1 stoichiom-
etry of the net K* and H* fluxes. This procedure
allowed the determination of the permeability coeffi-
cients to other alkali cations for which no ion specific
probes are available. (Only the Na* specific probe
SBFI, which is similar to PBFI, is at present available,
and could thus be used to further verify the assertion
that Na* and H* flux mirror one another.) The per-
meability coefficient to Na* (5-107"> m s™!), was in
the range of the values (approx. 0.3-1072 to 3- 10712
m s~ !) obtained from self-diffusion experiments of
22Na across PC/PA (98:2, mol /mol) large unilamellar
liposomes [8], or across Black Lipidic Membrane of PC
[5]. The liposomes used in the present study (PC/PG
8:2, mol/mol) exhibited a cationic selectivity in favor
of K* (K*/Na*/Rb*/Cs*/Li" =
1:0.92:0.66:0.45:0.37; Fig. 12).

In order to explain this selectivity, ionic radius of
hydrated and non hydrated ions as well as anionic
electrical field strength at the membrane interface has
to be considered. Partial hydratation of ions can mini-
mize the transfer energy for an ion in the lipid bilayer,
diminishing electrostatic energy but augmenting sur-
face energy [21]. All ions will therefore tend to be at
their lowest energy state in a sphere of water of the
same size. This would explain the absence of selectivity
of neutral bilayers as observed in literature [3].

Nevertheless, a 10-fold discrimination of K* over
Na* has been observed for liposomes of the negatively
charged PS [3]. Such discrimination can be interpreted
considering the anionic field strength of the polar head
of the phospholipids [11], provided that the complete
sequence of alkali cations could be examined. The
moderatly charged liposomes (PC /PG (8: 2, mol /mol))
used in the present study also discriminate K™ over
Na* according to the Eisenman serie VI, reflecting an
intermediate anionic field strength at the membrane
surface. The magnitude of the K*/Na™ discrimination
observed in this study is much lower than the one
reported above for liposomes of PS. It has to be
pointed out that the magnitude of such discrimination

should strongy depend on the hydration of the interact-
ing anion.

In conclusion, membrane vesicles multilabelled with
ion specific and membrane potential probes, moni-
tored with a multichannel spectrofluorometer, offer
the possibility to measure K* and H* fluxes and the
membrane potential, continuously and simultaneously.
The consistency of the different parameters with the
Goldman-Hodgkin-Katz relation indicates that an elec-
trophysiological analysis can be developed to study ion
transport processes on isolated membrane vesicles. Fa-
cilitated ionic fluxes supported by reconstituted trans-
port proteins are determined as the difference of over-
all measured fluxes and non-facilitated ones. The pre-
sent study on liposomes is therefore the first step
before adressing transport properties of reconstituted
proteins.
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