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permeabilization, budding, and the change in lipid phase.

shape of the saponin.
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(Background: The triterpenoid monodesmosidic saponins, «- and 8-hederin, induced membrane permeabilization.
Results: The membranous cholesterol and the sugars branched on the aglycone, hederagenin, are critical for membrane

Conclusion: Permeabilization and budding are dependent on the interaction of saponin with cholesterol and the molecular

Significance: Induction of curvature by saponins is responsible for permeabilization and budding.

N
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The interactions of triterpenoid monodesmosidic saponins,
a-hederin and 8-hederin, with lipid membranes are involved in
their permeabilizing effect. Unfortunately, the interactions of
these saponins with lipid membranes are largely unknown, as
are the roles of cholesterol or the branched sugar moieties (two
for a-hederin and one for 8-hederin) on the aglycone backbone,
hederagenin. The differences in sugar moieties are responsible
for differences in the molecular shape of the saponins and the
effects on membrane curvature that should be the most positive
for a-hederin in a transbilayer direction. In large unilamellar
vesicles and monocyte cells, we showed that membrane permea-
bilization was dependent on the presence of membrane choles-
terol and saponin sugar chains, being largest for a-hederin and
smallest for hederagenin. In the presence of cholesterol, a-hed-
erin induced the formation of nonbilayer phases with a higher
rate of Brownian tumbling or lateral diffusion. A reduction of
Laurdan’s generalized polarization in relation to change in
order of the polar heads of phospholipids was observed. Using
giant unilamellar vesicles, we visualized the formation of
wrinkled borders, the decrease in liposome size, budding, and the
formation of macroscopic pores. All these processes are highly
dependent on the sugars linked to the aglycone, with a-hederin
showing a greater ability to induce pore formation and 8-hederin
being more efficient in inducing budding. Hederagenin induced
intravesicular budding but no pore formation. Based on these
results, a curvature-driven permeabilization mechanism depend-
ent on the interaction between saponin and sterols and on the
molecular shape of the saponin and its ability to induce local spon-
taneous curvature is proposed.

Saponins are widely distributed in nature and are known for
their physiological, immunological, and pharmacological prop-

=1 This article contains supplemental Materials and Methods, Results, and
Figs. 1-3.
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erties (1). All of these properties have led to considerable clin-
ical interest in these substances. Currently, however, the mech-
anisms of action involved in these effects are not completely
understood.

Saponins can be classified as either monodesmosidic or
bidesmosidic, based on the number of branched sugar chains
on the aglycone, as well as into steroid or triterpenoid saponins,
depending on the carbon numbers on the aglycone backbone.
a-Hederin (also called kalopanaxsaponin A) (2) is a monodes-
mosidic triterpenoid compound with an a-L-rhamnose-(1—2)-
a-L-arabinose sugar chain attached at C3 of the aglycone, hed-
eragenin (Fig. 1). a-hederin was first isolated from the leaves of
Hedera helix (3). This molecule possesses strong hemolytic
activity (4, 5) and cytotoxicity against in vivo tumors; in addi-
tion, it has in vitro effects on various cancer cell lines, which
could result from apoptosis (2, 6, 7) and/or membrane altera-
tions (5, 8).

The potential of saponins to interact with biological mem-
branes has drawn much attention. In particular, the interaction
with cholesterol has been suggested to be involved in the mem-
brane permeabilization by monodesmosidic saponins with a
sugar moiety at C3 (9, 10).

Sterols are essential components of eukaryotic membranes.
They enable the cells to modulate the physical properties of
membranes in relation to their biological functions (11),
including the dynamics and regulation of metabotropic recep-
tors (12). In the mammalian plasma membrane, cholesterol is
the most abundant sterol (20 —40% mol/mol).

This work aimed to study the interactions of a-hederin
and its derivatives that lack one or two sugars (6-hederin
(hederagenin 3-O-a-L-arabinopyranoside) and hederagenin)
(Fig. 1) with cholesterol and to identify their membrane per-
meabilizing ability. To understand the molecular mecha-
nism involved and to establish a model explaining their
ability to induce membrane permeabilization, we used com-
plementary information afforded by lipid models of mem-
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a-hederin

0-hederin

FIGURE 1. Left panels, two-dimensional chemical structures of a-hederin, 5-hederin, and hederagenin. Right panels, three-dimensional structures and molecular

shape of minimized energy (view on the C3 residue of the molecule).

branes (large unilamellar vesicles (LUV),> multilamellar ves-
icles (MLV), and giant unilamellar vesicles (GUV)) (13-
16).The biological relevance of our study and the importance
of membrane cholesterol for cytotoxicity were ascertained
by monitoring the effect of a-hederin on a human monocytic
cell line depleted or not for cholesterol.

Using LUVs, we measured membrane permeabilization (cal-
ceinrelease), liposome size (dynamic light scattering), and vari-

2 The abbreviations used are: LUV, large unilamellar vesicle; MLV, multilamellar
vesicle; GUV, giant unilamellar vesicle; DMPC, phosphatidylinositol 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine; Chol, cholesterol; DHE, dehydroergos-
terol; TR-DPPE, Texas-Red 1,2-dipalmitoyl-sn-glycero-3-phosphoethano-
lamine; DPH, 6-diphenyl-1,3,5-hexatriene; Pl, phosphatidylinositol; PC,
phosphatidylcholine; SM, sphingomyelin; ANOVA, analysis of variance;
ANS, 1-anilinonaphthalene-8-sulfonic acid.
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ations in membrane potential (1-anilinonaphthalene-8-sul-
fonic acid (ANS)). To obtain further information on the ability
of a-hederin to interact with the polar head group region of the
membrane, we determined the excitation generalized polariza-
tion (GP,,) upon increasing temperature using 6-dode-
canoyl-2-dimethylaminonaphthalene (laurdan), which resides
at the interfacial region of the bilayer (17-20). The conse-
quences of the interaction of a-hederin with cholesterol on
lipid phases were studied by one-dimensional *'P NMR on
MLVs.

We took advantage of the size of GUVs to visualize the effects of
a-hederin on lipid membrane deformation, budding, and pore for-
mation, and we related these effects to the membrane permeabili-
zation induced by this saponin. To our knowledge, this is the first
study investigating the effects of triterpenoid saponins on GUVs.
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We showed that a-hederin binds to model lipid membranes
(LUVs) and to cholesterol, alters the thermotropic behavior of
lipids, and forms pores in a cholesterol-dependent fashion. The
role of cholesterol and of the branched sugars on the aglycone
backbone (a-hederin > 8-hederin > hederagenin) in mem-
brane permeabilization was highlighted. Using GUVs, we visu-
alized potential differences in the permeabilization and defor-
mation of membranes (a-hederin > &-hederin) or in the
production of buds (8-hederin > «-hederin) in relation to the
molecular shape of the saponin and its ability to induce local
spontaneous curvature, as we demonstrated using >'P NMR
spectroscopy. On a monocyte model, we showed that cell death
induced by a-hederin is dependent on the cellular cholesterol
content.

This work provides new insights regarding possible molecu-
lar mechanisms involved in the pharmacological effects of
a-hederin or its derivatives, and this study may renew the clin-
ical interest in saponins, in general.

