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Modulation of Plant Mitochondrial VDAC by Phytosterols
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ABSTRACT We have investigated the effect of cholesterol and two abundant phytosterols (sitosterol and stigmasterol) on the
voltage-dependent anion-selective channel (VDAC) purified from mitochondria of bean seeds (Phaseolus coccineus). These
sterols differ by the degree of freedom of their lateral chain. We show that VDAC displays sensitivity to the lipid-sterol ratio
and to the type of sterol found in the membrane. The main findings of this study are: 1), cholesterol and phytosterols modulate
the selectivity but only stigmasterol alters the voltage-dependence of the plant VDAC in the range of sterol fraction found in the
plant mitochondrial membrane; 2), VDAC unitary conductance is not affected by the addition of sterols; 3), the effect of sterols on
the VDAC is reversible upon sterol depletion with 10 uM methyl-3-cyclodextrins; and 4), phytosterols are essential for the
channel gating at salt concentration prevailing in vivo. A quantitative analysis of the voltage-dependence indicates that stigmas-

terol inhibits the transition of the VDAC in the lowest subconductance states.

INTRODUCTION

The voltage-dependent anion-selective channel (VDAC)
was discovered ~30 years ago (1) and is the major diffusion
pathway for solutes through the outer mitochondrial
membrane (2,3). With respect to physiology, it has been
suggested that VDACs may play an important role in the
regulation of mitochondrial metabolism by controlling the
flux of small metabolites (e.g., ATP, ADP, malate) across
the mitochondrial outer membrane (4) and that this channel
participates to the early steps of programmed cell death (5).

Plant VDACs form a small multigene family, e.g., there
are five genes in Arabidopsis thaliana (6-9). Some of these
genes are highly and constitutively expressed in all plant
tissues (6,10). The three-dimensional structure of recombi-
nant proteins recently achieved by NMR spectroscopy and
x-ray crystallography shows that the mouse and human
VDACI consists of 19 transmembrane (-strands folded in
a (-barrel (11-13). Spectroscopic investigations indicate
that VDAC from plants and fungi share the same secondary
structure (14,15), suggesting that this model might provide
a general framework for eukaryotic VDAC of the various
lineages.

The lipid composition of mitochondrial membranes
changes in response to both internal and external cues and
influence the mitochondrial functions (16). Information
about the effect of membrane lipids on the VDAC structure
and function is scarce. Both dioleoylphosphatidylethanol-
amine and cardiolipin modify the voltage-dependence of
Neurospora crassa VDAC (17), indicating that phospho-
lipids might regulate the function of the VDAC. Sterols
are essential structural components of biological
membranes. There is evidence that cholesterol is bound to
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mammalian mitochondrial VDAC (12,18,19) and sterols
seem to be important for the folding of VDAC (12,20,21).
Contrary to what is found in other organisms, plant
membranes contain several sterols such as sitosterol,
stigmasterol, campesterol, and cholesterol (but in very low
amount) (22,23). Sitosterol and stigmasterol are the most
abundant in plant membranes. A previous study on plant
VDAC:s indicates that phytosterols are required to refold
denaturated VDACs purified in organic solvents, and that
the recovery of the channel activity varies with the type of
sterol (24).

It has been suggested that a plant VDAC might also be tar-
geted to the plasma membrane (25) but further experiments
are required to confirm this localization (26). The lipid
composition of the plasma membrane differs from that of
the mitochondria, notably with respect to its sterol content.
Moreover, in plants, the membrane sterol composition can
also vary according to the ecophysiological conditions that
prevail during growth and development (27). Thus, in plants,
the sterol environment of membrane proteins can be quite
variable and this raises the question of the effect of sterols
on the function of membrane proteins. Here, we show that
VDAC properties can be modulated by the type of sterol
and its abundance in the membrane. We compare the effect
of stigmasterol, sitosterol, and cholesterol. These sterols
have an identical steroid ring but they differ by the structure
of their side chain. As compared to cholesterol, both §3-sitos-
terol and stigmasterol have an ethyl group branched in
position 24. In addition, stigmasterol has a double-bond
between carbons 22 and 23 (Fig. 1). We found that the selec-
tivity and the voltage-dependence (but not single channel
conductance) are differentially altered by phytosterols. We
demonstrate that these effects are reversible upon removal
of sterols with methyl-5-cyclodextrin.
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FIGURE 1 Chemical structure of the cholesterol and two phytosterols.

