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Permeability and Electrical Properties of Planar Lipid Membranes from
Thylakoid Lipids

Bruno Fuks and Fabrice Homblé
Laboratoire de Physiologie Végétale, Faculté des Sciences, Université Libre de Bruxelles, Brussels, Belgium

ABSTRACT Electrical measurements were carried out on planar lipid membranes from thylakoid lipids. The specific capaci-
tance of membranes formed from decane-containing monogalactosyldiacylglycerol (MGDG), which accounts for 57% of the total
lipid content of thylakoids, showed that it adopted a bilayer structure. Solvent-free bilayers of MGDG were not formed, with very
rare exceptions, indicating that decane is required to stabilize the planar conformation. However, this cone-shaped lipid produces
bilayer structures in combination with other cylindrical thylakoid lipids even in the absence of organic solvent. We compared
the properties of solvent-free and decane-containing bilayers from MGDG, soybean lecithin, and the quaternary mixture of lipids
similar to that found in vivo. The conductance of decane-MGDG was 26 times higher than that of decane-lecithin. The flux through
the decane-lecithin bilayer was found to be slightly dependent on pH, whereas the decane-MGDG membrane was not. The
specific conductance of bilayers formed from the quaternary mixture of lipids was 5 to 10 times larger than lecithin (with alkane
or not). Further experiments with bilayers made in the presence of a KCI gradient showed that decane-MGDG, decane-MGDG/
DGDG/SQDG/PG, and solvent-free MGDG/DGDG/SQDG/PG were cation-selective. The permeability coefficient for potassium
ranged from 4.9 to 8.3 X 107'' cm s~'. The permeability coefficient for protons in galactolipids, however, was determined to be
about six orders of magnitude higher than the value for potassium ions. The HCI permeation mechanism through the lipid
membranes was determined from diffusion potentials measured in HCI gradients. Our results suggest that HCI was not trans-
ported as neutral molecules. The data is discussed with regard to the function of galactolipids in the ion transport through

thylakoid membranes.

INTRODUCTION

The lipid composition of thylakoid membrane is distinct
from that of other biological membranes. The dominating
species is the uncharged glycolipid monogalactosyldiacyl-
glycerol (MGDG) with a 57% by weight. The second most
important lipid is digalactosyldiacylglycerol (DGDG),
which represents 27% of the total lipid (Dorne et al., 1990).
The remaining classes consist of the anionic lipids sulpho-
quinovosyldiacylglycerol (SQDG) (7%), phosphatidylglyc-
erol (7%), and phosphatidylinositol (2%). A property of
MGDG is that it adopts a nonbilayer configuration when
dispersed in an aqueous phase. Under certain conditions of
temperature and concentration, the MGDG adopts the hex-
agonal H;, phase encapsulating cylinders of water. In con-
trast, DGDG, SQDG, and PG prefer the conventional lipid
bilayer structures when hydrated (Shipley et al., 1973;
Gounaris et al., 1983; Sprague and Stahelin, 1984; Webb and
Green, 1991). When MGDG is mixed into other thylakoid
lipids by conventional dispersal method, freeze-fracture
electron micrographs of liposomes show that it forms in-
verted micelles inserted between the leaflets of lipid bilayers
(Gounaris et al., 1983; Sprague and Stahelin, 1984). In con-
trast, Webb and Green (1989) obtained extruded liposomes
composed of MGDG/DGDG/SQDG/PG that lack both the
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H;; phase and inverted lipid particles. Moreover, inverted
micelles or tubes have not been observed in the native mem-
brane unless the membrane is stressed (Webb and Green,
1991). The MGDG painted across a teflon hole can form a
black lipid membrane (BLM) without the addition of other
lipids (Graziani and Livne, 1972), but the role of alkanes was
not investigated. These results indicate that the possible ex-
istence of nonbilayer phases in purified lipid mixtures or in
native membrane is not clear. Therefore, further research is
required to answer this question.

In chloroplasts, light-driven H* flux is electrically com-
pensated by inward movements of Cl” and efflux of both K*
and Mg?* (Hind et al,, 1974; Vredenberg, 1976; Junge,
1977). Although initially an electrical membrane potential
difference precedes the formation of a pH gradient, the in-
duced secondary transport of ions decreases this electrical
potential difference (around +30 mV) so that a pH gradient
(pH = 8 outside, pH = 5 inside) is built up. The molecular
basis of this ionic flux is unresolved, especially with regard
to the permeability of thylakoid lipids. By analogy with what
is known for membranes formed from phospholipid, we ex-
pect that the lipid permeability of thylakoid would be low to
maintain an electrochemical potential gradient. Indeed, the
permeability of phospholipid bilayers is in the range between
10" and 1072 cm 57! for K*, Na*, and ClI- (Toyoshima and
Thompson, 1975; Nichols and Deamer, 1980; Gutknecht and
Walter, 1981a). Because knowledge of the proton perme-
ability coefficient is important to verify Mitchell’s chemi-
osmotic theory, several studies have attempted to answer this
question. Surprisingly high values of permeability coeffi-
cients ranging from 107 to 1073 cm s™! were measured in
artificial bilayers made from various phospholipids at neutral
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pH (Nichols and Deamer, 1980; Deamer and Nichols, 1983;
Gutknecht, 1984; Deamer, 1987). Little work has been done
in this field on thylakoid lipids: their H* permeability is
unknown, and results for K* and CI- are contradictory. Foley
et al. (1988) reported that liposomes made from a mixture of
DGDG and MGDG have the same permeabilities to KCl as
those of PC liposomes. However, the salt concentrations used
in their work are known to induce aggregation of liposomes.
Measurements made by Webb and Green (1989), at lower
salt concentrations, showed that large unilamellar liposomes
formed from DGDG were 100-fold more permeable to Rb*
and at least 50-fold less permeable to Cl™ than PC liposomes.
Their results also demonstrated that a lipid composition simi-
lar to the one found in vivo proved to be two orders of mag-
nitude more permeable to Rb* than PC liposomes; i.c.,
Pp, = 2 X 107 cm s™'. Webb and Green (1989, 1991) have
concluded that galactolipids play a major role in the thyla-
koid membrane because they are a significant diffusive path-
way for ions.

