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SYNOPSIS

Aggregation of filipin in aqueous medium and filipin-induced changes in cholesterol micelles
have been studied using intensity and dynamic light scattering. The dependencies of filipin
aggregate dimensions on concentration, solvent, and temperature were studied, and revealed
that the aggregates do not have a well-defined geometry, i.e., a critical micelle concentration
cannot be detected and stable structures are not formed. The aggregates are of size R,
~ 110 nm and R, = 63 nm, referring to the radius of gyration and hydrodynamic radius,
respectively. In the concentration range studied (1 uM < C < 30 uM), a low molecular
weight species (monomer/dimer) is always present together with the aggregates. In ethanol/
water mixtures, large (R, = 500 nm), narrow distribution aggregates are formed in the
water volume fraction range 0.45 < $y,o < 0.65. Aggregation also occurs on changing the
temperature; In the range 7-37°C, smaller aggregates (10-30 nm) form and the process is
only partially reversible.

No pronounced effect of filipin on the structure of the cholesterol micelles was observed
(a small increase in R, and R, is noted). These results rule out any “specificity” for the
filipin interactions with cholesterol, which has been considered a key event in the filipin
biochemical mode of action. A reevaluation of this question is suggested and some alter-

natives are advanced. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Polyene macrolide antibiotics form a class of mol-
ecules having antifungal activity. Although they are
able to provoke lysis in fungi, they are not effective
against bacteria. Lampen et al.! explained this ob-
servation and showed that the key process for the
toxicity of these antibiotics is their interaction with
plasma membrane sterols, which are almost non-
existent in bacterial membranes.

The aggregation of polyene antibiotics and sterols
in a 1: 1 stoichiometry, forming pores through the
membrane or through the membrane layers, is a
widely accepted model for the interaction of some
polyene antibiotics (such as amphotericin B and
nystatin) with sterols (for a review see Ref. 2 and
references therein). But for other antibiotics (such
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as filipin—Figure 1) their mode of action remains
unknown, despite numerous investigations. Three
models have been proposed for filipin-induced ag-
gregation. These postulate highly specific interac-
tions between filipin and sterol molecules. Two of
the models are based on the formation of 1 : 1 ag-
gregates, but with different dimensions and locations
(alarge planar aggregate inside the hydrophobic core
of the membrane in one case® and a small aggregate
with 8 molecules in the aqueous medium, at the
membrane surface, in the other case?). The third
model considers the formation of mixed aggregates
of unspecified size and structure in the upper leaflet
of the membrane.? However, the only approach yet
used to study the structure of eventual mixed
aggregates® was recently shown to be incorrect.’
Subsequently, a new biochemical mode of action was
proposed for filipin, independent of the presence of
sterols.® Incorporation of filipin in sterol-free model
membranes was demonstrated (a partition coeffi-
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Figure 1. Molecular structure of filipin I11.

cient of K, = 3.4 X 10° was obtained; see Ref. 9).
Thus, the nature of the interaction between filipin
and cholesterol remains an open question.

A systematic study is now being carried out to
elucidate this question. In a previous work, the abil-
ity of cholesterol to induce exciton interaction be-
tween the polyenic chromophores of filipin and of
nystatin was demonstrated and studied using fluo-
rescence and absorption spectroscopy.” In another
study, the self-association of cholesterol into rod-
like micelles in aqueous medium was examined using
light scattering techniques.'® We are currently using
static and dynamic light scattering to elucidate (a)
the structure of filipin aggregates in an aqueous me-
dium; and (b) the changes in the cholesterol micelles
and filipin aggregates, in the presence of each other.
These are key questions concerning our under-
standing of polyene antibiotics and their mode of
action.

Amphotericin B and nystatin, other polyene
macrolide antibiotics, interact differentially with
sterols depending on their state of aggregation.!™*?
The self-association of polyene macrolide antibiotics
in aqueous media is due to their amphipatic nature.
As can be seen from the structure of filipin (Figure
1), the hydrophobic part of the macrolide ring is
determined by the double-bonded system, while the
hydrophilic part is determined by the series of hy-
droxyl groups.

