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VOLTAGE-DEPENDENT PROTON FLUXES IN LIPOSOMES
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Liposomes containing buffered KCl were prepared from bacterial lipids, were diluted into K * -free media and
were treated with valinomycin to induce the formation of a diffusion potential (4y). Upon formation of such
a potential, substantial proton influx was observed, as assayed by the quenching of 9-aminoacridine
fluorescence. Complete reversal of fluorescence quenching occurred when the potential was collapsed by
addition of KCl or when methylamine was added. Studies of proton influx as a function of the theoretical
magnitude of the Ay indicated that the phenomenon occurred only above a Ay of about —60 mV.
Establishment of a Na* diffusion potential also resulted in proton influx. Treatment of K * -loaded liposomes
with N,N’-dicyclohexylcarbodiimide did not reduce the Ay-dependent proton influx. Moreover, proton influx
could be demonstrated upon imposition of a diffusion potential in liposomes prepared from a synthetic lipid.
The proton fluxes associated with generation of a diffusion potential in liposomes may complicate studies of
reconstituted systems in which proton translocation should occur, and may affect the magnitude of the

electrochemical proton gradient that is operant under some conditions.

Introduction

Many important bioenergetic processes are
catalyzed by membrane-associated proteins and
involve proton translocation across the membrane.
Some of these proteins, e.g., transport proteins,
have no activity in isolation from the membrane,
and others, e.g., the proton-translocating F,F,
ATPase, retain an assayable activity but cannot
carry out their energy-dependent functions without
a membrane. The requirement for a closed mem-
brane system for energy-transducing processes is
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Abbreviations: 4y, transmembrane electrical potential; ApH,
transmembrane pH gradient; DCCD, N,N’-dicyclohexyl-
carbodiimide; diS-C;-(5), 3,3-dipropylthiodicarbocyanine;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
Taps, 3-{[2-hydroxy-1,2-bis(hydroxymethyl)ethyllamino}-1-
propanesulfonic acid.
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one of the predictions of the chemiosmotic hy-
pothesis [1,2], and results from the nature of the
direct form of energy utilized. According to
Mitchell’s hypothesis [1,2], this form of energy is
an electrochemical gradient of protons whose.
maintenance would require the presence of a
closed, relatively proton-impermeable membrane.
Thus, for experimental study of the purified cata-
lysts of bioenergetic work, the development of
reconstituted systems has been invaluable (as re-
viewed, for example, in Refs. 3-5). The purified
proteins are reconstituted in proteoliposomes
which can be energized either by the inclusion of a
proton pump, such as bacteriorhodopsin [6] or
respiratory chain complexes [7], or by imposition
of a ApH or a valinomycin-induced K* diffusion
potential (e.g., Refs. 8 and 9).

Since proton movements are intrinsic parts of
the processes under investigation, the proton per-
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meability of the liposomes under unenergized and
energized conditions is extremely important.
Several studies have addressed the question of
passive proton permeability of liposomes [10-15],
producing a broad range of values depending upon
the experimental approach. Using small imposed
pH gradients with at least some liposomal pre-
parations, high intrinsic proton permeabilities have
been found [14]. It has also been noted that an
exchange between alkali cations and protons can
be induced by suspending, for example, K *-loaded
liposomes in choline buffer [16]. However, atten-
tion has not been specifically focussed upon the
appearance of pathways for proton conductance
upon energization of liposomes either in the ab-
sence or presence of reconstituted proteins. As
part of the initiation of an effort to reconstitute
proton-translocating catalysts isolated from the
membranes of alkalophilic bacteria, we undertook
an examination of the proton movements that
might occur upon establishment of a Ay, positive
out, by addition of valinomycin to K™*-loaded
liposomes in a K*-free medium. The characteris-
tics and implications of the substantial proton
influx that is observed under these conditions are
the subject of this report.

Materials and Methods

Preparation of lipids from Bacillus alcalophilus
and commercial lipids. Bacillus alcalophilus (ATCC
27647) was grown in L-malate-containing medium
at pH 10.5 as previously described [17]. Cells were
harvested in the late logarithmic phase of growth
and lipids were extracted with chloroform/
methanol [18] and washed with acetone/ether as
described by Newman and Wilson [19]. The final
lipid preparation was suspended in 2 mM 2-
mercaptoethanol at 50 mg/ml and stored in 2 ml
aliquots under N, gas at —80°C. While a char-
acterization of the extracted lipids has not been
completed, other similar alkalophiles have been
found to possess a ratio of polar to non-polar
lipids of 6:4, with the latter lipids composed
mainly of diacylglycerols [20]. L-a-Phosphati-
dylcholine, a-oleyl-B-palmitoyl, a synthetic phos-
phatidylcholine, was purchased from Sigma Chem-
ical Co. The solvent was evaporated and the dried
lipids were suspended in 2 mM 2-mercaptoethanol

and stored as described above for the B. alcalophi-
lus lipids.

