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Implication for a Model of Action

Silvia C. D. N. Lopes," Erik Goormaghtigh,* Benedito J. Costa Cabral,® and
Miguel A. R. B. Castanho*!!

Contribution from the Centro de Quica-Fsica Molecular, Instituto Superior “Eaico,

Av. Ravisco Pais, 1049-001 Lisboa, Portugal; Structural Biology and Bioinformatics Center,
Structure and Function of Biological Membranes Laboratory, CP206/2, Freedusity of
Brussels (ULB), Bld du Triomphe, B-1050 Brussels, Belgium; Departamento deic@ue

Biogumica da Faculdade de Qieias da Uniersidade de Lisboa, Campo Grande,
Ed. C8, 1749-016 Lisboa, Portugal and Grupo dsiEa Mateméca da Uniersidade de
Lisboa, A. Prof. Gama Pinto 2, 1649-003 Lishoa, Portugal; and Centro déndca e

Biogumica da Faculdade de Qieias da Uniersidade de Lisboa, Campo Grande,
Ed. C8, 1749-016 Lisboa, Portugal

Received December 17, 2003; E-mail: castanho@fc.ul.pt

Abstract: The organization of the polyene antibiotic filipin in membranes containing cholesterol is a
controversial matter of debate. Two contradictory models exist, one suggesting a parallel and the other
perpendicular organization of filipin with respect to the plane of the membrane. UV—vis linear dichroism,
ATR-FTIR, and fluorescence anisotropy decay techniques were combined to study the orientation of filipin
in model systems of membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
or 1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC) with and without cholesterol. Filipin’s orientation is
determined by the presence/absence of cholesterol when it is inserted in gel crystalline phase model
membranes. When cholesterol (33%) is present in DPPC bilayers, filipin stands perpendicular to the
membrane surface as expected in “pore-forming” models. At variance, absence of cholesterol leaves filipin
in an essentially random organization in the lipidic matrix. In liquid crystalline phase bilayers (POPC) filipin's
orientation is perpendicular to the membrane surface even in absence of cholesterol. Thus filipin’s activity/
organization depends not only on cholesterol presence but also in the lipid phase domain it is inserted in.
These findings were combined with spectroscopy and microscopy data in the literature, solving controversial
matters of debate.

Introduction pore formation. However, until now filipin’'s organization in
membranes and the role of cholesterol in such organization

Filipin is a pentaene macrolide antibiotic with antifungal ; ) h 4 Iastina” model
properties that cannot be used as a therapeutic agent, at variand€mains an open question. There are two “long-lasting” models

with other polyene antibiotics, such as Nystatin and Ampho- proposed for the organization of filipin i_n membrant_es: @ fiIipin_
tericin B! Filipin is toxic to mammals, even at low concentra- and cholesterol are packed at the bilayer core in a 1:1 ratio,

tions, and promotes the leakage of components from vesiclesparallel to egch other, as well as paralle| to the membrane’s

containing cholesterdl surface forming large aggregatéBigure 1A; hereafter referred
For other polyenes, such as Nystatin and Amphotericin B, to as the de K“_Jijff‘s _rT_]qdeI), and (2) formatio_n of two groups

the pore formation in lipid bilayers in the presence of sterol is of four associations filipin:cholesterol at the bilayer surface, in

consensud? although recent alternatives were proposed. & 1:1 ratio and perpendicularly oriented with respect to
Linear dichroism studiéonfirmed the orientation needed for MeémPrane’s plarfe(Figure 1B; Elias' model). Both models
differ in filipin and cholesterol orientation, as well as in
T Centro de Qimica-Fsica Molecular, Instituto Superior Taico. antibiotic location in the lipidic bilayer. Although filipin is

* Structural Biology and Bioinformatics Center, Structure and Function jnserted in the bilayer core as suggested in De Kruijff's médel
of Biological Membranes Laboratory, Free University of Brussels. ientati . ti Orientati :
§ Departamento de Qmica e Bioqumica da Faculdade de Qieias da orientation remains an open queston. Orientation can, In

Universidade de Lisboa, Portugal and Grupo dsida Matemtica da principle, be used to confirm, or not, the validity of these models.

