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Lipid raft components cholesterol and sphingomyelin increase H*/OH-
permeability of phosphatidylcholine membranes
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H*/OH™ permeation through lipid bilayers occurs at anomalously
high rates and the determinants of proton flux through membranes
are poorly understood. Since all life depends on proton gradients,
it is important to develop a greater understanding of proton leak
phenomena. We have used stopped-flow fluorimetry to probe the
influence of two lipid raft components, chol (cholesterol) and SM
(sphingomyelin), on H"/OH~ and water permeability. Increasing
the concentrations of both lipids in POPC (palmitoyl-2-oleoyl
phosphatidylcholine) liposomes decreased water permeability in a
concentration-dependent manner, an effect that correlated with in-
creased lipid order. Surprisingly, proton flux was increased by
increasing the concentration of chol and SM. The chol effect
was complex with molar concentrations of 17.9, 33 and 45.7 %
giving 2.8-fold (P <0.01), 2.2-fold (P <0.001) and 5.1-fold
(P <0.001) increases in H"/OH~ permeability from a baseline
of 2.4 x 107 cm/s. SM at 10 mole% effected a 2.8-fold increase
(P <0.01), whereas 20 and 30 mole% enhanced permeability by
3.6-fold (P < 0.05) and 4.1-fold respectively (P < 0.05). Supple-

menting membranes containing chol with SM did not enhance
H"/OH~ permeability. Of interest was the finding that chol
addition to soya-bean lipids decreased H"/OH~ permeability,
consistent with an earlier report [Ira and Krishnamoorthy (2001)
J. Phys. Chem. B 105, 1484—-1488]. We speculate that the presence
of proton carriers in crude lipid extracts might contribute to this
result. We conclude that (i) chol and SM specifically and in-
dependently increase rates of proton permeation in POPC bilayers,
(ii) domains enriched in these lipids or domain interfaces may
represent regions with high H*/OH~ conductivity, (iii) H*/OH~
fluxes are not governed by lipid order and (iv) chol can inhibit
or promote H"/OH~ permeability depending on the total lipid
environment. Theories of proton permeation are discussed in the
light of these results.

Key words: cholesterol, diffusion, leak, lipid bilayer, sphingo-
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INTRODUCTION

Phospholipid bilayers are selectively permeable to water and
other small non-electrolytes but virtually impermeable to ions.
This impermeability arises because of the low dielectric in the
hydrocarbon interior of the membrane, resulting in a prohibi-
tive Born energy requirement for ions to leave the aqueous
environment and enter the membrane [1,2]. Ions such as Na*™ and
CI™ therefore tend to be relatively impermeant in the absence of
specific channels. However, protons (H*) appear to be exceptional
in that they permeate five to six orders of magnitude more
rapidly than other univalent cations [3—6]. Protons exhibit further
anomalous behaviour in that permeability appears to be insensitive
to pH, even when conditions are varied from highly acidic
(pH 1) to highly alkaline (pH 11) [2]. These results suggest that
the mechanism of proton movement across membranes is likely
to be unique to the special properties of hydrogen nuclei.
Although the mechanism of proton permeation across mem-
branes is still unclear, there have been several theories that attempt
to explain it: these include water wires, water clusters and
weak acids. The water-wire hypothesis predicts that protons are
transported across the membrane via a Grotthus-type conduct-
ance. In this mechanism, chains of transient hydrogen-bonded
water molecules termed water ‘wires’ are produced by thermally
induced defects in lipid packing. At one end of the water wire, a
proton hydrogen-bonds with water to form a hydronium (H;O%)
ion. The excess proton is then free to hop from water molecule
to water molecule ultimately to be released from the other end of

the wire and in the process induce an orientational switch in the
alignment of water molecules.

Haines [7] proposed a ‘cluster-contact’ model for proton per-
meation, in which small clusters of water molecules within the
bilayer, some of which might stabilize and carry an excess proton,
could donate that proton to other clusters and in that way faci-
litate its transfer from one side of the bilayer to the other. This con-
cept has been partly validated in a recent computational modell-
ing study which adds important new information to the debate
about mechanism. Tepper and Voth [8] showed that a single excess
proton can stabilize a network of hydrogen-bonded water mol-
ecules (clusters) that span the membrane. The stabilized network
exhibited lifetimes of hundreds of picoseconds, many times longer
than that reported for single-file water wires and of sufficient
duration to potentially account for elevated permeation rates.

The weak acid hypothesis stipulates that there are molecular
species present within or on one side of the bilayer which can
become protonated, translocate or diffuse to the other side and
then release a proton. Potential candidates for such a mechanism
include lipid hydrolysis products or contaminants such as NEFAs
(non-esterified fatty acids) [3—6]. Water wires, water clusters or
weak acids could therefore provide a conduit for proton trans-
location which is not available to other ionic species.

If water wires, water clusters or NEFA shuttles mediate proton
flux, then we would predict that increasing the concentrations
of chol (cholesterol) and SM (sphingomyelin), lipids that order
the bilayer and reduce water permeability, should reduce proton
permeability. For Grotthus conductance, increased lipid order
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should reduce the likelihood that water wires (and water clusters)
will form in defects and kinks within the bilayer. In the case of the
weak acid shuttle, increased lipid order should slow the diffusion
of weak acids from one side of the bilayer to the other, as it occurs
with the flux of small non-electrolytes such as urea and glycerol
[9].