Most of the studies so far carried out on polyene
self-association in aqueous media have used am-
photericin B or a mixture: amphotericin B /deoxy-
cholate, known commercially as “Fungizone.” Rin-
nert et al.'"* used CD, absorption spectroscopy, and
static light scattering techniques to study “fungi-
zone,” and concluded that aggregates of 2 X 10° dal-
tons are formed, representing relatively labile ag-
gregates of 2 X 10° molecules. The existence of two
or more antibiotic-aggregated forms in alcoholic so-
lutions, as a function of the ethanol concentration,
was proposed to account for the complex behavior

detected with CD spectroscopy. With static light
scattering, the formation of an aggregate with de-
creasing molar mass is detected on changing from
30 to 50% ethanol in the medium.

Ernst et al.'® proposed that the close packing of
a few molecules could occur inside larger aggregates,
which Hemenger et al.!® proposed as being “linear
polymers.” The formation of dimers for a series of
heptaene antibiotics was proposed by Mazerski et
al.'” According to these authors, the “nonsoluble”
polyenes form oligomers that self-associate into ag-
gregates.

For filipin, the formation of large (radius ap-
proximately 50 nm), and loose aggregates, in which
all the molecules are accessible to the solvent, has
been reported.’ This conclusion was based on fluo-
rescence quenching and anisotropy results and on
a fit to a modified turbidity spectrum of the aggre-
gate. A value for the critical micelle concentration
(CMC) was also reported as 1-2 uM."® In this study,
these questions are revisited with a different ap-
proach.

Norman et al.? used studies carried out in aqueous
solution and deduced that filipin forms specific
complexes with sterols. However, this conclusion
was refuted” and a filipin self-interaction induced
by cholesterol was demonstrated. This observation,
together with the interaction of filipin with sterol-
free membranes,®® raises the question whether a fi-
lipin-sterol complex is formed.

EXPERIMENTAL

Materials and Preparation

Filipin was obtained from Sigma and used as re-
ceived. This antibiotic is a mixture of four macro-
lides, '® with minor differences in their structures,
the major component being the fraction known as
filipin III (Figure 1). The concentration of filipin
was determined by uv-visible absorption spectros-
copy, using the molar extinction coefficients previ-
ously reported.? Filipin stock solutions in Tris HCI
(BDH, London) buffer (50 mM, pH 7.4, NaCl 10
mM; 2% v /v in ethanol) or in spectroscopic-grade
ethanol (Kemetyl, Stockholm) were kept in the dark,
at 4°C. Dilution of filipin stock solutions were made
with buffer or with a cholesterol solution in buffer
was used to prepare the samples in aqueous solution.
Water /ethanol solutions of filipin were prepared by
dilution of the stock solution in ethanol with the
appropriate volume of a mixture ethanol /buffer.
Neither filipin, nor cholesterol, have electrolytic
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groups. In this way, a buffered solution would not
be necessary. However, we decided to use it to be
coherent with our previous studies and for the sake
of the correlation between the data presented here
and in previous and/or future studies.

Solutions of cholesterol micelles were prepared
as previously reported.'® All solutions were incubated
in the dark for 15 min before being filtered with a
Millex-HV Filter unit (0.45 um). The solution
preparation procedure gave solutions that were es-
sentially dust free. This was shown by direct ex-
amination of the solutions in the scattering cells
under laser illumination as well as the stability of
the scattered signal and also by the linearity of the
angular dependence of the reduced scattered inten-
sity KC/R, (see Figure 2a).

(KC/R)/(10-8 g.mol-1)
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Sin2(e/2)

(KC/R)/(10-8 g.mol-1)

0 ' 10 20 ) a0
[F)/ uM

Figure 2. Angular (a) and concentration (b) depen-
dencies of scattered light intensities relative to benzene.
For the calculation of KC/R, an average value of dn/dC
= 0.16 mL/g was taken from the tables of Huglin.?® The
concentrations shown are X, 30 uM; A, 21 uM; X, 12 uM;
[0, 3 uM; and W, extrapolated values for 0 uM. The angles
shown are X, 140°; [, 75°; +, 60°; and W, the extrapolated
values for zero angle.

An incubation period of at least 2 h was main-
tained after filtration. As before,® the material used
was washed with conecentrated nitric acid, chloro-
form, and distilled water, and not subject to the ac-
tion of any detergent.

