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Abstract

Filipin, a macrolide polyene antibiotic, is known to interact selectively with ergosterol, a constituent of fungi membranes.
In this work, the fluorescence resonance energy transfer (FRET) between a fluorescent analog of ergosterol,
dehydroergosterol (DHE), and filipin was measured in small unilamellar vesicles of dipalmitoylphosphatidylcholine at
25°C. The time-resolved FRET results were rationalized in the framework of the mean concentration model, and were
complemented with steady-state fluorescence intensity, anisotropy and absorption measurements. The results point to the
formation of both DHE-filipin aggregates (evidence from static quenching of DHE fluorescence by filipin) and filipin-filipin
aggregates (evidence from: (i) the FRET acceptor concentration distributions; (ii) spectral changes of filipin absorption in
the vesicles, the excitonic interaction suggesting a stack arrangement; (iii) filipin fluorescence self-quenching), even in
presence of DHE and low antibiotic mole fractions (<1 mol%). These results point out that apparently contradictory
biochemical models for the action of filipin (some based on the presence of sterols, others not) can be equally valid.
Moreover, since results (ii) and (iii) are also observed when a sterol is present, both models of action can actually coexist in
membranes with a low sterol content. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction includes a pentaene chromophore (Fig. 1) and it is
intrinsically fluorescent. The biochemical action site

Filipin is a macrolide antifungal agent, character- of filipin is the cell membrane, causing leakage of
ized by very low antibacterial activity. Its structure cellular components [1]. The presence of sterol affects

filipin partition into lipidic bilayers [2]. Recently [3],

it was proposed that the effect of filipin on phospho-

Abbreviations: DHE, dehydroergosterol (A>7(11)22_ergostate- lipid bilayer membranes is mainly regulated by the
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fluorescence resonance energy transfer; SUV, small unilamellar . . .

by the sterol concentration in the bilayer. More pre-
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Fig. 1. Structures of DHE and filipin III.

state in the aqueous medium and the sterol domain
formation in the membranes. The filipin organization
inside the membranes is an open question. In this
work, dehydroergosterol (DHE, see Fig. 1), a fluo-
rescent analog of ergosterol, was used as a donor in
fluorescence resonance energy transfer (FRET) ex-
periments involving filipin. We apply the method of
recovery of acceptor concentration distribution using
Gaussian-type functions [4,5] to the analysis of time-
resolved FRET data. As shown in these works, this
method is particularly sensitive to aggregation. The
information obtained is complemented by steady-
state FRET and filipin absorption and fluorescence
self-quenching studies.

2. Theory

The basic equation for FRET to an ensemble of
acceptors [6] is given below:

ipa(1) = Avexp(—1/T—C(1/7)"/°) (1)

where ipa(f) is the time-resolved donor fluorescence
intensity in the presence of acceptor, A4 is a constant,
7 is the donor fluorescence lifetime in the absence of
acceptor, and d is the dimensionality of the system.
For integer dimensionality, C is given by Eq. 2 [7],

C = I'(1=d/6)naa*V4*R§ (2)

I' being the complete gamma function, nys the num-
ber of acceptors per d-space volume unit (e.g., nya is
the number of acceptors per area unit), V; is the
d-dimensional unit sphere (V1=2, Vo=xm V3=
47/3), and Ry is the Forster radius. The surface of
phospholipid vesicles, even small unilamellar vesicles
(SUV) obtained by sonication, can be treated as pla-
nar (d=2) from the standpoint of FRET, because the
curvature effect is negligible when the sphere diame-
ter D and the Forster radius Ry obey the relationship
D/Ry > 1.5 [8]. Being D=25 nm for SUV of dipalmi-

toylphosphatidylcholine (DPPC) [9], this is clearly
the case (see Section 4 for the Ry calculation). How-
ever, FRET in lipid membranes usually requires two
alterations in the equation given above. First, the
donor decay, even in the absence of acceptor, is sel-
dom monoexponential. In fact, for DHE, we recov-
ered two lifetime components (see Section 4). The
alterations in the FRET decay law that this fact in-
troduces have been described [10]. Second, the donor
and acceptor molecules may be located at different
depths in the bilayer. We assume that the location of
DHE in the membrane is the same as that of choles-
terol, i.e., the hydroxyl group is in the immediate
vicinity of the phospholipid ester carbonyl [11,12].
From fluorescence quenching studies, filipin is
thought to be located near the center of the bilayer
[3]. This gives an approximate distance between the
DHE and filipin planes in DPPC gel phase bilayers
w=12.4 A (for this calculation, we considered the
depth of the chromophore of DHE as being the cen-
ter of the conjugated system). The decay law for such
a system is also described elsewhere [13]. In these
conditions, it becomes