EXPERIMENTAL PROCEDURES

a-Hederin and hederagenin (HPLC quality) were purchased
from Extrasyntheése, (Genay, France). 8-Hederin was kindly
provided by Prof. Voutquenne-Nazabadioko (CNRS FRE 2715,
IFR 53, Reims, France). The compounds were dissolved in eth-
anol. After evaporation of the solvent, the residue was resolu-
bilized in a buffer solution (10 mm Tris-HCl adjusted to pH 7.4
with NaOH) in an ultrasonic bath for 1 min. Depending upon
the experiments performed, DMSO (maximum 1%) was used
for a complete solubilization of a-hederin, 8-hederin, or heder-
agenin, and the corresponding controls were used. Cells were
purchased from ATCC. RPMI 1640 medium was ordered by
Invitrogen. Egg phosphatidylcholine, sphingomyelin, phos-
phatidylinositol 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and cholesterol were ordered from Avanti Polar
Lipids (Birmingham, AL). The bicinchoninic (BCA) protein
assay was purchased from Thermo Scientific. Methyl-3-cyclo-
dextrin (MBCD), calcein, FITC-dextran (4 and 250 kDa), and
dehydroergosterol (DHE; A5,7,9(11),22-ergostatetraen-383-ol)
were ordered from Sigma. Calcein was purified as described
previously (21). 1,8-ANS, 6-dodecanoyl-2-dimethyl-aminon-
aphthalene (laurdan), Texas-Red 1,2-dipalmitoyl-su-glycero-3-
phosphoethanolamine) (TR-DPPE), and the Amplex® red
cholesterol assay kit were purchased from Invitrogen. Poly-
dimethylsiloxane was kindly provided by Henri Burhin and
Christian Bailly (Université Catholique de Louvain/Science and
Technology Sector/Institute of Condensed Matter and Nano-
sciences, Louvain-la-Neuve, Belgium). All other reagents were
purchased from Merck.

Molecular Modeling of a-Hederin, 6-Hederin, and Hedera-
genin—Molecules were drawn in ChemDraw Ultra 10.0 and
then visualized in three-dimensions by Chem three-dimen-
sional Ultra 10.0. A minimized energy structure was calculated,
and the molecular surface shape was displayed using the “Con-
nolly molecular” mode.

Incubation with o-Hederin of THP-1 Monocytes Depleted
or Not in Cholesterol—Cells were cultivated in RMPI 1640
medium supplemented with 10% fetal calf serum in 95% air and
5% CO.,.

For cholesterol depletion, cells (10° cells/ml) were harvested
and incubated for 2.5 h in fresh RPMI 1640 medium supple-
mented with 1 mg/ml BSA and 5 mm methyl-S-cyclodextrin
(MBCD) (22). Cell counting was performed in a Burker cham-
ber. After this incubation, cells were washed three times with
RPMI 1640 medium. At this time, part of the cells was quanti-
fied for the cholesterol and protein content with the Amplex®
Red cholesterol assay and BCA protein assay kit, respectively.
The other part was incubated with increasing concentrations of
a-hederin. Cell death was quantified by the trypan blue assay
and given in percent of total cells.

Preparation of MLVs and LUVs—DMPC or DMPC/Chol
(3:1) MLVs were prepared according to the freeze-thawing
method as described previously (23) in a buffer solution (10 mm
Tris-HCIL, pH 7.4).

LUVs composed of PC/SM/PI/Chol (4:4:3:0, 4:4:3:2.25, or
4:4:3:5.5), DMPC, or DMPC/Chol (3:1) were prepared by the
extrusion technique (24), using a 10-ml Thermobarrel extruder
(Lipex Biomembranes, Vancouver, Canada). The MLVs were
extruded at 45 °C, 10 times through two superimposed track-
etch polycarbonate membranes (pore size = 100 nm; Whatman
Nucleopore, Corning Costar Corp., Badhoevedorp, The Neth-
erlands) to obtain LUVs. The lipid concentration of the lipo-
somal suspension was measured by phosphorous quantifica-
tion (25) and adjusted according to the experimental protocol
used.

Release of Calcein Entrapped at Self-quenching Concentra-
tion within LUVs—The leakage of entrapped self-quenched cal-
cein from LUVs induced by a permeabilizing agent can be mon-
itored by the fluorescence increase caused by its dilution (26).

For these permeability studies, the lipid film was resus-
pended in a purified calcein solution (72 mm calcein and 10 mm
Tris-HCl) adjusted to pH 7.4 and 400 mosm/liter (measured by
the freezing point technique (Knauer osmometer automatic,
Berlin, Germany)). The unencapsulated calcein was removed
using the minicolumn centrifugation technique (27).

The calcein-filled liposomes (5 uM lipids) were incubated
with a-hederin at 37 °C for increasing periods of time. The per-
centage of calcein released was determined as described previ-
ously (28). The excitation and emission wavelengths were 472
and 512 nm, respectively. All steady-state fluorescence experi-
ments were performed on an LS55 luminescence spectrometer
(PerkinElmer Life Sciences).

DHE Steady-state Spectroscopy— The ability of a-hederin to
bind to cholesterol was investigated using DHE fluorescence
spectroscopy. DHE is a structurally close cholesterol analog
presenting a similar behavior in aqueous solution and biological
membranes as cholesterol (29 -31).

When DHE is excited at 310 nm in aqueous solution, it pres-
ents a low intensity monomeric peak at 375 nm and a high
intensity maximum of structured emission at 395 and 424 nm
due to the presence of microcrystals in buffer solution. There-
fore, the ratio between fluorescence intensities at 375 versus
395 or 424 nm (I3,5/1595 or I5,5/1,,,) reflects the ratio of mono-
mers versus microcrystals in aqueous solution. Moreover, a
decrease in the dielectric constant of the microenvironment of
DHE induces a blue shift of A, emission (29).
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DHE was solubilized at 4 ug/ml in buffer solution contain-
ing 0.1% DMSO. Increasing a-hederin concentrations were
added. The emission spectrum was taken at excitation wave-
length of 310 nm. To confirm formation of aggregates com-
posed of a-hederin and cholesterol, we incubated both com-
pounds at equimolar concentration (500 um) in buffer solution
at 1% DMSO and looked for the formation of a macroscopic
precipitate.

DHE was also incorporated in MLVs composed of DMPC/
Chol/DHE (75:24:1) to probe the effect of a-hederin on choles-
terol in a lipid environment. Maximal emission of DHE was
observed around 355, 375, and 390 nm, as described previously
in membrane systems. Seras et al. (32) observed no spectral
shift during the transformation of bilayers into micelles but
reported a decrease in fluorescence lifetime and intensity. The
MLVs were incubated for 3 h at 25 °C at increasing a-hederin/
total lipid ratios.

Dynamic Light Scattering and ANS Fluorescence—The ap-
parent average diameter of LUVs was determined by dynamic
light scattering spectroscopy using a Malvern Zetasizer Nano
7S® (Malvern Instruments, Ltd., Worcestershire, UK). The
fluctuation of light scattering was measured at an angle of 90°
with monodisperse latex particles with diameters of 100 and
800 nm as controls. The data were collected using the size dis-
tribution analysis mode to determine the full size distribution
profile of the liposomes incubated with a-hederin. The mem-
brane potential differential was assessed with ANS, a probe that
fluoresces when it is bound to lipid membranes (33, 34) and
characterized by its sensitivity to superficial charges on the
membrane surface. An ANS stock solution of 5 mMm in methanol
was prepared. The fraction of ANS bound to the membrane and
the variation of surface potential of the liposomes caused by
a-hederin were determined as described previously (35).

One-dimensional >'P NMR Spectroscopy on MLVs—MLVs
(30 mg of total lipid in Tris-HCl, pH 7.4) were prepared accord-
ing to the freeze-thaw method. Because *>' P NMR spectroscopy
requires high amounts of products, we avoided the solubility
problem by inserting compounds during the formation of the
lipid film. As a positive control, we used SDS, which is known to
be cone shaped and to induce positive curvature (36).

0.3 ml of D,O was added for deuterium lock to 2.5 ml of
sample. This sample was placed in a 10-mm Wilmad 513-pp
NMR tube that rotated at 20 rpm in the NMR spectrometer.

NMR spectra were acquired on a Bruker Avance DRX500
spectrometer operating at 500.13 MHz for 'H (202.47 MHz for
31P) and equipped with a 10-mm Bruker broad band observe
probe.

The temperature in the probe was regulated at 37 or 60 °C for
the duration of the experiments. All 3'P spectra were refer-
enced to the *'P peak from an 85% solution of phosphoric acid
(H5PO,) measured at 25 °C (set at 0 ppm).