Compared to the cholesterol structure, the sitosterol has an additional ethyl
group and the stigmasterol has the same additional ethyl group and a double
bond.

MATERIALS AND METHODS
Materials

Seeds from Phaseolus coccineus var. “Streamline” were purchased from
a local store. Percoll, chromatofocusing media (cat. Nos. PBE 94 and PB
96), were from Amersham Pharmacia Biotech (Piscataway, NJ). The
soybean phospholipid extract was purchased from Avanti Polar Lipids
(Alabaster, AL) and was chosen because it has a phospholipid composition
close to that found in plant membranes which are characterized by a higher
content in polyunsaturated acyl chains than those from animal or fungal
membranes (16,28,29). Sterols and methyl-8-cyclodextrin were obtained
from Sigma (St. Louis, MO). Octyl-POE was purchased from Bachem
(Bubendorf, Switzerland).

VDAC purification

Membrane proteins were extracted as described previously (30). Seeds
from P. coccineus were soaked in tap water for 18 h and mitochondrial
membranes were isolated from the cotyledons by differential centrifugation
steps and further purified on a 28% Percoll gradient. Two VDAC isoforms
(VDAC32 and VDAC31) exist in mitochondria of bean seeds. Purification
of the most abundant 32 kDa isoform (VDAC32) was achieved using the
chromatofocusing technique (15).

Electrophysiology

‘We have reconstituted purified VDAC32 in planar lipid bilayers doped with
various proportions of sterol similar to that found in mitochondria and
plasma membranes. For stigmasterol, the fraction is given as a mass ratio
of stigmasterol/phospholipids. For sitosterol and cholesterol, we used in
each fraction the same number of moles as for stigmasterol. This permits
us to compare the effect of equimolar quantities of sterols, but for choles-
terol it introduces an error of ~5% for the mass ratio written in the results.
Lipids were dissolved in hexane to a final concentration of 2% (w/v). Planar
lipid bilayers were formed by folding two lipid monolayers over a hole
(110-150 um in diameter) made in a 25-um-thick Teflon partition that
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separated two Teflon experimental chambers. Before each experiment,
the partition was treated with a solution of hexane/hexadecane (2.5%,
v/v) to increase its oleophylicity and a new partition was used for each lipid
composition. Ag/AgCl electrodes connected in series with a salt bridge
(1 M KCI in 1% agar) were used to connect the experimental chambers
to the electronic equipment. The trans compartment is defined as the one
connected to the ground and the voltage was applied to the cis compartment.
For channel reconstitution into a planar lipid bilayer, proteins were added to
the cis compartment.

Voltage-dependence

The voltage-dependence of the VDAC32 was assessed from multichannel
experiments using Colombini’s (1) protocol. This consisted of a periodic
symmetrical triangular voltage, 10 mHz in frequency and 70 mV in
amplitude, from a model No. 39 waveform generator (Wavetek, San Diego,
CA), that was applied across the membrane, and the current flowing through
the membrane was amplified by mean of a BLM 120 amplifier (BioLogic,
Claix, France). Data were filtered at 300 Hz (five-poles linearized Tchebi-
chev filter), digitized at 44.4 kHz with a DRA 200 interface (BioLogic), and
stored on CD for further processing using a homemade program written in
the MATLAB environment (The MathWorks, Natick, MA). The probability
of finding the VDAC in its fully open state was calculated following the
standard procedure (1,31) using part of the wave corresponding to the
channel reopening (17). The voltage-dependence of the probability of
finding the VDAC in the fully open state can be described by a Boltzmann
distribution as (1,17,31)

