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Abstract

Abstract

We study in this work the interaction of some amphiphilic molecules of natural origin with
membranes. Two groups of amphiphiles (saponins and lipopeptides) have been selected because they
showed interesting activities towards cancer cells and are known to interact with lipid membranes.

Saponins possess a hydrophilic sugar moiety and a hydrophobic triterpenoid or steroid ring
structure. They are mainly extracted from plants but can also be found in holotorians and star fish and
would constitute defensive molecules. We investigated the membrane interactions of a-hederin, a
monodesmosidic pentacyclic triterpenoid saponin, as a representative member of saponins because it has
shown some selectivity towards cancer cells (Swamy and Huat, 2003). We also investigated the effects of
its aglycone hederagenin, a triterpenic acid, to point out the importance of the sugar chain.

Lipopeptides are composed of a polar polypeptide ring and an apolar acyl chain. They are
produced mainly by prokaryotes of the Bacillus species. We investigated the effect of surfactin since it has

a strong amphiphilic character, is known to induce membrane lysis and to be active on cancer cells.

Membrane interactions of amphiphiles were investigated by several membrane models and
complementary techniques. Large unilamellar (LUV) and multilamellar vesicles (MLV) were used to obtain
quantifiable results of the effects induced with regard to the amphiphile/lipid ratio and incubation time.
They were used to study binding (ANS affinity), permeabilization (calcein release), membrane order
(Laurdan fluorescence), phase separation (Laurdan fluorescence and Fdrster resonance energy transfer)
and formation of new lipid mesophases (31P-NMR, dynamic light scattering). To visualize the effects on a
microscopic scale, giant unilamellar vesicles (GUV) were investigated by fluorescence/confocal
microscopy. Supported planar bilayers (SPB) were analyzed by atomic force microscopy (AFM) to give
information about the effects at a nanoscopic scale. In parallel to the use of membrane models, we also

investigated apoptosis and non-apoptotic cell death on cells derived from monocytic leukemiae.

a-hederin was able to interact with sterols in aqueous solution and to form mixed aggregates. In
LUV, when no cholesterol was present in the membrane, the molecule inhibited phase separation most
probably by a linactant effect. In the presence of cholesterol, a-hederin induced membrane
permeabilization and an increase of phospholipid mobility. This was associated with the formation of a
non-bilayer mesophase as confirmed by AFM on SPB, and local separation of phospholipids and sterols.
In GUV, the effect depended on the critical micellar concentration of the saponin. In its monomeric form,
the molecule induced mainly budding, the formation of worm shaped domains and a gradual
permeabilization. Above the CMC (critical micellar concentration), budding and domain formation were
less important but we observed the appearance of macroscopic pores and instantaneous permeabilization.
The presence of a sugar chain at C3 on the triterpenoid ring structure was important for domain formation

and rapid permeabilization. We confirmed on cancer cells the cholesterol dependence of cytotoxicity. a-
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hederin and hederagenin induced apoptosis and non-apoptotic cell death most probably by formation of
membrane defects or induction of the extrinsic apoptotic pathway and activity on lipid rafts.

Surfactin activity was also CMC dependent. In SPB and LUV, at concentrations below its CMC,
the molecule inserted at the boundary between gel and fluid lipid domains, inhibited phase separation and
stiffened the bilayer. It also induced transient defects and permeabilization of LUV without global
morphological changes. At concentrations close to the CMC, surfactin solubilized the fluid phospholipid
phase and increased order in the remaining lipid bilayer. At higher concentrations, all bilayer structures

were dissolved and transformed most probably into micelles.

On the basis of these results, we develop a new interaction mechanism for a-hederin and
hederagenin with lipid membranes which may be applied to other saponins and triterpenic acids as well.
We also compare the effects of surfactin, a-hederin and hederagenin on membrane models and discuss
possible consequences regarding their effect on cancer cells. Finally, we give some short term
perspectives about ongoing and future experiments and explore long term perspectives about the

possibility of further pharmacological use of the molecules we used in this work.
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List of abbreviations

ANS 6-Anilinonaphthalene

AFM Atomic force microscopy

ATGS5, 7 Autophagy protein 5, 7

BAM Brewster angle microscopy

CMC Critical micellar concentration

Cryo-TEM Cryogenic transmission electron microscopy
DHE Dehydroergosterol

DLS Dynamic light scattering

DMAPP Dimethylallylpyrophosphate

DMPC Dimyristoylphosphatidylcholine

DOPC Dioleoylphosphatidylcholine

DOPE Dioleoylphosphatidylethanolamine

DPH Diphenylhexatriene

DPH-PC Diphenylhexatriene-Phosphatidylcholine
DPPC Dipalmitoylphosphatidylcholine

