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ABSTRACT In contrast to animal cells, plant cells contain ;5–50 mM nitrate in cytosol and vacuole. The lack of specific
spectroscopic probes, or suitable isotopes, impedes in vitro studies of NO3

2 transport. Reconstitution of root cell plasma
membrane (PM) proteins in mixed soybean lipid:egg phosphatidylcholine allowed for the generation of large K1-valinomycin
diffusion potentials (Em), monitored with the oxonol VI dye. Nevertheless, Em was restricted to ;130 mV by capacitor
properties of biological membranes. This caused an increasing discrepancy at higher K1-Nernst potentials used for
calibration. Therefore, Em was determined directly from the fluorescence of the dye free in buffer, bound at zero Em, and
bound upon Em generation. Then, an electrophysiological analysis of the NO3

2-dependent dissipation rate of Em gave the net
passive flux (JN) and the permeability coefficient to NO3

2 (PN). The plant root cell PM exhibited a strikingly large PN (higher than
1029 m s21) at high Em (90–100 mV) and pH 6.5. At low Em (50–60 mV) and pH 7.4, PN decreased by 70-fold and became
similar to that of the lipid bilayer. This agreed with the previous observation that 15 mM NO3

2 short-circuits the plant root PM
H1-ATPase at its optimal pH of 6.5.

INTRODUCTION

Plasma membrane (PM) H1-ATPase of plant, algae, and
fungus generates membrane potentials (Em) up to 250 mV
(Gradmann et al., 1978; Sanders and Slayman, 1989). We
showed elsewhere (Grouzis et al., 1997) that inside-out PM
vesicles from root cells, double-labeled with fluorescent
probes for pH andEm, cannot be acidified in the absence of
permeant ionic species to electrically compensate pumped
H1; as expected, the pump stalls on the high, positive-inside
Em it creates. Short-circuiting the H1-ATPase at pH 6.5, the
acidic optimum of plant PM H1 pumps, triggers its maxi-
mal H1-pumping rate; this can be achieved by adding the
K1 ionophore valinomycin to vesicles loaded with 100 mM
K1 or, alternatively, by adding only 15 mM NO3

2 to the
outside of non-K1-loaded vesicles. This NO3

2 short-circuit-
ing reveals a concurrent (electrically coupled) transport of
H1 and NO3

2. It is saturable, inhibitable, and thermolabile
and not observable, by contrast, with liposomes containing
only the purified H1-ATPase. In this way, the root cell PM
appears more conductive to NO3

2 than to Cl2 or even to K1,
due to a protein-mediated passive pathway (i.e., driven by
the transmembrane ion electrochemical gradient).

Anion transport at the animal cell PM is mainly attribut-
able to Cl2 and HCO3

2 (Stein, 1986). Plant cells, which
ensure the major N input in terrestrial trophic chains, con-
tain usually;5 and 50 mM in cytosol and vacuole, respec-
tively (Zhen et al., 1992). Channels confer highly conduc-

tive passive pathways to anions in leaf guard cell PM, and
a permeability coefficient 4- to 10-fold higher for NO3

2 (PN)
than for Cl2 (Schmidt and Schroeder, 1994; Hedrich and
Marten, 1993). Although large passive NO3

2 efflux from
root cells can be transiently observed (for example, Delhon
et al., 1995), no channels for passive NO3

2 efflux have been
found to date in mature cortical root cells, despite attempts
(Ryan et al., 1997). This prompted us to examine in vitro the
passive NO3

2 transport and permeability coefficient of plant
root cell PM.

Isolated vesicles are suitable to control ion concentrations
across the membrane and to determine net ion fluxes and
permeability coefficients, by measuring filling or emptying
kinetics (Venema et al., 1993). Furthermore, inside-out PM
vesicles make transport sites of passive efflux systems ac-
cessible to the external medium. Unfortunately, the lack of
specific or suitable spectroscopic probes and isotopes im-
pedes in vitro studies. We have shown that NO3

2 strongly
increases the dissipation rate of K1-valinomycin diffusion
Em across PM vesicles, qualitatively monitored with the
oxonol VI dye (Grouzis et al., 1997). This offered a more
direct access to passive NO3

2 transport by PM proteins,
compared with NO3

2-coupled H1-pumping rate evoked
above.

As plant cells are strongly polarized, the aim of the
present work was to generate large K1-valinomycin diffu-
sion Em. This revealed an inconsistency between the re-
sponse of oxonol VI and theoretical (K1-Nernst)Em higher
than 70 mV. The plot of oxonol response versus Nernst
potential, which is classically used to calibrateEm dyes,
deviated increasingly from linearity due to capacitor prop-
erties of biological membranes (Apell and Bersch, 1987).
The lipophilic anion oxonol VI, the most permeant cyanine
dye, is expected to distribute freely across the membrane at
thermodynamic equilibrium withEm (Bashford et al., 1979;
Clarke and Apell, 1989). We took advantage of this prop-
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erty to determineEm directly from the fluorescence of
oxonol VI. Then, the electrophysiological analysis of the
NO3

2-dependentEm dissipation rate allowed the demonstra-
tion that the root cell PM exhibits, like that of leaf guard
cells, a strikingly large permeability coefficient for NO3

2

(higher than 1029 m s21). The corresponding conductive
pathway appeared voltage dependent and detectable only at
the acidic optimal pH of 6.5 of plant PM H1-ATPase.

MATERIALS AND METHODS

Experimental materials

Corn seeds (Zea maysL., var Mona) were grown as described previously
(Simon-Plas et al., 1991). Microsomes were prepared according to De
Michelis and Spanswick (1986). Plasma membrane was further purified as
described elsewhere (Galtier et al., 1988).

Protein reconstitution procedure

The PM protein moiety was reconstituted by rapid elimination of the
detergent DOC in a Sephadex G-50 mini-column, at a lipid-to-protein ratio
of 15 (w/w), according to Grouzis et al. (1997). Control liposomes of
mixed soybean phospholipid:egg PC (8:2, w/w; soybeanL-a-phosphati-
dylcholine, type II-S, and egg phosphatidylcholine, type XVI-E, Sigma
Aldrich Chimie, France) were prepared in the same way. Otherwise stated,
reconstitution was performed in a medium containing K2SO4 (0–50 mM,
as indicated in text and legends), 0.1 M HEPES-Li (pH 7.4), 50 mM
Li2SO4, and 20% (v/v) glycerol. As detailed elsewhere (Grouzis et al.,
1997), this reconstitution procedure gave a homogeneous population of
highly tight vesicles containing unidirectionally (inside-out) reinserted
H1-ATPase molecules with the same hydrolytic activity as the total one in
native membrane (i.e., corresponding to the sum of the so-called basal plus
latent activities, measured on a detergent-permeabilized mixture of native
inside-out plus right-side-out vesicles). The H1-ATPase in reconstituted
PM vesicles remains short-circuited by NO3

2 and the NO3
2-coupled H1

pumping exhibits similarKm for NO3
2 as in native vesicles.

Encapsulation of pyranine in membrane vesicles

To encapsulate pyranine (8-hydroxy-1,3,6-pyrene-trisulfonic acid) into
membrane vesicles, reconstitution was performed in the presence of 0.5
mM pyranine. Nonencapsulated probe was removed by gel filtration on a
Sephadex G-50 mini-column. Pyranine was also encapsulated into soni-
cated and freeze-thawed liposomes. Eighty milligrams ml21 phospholipids
were dispersed in 0.1 M HEPES-Li (pH 7.4), 50 mM Li2SO4, 10 mM
CaSO4, and 0.5 mM pyranine, by vigorous mixing on a vortex mixer in the
presence of glass beads for 15 min under argon. This suspension was
sonicated for 20 min under argon in a Bransonic bath sonicator until
clarification. Freeze-thawed liposomes were obtained from sonicated lipo-
somes after four freeze-thaw (liquid nitrogen/ice) cycles. After 10-fold
dilution in the same medium without CaSO4, the suspension was passed
through a Sephadex G-50 mini-column to remove nonencapsulated pyranine.

