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ABSTRACT: Saponins and triterpenic acids have been shown to be able to interact with lipid membranes and domains enriched
with cholesterol (rafts). How saponins are able to modulate lipid phase separation in membranes and the role of the sugar chains
for this activity is unknown. We demonstrate in a binary membrane model composed of DMPC/Chol (3:1 mol/mol) that the
saponin α-hederin and its aglycone presenting no sugar chain, the triterpenic acid hederagenin, are able to induce the formation
of lipid domains. We show on multilamellar vesicles (MLV), giant unilamellar vesicles (GUV), and supported planar bilayers
(SPB) that the presence of sugar units on the sapogenin accelerates domain formation and increases the proportion of sterols
within these domains. The domain shape is also influenced by the presence of sugars because α-hederin and hederagenin induce
the formation of tubular and spherical domains, respectively. These highly curved structures should result from the induction of
membrane curvature by both compounds. In addition to the formation of domains, α-hederin and hederagenin permeabilize
GUV. The formation of membrane holes by α-hederin comes along with the accumulation of lipids into nonbilayer structures in
SPB. This process might be responsible for the permeabilizing activity of both compounds. In LUV, permeabilization by α-
hederin was sterol-dependent. The biological implications of our results and the mechanisms involved are discussed in relation to
the activity of saponins and triterpenic acids on membrane rafts, cancer cells, and hemolysis.

■ INTRODUCTION

Lipid phase separation has become an important concept in
membrane organization and has been associated with the
formation of lateral functional domains in cells, also called lipid
rafts. Rafts are temporary domains having a nanoscopic size of
about 10−200 nm. Their fusion into larger domains would
provide platforms for protein signaling. Cholesterol is an
essential component of these lipid rafts.1 Because of its rigid
planar steroid ring system, it induces a high conformational order

of the lipid acyl chains. This results in a condensing effect with a
decrease in the area occupied by the other lipids as well as an
increase in the bilayer thickness. It also modifies the
thermotropic phase transition between the liquid-disordered
phase, often termed the fluid phase (Ld or Lα), and the solid-
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ordered phase, also called the gel phase (So), by inducing an
intermediate liquid-ordered (Lo or Lβ) phase.2 In model
membranes, the Lo phase is laterally separated from the Ld
phase and is thought to mimic lipid rafts in cells.
In addition to lamellar bilayer phases, nonlamellar lipid

mesophases (hexagonal, cubic, and isotropic) can be present in
biological membranes, and some of these nonbilayer phases are
thought to be important for protein/membrane interactions and
fusion.3,4 Besides their biological function, nonlamellar phases
can be induced when amphiphilic drugs or peptides come into
contact with membranes. The formation of the normal isotropic
or hexagonal (HI) phase has also been put in relationship with
the permeabilization of membranes.5 At intermediate amphi-
philes/phospholipids ratios, the bilayer phase can coexist with
the newly formed phase.6 Sometimes, even macroscopic phase
separation becomes visible in the sample.7

Several saponins, amphiphilic compounds of natural origin, are
known for their ability to interact with membrane rafts and
especially with cholesterol, the major component of rafts.8,9

Among them are avicin D, ginsenoside Rh2, and glycyrrhizin
which in parallel alter membrane permeability.9−11 Some
triterpenic acids, lacking the sugar chains of saponins, have also
shown the potential to interact with rafts.12 Recently, we
reported α-hederin-induced cholesterol-dependent permeabili-
zation and the formation of toroidal pores, assuming saponin/
cholesterol-enriched domains with increased transbilayer
curvature in the bilayer.13 The induction of curvature by α-
hederin and hederagenin, its triterpenic aglycone, was correlated
to the formation of a highly curved lipid mesophase.13 Similar
effects were observed with other saponins, namely, glycoalka-
loids14 and digitonin.15 The formation of a new lipid phase with
the saponin depended upon the interaction of the compound
with cholesterol and the presence of the sugar chain at C3 on the
aglycone.13,14

Understanding the mechanisms that drive interactions with
lipid rafts, the formation of lateral domains, the transformation of
the bilayer into nonlamellar structures, and the permeabilization
of the membrane by saponins are essential to explaining their
biological effects.
For this purpose, we investigated the ability of α-hederin

(hederagenin 3-O-α-L-rhamnopyranosyl-(1 → 2)-α-L-arabino-
pyranoside) and hederagenin, with its aglycone lacking the sugar
chain, to induce domain formation in a dimyristoylphosphati-
dylcholine (DMPC)/cholesterol (chol) (3:1) model. This
simplistic binary membrane model has the advantage of
presenting a nanoscopic Lo phase enriched in cholesterol at
ambient temperature. This is similar to what has been observed
for lipid rafts in cells even if the lipid composition in biological
membranes is much more complex.13,16−19 The same binary
model has also been used to show domain formation induced by
glycoalkaloids in monolayers20 and to investigate the mechanism
of permeabilization induced by α-hederin,13 which facilitated
comparison with other published results.
We selected complementary investigation techniques to

understand themembrane activity of α-hederin and hederagenin.
By molecular modeling and fluorescence spectroscopy of
dehydroergosterol (DHE), a fluorescent cholesterol analogue,21

we demonstrated the ability of α-hederin and hederagenin to
interact with sterols. Using Förster resonance energy transfer
(FRET) of DHE and diphenylhexatriene-phosphatidylcholine
(DPH-PC) inserted into multilamellar vesicles (MLVs), we
monitored the quantitative and temporal aspects of lipid phase
separation. Using giant unilamelar vesicles (GUVs), we

visualized by fluorescence and confocal microscopy using
Texas red dipalmitoylphosphoethanolamine (TR-DPPE) and
2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-7-nitro-2-
1,3-benzoxadiazol-4-yl (NBD-DPPE) the ability of α-hederin
and hederagenin to induce lateral domains.22 To investigate the
relationship of the permeabilizing and domain-forming activity,
we tested the permeation of GUVs to dextran-FITC. We further
characterized the importance of sterols regarding domain
formation and permeabilization by using two-photon micros-
copy of DHE23 and calcein release from LUVs, respectively. In
parallel, we determined the effect of α-hederin on supported
planar bilayers (SPBs) by atomic force microscopy (AFM) to
gain insight into the nanoscopic aspects of domain formation and
permeabilization.
This study shows how α-hederin and hederagenin are able to

promote the formation of microscopic domains. It gives some
insights on how a saponin and a triterpenic acid could be able to
interact with lipid rafts in cellular membranes and induce
membrane permeabilization.

■ MATERIAL AND METHODS
Material. α-Hederin and hederagenin (HPLC quality) were

purchased from Extrasynthese, (Genay, France) and dissolved in
ethanol. After the evaporation of the solvent, the residue was dissolved in
buffer solution (10 mM Tris-HCl adjusted to pH 7.4 with NaOH)
containing 0.1% DMSO to prevent solubility problems. DMPC
(dimyristoyl-sn-glycero-3-phosphocholine) and cholesterol were pur-
chased from Avanti Polar Lipids. TR-DPPE (Texas red 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine), NBD-DPPE (N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine), DPH-PC (diphenylhexatriene phosphatidylcholine), and R18
(octadecylrhodamine) were purchased from Invitrogen (Paisley,
Scotland, U.K.). DHE (dehydroergosterol), calcein, stigmasterol, and
FITC-dextran (4 kDa) were purchased from Sigma-Aldrich (St. Louis,
MO). PDMS (poly(dimethylsiloxane)) was kindly provided by Henri
Burhin and Christian Bailly (SST/Institute of Condensed Matter and
Nanosciences, Bio and Soft Matter, Universite ́ Catholique de Louvain,
Louvain-la-Neuve). Ergosterol was purchased from Fluka Chemika
(Lyon, France), and all other reagents were from E. Merck AG
(Darmstadt, Germany).