Preparation of liposomes. Liposomes were pre-
pared by the bath-sonication of lipids as described
by Newman and Wilson [19]. Aliquots (0.2 ml) of
lipids, prepared as described above, were placed in
a pyrex test tube (15X 125 mm) to which small
volumes of concentrated solutions were added to
achieve the compositions indicated for specific ex-
periments. The level of the bath was adjusted to
give maximal agitation of the solution and the
lipids were sonicated under N, gas for 15 min.
Liposomes were prepared daily in this way and
were then kept at room temperature during the
course of the experiment.

Fluorescence assays. The quenching of the fluo-
rescence of 9-aminoacridine was used to monitor
changes in the pH across the liposomal membrane
[21]). Liposomes (10 pl) were added to 2 ml of
buffer containing 5 uM 9-aminoacridine at room
temperature. After a baseline was obtained,
valinomycin was added to the final concentration
indicated for individual experiments. Subse-
quently, changes in fluorescence were followed
with a Perkin-Elmer spectrofluorimeter using an
excitation wavelength of 420 nm and an emission
wavelength of 520 nm. The percentage of fluores-
cence quenching was calculated with the fluores-
cence in the absence of liposomes at 100 and the
dark current value at zero.

For quantitative correlation of changes in 9-
aminoacridine fluorescence with changes in the
ApH, liposomes prepared in 140 mM buffered
KCl were diluted 200-fold into buffered choline
chloride. Nigericin was added to 2 pM; under
these conditions, nigericin has been shown to com-
pletely exchange intraliposomal *Rb* for H*
[22]. Assuming the exchange of K* for H in the
calibration experiment was 1:1, a 200-fold gradi-
ent of H", acid in, was generated at the point of
maximal fluorescence quenching (Fig. 1B). At that
point, various known increments of NaCl were
added causing a progressive dissipation of the
ApH. As shown in Fig. 1A, a linear relationship
was found between the observed fluorescence
quenching and the calculated ApH remaining after
each increment of NaCl.

The quenching of the fluorescence of the cyanine
dye DiS-C,~(5) was used to monitor qualitatively
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Fig. 1. The relationship between the magnitude of quenching of
9-aminoacridine fluorescence and the change in the ApH.
Liposomes containing 140 mM KCl, 10 mM Taps, pH 9.0,
were prepared from B. alcalophilus lipids as described under
Materials and Methods. An aliquot (10 ul) was diluted 200-fold
into 140 mM cholineCl, 10 mM Taps, pH 9.0, containing 5 uM
9-aminoacridine. After a baseline was established, nigericin was
added to a final concentration of 2 pM and the quenching of
fluorescence was recorded (fig. 1B). That quenching was pro-
gressively reversed by the addition of the increments of NaCl
indicated in (B). The percentage fluorescence quenching was
then plotted as a function of the ApH (converted to mV
equivalents). The calibration experiment could not be con-
ducted in an Li*-containing medium because nigericin cata-
lyzed exchange of the Li* for intraliposomal H*.

the presence of a Ay, positive out [21,23]. The
protocols were as described above except that a
final dye concentration of 1 uM was employed,
and fluorescence was assayed using an excitation
wavelength of 620 nm and an emission wavelength
of 670 nm.

Materials. 9-Aminoacridine, valinomycin and
synthetic lipid were obtained from Sigma Chemi-
cal Co. ®Rb* was purchased from New England
Nuclear Company. Nigericin was a gift from Dr.
R.L. Hamill of the Eli Lilly Company. DiS-C,-(5)
was a generous gift from Dr. A. Waggoner. All
other chemicals were obtained commercially at the
highest possible purity. The bath sonicator, 80 W,
80 kHz generator model G80-80-1 and tank model
t80-80-1-RS, was purchased from Laboratory Sup-
plies Co., Inc. (Hicksville, N.Y.).