Determination of vesicles size

Two methods were used to determine vesicles size. It was estimated first
from the fluorescence of entrapped pyranine recorded at 511 nm after
excitation at 421 nm. The fluorescence decrease of the dye in the presence
of the quencher DPX (p-xylene-bis-pyridinium bromide) indicated that
more than 90% of the dye was entrapped. The specific internal volumeV1

(in 1 per mol of phospholipid) was given by

V1 5 Ca/~C1 Lip!,

in which Lip is the molar concentration of phospholipids in the assay
cuvette,C1 the concentration of entrapped pyranine in the lumen (0.5 mM),
and Ca the macroscopic concentration of pyranine in the assay cuvette,
deduced from comparison of the fluorescence intensity of the sample and
a calibration curve with bulk pyranine (in the absence of vesicles). Denot-
ing s the molecular area of the phospholipids (75 Å2, according to Gibrat
and Grignon, 1983),A the vesicle mean area (in Å2, corresponding to 2A
of phospholipidic area), andN the Avogadro’s number,Rv, the mean
internal radius of the vesicles (in Å), is given by

Rv 5 3V1/2A 5 6V1/Ns5 133V1

The second method to estimate vesicle size used gel filtration chroma-
tography (Reynolds et al., 1983; Ollivon et al., 1986). A column (603 0.9
cm) was poured with Sephacryl S-1000SF at a flow rate of 0.25 ml/min.
Vesicle samples were chromatographed on columns presaturated with three
column volumes containing 0.25 mg ml21 sonicated soybean lipids in 0.1
M HEPES-Li (pH 7.4), 50 mM Li2SO4. A 500-ml aliquot of sample (1 mg
of lipid) was layered on the top of the column and eluted at the same flow
rate in elution buffer containing 0.1 M HEPES-Li (pH 7.4), 50 mM Li2SO4.
The total volume (Vt) and the void volume (V0) of the column were
determined from the elution of a peptide (Gly-Tyr, molecular weight
238.2) and multilamellar vesicle (MLV) lipid or latex beads (diameter, 5.7
mm), respectively. For calibration of the column with latex beads (diam-
eters, 976 13 and 3026 6 nm), the column was equilibrated and eluted
with elution buffer containing 3 mM sodium dodecyl sulfate (SDS) to
prevent aggregation of the latex beads (Reynolds et al., 1983), and Li2SO4

was replaced by NaCl in elution buffer to avoid precipitation. The effluent
was monitored by optical density at 280 nm. Vesicle radius was estimated
by the procedure of Ackers (1967). A partition coefficient, designatedKav,
is given by

Kav 5 ~Ve 2 V0!/~Vt 2 V0!,

whereVe is the elution volume of the sample. The hydrodynamic radiusr
is given by

r 5 a0 1 b0erf21~1 2 Kav!,

wherea0 andb0 are constants of the column anderf21 the inverse standard
error function, found in probability tables.

Oxonol VI fluorescence measurement

Fluorescence intensity of theEm probe oxonol VI (50 nM) was measured
at excitation/emission wavelengths of 614/646 nm with an Aminco-Bow-
man Serie 2 spectrofluorometer, fitted with a stirred disposable cuvette (2
ml of assay medium) thermostated at 30°C. DiffusionEm was created by
adding a concentrated aliquot of K2SO4 (final concentration of 100 mM) to
the assay medium containing reconstituted vesicles (50mg ml21 phospho-
lipids), 20 nM valinomycin, 0.1 M HEPES-Li (pH 7.4), 50 mM Li2SO4,
and the same K2SO4 concentration as that used for reconstitution (0–50
mM). Em was determined as described in Results from four fluorescence
intensities,Fbuf, Fw, FtEm, andFt0 (see Fig. 1), corrected for dilution due
to addition of successive aliquots. Intrinsic fluorescence of the assay buffer
(Fbuf) was substracted fromFw, FtEm, and Ft0 before introducing these
latter in relations detailed in Results or Appendix.

Protein determination

Proteins were determined according to Schaffner and Weissmann (1973),
with bovine serum albumin as standard.

Statistics

All values reported in this study are the means6 SE of at least six values
from two or more different membrane preparations.
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RESULTS AND ANALYSIS

Response of oxonol VI to K1-valinomycin
diffusion potentials

Upon binding to lipidic vesicles, fluorescence of the li-
pophilic dye oxonol VI is red shifted and its quantum yield
strongly increases (Bashford et al., 1979; Apell and Bersch,
1987). As the most permeant cyanine dye, oxonol VI freely
equilibrates across biological membranes (Bashford et al.,
1979; Clarke and Apell, 1989). After vesicle addition, a first
fluorescence augmentation at 646 nm upon excitation at 614
nm (F0) was observed in response to the oxonol VI binding
on the two bilayer leaflets of vesicles at zeroEm (Fig. 1).F0

was routinely measured after addition of the Li1 ionophore
eth (ETH 149) to Li1-loaded vesicles, ensuring a zeroEm.
In the presence of the K1 ionophore valinomycin, imposi-
tion of an inward K1 diffusion gradient positively polarized
the vesicles and caused another fluorescence increase (DF)
due to its additional binding onto the internal bilayer leaflet
(Fig. 1) in response to the accumulation of the free form of
the oxonol VI anion in the vesicle lumen. The latter was
expected to accumulate according to the Nernst equilibrium
(Bashford et al., 1979; Clarke and Apell, 1989):

Ox1 5 Oxo exp@~F/RT!Em#, (1)

whereR andF are the classical thermodynamic constants,T
is the absolute temperature, andOxl andOxo are the free dye
concentrations in the lumen and in the outside, respectively.
Classically, Em is estimated from the fluorescence ratio
(Rt5 DF/F0) (Apell and Bersch, 1987; Venema et al., 1993;
Ros et al., 1995).

PM proteins from plant root cells were reconstituted in
mixed soybean phospholipids or in mixed soybean phos-
pholipid:egg PC (8:2, w/w). The 3.5-fold increase of the
half-time of Rt dissipation (Fig. 2) indicated that the mem-
brane tightness was significantly improved by complement-
ing mixed soybean phospholipids with egg PC.

The initial fluorescence ratio (Rti) was measured at in-
creasing K1-valinomycin gradients and plotted versus K1-
Nernst potentials (ENernst, Fig. 3). Unexpectedly,Rti reached
a plateau (Rtmax) at ENernst larger than 130–150 mV. This
could arise from 1) free dye depletion as the assay medium
contained only 50 nM oxonol VI or 2) saturation of the
internal membrane leaflet and/or quenching of bound dye at
high Em (oxonol V is quenched uponEm generation; Kaest-
ner and Sze, 1987).

Binding parameters were determined by titrating oxonol
VI (50 nM) with liposomes and reconstituted PM vesicles
(Fig. 4). Scatchard plots were linear, indicating that oxonol
VI binding obeyed a mass action law (Fig. 4, inset). Max-
imal (extrapolated) fluorescence for totally bound dye (Fm-

lip, Table 1), compared withF0 1 DF previously observed
at Rtmax (Fig. 1 or 2), indicated that 60% of oxonol mole-
cules remained free at the plateau; therefore, theRtmaxvalue
could not be related to dye depletion. Second, liposomes
and reconstituted PM vesicles were titrated with oxonol VI

(Fig. 5). Linear Scatchard plots indicated that the quantum
yield of the dye remained constant throughout binding iso-
therms (Fig. 5, inset). Maximal (extrapolated) fluorescence
per saturated membrane leaflet (Fmox/2, Table 1) was 11- to
18-fold higher than the value ofF0 1 DF observed atRtmax.
Thus, the latter could not be related to the saturation of the
internal leaflet or to the quenching of bound dye.

Alternatively, we hypothesized that diffusionEm could
not exceed 140 mV. Dielectrical breakdown seemed un-
likely because it is known to occur within 250–300 mV in
plant cells (Teissie and Tsong, 1981; Mueller et al., 1983)
and because the half-time ofRt dissipation remained con-
stant atENernst of 73 mV, 116 mV, 192 mV, and even
infinite (when the vesicle lumen was initially deprived of
K1; inset of Fig. 3). DiffusionEm across small vesicles
could be otherwise limited by the high capacitance (Cm) of
biological membranes (Apell and Bersch, 1987). Indeed,
charging the equivalent membrane capacitor so thatEm

increases from 0 toEmi
(corresponding toRti), requires that

a significant number of K1 ions enter into the vesicle
lumen. Because the small vesicle size, this initial entry of
K1 significantly increases the internal K1 concentration
from Kli

1 (initially imposed) to Klf
1 (finally reached at equi-

librium Em 5 Emi
). Emi

should be reached for Klf
1 5 Kli

1 1

FIGURE 1 Typical fluorescence response of oxonol VI to the imposition
of an infinite inward K1-valinomycin diffusion gradient across control
liposomes. Liposomes were prepared in a Li1-containing reconstitution
buffer without K1, as described in Materials and Methods. At the indicated
times, oxonol VI (oxo5 50 nM), liposomes (ves5 50 mg phospholipid
ml21), valinomycin (val5 20 nM), K2SO4 (K1 5 100 mM), and the Li1

ionophore eth (2mM) were successively added.Em was determined from
four fluorescence intensities: 1) the (intrinsic) fluorescence of the assay
medium (Fbuf), 2) the total fluorescence after oxonol addition (Fw), 3) the
one after imposition of a positive insideEm using K1-valinomycin diffu-
sion gradients (FtEm), 4) the one at zeroEm, measured after short-circuiting
Em with Li1-ionophore eth (Ft0). Addition of vesicles and imposition ofEm

led to two increases of the fluorescence, respectively, notedF0 (F0 5 Ft0 2
Fw) and DF (DF 5 FtEm 2 Ft0), due to the oxonol VI binding to the
membrane. The maximal, initialDF is notedDFi. Fluorescence intensities
were corrected for successive dilutions.
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Keq
1, the latter being expected from the classical relation

Q 5 ACmEm, whereA and Q are the capacitor area and
charge, respectively:

Keq
1 5 Q/~FV! 5 3CmEmi/~RvF!, (2)

where Rv and V are the vesicles radius and volume,
respectively.