Py(V) exo| + ne(V —Vy) 0
—p,v) P T |

where P,(V) is the probability of occurrence of the fully open state, V}, is the
voltage at which half of the channels are in their fully open states, n is
a measure of the steepness of the voltage-dependence, V is the voltage
applied across the membrane, e is the elementary electronic charge, k is
the Boltzmann constant, and 7 is the absolute temperature. In the exponen-
tial, the plus-sign is used for the negative voltages and the minus-sign for
the positive voltages. P,(V) was calculated from the relative change in
membrane conductance,

G(V) - Gmin

P,(V) = ,
( ) Gmax - Gmin

2

where Gpax and G, are the maximal and the minimal conductance.
Gpmax 18 obtained at low applied voltages (V| < 20 mV, where |V] is the
modulus of V) when channels are in the fully open states and G, is
calculated at high applied voltages (|V| > 50 mV) when channels have
switched to a subconductance state. Combination of Eqgs. 1 and 2 permits
the direct calculation of n and V), from the plot of the logarithmic version
of Eq. 1 (32).

lon selectivity

Salt solutions were prepared in molal concentrations corresponding to the
desired activity. Molal activity was preferred over molar concentration
because it is the relevant thermodynamic parameter. For KCIl, 0.5,
0.1 and 0.05 molal activity is equal to a concentration of 0.81, 0.133, and
0.062 molal, respectively. Single channel experiments were used for ion
selectivity experiments. The reversal potential (zero-current potential)
was set to zero in presence of identical salt activity (0.5) on both sides of
the membrane. Then, the cis compartment was perfused three times its
volume with a solution of different salt activity and the change of reversal
potential (E™") was recorded. The ion selectivity was calculated using the
Goldman-Hodgkin-Katz equation,



VDAC Channel and Phytosterols

trans Ccis
_ RT  ag™ + aag

E F nacis + aarmns’
K Cl

(©))

where R is the gas constant, T the absolute temperature, F the Faraday
constant, « is the permeability ratio (Pc)/Px), and a}"“’“ and a;'ff are the
activity of ion species j in the trans and cis compartments, respectively.

Statistics

Data are shown as the mean *+ standard error of the mean (N = number of
experiments). The statistical significance between different means was
estimated using either a 7-test or the analysis of variance (ANOVA) at a level
of p < 0.05.

RESULTS

There are ~10 = 5% of phytosterols in plant mitochondrial
membranes (16) whereas the plasma membrane may
contain up to 50-60% phytosterols (33,34). It has been
shown that VDAC can be found in the plasma membrane
proteome of Arabidopsis and is targeted to the plasma
membrane (25,26). Though these results require a confirma-
tion, they suggest that VDAC might exist in membranes
composed of various sterol fractions. This prompted us to
study the effect of various composition of sterol.

Phytosterols regulate the channel selectivity

A single channel was reconstituted into a planar lipid bilayer
in symmetrical 0.81 molal KCI and a 10 mV pulse voltage
(2 s in length) was applied to the membrane. The single
channel conductance was 3.42 * 0.15 nS (N = 15). In the
presence of a 10-fold KCl gradient the conductance drops
by ~35% to 2.23 = 0.11 nS (N = 15). This conductance
state measured in the presence of a KCl gradient is usually
referred to the “open state” of the channel. In agreement
with previous results (e.g., (30,35)), the conductance state
that occurs most frequently in the presence of a KCl
gradient is anion-selective. In the absence of sterol the
VDAC selectivity ratio (« = Pc)/Pk) was low (o = 1.4).
In the presence of stigmasterol or sitosterol the reversal
potential reaches a maximum at ~10% sterol, and then
decreases when the sterol fraction is increased >30%
(Fig. 2). This sterol-dependence is less effective in the
presence of cholesterol which displays a maximum at a lipid
fraction of 20%. In the range of sterol fractions found in
plant mitochondria (~10 * 5%) (16), the channel selectivity
increases according to the sterol sequence:

Stigmasterol (¢ = 1.9) > sitosterol (¢ = 1.7)
> cholesterol (e = 1.5).