One-dimensional 'H spectra were recorded prior to *'P
experiments to ensure the best field homogeneity was attained
for each sample. 114,688 points and an acquisition time of 0.7 s
using power-gated Waltz16 'H decoupling were used, and
26,000 scans per *'P experiment with a sweep width of 83.1 kHz
were acquired with a delay of 1.5 s between scans. The signal
was Fourier-transformed using an exponential multiplication

MAY 17, 2013+ VOLUME 285 8dieRmsin http: A

function with a line broadening of 50 Hz and zero-filled to a
final spectral resolution of 0.6 Hz per point.

Laurdan Generalized Polarization—Using LUVs, the effect
of the drugs on the mobility of phospholipids and the polarity at
the level of the glycerol backbone were determined by monitor-
ing the Laurdan excitation generalized polarization (GP,,) (17,
37). Upon excitation, the dipole moment of laurdan increases
noticeably, and water molecules in the vicinity of the probe
reorient around this new dipole. When the membrane is in a
fluid phase, the reorientation rate is faster than the emission
process, and consequently, a red-shift is observed in the emis-
sion spectrum of laurdan. When the bilayer packing increases,
some of the water molecules are excluded from the bilayer, and
the dipolar relaxation rate of the remaining water molecules is
slower, leading to an emission spectrum that is significantly less
red-shifted. The GP,, allows quantification of this red-shift
from the emission spectra.

The lipid concentration of the liposome solution was
adjusted to 25 or 50 uM with 10 mm Tris-HCI at a pH of 7.4.
Laurdan (5 X 1072 M stock solution in tetrahydrofuran) was
added to the lipid film to obtain a lipid/probe ratio of 300. Then
a-hederin or hederagenin was added to the liposomes at a final
concentration of 30 or 60 uM and incubated under continuous
agitation at 37 °C in the dark for 60 min. The generalized polar-
ization values from the emission spectra were calculated using
Equation 1,

. I440 - I490

GP,, = (Eq. 1)

laa0 + Lago

where 1,,, and I, are the fluorescence intensities at emission
wavelengths of 440 nm (gel phase) and 490 nm (liquid crystal-
line phase), respectively, at a fixed excitation wavelength of 340
nm. The generalized polarization was determined as a function
of temperature.

Depending on the shape of the curves, the best adjustment
was selected. For DMPC/Chol and DMPC, GP,, values as a
function of temperature were adjusted using the Hill equation
or a five-parameter Richards function, respectively (38).

Preparation of GUVs—GUVs were prepared by electrofor-
mation (39). Briefly, 1 ul of a chloroform solution of DMPC/
Chol (3:1; 5 mg/ml), was spread on an indium tin oxide-covered
glass. The fluorescent probes were added to the chloroform
solution at a concentration of 0.1% mol/mol. The solution was
dried in a vacuum chamber for 2 h. An electroformation cham-
ber was constructed using another indium tin oxide-covered
glass slide, with the conducting face pointed toward the interior
of the electroformation chamber, which was filled with a 0.1 m
saccharose solution. Polydimethylsiloxane containing 5%
fumed silica was used to separate the two glass slides. The
GUVs were grown by applying a sinusoidal alternating current
of 10 Hzand 1V for 2 h at 60 °C.

Fluorescence and Confocal Microscopy of GUVs—The GUVs
were labeled with TR-DPPE (40), which was excited at 561 nm
and recorded at 617 nm. In the fluorescence microscopy exper-
iments, we used an Axioskop 40 microscope (Carl Zeiss, Jena,
Germany) with a 40X/0.75 Zeiss EC Plan-Neofluar® objective,
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and the images were recorded with a Nikon digital sight DS-5 M
camera (Nikon, Tokyo, Japan).

For the confocal microscopy experiments, an Axio-observer
spinning disk inverted microscope Z.1 (Carl Zeiss, Jena, Ger-
many) was utilized. The spinning disk was a CSU-X1 model
(Yokogawa Electric Corp., Tokyo, Japan). The objectives used
included an LD LCI Plan-Apochromat 25X /0.8 Imm Korr DIC
M27, an EC Plan-Neofluar 40X /1.30 Oil DIC M27, an LCI Plan-
Neofluar 63X/1.30 Imm Korr DIC M27, and a Plan-Apochro-
mat 100X/1.40 Oil DIC M27. The images were recorded with
an AxioCamMR3 camera using the Carl Zeiss AxioVision 4.8.2
software.

Permeability of Dextran through Membranes of GUVs— After
electroformation, 10 ul of GUVs were added to a solution con-
taining 20 uMm FITC-dextran (mean molecular weight of 4 or
250 kDa) and 40 um a-hederin, 8-hederin, or hederagenin. As
positive control, we used 30 mm SDS. The FITC-dextran was
excited at 488 nm, and the emission was recorded with a 520/
35-nm emission filter and visualized as described previously
(41). We chose GUVs that presented typical deformation fea-
tures and followed one GUV with fluorescence microscopy at
corresponding time points. The difference in fluorescence
intensity between the outside and inside of one GUV reflects
the membrane integrity. In contrast, similar fluorescence
intensities indicate the penetration of the fluorescent probe.
The difference in fluorescence intensity outside and inside the
vesicle was calculated by dividing the fluorescence values by the
highest intensity recorded and multiplying by a factor of 1000.
The difference of the mean of 20 normalized values taken from
inside and outside the vesicle was then determined. The signif-
icant difference was calculated using a Student’s ¢ test.

Deformation, Pore Formation, and Budding of GUVs— After
electroformation, 30 ul of the GUVs were added to a saccharose
solution (0.1 m; DMSO 0.1%) containing 40 um «-hederin,
6-hederin, or hederagenin. As positive control, we used 400 um,
4 mum, and 30 mm SDS. The deformation of the vesicles was
followed for at least 50 min (except for 30 mm SDS where com-
plete dissolution occurred after several minutes). An initial
image was captured immediately after the vesicles were added
to the solution containing one of the three compounds. Subse-
quent images were taken at regular intervals thereafter. Because
photobleaching reduced the visibility of the vesicle, the lumi-
nosity and contrast were enhanced by the acquisition software
(NIS-Elements D 3.10, Nikon, Tokyo, Japan). Selected images
were used to visualize by fluorescence and confocal microscopy
the pore formation and budding of vesicles upon increasing
times of exposure. In the confocal microscopy experiments, we
chose a cross-section that passed through the middle of the
vesicle. Three-dimensional images represented the superimpo-
sition of all of the cross-sections obtained from one vesicle. The
quantification of vesicles presenting different features (wrin-
kled membrane deformation, pore formation, budding, or
aggregation) was achieved by counting a total of 200 vesicles
after 0.5 or 1 h of incubation with the compounds.

Statistical Analysis—All statistical analyses were performed
using GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego) with a two-way ANOVA using all data
points to compare plots or a Student’s test when dextran fluo-

A *k* *%k%
1004
=
S 75
Non-depleted ©
cells § 504
S
25+
c L) L) ) ) L) L)
B
100+
L
5 754
Depleted =
eple =
cells 8 509
2
25+
c L) L) L) L) L) L)

0 5 10 15 20 25 30
time (h)
FIGURE 2. Trypan blue assay of nondepleted and cholesterol-depleted
THP-1 cells incubated for 2, 4, 24, and 30 h with increasing a-hederin
concentrations. Control (H), 10 (A), 15 (V), 20 (¢), 25 (@), and 30 um (X).
Each value is the mean of four independent assays =+ S.D. Statistical analysis:

two-way ANOVA comparing each data point for normal versus depleted cells.
**% p < 0.001.

rescence intensities inside and outside the vesicles were com-
pared. For the nonlinear regression of laurdan GP,, in the
DMPC LUVs, we used a five-parameter Richard’s function in
JMP 8.01.

