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The effects of the polyene antibiotic filipin on the conductance and permeability of planar lipid bilayers were
investigated under voltage-clamp conditions, The membrane ccnduciance of lpid bilayers containing no cholesteroi was
not affected by filipin. In the presence of cholesterol containing lipid bilayers, filipin induced a 10°~10%-fold increase in
transmembrane conductance. This conductance increase was dependent on the ionic species present in solution,
decreasing in the following order: Geyq> Gnuse > Gka™ Gnua > Gaa, > Gragso, > Oraa, > G, Reversal
potential measurements in simple biionic conditions revealed the following relative permeability sequence: Py > Py >
Pyy = Py = Py, > P, > Prgy = By > Py The filipin-sterol mediated increase in membrane conductance was inde-
pendent of the membrane potential. The increase in membrane current following a step alteration in membrane
potential occurred instantaneously and had no dependence on the previous value of the holding membrane potential. We
propose that the filipin-sterol complex forms ion channels in lipid membranes. These channels are found in a single
configuration (epen state) and select preferentially monovalent cations or anions over divalent ions. Qur experimental
results are discussed in relation to the effects of other polyene antibiotics on the membrane permeability, and also in

relation to experimental problems previously reported with the use of filipin in planar lipid bilayers.

Introduction

The use of substances capable of forming ion chan-
nels in both artificial and biological membranes has
provided important information regarding ionic per-
meation processes. Among different substances that in-
crease the membrane conductance are the polyene anti-
biotics [1-4]. Polyene antibiotics belong to a class of
antifungal agents produced by the bacteria of the genus
Streptomyces. The basic structural feature of those anti-
biotics is the presence of a large polyhydroxylic lactone
ring consisting of 23-37 atoms with 4-7 conjugated
double bonds (Ref. 5, see Fig. 1).

The alteration in membrane permeability induced by
two polyene antibiotics, nystatin and amphotericin B,
has been partially characterized [3,4,6]. However, the
effects of filipin (another polyene antibotic) on mem-
brane permeability are not clear. Studies from two
different laboratories have shown that filipin does noi
induce changes in the electrical resistivity of planar lipid
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membranes nor alteration in their ionic permeabilities
[3,4]. On the other hand, it has been rzported that filipin
is capable of inducing significant alteractions in the
electrical properties of bilayers [7] as well as ionic fluxes
across the membrane of liposomes [8]. Moreover, there
is an important disagreement in relation to the main
ionic species responsible for the alterations in mem-
brane permeability induced by those antibiotics. While
nystatin and amphotericin B promoted a predominant
increase in anionic permeability [3,4], filipin has been
mainly characterized as a (Ca**) transporter [7,8). Since
there is a strong structural similarity Yetween those
different polyene antibiotics, the eluciuation of these
discrepancies is conceptually relevant for the under-
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Fig. 1. Proposed molecular structure of filipin.



standing of general principles involved in structure-
function relationships in ion channels.

Filipin is the most simple molecule among different
polyene antibiotics {6], and considerable structural in-
formation on the interaction between Slipin and differ-
ent lipids have recently emerged [10]. In view of these
features, filipin can be regarded as a simple model for
the study of structure-function relationships in ion
channels. Qur main goal in this study was to investigate
the ionic nature of the filipin-induced permeability
changes in planar lipid bilayers under controlled trans-
membrane voltage, and in simple biionic conditions. We
have found that the filipin-sterol complex is indeed able
to increase the conductance and permeability of lipid
bilayers. We also show that the conductance and per-
meability changes induced by filipin depend on the
ionic species present in solution. The filipin-induced
conductance increase is not voltage-dependent and we
propose that the filipin-sterol complex in the membrane
exists in a single open (conductive) configuration.

Materials and Methods

Lipids. In an earlier phase of this study, we used
membranes with different phospholipid compositions.
We found that in order for filipin to increase the
membrane conductance, cholesterol must be present in
the lipid bilayers. The experiments that we are reporting
were performed in membranes with the following com-
position: 48 mM 1-palmitoyl 2-oleoylphosphatidyl-
ethanolamine, 12 mM 1-palmitoyl 2-oleoylphosphati-
dylcholine, and 30 mM cholesterol. The synthetic phos-
pholipids were purchased from Avanti Lipids (U.S.A.).
Cholesterol was obtained from Sigma. The lipid mixture
was dissolved with decane that had been previously
purified using an alumina column containing the acid,
basic, and neutral forms (in that order) of the aluminas
(Sigma).