Of interest from a physiological standpoint is how proton
permeability is regulated in cellular membranes. Most of the bio-
physical studies on proton permeation have been performed in
planar bilayers or simple liposomal systems with a view to under-
standing the mechanisms of proton flux and the basis for the
anomalously high proton permeability. These studies have often
used readily available pure lipids such as DPPC [dipalmitoyl PC
(phosphatidylcholine)] or lipid mixtures extracted from natural
sources such as soya beans or Escherichia coli plasma membrane.
There have been few attempts to systematically examine the
role of physiologically important lipids such as chol and SM
in influencing proton permeation. We have attempted to partially
redress this by using a model system based on a pure PC lipid
[POPC (palmitoyl-2-oleoyl PC)] with one unsaturated acyl chain
that renders the bilayer fluid at room temperature (23 °C) and
should be essentially free of lipid breakdown products or other
contaminants.

Chol and SM are known to form self-associating lipid domains
that have been termed rafts [10-13]. They are also present in
high concentrations in the outer leaflet of apical membranes of
barrier epithelia where they function to increase lipid order and
reduce membrane permeability [9,14]. In a recent study from
our laboratory in which the inner and outer leaflet of the MDCK
(Madin—Darby canine kidney) apical membrane was reconstituted
in liposomes, it was observed that while water permeability was
18 times lower in outer leaflet liposomes than in inner leaflet lipids,
proton permeability was 4-fold higher [15]. Lipid subtraction
experiments implicated both chol and SM as facilitators of
proton conduction. Since both of the major theories of proton
permeation would predict that increasing chol should result in a
decrease in proton flux rates, this finding prompted us to exa-
mine systematically the effect of increasing chol and SM con-
centrations in POPC vesicles. Surprisingly, chol and SM each
increased proton permeability. There was a complex concen-
tration-dependent behaviour, which in general demonstrated a
pronounced enhancement of proton permeation in the presence
of chol and a moderate enhancement with SM. There was no
synergistic effect when both were present simultaneously under
conditions that might be expected to promote raft formation.
Potential explanations for these findings and the implications for
cellular membranes are discussed.

EXPERIMENTAL
Liposome preparation

Liposomes were prepared from the following lipids: POPC,
Avanti Polar Lipids catalogue no. 850457C; chol, Sigma catalogue
no. C-8667; brain SM, Avanti catalogue no. 860062; and SBPL
(soya-bean polar lipids), Avanti catalogue no. 541602. Liposomes
were also prepared using POPC obtained from Matreya (catalogue
no. 1437-1). Proton flux rates were not different between lipo-
somes prepared from POPC sourced from either company, so
Avanti POPC was used for the experiments presented.
Liposomes made from POPC, chol, SBPL and SM were pre-
pared essentially as described in [15]. In that earlier study, we
confirmed using isotopically labelled lipids that all of the lipids
were present in their correct molar ratios. Lipids were dissolved
in chloroform/methanol (2:1, v/v) to generate 10 mg/ml stock
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solutions. The lipids were divided into aliquots (300 ul) by
volume into glass vials and the solvent was evaporated under
a stream of nitrogen for 30 min. Lipids were then placed in a
vacuum chamber for 2 h at — 90 kPa (27 in. Hg). Since it has been
reported that small amounts of organic solvent can dramatically
affect proton permeation rates [1,16], we tested drying times
between 0.5 and 12 h. Proton flux rates did not vary with drying
times of 2 h or longer; therefore 2 h was routinely used for all
experiments. Vials containing fully dried lipids not for immediate
use were flushed with nitrogen, sealed and stored at —20°C.

POPC liposomes were prepared by adding a buffer containing
2 mM CF (5,6-carboxyfluorescein), 150 mM NaCl, 1 mM dithio-
threitol and 10 mM Hepes (pH 7.4) followed by vortex-mixing
and sonication. Soya-bean liposomes were prepared in 1 mM CF.
Lipids were probe sonicated on ice for 30 s over 2 min intervals,
typically between five and ten times total. Vesicle sizes (average
radius) were determined by quasi-elastic light scattering using
an LSR (light scattering reader) Dyna Pro particle sizer (Protein
Solutions) and DYNAMICS data collection and analysis software
as per the manufacturer’s instructions. If most of the particles
were larger than 250 nm in radius, liposomes were sonicated
again for 10 s and/or extruded through a 200 nm polycarbonate
membrane. PD10 desalting columns (Amersham Biosciences)
were used to remove extravesicular CF. CF antibody (Molecular
Probes, Eugene, OR, U.S.A.) was added to quench any residual
extravesicular CF. The quantity of antibody required for complete
quenching of all extravesicular CF was determined on an Aminco
Bowman Series 2 luminescence spectrometer.

MS

To ensure that our results were not affected by lipid degradation
as a result of repeated sonication cycles, the fatty acid content
of lipids/liposomes was examined with MS. Lipids to which
500 ul of buffer was added were vortex-mixed, or vortex-mixed
and then sonicated, as described above. The samples were then
dried down at 37°C under a stream of nitrogen. MS was per-
formed at the University of Pittsburgh Mass Spectrometry Facility
(Molecular Medicine Institute, Pittsburgh, PA, U.S.A.). Samples
were extracted, the organic phase was removed and dried over
nitrogen. The dried sample was then brought up in 100 ul of
chloroform/methanol (1:2, v/v) prior to analysis. Samples were
analysed by electrospray ionization MS on a triple quadrupole
instrument (Micromass). Samples were scanned in the range of
200-700 m/z for mass ions pertaining to palmitic acid (C,,, m/z
255) and oleic acid (Cyg.;, m/z 281) in the negative ion mode.
Samples were quantified against internal and external standards.