Results

Liposomes that were loaded with 140 mM KCl,
buffered to pH 9.0, during preparation were di-
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luted into either 140 mM KCl, 140 mM choline
chloride, or 140 mM LiCl], also buffered to pH 9.0
with 10 mM Taps. The quenching of the fluores-
cence of 9-aminoacridine was monitored before
and after the addition of 1 pM valinomycin. A
slight fluorescence quenching was observed im-
mediately upon addition of the liposomes, after
which the fluorescence remained constant (Fig. 2).
When valinomycin was added, the fluorescence
was still unchanged in liposome suspensions that
had been diluted in KCIl, whereas, upon addition
of valinomycin to liposomes diluted in K*-free
solutions, there was a rapid quenching of fluores-
cence that was greater in choline chloride than in
LiCl. However, using many different liposome pre-
parations, a more stable baseline was routinely
observed upon dilution into LiCl; therefore, this
condition was used in most of the subsequent
experiments. Addition of either 10 mM KCl, to
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Fig. 2. Quenching of 9-aminoacridine fluorescence upon estab-
lishment of a diffusion potential across the liposomal mem-
brane. Liposomes containing 140 mM KCl, 10 mM Taps, pH
9.0, were prepared from B. alcalophilus lipids as described
under Materials and Methods. An aliquot of liposomes (10 ul)
was diluted 200-fold into similarly buffered solutions contain-
ing 5 pM 9-aminoacridine and 140 mM of either KCl, LiCl or
choline chloride. Valinomycin was added, where indicated, to a
final concentration of 1 uM and the changes in fluorescence
were monitored. The additions, methylamine or KCl, that were
made at the points shown by upward arrows were made to a
final concentration of 10 mM. A short horizontal line on the
left side of the figure indicates the percentage fluorescence after
the addition of nigericin (2 pM) to a liposome sample that was
diluted in buffered choline chloride.
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collapse the potential, or 10 mM methylamine, a
weak permeant base, restored the fluorescence to
its original level. On the other hand, addition of 10
mM LiCl to the liposomes suspended in LiCl had
no effect on the fluorescence quenching. The maxi-
mal apparent proton influx was calculated to cor-
respond to a ApH, acid in, of approx. 1.5 pH
units. There was some variability in the rate of
fluorescence quenching between different liposome
preparations. Indeed, in an occasional leaky pre-
paration from which K* efflux occurred without
the addition of valinomycin (as assessed by 3Rb*
efflux), fluorescence quenching also occurred,
without added valinomycin, upon dilution into
K*-free medium. However, the magnitude and
pattern of the 9-aminoacridine quenching was
completely reproducible and was unaffected by
pH in a range from pH 7.0 to 10.0, and by the
substitution of sulfate for chloride as the anion.
Treatment of the liposomes with 250 uM DCCD
for 3.5 h at room temperature before dilution and
valinomycin addition also had no effect on the
quenching of 9-aminoacridine fluorescence. Al-
though data will not be shown, when fluorescence
of the Ay probe DiS-C,-(5) was monitored instead
of 9-aminoacridine, using the same experimental
conditions, a quenching of fluorescence was ob-
served, indicating that a Ay, positive out, had
been produced; the quenching occurred rapidly
and did not reverse over a period of minutes. In a
control experiment, liposomes were prepared with
%Rb* inside (6.6 mM ¥*RbCl, 60 mCi/mmol) in
addition to 140 mM K*. The extent of valinomy-
cin-dependent **Rb* efflux was examined upon
dilution into K*-free solutions, as described by
Garcia et al. [22]; the results obtained were quali-
tatively and quantitatively similar to those that
had been observed in that prior study which had
utilized liposomes prepared with lipids from
Escherichia coli. That is, only a small percentage of
the intraliposomal %*Rb* is released as a Ay,
positive out, is generated; upon addition of
nigericin, rapid efflux of all the cation is observed.

When the quenching of 9-aminoacridine fluo-
rescence was examined as a function of the theo-
retical magnitude of the Ay, a sigmoidal relation-
ship was found (Fig. 3). Liposomes containing 140
mM KCI buffered with 10 mM Taps, pH 9.0, were
diluted into solutions containing various ratios of

KCl and LiCl (whose sum was 140 mM), also
buffered with 10 mM Taps, pH 9.0. The 4y ex-
pected upon addition of valinomycin was calcu-
lated from the Nernst equation. At theoretical Ay
values of —60 mV or less, there was little or no
quenching of 9-aminoacridine fluorescence. At
higher Ay values, the amount of quenching in-
creased dramatically with increases in the Ay until
a Ay of about —120 mV. The shape of the curve
was identical when choline chloride, instead of
LiCl, was used in the dilution buffer.