Cyclodextrins are a family of cyclic oligomer of glucose.
The (-cyclodextrin subfamily consists of seven glucose
units. Their hydrophobic core can bind hydrophobic mole-
cules whereas their hydrophilic outer surface made them

QO STIGMASTEROL
O SITOSTEROL
O CHOLESTEROL

REVERSAL POTENTIAL x (-1) (mV)

0 5 10 15 20 25 30 35 40
STEROL FRACTION (%)

FIGURE 2 Effect of sterols on the VDAC selectivity. The anionic
selectivity of the channel increases with the magnitude of the ordinate
(reversal potential is multiplied by —1). The reversal potential was
measured in the presence of a 10-fold KCI activity gradient (0.5:0.05
(0.81:0.062 molal); trans/cis). Data points are means of 6—11 independent
experiments mean * SE.

soluble in aqueous solution. These compounds have been
widely used on animal cells and liposomes to deplete
membranes with cholesterol (13). At low concentration
(<10 mM), the methyl-g-CD has negligible binding to other
lipids (36,37). To check the reversibility of the effect of
sterols on the channel selectivity, a single VDAC was recon-
stituted into a planar lipid bilayer containing 15% of
stigmasterol in a symmetric 0.81 molal KCI. Then, the cis
compartment was perfused with a solution of 0.062 molal
KCI. Several aliquots of methyl-3-CD were successively
added in the cis compartment to increase its concentration
up to 10 uM. After stirring, the reversal potential was
recorded at the stationary state (usually reached within
10 min) for each methyl-3-CD concentration (Fig. 3 A and
Fig. S1 in the Supporting Material). In agreement with the
results of Fig. 2 in the presence of 15% stigmasterol, the
reversal potential was —12.33 = 0.67 mV (N = 9). Starting
from 5 uM methyl-3-CD, the reversal potential becomes
less negative and reaches a steady value of —7.0 = 0 mV
(N = 9) at 9 uM, which corresponds to the value expected
in the absence of stigmasterol (Fig. 2). Similar results
were obtained with sitosterol and cholesterol (Fig. S1).
Voltage step of 10 mV were used to measure the single
channel conductance in the absence and in the presence
of 10 uM methyl-8-CD. These data were compared to the
single channel conductance measured in the absence
of sterol (Fig. 3 B). Our results indicate that the conductance
of the most probable open state recorded in asymmetric KCl1
solution is not affected by stigmasterol.

These results indicate that phytosterols can modulate the
selectivity of the VDACs: in the range of the sterol fraction
found in mitochondria. It is worth noting that cholesterol,
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FIGURE 3 Effect of methyl-3-CD (A) on the reversal potential (four
replicates) and (B) on the single channel open conductance. The lipid
bilayer contained 15% stigmasterol. Numbers in the bar graph indicate
the sample size. The data were collected in the presence of a 10-fold KCl
activity gradient (0.5:0.05 (0.81:0.062 molal); trans/cis). The conductance
values are not significantly different (¢-test, p < 0.05).

which is a minor sterol in plants, has a relatively weak effect
on the plant VDAC selectivity. At high sterol fraction
(>30%), sterols condense, which leads to the formation of
sterol-rich and sterol-depleted membrane domains (38,39).
This might explain the decrease of selectivity observed at
high sterol fraction.

Voltage-dependence

The voltage-dependence of the VDAC was investigated on
multichannel experiments. Between 10 and 100 VDAC32
were reconstituted into the planar lipid bilayer. Fig. 4 A
shows a typical example of the current flowing through
the membrane during a triangular voltage cycle. Usually,
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1020 successive voltage waves can be applied to the
membrane without alteration of the channel properties.
Averaging these data provides a good estimate of the I/V
curve of the VDAC in one experiment, avoiding the current
fluctuations inherent to the gating activity in membrane
containing few channels. At each voltage, the conductance
is given by the ratio of the current and the voltage. The
membrane conductance displayed a typical bell-shaped
voltage-dependence (Fig. 4 B). The value of the parameters
characterizing the voltage-dependence (n and V) was
obtained from the plot of the logarithmic version of Eq. 1
for positive and negative voltages (Fig. 4, C and D).