Polarized dynamic light scattering (Iyy) mea-
surements were made using the apparatus and tech-
niques described in the previous article and also in
Ref. 19. The data were assembled using a wide-band
multi-7 autocorrelator (ALV-3000) with 23 simul-
taneous sampling times, allowing characterization
of relaxation time distributions extending over 8 de-
cades. Average diffusion coeflicients were estimated
using the method of cumulants, with both second-
and third-order terms. Inverse Laplace transfor-
mation (ILT) was made employing the algorithm
REPES,? which is similar to Provencher’s
CONTIN?# except that the former directly mini-
mizes the sum of the squared differences between
experimental and calculated intensity-intensity
8- (t) functions [g.(t) = g2(t)] using nonlinear pro-
gramming. For a system exhibiting a distribution of
relaxation times, the field correlation function, g, (t),
is described by the Laplace transform as a contin-
uous function of the relaxation time 7:

g(t) = fo A(r)e™/ dr

The range of relaxation times allowed in the fit-
ting was usually between 0.5 us and 1 s with a density
of 12 points per decade. Relaxation rates are ob-
tained from the moments of the peaks in the relax-
ation time distribution or, if the peaks overlap, from
the peak position. With a broad distribution of re-
laxation times, both inversion methods can yield
multiple peaks in the “unsmoothed” analysis. The
“smoothing” parameter (P) was selected as 0.5 in
all cases. This degree of smoothing corresponds to
the default value of the so-called chosen solution in
CONTIN. The influence of the smoothing parameter
on the relaxation time distributions has been dis-
cussed by Nicolai et al.! Comparisons with simu-
lated data are dealt with in the same article.

Mutual diffusion coefficients (calculated as D,
= I'/q?) and the relative amplitudes are obtained
from the moments of the peaks and are given in the
output of the program. I' is the measured relaxation
rate (I' = 77!) and q is the scattering vector.

Intensity light scattering measurements were
performed with a photon-counting device supplied
by Hamamatsu. The light source was a 3 mW He-
Ne laser (632 nm). The reduced scattering intensity,
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C/I., was measured on the same solutions as used
for the dynamic light scattering measurements,
where the intensities are measured relative to ben-
zene at each angle.

Apparent radii of gyration (R,) were estimated
from the ratio of the slope to the intercept of plots
of the angular dependence of the reduced scattering
intensity (KC/R,) as shown for typical data in Fig-
ure 2a, where C is the concentration. The scattering
constant is K = 4w2n3(dn/dC)%/(Na\*). The
Rayleigh ratio used for benzene is 8.51 X 10 % cm™'.%
Since at the extremely low concentrations attainable
for filipin in aqueous solution (maximum ca. 30 uM)
it is not possible to measure dn/dC directly, an av-
erage value of dn/dC = 0.16 mL /g for polysaccha-
rides taken from the tables of Huglin? has been
used in order to make an approximate estimation of
the weight average molecular weight (M,,) and the
second virial coefficient A,. The dn/dC has a small
variation for a wide variety of polysaccharides.

Fluorescence measurements for evaluation of fi-

lipin exciton interaction were made as previously
described.”

RESULTS

Filipin in Buffer

Intensity light scattering measurements were made
on filipin dissolved in buffer (see experimental sec-
tion). Plots of the reduced scattered intensity (KC/
R,) were made as a function of sin?(8/2) as shown
for typical data at different concentrations in Figure
2a. The scatter in the points is relatively high owing
to the extremely low scattered intensity (about 50%
of that for pure benzene at 90° used for calibration).
For this reason each point has been measured five
times and the data shown in the respective plots
represent the average values. From the ratio of the
slope to intercept of the C = 0 line, the value of R,
= 110 nm was estimated.

The data from plots such as those in Figure 2a
are plotted vs concentration in Figure 2b for various
angles. The line for zero angle was used to estimate
the second virial coefficient: A; = 11.3 X 10 3 mL/
g. The common intercept for the C = 0 and 6§ = 0
lines in Figure 2a,b give M,, ~ 7 X 10°® g/mol. It
should be emphasized that these values are approx-
imate due to the data scatter at the very low con-
centrations that are accessible to measurement.