Membrane formation. Bilayers were formed by paint-
ing, with the lipid mixture, a 0.15 mm hole in a poly-
styrene partition separating two different compart-
ments. The process of bilayer formation (‘thinning’)
was monitored by measuring the increase in transmem-
brane capacitance and also by visual inspection. The
bilayer capacitance was routinely checked during the
course of the experiments. For each bilayer, the mem-
brane area was measured using a calibrated graticle
placed inside the ocular of the microscope and also, by
measuring the total bilayer capacitance. A typical value
for the specific membrane capacitance of our bilayers
was 0.4 gF /cm?.

Electrical measurements. One side of the bilayer was
kept at the ground potential while the applied mem-
brane potential and transmembrane currents were mea-
sured on the other side. A patch clamp amplifier in the
virtual ground configuration (EPC-7, List Insiruments)
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was used for measuring transmembrane currents. Both
sides of the bilayer were connected to the amplifier by
means of 3 M KCl-agar bridges. In this way, junction
potentials were negligible (less than 1 mV). Transmem-
brane currents were displayed and measured from an
oscilloscope screen or using a strip-chart recorder. In
some experiments, a microcomputer with an AD con-
verter (Labmaster, Scientific Solutions, U.S.A.) was used
to digitize the transmembrane currents for later analyses.

Solutions. Different salt solutions were used and will
be properly identified in the text. All analytical grade
salts were from Sigma. All solutions were buifered with
5 mM Hepes to pH 7.00 using an appropriate base. All
solutions were prepared with deionized milli-Q water
(Millipore Corporation, U.S.A.). Experiments were per-
formed at room temperature (21-23°C).

Experimental procedure. Once the lipid bilayer was
formed, its area, capacitance and resistance were de-
termined. Filipin (Sigma) was then added to both sides
of the bilayer from a 20 mM stock solution in ethanol.
Both sides of the bilayer were thoroughly stirred until a
steady-state level of membrane conductance at a given
membrane potential was achieved. This steady level of
membrane conductance remained constant during the
duration of a single experiment (typically 15 min). The
filipin concentration in the experimental chambers was
150 pM. It is important to mention that filipin was
stored in the freezer in small aliquots. Fresh ethanol
solutions of filipin were routinely prepared.

Determination of relative ionic permeabilities from re-
versal potential measurements. The following equations
were used to calculate the relative permeabilities of
different ions to the filipin-sterol complex:

P/PIXh+(Yh

Vo= RT/F 0555 RLFIVE m

where V,,, is the experimentally determined reversal
potential, R, T, and F have their usual meanings, and
P is the ion permeability. The expressions in brackets
denote the concentrations of different ions (in simple
biionic conditions) across the membrane. It should be
mentioned that when comparing the relative permeabil-
ity of a cation to an anion, the pairs {X] and {Y] in the
numerator and denominator must refer to concentra-
tions present in opposite sides of the membrane ([X},
and [Y},, and [X], and [Y],, respectively).

For the calculation of the relative permeability of a
divalent ion to a monovalent one, the above equation
becomes more complex [10] and is given by:

P/Pu[Zh+{Wh @
P./P,[Z]z-exp(Ve, F/RT) [ W]

V., =RT/Fla

In that equation, P, is the permeability of a monova-
lent ion, and P, is defined by P,-(1+



62

40 mvV
0mv
2 pA
s L ad v U wispiny
J
350 ms 2nA
Fig. 2. Recording of brane in different experimen-

tal conditions. The upper recording represents the change in trans-

membrane voltage. The middle ding is the b cur-

rent in a bilayer containing no filipin. The lower recording shows the

change in transmembrane current at 40 mV, promoted by adding

filipin to both solutions facing the membrane. 125 mM NaCli solution

on both sides of the membrane. Notice the different transmembrane
current gains in the middle and lower recordings.

exp(V,.,F/RT)"!, where P, is the permeability of the
divalent ion. As mentioned before for Eqn. 1, when
referring the relative permeability of an anion tv a
cation, the numerator and denominator in the above
expression must express ionic concentrations on oppo-
site sides of the membrane.

Results

In several different experiments, filipin was added to
solutions bathing membranes with different lipid com-
positions. Provided that cholesterol was absent from
those membranes, no increase in transmembrane con-
ductance and/or permeability were observed. This ef-
fect was independent of the filipin concentration in
solution (up to 2 mM). However, in the presence of
cholesterol, the effects of filipin on the membrane con-
ductance were dramatic. Fig. 2 shows the results of a
typical experiment. In this figure, the upper recording
represents a step increase in transmembrane potential
from 0 to 40 mV. The middle recording shows the
transmembrane current in the absence of filipin. Lipid
bilayers iave a typical specific resistance of 10° @ cm?
(in this figure, the specific membrane resistance was
6107 & cm?®). The lower recording shows the trans-
membrane current after filipin had been added to both
solutions facing the bilayer: the specific membrane re-
sistance decressed to 1.9+ 10° £ cm?. Upon addition of
filipin, the membrane conductance increased 30000-
fold.