RESULTS

Cell Death Induced by a-Hederin in Cells Depleted or Not in
Cholesterol—Using trypan blue assay, we investigated the cyto-
toxicity of a-hederin on a human leukemic monocytic cell line
(THP-1) and the role of membrane cholesterol (Fig. 2). Cell
membranes were depleted in cholesterol by MBCD (22), and
cholesterol content was quantified after incubation. Nonde-
pleted THP-1 cells had a free cholesterol amount of 12.55 *
0.68 g of cholesterol/mg of protein whereby depleted cells
showed 6.80 * 1.17 ug/mg. We can assume that this depletion
is mainly due to the depletion of the plasma membrane because
90% of the total cholesterol content of the cell is found in the
plasma membrane (42). Results show that on nondepleted cells,
the cytotoxicity induced by a-hederin in THP-1 was concentra-
tion- and time-dependent (Fig. 24). In contrast, when cells
were depleted in cholesterol, almost any cytotoxicity was
observed (Fig. 2B). Hederagenin at 30 um did not significantly
increase cell death for at least 24 h of incubation regardless of
the cholesterol content (data not shown).

Membrane Permeabilization Induced by o-Hederin, 6-Hed-
erin, and Hederagegin on LUVs and GUVs—To investigate the
effect of a-hederin and its derivatives on lipid membrane per-
meability, we determined the ability of a-hederin, 6-hederin,
and hederagenin to induce release of calcein from LUVs and
permeation of dextran of 4 and 250 kDa through GUV mem-
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FIGURE 3. A, release of calcein from liposomes (5 um of total lipids) upon
exposure at 37 °C for 30 min (solid lines; filled symbols) or 18 h (dashed lines;
open symbols), upon increasing a-hederin/cholesterol ratios. The liposomes
were made of PC/SM/PI/Chol (4:4:3:5.5) (circles), PC/SM/PI/Chol (4:4:3:2.25)
(squares). The graph shows the functions obtained by fitting a one-phase
exponential association function to the data by nonlinear regression. B, max-
imal release of calcein from liposomes composed of DMPC/Chol (3:1) upon
exposure at 37 °C to a-hederin, -hederin, or hederagenin at a compound/
cholesterol molar ratio of 16 (closed histogram) or 48 (open histogram).
Because of the partial insolubility of a-hederin, 5-hederin, and hederagenin,
the three compounds were dissolved in DMSO (final solution 0.5% DMSO).
The ordinate shows the percentage of calcein released compared with what
was observed after addition of 2% Triton X-100. Each value is the mean of
triplicate = S.D. (when not visible, the bars are smaller than the symbols).
Statistical analysis: two-way ANOVA comparing each data point for 30-min
and 18-h incubations: **, p < 0.01; ***, p < 0.001).

branes. Using LUVs, we also questioned the roles of cholesterol
for membrane permeabilization induced by a-hederin.

We first used LUVs containing PC/SM/P1/Chol, a lipid mix-
ture mimicking thelipid composition of the plasma membranes
(43), to characterize the effect of a-hederin and hederagenin on
membrane permeability. To investigate the importance of cho-
lesterol, we prepared liposomes with varying contents of cho-
lesterol (PC/SM/PI/Chol, 4:4:3:0, 4:4:3:2.25, or 4:4:3:5.5). With
increasing cholesterol content (from 0 to 33.3%), a-hederin
induced a greater release of calcein, even at an equal a-hederin/
cholesterol ratio (Fig. 34). In the absence of cholesterol, no
release of calcein was observed (data not shown). At the highest
cholesterol composition (PC/SM/PI/Chol, 4:4:3:5.5) and after
18 h of incubation, the release of calcein reached more than 50%
at an a-hederin/cholesterol ratio of 6 and reached 100% at a
ratio of 12 (Fig. 3A). Under these conditions, the duration of
incubation was also a critical parameter because the release of
calcein increased with the time of incubation (18 h versus 30
min) (Fig. 34). Upon addition of hederagenin, no release of
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calcein was observed regardless of the cholesterol content, the
time, or the hederagenin/lipid molar ratio (data not shown).

The role of the branched carbohydrate chain on hederagenin
in membrane permeabilization was confirmed using binary
liposomes composed of DMPC/Chol (3:1) (Fig. 3B). At both
compound/cholesterol ratios of 16 and 48, there is a clear rela-
tionship between the number of sugars and the release of cal-
cein, with a-hederin inducing the greatest release, followed by
6-hederin and hederagenin.

To decipher the mechanism involved, we also performed
permeabilization experiments using GUVs. We therefore visu-
alized by confocal microscopy the evolution of the concentra-
tion profile of FITC-dextran (Fig. 4) at molecular masses of 4
kDa (Fig. 4, A, C, and E) and 250 kDa (Fig. 4, B and D) outside
and inside the vesicle. We followed the effect induced by a-hed-
erin (Fig. 4, A and B), 6-hederin (Fig. 4, C and D), and hederage-
nin (Fig. 4E) at corresponding stages of membrane deforma-
tion. The control images were obtained by adding GUVs to an
equimolar sucrose solution containing FITC-dextran.

In the control solutions, FITC-dextran was located outside
the vesicle, and a large difference in fluorescence intensities
between the outside and inside of the GUVs was observed for
the whole duration of the incubation. Upon addition of GUVs
to the a-hederin solution, the difference between FITC-dex-
tran (4 kDa) concentration located outside and inside was
quickly suppressed as a result of the penetration of FITC-dex-
tran through a-hederin-induced pores in the lipid membrane
(Fig. 4A). The permeabilization was observed before any defor-
mation of the vesicle was visible. A permeabilization was also
observed with the higher molecular weight FITC-dextran (250
kDa), but the rate was slower (Fig. 4B).

Regarding the effect of -hederin when FITC-dextran 4 kDa
was used, we also observed a decrease in the difference in fluo-
rescence intensities outside and inside the vesicle, but which
appeared later as observed with a-hederin (Fig. 4C). When
FITC-dextran of 250 kDa was used, almost no effect was
observed after over 2 h of incubation for §-hederin (Fig. 4D).

Our results suggested that both a-hederin and 8-hederin
have the ability to induce a time-dependent growth of pore size,
with a-hederin being more efficient. In contrast, hederagenin
was unable to induce permeation of FITC-dextran (4 kDa) even
after 24 h of incubation (Fig. 4E).

SDS, a cone-shaped detergent, was used as a positive control.
It induced a fast suppression of the dextran gradients at 30 mm
(supplemental Fig. S1). Micrometer sized pores appeared
nearly simultaneous to the permeabilization (supplemental Fig.
S2, pores).

All these results suggest that membrane permeabilization
induced by a-hederin was increased by the following: (i) the
cholesterol content of the liposomes; (ii) the time of incubation;
(iii) the a-hederin/cholesterol ratio, and (iv) the number of sug-
ars attached to the C3 residue. Pore size seemed to increase
with time. Moreover, permeation to a low size dextran (4 kDa)
was faster than to the large size dextran (250 kDa) and was
higher for a-hederin when compared with 8-hederin.

Binding of a-Hederin to Sterols and Membranes—Because
cholesterol plays a critical role in membrane permeabilization
induced by a-hederin, we explored the ability of the latter to
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FIGURE 4. Effect of a-hederin, é-hederin, or hederagenin on the permeability to FITC-dextran 4 kDa (A, C, and E) or 250 kDa (B and D) of GUVs
composed of DMPC/Chol (3:1) and labeled with TR-DPPE, at different stages of deformation. For each stage, the difference of normalized fluorescence
between inside and outside of the vesicle was quantified. For hederagenin, no deformation was observed. Statistical analysis (t test): ***, p < 0.001. N.S. means

no significant difference.

bind to dehydroergosterol (DHE), a fluorescent analog of cho-
lesterol (29-32), or to change membrane surface potential of
DMPC/cholesterol vesicles as compared with DMPC lipo-
somes. To address these questions, we used fluorescence spec-
troscopy of DHE and ANS, respectively.

In an aqueous environment, and upon increasing a-hederin/
DHE ratios, we observed a global increase of fluorescence
intensities and specifically an increase of the intensity ratio
(I3,5/1595) (Fig. 5A). This ratio reached 0.63 * 0.05 in control
solution and 0.90 = 0.03 with a a-hederin/DHE molar ratio set
at 4. Moreover, the maximum of the structured emission was
undergoing a blue shift from 424 to 419 nm, reflecting a more
hydrophobic environment for DHE (29, 31). Both results indi-

cate the formation of dehydroergosterol/a-hederin micelles or
aggregates, which clearly points out the affinity of a-hederin for
DHE. The formation of macroscopic aggregates was observed
when a-hederin and cholesterol were co-incubated at equimo-
lar concentrations (500 uMm).