Analysis of dynamic light scattering data by La-
place inversion to obtain the relaxation time distri-
bution can prove illuminating and this approach has

been used widely in studies of polymer systems ( see,
for example, Ref. 19). Caution is necessary since
the presence of noise on the correlograms may lead
to spurious peaks. However, when the peaks are well
separated and the overall trends in the data are sys-
tematic, such an approach can yield additional in-
sights into complex systems in which several scat-
tering components are present. This is the present
situation. Although the scattering intensity is rather
low, the data are reproducible and the results of the
Laplace inversion (see, for example, Figure 3a) es-
tablish that the characteristic peaks are widely sep-
arated on the time scale and lead to systematic
trends.
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Figure 3. (a) Relaxation time distributions [7A(7) vs
log (7 /us)] from inverse Laplace transformation, for sev-
eral filipin concentrations. The vertical axis (not shown)
is A (7) to provide an equal area representation, allowing
direct comparison between different distributions. (b)
Typical correlation function (# = 90°; 25°C), obtained
for a filipin concentration of 30 uM, accumulated over
15 h.
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Table 1.
of Filipin®

Parameters Characterizing Filipin Aggregates and Cholesterol Micelles in the Presence

Experimental
Compound Solvent Approach Parameter Value Remarks
Filipin Buffer ILS R, (nm) 110
M-107% (g-mol™) 7
A;-10% (em® g™t 11.3
DLS Ry, (nm) 1.5 b
Ry (nm) 63 b
Ry 3 (nm) 2700 b
Ry, 7oc (nm) 1.5
Rh,17°C (nm) 15, 14
Rh,25ac (nm) 16, 32
Rh,37oc (nm) 14, 24
Buffer/Ethanol ILS R, .pp (nm) 585 dy,0 = 0.45
505 Py = 0.55
440 By = 0.65
DLS Ry opp (nm) 333 $y,0 = 0.65
373 By = 55; 45
1.5 ¢
Cholesterol Buffer ILS R, app (nm) 136-164 [F] (uM) = 0-29
DLS Ry pp (nm) 63-68 [F] (uM) = 0-26

* ®yy,0t volume fraction of water; DLS: dynamic light scattering; ILS: intensity light scattering. Unless otherwise stated, all values

were obtained at 25°C.

5 The relative weights of these components depend on the antibiotic concentration.

¢ Monomer/dimer (not present for all the values of ®y,).

Relaxation time distributions 7A (7) vs logr ob-
tained by ILT of the correlation curves (Experi-
mental) are shown in Figure 3a for filipin in buffer
at various concentrations. At the higher concentra-
tions (C > 7 uM), the distributions are two peaked,
while at C < 7 uM an additional very slow compo-
nent is apparent. The peak of shortest relaxation
time corresponds to the filipin monomer/dimer
having a hydrodynamic radius of about 1.5 nm cal-
culated using the Stokes—Einstein relationship from
the diffusion coeflicient at infinite dilution. The in-
termediate-sized aggregates have R}, ~ 63 nm and
the largest species Ry, =~ 2700 nm (Table I).

Figure 3b shows a typical correlation function for
the solution having C = 30 uM filipin. These data
were accumulated over 15 h at an average scattered
intensity of 0.4 kHz (angle = 90°; 25°C).

The collected data for the apparent hydrodynamic
radius (R},)ap, are displayed in Figure 4 in a loga-
rithmic plot (see also Table I). There is no signif-
icant concentration dependence.

Filipin / Ethanol Solutions

Static Light Scattering. The scattered intensity
passes through a sharp maximum in the range

$y,0 (fraction volume of water) = 0.40-0.75 as the
solvent composition is changed as is shown in Figure
5 for the intensity ratio vs volume fraction water.
The intensity has again fallen to a level approxi-
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Figure4. Hydrodynamic radii calculated from the data
in Figure 3a, using the Stokes—FEinstein relationship. The
fastest component has Ry, ~ 1.5 nm, and can be ascribed
to a filipin monomer/dimer. The second component has
R, =~ 63 nm. The slowest component corresponds to R},
~ 2700 nm.
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Figure 5. Absolute scattered intensities for filipin (20
#M) in buffer /ethanol mixtures, normalized for the vol-
ume fraction of water of ®y,0 = 0. The scattered intensity
passes through a sharp maximum in the range 0.40
< ®y,0 < 0.75. A critical dependence for the filipin aggre-
gates on solvent composition is also evident in Figures 7
and 8.

mately equal to that for the monomer /dimer above
(szO = (0.75.

The angular dependence of the reduced intensity
(C/I,) was determined for three compositions close
to the maximum (Figure 6). The values (R,).p
= 440 nm (CI)HZO = 065), 505 nm ((I)HZO = 055), and
585 nm (®y,o = 0.45) were found, demonstrating a
pronounced aggregation effect.