Water permeability measurements

Water permeability of liposomal membranes was measured at
25°C as described in [9,15,17] using stopped-flow fluorimetry
(on an SX.18MV Applied Photophysics stopped-flow reaction
analyser). In brief, liposomes prepared in a buffer containing
2 mM CF were rapidly exposed to a hyperosmotic gradient. Equal
volumes of vesicles and an identical buffer whose osmolality was
three times higher (due to addition of sucrose) were rapidly mixed.
Buffer osmolalities were determined on a Precision Systems
Osmette A osmometer. Vesicle shrinkage results in self-quenching
of CF fluorescence. The rate of vesicle shrinkage in response to
the gradient was measured as a reduction in fluorescence with
time. The resulting curves (8—10 experiments) were averaged and
single exponential curves were fitted to the data. Mathcad software
(MathSoft) was used to calculate P; (osmotic water permeability
coefficient) as a function of the applied osmotic gradient, average
vesicle radius and the measured rate of CF quenching.
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Proton permeability measurements

CF fluorescence at 2 mM is both concentration-dependent and
pH-dependent. We used this pH-dependence to directly measure
the dissipation of an imposed pH gradient on the liposomes.
Since the solutions to be mixed are osmotically balanced, there
are no volume-related changes reported by the dye. Proton perme-
ability coefficients (Py+) were measured at 25 °C as described in
[9,15,17]. Stopped-flow measurements involved rapid mixing of
equal volumes of CF-containing liposomes in pH 7.4 buffer, with
acidified buffer. This results in a pH gradient of 0.3—0.5 pH units,
which has been shown not to induce the formation of limiting
potentials from an accumulation of positive charge. In prior
studies with valinomycin-treated liposomes and K*-containing
buffer to shunt charge accumulation, we obtained identical acidifi-
cation rates in the absence or presence of valinomycin [15,18].
It appears that measurements of proton flux involving small
gradients near neutral pH do not require the use of charge-
dissipating ionophores [19]. Resulting curves (8—10 experiments)
were averaged and fit with a single exponential function. In some
experiments, a small linear component remained after quenching
appeared to be complete; these curves were fit by adjusting the fit
range or applying a single exponential fit with a linear component.
Internal buffer capacities of the liposomes were determined using
an Aminco Bowman Series 2 luminescence spectrometer by
adding 0.5 ul aliquots of 1 M HCI to liposomes to calibrate
the change in pH to change in fluorescence. Addition of sodium
acetate (10 mM final) to fresh liposomes results in an acidification
of the interior of the liposomes which can be quantified and allows
calculation of the internal buffer capacity. Py, was calculated as
a function of the internal buffer capacity and the rate of proton
flux using the following equation:

ApH
Jur = (Py+)(SA)AC) = (T) (BCV)

where Jy+ represents proton flux in mol/s, SA is the surface area
of a veside, AC is the initial difference in proton concentration
inside and outside the vesicles, ApH is the change in pH when
time equals 7, the time constant of the single exponential curve
describing the initial change of fluorescence as a function of
time, and BCV is the buffer capacity of an individual vesicle
inmol-17" - pH unit™!.

Fluorimetry

Fluorimetry was performed on an Aminco Bowman Series 2
luminescence spectrometer at excitation and emission wave-
lengths of 490 and 520 nm. Fluorescence anisotropy measure-
ments were performed on liposomes that had been equilibrated
with 2 uM DPH (diphenylhexatriene; Molecular Probes) for
30 min at room temperature in the dark. Fluorescence polarization
measurements were conducted on an Aminco Bowman Series
2 luminescence spectrometer equipped with automated prism
polarizers at emission and excitation wavelengths of 354 and
428 nm. Data collection and anisotropy analysis were performed
on AB2 software supplied by Spectronic Unicam.

RESULTS
Gramicidin

As Deamer and Nichols [1] have noted previously, it is impossible
to differentiate between the movement of protons into a vesicle
and the movement of hydroxide anion in the opposite direction.
This is certainly true when experiments are performed close to
neutral pH. As a consequence of this uncertainty, we have chosen

to use the term ‘proton flux’ in the present study to describe the dis-
sipation of pH gradients as measured by pH-dependent quenching
of a fluorescent indicator. We remain aware, however, that the
permeating species could be OH™.

Proton permeabilities through lipid bilayers have been
measured using a range of techniques and have produced widely
varying permeability coefficients even for bilayers of the same
composition [2] — therefore an attempt was made to validate in-
dependently the permeability coefficients obtained in these experi-
ments. Gramicidin is an antibiotic peptide pore that conducts both
water and protons. Since the water and proton conductances of
gramicidin are known [20,21], it offered us a means to validate
our assay system. We measured the osmotic water permeability
of liposomes into which gramicidin was inserted and, since the
single channel conductance for water is known, an estimate of
the number of channels per liposome could be arrived at. Since
we can estimate the number of channels as well as the number of
liposomes, our measurements of proton permeability, which rely
upon pH-dependent fluorescence quenching of intravesicular CF,
then allowed us to calculate a single channel proton conductance
for gramicidin. That number was compared with a previously
determined value for proton conductance measured at a similar
pH [22].

Liposomes were prepared from 0.9 mg of POPC (7.128 x
10" molecules) and then 10 or 1 uM gramicidin was added. To
determine the total water conductance of these liposomes, we
calculated the number of liposomes.