ipa(t) = p1(t) + p2(t) (3)
where

pi1(t) = exp(—t/71)

c 1
eXp{_ﬁ\/ov [1_Cxp(_tb3a6)} 0{_3d06}
(4)

pa(t) = grexp(—1/72)*

c 1
exp{_l_‘(22/3).b/0 [l—exp(—tb3a6)} 0(3d06}
(5)

In these equations, 7; and 7, are the two lifetime
components, ¢ = A>/A is the ratio of pre-exponential
factors A; associated to each component, ¢ = cl/t'3
for each component, and b= (Ry/w)*t /3.

The formalism described above is valid for random
distribution of donors and acceptors. However, it is
common that in membrane studies (especially in the
gel phase) at least one of these species is distributed
non-randomly [5,10]. One way to treat this deviation
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from ideality is to consider a continuous distribution
of acceptor concentrations [4,14]. In a microhetero-
geneous system, it may be no longer true that all
donor molecules should have a uniform concentra-
tion ¢ of acceptors in their vicinity. For example, if
acceptor aggregation takes place, some donors, lo-
cated closer to a cluster of acceptors, may be sur-
rounded by a large concentration of acceptors in
their surroundings (¢ > average concentration). Con-
versely, other donor molecules may be isolated (¢ = 0)
in the sense that they have no acceptors in the FRET
distance range (~2Rp). In fact, it is possible that
there is non-zero probability of a donor molecule
to sense an arbitrary concentration ¢ of acceptors,
which results in a continuous distribution function,
and leads to the following decay law:

Cmax

ia() = [ f(©(p1(t,c) + palt, &))ode (6)

Cmin
where f(c) is the acceptor concentration distribution
function, and p; and p,, given in Eqgs. 4 and 5, re-
spectively, are now two-variable (depending also on
acceptor local concentration) functions. ¢y, and cpax
represent the lower and upper limit values for accep-
tor concentration, respectively. Of course, it should
be ¢min =0 and c¢max = +. However, for numerical
integration purposes, cmax has to be kept at a finite
(but sufficiently large so that F(cmax) is negligible)
value. f(c), which, for the uniform distribution model
of Egs. 3-5, is a discrete function, becomes a contin-
uous function when non-randomness of probe distri-
bution occurs. In a recent work [4] we tested the
ability of Gaussian (Eq. 7, below, with r=0) and
sum-of-two-Gaussians (Eq. 7, below, with r#0) func-
tions to successfully recover simulated distributions.

f(e) =

A(exp(—(c—c1)*/(201)) + rexp(—(c—c2)*/(203)))
(7)

In the cited work, the two-Gaussian function was
shown to be particularly versatile, being able to dif-
ferentiate wide from narrow and unimodal from bi-
modal distributions. We were able to extract relevant
information regarding the distribution of common
spectroscopic bilayer probes in DPPC large unilamel-
lar vesicles. In this work, we apply the same contin-

uous distribution of acceptor concentration formal-
ism to the DHE-filipin pair. The system (DPPC
SUV) is chosen so that DHE is known to be ran-
domly dispersed (unlike for DPPC large unilamellar
vesicles, where dimer formation is reported [15]) and
the low donor concentration (=1 mol%) prevents
biasing of the DHE-filipin FRET results due to en-
ergy migration among the DHE molecules (which
could become significant for higher concentrations
[15]). Hence, we know that eventual recovery of
wide or bimodal distributions (which could, in prin-
ciple, be due to either donor aggregation, acceptor
aggregation, or both) should point to filipin aggrega-
tion. In that case, the actual pattern of the distribu-
tion (i.e., the number of peaks, their location, their
relative weight) and its dependence on the acceptor
concentration can give insight on the nature of the
aggregation process.