Despite this remarkable increase in membrane con-
ductance induced by the filipin-sterol complex in the
membrane, this conductance has a quantitative depen-
denice on the nature of ions present in solution. Fig. 3

Fig. 3. Current-voltage relationships in membranes containing filipin

in different salt soluti Each point rep the mean+S.D. of

several different observations. S.D. bars were omitted when they were

smatler than the size of the symbols. All lines in this and in Figs. 4

and 5 were drawn following linear regression analyses. In all cases, the

correlation coefficients of these linear regression analyses were higher
than 0.995,

shows current-voltage relationships in different solu-
tions containing only monovalent ions. It can be seen,
that the conductance of the filipin-cholesterol complex
has an ohmic behaviour and is relatively small in NaCl
solutions, increasing to higher values in KCI and CsCl
solutions, respectively.

Filipin has been used to promote the influx of Ca in
epithelia [11]. Fig. 4 shows that in presence of divalent
cations, filipin is alsc able to increase the membrane
conductance. The dashed line in this figure shows the
current voltage relationship in 125 mM NaCl solutions,
The conductance increase promoted by filipin in

7 -10
Fig, 4. Current-voltage relationships in membranes containing filipin
in solutions containing the same concentration of different divalent
cations. Each point represents the mean+S.D. of several different
observations. S.D. bars were omitted when they were smaller than the
size of the symbols. The dashed curve is the conductance of a
filipin-treated bilayer in presence of symmetrical 125 mM NaCl
(Fig. 3).
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Fig. 5. Current-voltage relationships in soluti

p ining the same
concentration of different anions. Each point represents the mean+
S.D. of different determinations. S.D. bars were omitted when they
were smaller than the size of the symbols. The dashed line is the

d of the b in p of 125 mM NaCi (see
Fig. 3).

cholesterol containing membranes was relatively low in
MgCl,, increasing in BaCl, and CaCl, solutions.

In Fig. 5, we show the effects of different anions on
the current-voltage relationship in the presence of fili-
pin. From this figure, it can be seen that the filipin-in-
duced increase in membrane conductance is highly de-
pendent on the type of anions present in solution. In
the presence of Na* as the common cation between
different solutions, there is a dramatic increase in mem-
brane conductance following replacement of sulphate
ions by C1~ ions (dashed curve) and acetate.

From Figs. 3-5, it is evident that both anions and
cations are able to affect the filipin-induced increase in
membrane conductance, We now ask the question about
the selectivity nature of this conductance increase. In
order to answer this question we performed several
experiments under simple biionic conditions. One of
those experiments is illustrated by Fig. 6. In this figure,
circles represent a control current-voltage relationship

20
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VCI / Ve
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Fig. 6. Measurement of the reversal potential in bionic conditions.

The equilibrium potential for C1~ and Na* ions are indicated on tiie

x-axis. See text for explanation. The exp | points are mem-
brane current measurements from a single bilayer experiment.
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in presence of symmetrical 125 mM NaCl concentra-
tions. After this control curve was obtained, the con-
centration of NaCl on only one side of the bilayer was
increased 1o 450 mM. The experimental points pertain-
ing to the latter condition are displayed as triangles. It
can be seen that the reversal potential, i.e., the mem-
brane potential where the transmembrane current is 0
was shifted by 10 mV in the hyperpolarizing direction.
By applying Eqn. 1, we estimated the relative permea-
bilities of Na to Cl ions (Py,/Pg) in this experiment to
be 0.49. Following the same strategy iltustrated in Fig. 6
but in the presence of other anions and cations {biionic
conditions) we came to the following relative permeabil-
ity sequence (the numerical values are the means of 3-6

different determinations of reversal potentials; Py =
1.0):

Pe(3.2) > Py > (1.0) > Pyy(0.52) = Py = Py, > Pey(0.27)

> Pyg(0.19) = Py > Pyn(0.17)

For the sake of comparison with the previous se-
quence, the relationship between the transmembrane
conductances induced by filipin in different salt solu-
tions follows the sequence:

Gescr> Onaac > Grar™ Gyacn > Geac,> Gragso, > Gasary > Onger,

We now turn our attention to the question: Is the
filipin-induced membrane conductance dependent on
the transmembrane potential? Fig. 7 shows a plot of the
(membrane conductance/ maximum membrane conduc-
tance) as a function of transmembrane voltage in the
range of ~50 to +50 mV. In the experiment shown in
this figure, the maximum membrane conductance in-
duced by filipin was 160 pS/cat’ at 50 mV. There is no
alteration of the membrane conductance induced by
filipin as a function of the transmembrane potential.