Dehydroergosterol (DHE) Spectroscopy to Investigate
Interactions with Sterols in Aqueous Solution. Spectral features
of DHE give insights into the ratio between monomers and the
aggregated form24 as well as the microenvironment of DHE in aqueous
solution.25,26 When DHE is excited at 310 nm in aqueous solution, the
ratio between the fluorescence intensities at 375 versus 395 or 424 nm
(I375/I395 or I375/I424) reflects the ratio of monomers versus micro-
crystals in aqueous solution.24 Moreover, a decrease in the dielectric
constant of the microenvironment of DHE induces a blue shift in λmax
emission.25

The aqueous dispersions of DHE (10 μM) were prepared as
previously described to obtain DHE in a final solution of 10 mM Tris-
HCl at pH 7.4 containing 0.1%DMSO.13 Fluorescence emission spectra
of DHE in buffer solution were taken at increasing concentrations of α-
hederin and hederagenin, and the intensity of the monomeric versus
microcrystalline peak ratio was plotted against log10 concentration. The
influence of DMSO and DHE concentration was checked. The
excitation monochromator was set to 310 nm (slit = 4.5), and the
emission spectra were recorded from 335 to 445 nm.25,26

Molecular Modeling and Assembly of α-Hederin and
Hederagenin with Lipids. The assembly of α-hederin or hederagenin
with DMPC or cholesterol was studied by molecular modeling. The
method was derived from the hypermatrix method described else-
where.27 The molecules (α-hederin, hederagenin, cholesterol, and
DMPC) were first oriented at the interface, taking their hydrophobic
and hydrophilic centers into account.28 For each pair of molecules (α-
hederin/α-hederin, α-hederin/Chol, α-hederin/DMPC, hederagenin/
hederagenin, hederagenin/Chol, and hederagenin/DMPC), the inter-
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action energies (sum of electrostatic, van der Waals, and hydrophobic
energies) were calculated for more than 107 positions.29 This interaction
energy matrix was also used in the big layer method described in the
Supporting Information.
Steady-State Fluorescence Measurements on MLVs to

Investigate Phase Separation. Fluorescence spectra and intensity
measurements of MLV were performed on a LS55 luminescence
spectrometer (PerkinElmer Ltd., Beaconsfield, U.K.). Temperature was
controlled with a Phoenix II C25P bath (Thermo Fisher Scientific,
Waltham, MA). FRET measurements of DHE and DPH-PC were made
on a Spectramax M3 (Molecular Devices, Sunnyvale, CA).
Preparation of Multilamellar Vesicles (MLVs).Multilamellar vesicles

(MLVs) composed of DMPC/Chol (3:1) were prepared by the freeze−
thawing technique. A dry lipid film was formed by evaporating a lipid
solution of 10 mg/mL total lipid in CHCl3/CH3OH (2:1 v/v) using a
rotavapor R-210 (Buchi Labortechnik AG, Flawil, Switzerland). The
film was resuspended in a buffer solution (Tris-HCl 10 mM at pH 7.4).
The suspension was submitted to five cycles of freezing/thawing to
obtain multilamellar vesicles (MLVs). The lipid concentration of the
liposomal suspension was measured by phosphorus quantification30 and
adjusted according to the experimental protocol used.
Förster Resonance Energy Transfert (FRET) between DHE and

DPH-PC. FRET provides a measure of the average distance between an
array of donor and acceptor molecules. The energy transfer between the
donor (DHE) and acceptor (DPH-PC) is efficient when the distance
between both molecules does not exceed 1−10 nm.31 If probes DHE
(donor) and DPH-PC (acceptor) are partitioned differently between
two lipid phases (e.g., Lo and Ld phases), then the FRET efficiency is
low.32 In MLVs composed of DMPC/Chol/DHE/DPH-PC
(75:24:1:0.1 mol/mol/mol/mol), the FRET efficiency was determined
by exciting DHE at 310 nm (slit = 4 nm) and taking emission intensities
at 371 nm (DHE emission peak) and 430 nm (DPH-PC emission peak).
The fluorescence intensity ratio (I430/I371) was taken as a measure of the
energy-transfer efficiency. Use of the intensity ratio largely eliminated
the noise introduced by variations in lipid and probe concentrations
between samples.
Microscopy Studies on GUVs to Visualize Lipid Domains.

Domain formation was followed onGUVs. Probes TR-DPPE andNBD-
DPPE were used to visualize the potential of α-hederin (10 μM) and
hederagenin (40 μM) to induce domain formation, vesiculation,
budding, wrinkling, and macroscopic pore formation. TR-DPPE is a
fluorescent probe that partitions into the Ld phase, and NBD-DPPE
partitions into the Lo phase.

22 DHE was used as fluorescent probe to
assess the importance of sterols in domain formation.
Preparation of Giant Unilamellar Vesicles (GUVs). DMPC/Chol or

DMPC/DHE (3:1 mol/mol) giant unilamellar vesicles were prepared
by electroformation as described previously.13,33 Briefly, a lipid film was
prepared from 1 μL of a chloroform solution containing 5 mg/mL lipids
and 0.1% mol/mol fluorescent probes. This lipid film was hydrated with
a sucrose solution of 0.1 M. GUVs were grown in an electroformation
chamber by applying a sinusoidal alternating current of 10 Hz and 1 V
for 2 h at 60 °C.
Fluorescence Microscopy. A fluorescence microscope (Axioskop 40,

Carl Zeiss, Jena, Germany) was used to observe GUVs composed of
DMPC/Chol (3:1 mol/mol) and labeled with 0.1%mol/mol TR-DPPE
and NBD-DPPE. Signals were recorded with a Nikon digital sight DS-5
M (Nikon, Tokyo, Japan). The acquisition software used was NIS-
Elements v. 2.10. All observations were made in a sealed observation
chamber of 400 μL filled with a sucrose solution of 0.1 M containing α-
hederin or hederagenin at 0.1% DMSO. For incubation with α-hederin,
one GUV was followed for 2 h 40 min. With hederagenin, domain
formation was much slower. We therefore showed representative images
of GUVs undergoing domain formation after 4 and 48 h. Three
independent experiments were performed. Quantification of different
features (domain formation, vesiculation, budding, wrinkling, pore
formation, and unchanged vesicles) was carried out for a total of 200
vesicles.
Confocal Microscopy. Characterization of domain formation by α-

hederin and its aglycone was performed by confocal microscopy on an
Axioobserver spinning disk inverted microscope Z.1 (Carl Zeiss, Jena,

Germany). The spinning disk model was a CSU-X1 (Yokogawa Electric
Corporation, Tokyo, Japan). We used an EC Plan-Neofluar 40x/1.30 oil
DIC M27, an LCI Plan-Neofluar 63×/1.30 Imm Korr DIC M27, or a
Plan-Apochromat 100×/1.40 oil DIC M27 objective. Images were
recorded with an AxioCamMR3 using Zeiss AxioVision 4.8.2 software.
GUVs were incubated in a sealed artificial chamber containing ∼150 μL
of sucrose solution (0.1M) and 10 μM α-hederin or 40 μMhederagenin.
Those presenting typical stages of domain formation were recorded.
TR-DPPE and NBD-DPPE were excited at 561 and 488 nm, and
emission was recorded at 617/73 and 520/35 nm, respectively.