In this paper we describe some electrical properties of
planar lipid bilayers formed from MGDG and from thylakoid
lipid mixtures with or free of n-decane. The absolute per-
meability coefficient for potassium, chloride, and proton is
calculated from experimental data. The possible influence of
decane on the measurements was also investigated. The re-
sults presented in this work show that decane-MGDG and
thylakoid lipid mixtures are more conductive than phospho-
lipids. Their contribution to passive ion flux through the thy-
lakoid membrane is discussed.

MATERIALS AND METHODS
Materials

The bilayers were formed from galactolipids (MGDG, DGDG, and SQDG)
and PG extracted from higher plant chloroplasts (Lipid Products, Redhill,
UK) and from soybean lecithin type II-S (Avanti Polar Lipids, Inc., Pelham,
AL). Solutions of galactolipids in chloroform/methanol (2:1, v/v) were
evaporated to dryness under N,. Lipids (10 mg) were then dissolved in 1 ml
of n-decane, which was more than 99% pure (Merck, Darmstadt, Germany).
All other chemicals employed were analytical reagent grade. The samples
of soybean lecithin were prepared by dissolving 15 mg of phospholipids in
1 ml of n-decane. Solutions were made using triple-distilled water and were
filtered through 0.2 um Acrodisc filters (Gelman Sciences, Ann Arbor, MI)
before use.

Planar lipid membranes

Black lipid membranes in aqueous solutions were formed by the technique
of Mueller et al. (1962). In brief: a teflon beaker set or a styrene-copolymer
cup was immersed in the appropriate salt solution inside a glass cup. The
bilayers were prepared by painting a membrane-forming solution over the
hole of the septum (teflon: 1 mm? in area; plastic: 0.03 mm?). Before the
vessel was immersed in the aqueous solution, a small part around the hole
was smeared with membrane solution to facilitate the formation of the
bilayers.

Solvent-free bilayers were made by bringing together two monolayers of
lipids (1% in hexane) over a hole (200 um in diameter) in a thin sheet (25
wm thick) of Teflon treated with squalene (Montal and Mueller, 1972). The
solvent was evaporated at least 5 min before the folding of the monolayers.
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Electrical recordings

The two aqueous phases separated by the lipid film are defined as cis and
trans compartments. The cis compartment is the one to which a voltage
generator is connected to the bilayers through an Ag/AgCl electrode. The
trans compartment is connected to the ground through a second Ag/AgCl
electrode. Both electrodes are connected to the chambers through 3 M KCl
agar bridges. The formation of the bilayer membrane was checked by con-
tinuously following the membrane capacitance. This was measured by ap-
plying rectangular voltage pulses (50 or 100 mV) of 10 ms duration through
silver-silver chloride electrodes and recording directly the capacitive current
on an oscilloscope. Current was measured with a current-voltage converter
(Bio-Logic RK-300, Claix, France). Current through and potential across the
lipid film were known, and the specific conductance of the membrane was
defined by Ohm’s law.

To measure diffusion potentials produced by KCl or HCI gradients, BLM
was formed with both aqueous phases at identical concentration, and the
electrolyte concentration in the cis compartment was then altered by the
addition of more concentrated salt with constant stirring. To measure H*/
OH" conductance and permeability, avoiding background effects produced
by other ions, ionically balanced buffer mixtures were used as described in
detail by Gutknecht (1984). Planar bilayers were formed in symmetrical
concentrations of buffers on both sides (30 mM HEPES plus 30 mM TRIS
or 30 mM MES plus 30 mM BIS-TRIS). A pH gradient was produced by
adding 20 mM HEPES (or MES) to the cis side and 20 mM TRIS (or
BIS-TRIS) to the trans side. The transference number of H*/OH™ can be
calculated from the diffusion potential measured in the pH gradient because
there are no gradients of buffer cation and anion. The pH in the two chambers
was monitored before and after each experiment and was found to be stable.
Experimentally, it is not possible to distinguish between H* and OH" per-
meability coefficients, so this is indicated as (H*/OH"). We will refer to this
as proton permeability P,

Data are presented in the form of mean = SEM (7 = number of rep-
licates). Statistical significance refers to a Student’s test (p < 0.05). The
experiments were carried out at room temperature.

RESULTS
Specific capacitance and thickness of bilayers

By dissolving MGDG or a mixture of MGDG/DGDG/
SQDG/PG (2:1:0.5:0.5, w/w) in n-decane, we were able to
form stable planar bilayers. The mechanical stability and the
lifetimes of the bilayers were as good as soybean lecithin
bilayers. The best method for assessing the state of bilayers
is to measure its specific electrical capacitance. The mea-
surements showed that the various lipid films were a bimo-
lecular structure. Indeed, in the case of Mueller-Rudin BLM,
all values were in the range of 0.33 to 0.41 uF cm™ and were
constant for each membrane over its lifetime (Table 1). Table
1 gives also the hydrocarbon thickness, d, of the membrane,
which is calculated from the relation C = € €/d, where €, =
8.85 X 107 F m™ is the permitivity of free space and € =
2.1 is the average dielectric constant of a long-chain hydro-
carbon (Benz et al., 1975). From the specific membrane ca-
pacitance, we have calculated that a Mueller-Rudin BLM
formed from galactolipids should have an overall thickness
of about 5 nm. The values of capacitance were unaffected by
the nature and concentration of surrounding salt solution
(Table 1). The thickness of planar bilayers formed from thy-
lakoid lipids and phospholipids were similar. The solvent-
free bilayers from MGDG/DGDG/SQDG/PG made by
bringing together two monolayers showed a specific capaci-
tance around 0.85 uF cm™. We were able to produce that
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TABLE 1 Specific capacitance, C,, and hydrocarbon
thickness, d, of planar lipid bilayers from MGDG, MGDG/
DGDG/SQDG/PG, and soybean lecithin

Salt Number of
concentration C, d membranes
mM wF cm™ nm
Decane-MGDG bilayers
10 KC1 0.36 = 0.02 52 10
150 KC1 0.33 £ 0.01 5.6 5
500 KCl1 035+ 002 53 6
500 NaCl 0.34 + 0.02 5.5 4
500 LiCl 0.39 + 0.01 4.8 5
Solvent-free MGDG bilayers
500 KC1 0.73 = 0.06 2.6 3=
Decane-MGDG/DGDG/SQDG/PG bilayers
10 KC1 0.39 = 0.03 438 6
500 KCl1 0.41 = 0.01 45 3
Solvent-free MGDG/DGDG/SQDG/PG bilayers
1 HC1 0.89 + 0.01 2.1 11
1KQ 0.87 = 0.03 21 3
10 KCl 0.85 = 0.10 2.2 5
500 KCl1 0.84 = 0.01 2.2 3
Decane-soybean lecithin bilayers
500 KC1 0.34 = 0.01 5.5 25
Solvent-free soybean lecithin bilayers
10 KC1 0.83 = 0.06 22 6
500 KCI 0.80 = 0.03 23 19

* The formation of solvent-free bilayers from MGDG was successful in less
than 5% of trials.

type of bilayer by using MGDG alone in about 5% of the
trials. The solvent-free lecithin bilayers exhibited also a
higher specific capacitance than solvent-containing bilayers
(Table 1).