In Fig. 8, we examine the voltage dependence oi the
time course of the transmembrane current after two

e ® [ ® o LN ]
x
Q
£
o
~
o
° o 50
- 50
Vin(mv)
Fig. 7. Relationship b the b d at a given
voltage and the b d (8/8mox ) A1 differ-

ent membrane potentials. The experimental points were obtained in
the presence of the usual concentration of filipin and symmetrical
62.5 mM CaCl, solutions.
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3.5 nA
500 ms

Fig. 8. The upper trace in this figure shows two different voltage

clamp protocols (from O, dashed line, or =40 (solid line) to +40 mV).

The lower recording superimposed transmembrane currents. The

dashed line in the lower recording represents the current level at 0
mV. The solution was 125 mM NaCl.

different voltage jumps {from 0 or —40 to +40 mV). It
can be seen that the transmembrane current attained
the same steady-state level at +40 mV independent of
the previous holding membrane potential (0 or —40
mV). In addition to that, we did not observe inactiva-
tion of filipin induced membrane currents. The capaci-
tive current, that flows across the planar bilayer as a
consequence of a transmembrane voltage step, hampers
the analysis of the initial first few milliseconds of trans-
membrane current following the voltage step. However,
it is important to stress that in planar lipid bilayers,
under experimental conditions similar to ours and using
different channel forming substances, the time course of
the conductance increase following a transmembrane
potential step is of the order of several seconds or even
minutes [12,13). This is definitely not the case with
filipin. Within our temporal resolution, we can conclude
that: (1) There is an instantaneous increase in trans-
membrane current following a change in transmem-
brane voltage and, (2) This current change is indepen-
dent of the previous membrane holding potential.

Discussion

In this study, we demonstrated that provided
cholesterol is present in the lipid membrane, filipin
induces a decrease in membrane resistivity. A possible
explanation for the discrepancy between our results (see
also Refs. 7 and 8) and previous ones {3,4,6] might be
related to the storage conditions of filipin. In earlier
phases of this work, we were not successful in obtaining
reproducible quantitative results in different bilayer ex-
periments. Soon we learned that once filipin is in solu-
tion, its capability to increase membrane conductance
vanishes rapidly in a couple of days. If small aliquots of
filipin are stored in the freezer and fresh ethanol solu-
tions are prepared on a routine basis, then the experi-

mental results are highly reproducible. Another diffi-
culty that has been alluded to, concerns the integrity of
the plasma membrane after filipin addition [3-7]. In
our hands, we did not observe any unusual problems in
keeping the membrane stable and responsive after fili-
pin addition. A possible cause for this discrepancy
might reside in our use of synthetic phospholipids that
form extremely stable bilayers.

Filipin is known to promote cell death in fungi but
not in bacteria [14]. This differential effect of filipin (as
well as of other polyene antibiotics) on different micro-
organisms was correlated with the presence of high
levels of ergosterol in the plasma membrane of fungi
but not in bacteria. Since that correlation has been
made, filipin has been used in cytochemistry as a specific
probe for the presence of cholesterol in the plasma
membrane of cells from higher animals. However, re-
cent studies have seriously challenged that specificity.
In fact, it has been shown that cholesterol and phospho-
lipids are able to compete for filipin binding [9]. In
relation to our experimental results, we are convinced
that the binding of filipin to phospholipids does not
produce any measurable increase in membrane conduc-
tance and/or permeability. This finding supports the
notion that the filipin-cholesterol complex is actually
mediating the increase in membrane conductance.

Unfortunately, there is no detailed information on
the permeability and conductance selectivities of
cholesterol containing membranes treated with other
polyene antibiotics like nystatin and amphotericin B.
Nevertheless, it is still possible to recall some common
features shared between those two polyenc antibiotics
[3,46]: (1) Both antibiotics promote an increase in
membrane conductance only in the presence of stero)
containing lipid bilayers; (2) The conductance increase
induced by those antibiotics has a large power depen-
dence on antibiotic concentration; (3) There is a good
quantitative agreement between the decrease in mem-
brane resistivity promoted by amphotericin B and
nystatin; (4) Both nystatin and amphotericin B were
considered slightty selective for anions. Qur experimen-
tal results with filipin-cholesterol complex are in basic
agreement with items 1-3 mentioned above. However,
item 4 does not necessarily hold, at least for filipin, The
anionic or cationic preference of the filipin-sterol com-
plex depends heavily on the type of ions present in
solution. Among different ions tested, we found that the
filipin-sterol complex is three times more permeable to
K* than to CI~ ions. In addition to that, the valence of
the ion can be decisive in determining its relative per-
meability to the filipin: SO~ is six times less permea-
ble than C1™ and it was found to be the least permeable
ion tested.