The voltage-dependence was measured in symmetric 0.81
molal KCIl, in the absence and in the presence of 20%
sterols. In the presence of stigmasterol, the minimal conduc-
tance state is significantly higher (P < 0.05) than the control
curve (no sterol) whereas sitosterol and cholesterol have no
effect (Fig. 5 A). This effect is reversible. When stigmasterol
was removed from the lipid bilayer by the addition of 10 uM
methyl-3-CD then the open probability decreased (Fig. 5 B).
In agreement with the results of Fig. 5 A, the methyl-3-CD
has no effect on the VDAC minimal conductance state in the
presence of sitosterol (Fig. 5 C) or cholesterol (Fig. 5 D).
This indicates that the methyl-G-CD has no effect by itself
on the VDAC voltage-dependence. Similar results were
obtained in the presence of 5% sterols (stigmasterol, sitos-
terol, and cholesterol) indicating that sterols can restore
the voltage-dependence in the range of the sterol fraction
found in plant mitochondria (Fig. S2).

As shown in Table 1, parameters n and V), that charac-
terize, respectively, the steepness and the broadness of the
voltage-dependence, are not significantly affected by
sterols. In a previous work on denaturated VDAC (with
organic solvents), it was shown that the reconstitution of
plant VDAC:s into a planar lipid bilayer can be achieved,
as long as the protein is incubated beforehand with phytos-
terols (24). Contrary to the results obtained with these
denaturated VDACS, our results indicate that the conduc-
tance of the fully open state is unaffected (P < 0.05) by
the sterols. The fully open state conductance measured in
symmetrical 0.81 molal KCI was

3.04 +0.06 nS (N = 259),
3.01 + 0.04nS (N = 327),
3.03 + 0.05nS (N = 326),

2.98 + 0.05nS (N = 218),

in the absence and in the presence of 20% stigmasterol,
sitosterol, and cholesterol, respectively. This discrepancy
might arise from the imperfect folding of the VDAC in
the work of Carbonara et al. (24), due to the relative ineffi-
ciency of phytosterols to compensate for the denaturating



VDAC Channel and Phytosterols

2101

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55

1 (nA)

Ao v s o oo

&
G(V) /Gmax

FIGURE 4 Typical example of the
VDAC  voltage-dependence. (A)
Current flowing through 50 channels
during a voltage cycle. (B) The
symmetric bell-shaped voltage-depen-
dence of the VDAC corresponding to
the reopening phase of the current cycle

-60

VOLTAGE (mV)
o

100

o
N
o

40 60
TIME (s)

-40

40 60

measured between [—70, 0] and
[+70, 0] mV. Linearization of the
Boltzmann function (Eq. 1) for V >

20 0 20
VOLTAGE (mV)

0(C)or V<0 (D). Abest fit was drawn

Now A~a
(d
(]

Ln(Po/(1-Po))
5 o
n(Pol(1-Po))

o

SHoA b S

through the linear portion of each curve
using a linear regression analysis. The
slope of the line yields the value n and
the intercept with the abscissa gives
V, (see Table 1). The VDAC was recon-
stituted in a lipid bilayer containing
20% stigmasterol in the presence of
0.81 molal KCI on both sides of the
membrane.

30 40 50 60
VOLTAGE (mV)

0 10 20 70 -60

effect of organic solvents used in their work. Thus, our
results indicate that the effect of stigmasterol on the
voltage-dependence does not arise from a change either in
the gating or in the maximal open conductance of each
channel. At voltages larger than |V| = 50 mV, the minimum
relative conductance (G(V)/G.x) is constant and is signifi-
cantly increased in the presence of stigmasterol. At this
voltage, each VDAC32 can close to different subconducting
states (30). Thus, this change in voltage-dependence
indicates that the lowest conductance levels achieved in
the absence of sterols (or in the presence of either choles-
terol or sitosterol) are not accessible in the presence of
stigmasterol.