Universidade de Lisboa. in hi i i

I'Centro de Qimica e Biogumica da Faculdade de Tieias da In ]f9.86.’ BOlarq wrote IT his comprehenswe review on polyene
Universidade de Lisboa. antibiotics actioh that “further studies are therefore needed
(1) Bolard, J.Biochim. Biophys. Actd986 864, 257. which would indicate the orientation of filipin”. This need stands
(2) Andreoli, T. E.Ann. N. Y. Acad. Scil974 234, 448. d
(3) De Kruijff, B.; Demel, R. A.Biochim. Biophys. Acta974 339, 57. up-to-date.
(4) Venegas, B.; Gorifez-Damia, J.; Celis, H.; Ortega-Blake, Biophys. J.

2003 85, 2323. (6) Elias, P. M.; Friend, D. S.; Goerke, J.Histochem. Cytochemi979 27,

(5) Lopes, S.; Castanho, M. A. R. B. Phys. Chem. B002 106, 7278. 1247.
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Figure 1. Schematic representation of the models proposed by De Kruijff
and Demel (A) and Elias et al. (B) for filipin’s organization in membranes,

where black rectangles represent filipin molecules and open rectangles
represent cholesterol molecules.

On the other hand Dufourc and Snfittoncluded that some
molecules of cholesterol were perpendicular orientated with
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Figure 2. Theoretical (B) and experimental infrared spectra of [filipin]

respect to the lipid membrane’s plane and speculated that filipin 10 mg/mL in a Germanium plate (A). Filipin molecules (C) have©

would lye parallel to sterols. Later work rendered the filipin
mode of action more controversial when they revealed that
filipin interacts with membranes without ster8i$Moreover,
partition coefficient to the gel crystalline phase is bigger than
to liquid crystalline phas.

It is our goal to determine the orientation of Filipin in model
system of membranes and how it is influenced by cholesterol.
For that, we used a combination of BWis Linear dichroism
(UV—vis LD), time-resolved fluorescence anisotropy, and
attenuated total reflection-Fourier transform infrared spectros-
copy (ATR-FTIR). This combination allowed us to obtain
orientational probability density functions for different lipidic
systems (with and without cholesterol).

Experimental Section

Filipin Complex and cholesterol were from Sigma Co. (ST. Louis,
MO) and used with no further purification. NBD-Cholesterol was from
Molecular Probes (Eugene, OR). All lipids were from Avanti Polar
Lipids (Alabaster, AL) and the solvents were from Merck (Darmstadt,
Germany) with spectroscopic grade.

UV—Vis Linear Dichroism Studies. Samples of aligned lipid
multilayers (with or without cholesterol) were obtained as described
in ref 10. The final molar ratios of lipid to filipin and lipid/cholesterol/
filipin was 5:1 and 4:1:1, respectively.

UV —vis absorption and fluorescence measurements were carried out

as described in ref 10. Namely, second rank order paramekefs,
were obtained from electronic absorption in aligned multibilayers.
Fourth rank order parameter®,[] were obtained from fluorescence
emission in aligned multibilayers, provided th&@P.[]is known.
Excitation and emission wavelengths were, respectively, 337 and 48
nm.

Details regarding this methodology can be found elsewtfere.
Buffer: Tris 50 mM pH 7.4, 150 mM NacCl. All measurements were
carried out at room temperature.

(7) Dufourc, E. J.; Smith, C. Biochemistryl985 24, 2420.
(8) Milhaud, J.Biochim. Biophys. Actd992 1105 307.
(9) Castanho, M. A. R. B.; Prieto, M. J. Eur. J. Biochem1992 207, 125.
(10) Castanho, M. A. R. B.; Lopes, S.; Fernandes Sgectroscop2003 17,
377.

double bonds forming a 3@&ngle relative to the pentaene axis, which was
considered to convefP,[]in [P.[J(see ATR-FTIR studies section).