We would like to stress that for spectroscopic mea-
surements based on filipin absorption and emission
properties, the results analysis is rendered difficult,
because of the partition of filipin between water
and the lipid bilayer, and due to fact that filipin
emits fluorescence in both aqueous and bilayer
phases with similar quantum yields. FRET between
DHE and filipin has the advantage of being sensitive
only to filipin concentration in the bilayer (as FRET
to filipin molecules in the water phase has essentially
zero efficiency), thus allowing the direct study of fil-
ipin aggregation without need to correct the data for
the fraction in water.

3. Materials and methods

DHE and filipin were purchased from Sigma
Chemical Co. (St. Louis, MO) and DPPC was ob-
tained from Avanti Polar Lipids (Birmingham, AL).
These materials were used as received. Filipin is a
mixture of four macrolides [1] with minor differences
in their structures, having a pentaene chromophore
as a common feature. The fraction known as filipin
III (the one depicted in Fig. 1) is the major compo-
nent. Tris-HCI from BDH (London, UK) was used
to prepare the buffer (Tris-HCI 50 mM (pH 7.4),
NaCl 100 mM, EDTA 0.2 mM). NaCl (p.a.) and
all organic solvents were from Merck (Darmstadt,
Germany). Deionized water was used throughout.
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DPPC/DHE SUYV were prepared as described else-
where [15]. The final DPPC concentration was ap-
proximately 1 mM. Filipin was added to the lipid
dispersions from a stock solution in Tris—HCI buffer,
the samples being then left in the dark for 2 h [16].
The concentrations of the chloroform solutions of
DPPC and DHE were determined by phosphorus
analysis [17] and absorption (& Amax =327.8
nm)=11200 M~ 'cm™! [18]), respectively. The con-
centration of the filipin stock solution was analyzed
by absorption (&Amax =337 nm)=47000 M~ !cm™!
[2]). The DHE to lipid ratio was kept below 1:100,
so that energy migration among DHE molecules is
negligible [15]. Several samples with different filipin
content were prepared, the filipin to lipid ratio being
kept between 0 and 0.03 in the FRET experiment
and between 0 and 0.06 in the filipin absorption
and fluorescence intensity measurements.

Fluorescence decay measurements were carried out
with a time-correlated single-photon counting sys-
tem. The instrument has been described [10]. Emis-
sion (centered at 370 nm, bandwidth 30 nm) was
detected at the magic angle relative to the vertically
polarized excitation beam (Aexc =300 nm). The num-
ber of counts on the peak channel was 7000, the
number of channels per curve used for analysis was
400, and the timescale was 4.6 ps/channel. Data anal-

1.0

ysis was carried out using non-linear, least squares
iterative convolution software based on the Mar-
quardt algorithm [19]. The fluorescence decays of
the different samples were all analyzed simultane-
ously using global analysis [5,10]. The goodness of
the fit was judged from the global (%) and individ-
ual (x%) chi-square values, and weighted residuals
and autocorrelation plots.

Fluorescence steady-state measurements were car-
ried out with a SPEX F112 A Fluorolog spectro-
fluorometer, with a double emission monochroma-
tor, in a right-angle geometry. Excitation light
(A=300 nm for DHE excitation in the FRET experi-
ment, A=338 nm for the filipin self-quenching ex-
periment) was vertically polarized and fluorescence
was detected in a magic angle arrangement. Correc-
tion of spectra was performed using a Rhodamine B
quantum counter solution and a standard lamp, re-
spectively [20]. Quartz cuvettes (5 X 5 mm) were used,
and in these experimental conditions, no correction
for artifacts was needed [21]. All measurements were
carried out at room temperature (the vesicles being
thus in the gel phase, in order to maximize the par-
tition of filipin to the vesicles [2]). To minimize pho-
tobleaching of DHE, narrow slits in the excitation
monochromator were used. In these conditions, fluo-
rescence was largely independent of time, even when

0.8

0.6

0.4

0.2

Absorbance/emission intensity (a.u.)

1 L 1 —J

250 300 350 400

450 500 550 600 650

Wavelength (nm)

Fig. 2. Normalized absorption and corrected emission spectra of DHE (

spectra, Adexe =310 nm (DHE) and ey =344 nm (filipin).