All the functional studies on plant VDAC channels (and
almost all studies on VDAC from other organisms) were
performed in high (1 M) KCI concentration solutions and
it is generally implicitly assumed that the functional proper-
ties of the VDAC recorded in 1 M KClI can be extrapolated
to conditions found in vivo. To check this hypothesis, we
performed an experiment in 0.133 molal KCI. Contrary to
what we found in 0.81 molal KClI, in the absence of sterol
the VDAC voltage-dependence is strongly inhibited
(Fig. 6 A). The voltage-dependence increases linearly with
the ionic concentration (Fig. 6 B). However, in the presence
of both 0.133 molal KCl and 15% sterols (Fig. 7), the
voltage-dependence was recovered. This effect is reversible:
the voltage-dependence is lost upon removal of the
membrane sterols by addition of 10 uM methyl-8-CD on
the cis side (Fig. 7). Similar results were obtained in the

-50

-40 -30 -20 -10 0

VOLTAGE (mV)

presence of 5% sterols (Fig. S2). In agreement with the
result of Fig. 5 (0.81 molal KCI) at voltages larger
than |V| = 50 mV, the minimum relative conductance
(G(V)/Gmayx) 1s constant, and it is significantly higher in
the presence of stigmasterol than in the presence of sitos-
terol or cholesterol—therefore indicating that the differen-
tial effect of phytosterols on the voltage-dependence is not
altered by the ionic strength of the solution. These results
further support our conclusion, according to which sterols
are required for the proper function of the VDAC and
that phytosterols have a differential effect on the voltage-
dependence.

DISCUSSION

Although there is little data about the effect of lipids on
VDAC, the effect of sterol has been better characterized in
mammalian plasma membrane where cholesterol is known
to alter membrane protein function (40—43). Biochemical
and genetic experiments on sterol-deficient mutants in
plants show the pleiotropic role for sterols in regulating
plant growth and development as well as cellular signaling
(44-49). It has previously been shown that plant sterols
affect the water permeability of lipid bilayers (50) and the
function of the plasma membrane H'-ATPase (51,52), and
that cholesterol induces a reversible closure of a low
conductance unselective vacuolar channel (53). However,
the molecular mechanism underlying the effects of phytos-
terols on ion transport in plants is not elucidated.
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Our results indicate a differential effect of phytosterols on
the selectivity and voltage-dependence of the VDAC from
plants. Stigmasterol, sitosterol, and cholesterol were used
because they differ by only a slight modification in their
lateral chain. Therefore, any difference in the effect of these
sterols must originate in the hydrophobic core of the lipid
bilayer. We have shown that 5% cholesterol has no effect
on the VDAC selectivity. Thus, we can reasonably assume
that, in vivo, it will have no significant regulatory effect
on VDAC because of its very low abundance (<1%) in plant
membranes (54).

The VDAC displays a bell-shaped voltage-dependence.
Only stigmasterol affects the voltage-dependence of the
VDAC in high KCI concentration. Parameters such as n
and V), that describe, respectively, the steepness and the
broadness of the voltage-dependence, are not significantly
affected by sterols. However, in the presence of stigmas-
terol, the constant tail value of G(V)/G.x calculated at
high voltages (|[V| > 50 mV) significantly increased. These
results indicate that the lowest levels of conductance

=0 o 0 n 0 both side of the membrane.
VOLTAGE (mV)

achieved in the absence of sterols (or in the presence of
either cholesterol or sitosterol) are not accessible in the pres-
ence of stigmasterol.

Two general mechanisms have been proposed for the
regulation of membrane protein function by sterols:

1. A change in the physical properties of the membrane.
2. A sterol-protein interaction.

Modifications of the physical properties of the lipid
bilayer such as an increase in microviscosity and stiffness
occur when the sterol fraction is increased. They mostly
result from alterations of lipid packing. Moreover, sterol-
rich lipid domains may exist due to the mutual solubility
properties of lipids or as a consequence of specific lipid-
protein interactions.