In MLVs, upon increasing concentrations of a-hederin, we
observed an important decrease of DHE fluorescence inten-
sity after 3 h of incubation (Fig. 5B). In contrast, the intensity
ratio did not change significantly, and we observed no shift
of the maxima. The same behavior of DHE was observed with
octyl glycoside (32) and could be related, as suggested by the
authors, to a reduction of fluorescence lifetime of DHE in
mixed micellar lipid aggregates. Therefore, the results
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FIGURE 5. Fluorescence emission spectra of DHE (A) in aqueous solution (4 pg/ml and 0.1% DMSO) and MLV (B) composed of DMPC/Chol/DHE
(75:24:1). Excitation wavelength was set at 310 nm. In aqueous solution, spectra were recorded upon increasing a-hederin/DHE ratios. Control (solid line), 0.5
(dotted line), 1.5 (dashed line), 2 (dash dot line), and 4 (dash dot dot line). In MLV after incubation for 3 h (25 °C) at increasing a-hederin/total lipids ratios, spectra
were taken. Control (solid line), 0.1 (dotted line), 0.3 (dashed line), and 0.6 (dash dot line).

TABLE 1
Variation of membrane surface potential (Ays and corresponding intervals of confidence) of LUVs incubated with a-hederin or hederagenin
60 min
10 min, a-hederin a-Hederin Hederagenin
Compound/
lipid ratio DMPC DMPC/Chol DMPC DMPC/Chol DMPC DMPC/Chol
1.2 —1.89 (—5.33; 1.70) —1.43 (—5.39; —2.72) —14.75 (—17.53; —12.01)  +0.53 (—7.09;7.28) —5.09 (—9.58; —0.97)  —6.00 (—9.81; —2.15)
2.4 —14.78 (—21.74; —8.63) —11.41 (—16.04; —6.66) —16.09 (—19.31; —12.99) —3.27 (=7.00;0.31) —8.56 (—11.16; =5.99)  —9.29 (—16.06; —3.42)

strongly suggest that a-hederin induces nonbilayer mixed
lipid aggregates.

Second, the critical role of cholesterol for binding of a-hed-
erin to liposomes was ascertained by determining the AW of
liposomes (Table 1) of DMPC or DMPC/Chol (3:1) upon
increasing incubation times and a-hederin/lipid molar ratios.
After an incubation time of 10 min, with a-hederin/lipid ratios
of 1.2 and 2.4, AV decreased in DMPC and DMPC/Chol lipo-
somes. When the liposomes were incubated with a-hederin for
1 h, the surface potential of the DMPC liposomes reached more
negative values, whereas AW showed slightly positive or nega-
tive values when a-hederin was incubated with DMPC/Chol
(3:1) liposomes. In contrast, upon addition of hederagenin, the
decrease in AW was similar for liposomes with or without cho-
lesterol after 60 min of incubation.

At a glance, cholesterol was probably critical for the interac-
tion of a-hederin with lipid membranes as suggested by the
change in fluorescent properties of DHE and the formation of a
precipitate when a-hederin and cholesterol were co-incubated
in aqueous solution. In a bilayer environment, a-hederin inter-
acts with DHE (and most probably with cholesterol) and forces
it into mixed nonbilayer lipid aggregates.

The reduction of membrane surface potential of liposomes
incubated with a-hederin suggests that the saponin binds inde-
pendently of the presence of cholesterol to the membrane.
However, at longer incubation periods, the presence of choles-
terol reversed the decrease of the surface potential, indicating
its important role for membrane interaction.
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Changes in Liposome Size and Appearance of New Structures
Induced by a-Hederin—To decipher if the interaction between
a-hederin and cholesterol results in variations of liposome size
and changes in lipid organization, we determined the size of
DMPC and DMPC/Chol LUVs upon increasing a-hederin/
cholesterol ratios, using dynamic light scattering. We also char-
acterized the phospholipid organization in MLVs where a-hed-
erin had been integrated within the lipid film, using one-
dimensional *'P NMR spectroscopy.

First, we showed the effect of a-hederin on the size of LUVs
composed of DMPC (Fig. 6, A and B) or DMPC/cholesterol (3:1
molar ratio; Fig. 6, C and D) after 1 h (Fig. 6, A and C) and 24 h
(Fig. 6, Band D) of incubation at 37 °C with increasing amounts
of a-hederin. In the absence of cholesterol, regardless of the
duration of incubation or the concentration of saponin, no
change in the mean size of the liposomes was observed (Fig. 6, A
and B). This lack of effect was in strict contrast to what was
observed when the liposomes contained cholesterol. In such
samples, two main populations of liposomes emerged (Fig. 6, C
and D). One was centered at smaller sizes and the other at
higher sizes than the original (100 nm). For example, at an
a-hederin/lipid ratio of 8, one population was centered at ~70
nm and the other at ~255 nm. At higher ratios, the samples
presented a high polydispersity index, making the results unre-
liable. @-Hederin had a similar effect on LUVs composed of
PC/SM/PI/Chol (4:4:3:5.5) (data not shown).

Second, to gain information about the newly formed struc-
tures determined by dynamic light scattering, we used one-
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FIGURE 6. Z-average of liposomes upon exposure with a-hederin as determined by dynamic light scattering at high resolution in multimodal analysis.
Vesicles composed of DMPC (A and B) or DMPC/Chol (3:1) (C and D) were incubated for 1 h (A and C) or 24 h (B and D) without (solid line) or with a-hederin at
a molar ratio of a-hederin/lipids of 1.2 (dotted line), 2.4 (dashed line), 4 (dash dot line), and 8 (dash dot dot line). For DMPC/Chol (3:1) vesicles, these ratios also
correspond to a-hederin/cholesterol ratios of 4.8, 9.6, 16, and 32, respectively. For D, at a-hederin/lipid ratios higher than 2.4, the polydispersity index values
became too high to have confident measures. The diameters of the particles are presented in nm, and the ordinate shows the volume of the population

associated with a size expressed in %.

dimensional >'P NMR spectroscopy. Fig. 7 shows the spectra of
MLVs prepared with a-hederin (Fig. 7, C—F) and hederagenin
(Fig. 7, G-)) at 10 (Fig. 7, C, D, G, and H) and 20% (Fig. 7, E, F, ,
and /) mol/mol and at both 37 °C (left column) and 60 °C (right
column).

DMPC/Chol (3:1) MLVs showed at 37 and 60 °C (Fig. 7, A
and B) typical spectra of a bilayer organization displaying an
asymmetric pattern with a low field shoulder and a high field
peak. The chemical shift anisotropy (Ao) was 40 and 39 *+ 1
ppm. a-Hederin (10% mol/mol), at 37 °C (Fig. 7C), clearly dis-
rupted the bilayer organization. The spectra showed a broad
peak centered at 0 ppm superimposed to the bilayer shape. Ao
decreased from 40 * 1 to 34.5 = 1 ppm reflecting the presence
of structures with higher mobility or diffusibility. At 60 °C, a
sharp peak overlapping with a wide peak centered on 0 ppm
became more pronounced, and a hexagonal phase pattern
became noticeable (Fig. 7D). The Ao reduction was similar to
that observed at 37 °C (from 39 = 1 to 33.5 = 1 ppm). Macro-
scopically, for both temperatures, a phase separation was
observed in the NMR tube as described in a system composed of
bilayer/cubic and bilayer/hexagonal phases (44, 45). By increas-
ing the a-hederin concentration to 20% mol/mol, at 37 °C, the
bilayer structure was heavily disrupted because its characteris-
tic asymmetrical peak has completely disappeared (Fig. 7E). A
broad peak (over 10 ppm) centered at O ppm was observed in
these conditions, which could correspond to structures larger
than micelles like buds or small unilamellar vesicles, for exam-
ple (46 —438). By increasing the temperature to 60 °C (Fig. 7F),
the one-dimensional *'P NMR spectrum clearly showed a hex-
agonal pattern (highlighted by an arrow in Fig. 7F'). Macro-

scopically, the phase separation disappeared at high a-hederin
concentration. The effects are critically dependent upon the
presence of cholesterol because we did not observe any change
in spectra, except a small increase of Ag (39 to 42.5 ppm), when
a-hederin (10%) was inserted in bilayers lacking cholesterol at
37 °C.