Average liposome radius was 148 nm; therefore the surface
area/liposome was 2.753 x 10~ cm?. Assuming each phospho-
lipid occupies an average interfacial area of 72.5 A2 1A=
0.1 nm) [23], the number of lipids per liposome is 7.59 x 10°.
Therefore the total number of liposomes was estimated to be
9.39 x 10", The total surface area of this many liposomes
is 2584 cm?®. This compares well with the value of approx.
2200 cm?*/mg lipid estimated by Deamer and Nichols [1].
We multiplied this value by the measured water permeability
coefficient (P;=3.1 x 1072 cm/s) with background membrane
permeability (P; =6.3 x 10~* cm/s) subtracted, to obtain a total
water conductance through gramicidin channels of 63.8 cm?/s.

The single channel water conductance for a gramicidin pore has
been estimated at either 1 x 10~'* cm?/s [21] or 6 x 10~'* cm’/s
[20] in two separate studies. Therefore the number of conducting
gramicidin dimers/liposome is the total conductance divided by
the product of the single channel water conductance for gramicidin
and the number of liposomes. Using both estimates for single
channel conductance, we obtained either 6797 or 1133 channels
per liposome.

Liposomes containing CF were exposed to a pH gradient
(ApH = 0.29) and the rate of proton flux was derived from the rate
of vesicle acidification. With passive membrane flux subtracted,
Ju+ =5.24 x 107 mol - s7' - liposome™"'. The amount of current
per liposome was determined as the proton flux multiplied by
Faraday’s constant, and since 1 pH unit is equivalent to 0.059 V,
we derived the conductance per liposome:

conductance/liposome = Jy+ x F/ApH x 0.059
=296 x107"°$S

Therefore single channel proton conductance for gramicidin in
our liposomes will be either 4.35 x 1077 or 2.61 x 107'¢ S. The
single channel proton conductance of a gramicidin pore according
to Krishnamoorthy [22] is (2.1 +0.5) x 107'¢ S for H" at pH 7.5.
Since our assay system gives us a value which is in excellent
agreement with one estimate of single channel water conductance
and not more than 5-fold different from the other estimate, we
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believe that our proton permeability coefficients under the specific
conditions employed are likely to be reasonably accurate. When
1 uM gramicidin was used instead of 10 uM, conductances of
2.67 x 1077 and 1.60 x 107'® S were obtained — also in very good
agreement with the Krishnamoorthy [22] value.

Fatty acid contaminants or degradation products in
sonicated liposomes

Fatty acids were analysed in lipids that had been resuspended in a
buffer by vortex-mixing and in liposomes that had been prepared
by multiple cycles of sonication. This analysis was performed
for two reasons. Firstly, to ensure that the commercially available
POPC did not have significant levels of NEFAs, which have been
proposed to function as ‘protonophores’ by facilitating proton
binding and translocation across the bilayer. Secondly, to check
that the method used for preparing liposomes was not responsible
for generating high levels of additional fatty acids during sonic-
ation. We employed MS to quantify the levels of palmitate and
oleate in pure POPC and POPC to which 45.7 mole% chol was
added. The masses of palmitate and oleate respectively in vortex-
mixed POPC were 14.3 and 46.7 ng respectively in 5 mg of lipid
(means for duplicate samples). On a weight basis, this represents
0.0003 and 0.0009 % respectively or alternatively on a molar
basis, 8.5 and 25.1 p.p.m. Liposomes prepared using seven cycles
of sonication and cooling (described in the Experimental section)
showed a slight increase in fatty acid levels. The increases in
palmitate and oleate for POPC liposomes were 56 and 24 %
respectively and for POPC/chol liposomes were 21 and 9 % res-
pectively (based on the means for duplicate analyses for each
condition). If we take the data in aggregate, the mean increase in
fatty acid levels due to sonication is approx. 27.5 %. Therefore
the concentration of palmitate and oleate increases to 10.8 and
32 p.p.m. respectively. There was no significant difference
between the pure POPC and POPC/chol liposomes in terms of
the effects of sonication. These levels are exceptionally low. It
seems unlikely that 40 NEFAs for every million phospholipids
would contribute in a significant way to the proton fluxes we
measure.

Water permeability

Although these experiments were primarily aimed at studying the
effects of chol and SM on proton permeability of PC bilayers,
we also measured the effects of altering lipid compositions on
water permeability. These water flux measurements permitted
us to show, on the same membranes as were used for proton
fluxes, that increased lipid order decreased water permeation.
An intuitive prediction of the proton wire hypothesis is that a
more highly water-permeable membrane should have a greater
number of hydrogen-bonded chains. In Figure 1, stopped-flow
data show the effect of increasing chol (Figure 1A) and increasing
SM (Figure 1B) concentrations on liposomal water efflux kinetics.
With increasing concentrations of either lipid, the vesicles shrank
more slowly in response to an osmotic gradient. The inset in
Figure 1(B) shows on an expanded scale the difference between
0 and 10% SM. Single exponential curves have been fitted to
the normalized fluorescence data and the residuals of the fitted
curves are shown below. The raw data are clearly not ideal single
exponential functions as assessed by deviations from the fit. This
is anticipated on the basis that we are measuring the average
permeability of a population of liposomes with varying sizes and
potentially compositions (see the Discussion section regarding
microdomain formation). However, deviations from the fit are not
pronounced and flux rates are fitted well by the assumption of a
single exponential. For reasons that are unclear, some experiments
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generated curves that exhibited a slow steady-state ramp following
initial shrinkage, as may be seen in Figure 1(B) (0 and 10 % SM).
The results from three to five separate liposomal preparations are
shown in Figures 1(C) and 1(D) for chol and SM respectively.
It is clear that the presence of increasing chol or increasing
SM in the vesicle membrane decreased water permeability in
a concentration-dependent fashion. The concentrations of chol
and SM chosen were designed to cover the range found in cell
membranes. With the addition of 46 mole% chol, water perme-
ability decreased by 87 % relative to pure POPC liposomes.
Liposomes with 30 % SM exhibited a 72 % reduction in water
permeability relative to pure POPC liposomes. These results are
consistent with prior studies [9,15] and are due to the known
membrane ordering properties of chol and SM [24,25].