Dynamic Light Scattering. A typical correlation
function is shown for the mixture with ®y,0 = 0.45

60.0

40.0

(C/ryuM

.0 02 04 06 08 10
Sin2{6/2)

Figure 6. Reduced scattered intensity (relative to ben-
zene) C/I,, measured on the same samples as Figure 5,
corresponding to ®y,0 = 0.45 (M), ®y,0 = 0.55 (O), and
®y,0 = 0.65 (+). Apparent radii of gyration were estimated
from the ratio of the slope to intercept of the depicted
plots.

water in Figure 7a. Relaxation time distributions
are shown in Figure 7b obtained by ILT analysis of
the correlation functions. In the lower part of the
diagram covering the water volume fraction range
up to ®y,o = 0.25, the monomer/dimer form of fi-
lipin is dominant in intensity with an increasing
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Figure 7. Dynamic light scattering analysis over the
range 0 < $y,0 < 0.98. A correlation curve (corresponding
to ®y,0 = 0.45) is shown (a). The relaxation time distri-
bution obtained by ILT analysis of the correlation curves
are shown in (b). For the sake of simplicity, the ranges 0
< $y,0 < 0.25 (lower) and 0.25 < @y,0 < 0.98 (upper) in
part (b) were separated (the distribution corresponding
to $y,0 = 0.25 is depicted in both levels for ease of com-
parison). The vertical axis (not shown) is 74 (7) to provide
equal area representation.
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amplitude of an aggregated component of long re-
laxation time. In the upper part of Figure 7b, cov-
ering compositions $p,o = 0.25-0.98, the dominance
of the large aggregates in the range ®y,0 = 0.45-
0.75 is clearly shown, and corresponds to the inten-
sity maximum of Figure 5.

In terms of the hydrodynamic radius, R, ~ 1.5
nm for the monomer/dimer (Figure 8), while the
aggregates gave the following values: 333 nm
(¢H2O = 065) and 373 nm ((I)HZO = (.55 and (PHZO
= 0.45; see Table I).

Filipin / Cholesterol Interaction

Static Light Scattering. The intensity scattered by
filipin / cholesterol mixtures is independent of the
composition. Figure 9 shows that there is a smooth
increase in the apparent radius of gyration with in-
creasing filipin content. This trend is paralleled by
a corresponding increase in the hydrodynamic radius
(see below; Figure 9).

Dynamic Light Scattering. As demonstrated previ-
ously,'® the correlation function for cholesterol is
single exponential and the relaxation time distri-
bution single peaked. This situation prevails over
the entire concentration range examined in solutions
containing up to 30 uM filipin and 10 uM cholesterol.
Thus no major change to the conformation of the
cholesterol micelle occurs on addition of filipin. Fig-
ure 10 depicts the hydrodynamic radius as a function
of the concentration of filipin in a 10 uM cholesterol
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Figure 8. Hydrodynamic radii corresponding to the
data in Figure 7b. The value for the monomer/dimer is
R;, =~ 1.5 nm. The peaks for $u,o = 0.45 and Py,c = 0.55
are narrow, reflecting low polydispersity (cf. Figure 7b).
Typical aggregates for aqueous solutions appear only at
(I>H20 > 0.75.
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Figure 9. Apparent radii of gyration of cholesterol (10
uM) micelles in the presence of filipin. Apparent radii of
gyration were calculated by the method indicated in the
caption to Figure 6. )

solution. There is a significant increase in Ry, from
a value of Ry, = 63 nm with 0% filipin to 68 nm with
26 uM filipin both with a constant concentration of
cholesterol (10 uM; see Table I).

Influence of Temperature on Filipin Solutions in
Buffer

Dynamic Light Scattering. Figure 11 shows relaxa-
tion time distributions for a filipin solution (con-
centration 21 uM) in buffer. At 7°C the monomer/
dimer form of filipin is present but, with increasing
temperature, an aggregate form appears that re-
mains as the sole component at 37°C. The aggre-
gation process is only partially reversible: lowering
to temperature successively to 7°C leads to partial
retention of the aggregate peak.