Membrane conductance of decane-MGDG
bilayers

The I-V relationship of membranes formed in different con-
centrations of potassium chloride as well as in other alkali
metal chlorides showed deviations from Ohm’s law. Curves
obtained with aqueous phase compositions of 1 mM, 150
mM, and 1 M KCl are shown in Fig. 1 A. The central portion
of the curves (60 mV) was essentially ohmic (insert Fig.
1 B). At high electrical potentials, the I-V relationship is
nonlinear. In general, the breakdown voltage for membranes
in solutions of chloride salts of hydrogen, lithium, sodium,
potassium, magnesium, and calcium was in the range be-
tween 150 and 200 mV. Using our value of 5 nm for the
membrane thickness, the dielectric strength of gactolipids at
the breakdown voltage was about 3 X 10° V/cm.

The dependence of decane-MGDG bilayer conductance
on the cation present in the aqueous phase was examined.
The current-voltage relationship obtained with membranes
generated in 0.5 M solutions of chloride salts of lithium,
potassium, and sodium are shown in Fig. 1 B. The specific
membrane conductances calculated from the regression of
the linear portion of the I-V curve were 4.0 X 10® S cm™,
42X 10®*Scm™, and 6.3 X 108 S cm™ for KCl, NaCl, and
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FIGURE 1 (A) The I-V relationship of planar lipid membranes from
decane-MGDG for three different concentrations of KCl: 1 mM (M), 150
mM (4), 1 M (@), and 10 mM HEPES buffer pH 7.2. (B) The I-V rela-
tionship of decane-MGDG bilayers in 0.5 M KCl and NaCl (@) or 0.5 M
LiCl (W) and 10 mM HEPES buffer pH 7.2. (Insert) plot of the ohmic part
of the I-V curves in 0.5 M KCl (O), 0.5 M NaCl (A), and 0.5 M LiCl O)
buffered with 10 mM HEPES pH 7.2.

LiCl, respectively (Fig. 1 B, inset), and were not statistically
different. Only Li* increased significantly the specific con-
ductance at higher potentials (>60 mV) (Fig. 1 B).

BLM formed from decane-MGDG were more permeable
to ions than decane-lecithin bilayers (Fig. 2). The conduc-
tance of MGDG and soybean lecithin was independent of the
KCI concentration over the range 1 mM to 0.5 M. MGDG
BLM in 0.15 M KCl had specific conductance of 3.7 + 0.4 X
108 S cm™ (n = 10). The specific conductance of lecithin
bilayer membrane in 0.1 M KCl was found tobe 1.4 = 0.5 X
10° S cm™ (n = 7). This value is 26-fold lower than that of
MGDG bilayers.

Because there is a free magnesium chloride concentration
ranging between 1 and 3 mM inside the chloroplast in the
dark (Portis, 1981), we decided to examine the effect of the
addition of this cation to the cis compartment on the specific
conductance of MGDG bilayers formed in 100 mM KCI (pH
7.2). In the range of concentration studied (1-80 mM), the
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FIGURE 2 Specific conductance of decane-MGDG (@) and decane-
soybean lecithin (Hl) as a function of the KCI concentrations of the bathing
medium. The buffer used was 10 mM HEPES (pH 7.2). All conductances
were determined with a potential of 60 mV.

addition of magnesium had no significant effects on specific
bilayer conductance (results not shown). Moreover, the spe-
cific conductance of MGDG bilayers measured in unbuffered
10 mM magnesium or calcium chloride were of the same
order of magnitude as that measured in potassium chloride:
8.3 + 0.8 X 10° S cm™ (n = 3) for MgCl,, 4.6 = 0.9 X
10 S em™ (n = 5) for CaCl,, and 1.9 = 0.8 X 10* S cm™
(n = 6) for KCl.

The specific resistance of the decane-MGDG and decane-
lecithin bilayers as a function of the pH was measured in the
presence of 100 mM KCIl. The buffer solutions used were 10
mM citric acid (pH 2), formic acid (pH 3-4.8), MES (pH
5.2-6), HEPES (pH 7.2), and TRIS (pH 8-9.3). Our mea-
surements revealed a weak dependence of the specific re-
sistance of lecithin BLM on pH (Fig. 3). The MGDG bilayers
were not pH-sensitive.
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FIGURE 3 Specific resistance of decane-MGDG (@) and decane-
soybean lecithin membranes (W) as a function of pH in 100 mM KCI. The
pH was controlled by 10 mM TRIS, HEPES, MES, formic acid, or citric acid

depending on the pH range used. All resistances were determined with a
potential of 60 mV.
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Membrane conductance of thylakoid lipid
mixtures

Several experiments were performed with a mixture of thy-
lakoid lipids in decane chosen to mimic the lipid composition
of thylakoids in vivo (Fig. 4 A). The specific conductance of
decane-containing MGDG/DGDG/SQDG/PG bilayers (2:1:
0.5:0.5, w/w) in 150 mM KCl was G, = 1.1 * 0.1 X 10°®
S cm™ (n = 5). Unfortunately, it was not possible to obtain
the contribution of DGDG to the membrane permeability
because this compound alone was not entirely dissolved in
n-decane at room temperature. A BLM was made from a
binary mixture of MGDG/lecithin (1:1, w/w) in decane to
verify that the conductance of the phospholipid would be
changed by the presence of MGDG. The I-V curve of the
BLM was increased significantly in the presence of MGDG
(Fig. 4 B). The specific conductance measured in 100 mM
KCl was foundtobe G, = 3 = 0.3 X 10° S cm™ (n = 4),
which resulted in a twofold higher specific conductance than
lecithin. The specific conductance of the quaternary mixture
of thylakoid lipids (with or free of solvent) was also inde-