ATR-FTIR Studies. A germanium plate was used for the ATR-
FTIR measurements and its cleaning and sample films preparation,
obtained by evaporation of the solvent, were done as described in ref
11. Buffer: HEPES 2mM, pH 7.4. All measurements were carried out
at room temperature.

The final molar ratios of lipid to filipin and lipid/cholesterol/filipin
were 5:1 and 4:1:1, respectively, as in Y\s Linear dichroism studies.

ATR-FTIR spectra were recorded on a Bruker Equinox IR spectro-
photometer equipped with a liquid nitrogen cooled detector and a
polarizer mount assembly under computer control. Backgrounds of the
internal reflection element were collected for each polarization and
subtracted to the samples spectra afterward. A total of 256 scans were
averaged for each spectrum to improve signal/noise ratio avit cnt*
resolution. The spectrometer was continuously purged.

A more detailed description of the data analysis methodologies can
be found elsewherg.Second rank order parameters are calculated from
IR absorption of selected bands with orthogonal incident beam
polarizations. Simulated filipin molecular structure (see description in
this section) shows that=€C bonds orientation relative to the pentaene
axis varies between 2&nd 32. Second rank order parameters relative
to C=C stretching,[,(, was converted to the pentaene axis (the
electronic absorption molecular axis.L[] using

3codl’ — 1

P,= 5

[P0 @

where[P,Jand (P,[l refer to axis with relative orientatiof between

othem.¢" was considered 30(Figure 2).

Anisotropy Decay Studies.Anisotropy decay measurements were
carried out with a time-correlated single-photon counting system. For
excitation of the systems with filipin at 324 nm, a frequency doubled,
cavity pumped dye laser of 4-dicyannomethylene-2-methy-6-(
dimethylaminostyryl)-4H-pyran (DCM), synchronously pumped by a
mode-locked At laser (514.5 nm, Coherent Innova 4000) was used.

(11) Goormaghtigh, E., Raussens, V.; Ruysschaert, Bidthim. Biophys. Acta
1999 1422 105.
(12) Ward, I. M.Adv. Polymer Sci1985 66, 81.
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The emission wavelength was 478 nm, and a Hamamatsu R-2809 MCP “v"
photomultplier was used for the detection.

Samples were obtained by the extrusion methadth filipin and
lipid (or lipid + cholesterol) concentrations of 0.1 mM and 3 mM,
respectively. Data treatment was made as described in ref 14 but
accounting for the fraction of filipin in the aqueous phase. When the
fluorophores partition between lipidic (L) and aqueous (w) phases, the
average ensemble anisotropy.f) is an intensity-weighted average
of the contribution from the fluorophores in each environment

Motal(t) = Tw(OF(0) + r O ) @

wherer,(t) andr.(t) are the anisotropy decays in aqueous and lipid
phase, respectivelyfi(t) stands for the fractional time-dependent
intensities for filipin in each environment (aqueous, w, or lipid, L) and
is determined by the decay functions. Considering that filipin in lipidic/
aqueous systems has multiexponential fluorescence decays

Figure 3. Orientation of the dipole momeni (= 12.6 D) of filipin.

nuclear interaction energies, and. is the Coulombic interaction
between the electrong,Jp] is the exchange-correlation functional of
the electronic density. For this last contribution we have adopted the
Becke’s 3-parameter hybrid exchange-correlation functidmath the

f.()= yxw X Oy €Xp( Ury) 3) Lee—Yang—Parr (LYP)?° a combination usually represented by
" zamtal,j exp(= Uty ) Becke3LYP. The DFT calculations have been carried out with the