Two-Photon Microscopy. To obtain insight into the role of sterols in
domain formation, we used two-photonmicroscopy of GUVs composed
of DMPC/DHE (3:1) containing 0.1% mol TR-DPPE. DHE has
already been visualized in GUVs presenting phase separation, and no
quenching was observed even at high DHE concentrations.23 A Zeiss
Axiovert 200M/LSM Meta confocal microscope (Carl Zeiss, Jena,
Germany) was used in parallel with a Chameleon infrared laser
(Coherent Inc., Santa Clara, CA) set at 690 nm. Magnification was
achieved with a C-Apochromat 63×/1.2 water immersion objective. A
Nomarski prism was put in the differential interference contrast (DIC)
slot of the objective to reduce the photoselection effect of the lipid
probes that was due to the linear polarization of the laser.34,35 Emission
was recorded with two band-pass filters set at 427/75 and 595/40 nm to
visualize DHE and TR-DPPE fluorescence, respectively.

Permeability Studies. Two complementary methods were used to
investigate qualitative and quantitative aspects of permeabilization.

Permeation of Dextran through Membranes of GUVs. After
electroformation, 20 μL of GUVs was added to the artificial chamber
(see above) containing, in addition to 10 μM α-hederin or 40 μM
hederagenin, 20 μM FITC-dextran (mean molecular weight of 4 kDa).
The FITC-dextran was excited at 488 nm, and the emission was
recorded with a 520/35 nm emission filter. TR-DPPE was visualized as
described in confocal microscopy. The difference in fluorescence
intensity between the outside and inside of one GUV reflects the
membrane integrity and has been calculated as previously described.13

We chose GUVs that presented typical features (budding, domains) that
developed during incubation.

Calcein Release from LUVs. The leakage of entrapped self-quenched
calcein from LUVs induced by a permeabilizing agent can be monitored
by the fluorescence increase caused by its dilution.36 To investigate the
importance of the sterols in the permeabilizing effect, we included
cholesterol, ergosterol, and stigmasterol in the membranes, the major
sterols of mammals, fungi, and plants, respectively.19

LUVs containing calcein at self-quenching concentration were
prepared in 10 mM Tris-HCl adjusted to pH 7.4 and 400 mosm/L
from lipid films composed of DMPC/cholesterol, DMPC/stigmasterol,
or DMPC/ergosterol (3:1 mol/mol) by the extrusion technique as
previously described.13

The calcein-filled liposomes (5 μM lipids) were incubated with α-
hederin at 25 °C for increasing time periods. The percentage of released
calcein was calculated using the formula [(Ft − Fcontr)/(Ftot − Fcontr)] ×
100. Ft is the fluorescence signal for a given concentration of α-hederin
and a given incubation period. Fcontr is the fluorescence signal for
liposomes without any agent for the same incubation period. Ftot is the
fluorescence signal of liposomes incubated with 2% Triton X-100. The
excitation and emission wavelengths were 472 and 512 nm, respectively.

To characterize the calcein release, we adjusted the curve to a
nonlinear regression that followed the equation

= +
−

+ −
Δ( )

I t I
I I

( )
1 exp

t t
t

S
0 S

1/2

I(t) is the fluorescence intensity caused by the release of calcein. IS is the
fluorescence when the release is maximized, I0 is the minimal
fluorescence, t1/2 is the time when the release is 50% of the maximum
(IS), and Δt is the characteristic time of the sigmoidal curve. The rate of
release (Δp) is the maximum of the first derivative function of I(t) ⇔
d2I(t)/dt2 = 0.24

AFM of Supported Planar Bilayers (SPBs). SPBs were prepared
on mica as previously described.37 Briefly, 50 μL of LUVs in 500 μM
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DMPC/Chol (3:1 mol/mol) in buffer containing 20 mM CaCl2 was
deposited onto freshly cleaved mica mounted on a Teflon disk. Samples
were incubated at 65 °C for 2 h in an oven preventing water evaporation.
After this period, nonadsorbed liposomes and calcium were eliminated
by gentle washing with buffer (10 mM Tris, 150 mM NaCl, pH 7.40).
Liquid AFM imaging was performed using a multimode microscope

controlled by Nanoscope V electronics (Bruker AXSCorporation, Santa
Barbara, CA) in contact mode (CMAFM). To perform AFM imaging, it
was necessary to drift equilibrate and thermally stabilize the cantilever
for no less than 30 min in the presence of buffer. To minimize the
applied force on the sample, the set point was continuously adjusted
during imaging. V-shaped Si3N4 cantilevers (MLCT-AUNM, Veeco)
with a nominal constant of 0.01 Nm−1 were used. Images were acquired
at a 0° scan angle at a scan rate of 2 Hz. All images were processed
through commercial NanoScope Analysis software (Bruker AXS
Corporation, Santa Barbara, CA).
For the 3D reconstruction of AFM sheets (Gwyddion 2.26, GNU

[General Public License]), we corrected for horizontal scars and leveled
the image by mean plane subtraction. We used the full z scale for
representation, which is shown on the right side of each sheet. Three-
dimensional reconstruction parameters were φ = 40°, θ = −61°, scale =
2.3, and value scale = 0.1.
Texture profiles of AFM raw data were made using the same

processing methods as for 3D reconstruction. The texture profile was
extracted from a straight line at y = 9.48 μm (red line, Figure 9A). We
used this line because it passes through a small hole in the SPB that is
present before the injection of α-hederin, therefore indicating the
thickness of the bilayer as ∼4 nm.

■ RESULTS

Formation of Mixed Micelles (Aggregates) between
DHE and α-Hederin or Hederagenin. To characterize the
interactions of saponin and triterpenic acid with sterols, we
analyzed the effects of α-hederin (Figure 1A,C) and hederagenin
(Figure 1B,D) onDHE in aqueous solution. By adding α-hederin

at increasing concentrations, we observed (i) a shift in the
emission maxima from 402 to 396 nm (Figure 1A) and (ii) an
increase in the intensity ratio between the monomeric peak (first
maximum at 375 nm) and the structured emission (second and
third maxima at around 395 and 424 nm) (I375/I395 or I375/I424)
(Figure 1C). The blue shift could correspond to the formation of
DHE/α-hederin aggregates, as previously suggested.13 The
increase in the ratio between the monomeric peak and the
structured emission reflects the separation of DHE molecules
from their microcrystals and preferential interaction with
saponin molecules.
Hederagenin was more efficient than α-hederin regarding the

blue shift of the structured peak (402 to 391 nm) (Figure 1B)
and the increase in the intensity ratio (Figure 1D). Hederagenin
would induce a more hydrophobic environment for DHE than α-
hederin most probably because of the lack of a sugar chain at C3.
When the intensity ratio was plotted again the logarithm of α-

hederin/hederagenin concentration (Figure 1C,D), we obtained
a sigmoidal relation. For α-hederin, we found an inflection point
of 12.33 ± 3.21 μM that corresponded closely to its cmc value
that was previously reported (13 μM in water).38 For
hederagenin, the inflection point was 14.33 ± 8.46 μM. To our
knowledge, the cmc of hederagenin has not been reported in the
literature, but asiatic acid, whose structure is only slightly
different from that of hederagenin, possesses a cmc of 15± 2 μM
(in PBS at pH 7.2).39

At a glance, these results suggest that α-hederin and
hederagenin are able to form mixed micelles (aggregates) in
aqueous solution with sterols above critical concentrations of 12
and 14 μM, respectively.