Sterols are known to decrease molecular motion and to
increase lipid packing, and therefore, to increase the effec-
tive membrane viscosity. The water permeability of a lipid
bilayer is correlated to the lipid ordering (effective
membrane viscosity). The water permeability decreases as

TABLE 1 Effect of 20% (w/w) sterols on the steepness parameter (n) of the voltage-dependence and on the voltage at which half
of the channels are in the fully open state (V},)

n((V>0) n (V<0 Vi (V> 0) Vi (V<0)
No sterol 2.59 = 0.14 (N = 14) 2.32 = 0.10 (N = 14) 2926 = 1.63 (N = 14) —2828 = 1.19 (N = 14)
Stigmasterol 254 + 0.12 (N = 13) 236 = 0.15 (N = 13) 28.33 £ 1.28 (N = 13) —26.62 + 1.34 (N = 13)
Sitosterol 253 + 0.12(N=11) 249 = 0.15(N=11) 27.68 = 1.59 (N =11) —26.00 = 1.14 (N =11)
Cholesterol 253 + 0.12 (N =12) 279 = 0.17 (N =12) 24.63 = 1.28 (N =12) —23.76 = 1.09 (N = 12)

Experiments were performed in 0.81 molal KCI. No statistical difference (ANOVA) exists between either n values or V), values (p < 0.05). N = number of

experiments.
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the order parameter of the acyl chain increases. Sterols
increase the ordering of saturated phospholipid bilayers
prepared in the liquid-crystalline state and decrease their
water permeability. The ordering effect of sterols arises
notably from an increase of attractive van der Waals interac-
tions between lipids molecules. The effect of phytosterols
on saturated phospholipids indicates that they are less
efficient than cholesterol for reordering the lipids. The effi-
ciency sequence is cholesterol > sitosterol > stigmasterol
(55-57). Phospholipids of plant origin are characterized
by a high content in polyunsaturated fatty acyl chains.
Sitosterol is the most efficient phytosterol to increase the
ordering of soybean phospholipid and to reduce its water
permeability, whereas stigmasterol at a lipid ratio of 15%
has no effect (50,58). The differential effect of phytosterols
on lipid bilayer is not consistent with that reported on the
VDAC. Notably, because 15% stigmasterol has no physico-
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FIGURE 7 Effect of methyl-6-CD on the VDAC voltage-dependence
measured in 0.133 molal KCI. (A) In the presence of 15% stigmasterol.
(B) In the presence of 15% sitosterol. (C) In the presence of 15% choles-
terol. (Circle) In the presence of methyl-3-CD. (Diamond) In the absence
of methyl-3-CD.

chemical effect on bilayer formed from phospholipids of
plant origin (rich in polyunsaturated acyl chains), we can
reasonably conclude that its effect on the VDAC properties
arises from a lipid-protein interaction. Stigmasterol has
a relatively high rigidity due to the methyl group and is
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double-bound in its lateral chain. Upon interaction with the
VDAC, this might impede large displacement (reorganiza-
tion) of (B-strands required to reach the lowest conductance
states at high voltages.

The differential effect itself, of the various sterols tested,
is different when analyzing the probability of opening or the
selectivity. However, in both cases, stigmasterol has the
strongest effect—suggesting that this phytosterol might
have the highest affinity for the VDAC. This hypothesis
assumes that the different phytosterols will compete for
the same site. There is evidence that several cholesterol
molecules can bind to mammalian VDAC (18), and the
high-resolution structure obtained by NMR indicates several
region for cholesterol binding to the exterior of VDAC.
Thus, we cannot exclude that plant VDACs might have
different binding sites for different phytosterols. The sterols
used in this work differ mainly in their lateral carbon chain,
indicating that the differential effect observed must involve
a region of the VDAC32 structure located in the core of the
membrane.