Emi 5 ~RT/F!ln@Ko
1/~Kli

1 1 Keq
1!# (3)

3CmEmi/~RvF! 1 Kli
1 2 Ko

1 exp@2~F/RT!Emi# 5 0 (4)

Equation 4 can be solved numerically to calculateEmi from
initially imposed Ko

1/Kli
1 gradients (Apell and Bersch,

1987). Noteworthy, it gives maximalEmi 5 125 mV for the
highest used Ko

1 in the present study (200 mM, Fig. 3) and
for Kli

1 5 0, usingRv 5 28 nm (Table 2) andCm 5 1 mF
cm22 (Schatchtman et al., 1991; Sukhorukov et al., 1994).
Thus, the capacitor model accounted for the plateauRtmax

observed atENernstlarger than 140 mV (Fig. 3). From Eq. 2,
Keq

1 corresponding to this maximalEm was 1.3 mM. As
confirmed by comparison ofENernst and experimentalEm

(Eprobe3, Fig. 6 A) determined as indicated below,ENernst

calculated from initially imposed Ko
1/Kli

1 (as opposed to
Ko

1/Klf
1) appeared misleading for Kli

1 lower than or close to
Keq

1, due to capacitor properties of vesicles (Fig. 6B).

Direct determination of Em with oxonol VI

As calibration usingENernst calculated from Ko
1/Kli

1 could
be misleading,Emi was determined directly from oxonol VI
Rti. As a permeant lipophilic anion, the free form of oxonol
VI is expected to thermodynamically equilibrate across the
membrane vesicle according to Eq. 1 (Bashford et al., 1979;

Apell and Bersch, 1987). Although the response ofRti to
Emi arises from that of the bound and not of the free form of
the dye,Emi was determined using Eq. 1 assuming that 1)
oxonol VI binding to the two membrane leaflets was linear
with free oxonol VI concentration, which was likely be-
cause its total concentration (50 nM) was 100-fold lower
than the dissociation constant of membrane sites (Kd 5 6
mM; Fig. 5 and Table 1) and 2) free external dye concen-
tration (Oxo) remained nearly constant and equal to the total
concentration; it was estimated above that 60% of the dye
remained free at maximalEmi.

From these hypotheses, the accumulation ratio of the
bound dye on the two bilayer leaflets (Oxbl/Oxbo) was
expected to be linear with the one of the free dye in the two
compartments (Oxl/Oxo), and therefore the former ratio
could be used in place of the latter to calculateEmi using Eq.
1. From the definition ofDF andF0 indicated in Fig. 1,Oxbl

and Oxbo were proportional to (DF 1 F0/2) and F0/2,
respectively, andEmi given by

Emi 5 ~RT/F!ln~2Rti 1 1! (5)

This first direct estimate ofEmi is denotedEprobe1in the
following. In experiments of Fig. 6,Emi was adjusted by
varying Kli

1 at constant Ko
1 5 200 mM. As smallerEmi

corresponded to Kli
1 .. Keq

1, as required to escape to ca-
pacitor effects evoked above,Eprobe1 was expected to be
initially linear (with a slope of 1) withENernst calculated
from Ko

1/Kli
1. In addition, maximalEprobe1was expected to

be ;120–130 mV according to Eq. 4. Indeed,Eprobe1was
initially linear with ENernst (Fig. 6) as opposed to the clas-
sical plotRti versusENernst, which was sigmoidal (Fig. 3).
However, both slope and maximalEprobe1 were approxi-
mately twofold smaller than that expected.

FIGURE 2 Effect of egg PC
complementation of mixed soybean
phospholipids on the tightness of re-
constituted PM vesicles. Experimen-
tal conditions forEm imposition were
similar, and labels have the same
meaning as the ones in the legend of
Fig. 1. (A) Responses of liposomes
(trace a) and reconstituted PM vesi-
cles (trace b), both prepared from
mixed soybean phospholipids com-
plemented with egg PC (8:2, w/w), as
described in Materials and Methods.
Trace c corresponds to PM vesicles
reconstituted from soybean phospho-
lipids without egg PC. The fluores-
cence ratioRt (Rt 5 DF/F0; see Fig.
1) obtained from data inA is plotted
in B. Half-time of the decay kinetics
of Rt increased from 14 to 48 s when
mixed soybean phospholipids were
complemented with egg PC for pro-
tein reconstitution.
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The major part of this discrepancy arose from the signif-
icant depletion of the free dye upon increasingEmi, in
contradiction with the second hypothesis above. This effect
was accounted for, as detailed in the Appendix, from the
fluorescence intensitiesFw, Ft0, andFtEm, measured in each
record (Fig. 1), and from the relative fluorescence yieldFr

of bound/free dye, determined from titrations above (see
legend of Table 1).Rti corrected for depletion, and denoted
Rt0i, was given by

Rt0i 5 Fw~~FtEm 2 Ft0!~Fr 2 1!!/~~FrFw 2 FtEm!~Ft0 2 Fw!!
(6)

Introducing Rt0i in place of Rti in Eq. 5 gaveEprobe2,
initially linear with ENernstwith a slope close to 1 (0.85) and
maximalEprobe2close to 115 mV (Fig. 6). In addition, data
were corrected for the slight deviation from linearity of the
bound versus free dye relation (see first hypothesis above),
expected to occur at the internal and not external leaflet.
Indeed, in the latter case,Oxbo remained likely linear with
Oxo because the latter (50 nM) was at least 100-fold lower
than membrane siteKd (6 mM; Fig. 5 and Table 1) whatever
Emi, as already noted. By contrast, Eq. 1 predicted thatOxl

could increase up to 6mM at maximal expectedEmi (130

mV), and thusOxbl versusOxl likely deviated from linearity
at the highestEmi values.

The binding isotherm of oxonol VI can be accounted for
(see the Appendix) by the values ofKd and number of sites
per lipid (N, Table 1) and the lipid concentration (Lip). This
allowed us to determine the nonlinear relationship between
the ratioOxbl/Oxbo, experimentally given by 2Rt0i 1 1, and
the ratioOxl/Oxo used to calculate equilibriumEmi in Eq. 1.

FIGURE 3 Effect of increasing K1-valinomycin diffusion gradient on
the initial fluorescence ratio of oxonol VI. Vesicles were reconstituted in
the presence of 0–50 mM K2SO4 and equilibrated in the assay medium
containing the same K2SO4 concentration, in the presence of valinomycin.
Then, positiveEm was generated as described in Fig. 1 by adding a
concentrated aliquot of K2SO4 to give a final external concentration of 100
mM. The mean value of the initial fluorescence ratio (Rti 5 DFi/F0), and
the associated standard error determined from four to six experiments with
reconstituted PM vesicles (F) or liposomes (E), is plotted versus the
Nernst potential expected from the K1-diffusion gradient initially imposed
(ENernst 5 (RT/F)ln(Ko

1/Kl
1)). (Inset) Decay kinetics ofRt/Rti for recon-

stituted PM vesicles at followingENernst: 73 mV, 116 mV, 192 mV, and
infinite (no K1 initially inside).

FIGURE 4 Fluorescence titration of oxonol VI with reconstituted PM
vesicles and liposomes at zeroEm. Medium contained 50 nM oxonol VI in
0.1 M HEPES-Li (pH 7.4), 50 mM Li2SO4, 0.5 mM K2SO4, and the
indicated phospholipid concentrations. PM vesicles (F) or liposomes (E)
were reconstituted in the same buffer, as described in Materials and
Methods.Flip is the oxonol fluorescence increase after each vesicle addi-
tion, due to the binding of the probe onto these latter.Flip was corrected for
the fluorescence of free oxonol and the intrinsic fluorescence of the
vesicles, measured in separate experiments. The maximalFlip values (Fm-

lip) extrapolated from the linear Scatchard plot (inset) are given in Table 1.
Fmlip allows the calculation of the ratio of the relative fluorescence yield of
oxonol (Fr) when bound on the vesicles relative to free in solution (see text
and Table 1).