Proton permeability

Proton fluxes in POPC liposomes with varying chol and SM
concentrations were measured upon exposure of liposomes to
a pH gradient of 0.3-0.5 pH unit. Stopped-flow tracings in Fig-
ures 2(A) and 2(B) show the quenching of intravesicular fluor-
escence upon internal acidification. In Figure 2(A), it can be
seen that increasing chol to 17.9 and 45.7 mole% accelerated
proton flux rates across the membrane. The same phenomenon
was noted when SM was present at 30 mole% (Figure 2B).
The residuals of the single exponential fits are shown below and
reveal somewhat greater deviations from ideal kinetics than was
observed for water permeation. It is realistic to conclude that
the single exponentials shown approximate to what may be a
multicomponent process. The conservative approach to analysing
these kinetics permits the use of a single exponential function to
approximate the process. The results from experiments on three
to five separate liposome preparations are shown in Figures 2(C)
and 2(D). In Figure 2(C), it can be seen that proton permeability
of liposomes with 45.7 mole% chol increased 5-fold, from
0.024 £0.002 to 0.12 £ 0.01 cm/s (P <0.001), while 30 % SM
increased permeability 3.8-fold to 0.091 £ 0.034 cm/s (P < 0.05).
The chol-mediated increase was not a simple concentration—
response relationship however. At 33 mole%, the permeability
was not statistically different from 17.9 %, possibly reflecting
a different lipid phase behaviour at this concentration (see the
Discussion section). The SM response was also complex in that
10 % SM increased proton permeability by 280 % (P < 0.01) but
20 and 30 % SM did not significantly increase it further. These
results suggest that chol is more potent than SM at facilitating
proton transfer and that SM at relatively low molar concentrations
is able to induce a 3-fold increase in proton permeation.

Flux behaviour of liposomes

To eliminate the possibility that our methods for drying lipids
and for preparing liposomes were influencing the results ‘artefact-
ually’, we dissolved POPC and chol at different ratios, in chloro-
form alone, and dried the lipids as described in the Experimental
section. The concern was that the lipids might demix as solvents
were evaporated and that as a result the liposomes would not
be compositionally uniform. The lipids were dried for 14 h
under vacuum and then prepared by extrusion through a 200 nm
polycarbonate filter with no sonication. Proton permeability
coefficients on liposomes prepared in this way showed no sig-
nificant differences from the data presented in Figure 2(C), with
a baseline value of 0.014 4 0.008 cm/s for POPC liposomes
with no chol and increases of 2.2-fold at 17.9 % chol and 6.1-
fold at 45.7 % chol. We conclude that our preparative methods
do not result in liposomes with macroscopic heterogeneity and
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Water permeability of POPC liposomes with varying amounts of chol and SM

Liposomes were prepared with 2 mM entrapped CF and rapidly exposed to a doubling of external osmolality. (A) Effect of increasing chol on water permeation kinetics. Stopped-flow tracings (average
of eight to ten trials) show quenching of CF as vesicles shrink. Fluorescence was converted into relative volume and single exponential curves were fitted to the data. The residuals from those fits
are shown for each composition below (A, B). (B) Effect of increasing SM on water permeation kinetics. The inset shows more detail of the curves for 0 and 10 mole% SM. (C) Osmotic water
permeability of liposomes with varying chol concentrations. (D) Osmotic water permeability of liposomes with varying SM concentrations. Results in (G, D) are from three to five different liposomal

preparations. Results shown are the means + S.E.M.

our measurements of proton flux are accurate as confirmed by the
gramicidin experiment.

Fluorescence anisotropy

Water permeability showed a clear concentration dependence on
chol and SM levels and this was likely to be due to the order-
ing properties of these lipids [15,25,26]. However, proton perme-
ability in the presence of increasing concentrations of chol and
SM showed complex behaviour which was not dose-dependent.

To verify that lipid order was varying in a consistent manner with
the inclusion of chol and SM in our liposomes, measurements of
steady-state fluorescence anisotropy of the membrane-permeant
probe, DPH, were made (Figure 3). This technique, while unable
to report directly on membrane microviscosity as once thought,
can provide indications of relative lipid order, since the probe is
more sensitive to order (half cone angle of motion) than to rate of
probe rotation (membrane viscosity) within the bilayer [27,28].
Increasing either chol or SM concentration (mole% shown in
bars in Figure 3) increased anisotropy, supporting the contention
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Figure 2 Proton permeability of POPC liposomes with varying amounts of chol and SM

Liposomes were prepared with 2 mM entrapped CF and rapidly exposed to a pH gradient of 0.3-0.5 pH unit. (A) Effect of increasing chol on proton permeation kinetics. Stopped-flow tracings
(average of eight to ten trials) show quenching of CF as intravesicular pH decreases. Fluorescence was converted into pH and single exponential curves were fitted to the data. The residuals from
those fits are shown for each composition below (A, B). (B) Effect of increasing SM on proton permeation kinetics. (G) Proton permeability of liposomes with varying chol concentrations. (D) Proton
permeability of liposomes with varying SM concentrations. Results in (C, D) are from three to five different liposomal preparations. Results shown are the means + S.E.M.