i (pA) A
120 +
80 +
40 +
-200 -150
150 200
Vv (mV)
I (pA) B

12 +

FIGURE 4 (A) The I-V relationship of decane-MGDG (@) and decane-
MGDG/DGDG/SQDG/PG (M) bilayers in 150 mM KCl, 10 mM HEPES
(pH 7.2). The ratio (w/w) for the quaternary mixture was 2:1:0.5:0.5. (B)
The I-V relationship of decane-MGDG/lecithin (1:1, w/w) (l) and soybean
lecithin (A) bilayers in 100 mM KCl, 10 mM HEPES (pH 7.2).
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pendent of the KCl concentration (Fig. 5). For the decane-
containing bilayers, we changed slightly the experimental
setup by using a styrene-copolymer cup with a hole of 200
pm in diameter instead of the teflon beaker. The specific
conductance of the decane bilayers shown in Fig. 5 are dif-
ferent as compared with that obtained with the teflon beaker
(Fig. 4 a). The specific conductance of the decane-quaternary
mixture over the range 1 mM to 1 M was about fivefold
higher than that of phospholipids, i.e., in 150 mM KCl:
G,=44*07%X10%Sem?(n=3)and G, = 1.1 *
0.1 X 10 S cm™ (n = 3), respectively. When we formed
solvent-free planar bilayers, the specific conductance of the
galactolipids was about tenfold larger than that of lecithin.
The current-voltage relationship obtained for solvent-free bi-
layers of MGDG/DGDG/SQDG/PG in 10 mM KCl is shown
in Fig. 6. The specific conductances calculated in 150 mM
KClwere 6.0 = 1.1 X 10®Scm™ (n = 3)and 7 X 107° S
cm™ (n = 3) for the quaternary mixture and lecithin bilayers,
respectively.

Despite the absence of solvent inside the membrane, we
observed that the experimental I-V curve was not ohmic at
high electrical potential differences (>60 mV). This is similar
to what is observed with decane-lipid bilayers. For both
solvent-free and decane bilayers, the ratio of the specific
conductance at a specified voltage to that at 20 mV plotted
against the applied potential showed that the conductance-
voltage relationships were nonlinear (Fig. 7). The dotted
lines are theoretical curves simulated using the following
equation for a trapezoidal energy barrier (Hall et al., 1973,
Krishnamoorty and Hinkle, 1984; Gutknecht, 1987)

G bsinh(FV/2RT) ,
G, sinh(b FV/2RT)’ )

Where F, R, and T have their usual meanings, and b is the
fraction of the membrane thickness spanned by the minor
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FIGURE 5 Specific conductance of solvent-free (O, [J) and decane-
bilayers (@, W) from MGDG/DGDG/SQDG/PG (O, ®) and soybean lecithin
(T, W) as a function of the KCI concentrations of the bathing medium. The
buffer used was 10 mM HEPES (pH 7.2). All conductances were determined
with a potential of 60 mV.
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FIGURE 6 The I-V relationship of solvent-free MGDG/DGDG/
SQDG/PG (M) and soybean lecithin (&) bilayers in 10 mM KClI buffered
with 10 mM Hepes (pH 7.2).
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FIGURE 7 The normalized conductance-voltage relationship of solvent-
free (O, () and decane-bilayers (@, H) from MGDG/DGDG/SQDG/PG
mixtures. The Gy, (), M) was measured in symmetrical pH 7.75, and the
total membrane conductance G,, (O, @) was measured in symmetrical 150
mM KCIl, 10 mM Hepes (pH 7.2). The dotted lines were calculated from
Eq. 1 with b = the fraction of the membrane spanned by the minor base of
the trapezoid. Each point represents the mean of one to six experiments.

base of the trapezoid. The model fits the majority of the data,
with b ranging from 0.7 to 0.9. When b = 1 the trapezoidal
energy barrier model reduced to Ohm’s law. The solid line
is the prediction of the following equation, a single barrier

Eyring model
G _RT " Fv .
Gn T sinh{ 5o | - 2)

Proton and hydroxyl permeability

The H*/OH" diffusion potentials, V,, produced by two mix-
tures of weakly basic and acidic buffers over the physiologi-
cal pH ranges of pH 6.0-6.5 and 7.4-8.1 are shown in Table
2. From these values and the Nernst equilibrium potential,
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TABLE 2 Membrane diffusion potentials (V,)), H/OH transference numbers ( T,,,,,), H/OH specific conductance ( G,,,), and
proton permeability coefficients (P,) in decane-lipid bilayers and in solvent-free bilayers formed from osmotically balanced
buffer mixtures producing a pH 6.0/6.5 gradient (MES/BIS-TRIS) or a pH 7.4/8.1 gradient (HEPES/TRIS)*

Decane-MGDG/ Solvent-free MGDG/
Decane-MGDG Decane-MGDG DGDG/SQDG/PG DGDG/SQDG/PG
pH 6.0/6.5 pH 7.4/8.1 pH 7.4/8.1 pH 7.4/8.1

G, (S cm™) 7.9 * 0.7 107 (10) 6.0 = 0.5 10°(7) 7.6 0.3 107°(5) 1.2 +05 10%@9)
Eyon (mV) -29.5 -41.3 -41.3 -41.3
vV, (mV) -17.3+*04 6] -260*+13 ©) -280*+19 4) -253*13 A3)
Twon 0.59 + 0.01 @) 0.63 £ 0.03 @] 0.68 = 0.05 @ 0.61 *+ 0.03 3)
Gyon (S cm™) 46 0.1 10° (4) 38+02 10°(7) 51+04 10°@4) 7.4+ 0.3 10°(3)
P, (cms™) 2201 10° (9) 5.7+0.3 10°(7) 7.7 0.5 107°(4) 11+0.1 10*(3)

* The numbers in parentheses indicate the number of replicates; the membrane conductance (G,) was measured in a symmetrical pH = 6.25 or pH = 7.75.