TABLE 1 Oxonol VI binding and fluorescence parameters

Vesicle type Fmlip (a.u.) Fr Fmox (a.u.) Kd (mM) N (mol mol21)

Liposomes 8.2 17.2 85.6 6.2 8.33 1023

Proteoliposomes 7.3 15.1 124.9 7.4 13.83 1023

The parameterFmlip was the maximal fluorescence intensity of bound
oxonol VI (50 nM), determined by extrapolating the linear Scatchard plot
of data from titration with membrane vesicles (Fig. 4).Fr is the relative
fluorescence yield (Fr 5 Fmlip/Fw, whereFw is the fluorescence intensity
of 50 nM free oxonol in buffer, measured in the same conditions; see Fig.
1). ParametersFmox andKd were, respectively, the maximal fluorescence
intensity at oxonol VI saturation of membrane vesicles (63mM phospho-
lipids), and the dissociation constant of membrane sites, determined by
extrapolating the linear Scatchard plot of data from titration with oxonol VI
(Fig. 5). The specific number of membrane sites (N, mol per mol of
phospholipids) was given byN 5 FmoxOxt/(Fmlip Lip), whereLip is the
concentration of vesicle phospholipids. a.u., arbitrary units.
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As detailed in the Appendix,Emi given by the probe after
correction for depletion and saturation effects, denotedEprobe3,
was given by

Eprobe35 ~RT/F!ln@$2Rt0i 1 1%/$1 2 ~Oxt~2Rt0i 1 1!

z ~FtEm 2 Fw!!/~N Lip Fw~Rt0i 1 1!~Fr 2 1!!%#
(7)

The initial slope of the linear regression ofEprobe3 versus
ENernst in the range 0–130 mV reached the expected value
(Fig. 6), and theEprobe3 plateau (125 mV) agreed with
maximalEmi calculated with Eq. 4 accounting for diffusion
Em across capacitor vesicles.

Maximal Eprobe3 measured for liposomes of different
sizes (Table 2) confirmed that maximalEmi increases with
the vesicle radius, as expected from Eq. 4. Furthermore,
maximal Eprobe3 agreed with maximalEmi calculated with
this relation, confirming that 1) the capacitance of the bio-
logical membrane actually limits the magnitude of diffusion
Em across microscopic vesicles (Apell and Bersch, 1987)
and 2) the actualEm can be reliably determined from oxonol
VI fluorescence with Eq. 7, independently of theENernst

calibration, which is misleading at highEm. In the follow-

ing, Em stands forEprobe3given by oxonol VI as described
above.

Determination of net passive nitrate and proton
fluxes and permeability coefficients

Addition of NO3
2 (15 mM) to the external medium of

reconstituted PM vesicles strongly increased the dissipation
rate of the oxonol VI response to K1-valinomycin diffusion
gradient (Ko 5 200 mM as SO4

22 or SO4
22:NO3

2 salt;Kli 5
1 mM as SO4

22 salt), whereas it had nearly no effect on the
initial response (Fig. 7A). We showed that NO3

2 only
slightly increased the dissipation rate of the oxonol VI
response to a similar K1-valinomycin diffusion gradient
across control liposomes (Grouzis et al., 1997). Thus, in-
sertion of PM proteins into the lipid bilayer, although 15-
fold (w/w) diluted at the surface of membrane vesicles after
reconstitution, appeared to induce a large NO3

2 leak. In
addition, the desired information, i.e., the net passive NO3

2

flux (JN) mediated by PM protein(s), appeared contained in
the NO3

2-dependent component of the dissipation kinetics
of the diffusionEm rather than in a variation of the initial
value of the latter.

Therefore,JN was determined as indicated in Fig. 7 from
two main hypothesis: 1) K1 remains at thermodynamic
equilibrium across the membrane vesicle with theEm value
given independently by the oxonol dye, and 2) the kinetics
of Em dissipation underlie a net K1 influx (JK), which
depends on the magnitudes of H1 and NO3

2 leaks electri-
cally compensating the entry of K1. The validity of hypoth-
eses 1 and 2 is addressed in the Discussion. The first step of
JN determination consisted in calculatingEm (i.e., Eprobe3;
Fig. 7 B), as described in the preceding section, from
fluorescence intensity (FI) records in the presence or in the
absence of NO3

2 (Fig. 7 A). The second step consisted in
calculating the K1 concentration in the lumen (Kl; Fig. 7C)
during K1 filling kinetics according to

Kl
1 5 Ko

1 exp@2~F/RT!Em# (8)

A nonlinear regression fit of Ki
1 5 f(t) was used to deter-

mine the polynomial equation:

SKl
1 5 O

j50

n

kjt
jD,

accounting for the K1 filling kinetics. Finally,JK (Fig. 7D)
was obtained from the derivative:

dK1 5 O
j51

n

jkjt
j21

and the equation:

JK 5 d~Kl
1V!/~Adt! 5 ~Rv/3!dKl

1/dt (9)

According to the second hypothesis above,JK was con-
sidered as electrically compensated either by a net H1

FIGURE 5 Fluorescence titration of reconstituted PM vesicles and lipo-
somes with oxonol VI at zeroEm. The assay medium contained 0.1 M
HEPES-Li (pH 7.4), 50 mM Li2SO4, 0.5 mM K2SO4 plus a fixed concen-
tration of membrane vesicles (63mM phospholipid). Reconstituted PM
vesicles (F) and liposomes (E) were reconstituted in the same buffer, as
described in Materials and Methods. The value ofFox, due to the oxonol VI
binding on membrane vesicles, is the total fluorescence observed after dye
addition minus the corresponding one measured for free oxonol in separate
experiments. When the absorbance of the dye was higher than 0.05, the
fluorescence intensity was corrected for inner filter quenching according to
the method of Beyer et al. (1972). The dissociation constant and the
maximal value ofFox (Fmox), extrapolated from the linear regression of the
Scatchard plot (inset), were, respectively, 6.2mM and 85.6 for liposomes,
and 7.4mM and 124.9 for reconstituted PM vesicles. The number (N) of
binding sites per phospholipid unit was calculated fromFmox (see Table 1).
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efflux (JH) in the absence of NO3
2 or by both a net H1 efflux

and a net NO3
2 influx (JN) in its presence. Therefore, de-

noting (JK)N and (JK)0N the values ofJK in the presence or
in the absence of NO3

2, JN andJH were given as

JN 5 ~JK!N 2 ~JK!0N andJH 5 ~JK!0N (10)

Permeability coefficients were calculated fromJN or JH

andEm using the Goldman-Hodgkin-Katz (G-H-K) relation
(Stein, 1986). For reasons detailed in Discussion, only ini-
tial values of Em and fluxes were considered in the follow-
ing (noted Emi, JHi, JNi). As NO3

2 was added initially to the
outside (NO3 o

2 ) of vesicles deprived in this anion, the G-
H-K relation could be simplified to calculate the permeabil-
ity coefficient (PN):

PN 5 2JNi@RT/~zFEm!#@1 2 exp$z~F/RT!Em%#/NO3 o
2 (11)

As both internal and external pH were the same, the G-H-K
relation could be also simplified to calculate the permeabil-
ity coefficient for H1 (PH):

PH 5 2JHi@RT/~zFEm!#/102pH (12)

In the experiment in Fig. 7, with reconstituted PM vesi-
cles,JNi was 4.73 1029 mol m22 s21 corresponding toPN

of 8.6 3 10211 m s21, according to Eq. 11. By contrast, a
104 higher value was obtained forPH (1026 m s21) from JHi

(1.2 3 1029 mol m22 s21), according to Eq. 12. As a
similar highPH was obtained with control liposomes (0.8–
0.9 3 1026 m s21), it is likely that JHi in reconstituted PM
vesicles occurred by diffusion across the lipid bilayer, rather
than by a protein-facilitated transport.PN of reconstituted
PM vesicles and liposomes, at two pH values and at low
(50–60 mV) or high (90–100 mV)Em, are indicated in
Table 3. ThePN of liposomes remained close to 1.73
10211 m s21 at the two pH andEm values, indicating the
adequacy of the G-H-K model to account for the NO3

2

diffusion across a lipid bilayer. ThePN of reconstituted PM
vesicles was only 20–30% higher than that of liposomes at
low Em, whereas it was fourfold higher at pH 6.5 and high
Em. The protein-facilitated component ofJNi, estimated as
JNi of reconstituted PM vesicles minusJNi of control lipo-
somes, was linear with the protein to lipid ratio (w/w) within
the usable range (0.04–0.1; Table 3). Accounting for the
surface dilution of proteins in the lipid bilayer after recon-

stitution, and for the protein to lipid ratio (w/w) close to 1
reported for native corn root PM (Gronewald et al., 1982),
thePN of the latter should be;1.23 1029 m s21 at pH 6.5
andEm within 90–100 mV, 70-fold higher than thePN of
control liposomes.