80.0
70.04
- - -
E - - =
£ 1
o
»
60.0+
50.0- — . - —
0.0 100 200 30.0
[FV uM

Figure 10. Hydrodynamic radii (Ry,) of the cholesterol
(10 pM) micelles as a function of the filipin concentration.
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Temperature/’C

log (v/us)

Figure 11. Relaxation time distributions for a filipin
(21 uM) solution in buffer as a function of temperature.
Significant aggregation is seen as the temperature in-
creases.

The apparent hydrodynamic radii of the aggregate
peaks are summarized in Table L.

DISCUSSION

Plots of the inverse particle scattering factor [ P(q,
R)™'] vs q- R, have been made for various models
(sphere; coil and thin rod) using the relationships
given by Schmitz.?* These plots are shown in Figure
12. Data shown in Figure 2a at C = 0 for filipin in
buffer have been inserted and these suggest that an
extended conformation is more likely than a spher-
ical one. The data fall below the line for the rod,
however, probably owing to excess scattering from
dust /aggregates, and thus it is not possible to dis-
tinguish between the alternative models. We note
that the value of R,/R), = 1.75 is close to that for a
randomly coiling structure. Burchard et al.*® showed
that the ratio R,/ R) = 2.05 results for polydisperse
linear chains with excluded volume and 1.73 for
random coils under ideal solvent conditions.
Depolarized scattering measurements were at-
tempted, but these measurements proved prohibitive
at the low scattering intensities of the solutions. The
values of R, (110 nm) and M,, (7 X 10°) only indicate
that the aggregates are large but of a form that can-
not be clearly determined from the present data; for
this reason most of the discussion is focused instead
on changes found in the filipin aggregates under
various conditions. Calculation of the equivalent

hard-sphere radius, using the relationship®® R,
= [3Mv,y/(4wN,)1"/? with the above values of R,
and M., and using the partial specific volume v,
= 0.74 mL /g, gives R,y =~ 11 nm, which provides a
minimum dimension and emphasizes the aggregate
extension.

The relaxation time distributions show that there
is always an equilibrium with the monomer /dimer,
with a substantial number density excess of the
latter.

The present conclusions regarding the confor-
mation of the filipin aggregates broadly concur with
those made earlier,® i.e., that filipin forms aggregates
of large dimensions in buffer at concentrations
greater than approximately 1 uM. Anisotropy and
fluorescence qliénching experiments showed the ag-
gregates to be loose and open structures that is com-
patible with the labile structure suggested by the
changes in the relaxation time distributions as a
function of temperature. A similar structure has
been proposed for amphotericin B in the fungizone
preparation from the results of CD, uv-visible ab-
sorption, and static light scattering measurements.
This involves a close packing of a few molecules™
that assemble into a two molecule /unit cell helical
polymer?!® that is relatively labile and has a mass of
2 X 10° daltons and with R, = 60 nm."*

The results reported in this last reference on the
aggregation state of amphotericin B in water/
ethanol solutions are similar in some respects to

1/P(qR)

Figure 12. Inverse scattering factor for three model
shapes (sphere, ——; coil, —«—+~+— ; thin rod, ------ ).
The points are experimental data (zero concentration
values from Figure 2a). The R, value used for the exper-
imental data was R, = 110 nm, deduced from Figure 2a
(see text).
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those found here for filipin, although there are im-
portant differences. Thus in both systems there ex-
ists a “critical” region at 0.45 < $y,0 < 0.65, in which
there is a pronounced tendency for aggregation, and
the dimensions and distributions of the molecular
species are critically determined by the solvent,
demonstrating the role of solvent interactions on
the structure of the aggregate. This narrow range of
solvent composition is the only one where the
monomer /dimer of filipin is not detected. One may
speculate on the existence of intermolecular polyene
chain interactions that could explain the detection
of excitonic interaction between the chromophores
of filipin.” Aggregated filipin in buffer forms excitons
at concentrations near that regarded as its CMC (1
uM; Ref. 7). Considering the data in Figure 3a, the
shortest relaxation time can be assigned to small
aggregates with a size corresponding to the dimer
(see following paragraph) and for which the orien-
tations and proximities of the chromophores meet
the restrictions needed for exciton interaction. As
the concentration increases, the relative importance
of these small aggregates decreases due to the for-
mation of large labile aggregates, where these strict
restrictions are not met.’