Eyon the transference number of H*/OH™ can be calculated

o ®
EH/OH '
In the two pH ranges studied, the decane-MGDG membrane
is moderately H*-selective (Tyy,oy = 0.59 and 0.63). In the
pH 7.4-8.1 gradient, the solvent-free and decane-containing
MGDG/DGDG/SQDG/PG bilayers are also H*-selective
(Tyou = 0.68 and 0.61). The H/OH conductance was cal-
culated from the following relation

Guon = (T wor)Goms )]

where G, is the total steady-state membrane conductance
measured in symmetrical buffer concentrations (pH = 7.75
and 6.25). G, was also measured in the presence of the two
pH gradients but did not change significantly. This result is
similar to that obtained with phospholipids (Gutknecht,
1984). We have calculated the permeability coefficient for
proton, P,;, using the following relation and assuming that H*
is responsible for Gy oy

Tyou =

(Gyon)RT
Pu="pac, - ®)

The permeability coefficient for proton has been calculated
at pH = 6.25 or 7.75 (Table 2).

H/OH current-voltage curves of solvent-free and decane-
containing quaternary mixtures of lipids were nonlinear at
high voltages (results not shown). The normalized Gy
plotted against the applied voltage are shown in Fig. 7.

Potassium and chloride permeability

A salt solution of 100 mM KClI (cis side) separated by the
bilayer from a solution of 10 mM KCl (trans side) gave
similar cationic diffusion potential across three kinds of
BLM (Table 3: decane-containing MGDG, solvent-free, and
decane-containing MGDG/DGDG/SQDG/PG bilayers), in-
dicating that these membranes are selectively permeable for
cations. Control experiments showed that measured diffu-
sion potentials in a tenfold KCl gradient after the breakage
of the lipid bilayer are in agreement with the theoretical value
of 1 mV. Thus, the measured diffusion potentials were not
due to junction potentials. A typical I-V curve recorded in the
presence and in the absence of a KCl gradient is shown in
Fig. 8. The reverse potential measured was more positive
than the equilibrium potential, thus indicating that decane-
MGDG membranes are not perfectly selective to cations.
Using the data of Tables 2 and 3, we can calculate that the
specific conductance Gy accounts for only 10% of the total
BLM conductance measured in the presence of KCl. There-
fore, assuming that G, oy can be neglected from the total

TABLE 3 Membrane diffusion potentials (V, ), ionic transference numbers (7, or 7,), and permeability coefficients (P,, P,, and
P.) in decane-lipid bilayers and in solvent-free bilayers formed in KCl or in HCI gradients*

Concentration ratio

100/10 mM KCl Decane-MGDG

Decane-MGDG/
DGDG/SQDG/PG

Solvent-free MGDG/
DGDG/SQDG/PG

G, (Scm™ 3704 108 (9) 44+0710%° (3) 611108 (3)
V (mV) =297 * 1.5 N -344 >+ 6.8 10) -34£25 %)
Ty 0.75 = 0.01 @) 0.79 = 0.06 10) 0.78 + 0.02 ®)
P 49 +01 101 (7) 6.2+ 0.5 107 (10) 83+0.2 1071 (5)
P, 1.6 £0.1 1071 (7) 1.6 = 0.5 107" (10) 23 +0.2 10711 (5)
Concentration ratio Decane-MGDG/ Solvent-free MGDG/
1/0.1 mM HCl Decane-MGDG DGDG/SQDG/PG DGDG/SQDG/PG
G, (S em™) 5207 10° (3) 39*06 10° (3) 59+09 108 @)
V (mV) =757 *1.2 3 =77 Q) -104 2
Ty 0.82 = 0.01 3) 0.83 1) 0.94 @
P, 1.1*0.1 10° (3) 8.6 10 ) 1.510% (#3)
P, 24 +0.1 107°(3) 1.810°° ) 9.4101 ?)

* The numbers in parentheses indicate the number of replicates. The membrane conductance (G,)) was measured in a symmetrical 150 mM KCl or 1 mM

HClL.
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FIGURE 8 The I-V relationship of typical MGDG bilayer under asym-
metrical (@) KCI concentrations (100 mM KCl in the cis side and 10 mM
KCl in the trans side buffered with 10 mM HEPES, pH 7.2) and symetrical
KCl concentration of 100 mM (O).

membrane conductance, then ionic transference numbers for
potassium can be calculated from the relations

V, = QT ~ 1)E,. (6)

The potassium transference numbers, Ty, defined as G,/G ,,
where G, is the total conductance in KCl, ranged from
0.75 to 0.79 in the three types of planar lipid membranes
(Table 3).

HCJ permeability

The diffusion potentials were measured as a function of the
HCI gradient across the membrane. Our attempts to measure
the potentials in the same gradient as that used with KCl
(107'-10"2 M) were unsuccessful because the bilayers were
unstable. Therefore, we used a concentration of HCl of 10~
M in each chamber. The HCl concentration in the cis side was
then increased stepwise from 10~ M to a final concentration
of 102 M. In the presence of an HCI gradient decane-
containing MGDG, decane-containing MGDG/DGDG/
SQDG/PG, and solvent-free MGDG/DGDG/SQDG/PG bi-
layers exhibited proton selectivity (Fig. 9). The experimental
potentials depart from the diffusion potential calculated for
an ideal proton selective membrane (59 mV/pH unit). Con-
trol experiments with salt bridges at different pH were per-
formed to show that differences in junction potential between
the bridge and the solution of the cis compartment can be
neglected. The ionic transference numbers of solvent-free
and decane-containing bilayers were estimated from the
equilibrium potential in a 100-fold concentration gradient
across the membrane. The membrane potential was a linear
fonction of the logarithm of the pH gradient indicating that
the potentials measured were diffusion potentials. The values
of T, of decane-bilayers and solvent-free bilayers were sig-
nificantly different, with T,; = 0.82 and 0.9, respectively.
From the total membrane conductance in 1 mM HCI, we
obtained Py, of one order of magnitude higher than P, in the
same experimental conditions (Table 3).
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FIGURE 9 Diffusion potentials generated by HCIl gradients through
solvent-free (O, A) and decane bilayers (@, A) from MGDG (A, A) and
MGDG/DGDG/SQDG/PG (O, @). Membranes were formed in symetrical
0.1 mM HCI. Each point represents one to three experiments in which 1 M
HCI was added to cis compartment.