6-31G(d) basis sét This theoretical level is denoted by Becke3LYP/
(the molar fraction of filipin in agueous phass,, can be calculated 6-31G(d).
from the published partition coefficient$? parametersx andz are The starting point for the DFT geometry optimization of filipin was
the normalized preexponential and lifetime parameters obtained from based on the AM1 semiempirical meth&d® Harmonic frequency
the fit of multiexponential functions to the fluorescence decay of filipin ~ calculations were then carried out and the optimized geometry has been

in buffer or lipidic vesicles suspension subscripts w and total, characterized as a local minimum on the potential energy surface, i.e.,
respectively). Thus the meaningful fluorescence anisotropy decay, whichall frequencies are real. Harmonic DFT frequencies were not scaled
is selectively related to the filipin inserted in the lipid phase is although some auth@fg®indicate the DFT frequencies should be scaled
to correct for anharmonicity effects. The calculations (AM1 and DFT)
MotalD — Tu(®) X ry(®) were carried out with the Gaussian-98 progf@m.
rn(®= 1—f,(t) (4) The geometry of filipin is characterized by a chain of OH...O

hydrogen bonds (Figure 3). OH...O distances are quite similar and equal
Although it was not possible to calculate the fourth rank order parameter t0 1.803 A. This value is shorter than the OH...O distance in the water

from complex decays, which could not be fitted by the Mitchell and _dimer ~1.93 A) an_d it is related to nonadditive polariz.atio'n effects
Litman'4 equations, the second rank order parameter was obtained frominduced by the chain of OH...O hydrogen bonds. Polarization effects

the fluorescence anisotropy, in the limit of infinite time, r.,16 and the structure of the OH...O chain are at the origin of the strong
dipole moment of filipin ¢ = 12.6 D). The orientation of is
r, = roP, P~ [Pz'j (5) represented in Figure 3.

The three most intense vibrational modes of filipin are associated
wherer is r at time 0 and equals 0.4 if the absorption and emission With internal modes of the OH...O chain. They are the OH stretching
transition moments are parallel, which is a reasonable approximation (Vs((O—H) = 3549 cm), and two OH bending modestnd O—H))
for filipin. 77 The subscript refers to the director axis in macroscopically ~ at 1524 and 582 cr, respectively. €C stretching modes in filipin
isotropic samples, which may eventually differ from the one in aligned @€ characterized by harmonic frequencies in the $60W0 cnt*
samples (not the case in this worksee results section). The superscript  Fange. However, these modes show a relatively low intensity (less than
* refers to the excited-state orientational distribution. We assiitsieé 5%).
= [Py*l

All studies were made at pH 7.4 in TRIS 50 mM NaCl 150 mM
buffer solutions. Fluorescence anisotropy studies in suspended lipidic (1) UV—Vis Linear Dichroism. The molar fraction of filipin
vesicles of DPPC or POPC (with or without cholesterol) were carried incorporated in aligned multibilayers of DPPC #s0.99,
out at 50°C or room temperature, respectively.

Computational Details and Theoretical Results.To investigate (19) Becke, A. D.J. Chem. Phys1993 98, 5648.

. . . (20) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1992 45, 13 244.
the vibrational spectrum of the filipin molecule, a full geometry  (51) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.
optimization based on Density Functional Theory (D¥T)as carried (22) Dewar, M. J. S. E.; Zoebisch, G.; Healy, E.J-Am. Chem. Sod.985

)
)
out. In this approach, the total energy of the system is represented by(23) 1D0e7\}v§?0l\3l- J.S.; Reynolds, C. H. Gomput. Chem1986 2, 140
&3 ) ; , \
Lett. 1997, 270, 419.
)
)

Results

Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, Lkem. Phys.
(25) Bauschlicher, C. W., JChem. Phys. Lett1995 246, 40.
(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

whereVyy is the nuclearnuclear interactioriH®©REis a monoelectronic A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratman,