DISCUSSION

Structural effects on diffusion Em across vesicles

The present study confirms that capacitor properties of
biological membranes restricts the maximal diffusionEm

across microscopic vesicles, due to their high surface to
volume ratio, as shown by Apell and Bersch (1987).Em

smaller thanENernst expected from the initially imposed
diffusion gradient Ko

1/Kli
1 are observed when Keq

1, the
equivalent concentration of K1 ions transferred inside to
polarize the vesicle capacitor, is not negligible as compared
with Kli

1 (Fig. 6B). Maximal Ko
1 was 200 mM in the present

study. Using this concentration, and vesicles loaded with
0.1 mM Kli

1 (expectedENernst, 185 mV), oxonol VI indi-
cated thatEm reached 120 mV (Fig. 6), in accordance with
equilibriumEm for Kl

1 5 Kli
1 1 Keq

1 5 0.1 mM1 1.3 mM,
expected from the capacitor model (Eqs. 2, 3, and 4). This
explains the increasing discrepancy observed above 70 mV
(Fig. 6) betweenEm indicated by the dye and expected
ENernst. PublishedEm values determined from the measured
accumulation ratio of radiolabeled lipophilic ions (by ap-
plying Eq. 1) are generally smaller than expectedENernstat
the larger used diffusion gradients (for example, Marshall et
al., 1994; Huang et al., 1994), and this discrepancy seems
explainable by the capacitor model (not shown). Agreement
between maximalEm indicated by oxonol VI for vesicles of
different sizes and maximalEm calculated from the capac-
itor model (Table 2) confirms the adequacy of the latter to
account for such discrepancies.

The net negative electrostatic charge (s) displayed by the
membrane surface, due to fixed ionized groups, appeared as
another structural property that affectsEm, i.e., the electrical
potential difference between the two bulk solutions.Em is
known to include an electrostatic component, besides the
diffusive one, corresponding to the difference of the inner
and outer electrostatic (surface) potentials (Ohki, 1981).

TABLE 2 Vesicle size and maximal diffusion Em

Liposome type

Pyranine Gel chromatography Oxonol VI

r* (nm) Em calculated (mV) r (nm) Em calculated (mV) Em measured (mV)

Reconstituted 286 2 1296 2 326 10 1316 10 1256 6
Sonicated 446 5 1396 4 556 10 1436 6 1486 3
Freeze-thawed ND ND 1856 20 1716 4 1706 3

Various types of liposomes were prepared, and corresponding radius (r) was estimated using gel exclusion chromatography or entrapped pyranine
fluorescence measurements, as described in Materials and Methods. Introducingr in the vesicle capacitor model (Eq. 4) allowed us to calculate the maximal
diffusion potential (Em calculated) as a function ofr, for comparison with the one measured with oxonol VI (Em measured5 Eprobe3; Eq. 7) after imposition
of an infinite inward K1-valinomycin diffusion gradient.
*Internal radius given by the pyranine dye plus 5 nm (to account for the membrane thickness).
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High electrostatic potentials have been demonstrated at the
soybean liposome interface, reaching2100 mV at 1 mM
ionic strength (Schlieper et al., 1981). In the present study,
a high ionic strength was used in both external/internal
medium (50 mM Li2SO4, 100 mM HEPES-Li at pH 7.4) to
attenuate surface potentials via the so-called screening ef-
fect. The Gouy-Chapman theory is adequate to describe

FIGURE 6 K1-valinomycin diffusion gradients across reconstituted PM
vesicles or control liposomes: comparison of experimental potentials given
by the oxonol VI probe and expected K1 Nernst potentials. (A) The
diffusion potential in response to increasing K1-valinomycin gradients was
experimentally determined (Em) from the oxonol VI fluorescence and
plotted versus the Nernst potential expected from the initially imposed
K1-valinomycin gradient (ENernst5 (RT/F)ln(Ko

1/Kli
1). Three experimental

Em estimates were calculated (Eq. 5) from the fluorescence ratioRti 5
DFi/F0, measured as described in Fig. 1 and shown in Fig. 3:Eprobe1(F)
calculated fromRti without any correction;Eprobe2(Œ) from Rti corrected
for dye depletion (Eq. 6);Eprobe3 (h) from Rti corrected for both dye
depletion and dye saturation of the internal vesicle leaflet (Eq. 7). Refer-
ence ENernst values are also plotted (curve a) to facilitate comparison.
Curve bcorresponds to the theoretical potential expected from capacitive
effects on diffusion potential across membrane vesicles (Eq. 4, withCm 5
1 mF cm22, r 5 28 nm; see Materials and Methods and Table 2); the K1

concentrations in the lumen (Kl
1) introduced in this calculation were those

at equilibrium with the negative-inside Donnan potential expected before
the imposition of the K1 gradient (Eq. 8). (B) Comparison of the K1

concentration initially present in the lumen of the vesicles (Kli
1, F) and the

equivalent K1 concentration to be transferred in the lumen to charge the
membrane capacitor according to Eq. 2 (Keq

1 , E); the solid line indicates the
total internal concentration of K1 (Kl

1 5 Kli
1 1 Keq

1) theoretically expected
at initial equilibriumEm; the increasing discrepancy betweenEprobe3and
ENernstis observed (seeA) when Keq

1 becomes significant compared to Kli
1.

FIGURE 7 Determination of net ion fluxes from depolarization kinetics
of K1-valinomycin diffusion potentials. (A) Fluorescence records at pH 6.5
after successive additions of oxonol VI, reconstituted PM vesicles, valino-
mycin, and K2SO4 (trace a), or K2SO4 plus KNO3 (trace b), to make the
final concentration of K1 and NO3

2 equal to 200 mM and 15 mM,
respectively. The Li1-ionophore eth was added at the end of the assay to
clampEm to zero, both external and internal media containing Li1. (B) Em

(Eprobe3, Eq. 7) was calculated from the four fluorescence intensities
indicated in Fig. 1. (C) Internal K1 concentration (Kl

1) at equilibrium with
Em was calculated (Eq. 8) and fitted using a polynomial regression algo-
rithm (solid line). (D) Net K1 fluxes (JK) in the presence and in the absence
of NO3

2 were calculated from the derivatives of the polynomial fits (Eq. 9),
and the net NO3

2 flux (JN) was determined as the NO3
2-dependent aug-

mentation ofJK (see text).
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electrostatic potential and ion screening effect at the bio-
logical membrane interface; noteworthy, potentials;220
mV are observed at such ionic strength (Gibrat and Grignon,
1983). Nevertheless,Em is not expected to include an elec-
trostatic component (or a diffusive one) when the same
electrolyte solution, in principle, bathes both leaflets of
symmetrical membranes as used in the present study, as
both inner and outer surface potentials are in theory iden-
tical. To explain the small, negative-inside,Em indicated by
the oxonol dye in such a situation (see they axis intercept of
the experimental curve in Fig. 6), we hypothesized that the
electrostatic field of the inner surface may overlap in the
core of the vesicles, owing to their small size. However, the
Gouy-Chapman theory does not allow us to describe this
situation, and we used the Donnan theory for the sake of
simplicity (Lakshminarayanaiah, 1984). The latter theory
gives a simple explanation frame of the phenomenon, con-
sidering fixed surface charges as nonpermeant charges ran-
domly distributed in the inner and outer compartments. In
contrast to the outer compartment, where unpermeant
charges may be considered as infinitely diluted, the small
inner lumen should enclose a high concentration of the latter
and therefore a significant and stable excess of diffusive
counterions (cations) responsible for a negative-inside equi-
librium Donnan potential given by

EDonnan5 ~RT/F!argsinh~272s/C1/2!, (13)

whereC is the concentration of monovalent salt ands the
net electrostatic charge. Indeed, the experimentalEprobe3

curve in Fig. 6 extrapolated to a small negativeEm 5 210
mV in the absence of imposed K1 diffusion gradient, in
agreement with theEDonnanvalue given by Eq. 8 (211 mV,
with C 5 0.2 M K1 plus 0.144 M Li1 inside ands 5 1023

elementary charge Å22) (Schlieper et al., 1981). In the
experiment described in Fig. 6, vesicles were first equili-
brated in the presence of valinomycin and Ko