DISCUSSION
Effects of n-decane on bilayers properties

The MGDG molecule resembles a cone in shape, whereas
DGDG, PG, and SQDG molecules show overall cylindrical
shapes. The consequence is that the MGDG reconstituted in
aqueous solutions is unable to form a bilayer membrane,
whereas the others readily pack into lamellar structures.
However, Graziani and Livne (1972) obtained a BLM
formed from decane-MGDG and calculated its water per-
meability of 7.3 X 107° cm s™'. Our measurements for the
specific capacitance of decane-MGDG confirm the bilayer
nature of the lipid film (Table 1). The apparent thickness of
the hydrophobic core of this bilayer is the same as that of a
decane-lecithin bilayer (Table 1). Specific capacitances of
decane-MGDG bilayers are lower than those of natural thy-
lakoid membrane, 1.2 + 0.3 uF cm™ (Farkas et al., 1984)
because some decane was present in the bilayers. It has been
shown previously that residual decane between 0.35 and 0.45
v/v PC remains in the bilayer after the thinning (Pagano et
al., 1972; Tien, 1973). The folding of two monolayers of
MGDG did not result in the formation of a bilayer despite an
initial rise of the capacitance (excepted in about 5% of the
trials, see Table 1). This means that decane greatly enhances
the stability of the planar configuration of MGDG bilayers.
This solvent, not present in biomembranes, does not affect
the transference number and permeability coefficient for K*,
CI", and H*/OH" (Tables 2 and 3). In one case, however, the
presence of decane decreased slightly T}, in BLM formed in
HCI gradients when the logarithm of the pH gradient was >1
(Table 3 and Fig. 9). The addition of other thylakoid lipids
(SQDG, DGDG, and PG) to MGDG with similar ratios as
that found in the native membrane promotes the formation
of solvent-free bilayers from a mixture containing high con-
centration of MGDG. The specific capacitance of solvent-
free bilayers formed from a quaternary mixture was close to
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that of thylakoids. Although the so-called solvent-free mem-
branes are formed with hexane and squalene, we can assume
that they contain negligible amounts of solvent because
squalene is insoluble in phospholipids and hexane has a lim-
ited solubility in water and is highly volatile. If a small
amount of squalene remains in the bilayer, it probably ap-
pears as microlenses (Benz et al., 1975; White, 1976; Simon
et al., 1977; Reyes and Latorre, 1978). Furthermore, the bi-
layer thickness of the BLM is very close to that deduced from
x-ray diffraction, implying that essentially solvent-free
membranes are formed from monolayers.

The normalized conductance of solvent-free and decane
bilayers was increased by the membrane potential (Fig. 7).
It has been shown that the electric field creates a compressive
force that leads to a decrease in the amount of solvent in
decane-containing membranes and that further thins the film
(Benz et al., 1975). But the decrease of thickness cannot
explain the shape of the I-V curve. Indeed, our results show
that the I-V curves of solvent-free bilayers were also non-
linear. Although the transport process of ions through lipid
bilayers has been based on the potential dependence of the
membrane conductance, we applied two different models to
fit our data. Our results of Fig. 7 show that ion conduction
cannot be explained by the Eyring rate theory if we assume
that the translocation of ions across the membrane occurs as
a jump across a single activation energy barrier. Instead, the
trapezoidal energy barrier model could explain the moderate
(b = 0.7-0.9) voltage dependence of the ion transport to the
membrane potential.

Comparison between decane-BLM from
phospholipids and MGDG

The decane-MGDG bilayer does not select between cations.
Only at transmembrane potentials higher than 60 mV is
lithium more permeable as compared with others cations
(Fig. 1 b). This result is consistent with the decrease of the
specific resistance of egg PC in the presence of LiCl (Miya-
mato and Thompson, 1967). The membranes formed from
decane-MGDG showed a 26-fold higher conductance than
that of BLM formed from decane-phospholipids (Fig. 2). The
specific conductances of decane-MGDG, lecithin, and
MGDG/DGDG/SQDG/PG were independent of the KCl
concentration over the range 1 mM to 0.5 M as reported with
other membranes (Andreoli et al., 1967; Gutknecht and
Tosteson, 1970). It was found that the conductance of the
decane-MGDG bilayer membrane did not change signifi-
cantly when divalent cations replaced or were added to KCI.
This result was expected because MGDG is a neutral lipid.
Indeed, with PS bilayers the increase of resistance was ex-
plained by chelation of divalents on the negatively charged
head groups (Miyamato and Thompson, 1967; Ohki, 1969a).
Our investigation of the conductance as a function of the pH
revealed a dependence of decane-lecithin BLM on pH. The
variation of resistance of phospholipids, less than one order
of magnitude, was statistically significant. This can be at-
tributed to the dissociation of polar head groups of the com-
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ponents of soybean lecithin, which may produce structural
changes in the lipids. The pH range of the maximum of re-
sistance (around pH 5) may correspond to an isoelectric point
of the mixture of phospholipids where the repulsive forces
would be the weakest. As suggested previously (Ohki,
1969a), the consequence is the thickening of the bilayer and
the increase of the resistance. However, the correlation be-
tween the variation of capacitance and resistance with pH
measured for egg PC, diphytanoyl PC, and PS is not clear
(Ohki, 1969a, b; Redwood et al., 1971). Our results support
the hypothesis according to which polar head groups are
indispensable to observe the pH effect, because the resistance
of the neutral lipid MGDG did not change with pH.

Stabilization of MGDG by cylindrical lipids

Fig. 5 showed that the specific conductance of solvent-free
and decane-containing bilayers formed from the quaternary
mixture of thylakoid lipids is about five- to tenfold higher
than that of the phospholipid bilayers. The specific conduc-
tance of the decane-quaternary mixture was 3 times lower
than that of the decane-containing MGDG bilayer (Fig. 4 a).
Furthermore, when MGDG is added to phospholipids, the
specific conductance increased twofold (Fig. 4 b). These re-
sults support the hypothesis according to which MGDG con-
tributes significantly to the high conductance of the quater-
nary mixture of lipids.

Cylindrical lipids are required to form solvent-free BLM
with MGDG. The ratio used, similar to that observed in vivo,
was critical. Indeed, BLM was never formed when the frac-
tion of MGDG was increased. Our results suggest that the
cylindrical lipids DGDG, SQDG, and PG can structure the
cone-shaped MGDG and promote the formation of a planar
bilayer. Thus, our results do not agree with the hypothesis of
Gounaris et al. (1983), according to whom the bilayer struc-
ture of the thylakoid lipids would be stabilize by proteins.