A series of experiments was then conducted to
explore whether valinomycin could mediate suffi-
cient Na*-flux, when Na™ rather than K* was
present inside the liposome, to cause proton influx.
Indeed, addition of valinomycin to liposomes con-
taining 140 mM NaCl (buffered to pH 9.0), and
diluted into similarly buffered LiCl (140 mM)
resulted in a quenching of the fluorescence of
9-aminoacridine (Fig. 4); within a given experi-
ment, the rate of proton influx depended upon the
valinomycin concentration. As shown in Fig. 4, the
proton influx was reversed by the addition of
extraliposomal KCl. If a high concentration of
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Fig. 3. Quenching of 9-aminoacridine fluorescence as a func-
tion of the magnitude of the imposed diffusion potential.
Experimental details were the same as described in the legend
to Fig. 2 except that the liposomes were diluted 200-fold into
buffered solutions containing various proportions of LiCl and
KCl (final concentration, 140 mM). The Ay expected under
each condition was calculated from the Nernst equation. The
results were identical when the dilutions were conducted in
combinations of choline chloride and KCl or when sulfate salts
were used instead of chloride salts.
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Fig. 4. Quenching of 9-aminoacridine fluorescence in response
to a Na* diffusion potential. Liposomes containing 140 mM
NaCl, 10 mM Taps, pH 9.0, were prepared from B. alcalophilus
lipids as described under Materials and Methods. Aliquots (10
ul) were diluted 200-fold into 140 mM LiCl, 10 mM Taps, pH
9.0, containing 5 pM 9-aminoacridine. Valinomycin was added
at the indicated concentrations. Where shown, by the upward
arrow, 25 mM KCl was added.
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Fig. 5. The effect of sodium on the quenching of 9-aminoacri-
dine fluorescence in response to a K* diffusion potential.
Liposomes containing buffered KCl were prepared as in the
legend to Fig. 2, and were diluted into 140 mM NaCl, 10 mM
Taps, pH 9.0 (top trace), or 140 mM LiCl, 10 mM Taps, pH
9.0. Valinomycin was added either to 5 or to 20 pM, and
fluorescence was monitored. Subsequent additions, as indi-
cated, were: 10 mM NaCl added to liposomes which had been
treated with 20 pM valinomycin; 20 mM NaCl added to
liposomes that had been treated with 5 uM valinomycin fol-
lowed after about 1 min by the addition of either 15 pM
valinomycin or 10 mM methylamine.
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valinomycin (20 pM) was used to initiate K%
efflux and proton influx with K*-containing lipo-
somes, the proton influx was sensitive to ex-
traliposomal Na*. As shown in Fig. 5, when K*-
containing liposomes were diluted into 140 mM
NaCl prior to the addition of 20 uM valinomycin,
only a small, rapidly reversed quenching of 9-
aminoacridine was observed. Similarly, after dilu-
tion into LiCl (140 mM) and addition of 20 uM
valinomycin the observed proton influx could be
reversed by adding 10 mM NaCl. However, if the
same experiment was conducted with 5 uM
valinomycin, even 20 mM NaCl failed to reverse
the quenching unless more valinomycin was added
(Fig. 5). The proton influx was completely sensi-
tive to methylamine. Addition of choline chloride
had no effect, and when the dilution buffer con-
tained choline chloride instead of LiCl, added LiCl
had no effect (data not shown).

Finally, the quenching of 9-aminoacridine fluo-
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Fig. 6. Quenching of 9-aminoacridine fluorescence in response
to a K™ diffusion potential in liposomes made from a synthetic
phosphatidyl-choline. Liposomes containing 140 mM KCI, 10
mM Hepes, pH 7.0, were prepared from a synthetic phos-
phatidylcholine as described under Materials and Methods.
Aliquots (10 ul) were diluted 200-fold into either 140 mM KCl
or 140 mM choline chloride, 10 mM Hepes, pH 7.0
Valinomycin was added to 20 pM and the fluorescence was
monitored. The horizontal line indicates the percentage fluores-
cence of liposomes diluted in buffered choline chloride and
treated with 2 pM nigericin.
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rescence was examined upon establishment of a
valinomycin-mediated K* diffusion Ay in lipo-
somes prepared from commercially obtained syn-
thetic lipid. The liposomes prepared from such
lipid, and loaded with 140 mM KClI, exhibited a
smaller total change in fluorescence observed upon
treatment with nigericin than had those prepared
from B. alcalophilus lipids (Fig. 6). The liposomes
prepared entirely with the synthetic lipid were also
somewhat leaky; a slow rate of fluorescence
quenching was observed upon dilution of these
liposomes into choline chloride (buffered to pH
7.0 with Hepes), even before the addition of
valinomycin. After valinomycin was added, there
was a very rapid quenching of fluorescence which
substantially reversed during a minute of incuba-
tion.