1 5 Kli
1 before

adding a concentrated K2SO4 aliquot to generateEm at final
Ko

1 5 200 mM. To account for the small electrostatic
component,Em was calculated as previously indicated ac-

cording to the vesicle capacitor model, except that the
Donnan equilibrium Kli 9

1 (Kli 9
19 5 Kli z

1exp{2(F/RT) EDonnan})
was introduced in Eq. 4 in place of Kli

1 initially imposed.
The Em calculated in this way correctly describedEprobe3

(Fig. 6, line b).
In conclusion, ionophore-mediated diffusionEm across

microscopic vesicles is structurally limited by the capacitor
properties of biological membranes. As shown in Fig. 6, the
Em range usable from such diffusion gradients lies within
0–130 mV. This overlaps with the physiological range of
the Em of animal cells (Hille, 1992) but only partially with
that of plant cells (Sanders and Slayman, 1989). Therefore,
the study of some solute transport systems from plant cells
could be restricted; for example, recently identified inward
rectifying K1 channels (KAT1 and AKT1) are activated for
(absolute)Em larger than 100 mV (Schachtman et al., 1992;
Very et al., 1995). This could be overcome in several ways:
1) use of vesicles of higher radius (Philippot et al., 1983) to
diminish the surface/volume ratio (the maximalEm should
increase up to 190 mV using membrane vesicles of 1-mm
diameter); 2) clamping the internal concentration of the
diffusive ion (we have shown elsewhere that buffering the
vesicle lumen allows us to generate H1 diffusion Em up to
250 mV (Ros et al., 1995)); and 3) activation of highly
electrogenic pumps (Ros et al., 1995).

Probing Em without ENernst calibration of
oxonol VI

Oxonol VI can be used for quantitative and continuous
monitoring ofEm without ENernstcalibration, provided that
experimental conditions are carefully chosen. A low oxonol
concentration is required for two reasons. First, the large
permeability coefficient of the lipid bilayer for the anion
oxonol VI (Clarke and Apell, 1989), useful to monitor fast
variations of Em, is responsible for a partialEm short-
circuiting when the dye is used in the micromolar range. A
concentration lower than 100 nM was required in our con-
ditions (Venema et al., 1993). Second, oxonol VI fluores-

TABLE 3 Permeability coefficient to NO3
2 of liposomes and reconstituted PM vesicles

Vesicles pH Em (mV) JNi (nmol m22 s21) PN (m s21 1011)

Liposomes 6.5 956 4 0.976 0.09 1.726 0.01
Liposomes 6.5 536 2 0.626 0.04 1.766 0.09
Liposomes 7.4 946 5 0.976 0.06 1.736 0.04
Liposomes 7.4 526 2 0.596 0.04 1.716 0.13
Proteoliposomes 6.5 996 3 4.606 0.44 7.866 0.69
Proteoliposomes 6.5 566 1 0.846 0.01 2.316 0.02
Proteoliposomes 7.4 996 4 1.766 0.27 3.046 0.55
Proteoliposomes 7.4 556 1 0.836 0.07 2.316 0.19
Proteoliposomes 6.5 906 6 7.126 0.91 13.36 2.31
Proteoliposomes 6.5 946 4 3.506 0.42 6.356 0.61

Liposomes and reconstituted PM vesicles (proteoliposomes) were prepared as described in Materials and Methods. Proteoliposomes were formed at a lipid
to protein ratio (w/w) of 15, except in the last two listed, corresponding to ratios of 10 and 25, respectively. Net initial fluxes of nitrate (JNi) in vesicles
were determined at pH 6.5, or pH 7.4, from the NO3

2-dependent (15 mM NO3
2) augmentation of the depolarization rate of the K1-valinomycin diffusion

potential, as described in the text and accompanying figures and legends. InitialEm was adjusted to the indicated value by varying the K1-diffusion gradient.
Permeability coefficient to NO3

2 (PN) was calculated from the Goldman-Hodgkin-Katz relation (Eq. 11).
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cence responds toEm via an additional binding onto the
internal membrane leaflet, at equilibrium with the free dye
accumulated inside according to Nernst equilibrium (Eq. 1).
Therefore,Em can be monitored as long as internal binding
sites remain unsaturated. In the present study, maximal
diffusion Em was ;120 mV, corresponding to a 100-fold
accumulation (Eq. 1) of the free dye (5mM in the lumen for
50 nM in the outside). Approximately 60% of internal sites
remained unsaturated at 120 mV from comparison of max-
imal FI of bound oxonol (Fig. 4; Table 1) and maximal FI
augmentation at 120 mV (see Results), which agreed with
the Kd of membrane sites (6mM; Fig. 5 and Table 1), and
depletion of free dye (see Appendix).

Em can be directly determined from observed FI values
without ENernst calibration of the dye, by using Eq. 1 to
account for thermodynamic equilibrium of freely permeant
lipophilic ions across the membrane vesicle (Rottenberg,
1989). Of course, this requires that the equilibrium ratio of
the free dye (Oxl/Oxo) can be reliably estimated from that of
the bound dye (Oxbl/Oxbo), given by the term 2Rti 1 1.
Although the fluorescence yieldFr of oxonol VI increased
15- to 17-fold upon binding onto membrane vesicles (Fig. 4
and Table 1), this increase remained too low to make the FI
of the free dye negligible (Fw; see typical record in Fig. 1).
In our experimental conditions, addition of membrane ves-
icles (60mM lipids) caused a twofold augmentation of FI
(from Fw to Ft0), sufficient for a reliable determination of
F0, needed to estimate bound dye onto the external leaflet
(Oxbo 5 F0/2). However, free dye was partially depleted
upon vesicle addition (;10%) and upon vesicle polarization
(up to 40%), because a low total oxonol concentration had
to be used (50 nM). The first aim of the theoretical treatment
in the Appendix was to correct FI values measured in each
assay (Fw, FtEm, and Ft0; Fig. 1) for these two depletion
steps. Despite its apparent complexity, Eq. 6 allows an easy
correction of the fluorescence ratioRti from the above FI
values andFr, determined independently (Fig. 4; Table 1).
Thereafter,Oxbl/Oxbo is given by 2Rt0i 1 1 (see Results).
Titration in Fig. 5 indicates that bound dye remained ap-
proximately linear with free dye below 1mM; thus, Oxbl/
Oxbo was usable in place ofOxl/Oxo to calculateEm using
Eq. 1 as long as accumulation ratios remained lower than
20, corresponding toEm smaller than 80 mV.

At larger Em, the internal leaflet became progressively
saturated (40% saturation at maximalEm of 125 mV), and
Oxl/Oxo versusOxbl/Oxbo was expected to deviate from
linearity. The second aim of the treatment in the Appendix
was to account for this deviation by introducing the iso-
therm of oxonol VI binding onto the membrane leaflet (Fig.
5). This correction (Eq. 7) was minor compared with that for
depletion of free dye and required only the introduction of
the number (N, Table 1), and notKd, of binding sites.
Although, as already noted, the observableEm range for a
given oxonol concentration depends on theKd of membrane
sites, this parameter is eliminated in the treatment in the
Appendix, assuming that the membrane is symmetrical re-
garding its oxonol VI binding characteristics. Therefore,

this treatment is suitable for reconstituted membrane vesi-
cles, as used in the present study, and not native ones, which
are highly asymmetric (Serrano, 1989; Verhoven et al.,
1992). In addition, native PM vesicles from corn roots are
leaky and had to be reconstituted to sustain large and
durable diffusionEm (Grouzis et al., 1997). The complexity
of natural lipid mixtures, as mixed soybean phospholipids,
offers two advantages: 1) the lipid bilayer exhibits a very
low number of binding sites for amphipolar ions (0.01 mol
of oxonol per mol of soybean phospholipid; Table 1), as
compared, for example, with pure PC bilayer (0.25 mol of
oxonol or of 8-anilino-1-naphtalenesulphonate per mol of
PC; Bammel et al., 1987; Gibrat and Grignon, 1983); the
electrostatic potential of such a natural lipid bilayer,Em (see
above), does not significantly vary upon binding of am-
phipolar ions (Gibrat and Grignon, 1983); and 2) lipid
bilayers from complex natural lipid mixtures have been
shown to form powerful bidimensional solvents required to
reinsert the complex variety of proteins of cell membranes
(Devaux, 1981).