Molecular Interaction with Lipids. To gain information
about the preferential orientation of α-hederin/hederagenin in

Figure 1. Fluorescence emission spectra of DHE in aqueous solution (0.1% DMSO, λexc = 310 nm) (A, B). Increasing concentrations (arrow) of α-
hederin (A) and hederagenin (B) (from 0 to 60 μM) were used. The DHE concentration was set up at 4 μg/mL. Fluorescence intensity ratio I375/I395
with respect to log10 α-hederin (C) and hederagenin (D) concentration is shown, and the inflection point was determined via a nonlinear regression
(Hill function) of the data. The gray lines represent the blue shift of the second maxima.
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membranes and their molecular interaction with DMPC/
cholesterol, we used molecular modeling.
α-Hederin was inserted into the membrane by pointing its

sugar moiety toward the outside of the membrane (Figure 2).
This sugar moiety was placed in the hydrophilic part of the
membrane. In contrast, the triterpenic part was located in the
lipophilic portion of the membrane in the lipophilic portion of
the membrane. When interacting with cholesterol, α-hederin
pointed its beta side toward the beta side of the cholesterol
molecule. In contrast, when α-hederin interacted with DMPC, its
beta side points away from the phospholipid. A ternary complex
composed of cholesterol, α-hederin, and DMPC could therefore
be possible. This is similar to what has been proposed for
glycoalkaloids.14

Triterpenic acid hederagenin was less deeply inserted into the
hydrophobic core than was the aglycone of its corresponding
saponin. The sugar chain could therefore play an important role
and force the saponin deep into the membrane by interacting
with the hydrophilic heads of the surrounding molecules. The
formation of a ternary complex cannot be excluded from
hederagenin because it is bound in a different manner to
cholesterol than to DMPC.
Phase Separation of Sterols and Phospholipids in

MLVs. To investigate the potential of α-hederin or hederagenin
to induce phase separation in bilayers composed of cholesterol
and DMPC, we used a FRET assay. Because DHE and DPH-PC
partition like their nonfluorescent counterparts in membranes,
cholesterol, and phospholipids, respectively,16,21 a reduction in
FRET efficiency reflects the local separation of phospholipids
and cholesterol.
Figure 3 shows the FRET efficiency between DHE and DPH-

PC (I430/I371) with time (3 h) and increasing α-hederin (A, C, E)
or hederagenin (B, D, F) total lipid ratios. The FRET efficiency
was between 2 and 3 in the control DMPC/Chol (3:1) MLVs
and was stable over time.
The addition of α-hederin induced a continuous decrease in

the FRET efficiency with time and concentration (Figure 3A).

After 3 h of incubation, a significant decrease was observed at the
highest α-hederin/lipid ratio (1.2) (Figure 3C). Longer
incubation periods (24 h) did not have any further effect (Figure
3E).
Conversely, hederagenin was not able to significantly reduce

the FRET efficiency at 3, 24 (Figure 3D,F), or even 48 h (data
not shown) regardless of the molar ratios of hederagenin/lipids
used.
Accordingly, upon addition of α-hederin, we observe an

increase in the distance between sterols and phospholipids. This
suggests a molecular reorganization of the bilayer or the
extraction of a component from the membrane.16

Visualization of Domain Formation in GUVs by
Fluorescence Microscopy. To visualize the formation of
lipid domains, we used GUVs labeled with TR-DPPE (Figure
4A,C, red), (Figure 4B,D, yellow), and NBD-DPPE (Figure
4B,D, green). For the control (0.1% DMSO), no domain
formation (A, B) was observed during 2 h 40 min. Also, at longer
incubation periods DMSO did not induce any domain formation.
In the presence of α-hederin (10 μM; Figure 4C,D), after 2 h
both fluorescent lipids became concentrated into small spots
around the vesicle (see arrow). Later, after 2 h 15 min, the small
spots fused into a tubular network around the vesicle. At 2 h 20
min, parts of the membrane became deprived of TR-DPPE but
still contained NBD-DPPE (Figure 4C,D, 2 h 20 min). At the
same time, mainly TR-DPPE was accumulated on one or two
poles of the vesicle, or it was concentrated in a belt around the
vesicle. Finally at 2 h 40 min, a deformation of the vesicle into an
oval form and the formation of crystalline-like structures around
the vesicle were observed. The concentration of fluorescent lipids
within specific domains was confirmed by octadecylrhodamine
(R18), another fluorescent probe (data not shown).
To visualize the process in more detail, we recorded a movie of

GUVs marked with TR-DPPE. The resolution is low, but
important features are visible (Movie S.1). The movie shows that
once domain formation becomes visible the process is relatively
fast and needs only a few minutes to be completed. Again, we

Figure 2.Molecular modeling of complexes of α-hederin and hederagenin with themselves, cholesterol, andDMPC in a lipid membrane. Three grids are
representative of the different parts of the membrane: the yellow one represents the hydrophobic center of the membrane, the violet grid separates the
hydrophobic core from the hydrophilic part, and the rose grid reflects the interfacial area separating the membrane from the aqueous environment.
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observed the formation of a tubular network around the vesicle
that collapsed and aggregated into several points (poles) on the
vesicle.
Conversely to what was observed with α-hederin, hederagenin

(40 μM) induced the formation of small, round domains
enriched in fluorescent lipids that did not fuse into larger
aggregates (Figure 4C). The first domains appeared after 1 to 2 h
of incubation, but the phenomenon became important only after
longer incubation periods (4−48 h) and at higher concentrations
as compared to that of α-hederin.
The formation of large and small domains with α-hederin and

hederagenin, respectively, has been shown in silico (Figure S1).
In addition to domain formation, we also observed

vesiculation, budding, wrinkling, and pore formation when
GUVs were incubated with α-hederin. Representative pictures of
GUVs accompanied by the quantification of these events are
shown in Figure 5. Quantification pointed out that the most
important feature observed on GUVs that have been incubated
for 1 and 2 h with 10 μM α-hederin was domain formation (54.4
± 13.3 and 65.7 ± 12.9%, respectively), followed by wrinkling
and vesiculation or budding. At very short incubation times (a

few seconds to ∼15 min), we observed the formation of smaller
vesicles out of the mother vesicle (vesiculation). The formation
of small buds was in this case followed by the fission of the
membrane. At longer incubation times (1 to 2 h), buds remained
connected through necks to the original GUV (budding) and no
fission occurred. Only a very small population of GUVs showed
macroscopic pore formation after 1 h (0.7%). With 40 μM
hederagenin, we observed 26.6 ± 1.8% domain formation after 4
h of incubation and 61.5 ± 1.5% after 48 h. Neither wrinkling,
budding, nor pore formation was observed. At a glance, domain
formation induced by α-hederin was faster, domains were larger,
and the concentration required to induce the process was less
important as compared to the conditions for hederagenin.