Role of galactolipids on the passive proton
permeabilty of thylakoids

Table 2 shows evidence that the decane-containing bilayers
of MGDG and MGDG/DGDG/SQDG/PG and solvent-free
MGDG/DGDG/SQDG/PG bilayers are proton-selective. At
neutral to alkaline pH, PC membranes were also moderately
H*-selective with Ty, from 0.4 to 0.8 (Gutknecht, 1984).
The proton-hydroxyl permeability was an area of consider-
able controversy as there are as many as six orders of mag-
nitude difference between the permeability coefficients in the
literature (Deamer and Nichols, 1983). Gutknecht (1984) has
observed that the proton conductance is relatively constant
with pH, so the H/OH permeabilities are highly pH-
dependent (see Eq. 5). This could explain the disparity of the
values published. For this reason, we chose physiological
conditions in the pH range 6-8.

The magnitude of the H*/OH" conductance is not high
(Table 2). At pH 7, decane-diphytanoyl PC and decane-PE
bilayers have Gy oy from 1 to 6 X 10~° S cm™ (Gutknecht,
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1984, 1987). Because of the low proton concentration, we
calculated that planar bilayers from thylakoid lipids are ex-
tremely permeable to proton (Table 2). This is consistent
with studies on liposomes and planar membranes formed
from phospholipids, which showed high proton-hydroxyl
permeabilities between 10~ to 107 at neutral pH ranges
(Nichols and Deamer, 1980; Deamer and Nichols, 1983;
Gutknecht, 1984; Deamer, 1987). Until now, the only values
for plant lipids were reported on liposomes from mixed phos-
pholipids with P, ranging from 1.9 X 10 cms™to 3 X 1073
cm s~ (Rossignol et al., 1982; Krishnamoorthy and Hinkle,
1984; Grzesick and Dencher, 1986). These values suggest
that the mechanism of proton permeability is different from
that of other ions. Two mechanisms have been proposed: a
passive pathway can occur via low amounts of weakly acid
contaminants, such as fatty acids, that act as protonophores
(Gutknecht and Walter, 1981a; Gutknecht, 1984, 1987) or
hydrogen jumps along transient hydrogen-bonded chains of
water (Nichols and Deamer, 1980; Nagle and Nagle, 1983;
Nagle, 1987; Cafiso and Hubbel, 1987; Deamer, 1987).
There is no direct evidence for such mechanisms. The weak
acid hypothesis is supported by experiments on planar lipid
membranes. The addition of phloretin, which reduces the
membrane dipole potential, was found to decrease about ten-
fold the H/OH conductance, so Gutknecht (1984) expected
that H/OH flux is performed by an anionic carrier. The ten-
fold decrease of Gy, by bovine serum albumin (BSA),
which binds fatty acids, supports the idea that the trace con-
taminants are fatty acids that act as proton carriers
(Gutknecht, 1987). Furthermore, the addition of fatty acids
to the bilayer increases Gy, In contrast, the weak acid
hypothesis cannot explain a basal Gy, that remains at acidic
pH and after the addition of inhibitors (BSA, phloretin). This
basal conductance appears still some several orders of mag-
nitude higher than that for K* and does not seem to be ex-
plained by hydrated defects in the bilayers because Gy, is
sensitive to changes of the dielectric constant and internal
dipole potential. In liposomes, the results are different from
those observed in BLM. The weak acid hypothesis is not
valid because the addition of phloretin and fatty acids has no
effects on the Gy,o,; (Cafiso and Hubbel, 1987). Moreover,
BSA does not inhibit proton flux across liposomes (Deamer,
1987). On the other hand, the alternative view, that protons
jump along transient hydrogen-bonded strands of water mol-
ecules, has indirect experimental support. Gramicidin A has
been used as a model of a single file of water molecules to
provide experimental support to the H* jump hypothesis. It
is at least four orders of magnitude more permeable to proton
than to potassium (Deamer, 1987). However, its conductance
is highly pH-dependent, insensitive to chlorodecane, and
reduced in D,0. This is opposite to what has been meas-
ured in BLM and liposomes in the absence of gramicidin
(Gutknecht, 1987; Deamer, 1987). According to Nagle
(1987) and Deamer (1987), a strand of water through the
bilayer could be formed by the transient association of half
chains of water from opposite sides of the membrane. In
summary, the nature of the molecular mechanism for proton
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permeability is unknown. The weak acid contaminants may
contribute to a part of the proton flux across planar bilayers
but cannot account for the proton conductance in liposomes.

Our data shown in Fig. 7 indicate that the increase of
normalized Gy by voltage can be fitted by the trap-
ezoidal energy barrier model. The fraction of the mem-
brane spanned by the minor base of the trapezoid was
similar with that estimated previously from Gy
measurements on phospholipids (Gutknecht, 1987: b =
0.7-0.9; Krishnamoorty and Hinkle, 1984: b = 0.75), but
the voltage dependence was lower than that measured
with protonophores (b = 0.55-0.65).

The proton permeability of nonphosphorylating thylakoid
membranes of 2 X 10~° cm s™ (Schonfeld and Schickler,
1984) is close to that found for planar bilayers from thylakoid
lipids. We suggest that H* diffusion through thylakoid lipid
matrix can account for unspecific proton leakage through the
native membrane. The chemiosmotic theory implies that the
proton gradient is maintained against a leak down an elec-
trochemical gradient. Despite the high intrinsic proton per-
meability coefficient measured in the thylakoid lipid, the bi-
layer is a significant barrier to protons because the H*
concentration inside the thylakoid is so small compared to
physiological concentrations of potassium and chloride ions.
The passive proton flux outside thylakoid membranes is neg-
ligible and cannot short-circuit the proton motive force of the
coupling membrane.

Does the membrane dipole potential control the
ion selectivity?