EM Electron microscopy

EPR Electron paramagnetic resonance

FPP Farnesylpyrophosphate

FRAP Fluorescence recovery after photobleaching
FRET Forster resonance energy transfert
GFP-LC3 Green fluorescent protein-LC3

GM1 Oligosaccharide composed of 5 sugars

GPI Glycophosphatidylinositol

GPL Glycerophospholipids

GPP Geranylpyrophosphate

GSL Glycosphingolipids

GUV Giant unilamellar vesicles

HPLC High performance liquid chromatography
IPP Isopentenylpyrophosphate

ISCOMS® Immunostimulating complex (nanoparticles)
Laurdan 6-Dodecanoyl-2-dimethyl-aminonaphthalene
LC3 wild-type human microtubule-associated profelight chain 3; 1= cytosolic form; ll=membrane maliform
LDH Lactate deshydrogenase

LUV Large unilamellar vesicles

MEP Methylerythritol phosphate pathway

MLV Multilamellar vesicles

MMP Matrix metalloproteinase

MOMP Mitochondrial outer membrane permeabilization
MPT Mitochondrial permeability transition

MVA Mevalonate pathway

NMR Nuclear magnetic resonance

OMM Outer mitochondrial membrane

PC Phosphatidylcholine

POPC Phosphatidyl-oleoyl-phosphatidylcholine
POPG Phosphatidyl-oleoyl-phosphatidylglycerol
Quil-A Saponin extract oQuillaja saponariaMolina.
QSAR Quantitative structure activity relationship
RIP1, 2 Receptor interacting protein 1, 2

ROS Reactive oxygen species

SAR Structure activity relationship

SM Sphingomyelin

SPB Supported planar bilayers

SUV Small unilamellar vesicles




List of abbreviations

TEM Transmission electron microscopy
Thl, Th2 T-helper cell 1, 2

TM Transmembrane proteins
TMA-DPH Trimethylamino-DPH

Lipid phases

L.,Lq4 Liquid crystalline/Liquid disordered phase

Ls,S,G Gell/solid ordered phase

L, Liquid ordered phase

P; Rippled phase

H Hexagonal phase (followed by normal phase, = inverse or reverse phase)
Q, C Cubic phase (followed by= normal phase, = inverse or reverse phase)
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Foreword / Aim of study

The word “Amphiphile” has its origine in the greekrds ‘Opeic” or “amphis”, which
means “double” and¢iiAia” or “philia”, meaning “love” or “affinity”. Chemially, it describes a
molecule that possesses an amphiphilic characteisasomposed of both a lipophilic and a
hydrophilic part. This amphiphilic character cobtries to many interesting physical and
chemical properties. Amphiphilic compounds adsarinterfaces between phases of different
polarity and are able to self-aggregate or aggeegéh other types of molecules. Self-
aggregation of amphiphiles can lead to the fornrmatiba new phase, called mesophase (because
it possesses intermediate properties betweencaud a liquid phase). It is often described as
fluid-like or “soft” (Israelachvili, 2011). Fluidike structures are very common in nature and
famous examples are lipid membranes. They are ceedpof self-aggregated phospholipids
which form a lamellar mesophase. Because of tmephaphilic nature, membranes are very
susceptible to interact with other amphiphileshia surrounding solution and thought models,
illustrating the different types of interactionge been put forward (Dennis, 1986;Lichtenberg
et al., 1983;Bechinger and Lohner, 2006). Espsgitike effect of detergents on membranes has
drawn much attention because of their capacitgatate membrane proteins or lipid “rafts”
(Kragh-Hansen et al., 1998;London, 2005).

The effects of amphiphiles on membranes are varoul include permeabilization, phase
changes, induction or disruption of phase separatisanges in membrane dynamics and more.
They depend on the nature of the amphiphile, iteentration, the environment and last but not
least, the membrane type. Amphiphiles, displayicgrdain level of specificity against a special
type of membrane are very interesting compoundsaeal candidates for the development of
new membrane active drugs. Compounds which actamthe membranes of pathogens and
leaving the host cells unchanged would present itapbantimicrobial potency (Lohner, 2009).
Molecules acting selectively on cancer cells opecgl type of organelles could provide new
pharmacophores for chemotherapy (Riedl et al., RQrhphiphiles which act specifically on
functional lateral domains (called lipid “rafts'figure 1) could activate membrane receptors in

an unspecific way, without acting directly on thetgin but rather on the lipid environment.