Characterization of Domain Formation by Confocal
and Two-Photon Microscopy. To characterize the domain
formation induced by α-hederin, we performed confocal
microscopy of GUVs composed of DMPC/Chol (3:1 mol/
mol) and labeled with TR-DPPE and NBD-DPPE (Figure 6A−
C). Two-photon microscopy of GUVs composed of DMPC/
DHE (3:1 mol/mol) and 0.1% TR-DPPE was used to assess the
role of sterols in this process (Figure 6D,E). In control

Figure 3. Effect of α-hederin (A, C, E) and hederagenin (B, D, F) on the fluorescence energy transfer efficiency betwen DHE and DPH-PC (I430/I371)
for the control (black) and increasing compound/lipid ratios (0.2, 0.6, 0.8, and 1.2 (increasingly brighter greys)) in MLVs composed of DMPC/Chol
(3:1 mol/mol). The FRET efficiency is represented at 3 h of incubation (A, B) and at two selected time points: 3 h (C, D) and 24 h (E, F). The
concentration ofMLVs was set to 50 μM. The experiments were performed at 25 °C, and the curves represent three independent experiments. Statistical
analysis: (t test) vs control, *p < 0.05, **p < 0.01.
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membranes composed of DMPC and cholesterol or DHE (3:1
mol/mol; Figure 6, control), we did not observe any visible

macroscopic phase separation. This is typical for binary mixtures
of phospholipids and sterols40 probably because of the fact that

Figure 4. Induction of domain formation with 10 μM α-hederin and 40 μMhederagenin on GUV formed from DMPC/Chol (3:1) and marked by TR-
DPPE and NBD-DPPE. The control was incubated with 0.1% (v/v) DMSO. Until 2 h 40 min, one GUV was followed and incubated with DMSO (A,B)
and α-hederin (C, D). At 4 and 48 h of incubation, pictures of representative GUVs incubated with DMSO (A, B) and hederagenin (C, D) are shown.
Lines A and C correspond to the fluorescence of TR-DPPE (red), and lines B and D correspond to the fluorescence of TR-DPPE (red) andNBD-DPPE
(green) simultaneously.

Figure 5. Representative pictures and percentages of GUVs composed of DMPC/Chol (3:1 mol/mol) incubated with 10 μM α-hederin for 1 and 2 h or
with 40 μM hederagenin for 4 and 48 h and presenting different features (domain formation, vesiculation, budding, wrinkling, pore formation, or no
change).
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domains are in the nanometer range and are too small to be
detectable.41 For GUVs incubated with α-hederin at 10 μM
(Figure 6, α-hederin), the formation of new domains was
observed. We confirmed a time dependency of the processes
induced by the saponin as already observed in fluorescence
microscopy. The initiation of small round-shaped domains
(spots, stage 2) preceded the formation of wormlike aggregates

(stage 3) around the vesicles and the formation of a tubular
network. These domains accumulated mainly TR-DPPE and
DHE and to a lesser extent NBD-DPPE (stages 2 and 3; B, E). At
the end of the process, the TR-DPPE/DHE-containing phase
became more condensed and accumulated at one or two poles of
the vesicle (stage 5). In parallel, the resting parts of the
membrane became deprived of TR-DPPE (stages 4 and 5) but

Figure 6. (A−C) Confocal microscopy of domain formation induced by α-hederin (10 μM) and hederagenin (40 μM) in GUVs formed from DMPC/
Chol (3:1) containing 0.1%mol TR-DPPE (red) and NBD-DPPE (green). (D, E) Two-photon microscopy of GUVs composed of DMPC/DHE (3:1)
and containing 0.1 mol% TR-DPPE. DHE is represented in blue, and TR-DPPE is represented in red. The controls were incubated with 0.1% DMSO.
We took pictures of representative GUVs at different stages of phase separation. (A, D) Cross section at the axis of the vesicle. (B, E) Fluorescence
intensity profile of the TR-DPPE (red), NBD-DPPE (green), and DHE (blue) vesicle contours from GUVs shown in A and D. (C) Three-dimensional
reconstruction of all cross sections of GUVs shown in A.

Figure 7. Permeation to FITC-dextran (4 kDa) of GUVs with 10 μM α-hederin (A) at 2, 10, 30, 60, and 90 min or 40 μM hederagenin (B) at 48 h. We
show representative GUVs presenting different features such as domain formation or vesiculation. Controls were incubated with 0.1% DMSO. For each
time point, the difference in normalized fluorescence between the inside and outside of the vesicle was quantified. Statistical analysis (t test) ***: p <
0.001. N.S. means no significant difference.
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still contained DHE and NBD-DPPE. These parts of the
membrane lost their rigidity, and the formation of small “blebs”
(stage 4) preceded the formation of large protuberations and the
loss of the spherical GUV shape. This phenomenon is more
obvious in confocal/two-photon microscopy than in fluores-
cence microscopy where the formation of NBD-DPPE-
containing blebs has not been observed. This might be due to
the fact that the process is slower in confocal/two-photon
microscopy sheets or because the axial resolution in confocal/
two-photon microscopy is higher.
Domains induced by 40 μM hederagenin after 48 h of

incubation were mainly enriched in TR-DPPE (Figure 6,
hederagenin) and to a smaller extent in NBD-DPPE. DHE did
not accumulate in these domains contrary to what was observed
with α-hederin. Domains in DMPC/DHE vesicles were
generally larger than in vesicles composed of DMPC/cholesterol.
At a glance, α-hederin was able to concentrate DHE and TR-

DPPE into domains that developed from small, round spots into
wormlike aggregates before they were separated from the resting
vesicles. NBD-DPPE was less accumulated in these spots.
Hederagenin mostly accumulated TR-DPPE and to a lesser
extent NBD-DPPE but not DHE into small persistent domains.
Permeabilization of GUVs and LUVs. To gain insight into

the consequences of these effects on membrane permeability, we
followed the permeation of GUVs to FITC-dextran (4 kDa) and
calcein release from LUVs.
When GUVs were incubated with 10 μM α-hederin (Figure

7), permeation to FITC-dextran was not observed in GUVs
presenting vesiculation (Figure 7, vesiculation). Moreover,
GUVs presenting domain formation were not always permea-
bilized, suggesting that permeabilization was a graded process

(Figure 7, domain formation). Permeabilization was clearly time-
dependent.
When GUVs were incubated with 40 μMhederagenin for 48 h

of incubation, permeation to FITC-dextran was observed only in
vesicles presenting domain formation.
To investigate the kinetics of permeabilization and the

importance of the membrane sterol, we prepared LUVs
composed of DMPC and cholesterol (Figure 8A), stigmasterol
(Figure 8B), or ergosterol (Figure 8C) in a fixed molar DMPC/
sterol ratio at 3:1 and determined the ability of α-hederin to
induce membrane permeabilization. Figure 8A−C shows that
regardless of the sterol type, the release of calcein followed a
sigmoidal curve with increasing incubation time after an initial lag
time. The lag time and the maximum release were dependent
upon the α-hederin/sterol ratio.
The slopes at the inflection point give insight into the

importance of the sterol type on the rate of calcein release (Δp)
induced by α-hederin (Figure 8D). These slope values were
0.857 ± 0.047, 0.478 ± 0.056, and 0.279 ± 0.029 for cholesterol,
stigmasterol, and ergosterol, respectively.
Thus, the nature of the sterol composition of the liposomes is

critical for membrane permeabilization induced by α-hederin,
with cholesterol allowing the fastest membrane permeabilization,
followed by stigmasterol and ergosterol.