While we are not in a position to propose a detailed
energetic picture responsible for the ion conduction and
selectivity properties of the filipin-cholesterol complex



in planar bilayers, our experimental results provide some
first important insights on those properties. First, all
current-voltage relationships were found to be lineai.
This is suggestive of a symmetrical energy profile for
ion translocation across the membrane. Second, we
conclude that the filipin-cholesterol complex prefers to
conduct monovalent ions to divalents. Once a divalent
ion is present in solution, the membrane conductance is
reduced significantly. A possible explanation for this
effect is that there are sites inside the conduction path-
way of the filipin complex that bind very effectivley
divalent ions thus, reducing their transit time through
the membrane with a consequent reduction in conduc-
tance.

From the point of view of the permeability sequence,
the situation is similar to that found for the conduc-
tance sequence: in general, monovalent cations or an-
ions are more permeable than divalent ions. However,
when those two different sequences are analyzed simul-
taneously, it becomes clear that each ion experiences a
unique energetic barrier for translocation across the
membrane. In considering Cs as an example, we find
that a relatively low permeability is associated with a
relatively high conductance. An energetic profile that
could explain this feature is associated to the fact that it
is difficult for a Cs ion to enter the filipin-sterol com-
plex. However, once inside that complex the affinity of
filipin for that cation is presumably so low that the ion
is quickly re'eased out of the filipin-sterol complex. It is
thus in principle possible to explain the different con-
ductance and permeation sequences by invoking differ-
ent affinities for the ions to the filipin-sterol complex
and by the energy barriers necessary for the ion to enter
and exit the filipin permeation pathway [15,16).

1t was proposed that polyene antibiotics are capable
of forming ion channels in membranes [6,7]. The mor-
phological features observed in electron micrographs
are suggestive of pore formation [2]. However, the dis-
tinction between an ionophore and an ion channel can
be quite subtle in functional terms [15}. A strong argu-
ment favouring the idea that filipin is capable of for-
ming ion channels would be the detection of discrete
opening and closing events with defined conductance
levels. We were not able to detect these single channel
events with filipin concentrations as low as 0.15 pM.
With this concentration, the increased membrane con-
ductance induced by filipin is in the pSiemens range,
which is the usual conductance level found in ion chan-
nels. This failure in detecting discrete opening-closng
events of single channels can be attributed to the fact
that the filipin-sterol complex in planar membranes is
always in the open configuration (see below). However,
we noticed that in order for the filipin-sterol complex to
promote an increase in membrane conductance, the
bilayer has to assume its bimolecular configuration. In
the absence of a typical bilayer, as evaluated from
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capacitance and optical measurements, filipin is not
able to increase the transmembraine conductance. We
believe that this is an important argument favouring the
idea that filipin is able to form ion channels in mem-
branes since, an ionophore would in principle retain its
essential electrogenic properties in the absence of a
bilayer structure provided the environment still remains
essentially hydrophobic.

An interesting feature concerning the mode of action
of polyene antibiotics in lipid bilayers is that apprecia-
ble delays in the activation of transmembrane currents
were not detected following a step change in membrane
potential. This conclusion applies for a wide range of
membrane holding potentials. Also, the conductance of
filipin treated bilayers is independent of the membrane
potential. We suggest that the filipin-sterol complex is
able to form ion channels in planar lipid bilayers and
that these channels are permanently in the open config-
uration. This feature is sufficient enough to explain the
efficacy of filipin in exterminating microorganisms that
contain choles:erol-rich plasma membranes: it instanta-
neously dissipates different electrochemical gradients
«cross the plasma membrane leading to cell lysis and
death [14).

One of the most important challenges concerning ion
channels, is the study of structure-function relation-
ships. In this regard, one possibility that we would like
to explore in the future is the modification of the
chemical structure of the filipin-sterol complex in such a
way as to make it voltage-dependent, i, creating
another kinetic state such that the relative distribution
between different states becomes dependent on the
transmembrane voltage. Said accomplishment would
represent an important step toward the understanding
of structure-function relationships in ion channels and
more specifically, in relation to polyene antibiotics.
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