— ; ; P R. E.; Burant, J. C.; Dapprich, S.; Millan, J. M.; Daniels, A. D.; Nudin, K.
contribution to the total energy, including electron kinetic and eleetron N.: Strain. M. C.: Farkas, O.: Tomasi. J.: Barone, V. Cossi, M.: Cammi,

R.; Mennuci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

E = Vi + H* "+ Ve + Ep] (6)

(13) Hope, M. R.; Bally, M.; Webb, G.; Cutlis, Biochim. Biophys. Acta985 Peterson, G. A.; Ayala. P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
812 55. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ciolowski, J.; Ortiz, J.

(14) Mitchell, D. C.; Litman, B. JBiophys. J.1998 74, 879. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;

(15) Castanho, M. A. R. B.; Prieto, MBiophys. J.1995 69, 155. Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

(16) Johansson, L. B.-AChem. Phys. Lettl985 118 516. C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;

(17) Shang, Q.; Hudson, B. S.; Dou, Nature 1991, 352 703. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

(18) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules M.; Repogle, E. S.; Pople, J. A. GAUSSIAN-98, Gaussian Inc., Pittsburgh,
Oxford Uninversity Press: Oxford 1989. PA, 1998
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Table 1. Second and Fourth Rank Order Parameters ([P-CJand
[P4[) respectively) Values Obtained for Filipin Inserted in Selected
Lipid Membranes from Different Optical Spectroscopic
Techniques?

system phase description m,0 @0 techniques involved
DPPC gel crystalline 0.328 0.169 ATR-FTIR/UWis LD
0.346 0.215 UW-visLD
DPPC+ liquid ordered 0.732 0.888 ATR-FTIR/UWis LD
33%Chol 0.660 0.713 anisotropy decay/
UV—vis LD
DPPC 50°C liquid crystalline 0.427 0.543 anisotropy decay
POPC liquid crystalline 0.625 0.547 anisotropy decay

aWhen [P,0and [P,Cwere obtained from different techniques, the last
column indicates both techniques separated by “/” (the technique involved
in [P,Jdetermination is always mentioned first).

f(¥)*sin(p)

¥IDegrees

Figure 4. Probability density functions for filipin in DPPC multilayers at
room temperature (gel crystalline phase; function obtained from ATR-FTIR)
(A), DPPC+ 33% Cholesterol (function obtained from anisotropy decay)
(B) and POPC (liquid crystalline phase; function obtained from anisotropy
decay) (C). DPPC 50C distribution is similar to C. A and B are similar

to the functions obtained from the alternative methods mentioned in Table
1. W is the angle between the polyene chain axis and the director axis
(bilayer’s surface normal axis).

estimated from a partition coefficient &f, = (3.4 + 0.8) x

1 for filipin in DPPC small unilamellar vesicl&sand
considering equal volumes of aqueous and lipidic ph#sEse
small fraction of filipin molecules in aqueous phase prevents
biasing of P,Uresults. Moreover, the small quantum yield of
filipin in aqueous phase makes its contribution to emissior-Uv
vis linear dichroism[P4[) even less important. The second and
fourth rank order parameters of filipin in aligned DPPC
multibilayers are presented in Table 1. The corresponding

in the aqueous phase at the early stages of the decay (eq 4).
The results are in Table 1. Nevertheless, one should be cautious
when interpreting fluorescence anisotropy dichroism data

because the reference orientation axis (director axis) is not

always perpendicular to the lipidic bilayer platfdn this work,

the director axis in suspended vesicles and macroscopically
aligned samples are coincident because the orientational pa-
rameters obtained in both systems (from fluorescence anisotropy
decays and linear dichroism methodologies, respectively) results
are in close agreement (Table 1).