Disruption of the Bilayer and Pore Formation in
Supported Planar Bilayers. Figures 9 and S2 show the effect
of α-hederin on DMPC/Chol (3:1 mol/mol) SPBs. The
injection of 10 μM α-hederin did not have any effect on the
membrane (data not shown). At 20 μM (Figure S2), saponin
induced the appearance of a new lower domain than the original
bilayer and an increase in the covering of the mica surface
(detailed description in the Supporting Information).

Figure 8. Percentage of calcein release from LUV composed of DMPC/cholesterol (3:1) (A), DMPC/stigmasterol (3:1) (B), and DMPC/ergosterol
(3:1) (C). The positive control (100% release) was 2%Triton X-100. LUV have been incubated at increasing α-hederin/cholesterol ratios of 9.6 (···), 12
(−−−), 16 (−·−··), 32 (), and 48 (−·−·) until a maximum release has been reached. The graphs show the curves obtained by fitting a one-phase
exponential association function of one representative release assay by nonlinear regression. (D) Effect of increasing α-hederin/sterol (black) or α-
hederin/lipid (gray) ratio on the maximum speed of calcein release (%/min, Δp) for vesicles composed of DMPC/cholesterol (▲), DMPC/
stigmasterol (■), or DMPC/ergosterol (▼). Each value is the mean of triplicate measurements. The straight lines represent the linear fitting of the data,
and the dotted line is the 95% confidence interval.
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To understand better how α-hederin interacts with SPB, we
used a higher concentration of the molecule (40 μM, Figure 9).
Figure 9A shows an SPB of DMPC/Chol (3:1 mol/mol)
covering nearly 99% of the image, with features similar to those of
SPB presented in Figure 9A. After the injection of α-hederin to a
final concentration of 40 μM (Figure 9B−D), we observed the

appearance of small domains presenting increasing size and
height. At the end of incubation (Figure 9D), the domains
presented a wormlike shape, and the height of these domains was
about 40−70 nm, reflecting a transformation of the bilayer
structure (4 nm of height) into a new mesophase presenting a
higher intrinsic curvature. The transformation of the bilayer into

Figure 9. (Left column) 3D reconstruction of AFM raw data of SPB composed of DMPC/Chol (3:1 mol/mol). (Right column) Texture profiles
corresponding to the red line in the first AFM sheet (positioned 9.48 μm from the left edge). The red arrows indicate the holes induced by α-hederin.
The SPB was incubated with 40 μM α-hederin for t = 0 (A), 6 (B), 15 (C), and 24 min (D). The z-scale bar indicates the height difference between the
highest and lowest values.
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a nonlamellar phase and the importance of cholesterol in this
process was confirmed by 31P NMR on MLV (Figure S3).
Parallel to the formation of domains, we observed an increasing
number of holes in the bilayer (red arrows). These holes became
larger with incubation time. However, we did not show a
complete solubilization of the bilayer.
At a glance, we observed the formation of new domains in a

concentration-dependent manner. At small concentrations, the
covering of the mica surface is increased and lateral forces seem
to decrease. At higher concentrations, the formation of larger
holes and the accumulation of lipid material into wormlike
aggregates is observed.

■ DISCUSSION

Lipid phase separation has become an important concept in
membrane organization. Cholesterol is one of the main lipids
characterizing lipid domains and rafts. We previously showed
that the interaction of cholesterol and α-hederin would lead to
the induction of increased transbilayer curvature in the
membrane and toroidal pores.13 In this work, we characterized
the ability of α-hederin to form lateral domains and induce phase
separation in bilayer models (MLV, GUV, and SPB) composed
of DMPC and cholesterol or DHE. In GUV and SPB, small lipid
domains composed of phospholipids and sterols evolve into
wormlike structures that are able to fuse into tubular aggregates.
These tubules form a network around the GUV, which further
collapses. These newly formed lipid aggregates accumulate
preferentially at one or two poles of the vesicle. We highlighted
the critical role of the saponin concentration as well as the
importance of the presence of a sugar chain on the aglycone.
With hederagenin, the domain formation is less marked, and
higher concentrations and longer incubation periods are required
to observe lipid domains. Moreover, domains induced by
hederagenin are mainly composed of phospholipids and
maintain a small round shape in DMPC/Chol membranes (at
least after 48 h of incubation), in contrast to those observed with
α-hederin. Both molecules were able to induce the permeation of
GUVs to dextran-FITC. In SPB, we observed in parallel to the
formation of membrane domains the formation of holes in the
membrane, which suggests that both processes are linked. We
highlighted the importance of the membrane sterol in the
kinetics of permeabilization of LUVs and showed that
permeabilization is faster in liposomes containing cholesterol
than in those containing stigmasterol or ergosterol.
Several mechanisms could be involved to explain the ability of

α-hederin and hederagenin to induce lipid phase separation.
Phase separation in lamellar phases is mainly driven by an
increase in the line tension (λ) between domains and the
surrounding phase40 whereas repulsive electrostatic forces
between domains and curvature tend to reduce it.42 In a binary
model composed of DMPC and cholesterol, nanoscopic phase
separation below the resolution limit of an optical microscope is
expected at room temperature (25 °C).16,17 Amismatch between
different intrinsic curvatures of Lo and Ld domains would create
elastic interactions at phase boundaries that reduce line tension
and so inhibit macroscopic phase separation.18 Another critical
parameter that opposes lipid phase separation is the entropy of
lipid mixing. The lateral lipid distribution is dominated by the
entropy of lipid mixing in the absence of preferred lipid
interactions in a stationary system.43 A high affinity of α-hederin
or hederagenin for one specific lipid component and the
modulation of membrane curvature at phase boundaries are

probably enough to explain lipid phase separation despite the
loss of entropy.
The formation of segregated domains by α-hederin and

hederagenin is followed by the disruption of the lamellar phase.
This has been shown by AFM, where the results demonstrated a
time-dependent increase in the grain size and height suggesting
the accumulation of membrane material into these domains. The
height of the newly formed wormlike structures largely
overcomes the original bilayer thickness (from 4 to 40−70
nm), which agrees with the transformation of the bilayer into a
nonbilayer mesophase. This confirms our previous 31P NMR
data,13 which showed the appearance of a hexagonal pattern with
α-hederin, in accordance with the highly curved tubular
structures.44 Hederagenin induced an isotropic pattern that
could correspond to the small round domains observed.13 The
new structures present a higher intrinsic curvature than the
original bilayer.44 The increased membrane curvature in α-
hederin/lipid aggregates can be explained by the 3D molecular
structure of the molecule. α-Hederin is composed of two
hydrophilic sugar units that point in one direction compared to
its rigid triterpenic hydrophobic ring. The alignment of α-
hederin molecules in the membrane would therefore lead to
positive curvature in one direction of the membrane plane, which
would favor the formation of tubular wormlike aggregates.13