Hederagenin, at 10% mol/mol affected the bilayer signal to a
lower extent compared with a-hederin. At 37 °C, the Ao only
decreased from 40 = 1 to about 36.5 * 1 ppm (Fig. 7G). As for
a-hederin, a broad peak centered at 0 ppm was observed at
60 °C (Fig. 7H), and this peak increased with a concomitant
decrease of the intensity of the bilayer signal. At a higher con-
centration (20% mol/mol) and both at 37 and 60 °C (Fig. 7, [ and
J), hederagenin induced a sharp isotropic peak at 0.4 ppm even
though the bilayer signal was always present (Ao = 38 = 1 and
37 £ 1 ppm at 37 and 60 °C, respectively). We observed neither
a significant change of Ao nor a macroscopic phase separation
regardless the concentrations tested.

This is in strict contrast with what was observed when SDS
was used as a positive control. In these conditions, a reduction
of Ao to values to 29 and 26.5 = 1 ppm at 37 and 60 °C, respec-
tively, was observed with the appearance of a small isotropic
peak at 0 ppm (see supplemental Fig. S3). This effect could be
related to the size reduction of the vesicles induced by this
detergent even though the bilayer structure is maintained (47).
This mode of action is different from the one of a-hederin that
deeply modifies the structure of the cholesterol containing
MLVs.

In a nutshell, a-hederin did not change the mean diameter of
the liposomes lacking cholesterol. When liposomes contained
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FIGURE 7. *'P NMR spectra of MLVs composed of DMPC/cholesterol (3:1) at 37 °C (left column) or 60 °C (right column). Control (A and B), 10% mol/mol
a-hederin (C and D); 20% mol/mol a-hederin (E-F'); 10% mol/mol hederagenin (G and H), and 20% mol/mol hederagenin (/ and J). 10 or 20% a-hederin or
hederagenin corresponds to a molar ratio of compound/total lipids ratio = 0.1 or 0.2, respectively.

cholesterol, the saponin induced two new populations of
different sizes most probably due to the formation of new lipid
structures composed of a mixture of bilayers, isotropic and hex-
agonal phases. At higher a-hederin concentrations and tem-
peratures, the hexagonal pattern was favored (see Fig. 7F").
Packing at the Interfacial and Hydrophobic Regions of the
Lipid Bilayer—To characterize the binding of a-hederin at the
molecular level and particularly the consequences of its inter-
action within the interfacial domain, we determined GP,,. A
high GP,, value is usually associated with a high bilayer packing
and a low polarity and a low GP,, value with the opposite (37).
This was illustrated by changes in the decreasing GP,, values
upon increasing temperatures (Fig. 8). At physiological and

7
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high temperatures, a-hederin and hederagenin induced a
marked increase in GP,, values on DMPC vesicles (Fig. 8, A
and B).

When cholesterol was present in the liposomes (3:1), the
trend of the curves was modified (Fig. 8, C and D) in accordance
with other studies (49, 50). We observed a slight reduction of
GP,, values at low temperatures that became important at
physiological temperatures (Fig. 8C). At higher temperatures,
GP,, increased as compared with the control situation, espe-
cially at the highest a-hederin/lipid ratio investigated. Heder-
agenin (Fig. 8D) had no effect at physiological temperature, but
it induced a small decrease of the GP., below 40 °C and a slight
increase above this temperature.
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FIGURE 8. Effect of a-hederin (A and C) and hederagenin (B and D) on the generalized polarization (GP,,) values for laurdan in liposomes made of
DMPC (A and B) or DMPC/Chol (3:1) (C and D) as a function of temperature. The lines refer to data obtained in absence (solid line) or presence of a-hederin
or hederagenin atdrug/lipid molar ratios of 1.2 (dotted line) or 2.4 (dashed line). For DMPC/Chol (3:1) vesicles, these ratios correspond to a drug/cholesterol ratio
of 4.8 and 9.6, respectively. The excitation wavelength was fixed at 340 nm and emission intensities at 440 nm (gel phase) and 490 nm (liquid crystalline phase).
Each value is the average of three experiments. Statistical analysis was performed with Graph Pad Prism 4.0 (two-way ANOVA, comparing three data points at

the beginning, physiological temperature, and the end of the curves).

Thus, at physiological conditions, and if cholesterol is pres-
ent, only a-hederin induced a decrease of the GP_, values. At
the highest temperatures investigated, both a-hederin and hed-
eragenin increased GP,, values regardless of the presence of
cholesterol. The same general observations for Laurdan GP,,
have been made for DPH fluorescence anisotropy (r), a probe
integrated into the hydrophobic core (data not shown).

Appearance of Membrane Deformations, Micrometric Pore
Formation, and Budding—To ascertain the critical role of the
sugars branched on the genin, we aimed to visualize the earliest
alterations induced by a-hederin, 8-hederin, and hederagenin
and their ability to promote shape deformations on GUVs con-
taining cholesterol (16). An initial image was captured imme-
diately after the addition of GUVs to the solution containing the
compound. One GUV was followed over 60 min, and pictures
were taken at regular time intervals. Images, presenting time
intervals with important features, are shown in Fig. 9 upon
addition of GUVs to a control solution (Fig. 94) or to a solution
containing a-hederin (Fig. 9B), 6-hederin (Fig. 9C), or heder-
agenin (Fig. 9D). The mean size diameter of GUVs at all times
points was also monitored.

Just after their addition to a solution containing a-hederin
(Fig. 9B), the GUVs possessed a spherical shape with no detect-
able membrane fluctuations. Then a rapid decrease in the mean
diameter of the liposomes was observed (Fig. 9E), and after 30
min of incubation, wrinkled borders appeared. These wrinkles
were more pronounced after 40 min (Fig. 9B, white arrow).
Deformation was visible until 50 min but reversed to a spherical
shape at 60 min. Quantification of wrinkled borders induced by

a-hederin is shown in Fig. 11 (85.2 = 2.2% after 30 min (Fig.
11A) and 72.0 = 17.2% after 1 h (Fig. 11B) of incubation).

With 6-hederin (Fig. 9C), wrinkled borders were much less
present (4.7 = 1.2% after 30 min (Fig. 11C) and 13.4 = 6.2% after
1 h (Fig. 11D)). A marked decrease of the size of GUVs was
observed but later (40 min), as compared with a-hederin
(Fig. 9E).

Hederagenin induced neither membrane deformation (Fig.
9D) nor reduction in the size (Fig. 9E) of the GUVs, but some-
times it induced the formation of intravesicular buds (Fig. 9D).