) and filipin (- - -) in DPPC SUV. For the emission
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Fig. 3. (A) DHE (0.6 mol%) fluorescence decays in the presence of varying amounts of filipin (filipin:DPPC ratios: 1, 0.000; ii, 0.003;
iii, 0.007; iv, 0.013; v, 0.022; vi, 0.032) in DPPC SUV at 25°C. The smooth lines are fits to Eqs. 6 and 7. The instrumental response
function is also shown. One channel =4.6 ps. (B) Residual distributions. (C) Residual autocorrelation functions.

excitation was made at the absorption maximum.
The bandwidths were 4.5 nm for both excitation
and emission monochromators in the FRET experi-
ment and 1.8 nm for excitation and 2.25 nm for
emission in the filipin fluorescence intensity measure-
ments. Blank subtraction was carried out. Absorp-
tion spectra were recorded on a Jasco V-560 spectro-
photometer and corrected for light scattering

artifacts (not too important in small vesicles) accord-
ing to Castanho et al. [22].

Critical radii of energy transfer were calculated
using a rewritten Forster’s formula [23]:

Ry = 0.2108-%2-@}:%‘4- / I(A)ee(A)sA%dA | 1/6
0
(8)
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where Ry is expressed in A units, &2 is the orientation
factor, @ is the quantum yield of the donor probe, n
is the refractive index of the medium, /(1) is the
normalized emission spectrum of donor and &A) is
the molar absorption coefficient of acceptor in
M~ lcm™! units. Wavelength is expressed in nm
units. For the orientation factor, the value x=2/3
(corresponding to a dynamic isotropic regime of
transfer) was assumed, and n=1.44 was considered
[13].

4. Results and discussion
4.1. Time-resolved FRET

Fig. 2 shows the normalized absorption and emis-
sion spectra of DHE and filipin in SUV of DPPC.
For the calculation of the Forster radius, the DHE
fluorescence quantum yield value in DPPC vesicles of
@ =0.13 at 25°C [15] was used, and the filipin ab-
sorption coefficient in DPPC SUV was estimated as
£344 nm)=49x10> M~'cm™!. On substitution in
Eq. 1, one obtains Ry =26.4 A.

In Fig. 3 is depicted the time-resolved fluorescence
of DHE (0.6 mol%) in presence of variable filipin
concentration, the parameters being shown in Table
1. Even in the absence of acceptor, the decay is not
monoexponential. There are two recovered lifetime
components, 7;=1.43 ns (77%) and 17,=0.29 ns
(23%). This decay complexity is common for fluores-
cent probes in interaction with microheterogeneous

Table 1

systems [10], and specifically for DHE, biexponential
decays in gel phase vesicles have been reported by
Smutzer et al. [18]. Our value for 7; coincides with
the main component reported by this author for
DHE in DMPC multilamellar vesicles. Although
the origin of the faster component is not clear, this
does not hamper the FRET study, as shown in
Section 2 [10]. From the Ry, d and 7 values,
b=4.07 ns~'/? was calculated for use in Eqs. 4 and 5.

In Fig. 4 are shown the recovered acceptor con-
centration distributions using three different analysis
formalisms: discrete, single Gaussian, and sum-of-
two-Gaussians functions. The discrete distribution
model should return ¢ values proportional to the
amount of filipin in the sample (Eq. 2). However,
this is only verified for the two most dilute samples.
For higher filipin concentrations, the variation of ¢
versus filipin concentration has negative curvature
(not shown). Additionally, the decay statistics (Table
1) worsen. This means that filipin is aggregating and
the model described by Egs. 1 and 2 is no longer
valid. The next step is to use a Gaussian acceptor
distribution analysis. Although better y* values are
generally obtained, for concentrations as low as Fil-
ipin:DPPC=0.013 anomalous distributions, which
are in fact tails of broad Gaussians centered at neg-
ative values, are recovered. This kind of recovered
distribution usually hides a bimodal function [4].
Moreover, the statistics for the most concentrated
samples are still unsatisfactory.