that more chol or SM in the membrane caused the lipids to pack
more tightly in a concentration-dependent manner. Higher an-
isotropy values correspond to increased membrane order. There-
fore incrementally increasing order in the membrane with higher
concentrations of chol or SM results in decreased water per-
meability. The relationship between water permeability and
anisotropy is shown in Figure 4. It is of interest to note that
while water permeabilities are reduced by comparable amounts
at approx. 30 mole% of either lipid (Figures 1C and 1D), the
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anisotropy exhibited by each membrane is very different (Fig-
ures 3 and 4). This difference in anisotropic behaviour dis-
played by DPH probably reflects differences in probe motion
within bilayers of different composition as noted by Kaiser and
London [29].

Whereas water permeability is reduced, proton permeability is
not similarly restricted. Therefore, unlike most non-electrolytes
that exhibit higher permeation rates with decreased membrane
order, proton permeation exhibits no such correlation.
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Figure 3 Relative membrane order for different membrane compositions
assessed by steady-state fluorescence anisotropy of DPH

Chol and SM percentages are indicated on the bars and have been rounded up to the nearest
whole number. The higher the anisotropy, the more ordered the membrane.
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Figure 4 Relationship between osmotic water permeability and anisotropy
for liposomes with varying chol and SM content

Are there synergistic effects of chol and SM on water
and proton permeation?

We wished to test the hypothesis that specific hydrogen-bonding
interactions thought to occur between chol and SM [11,12,26]
would further enhance proton permeation. Initially we measured
water permeability and anisotropy of membranes containing
combinations of chol and SM. It can be seen in Figure 5(A) that at
a fixed level of 17.9 mole% chol, addition of SM tended to reduce
water permeability moderately and slightly increased membrane
order (Figure 5B). At 46 mole% chol, there was very low water
permeability, which was essentially unaffected by addition of SM
and these membranes exhibited higher anisotropy (Figure 5B).
These results suggest that at lower chol concentrations, SM has
some ability to reduce water permeability further, but at the higher
level, SM has little further impact on lipid ordering.

Addition of SM to membranes that contained 46 mole% chol
resulted in no significant increases in H* permeability (Figure 6,
black bars). With membranes containing 18 mole% chol, there
was a reduction of proton permeability upon addition of 10 or
30 % SM which was not concentration-dependent. These results
indicated that SM in combination with chol had little additional
effect on proton permeability and certainly did not facilitate a
further increase in proton flux rates. Therefore chol and SM
in combination appear not to synergize their effects on proton
permeability.
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Figure 5 Effect of different combinations of chol and SM on water per-
meability (A) and membrane order (B)

Chol percentages have been rounded up to a whole number.
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Figure 6 Effect of different combinations of chol and SM on proton per-
meability

Chol percentages have been rounded up to a whole number.

Proton permeability of soya-bean lipid liposomes

Ira and Krishnamoorthy [30] have shown that addition of chol re-
duces proton permeability in SBPL liposomes. Since this observ-
ation was at odds with our POPC data and there were several
methodological differences between our study and theirs, we
decided to test SBPLs in our system. The results shown in Fig-
ure 7 recapitulate the findings of their original study. Proton flux
rates progressively decreased as chol was increased in this lipid
background. Figure 7(A) shows the stopped-flow curves normal-
ized to the change in intravesicular pH and Figure 7(B) shows
the reduction in both flux rate and proton permeability coefficients

© 2006 Biochemical Society
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Figure 7  Effect of chol on proton permeability in soya-bean lipid liposomes

(A) Stopped-flow tracings showing pH gradient dissipation for liposomes with differing
concentrations of chol. Increasing chol leads to slower proton flux rates. (B) Flux rate and
permeability coefficients for liposomes of different compositions. Results shown are from one
experiment (of three).

with increasing chol in one experiment. The phenomenology was
the same whether we used our buffer system (shown) or the Ira and
Krishnamoorthy [30] buffers, which contained potassium chloride
and potassium phosphate. This result implies that the effect of chol
on H*/OH™ permeation is context-dependent.

DISCUSSION

Current models for proton flux (water wires, water clusters and
weak acid/base shuttle) predict that as membrane order increases,
proton permeability should fall. Increasing lipid order reduces
the water permeability of bilayers [9] and therefore likely
reduces the quantity of water within the bilayer. Intuitively, it
seems reasonable that less bilayer water should reduce the prob-
ability of water wire formation. Increased order should also
impede the diffusion of weak acids, as it does for urea and other
small non-electrolytes. However, earlier results in which we
modelled the leaflets of a barrier epithelial membrane and ex-
amined their permeabilities suggested that this was not always
true [15]. Specifically, liposomes enriched in PC, sphingolipids
and chol (outer leaflet composition) had lower water and urea
permeabilities but higher proton permeabilities than the inner
leaflet lipids. Furthermore, removing chol and sphingolipids from
outer leaflet liposomes reduced proton permeability, suggesting
specific facilitative influences of these lipids on the ability of
protons to permeate. To test these models further, we decided to
focus on the lipids that are known to preferentially self-associate
in the outer leaflet of many cell membranes, i.e. PC, SM and chol.
These lipids have been used in equimolar ratios to model lipid rafts
and appear to approximately recapitulate the lipid composition of
detergent-insoluble microdomains extracted from cells [31]. In
these experiments, we made liposomes from a pure PC species
(POPC, C,40—Cs.1) which is fluid at room temperature, has been
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well characterized in combination with SM and chol for its phase
separation behaviour [32-34] and has a commonly occurring 1-
saturated, 2-unsaturated motif. We investigated the effects on
H*/OH~ permeation of adding chol and SM at physiological
concentrations.