Hederagenin, because of its sterollike shape, should induce the
formation of negatively curved structures.45 The formation of
preferentially inverted micelles has also been proposed for
another pentacyclic triterpenic acid, ursolic acid.46

The molecular compositions of the newly formed aggregates
are different for α-hederin and hederagenin. α-Hederin induced
the aggregation of mainly TR-DPPE and DHE into domains,
which reflects its affinity for sterols and phospholipids in the
membrane. Molecular modeling shows that α-hederin should be
able to bind to phospholipids and cholesterol simultaneously and
form a ternary complex. This is supported by data reported for
another saponin, α-tomatine.14 Conversely, hederagenin did not
induce the aggregation of DHE but mostly TR-DPPE and to a
lesser extent NBD-DPPE in GUVs, which reflects an increased
affinity for phospholipids. This might be due to the sterollike
molecular structure of triterpenic acid, which is responsible for
the strong interaction with phospholipids.47 In addition, two
main observations support the preferential interaction of
hederagenin with phospholipids. In membranes containing
only DMPC, (i) the effect on membrane fluidity was more
important than on those composed of DMPC/chol (3:1)13 and
(ii) hederagenin induced highly curved structures, conversely to
α-hederin, which required membrane cholesterol to be effective
(Figure S3). At a glance, sterols would be less important for
domain formation by hederagenin as compared to α-hederin.
The interaction of hederagenin with dehydroergosterol in
aqueous solution does not exclude its higher affinity for
phospholipids in membranes.
We also assessed in this work the importance of the sugar chain

on the aglycone for phase separation and domain formation in
MLVs and GUVs. In MLVs, hederagenin, lacking two sugar
units, was not able to induce the phase separation of DHE and
DPH-PC even after 48 h of incubation. This might be due to the
fact that hederagenin preferentially interacts with phospholipids
that are not adjacent to sterol molecules and thereby does not
influence FRET efficiency. In other words, hederagenin
preferentially interacts with the Ld phase. In GUVs, the rate of
domain formation was largely reduced with hederagenin, and we
did not observe the fusion of domains into wormlike structures,
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conversely to what was observed with α-hederin. The kinetics of
domain formation and the shape of these domains would
therefore be highly dependent on the sugar units: (i) An increase
in the sugar length could favor the interaction with sterols in
membranes, in accordance with the results obtained by two-
photon microscopy. This might be due to an “umbrella” effect.
The glycoside residues of the saponin would shield the nonpolar
parts of sterols from water and thereby promote interaction
between both molecules.48 (ii) Hydrophilic sugar−sugar
interactions between saponin molecules could increase the
speed of domain formation in the membrane.14

Regarding the permeabilization mechanism induced by α-
hederin, we demonstrated that calcein release from LUV
depended largely on the membrane sterol and the saponin/
lipid ratio. At small ratios, we observed a lag time before calcein
release was initiated. This lag time was efficiently reduced with
increasing saponin concentrations, and once permeabilization
was initiated, the rate of release was linearly dependent on the α-
hederin/lipid ratio and the sterol. The lag time might correspond
to the time that was necessary to induce domain formation in
GUV. In GUV, where the total lipid amount is very small
compared to the amount of saponin, we first observed
vesiculation and later a gradual permeation to FITC-dextran (4
kDa) at 10 μM α-hederin. Interestingly, we previously showed
that α-hederin at 40 μM induced immediate membrane
permeabilization and macroscopic pore formation but neither
vesiculation nor phase separation.13 The concentration of α-
hederin is hence critical for lipid phase separation, vesiculation,
and membrane permeabilization. This could be related to the
amphiphilic character of the saponin. Saponins are known to
have surfactant activity, and they progressively reduce the surface
tension of water in a concentration-dependent matter until their
cmc is reached.38,49,50 The cmc of α-hederin is supposed to be
close to 13 μM,38 which corresponds closely to the value that we
obtained with DHE spectroscopy. Above this concentration,
saponin should form aggregates or micelles in solution, as has
been shown.50

On the basis of this data, we develop a new model for α-
hederin/membrane interaction that is dependent on the saponin
concentration. Before any addition of α-hederin, nanoscopic
domains enriched in cholesterol would exist in the DMPC/Chol
bilayer. Below the cmc (at 10 μM), α-hederin monomers would
insert into the external monolayer and induce a rapid increase in
the area difference between the outer and inner monolayers,
which could lead to the induction of positive membrane
curvature leading to vesiculation (budding followed by fission).44

This has also been shown for other detergents with positive
intrinsic molecular curvature.51 At longer incubation periods, the
cooperative association of α-hederin, cholesterol, and DMPC
could lead to the formation of curved domains in membrane
whose size increases with time and that develop further into
tubular or hexagonal aggegates. This aggregation is accelerated
by the presence of a sugar chain at C3 and could be responsible
for the development of membrane defects (as seen by AFM) and
gradual permeabilization of the membrane. Above the cmc (at 40
μM), micelles and other types of amphiphilic aggregates could be
formed in aqueous solution, as demonstrated with other
saponins.50 When micelles would interact with membranes,
they could directly deliver an increased local concentration of α-
hederin molecules to the membrane surface and therefore favor
the direct formation of macroscopic pores, which could explain
why α-hederin permeabilizes the GUVs quasi-instantaneously at

40 μM but needs more than 1 h at 10 μM.13 This agrees with the
data recently reported for glycyrrhizin.11

Moving on to the effect of the aglycone, hederagenin induced
no budding at 40 μM. The induction of negative curvature into
the external monolayer would be in accordance with this result.
Membrane permeabilization and domain formation were
observed after 48 h in GUV, where phase separation was
ongoing. The aggregation of phospholipids into domains could
promote the formation of membrane defects and permeabiliza-
tion.5,52 It is not clear if the interaction of hederagenin with the
membrane depends on the formation of hederagenin-aggre-
gates/micelles in the solution. Low concentrations of heder-
agenin did not show any effect on membranes. It might be
possible that only aggregates of triterpenic acids have an effect on
the membrane, as has been suggested for madecassic and asiatic
acid.53

The possible biological effects of the proposed membrane
interactions are numerous. It might be possible that the proposed
permeabilization mechanism is responsible for hemolysis and
cancer cell lysis by some triterpenic acids and saponins, a process
that would strongly depend upon the concentration and the
membrane sterol.54 Additionally, α-hederin may also show
activity in fungi or plants because it permeabilized membranes
composed of ergosterol and stigmasterol.
Regarding the effects on phase separation, it has been shown in

biological membranes that the lateral organization of cholesterol
influences membrane protein and drug activity. This has become
a subject of great interest.55 The specific interaction of some
saponins with cholesterol led to the effect on lipid rafts and the
induction of the extrinsic apoptotic pathway.9,10 The accumu-
lation of α-hederin/hederagenin in the cellular membrane could
lead to the unspecific activation of membrane proteins localized
in rafts.
Themodel we established could be helpful in synthesizing new

triterpenoids that are able to induce phase separation or domain
formation. Regarding the role of the 3D shape of saponins, the
presence or the orientation of sugar moieties could be critical to
the rational design of those compounds.56
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Supporting information 

 

Material and methods 

Big layer method 

The method is based on the construction of a grid of 600 x 600 molecules and its minimization 

by a Monte Carlo procedure
1
 using the interaction matrix (molecular modeling, main text), taking 

the molar ratios account . Graphically, each molecule type was represented by a colored point and 

all the points were represented on the grid. This allowed to visualize preferential interactions and 

phase separation between the molecules studied. 