After longer incubation periods of GUVs with a-hederin and
6-hederin, we observed the formation of visible pores (Fig. 10,
A-D). We took advantage of confocal microscopy (Fig. 10B)
and three-dimensional image reconstruction (Fig. 10C) to visu-
alize the pore formation induced by a-hederin. Sometimes
more than one pore was visible on one GUV. These pores
expanded with time. The rim of the pore rolled itself up through
the external side of the membrane (Fig. 10, A-C), resulting
in the rolled rim shape as described by Sakuma et al. (16). When
the complete vesicle had been “rolled up,” the resulting form
often resembled an angulated torus (Fig. 10, complete transfor-
mation). The appearance of micrometer-sized pores increased
with incubation time (2.2 * 2.3% after 30 min (Fig. 11A4) and
4.3 * 1.5% after 1 h (Fig. 11B)). For 6-hederin (Fig. 11D), this
transformation was also visible but less frequent. No pore for-
mation was observed with hederagenin. SDS at 30 mm induced
the fast formation of macroscopic pores (supplemental Fig. S2,
pores) and subsequent dissolution of the vesicle into small ves-
icles (supplemental Fig. S2, dissolution).
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d-hederin

D

hederagenin

% of initial radius

20 30
time (min)

FIGURE 9. Fluorescence microscopy of GUVs composed of DMPC/Chol (3:1) and labeled with TR-DPPE. One GUV was followed, and pictures were taken
at different incubation times. A, control; B, 40 um a-hederin; C, 40 um 8-hederin, and D, 40 um hederagenin. One scale bar represents 25 um. E, percentage of
initial radius of one GUV as a function of incubation time with the compounds. The percentage was obtained by dividing the radius of a GUV at one time point
by its radius measured when the incubation started. The ratio was multiplied by 100. Control liposomes (H), a-hederin (A), 5-hederin (¥),and hederagenin (4 ).
The radius was determined using the acquisition software (see under “Experimental Procedures”). The experiment was performed three times at 25 °C. Arrows

indicate deformation of the GUV for a-hederin and budding for 8-hederin.

Because the slight area difference between the two mono-
layer leaflets of the membrane or a change in the vesicle area-
to-volume ratio may lead to budding (51), we investigated the
ability of a-hederin, 8-hederin, and hederagenin to induce bud-
ding again by using fluorescence (Fig. 10E) and confocal
microscopy (Fig. 10F).

Because this process was mostly induced by 8-hederin, it has
only been illustrated for this saponin (Fig. 10, E and F). Two
different kinds of buddings were observed. First, immediate
budding led to complete fission of the newly formed vesicle.
Small fluorescent spheres were formed several minutes after
incubation (Figs. 10, immediate budding, and 9C, white arrows).
These spheres detached from the membrane, and a decrease in
the mean diameter was observed after 40 min of incubation
(Fig. 9E). Second, later budding, leading to incomplete fission,
was produced at longer incubation periods, with the forma-
tion of larger vesicles, which were interconnected by nano-
tubes and did not detach from the membrane (Fig. 10, later
budding). With a-hederin, budding was occasionally only
observed after 1 h of incubation (2.2 = 1.4%; Fig. 11B), but
with 6-hederin this process was much more frequent (23.4 =

7
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3.5% after 30 min (Fig. 11C) and 20.1 * 5.3% after 1 h (Fig.
11D)). SDS ( supplemental Fig. S2, budding) was also able to
induce budding at concentrations of 400 uM, 4 mMm, and 30
mM. The size of the buds decreased with increasing concen-
trations of SDS.

The possible effect of osmotic stress on this process is
excluded because of the significantly low concentration of the
compounds (~40 um), which is orders of magnitude lower than
the concentration of salt (a few millimolars) that has been
reported to induce vesicle budding (52).

DISCUSSION

a-Hederin, a triterpenoid saponin, induced membrane per-
meabilization in relation to its biological activity. Despite
numerous studies, the molecular mechanism involved remains
unknown.

The results we obtained highlighted the role of a curvature-
driven process (see Fig. 12), characterized by a three-step
mechanism as follows: (i) cholesterol-independent binding to
the membrane; (ii) interaction with cholesterol and asymmetric
lateral distribution of a-hederin, and (iii) induction of curva-
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a-hederin

Small pore

6-hederin

Big pore

Complete

Rolled rim Transformation

25ym

Small pore

Big pore

Complete
Transformation

Immediate budding

Later budding

FIGURE 10. Stages of pore formation (A-D) and budding (E and F) of GUVs composed of DMPC/Chol (3:1) incubated with 40 um of a-hederin (A-C) or
o-hederin (D-F). A, D, and E, fluorescence microscopy images of vesicles; one bar represents 25 um. Band F, confocal microscopy, cross-section of the middle
of one vesicle, one bar represents 20 um. C, confocal microscopy, three-dimensional view of all cross-sections taken from one vesicle.

ture stress, resulting in membrane permeabilization and pore
formation, as well as budding and the formation of a new lipid
phase containing cholesterol, a-hederin, and phospholipids.
First, the cholesterol-independent binding of a-hederin and
hederagenin to DMPC liposomes was suggested by the
decrease in the membrane potential of lipid bilayers that could
result from the negatively charged carboxylic function of the
genin interacting with the positively charged choline head
group of DMPC. Such interaction of a-hederin with the phos-
pholipids results in an increase of the GP,, of laurdan, espe-
cially at physiological and high temperatures. This suggests an

increase in the microviscosity at the level of the polar heads of
DMPC. A similar effect was observed for a-hederin when the
hydrophobic membrane core was investigated. Condensing
and acyl chain ordering effects on the phospholipids in their
liquid disordered (L) state are similar to the effects that have
been well described for cholesterol and assigned to the rigid
ring structure of the sterol limiting trans — gauche isomeriza-
tion of vicinal phospholipid acyl chains (53). Thus, the rigid
triterpenoid structure of the genin could explain our results
because both a-hederin and hederagenin are able to increase
the GP,, in the absence of cholesterol.
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FIGURE 11. Quantification of vesicles presenting different features (spherical, wrinkled, pores, or budding) after 30 min of incubation (Aand C)or 1 h
of incubation (B and D) with 40 um of a-hederin (A and B) or 6-hederin (C and D). A total of 200 vesicles were counted.

Second, after the initial binding to lipid membranes (Fig.
12B), a-hederin would interact with cholesterol, inducing a
marked decrease of GP,, values at physiological temperatures
in DMPC/Chol (3:1). The formation of equimolecular com-
plexes or aggregates composed of cholesterol and saponins
could disorganize the phospholipid/cholesterol matrix and
change the thermotropic behavior of membranes (54, 55). Our
results from DHE spectroscopy support such interaction
between cholesterol and a-hederin. Hederagenin only slightly
influenced GP,, leading to the assumption that the decrease of
GP,, is mainly dependent on the sugar residues. The glycoside
residues could act like “umbrellas,” shielding the nonpolar part
of cholesterol from water (56), and thereby enhancing the inter-
action between the saponin and the sterol (Fig. 12B) and inhib-
iting polar interactions of the phospholipids with the sterols.

Third, a- and 8-hederin would induce permeabilization of
LUVs and GUVs, as well as the formation of wrinkles, microm-
eter-sized pores and buds in GUV, as well as the formation of a
new lipid phase in MLVs. All these effects are highly dependent
upon the nature of the saponin («a-hederin, 8-hederin, or
hederagenin).

The appearance of GUVs presenting a flaccid shape and
wrinkling would most likely result from the inhomogeneous
insertion of saponin molecules and the release of the intrave-
sicular Laplace pressure and internal water after permeabiliza-
tion (57). The flaccid-shaped vesicles sometimes redeveloped
into a spherical vesicle, with a smaller radius, suggesting a loss
of membrane material, which could be related to the formation

of the new isotropic lipid phase as evidenced by >' P NMR spec-
troscopy and suggested by DHE spectroscopy on MLVs. This
new phase would most probably be composed of cholesterol,
a-hederin, and DMPC.

Budding and permeabilization have been previously associ-
ated with changes in surface area and spontaneous curvature
(58—-63). At first glance, the effects of the area asymmetry
resulting from the bending of the inner monolayer after the
insertion of molecules in the outer monolayer and an increase
in the surface area (62— 63) should be stronger than the effects
of the spontaneous curvatures. However, with compounds
characterized by a cone shape (like for a-hederin) or an
inverted cone shape, which are locally accumulated, the oppo-
site takes place, with the effects of spontaneous curvature being
stronger than those of the area asymmetry. Thus, relative
changes in the local lipid composition would result in the vari-
ation of the bilayer spontaneous curvature in the same location,
making this mechanism more effective than that based on the
area difference averaged over the entire membrane surface (60).