Because proton permeabilities have been reported to vary from
107 to 107! cm/s [2] and the results appear to be conditional
on the experimental system used, we attempted to validate our
proton flux measurements using the well-studied proton- and
water-conducting antibiotic peptide, gramicidin. Our method
for estimating the quantity of functional gramicidin pores used
measurements of bulk water flux and the estimated single chan-
nel water conductance of gramicidin. Our water permeability
assay has been validated extensively [9,17,35-40] and measure-
ments of AQP1 (aquaporin 1) conductance in reconstituted
proteoliposomes matched native AQP1 water fluxes in the intact
red blood cell very well [41]. In addition, our measurements
of liposomal water permeability were independently validated
in planar bilayers using scanning Na*-sensitive electrodes to
measure Na*-dilution within the unstirred layer [42].

The agreement between the single channel proton conductance
that we arrived at and the value reported by Krishnamoorthy [22]
at pH 7.5 indicates that our proton permeability coefficients are
reasonable. For pure POPC liposomes, Py, was 2.36 x 1072 cm/s.
It should be noted, however, that one of the anomalous aspects
of proton permeability is an apparent insensitivity to pH, i.e. bulk
[H*] [1]. This has led to discussion on whether the derivation
of permeability coefficients is appropriate for protons. Since
permeation theory predicts that proton flux should be proportional
to the rate at which protons encounter the membrane and that
rate should be proportional to the bulk concentration of protons,
the insensitivity to pH is problematic [2]. Potential explanations
include the ‘antenna’ effect of the membrane surface whereby
negatively charged head groups can concentrate protons at the
membrane interface [43,44] and therefore alter the effective local
concentration. Increasing the negative surface charge of the mem-
brane has indeed been shown to increase proton permeability
[45]. Conversely, proton fluxes through gramicidin have been
shown to depend on bulk [H*] and the parameter Py+ is relatively
invariant with pH as it should be [46]. We believe therefore that
our assay system is accurately measuring proton flux rates across
different membranes because of the reasonable agreement with
gramicidin’s conductance properties; however, it is possible that
Py+ may not accurately describe the intrinsic proton permeability
of these membranes. Nonetheless, it offers a useful benchmark
for comparing permeabilities at the same pH.

Our results clearly indicate that in POPC bilayers the addition
of chol or SM results in facilitated proton flux, while water flux
rates are restricted. A number of studies have noted that there
appears to be little or no correlation between the water and
proton permeability of membranes. Gutknecht [6] demonstrated
no correlation between water and proton permeability in planar
bilayers made from bacterial phosphatidylethanolamine, di-
phytanoyl PC or egg PC 4 chol. Lande et al. [9] showed that
liposomes deliberately constructed to exhibit varying fluidities
demonstrated water permeabilities that varied 70-fold, while
proton permeabilities only changed 3-fold. These results and
others argue that there are very different mechanisms by which
water and protons permeate bilayers. However, it has still been
widely accepted that membranes that drastically reduce water
permeability will also tend to reduce proton permeation. Ira
and Krishnamoorthy [30] specifically examined this question and
found that soya-bean lipid liposomes had progressive reductions
in proton permeability with increasing mole% of chol. This effect
was interpreted as being due to decreasing water content based
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on lifetime measurements of the polarity-sensitive fluorescent
probe, Nile Red. Ira and Krishnamoorthy [30] concluded that
chol caused a reduction in membrane water and therefore reduced
the probability of proton wire formation. The results presented in
our study are in direct contrast with these and led us to measure
proton leaks in SBPL liposomes (Figure 7). We found the same
phenomenology described by Ira and Krishnamoorthy [30],
leading to the conclusion that proton fluxes are dependent on
the overall lipid milieu. Chol in and of itself does not ‘control’
proton flux rates. We speculate, however, that soya-bean phospho-
lipids, which represent a natural mixture of lipids, may contain
appreciable quantities of NEFAs. Some estimates put the levels of
fatty acids as high as 1 % in commercially available products [5].
Consistent with the weak acid hypothesis, these ‘contaminants’
could be responsible for transporting protons and the addition of
chol would be expected to reduce flip-flop rates and hence proton
flux, consistent with [30] and our findings. It is also possible that
proton permeation rates may be highly dependent on specific lipid
head group chemistries.

For the binary (SM/POPC and chol/POPC) and ternary (SM/
POPC/chol) bilayers used in the present study, it is worth
considering whether phase separation might play arole. The com-
bination of alow T, (‘melting’ temperature) phospholipid (POPC,
—2.9°C) with either a high T, SM (natural SMs exhibit phase
transitions in the range of 30—45°C [26]) and/or chol will often
result in micrometre scale phase separation depending on the pre-
cise lipid ratios and the temperature [33,34]. This creates the
potential for coexisting liquid ordered (lo) and liquid disordered
(1d) domains that protons may permeate through differentially
and also for interfacial regions which will have different physical
properties from the bilayer proper. A close look at the binary
and ternary phase diagrams for POPC, palmitoyl SM and chol
[33] reveals that some of the lipid combinations tested by us have
coexisting phases, while others do not. At 25°C, SM and POPC
do not exhibit multiphase behaviour until the mole fraction of SM
reaches 33 %. Thus all of our SM/POPC liposomes exist in the
1d state, although it should be noted that 30 % SM lies close to
a phase boundary. We conclude that the SM-induced increases in
proton permeability were not due to domain formation.