This led us to analyze the data with the sum-of-
two-Gaussians formalism. For the most dilute sam-

Comparison of the recovered linking parameters and x> values recovered using the three described analysis methods

Analysis method Discrete concentration

Single Gaussian Sum of two Gaussians

Linking parameters 71=0.21 ns
7, =145 ns
q=2.70

Individual y? values

Filipin: DHE = 0.000 1.62

Filipin: DHE =0.003 1.43

Filipin:DHE =0.007 1.35

Filipin:DHE =0.013 1.00

Filipin:DHE = 0.022 1.95

Filipin:DHE = 0.032 2.66

26 1.65

71=0.21 ns 71=0.21 ns
7, =1.44 ns 7, =1.44 ns
q=2.87 q=3.18
1.45 1.05

1.32 1.19

1.24 1.08

0.99 1.00

1.72 1.22

2.04 1.07

1.44 1.09
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Fig. 4. Acceptor concentration distribution functions f{c) recovered for the discrete (- - -, vertical lines), Gaussian (— — —) and sum-of-

two-Gaussians (

ple, the results still resemble those obtained with the
other analysis procedures, though a small fraction of
donors already appears to be isolated, which indi-
cates that some degree of aggregation is occurring.
Major differences become apparent for fili-
pin:DPPC=0.007. The fraction of isolated donors
(first peak) increases, and the abscissa of the second
peak increases non-linearly. This substantial increase
in ¢; means that some donors sense more acceptors
in their surroundings than expected and can be ex-
plained assuming aggregation of filipin: the ¢, peak
is caused by donors which lie close to aggregates,
while the ¢; peak is caused by donors which are
left in an acceptor-rarefied environment due to this
aggregation. For the remaining samples, the ¢, peak
continues to shift to larger abscissas, possibly indi-
cating increase of the aggregation number of filipin
in the clusters (a donor close to an aggregate now
‘sees’ a higher filipin concentration than for more
dilute samples).

Quantification of the clustering in terms of an ag-
gregation number and/or association constant is not
possible, because of the numerical limitations of the
distribution recovery method. The problem is ill-con-
ditioned, and parameter correlation may occur [4,14].
This means that peak widths and heights may be
biased. In any case, the location of the peaks and
the overall shape of the distributions are not ex-

) models. Filipin to DPPC ratios: A, 0.003; B, 0.007; C, 0.013; D, 0.022; E, 0.032.

pected to be considerably affected [4], and these un-
doubtedly point to aggregation of donor and/or ac-
ceptor. DHE-DHE aggregation can be ruled out, as
we chose the system and DHE concentration in order
to avoid this effect (see Section 2). Additionally, ac-
ceptable fits with similar ¢ values are obtained with
all formalisms for the DHE:filipin =0.003 sample,
and the recovered two-Gaussian distribution is al-
most unimodal, apart from a minor fraction of iso-
lated donors. The large deviations from unimodality
occur upon increasing filipin concentration while
keeping the DHE concentration at a constant value.
This shows that the observed effect in the two-Gaus-
sian distributions is due to acceptor (rather than do-
nor) aggregation. For another FRET pair which
showed donor aggregation, NBD-PE/Rh-PE in gel
phase DPPC large unilamellar vesicles [4], a clearly
bimodal distribution was recovered even for very low
concentrations of acceptor, which is not the case in
this work.

Note that even for the most dilute sample, the
recovered concentrations are lower than the amount
of filipin added to the sample. This is due to the
partition of filipin between the aqueous medium
and the vesicles. For that sample, and using Eq. 2,
we should have ¢=0.155, assuming complete incor-
poration of filipin in the vesicles. The value ¢=0.123
was recovered from the discrete concentration fit,
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which indicates that the fraction of incorporated fil-
ipin is ca. 0.123/0.155="79%. This (together with the
concentration of DPPC and its molar volume) allows
us to estimate K,=7.1x10° for the partition con-
stant. This value is of the same order of magnitude
of that calculated by Castanho and Prieto [2] from
anisotropy measurements, (3.4%0.8)x 103, The dis-
crepancy is probably due to (i) our value coming
from only one sample measurement, instead of a fit
to various measurements, which would improve its
accuracy, and (ii) the ¢ value which would produce
K,=3.4x10% is 0.110, only 10% less than our value.
This difference could be due to random errors in the
lipid or filipin concentration, or the ¢ parameter re-
covery process.