Despite the fact that VDAC selectivity is governed by the
electrostatic profile in the channel diffusion pore (59-61),
we show that sterols modulate the selectivity. Sterols are
known to change the thickness of the lipid bilayer, which
results from a minimization of mechanical and electrostatic
constrain in the lipid bilayer (62). It thereby creates
a mismatch between the hydrophobic thickness of the
VDAC and the thickness of the hydrophobic core of the lipid
bilayer at the vicinity of the VDAC. Thus, a change of the
VDAC topology might arise from minimization of the
hydrophobic mismatch between the VDAC and the lipid
bilayer due to the binding of sterol to the VDAC. We can
then hypothesize that the binding of sterol to the barrel
might change the topology (strands tilt, strand twist) of at
least some strands and therefore alters the orientation of
charged residues inside the diffusion pore, which will
change the charge density inside the channel and thus the
selectivity of the channel. In support of this hypothesis, it
has been shown that cholesterol can bind to the outer side
of the mammalian VDAC barrel, notably with the C,-carbon
of charged residues pointing toward the diffusion pore
(12,18,19) and that bacterial porins (also folded in a
B-barrel) change their orientational ordering of the §-barrels
and their assembly in the membrane as a function of the
membrane thickness (63). Due to the different degree of
freedom of the lateral chain of sterols studied here, we
can reasonably assume that each sterol will have a different
effect on the hydrophobic mismatch upon binding to VDAC.

The effect of the ionic strength on the voltage-depen-
dence shown in Fig. 6 cannot be due to sterols because there
is no sterol in the lipid bilayer in these experiments. More-
over, in the presence of sterols, the voltage-dependence is
the same at 0.8 and 0.133 molal KCI (see Fig. S2 or compare
Fig. 5, B-D, recorded at 0.8 molal with Fig. 7, A-C,
recorded at 0.133 molal, in the absence of methyl-g8-cyclo-
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dextrin). This effect likely results from a change in the phos-
pholipid-protein interaction: the phospholipid headgroups
and their neighboring water molecules may form electro-
static interactions with the VDAC. The change of ionic
strength of the solution alters the screening of phospholipid
and protein charges and thus modifies the lipid-protein inter-
actions, which might alter the voltage-dependence. Our
results show that sterols restore the voltage-dependence at
low ionic strength, suggesting that, upon binding to the
barrel, sterols might displace phospholipids in the first shell
surrounding the VDAC, and thus disrupt the phospholipids-
VDAC interactions—giving rise to an effect similar to the
electrostatic screening.

The found decrease of voltage gating with KCI concentra-
tion was not observed for VDAC from other sources
(31,64,65). Although we cannot rule out that this is a differ-
ence between VDAC from plants and other sources, it most
probably reflects a difference between isoforms. The
number of isoforms differs between organisms: one in
Neurospora, two in yeast, three in animals, and between
five (Arabidopsis) and nine (Populus) in fully sequenced
plant genomes. It would be unexpected that all these
isoforms have identical function and regulation. Differences
in the function and regulation among isoforms of plants,
yeast, and human have already been reported (66-69) and
thus, the effect of KCI concentration reported here might
be an isoform specificity. In symmetrical 0.133 molal
KCl, the gating parameters n = 2.42 = 0.39 (N = 13)
and V, = 30.94 = 3.40 mV (N = 13) are not significantly
different from the values recorded in 0.81 molal KCI
(Table 1). The value of the fully open state conductance
measured on single channel experiments was 0.59 + 0.01
nS (N = 36) in 0.133 molal KCI. This decrease of conduc-
tance is correlated to the decrease of concentration: in both
0.133 and 0.81 molal KCl, the conductance per unit concen-
tration is ~4 nS/molal. This indicates that the ionic strength
has no effect on the gating and on the maximal open conduc-
tance of each channel, but does affect their minimal
conducting state.

In summary, plant VDAC undergoes a reversible regula-
tion of selectivity and voltage-dependence at sterol fraction
similar to that found in mitochondria. Our results indicate
that phytosterols are essential for the proper function of
plant VDACs at KCl concentrations that prevails in vivo,
and they suggest that phytosterols might have direct interac-
tion with the VDAC.
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