For POPC/chol liposomes, the situation is more complex.
Liposomes with no chol are uniformly 1d, 17.9 and 33 % chol have
coexisting 1d and lo domains, while 45.7 % chol lies very close
to, if not on, the lo boundary [33]. Chol at all three concentrations
results in increases to proton permeability, although at 33 %,
permeability was lower that at 17.9 % (Figure 2C). At 17.9 %
chol, the predominant phase is 1d, although there is some lo
present; at 33 %, the proportions of 1d and lo are likely to be simi-
lar, while at 45.7 % most of the membrane surface area will be
lo. The anisotropy data shown in Figure 3 support the conclusion
that large changes in lipid order and phase states occur for chol-
containing bilayers but not for SM-containing bilayers. The results
suggest that the progression from a fully disordered to a mostly
ordered bilayer is not strictly correlated with proton permeability.
The same statement holds true for the presence of more interfacial
area between domains. In other words, protons are not simply
leaking through the interfaces between domains. If this were the
explanation for chol-induced increases in permeability, then fluxes
at 33 % should be higher than at 17.9 % chol.

The addition of varying amounts of SM to 17.9 % chol/POPC
results in membranes that have coexisting lo and 1d domains. At
30% SM, these membranes lie close to a tri-phasic boundary
which includes a solid phase. Domain sizes have been shown to
vary depending on the composition of the membrane [32]. In areas
of the phase diagram closer to the tri-phase boundary, lo rafts are
much larger, while at lower SM or chol concentrations the rafts

are much smaller. Despite these changes in domain structure, there
is no difference in proton permeability between 10 and 30 %
SM (Figure 6), suggesting that domain behaviour is not a sig-
nificant determinant. At 45.7 % chol, the membrane is in a
predominantly ordered state regardless of the concentration of SM
and proton permeation kinetics was unchanged for these mem-
branes, as is seen in Figure 6. Despite being in a fully ordered
state, the proton fluxes are 2—4-fold higher for membranes with
the higher chol concentrations. The results overall argue against
a significant role for microdomains in determining proton flux.
However, the possibility that phase state and interfacial fluctu-
ations may contribute in some measure to the regulation of proton
permeability is intriguing and deserves further investigation.

What other explanations might account for the chol and SM
effects that we observed? It is known that the addition of chol
increases hydration at the interfacial head group region of the
bilayer [47]; therefore the presence of greater numbers of
hydrogen-bonded water molecules in this region might facilitate
proton movement into the bilayer at the critical interfacial
juncture. Indeed, Chen and Li [48] demonstrated such a pheno-
menon when they showed that cardiolipin increased the proton
permeability of DPPC liposomes by increasing surface hydration.
Since head group spacing does not seem to be affected by the
incorporation of chol [49], it would seem unlikely that proton
permeation is enhanced as a result of charge dilution. This is also
supported by the finding that SM increases proton permeability.
With the same head group as PC, we believe dipole-mediated
effects are unlikely to be responsible.

Both chol and SM reduce water permeability by increasing
lipid packing order, a condition that presumably reduces the water
content of the bilayer. As far as proton permeation is concerned,
it may not be so much the quantity of the water in the bilayer as
the quality. By this we mean that in a more condensed bilayer
containing chol (or SM), the water molecules/clusters which
‘blaze a trail’ [2] across a bilayer may be constrained from a
following a ‘random walk’ and be forced instead into a more
‘directed walk’. The single file of water molecules necessary for
Grotthus conductance or Tepper and Voth’s [8] ‘concerted mech-
anism’ in a rigidified membrane may be analogous to water
molecules in a gramicidin channel and exhibits enhanced lifetimes
or higher formation frequency when compared with more fluid
membranes.

The lack of synergism when chol and SM are both present
suggests that the predicted hydrogen-bonding between chol and
SM [11] (but see [50] for an alternative viewpoint) is not important
for proton permeation.

Physiologically, the effects of chol and SM on cellular pH
homoeostasis may be important. We recently showed that isolated
caveolae, a specialized form of lipid rafts, have high proton per-
meability (8.8 x 1072 cm/s [51]). Since this represents proton
permeation across a naturally occurring membrane rich in chol
and SM, it provides support for the notion that raft lipids are
physiologically important in regulating proton leak. Epithelia with
barrier membranes such as those found facing the lumen of the
stomach, bladder and kidney collecting duct are known to have
high concentrations of PC, chol and SM in the outer leaflet of
the apical membrane [15]. Proton leaks across membranes with
these components may be part of an unavoidable energy cost to
cells with a need to otherwise rigidify these membranes for func-
tional and protective purposes. It is also interesting to note that
acidified organelles such as lysosomes, endosomes and the trans-
Golgi network have low levels of chol [52-54]. Haines [7] has
argued that the main function of sterols may be to reduce Na™ leaks
in mammalian cells and H" leaks in prokaryotes and that chol can
be considered an ‘energy saver’ molecule. The evidence presented
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in this study would tend to contradict this model, although it
must be stated that much remains to be learned. Liposomes do
not recapitulate the complexity of cellular membranes. However,
the finding that chol and to a lesser degree SM appear to
enhance proton permeation may require a re-evaluation of current
thinking in regard to the link between water and proton perme-
ability.
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