Order parameters were also calculated for filipin inserted in
POPC membranes (Table 1), which are in liquid crystal state.
Incorporation in LUV’s in this case is 63% moldf{= (7.7 +
2.2) x 10%). However, both POPC and DPPC membranes
containing cholesterol led to complex filipin fluorescence
anisotropy decays, which could not be adequately fitted by the
modified Mitchell and Litman equations (Figure 5). In these
casesP,[cannot be known butP,[can be calculated from the
anisotropy limit att = o (eq 5).

(3) ATR-FTIR Linear Dichroism. Theoretical background
studies of the filipin vibrational dynamics and simulated IR
spectrum (Figure 2) enabled band assignment. THeCC
stretching band is located at 1600 chin agreement with ref
29 and its intensity depends on the exciting beam polarization
(Figure 6). The corresponding second rank order parameters
are presented in Table 1 for several multibilayers lipidic systems.
The [P,0values obtained by ATR-FTIR spectroscopy are in
close agreement to the ones obtained with-té Linear
dichroism in DPPC multilayers with and without cholesterol.

Discussion

(1) Role of the Lipid Phase Filipin has the unusual property
of having a larger partition coefficient to the gel crystalline phase
than to liquid crystal phaség(gel crystalline phaser (3.4 +
0.8) x 10° andK(liquid crystal phasey (7.7 + 2.2) x 10?
for filipin in DPPC small unilamellar vesicle$)so studying its
orientation in the gel crystalline phase is of major importance.
Discussion in the literature has been mainly dedicated to the
cholesterol presence, but lipidic phase may also play a role.
Recently, a similar effect was proposed for the polyene antibiotic
Amphotericin B?

Second and fourth rank order parameteiB[(land (P40
respectively) of filipin inserted in the gel crystalline phase

orientational probability density function is presented in Figure bilayers (DPPC) obtained by different techniques (see Table 1)
4. This function needs no correction because the molecular|ead to similar density probability functions. These functions
polyene axis is almost parallel to the electronic transition are proad and there is no clear preferred orientation. In gel
moment:” (P;[Jof NBD-cholesterol £ = 425 nm) in multi-  crystalline phase lipids without cholesterol, filipin is in an
bilayers of DPPC is 0.5, regardless of the presence of filipin essentially random organization in the lipidic matrix (Figure
and cholesterol content. 4). At variance, filipin in liquid crystalline bilayers (both DPPC
(2) Fluorescence Anisotropy DecaysThe application of 5t 50 °C and POPC at room temperature, Table 1) lies
UV—vis linear dichroism to DPPC membranes containing preferentially almost perpendicular to the membranes plane
cholesterol did not suffice to obtailiP,lJand (Ps0due to the  (Figure 4). The broad distributions in the gel crystalline phase
significant turbidity of the samples, which largely bias electronic systems become significantly narrower in the fluid systems.
absorption data. Fluorescence anisotropy decay analysis was A small contribution at angles 86 W < 90° is obtained in
used to overcome this problem. Second and fourth rank orderpopc and DPP@ Cholesterol (33%). As discussed in previous

parameters can be directly obtained from the fitting of anisotropy \york<$:390ne cannot rule out the hypothesis that this contribution
decay data in suspended vesicles (LUVs) with the equations

presented by Mitchell and Litm&hwith adaptations to account
for the significant contribution of filipin molecules presented

(28) Toptygin, D.; Brand, LJ. Fluor. 1995 5, 39.

(29) Bellamy, L. J.Infrared Spectra of Complex Molecule€hapman and
Hall: New York, 1975.