12
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FIGURE 1

Raft platform Raft platform
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Phanchored TN aa
GSL/SM protein TM protedn T sl

Lipid rafts in biological membranes and the chadest enriched
associated lamellar organized phasg)(&nd the lamellar crystalline
phase (L). (Lingwood and Simons, 2010)

Two interesting groups of naturally occurring anpgttiies, which have shown some selectivity
towards certain types of membranes are saponinspopeptides (Shai et al., 2006;Francis et al.,
2002). The aim of this study is to investigate tembrane activity of a representative member
of each groupa-hederin, a triterpenoid saponin and surfactiny@ic lipopeptide (Figure 2).

Both molecules have shown a certain selectivityatmls cancer cells and were able to induce
membrane lysis and apoptosis (Gauthier et al., Z@&@my and Huat, 2003;Cao et al.,
2011;Heerklotz and Seelig, 2007). Surfactin hagddition, antibacterial properties (Carrillo et
al., 2003). We will analyze several aspects ofrthr@@mbrane activity towards different
membrane models. Farhederin, we will also investigate the activityitsf natural precursor, the
triterpenic acid hederagenin (Figure 2), lacking skngar chain of the saponin and investigate the
activity of both compounds against cancer cellgtiro and establish a model which will explain

the activity ofa-hederin against biological membranes.
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FIGURE 2
Lipopeptide Saponin Triterpenic acid
G h <
surfactin a-hederin hederagenin
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The amphiphilic structures of surfactirxhederin and hederagenin

The thesis will be divided into 4 main partsthe first part, we will introduce notions
about physico-chemical properties of amphiphiligsd Imembranes and interactions of
amphiphiles with membranes. We will then review te&known in literature about interactions
of saponins with different membrane models androelinbranes and their biological
consequences. We will also present shortly the cotds whose effects have been analyzed in
this thesisuo-hederin, its precursors and surfactin. The segamtregroups all results obtained
regarding membrane interactions and activitiesanter cells for all compounds. In the third
part, we will inteprete these results and develapeahanism for membrane interaction for each
compound. We will also discuss influences of thentoene model and the molecular structure
on their activity, the effects on cancer cells amghlight the differences and similarities between
surfactin,a-hederin and hederagenin membrane interactiortbelfast part we will give some
short term perspectives about future and ongoipgrxents. We also explore long term
perspectives about the possibility of further phacological use of the analyzed substances and

general lessons which can be taken from this sabdwt further investigations of amphiphiles.
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Introduction

2.1.  Physico-chemical properties of amphiphiles

To understand the activities of amphiphiles on fokemes, we first have to describe their
physico-chemical properties. Amphiphilic moleculése to their hydrophilic and lipophilic
properties adsorb at interfaces of two immiscilllages of different polarity (Rosen, 1978) and
thereby reduce the interfacial energy (or intedhtgnsion) of both phases (Mehta et al., 2010).
The interfacial energy (or tension) is the freerggpehange which arises from increasing the
separating surface by unit area. Mathematically éxpressed in the Dupré equation,

Vio =V t Vo =W, (Equation 1)
wherebyy; andy; are the changes in surface tension (or energyjeafia 1 and 2 when both
surfaces have been increased by unit area ands\Whe adhesion energy between both surfaces.
The adhesion energy is the free energy changeddt)when separating two surfaces from
contact to infinity in vacuum (Israelachvili, 2011)
The miscibility of two phases depends on the iaigdl energy. By reducing the interfacial
energy, we increase the miscibility of both pha8esause of this ability, amphiphiles facilitate

the formation of foams (liquid-gaseous), emulsi@imgiid-liquid) and suspensions (solid-liquid).

2.1.1. Amphiphiles at the air-water interface

The most commonly studied interface is the airewatterface (or water surface).
Amphiphiles adsorb at the air-water interface wiiteir hydrophilic part pointing to the water
side and the hydrophobic part pointing to the igie sThis behaviour will lead to a reduction of
surface energy, defined as energy necessary teaserthe surface by unit area (J/m?2) or surface
tension ¢), defined as force per unit length (mN/m or dynycithe reduction of surface tension
at the air-water interface is mainly due to thetuog of hydrogen bonds between water molecules.
If amphiphiles are not soluble in water, they witily occupy the air-water interface. This surface
can be compared to a two-dimensional reservoimaaigbe considered as analogue to a three-

dimensional gaz reservoir. It can be describedbkytwo-dimensional Van der Waals equation of