The induction of spontaneous curvature induced by a-hed-
erin is supported by the following: (i) nonbilayer structures with
a higher rate of Brownian tumbling or lateral diffusion around
the vesicle observed by >' P NMR (64, 65) in accordance with the
reduction of the chemical shift anisotropy; (ii) the new struc-
tures of different sizes evidenced by dynamic light scattering;
(iii) the decrease of GP,, and DPH fluorescence anisotropy val-
ues observed at 37 °C (42, 63); (iv) the formation of macroscopic
pores (16), and (v) budding (66).
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FIGURE 12. Model proposed for the interaction of a-hederin and 8-hederin
with GUVs. A, a-hederin binds independently of cholesterol to the membrane
and integrates into the outer leaflet. B, interaction between saponins and choles-
terol leads to the formation of regions with a higher a- and 8-hederin/cholesterol
concentration. G, increase of spontaneous curvature in a transbilayer direction
due to the sugar moiety of the saponin in these regions leads to permeabilization
(D) or budding (G and H). D, pore is stabilized by the sugar moieties pointing to
the exterior of the membrane and reducing line tension, and a slight negative
curvature in the direction of the membrane plane (E). F, diffusion of a-hederin at
the rim toward the interior of the vesicle leads to inhomogeneous distribution of
a-hederin molecules between the inner and outer leaflet and the rolled rim
shape. G and H, intermediate curvature of 8-hederin is responsible for the imme-
diate budding with complete fission from the GUVs at the beginning of incuba-
tion (G) and for the later budding with the bud still connected to the GUV at
longer incubation times (H).

The nature of the formed nonbilayer structures is unknown,
and electron or atomic force microscopy would have to be per-
formed to fully characterize the structures. Among the more
mobile structures, which could be induced by a-hederin, cubic
phases or structures larger than micelles, like e.g. buds or small
unilamellar vesicles (46 —48, 67), are the most likely. The hex-
agonal pattern observed at the highest temperature and a-hed-
erin concentration could probably be associated with tubular
structures as it has been suggested for glycoalkaloids (10).

The enhancement of curved structures in relation to mem-
brane permeabilization appears clearly related to the nature of
the saponin (a-hederin, 8-hederin, and hederagenin). In agree-
ment with the self-assembly theory established by Israelachvili
et al. (68), amphiphiles are approximated by rigid bodies of
defined three-dimensional shape (Fig. 1). a-Hederin has two
sugar units, which confer to the molecule a large hydrophilic
headgroup compared with its lipophilic, rigid triterpenic pen-

tacyclic ring structure, which results in a positive spontaneous
curvature, as it adopts a cone shape. The sugar moiety points in
the direction perpendicular to the genin, giving the molecule
the form of an axe. The formation of a normal hexagonal phase
(H;) (or tubular structures) would be in accordance with the
three-dimensional shape proposed for a-hederin (very slight
curvature in one direction and positive curvature into the
other) (60). In this context, toroidal pore formation has been
associated with a positive spontaneous curvature applied to the
transbilayer direction and negative curvature regarding the rim
of the pore in the membrane plane (69, 70). Aggregation of
cholesterol and a-hederin could lead to a complex presenting
positive curvature (cone shape) in a transbilayer direction and
slight negative curvature (inverted truncated cone shape) in the
membrane plane (Fig. 12, D and E).

6-Hederin has only one sugar at C3. Its hydrophilic head-
group is smaller and the positive spontaneous curvature
applied should decrease relative to a-hederin. 8-Hederin would
induce smaller positive curvatures into the transbilayer direc-
tion. Hederagenin has a structure that resembles cholesterol,
and its spontaneous curvature should therefore be negative, as
has been observed for cholesterol (57), explaining its lower abil-
ity to induce pore formation.

SDS, a molecule with a single acyl chain and an ionized sul-
fate group, would rather induce positive curvature in all direc-
tions of the membrane plane. This would lead to the formation
of pores, small buds, and/or micelles, which is in accordance
with our results. The critical role of a three-dimensional molec-
ular shape and the ability to induce curvature have also been
proposed to explain membrane permeabilization induced by
the following: (i) dioscin (71); (ii) glycoalkaloids (10); (iii) cone-
shaped amphiphiles (57), and (iv) cone-shaped lipids (16).

Regarding the kinetics of pore formation, the permeabiliza-
tion to 4-kDa FITC-dextran was faster than to 250-kDa FITC-
dextran. Moreover, an increase in the time to reach microme-
ter-sized pores was observed, as reported when hepatocytes
were treated with saponins extracted from Gypsophila plants
(72). Therefore, permeabilization appeared to be a graded proc-
ess, characterized by the appearance of wrinkled borders and
the continuing shape deformations, as well as the formation of
pores with increasing size. For influx to occur, the pores should
be equal to or larger than the Stokes-Einstein radii of FITC-
dextran molecules (73) (1.83 and 11.1 nm for 4- and 250-kDa
FITC-dextran, respectively). With time, the pores were stabi-
lized, and the formation of the so-called rolled-rim shape was
observed (16). The segregated cone-shaped amphiphilic a-hed-
erin molecules could cap the edge of the bilayer at the rim of the
pore, decreasing line tension and thereby stabilizing the pore
(16, 57). The membrane at the rim was rolled to the outside of
the vesicle after pore formation (Fig. 10, rolled rim; Fig. 12F),
which could result from a time-dependent inhomogeneous dis-
tribution of saponin molecules between the inner and outer
leaflet, a model that has been recently established for cone-
shaped amphiphiles (16).

As membrane permeabilization, budding is favored by mol-
ecules that induce positive curvature to the external monolayer
(Fig. 12, C, G, and H). Immediate budding (Figs. 9 and 10)
occurred just after the GUVs had been added to the 8-hederin
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solution. At this stage, we observed no permeabilization of the
GUV to dextran. GUVs behaved in exactly the same manner in
a SDS solution. Because of its hydrophilic sugar moiety, we can
assume that 8-hederin will not flip to the internal monolayer
and only induce positive curvature to the external leaflet that
would result mostly in budding. The buds were variable in size,
suggesting differences in concentrations of 8-hederin in the
external monolayer of the vesicles. These buds detached from
the membrane and created independent spheres or, upon
increasing incubation time, formed pearled structures (buds
connected through necks (Fig. 10H), later budding) as observed
with low concentrations of detergents or lysophosphatidylcho-
lines (66, 74). GUVs in the presence of hederagenin formed
intravesicular buds, which is in accordance with the inverted
cone shape and resulting negative curvature of this molecule.

In addition to the mechanism of permeabilization induced by
a-hederin, the importance of cholesterol concentration within
the membrane must be discussed. Calcein release from LUV
demonstrated that a-hederin induced no permeabilization in
membranes lacking cholesterol, even at a concentration reach-
ing its solubility limit (data not shown). It appears that a certain
cholesterol density in the liposomes is required to allow a-hed-
erin to induce pores. The importance of this threshold for pore
formation by other saponins agrees with observations reported
by others (9, 10, 75, 76). On cells, THP-1 macrophages depleted
in cholesterol were protected against cytotoxicity induced by
a-hederin. This ascertained the physiological relevance of our
work, and the high amounts of cholesterol especially in resistant
cancer cell lines could confer some specificity to a-hederin deriv-
atives or similar saponins toward these cells (77, 78). Very rapid
cell death was obtained at high concentrations of a-hederin. Gau-
thier et al. (5) showed that a-hederin would induce cancer cell
death to a large extent by membrane permeabilization, and similar
to our results, they showed that a-hederin was more effective in
inducing membrane permeabilization than 6-hederin, whereas
hederagenin had no effect on three different cancer cell lines.

In conclusion, this work contributes to the understanding of
the mechanism involved in membrane disruption induced by
a-hederin and 8-hederin, and other monodesmosidic saponins.
It demonstrates the role of cholesterol in this process and shows
the effect of the sugar moieties branched on the genin on permea-
bilization. Understanding the molecular mechanism involved in
membrane permeabilization is critical and can be exploited for
therapeutic applications, such as the development of pore-form-
ing proteins or peptide-based antibiotics and the design of mem-
brane-permeabilizing drugs that selectively kill cancer cells (79).
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