(30) Lopes, S.; Fernandes, M. X.; Prieto, M.; Castanho, M. A. RJ.B2hys.
Chem. B2001, 105 562

(27) Nagle, J. F.; Tristam-Nagle, 8iochim. Biophys. Act200Q 1469 159.
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Figure 5. Fluorescence anisotropy decays (open circles) for filipin inserted in LUV’s of POPC or DPPC, with and without cholesterol fibplninM;
[lipid] or [lipid + cholesterol= 3 mM). DPPC - 50°C; POPC - room temperature. Anisotropy decays in POPC and DPPC LUVs without cholesterol were
fitted (solid line) as described in the Experimental Section and detailed in Supporting Information document in the internet. Cholesteirnd cantaies
data showed complex decays and could not be fitted.

tion broadness). It can be argued that this is a consequence of
the reorientation not only of filipin molecules, but also of the
cholesterol molecules. To clarify this point, we performed-"Vv
vis Linear Dichroism experiments of NBD-cholesterol inserted
in DPPC multilayer systems with or without filipin and
cholesterol.P,[is constant £0.5) in all cases, meaning that
cholesterol it-self is not reoriented by filipin, maintaining its
perpendicular orientation relative to the bilayer surfacaur
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ results (Figure 4) are in agreement with the proposed model by
Elias et af in orientational terms. Nevertheless, previous
A A result$s show that filipin location is not the one predicted by
Elias et al. The De Kruijff's modélis better in this regard,
| ! | although it does not consider the correct orientation of filipin.
1600 1500 1400 Moreover, subtraction of cholesterol from the palisade (Figure
cm-! 1B) does not seem reasonableA new model is proposed,
Figure 6. C=C stretching band located at1600 cn1* for filipinin DPPC/  which considers the lipidic phase and cholesterol presence as
Cholesterol (33%) multilayers at pH 7.4 in 2mM HEPES buffer and its oy modulators of filipin action (Figure 7). Our results are also
intensity dependence on the excitation beam polarization--(Rarallel . . . .
Polarization; B— Perpendicular Polarization and -€ Dichroic ratio; the in agreement with previous published restiltthat show the
yy scales were differentially shifted for the sake of clarity). extent of filipin incorporation in lipidic bilayers is also dependent
on the membrane phase and sterol presence.

Pore-like structures are not formed by filigid,at variance
with other polyene antibiotics such has Nystatin and Ampho-
tericin B, probably due to the lack of charged hydrophilic bulk
groups, which would enable anchoring at the membrane
interface. It was recently proposed that membrane phase plays
a role in the biological action of Amphotericin BCombined

nce (a. u.)

Absorba

1800 1700

is spurious. The typical random errors may turn unimodal
functions into apparent bimodal on&sHowever the relative
area of the 90 contribution is small and therefore disregarded
in our analysis.

(2) Role of Cholesterol. Second and fourth rank order
parameters of filipin inserted in DPP€ 33% molar cholesterol . = n A G )
(liquid-ordered phase) obtained by different techniques (see With our findings, this information suggests that membrane
Table 1) show no significant differences. Both probability fUidity changes are ubiquitous modulators of the polyene
density functions are narrow and bimodal. It is clear from Figure &ntibiotic action.

4 that the sterol contributes not only to a reorientation of filipin
(average orientation angle) but also to its order degree (distribu- (32) Onki. Ki Nozawa, .; Ohnishi, S. Biochim. Biophys. Actd979 554

(33) Castanho, M. A. R. B.; Prieto, M.; Jameson, D.Bibchim. Biophys. Acta
(31) Bos, M. A;; Kleijn, J. M.Biophys. J.1995 68, 2566. 1999 1419 1.
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Figure 7. Filipin model of action Gel crystalline phase membranes (A)
are characterized by the presence of line deféatdhich tend to host filipin
randomly oriented at the core. When the lipidic phase changes to a liquid
crystal (C), filipin is under the influence of the orientational potentials
imposed by the acyl chairf8.The antibiotic lays perpendicular to the
membrane surface and remains at the center of the bitAyéilhaud et

al.8 suggested that filipin would form ordered and rigid domains (darker
circles) No extensive alteration of the membrane morphology is observed
when cholesterol is not preseftHowever, cholesterol interacts with
filipin 1541 forming extensive protrusions in the membrane surfd¢tanel