A radius of 0.55 nm can be calculated for the fi-
lipin molecule from volume considerations, evalu-
ated by the method of Edward,?’ and a spherical
shape. The stacking of two molecules with a solva-
tion shell would correspond roughly to the measured
value of Ry = 1.5 nm.

The complex behavior detected for self-associated
filipin as a function of temperature (Figure 11) pro-
vides other evidence for the labile structure of the
aggregate. Critical temperatures are not detected in
the range 7-40°C, but there is a pronounced ten-
dency for aggregation as the temperature is raised:
monomer /dimer is the sole species present at 7°C
and only the aggregated form is detectable at 37°C.
The same was observed by Richtering et al.® in a
nonionic surfactant that forms percolation clusters
with an open structure.

Taken together, the present results show that the
aggregates of filipin are not micelles, i.e., there is no
well-defined geometry nor a well-defined CMC and
stable structures are not formed.

Archer® showed that, at 2°C the filipin sensitivity
of Mycoplasma mycoides subspecies capri is inde-
pendent of the membrane cholesterol content, in
contrast to the results at 20°C. Furthermore, at 2°C
sterol-free egg lecithin vesicles become very sensitive
to filipin and the presence of cholesterol in the ves-
icles does not increase the sensitivity further. Con-
sidering the results of the present study, the different

results obtained by Archer at different temperatures
may indicate a connection between the filipin ag-
gregation state and its eventual interaction with
membrane sterols.

Gruda and Dussault,** Tancrede et al.,*? and Bo-
lard et al.'® proposed a correlation between the ag-
gregation state of amphotericin B and its biochem-
ical action. However, while the first indicates that
ergosterol does not interact with monomeric am-
photericin B (a similar conclusion was reached by
Bolard et al.), the second group reported the op-
posite: monomeric antibiotics have an enhanced ca-
pacity to “bind” sterols. Both results were obtained
using the same method,® which was shown to be
incorrect because it does not probe sterol /antibiotic
interactions but rather antibiotic/antibiotic exciton
interactions.” OQur results clearly show that no major
alterations in the cholesterol micellar structure
formed under the used conditions (proposed to be
a long, thin, and stiff rod; Ref. 10) are induced in
the presence of filipin, independent of the filipin
concentration in the accessible range (and thus the
aggregation state ). This observation makes it clear
that filipin and cholesterol do not interact in a highly
specific manner in aqueous solution. Thus, the for-
mation of antibiotic/sterol complexes in aqueous
solution with a well-defined structure and stoichi-
ometry is ruled out. The reported “specificity” of
polyene antibiotics interaction with sterols, consid-
ered as the basic process of filipin’s antibiotic action
(see references in Ref. 7), needs reevaluation.

The increase in Ry, and R, of cholesterol micelles
with increasing concentration of filipin (Figures 9
and 10) suggests aggregate growth. This may either
mean adsorption of filipin at the cholesterol micellar
surface (similar to that which occurs at the surface
of cholesterol microcrystals; Ref. 7) or a stacking of
filipin (linear) chains at the ends of the micelles.
One may speculate that if the latter was the case,
more pronounced variations in the detected param-
eters would be expected (namely, an increase in the
ratio R,/ R),). The absence of exciton interaction in
the systems studied precludes conclusions on this
matter. However, it can be speculated that the many
hydroxyl groups on the cholesterol micelle surface
will cause a random clustering to particles of low
mean segment density, similar to the association of
nonionic micelles that was studied by Richtering et
al.Z According to the law of mass action, association
should increase when the overall concentration is
increased. This is the effect observed when filipin is
added to cholesterol micelles, as well as the effect
observed with the aggregation of filipin itself.

The conclusions reached in this study, together
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with those of our previous studies and recently pub-
lished works,® suggest a need to reevaluate the bio-
chemical mode of action of filipin. Alternative mod-
els have been put forward. Krawczyk and
Cukierman® proposed that filipin is involved in the
formation of ion channels in lipid bilayers containing
cholesterol, based on transmembrane conductance
measurements. Milhaud® proposed permeability in-
duction in the interfacial region at the boundaries
of the filipin~phospholipid domains, independent of
the presence of cholesterol. In biological systems,
the action of filipin is more complex. The interaction
of the polyene antibiotic filipin with membrane cho-
lesterol inhibits membranous enzyme systems
differentially® and lysis is not involved. Possibly
filipin has only generalized actions at the membrane
level, without a specific target.
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