In conclusion, Eqs. 6 and 7 correct oxonol FI values for
depletion of free dye and saturation of binding sites on the
internal membrane leaflet, allowing us to determine the
accumulation ratio of free dyeOxl/Oxo from that of the
bound dyeOxbl/Oxbo, given by the term 2Rt0i 1 1. Therefore
equilibriumEm can be directly calculated using the thermo-
dynamic Eq. 1, as for other Nernstian lipophilic ions (Rot-
tenberg, 1989). In the present study, the 0–80-mV range
corresponded to the higher K1 concentrations initially
present in the lumen (Kli

1), makingEm unaffected by capac-
itor properties of membrane vesicles (see Fig. 6B and
above). As expected,Em indicated by the dye (Eprobe3)
agreed in this range withENernstcalculated from the initial
gradient Ko

1/Kli
1 (Fig. 6); the observed slope ofEprobe3

versusENernstwas 0.95, the former values being only;10
mV lower than the latter ones. As discussed above, the
electrostatic component ofEm (EDonnan) was likely respon-
sible for this small discrepancy. This agreement ascertains a
posteriori the validity of the treatment used here to deter-
mine directlyEm, without dye calibration. At higherEm, an
increasing discrepancy was observed betweenEprobe3 and
ENernst as Eprobe3 reached a plateau, but the latter was
quantitatively accounted for by capacitor properties of ves-
icles, as discussed above.

Distribution of K1 across valinomycin-containing
vesicles during depolarization kinetics

Dissipation kinetics of diffusionEm across valinomycin-
containing vesicles underlie K1-filling kinetics. The K1

concentration in the lumen (Fig. 7C) was calculated from
theEm indicated by oxonol VI (Fig. 7B), assuming that K1

remains distributed at thermodynamic equilibrium (Eq. 8)
during the depolarization kinetics.

Of course, K1 was not strictly at equilibrium, asEm

dissipated. Nevertheless, we have shown in similar experi-
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ments (except we used multilabeled liposomes containing
valinomycin) that the K1 concentration indicated in the
lumen by a K1 probe (PBFI, potassium-binding benzofuran
isophthalate) remained virtually at Nernst equilibrium with
Em (simultaneously measured with oxonol VI) during the
depolarization kinetics (Venema et al., 1993). In this study,
a 0–80-mV range was used to escape to capacitor effects
described above.

A strict K1 equilibrium should correspond to constantEm

and zeroJK. Transmembrane K1 electrochemical gradient
(DmK) needed to drive the maximal observedJK (8 3 1029

mol m22 s21, at Em 100 mV, 15 mM NO3
2, pH 6.5) can be

calculated from the G-H-K relation (Stein, 1986). ThePK of
vesicles was expected to be;5 3 1028 m s21 considering
that valinomycin could transport 104 K1 ions s21 (Läuger,
1980) and that each vesicle contained four valinomycin
molecules. Introducing thatPK in the G-H-K relation shows
that the maximalJK indicated above was accounted for by
Em 5 99.9 mV in place of equilibriumEm (100 mV),
corresponding toDmK 5 15 J mol21. This confirms that the
deviation from strict K1 equilibriumEm, required to explain
the observed depolarization kinetics, and to driveJK, is
experimentally undetectable. As discussed in the preceding
section, oxonol VI used as a directEm sensor allows us to
determine the actual equilibriumEm throughout the depo-
larization kinetics, whatever the size of structural effects
evoked above (capacitance and surface charge). The value
of Kl

1 during the depolarization kinetics was calculated
from Em (Eq. 8), assuming that Ko

1 remained constant as the
internal volume of vesicles was negligible (;60 mM lipid
vesicles, specific volume of 2 L mol21 lipids).

Net H1 and NO3
2 fluxes and permeability

coefficient of PM from plant root cells

ThatEm remained virtually at K1 equilibrium during depo-
larization kinetics indicates that the K1 conductance medi-
ated by valinomycin was prominent over other ion leaks
(i.e., K1 Nernst potentials approximatedEm derived from
the general G-H-K equation). Conversely, this implies that
the corresponding K1 filling kinetics were controlled by the
size of ion leaks, electrically compensating the entry of K1,
and not by the K1 conductance. Indeed, theoretical filling
time expected fromPK estimated above for valinomycin-
containing vesicles (53 1028 m s21) should be;0.3 s at
zeroEm, which is in agreement with the instant depolariza-
tion (i.e., K1 filling) of Li 1-containing vesicles after addi-
tion of the ionophore eth to mediate a large compensatory
Li1 efflux (Fig. 7A). Therefore, the analysis of depolariza-
tion kinetics in different ion conditions must allow for the
dissection of protein-mediated leaks of interest.

As already noted, reconstitution of PM proteins in lipids
forms highly tight vesicles (exhibiting high and sustained
diffusion Em) with symmetrical lipid leaflets, as required to
determine directlyEm from oxonol VI FI values. In addi-
tion, protein reconstitution permits a surface dilution in the

lipid bilayer and a relative decrease of protein-mediated ion
leaks, which ensures that instantEm value depends only on
the equilibrium distribution of K1 and in turn thatJK

depends only on ion leaks.
In the absence of NO3

2, JKi was assumed equal toJHi (Eq.
10). Indeed, as shown elsewhere using similar buffers and
valinomycin-containing liposomes multilabeled with K1,
H1, and Em probes (Venema et al., 1993), diffusionEm

dissipates via electrically coupled 1:1 K1/H1 exchange
fluxes in the absence of added permeant ionic species. The
large permeability coefficient for H1 of lipid bilayers cal-
culated fromJKi in liposomes (PH ' 1026 m s21, not
shown) agrees with that measured fromJH monitored with
pH probes (Rossignol et al., 1982).

JNi was taken as the difference ofJKi in the presence and
in the absence of NO3

2 (Eq. 10), leading toPN of ;1.8 3
10211 m s21 for control liposomes.PN values from litera-
ture are scarce, but this value is in the range of the ones
obtained by Gutknecht and Walter (1981) for liposomes of
different lipid compositions and ionic conditions. The data
in Table 3 indicate thatJNi in control liposomes increased
with Emi according to G-H-K equation (i.e.,JNi at variable
Emi is accounted for by introducing a singlePN value of
1.8 3 10211 m s21). In addition, similarPN values were
observed at pH 6.5 or 7.4.

JNi in reconstituted PM vesicles was also accounted for
by a singlePN value (2.33 10211 m s21) at pH 6.5 or 7.4
and low Em (50–60 mV). But in this case,PN strongly
increased at highEm (90–100 mV) and was higher at pH 6.5
(;8 3 10211 m s21) than at pH 7.4 (33 10211 m s21);
accounting for the surface dilution of proteins in lipid bi-
layer after reconstitution,PN of root cell PM should be
;1.2 3 1029 m s21 at pH 6.5 andEm within 90–100 mV,
i.e., 70-fold higher thanPN due to NO3

2 diffusion across the
lipid bilayer, and similar toPK determined in situ for corn
roots (Thibaud et al., 1986). Thus, PM from root cells
displayed a strikingly largePN, dependent on voltage, as
shown by the in vivo electrophysiological study of anion
channels in plant leaf guard cells (Schmidt and Schroeder,
1994; Hedrich and Marten, 1993). However, it was ob-
served only at an acidic pH of 6.5, typical of the optimal pH
of the plant PM H1-ATPase. This is in agreement with the
previous observation at pH 6.5 of a highly conductive
passive NO3

2 pathway coupled to the H1 pump (Grouzis et
al., 1997). As already noted, no anion channel has been
found to date in mature cortical root cells to explain large
passive NO3

2 efflux transiently observed in response of
various stress (for example, transplant shock; Delhon et al.,
1995). The present study suggests that imposing an acidic
pH in the plant cytosol might be important for such an
investigation.

APPENDIX

The following symbols are used:Em, membrane potential;Emi, initial
(maximal) Em, corresponding toRti; ENernst, Nernst potential (calculated
for initial K1 equilibrium);Fbuf, fluorescence of the assay buffer (no dye,
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no vesicles);Fw, fluorescence of the dye, free in buffer (no vesicles);Ft0,
fluorescence of the dye in the presence of vesicles at zeroEm; FtEm,
fluorescence of the dye in the presence of vesicles atEm Þ 0; Fmlip,
maximal fluorescence of the dye (50 nM), totally bound onto vesicles;
Fmox, maximal fluorescence of the vesicles (63mM), saturated by the dye;
Rt, fluorescence ratio (DF/F0; see Fig. 1);Rtmax, maximal fluorescence
ratio observed at infinite diffusion gradient;fw, fluorescence yield of free
dye (equivalent to quantum yield);flip, fluorescence yield of bound dye;
fr, relative fluorescence yield of the dye (bound/free);Lip, phospholipid
concentration;N, number of binding sites per unit phospholipid concen-
tration; Kd, dissociation constant of binding sites;Oxi and Oxo, free dye
concentrations in the lumen or outside the lumen, respectively;Oxbi and
Oxbo, bound dye concentration onto the internal or external, respectively,
vesicle leaflets.