B combines this information with orientational data. The simultaneous
effects of filipin presence closer to the interface and fluidity heterogetieity

generates surface tension in the bilayers and concomitant appearance o

speculated that filipin could have its action attributed to lipid
rafts destruction in biological membranes. Those authors
overlooked filipin preference for rigid membranes but this may
be a key experimental result supporting their ideas. Although a
filipin orientation perpendicular to the membrane surface is
compatible with a pore-forming model similar to the one adopted
for other polyene antibiotics such as Amphotericin B and
Nystatin® permeability, and other data are fdt.is reasonable

to expect that filipin action interferes with lipidic rafts due to
the mixed effect of cholesterol presence and increased bilayer
rigidity.33 Nevertheless, this interference probability does not
account for all the biological action of filipin because perme-
ability changes are detected in artificial membranes where rafts
do not exist. Moreover, this work shows that filipin forms highly
organized structures in single-lipid bilayers, which suggest a
specific function.

Figure 7 depicts our filipin model of action proposal. Gel
crystalline phase membranes (Figure 7A) are characterized by
the presence of line defects,which tend to host foreign
molecules, segregated by the ordered and rigid lipidic acyl
chains palissades. Filipin is no exception; although a high
partition coefficient into gel crystalline phase membranes was
measured® DSC techniques show that filipin is not miscible
with gel crystalline phase bilaye?$ Without the influence of
the orientational forces imposed by the lipidic acyl chains, filipin
is randomly oriented. Neverthless, the bilayer core center is the
preferred locatioA>38When the lipidic phase changes to a liquid
crystal (Figure 7C), line defects disappear and the membrane
is fluid. Filipin is not segregated and is thus under the influence
of the orientational potentials imposed by the acyl ché&ins.
Filipin is now oriented perpendicular to the membrane surface

protrusions, as seen in microscopy experiments (ref 40 and references(Figure 4) at the center of the bilay&mMilhaud et al® suggested
therein). In agreement with our reasoning, membrane protrusions are mostthat filipin would form ordered and rigid domains (lipids with

likely to occur in the interface between membrane regions having different
fluidities.*?

Conclusions

The orientation of filipin in gel crystalline phase membranes
is determined by the presence/absence of cholesterol;

Cholesterol maintains its orientation regardless of filipin
presence in the system;

Cholesterol modulates the antibiotic orientation, narrowing
its distribution and reducing the mean angle;

The two models proposed so ¥&rfor the action of filipin at
the molecular level are not satisfactory. While De Kruijff's
model proposes the correct filipin location (bilayer cérdyjut
incorrect orientation, Elias’ model proposes the correct orienta-
tion but incorrect location. Neither model accounts for filipin
interaction with sterol free membranes, nor consider that the
peculiar feature of filipin preference for more rigid membranes
may play a role. Milhau#f proposed a topologically structured
action of filipin in sterol-free membranes were filipin-rich (rigid)
and filipin-depleted (fluid) areas would coexist. The borders of

darker circles in panel C of Figure 7) in which borders leakage
could occur. Our results, showing a highly ordered filipin
orientational distribution, nearly perpendicular to the membrane
surface, support this hypothesis. No extensive alteration of the
membrane morphology is observed when cholesterol is not
present'?

Cholesterol interacts with filipit¥41 forming extensive pro-
trusions in the membrane surfatePanel B of Figure 7
combines this information with orientational data (Figure 4).
Filipin is shifted by cholesterol toward the bilayer surféc@
and pure lipid phase transitions are partially recovétdsilipin-
rich areas of the membrane are therefore more rigid than the
rest, which is liquid-ordered. The simultaneous effects of filipin
presence closer to the interface and fluidity heterogeneity
generates surface tension in the bilayers and concomitant
appearance of protrusions, as seen in microscopy experiments
(ref 40 and references therein). In agreement with our reasoning,
membrane protrusions are most likely to occur in the interface
between membrane regions having different fluidifies.
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no information on the molecular organization of filipin was
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