Discussion

The results of this study show that upon estab-
lishment of a valinomycin-mediated K* -diffusion
potential across a liposomal membrane, there is an
appreciable influx of protons, as assayed by the
quenching of 9-aminoacridine fluorescence. In-
deed, if the low concentrations of Tris used in the
buffers exerted the kind of weak base effect de-
scribed by Sone et al. [24), the proton influx in the
current stady may be an underestimate. The lipid
preparations might contain small amounts of con-
taminating proteins which could conduct the pro-
tons. This is probably not a major factor in the
observed effects, however, since extensive DCCD
treatment of the liposomes had no effect at all on
the proton influx, and the phenomenon was quali-
tatively reproducible in apparently smaller lipo-
somes prepared from a synthetic lipid. The actual
path of proton’ movements has not been estab-
lished; indeed we cannot rule out the possibility
that valinomycin participates in these movements.
Less proton conductance has been observed in
controls of some reconstituted systems (e.g., Ref.
25) in which both lower valinomycin concentra-
tions and theoretical Ay values were used. If
valinomycin at the concentrations used in the cur-
rent study were acting as a protonophore, it would
be important, since many studies in both lipo-
somes, vesicles, and cells (e.g., Refs. 14, 19 and 26)
use such concentrations. However, several consid-

erations weigh against this possibility. Occasional
leaky liposomes, prepared from bacterial lipids,
and the relatively leaky liposomes that were pre-
pared from synthetic lipids exhibited proton influx
upon dilution into K*-free media even in the
absence of valinomycin. These results are similar
to those reported earlier, for other lipid prepara-
tions, by Scarpa and De Gier [16]. Also, Deamer
and Nichols [14] found that valinomycin, at 1 uM,
did not abolish a pH gradient that was imposed
across liposomal membranes. Moreover, in the
current experiments the observed proton influx
bore a specific relationship to the magnitude of the
voltage. The proton influx occurred only above a
threshold Ay and could be mediated by a Na™
diffusion potential in the presence of sufficient
Na* and valinomycin. Notably, diffusion poten-
tial-dependent proton influx has similarly been
shown in liposomes made from E. coli lipids [27],
has been suggested in connection with transport
phenomena in isolated membrane vesicles [28],
and has recently been observed using starved whole
cells of B. alcalophilus [29] and Bacillus firmus [30).

In the current study, a Ay, positive out, was
qualitatively demonstrated, both by the limited
% Rb* efflux and by a fluorescence assay, in spite
of the proton influx. It was, of course, inap-
propriate to standardize the fluorescence using
theoretical Ay values, as is usually done to quan-
tify this method, and lipophilic cations were tech-
nically unsuitable in the filtration procedures used
for the liposomes. However, using the uptake of
lipophilic cations the Ay generated artificially
across starved whole cells has been found to corre-
late within 10% with the theoretical value [30] even
though it co-existed with a ApH, acid in. There-
fore, the proton influx that occurs in response to
an imposed Ay of sufficient magnitude does not
appreciably reduce that Ay, at least at steady-state.
Perhaps the protons that move inward transiently
lower the Ay, facilitating the outward movement
of more K*. Indeed, the possibility should be
considered that a respiration-generated Ay of some
threshold magnitude may similarly open a proton
conductance pathway which may, in turn, be com-
pensated by enhanced proton extrusion via respi-
ration. Such a Ay-dependent ‘suck-back’ of pro-
tons has been described by Setty et al. [31]. The
proton ‘leak’ pathways assessed in unenergized or



charge-compensated systems may not reflect those
that occur when a 4y exists across the membrane.
There are important bioenergetic consequences
of proton influx upon establishment of a diffusion
potential. First, an apparently gated conductance
of protons could easily be confused with proton
conductance associated with porter function or
ATP synthesis. The Na*-dependent proton fluxes,
for example, interfere with attempts to assay a
Na*/H* antiporter by following proton move-
ments in proteoliposomes. This underscores the
importance of determining whether experimentally
observed proton conductance is completely sensi-
tive to a process-specific inhibitor. Second, the
presence of a ApH,,, ,, may have to be taken into
account as part of the electrochemical proton
gradient that is operant when diffusion potentials
are established. The kinetics of Ay generation
versus the proton influx versus the rate of a partic-
ular bioenergetic process will be critical, and can-
not be assessed by the methods used here. If the
Ay-dependent proton influx actually occurs more
slowly than a particular bioenergetic process in
reconstituted liposomes, then the relevant electro-
chemical proton gradient would be the diffusion
potential only. However, if proton influx occurs
more rapidly than or concomitant with the bioen-
ergetic process, then the true driving force is less
than the Ay. Moreover, a substantial chemical
gradient of protons or changes in pH,, per se
could affect the activity of some membrane-associ-
ated proteins. It should be possible to assess many
of these effects by conducting experiments below
the threshold Ay at which proton influx occurs.
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