One unresolved question is whether the filipin ag-
gregate formation involves DHE molecules. Sterols
are known to interact with polyene antibiotics such
as filipin in model membranes. In fact, early works
suggested that sterol presence is an essential factor
for the interaction of filipin with membranes [24].
Although it is now established that filipin partitions
into bilayers even in the absence of sterol [2,25], the
filipin—sterol interaction should nevertheless be
strong. The time-resolved FRET experiment is not
able to differentiate between aggregation involving
sterol and aggregation independent of sterol: a sterol
molecule involved in a mixed DHE-filipin aggregate
would be quenched almost instantly upon excitation,
and its fluorescence would not be detected; on the
other hand, the degree of quenching caused by
DHEfilipin aggregates and pure filipin aggregates
on a non-aggregated DHE molecule would be undis-
tinguishable (provided that the filipin distribution
function is the same in the two cases). Therefore,
we need additional experiments to help answer this
question.

4.2. Steady-state FRET

We carried out DHE steady-state fluorescence in-
tensity measurements in the presence of filipin to
determine whether if static quenching of DHE fluo-
rescence occurs, thus revealing the formation of ster-
ol-filipin complexes.

Fig. 5 compares the relative steady-state fluores-
cence intensity of DHE in the presence of filipin
with the values obtained by integration of the time-
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Filipin molecules / Ry*

Fig. 5. Comparison of the fraction of unquenched fluorescence
Ipa/Ip obtained from integration of the decays (@) and steady-
state measurements (O). The lines are mere guides to the eye.

resolved curves. If the two quenching curves were
identical, the existence of static quenching could
not be concluded. However, if the steady-state
quenching efficiency were greater than that resulting
from integration of the time-resolved curves, this
would probably mean that ground-state sterol-filipin
complexes would be formed. As we mentioned
above, these would not be detected in the time-re-
solved experiment, but the resulting fluorescence in-
tensity decrease would be observed in the steady-
state experiment. This is in fact observed, showing
that at least part of the filipin aggregates involve
DHE molecules.

4.3. Absorption spectra of filipin

UYV absorption spectroscopy of polyene antibiotics
has been useful in the past to probe aggregation of
these molecules in presence of cholesterol [16]. The
presence of excitonic bands, although not necessary
to aggregation (there may be aggregation without the
fulfillment of the strict geometric requirements for
the excitonic interaction), is evidence for aggregation
of the studied chromophore. For this experiment, we
had to use ergosterol (ergosterol:DPPC ratio=
1:100) rather than DHE because of the overlap
of DHE and filipin absorption. DHE and ergosterol
are analog molecules (they have the same backbone,
but ergosterol lacks the 9(11) double bond and so
absorbs at lower wavelengths), which have been
shown to behave identically in many different studies
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(for a review, see [26]). We therefore assume that
filipin absorption spectra are identical in the presence
of either DHE or ergosterol.

As Fig. 6A shows, there are alterations in the fil-
ipin absorption spectrum upon increasing filipin con-
centration, namely a relative enhancement of the
A=325 nm peak and a relative decrease in the
A=360 nm peak intensity. This is probably due to
the same type of filipin—filipin aggregate that is de-
tected in the time-resolved FRET measurements. An
enhancement in the high-energy region of the ab-
sorption spectrum points to formation of exciton ag-
gregates in a stack geometry [27].

We investigated if the sterol presence was essential
to the spectral changes. At variance with a previous
report [16], in which correction of absorption spectra
for light scattering was not fully developed, we found
that even in the absence of sterol, identical altera-
tions in the absorption spectra are observed (results
not shown). Therefore it seems that filipin self-aggre-
gates in DPPC membranes at low concentrations,
without sterol presence being required.

Because of the incomplete incorporation of filipin
into the vesicles, it could be argued that the altera-
tions in filipin absorption were due to the aqueous
fraction rather than the membrane-incorporated
fraction. In order to clarify this, we measured the
absorption of filipin in buffer, for the same concen-
tration range as in the vesicle preparations. As Fig.
6B shows, apart from an anomalous spectrum ob-
served for [Filipin]=2.1 X107 M (characteristic of