 

 

AFM of supported planar bilayers (SPB) 

(see main text) 

Characterization of the new lipid phase by 
31
P-NMR of MLVs 

 MLVs (30 mg of total lipid in Tris-HCl at pH 7.4) were prepared according to the freeze-

thawing method. Because 
31

P-NMR spectroscopy requires high amounts of products, we avoided 

solubility problem by inserting α-hederin and hederagenin during the lipid film formation. 0.3 ml 

of D2O was added for deuterium lock to 2.5 ml of samples. This sample was placed in a 10 mm 

Wilmad 575-pp NMR tube which rotated at 20 ppm in the NMR spectrometer. NNR spectra were 

acquired on a Bruker Avance DRX500 spectrometer operating at 500.13 MHz for 
1
H 

(202.47MHz for 
31

P) and equipped with a 10 mm Bruker Broadband Observe probe. The 

temperature in the probe was regulated at 37°C or 60°C for the duration of the experiments. All 
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31
P spectra were referenced to the 

31
P peak from an 85% solution of phosphoric acid H3PO4 

measured at 25°C set at 0.0 ppm. One-dimensional 
1
H spectra were recorded prior to 

31
P 

experiments to ensure the best field homogeneity was attained for each sample. 114688 points 

and an acquisition time of 0.7 s using power-gated Waltz16 
1
H decoupling were used and  26000 

scans per 
31

P experiment with a sweepwidth of 83.1kHz were acquired with a delay of 1.5s 

between scans. The signal was Fourier transformed using an exponential multiplication function 

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

 

Fluorescence microscopy of GUVs (movie) 

A movie showing domain formation in a GUV marked by TR-DPPE was recorded (movie S1). 

Speed is accelerated 4 times (one second in the movie represents 4 real seconds) and contrast was 

slightly enhanced.  

 

Results 

Simulation of domain formation 

 After establishing the most probable interaction conformers by molecular modeling (see 

main text), we wanted to know how α-hederin and hederagenin would partition laterally into a 

membrane composed of DMPC and cholesterol and if they would be able to induce a phase 

separation. For this purpose, we took benefit from Monte-Carlo simulations which simulated 

monolayers of different compositions. In monolayers containing 25% cholesterol, cholesterol 

domains were evidenced (Fig. S1A). This is in agreement with domains observed in Langmuir 
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monolayers composed of DMPC and cholesterol
2
. By adding α-hederin, we observed a 

sequestration of cholesterol molecules into larger domains (Fig. S1B). α-Hederin was located 

between cholesterol and DMPC molecules and “forced” the cholesterol molecules together.  

 Conversely, hederagenin induced the formation of smaller domains than α-hederin (Fig. 

S1C).  

A B C

 

Figure S1. Figure caption. Monolayer grid of 200X200 molecules calculated by the Big Layer 

Method. Each pixel represents a molecule. Red: DMPC molecules; green: cholesterol molecules; 

white: α hederin molecules and yellow : hederagenin molecules. (A) DMPC/Cholesterol at a 

molar ratio of 0.75:0.25, (B) DMPC/Cholesterol/α-hederin at 0.67:0.23:0.1, (C) 

DMPC/Cholesterol/Hederagenin at 0.67:0.23:0.1. 

 

Formation of a new domain with α-hederin 

Prior to the injection of the molecule, SPBs were characterized in the presence of 1 % of 

DMSO showing no significant modification of the SPB due to the presence of the DMSO (Fig. 

S2A). We observed a flat SPB covering 85% of the surface with a step height of 5.2 ± 0.4 nm and 

a roughness (Ra) mean value of 0.3 nm. 
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 After injection of α-hederin to a final concentration of 20 µM (Fig. S2B), the appearance 

of several structures that protrude 6.5 ± 1.5 nm from the top of the SPB surface was clearly seen. 

The SPB covered 95 % of the image with a step height of 4.3 ± 0.6 nm and Ra mean value of 0.2 

nm. Interestingly, after the injection of α-hederin, a lower domain appeared on the SPB surface as 

shown in the inset image (Fig. S2B). This domain was 0.61 ± 0.11 nm lower than the top of the 

SPB. Furthermore the decrease in the thickness of the bilayer together with the increase in the 

covering of the mica surface suggest that α-hederin interacts with the SPB decreasing lateral 

forces between lipid molecules.  

 

Figure S2. Figure caption. (A) SPB of DMPC/Chol (3:1, mol/mol) in presence of 1% DMSO; B) 

the same SPB 30 min after injection of α-hederin to a final concentration of 20 µM. Inset, zoom 

image from (B). Z-scale bar was 20 nm. 

 

 

 

Transformation of the bilayer into non-lamellar phases  

 We performed 
31

P-NMR spectroscopy on MLVs to confirm the disruption of the bilayer 

and the formation of new lipid structures which we observed by AFM on SPB.  

 The controls show a typical bilayer signal with a high field peak and a low field shoulder 

(Fig. S3A,D).  
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 In MLVs composed of only DMPC, α-hederin did not modify the bilayer pattern (Fig. 

S3B). The chemical shift anisotropy was not significantly changed (42.5±1 ppm to 44±1 ppm).  

Conversely, hederagenin induced a sharp isotropic peak at 0 ppm, meaning that hederagenin is 

able to form lipid structures with DMPC presenting isotropic motion (Fig. S3C). Isotropic motion 

is typical for structure of a size less than 100 nm
3
. The chemical shift anisotropy was slightly 

reduced to 39.5±1 ppm reflecting the presence of structures with higher mobility or diffusibility. 

 In the presence of membrane cholesterol, α-hederin becomes very effective in disrupting 

the bilayer signal (Fig. S3E). A new broad peak around 0 ppm is formed. This means that also 

phospholipids are present in the newly formed structures. The chemical shift anisotropy is 

efficiently reduced from 39±1 ppm to 34.5±1 ppm. Hederagenin only slightly modified the 

bilayer pattern (Fig. S3F) and the chemical shift anisotropy (36.5 ±1 ppm). 

 At a glance, we show that α-hederin only disrupts the bilayer in the presence of 

cholesterol and induced the formation of new phospholipid aggregates. Conversely, for 

hederagenin, the presence of cholesterol seems to inhibit the formation of new lipid aggregates 

presenting isotropic motion.  
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Figure S3. Figure caption : 

31
P-NMR spectra performed at 25°C on MLV composed of DMPC 

(A,B,C) or DMPC/chol (D,E,F). Spectra of control vesicles are shown in A and D. Spectra of 

vesicles containing 10% (%mol) of α-hederin are shown in B and E and hederagenin in C and F.   
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