The free form of the permeant lipophilic anion oxonol VI is expected to
accumulate in the vesicle lumen at thermodynamic equilibrium with pos-
itive inside membrane potential (Em):

Em 5 ~RT/F!ln~Oxl/Oxo! (A1)

The membrane potentialEm can be calculated from the ratioOxbl/Oxbo of
the dye bound onto internal and external membrane leaflets, measured as
2Rt 1 1 (see text), in place of the ratio of the free dyeOxl/Oxo if 1) the
relation bound versus free dye concentrations is linear (Oxo andOxi ,, Kd

of membrane sites) and 2) there is no significant depletion of the free
external concentration (Oxo ' Oxt). The Em value calculated in this way
(Eprobe1) was twofold lower than that expected (see Fig. 6 and text),
because the two above conditions were not totally fulfilled. The aim of the
treatment below is to analyze the relation betweenOxbl/Oxbo andOxl/Oxo

as a function ofFw, FtEm, andFt0, measured in each record (see Fig. 1), to
correct the observedOxbl/Oxbo (i.e., 2Rt 1 1) for partial depletion of the
free dye or for partial saturation of the internal leaflet. In the following, the
fluorescence intensitiesFw, FtEm, andFt0 are the values after correction for
the intrinsic fluorescence of the buffer and successive dilutions (see Fig. 1).

Correction for the depletion of the free form of
oxonol VI due to its binding onto
membrane vesicles

The total internal volume of vesicles was lower than 0.02% of the external
one; the proportion of the free dye accumulated in the vesicle lumen
remained negligible, even at the higherEm (125 mV). Therefore, the
depletion of the free dye arose from its binding onto membrane vesicles.
This can be accounted for from the values ofFw, FtEm, andFt0 and the
relative (bound/free) fluorescence yield of the dye (Fr), as follows.

The initial concentration of free external oxonolOxo (Oxt), correspond-
ing to the fluorescenceFw, decreases down toOx9o (corresponding toF9w)
upon membrane vesicles addition at zeroEm, and down toOx0o (corre-
sponding toF0w) uponEm generation. Accordingly,Oxbo diminishes down
to Ox9bo (corresponding toF90/2) andOx0bo (corresponding toF00/2). As the
maximal value ofOxo (Oxt 5 0.05 mM) is ;100-fold lower than the
dissociation constant of membrane sites,Oxbo is to decrease linearly with
Oxo, and thusF0 with Fw:

F90/F9w 5 F00/F0w (A2)

Therefore, the fluorescence of bound and free dye is actually distributed
after vesicle addition according to

Fw 1 F0 5 F9w 1 F90 5 Ft0 (A3)

and similarly, considering the fluorescence of total bound dye (Oxbo 1
Oxbl) onto both membrane leaflets (F 5 F0 1 DF; see Fig. 1) afterEm

generation:

FtEm 5 F0w 1 F0 5 F0w 1 F00 1 DF0 (A4)

The fraction of free oxonol is given by (Fmlip 2 F90)/Fmlip after vesicles
addition and by (Fmlip 2 F0)/Fmlip afterEm generation, whereFmlip is the
maximal fluorescence of the dye totally bound onto the membrane (Fig. 4
and Table 1). Thus,F9w andF0w are given by

F9w 5 Fw~Fmlip 2 F90!/Fmlip (A5)

F0w 5 Fw~Fmlip 2 F0!/Fmlip (A6)

Denoting Flip and Fw the fluorescence efficiency of bound and free
oxonol, respectively, the following set of equations is experimentally
important:

Fmlip 5 FlipOxt andFw 5 FwOxt , giving Fmlip 5 FrFw

(A7)

Indeed, the ratio of the fluorescence efficienciesFr 5 Flip/Fw, determined
by titrating the dye with vesicles (Fig. 4), is an intrinsic and reproducible
characteristic of the dye-membrane interaction in the conditions used for
the assay (see Table 1). On the other hand,Flip andFw, and thereforeFmlip

andFw, may vary throughout the experimentation because they depend on
the set-up of the spectrofluorometer (they are expressed in arbitrary units).
Fortunately, the current value ofFw can be easily measured at the begin-
ning of each record (see Fig. 1), and thus used to estimateFmlip (FrFw).
Replacing this expression ofFmlip in Eqs. A5 and A6 gives

F9w 5 ~FrFw 2 F90!/Fr andF0w 5 ~FrFw 2 F0!/Fr (A8)

F90 can be explicitly taken from Eqs. A3 and A9:

F90 5 Fr~Ft0 2 Fw!/~Fr 2 1!, (A9)

giving in turn Fw9 from Eq. A9:

F9w 5 ~FwFr 2 Ft0!/~Fr 2 1! (A10)

F0w can be similarly taken from Eqs. A4 and A10:

F0w 5 ~FrFw 2 FtEm!/~Fr 2 1! (A11)

These expressions ofF90, F9w, F0w allowed to calculateF00 from Eq. A2:

F00 5 Fr~~FrFw 2 FtEm!~Ft0 2 Fw!!/

~~FrFw 2 Ft0!~Fr 2 1!!,
(A12)

andF0 can be calculated from Eqs. A4 and A10:

F0 5 Fr~FtEm 2 Fw!/~Fr 2 1!, (A13)

giving DF0 from Eq. A4:

DF0 5 FrFw~FtEm 2 Ft0!/~FrFw 2 Ft0! (A14)

Finally, Eqs. A12 and A14 allow us to calculate the value ofRt0i 5
DF0/Fo0, accounting for the depletion of the free form of the dye:

Rt0i 5 Fw~~FtEm 2 Ft0!~Fr 2 1!!/~~FrFw 2 FtEm!~Ft0 2 Fw!!
(A15)

Equation A15 allows us to measure the actual accumulation ratioOxbl/Oxbo

(2Rti 1 1), following Em generation, from the value ofFw, FtEm, andFt0
measured in each record. Provided thatOxbl remains actually linear with
Oxl, Em (Eprobe2) can be calculated from Eq. A1:

Eprobe25 ~RT/F!ln~2Rt0i 1 1! (A16)
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Correction for the saturation of the internal
membrane leaflet by oxonol VI at high Em

Oxonol binds onto membrane vesicles according to a mass action law
(Fig. 5):

Oxb 5 N Lip Ox/~Kd 1 Ox! (A17)

where N, Lip, and Kd are the number of sites per unit of phospholipid
concentration, the phospholipid concentration, and the dissociation con-
stant, respectively. From theKd and Oxt values (6mM and 0.05mM,
respectively),Oxbo is expected to remain linear withOxo (Oxbo 5 N Lip
Oxo/Kd), because the latter decreases upon positiveEm generation. By
contrast,Oxl is expected to become close toKd at highEm and thusOxbl to
become nonlinear withOxl. Developing the binding equation of oxonol
onto both membrane leaflets allows us to expressOxl/Oxo, used to calculate
Em (Eq. A1), as a function ofOxbl/Oxbo (2Rt0i 1 1):

Oxl/Oxo 5 ~Oxbl/Oxbo!N Lip/~N Lip 2 2Oxbl!

5 ~2Rt0i 1 1!N Lip/~N Lip 2 2Oxbl! (A18)

The value ofN (Table 1) has been determined from the titrations in Figs.
4 and 5. As the fraction of bound dye is given byF0/Fmlip, and from Eq.
A7:

Oxbo 1 Oxbl 5 Oxt F0/Fmlip 5 Oxt F0/~FrFw! (A19)

IntroducingF0 from Eq. A13, gives

Oxbo 1 Oxbl 5 Oxt~FtEm 2 Fw!/~Fw~Fr 2 1!!, (A20)

as Oxbl/Oxbo is given by (2Rt0i 1 1), when the free probe depletion is
accounted for:

Oxbl 5 Oxt~Rt0i 1 0.5!~FtEm 2 Fw!/~~Rt0i 1 1!~~Fr 2 1!Fw!!
(A21)

Introducing Eq. A21 in Eq. A18 permits us to calculateEm (Eprobe3) from
Eq. A1 as

~RT/F!ln@$2Rt0i 1 1%/$1 2 ~Oxt~2Rt0i 1 1!

z ~FtEm 2 Fw!!/~N Lip Fw~Rt0i 1 1!~Fr 2 1!!%#
(A22)

In summary, the parametersFr andN, required in the equations above
and which characterize the membrane dye interaction, are first determined
by titrations. Thereafter,Fw andFt0 are measured at the beginning of each
assay, and introduced in Eq. A15 to calculateRt0i f(time) fromFtEm f(time),
accounting for the free dye depletion. Finally,Rt0i f(time) is used to
calculateEm f(time) using Eq. A22, accounting in addition for partial
saturation of the internal membrane leaflet of the vesicles.
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