the pre-micellar filipin aggregates [16]), the variations
in the shape of the absorption spectrum are much
less pronounced than those in the buffer/vesicles sys-
tem. The alterations observed (enhancement of both
the small and large wavelength ranges of the spec-
trum relative to the maximum at A=338 nm) are
probably due to a combination of the following pos-
sible effects. (i) Deviations from linearity between
absorption at 4 =338 nm and [Filipin], which become
significant for [Filipin] > 107> M (see Fig. 6C), may
result from non-validity of the Lambert—Beer law at
very high optical densities. Of course, at both the
small and large wavelength ranges, where absorption
is less intense, this loss of linearity would be less
significant, thus resulting in a relative enhancement.
(i1) Due to formation of filipin aggregates in aqueous
buffer for [Filipin] > 10~ M [16], scattering of light
probably biases the spectra, introducing a turbidity
tail outside the absorption region (4>400 nm) and
increasing the measured intensity at low wavelengths.
(iii) Additionally, there may exist an actual excitonic
interaction for filipin in buffer at high concentrations
(>107> M). The conclusion of this study is that, in
such an event, the alterations in absorption due to
this eventual excitonic interaction would not justify
the considerably more significant alterations upon
increasing concentration in the buffer/vesicles system.
Moreover, due to the partition between the aqueous
and vesicle media, using the mentioned K,=
(3.4£0.8)x 10° value [2], we expect the aqueous fil-
ipin concentration for the most concentrated sample

T A
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- 0.5
1 1 0.0
300 320 340 360 380 300 350 400 2 4 6 8 10
Wavelength (nm) Wavelength (nm) [Filipin}/10° M

Fig. 6. (A) Normalized absorption of filipin in DPPC SUYV, in the presence of 1 mol% ergosterol (in these plots, absorption due to fil-
ipin in the aqueous water is already subtracted, using the spectra in panel B and K,=3.4x10%). Filipin:DPPC molar ratios are:
1, 0.006; 2, 0.012; 3, 0.025; 4, 0.044; 5, 0.062. (B) Normalized absorption of filipin in buffer. [Filipin}/10™> M: i, 0.21; ii, 0.53;
iii, 1.1; iv, 2.1; v, 4.2; vi, 7.4; vii, 10.5. (C) Absorbance (A=338 nm) of the samples referred to in B (except for the most dilute). The
broken line is a mere guide to the eye, and the solid straight line’s slope is equal to that of the absorbance curve for [Filipin] =0.
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Fig. 7. Steady-state intensity fluorescence (corrected for inner
filter effects) versus filipin concentration in DPPC SUV, in the
presence of ergosterol (1 mol%). The curve is a mere guide to
the eye.

to be ~1.4x107> M. For this concentration value,
the changes in the absorption spectrum in buffer are
still relatively small. We can therefore safely con-
clude that the alterations in absorption in the buff-
er/vesicles system are due to aggregation in the
vesicles.

4.4. Filipin steady-state fluorescence intensity

Fig. 7 shows the filipin fluorescence steady-state
intensity in DPPC SUV in presence of ergosterol
(ergosterol:DPPC ratio=1:100). This plot should
be linear in the absence of filipin quenching, apart
from the correction for the loss of linearity at very
high absorbance values (in order for the plot to be
linear, fluorescence intensities should be multiplied
by In10°A4/(1—10"4wt), where Ay is the total op-
tical density). Even taking into account this effect, a
negative curvature remains, which, once again, also
appears in the absence of ergosterol. This indicates
that the mentioned filipin—filipin aggregates probably
are non-fluorescent or less fluorescent than the
monomeric form and/or absorb less than the mono-
mer at the excitation wavelength.

The above results suggest that there are at least
two types of aggregates to be considered: filipin—fil-
ipin aggregates (evidence: the negative curvature of
the ¢ plot and the spectral changes in filipin absorp-

tion, and probably the filipin self-quenching) and
DHEfilipin aggregates (evidence: static quenching
of DHE fluorescence by filipin). Further quantifica-
tion of aggregation is not possible, because we do
not know the stoichiometry (or even if there is a
definite stoichiometry, rather than clusters with a
broad distribution of sizes) of the filipin—filipin and
DHEfilipin aggregates. In any case, we can safely
conclude that for concentrations as low as 1 mol%,
filipin aggregation in DPPC gel phase SUV is signifi-
cant.

This work deals with interaction of filipin with low
sterol content biomembrane model systems. The use
of these peculiar experimental conditions, together
with complementary photophysical techniques, ena-
bles one to distinguish between pure filipin and fili-
pin—sterol interactions in a situation where both are
possible. In fact, we concluded that both processes
(filipin clustering and filipin—sterol association) coex-
ist, meaning that the biochemical mode of action of
filipin probably involves a ‘multiple-path strategy’,
where several different phenomena may occur simul-
taneously, depending on the local filipin and sterol
concentrations.
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