Flewelling and Hubbel (1986) have developed a model to
explain the selectivity of lipid bilayers to hydrophobic anions
and cations. The specific conductance for the negative tet-
raphenylborate was known to be some 10*fold larger than
the positive tetraphenyiphosphonium. According to their
model, the energy profile of the ion permeation through the
lipid membrane is the sum of three terms (the Born-image
energy, the dipole electrical energy, and the hydrophobic
energy). In their model, the dipole potential of ester groups
of lipid carbonyls is believed to make the largest contribution
to the membrane dipole potential (about 240 mV positive
inside). It results in a low energy barrier for hydrophobic
anions as compared to hydrophobic cations. Changing ion
radius and assuming no hydrophobic energy contributions,
they extended the energy profile model to small inorganic
ions and concluded that the energy barrier for anions (CI,
Br") is lower than that for cations (K*, Na*). Nevertheless,
the permeability barrier for small inorganic ions is still very
large as compared with hydrophobic ions. This generaliza-
tion to inorganic ions is not supported by our experimental
results. Indeed, (i) theoretical ion permeability coefficients
calculated from the free energy barrier of this model would
be several orders of magnitude lower than the values in Table
3 (Hauser et al., 1973), and (ii) planar lipid bilayers formed
from thylakoid lipids showed a selective permeability to K*
over CI". Moreover, it has been shown previously that planar
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membranes from zwitterionic phospholipids (PC and PE)
and uncharged lipid (DGluDG) showed slight cation selec-
tivity with Ty from 0.55 to 0.65, and negatively charged
lipids (PS, PG, and diPG) were highly selective with T} from
0.7 to 0.95 (Miyamato and Thompson, 1967; Andreoli et al.,
1967; Hopfer et al., 1970; Toyoshima and Thompson, 1975;
Gutknecht and Walker, 1981b). Transference numbers of the
quaternary mixture of thylakoid lipids, which contains nega-
tive lipids (SQDG and PG), are in the range of values re-
ported for other negative lipids.

From tracer flux experiments on liposomes and spherical
BLM, it has been known for some time that small anions
exhibit permeability coefficients for phospholipid bilayers
some two to three orders of magnitude larger than for K* or
Na*™ (Pagano and Thompson, 1968; Hauser et al., 1973;
Toyoshima and Thompson, 1975). This is not the case for
liposomes formed with DGDG from chloroplast (Webb and
Green, 1989). P, measured by isotopic fluxes was about two
to three orders of magnitude higher than predicted from elec-
trical measurements. To explain the anionic selectivity of
phospholipid liposomes and spherical BLM, it was suggested
that the chloride flux could be separated into (i) a large net
flux of neutral molecular HCl inside the membrane, whereas
the chloride transfer across the interface should be catalyzed
by the choline groups of phospholipids (Toyoshima and
Thompson, 1975; Robertson and Thompson, 1977) and
(ii) a small transfer inside the bilayer of charged CI". Our in-
vestigation of HCl transport through thylakoid lipids did not
show any electroneutral process, perhaps because no choline
groups are present in thylakoid lipids (Dome et al., 1990). The
planar membranes formed from thylakoid lipids were highly
selective to H* (Fig. 9 and Table 3), with transference numbers
similar to those measured with BLM of PG, PE, DGluDG, and
E. colilipids ranging from 0.79 to 0.95 (Hopfer et al., 1970; Tien,
1974). In contrast, Gutknecht and Walter (1981a) found that H*
was transported as neutral HCl molecules across phospholipid
BLM, but the HCl flux was several orders of magnitude smaller
than that measured in liposomes.

The surface potentials measured on monolayers of DGDG
(310 mV), MGDG (320 mV), and SQDG (260 mV) are simi-
lar to those of phospholipids (Oldani et al., 1975). Therefore,
the membrane dipole potential of a mixture of galactolipids
is probably positive inside, which is in contradiction with the
cationic selectivity. In the thylakoid membrane, the contri-
bution of the negative surface charge of SQDG and PG head-
groups coud be prevalent for ion permeation. An alternative
pathway for ions is that they enter and move in the galac-
tolipid bilayers as hydrated species in rare transient defects,
which are postulated to form spontaneously (Gutknecht,
1984; Deamer, 1987).

Role of galactolipids on the passive K* and Ci-
permeability of thylakoids

The K* and CI" permeability coefficients of decane-
containing MGDG bilayers and solvent-free thylakoid lipid
mixtures calculated in Table 3, fall in the range of 107 to
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1072 cm s™! measured electrically in planar phospholipid
bilayers (Toyoshima and Thompson, 1975; Gutknecht and
Walter, 1981b). Reported values for the thylakoid mem-
branes were three orders of magnitude higher, i.e., Py =
2X 108 cm s and P, = 4 X 10°® cm s (Barber, 1972;
Vredenberg, 1976; Van Kooten et al., 1986). Furthermore,
Junge and Jackson (1982) have calculated the passive ionic
conductance of thylakoids (2 X 1075 S cm™2) from the decay
of the electrochromic pigment absorption shift after a flash
of light. A similar value of 8 X 1075 S cm™ was calculated
by Vredenberg (1976) from experimental data taken in the
literature. We observe a large disparity of conductance be-
tween the biological membrane and that of thylakoid lipid
planar bilayers: the conductance of planar bilayers made
from MGDG and MGDG/DGDG/SQDG/PG is some three
orders of magnitude less than passive conductance of thy-
lakoids. Because planar lipid bilayers from MGDG and qua-
ternary mixture of MGDG/DGDG/SQDG/PG are relatively
impermeable to K* and ClI- ions, the passive permeability of
thylakoid cannot be determined significantly by the galac-
tolipids, as suggested by Webb end Green (1989). The ionic
transport through the thylakoid involves membrane constitu-
ents other than lipids. For instance, chloride selective and
potassium selective channels have been detected in thyla-
koids (Sconknecht et al., 1988; Tester and Blatt, 1989; Enz
et al., 1993). They should be responsible for anion and cation
fluxes, which compensate for the net H* uptake into the
intrathylakoid space.

In conclusion, our study shows that the addition of cy-
lindrical thylakoid lipids to MGDG is sufficient to promote
a planar bilayer configuration without the presence of de-
cane. The ion transport through the planar membranes was
not affected by residual decane in the lipid film. We show
that the galactolipid bilayers are cation-selective but rela-
tively impermeable to most ions. However, the specific con-
ductance of planar bilayers formed from thylakoid lipids is
about one order of magnitude larger than that of lecithin
bilayers. Despite this difference, bilayers from thylakoid lip-
ids remain remarkably good barriers against ions. The ion
permeability of those lipids cannot explain the passive ion
flux through thylakoid membranes. The thylakoid lipids are
about as permeable as pure phospholipids to H*: at least five
orders of magnitude higher than alkali or halide ion perme-
ability. Permeability coefficients for proton measured with
galactolipids are close to that of the thylakoid membrane
from which it is purified. They exhibit proton selectivity in
HCl-generated pH gradients, indicating that H* was not
transported as neutral HCI molecules.
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