state: (N+a/l Az)(A— b) = KT (equation 2)
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I is called the surface pressure of a monolayehasdhe same units than the surface tension
of a liquid, but in contrary is not constant. liaiso the difference between the surface tension of
the air water surfaced) without and with amphiphiles adsorbed X (IT=yo-v3). A is the area
occupied by the amphiphiles, k is the Boltzmannstamt and T the absolute temperature. a and b
are constants and depend on the amphiphiles (Railth®ethica, 1985;Pallas and Pethica, 1987).
Similar to a three-dimensional system (gaz), thenfda allows us to elaborate a phase diagram
of the non-soluble monolayer (Figure 3). We wilsebve a gaseous state at small amphiphile
density (or a high surface area). By increasingiesity, we will pass trough a liquid expanded
(LE), a liquid compressed or ordered (LC) and a&ssthte. In several systems, it is possible to
observe coexistence of different phases (Knobldr2esai, 1992;Ldsche, 1983).

If the amphiphiles are soluble in the solutionytixgll be submitted to an equilibrium between
monomers in the solution and molecules at the ateminterface without changing the surface
pressure (Figure 4) (Chang and Franses, 19954staali, 2011;Vollhardt and Fainerman, 2006).

FIGURE 3

Collapse

Solid

Liquid compressed

Surface pressure (11, [(MN/m])

Liquid expanded
Gaseous

Area per amphiphile (A2)

Diagram of surface pressure versus area isotherm

2.1.2. Self-aggregation of amphiphiles

Self-aggregation is one of the most striking prtips of amphiphiles. As an example,
detergent activity is based on the property to faroelles and mixed micelles in aqueous

solution and the formation of bilayers dependsealfiaggregation of phospholipids. To

17
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understand the interaction between amphiphilesdagers, we have to understand why and
how amphiphilic molecules are able to aggregate.

Self-aggregation of amphiphiles leads to the fdiomaof special aggregates and in many
cases to the formation of mesophases. Mesophas#sidiike” structures are structures which
possess intermediate properties between solidiguid phases. This is simply due to weak
intermolecular binding forces between amphiphiteaggregates which are mostly Van der
Waals, hydrophobic, hydrogen bonding and screeleatrestatic interactions (Israelachuvili,
2011;lIsraelachvili, 1976;Israelachvili et al., 1977

In terms of solubility, there exist two types ggregates. Soluble aggregates have finite
sizes (mostly in the nm range) and insoluble agge=gare of infinite size and become visible.
Here, the shape of the amphiphile plays an importde (see 2.1.2.3.). Spherical micelles have a
finite size (or aggregation number N) and can besered as soluble (Israelachvili, 2011).

Formation of these aggregates depends on the iwaten of the amphiphile in the
solution. When it increases above the critical thaceoncentration (CMC), monomers will
begin to self-aggregate (Figure 4 and Figure 5)andquilibrium between monomeric
amphiphiles and aggregates appears.

Other common mesophases are the hexagbifaltke hexagonal invertedt(), normal
cubic @), inverted cubic@y), or lamellar phases. Besides these “classicaiingiements there

exist many other types of aggregates (see 2.1(@s8aelachvili, 2011).

FIGURE 4

(A) Adsorption on the water-air interface

L
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(C) Formation of aggregates (micelles)
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(B) Monomers in solution

Behaviour of amphiphiles at interfaces (A),
in aqueous solution as monomers (B) and aggred&atey
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the aggregation number (Ruckenstein and Bhakta})199

2.1.2.1.Thermodynamics of self-aggregation

To understand the nature of the self-aggregationgss in a solution, we have to
understand the thermodynamics of the process. Becntropy would lead the system to the
formation of many small aggregates or monomersintieeactions between amphiphiles
counteract this process. The pioneering work reggrithermodynamics of self-aggregation has
been done by Israelacchvili and coworkers. Theglistuconditions for aggregate formation, the

solubility of the aggregate and its CMC.

2.1.2.1.1. Conditions for the aggregate formation
When molecules form aggregates in solution, tlegbal potential of all identical

molecules in different aggregates has to be etjuzdn be expressed as:

o kT Xy
M= Hy +W|Og W = constan(Equation 3)
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N is the number of molecules in an aggregate (tigeemyation numbery the chemical potential,
Uy the mearchemical potential (mean interaction free energympelecule) of an aggregate of
aggregation numbe, k is the Boltzmann constari,the temperature arX), is the activity
(expressed in volume fraction or mole fraction)adlecules in aggregates Mf molecules
(Israelachvili, 2011).

We can also formulate that the mole or volumetioacof an aggregate of aggregation

number N Xy is equal to :
— 0 0 N
X N = N{ Xl eXp[(l.ll — Ky ) / kT]} (Equation 4)
In this equation, Xis the mole fraction of the monomer in solutiom gy the chemical potential
of the monomer. All other parameters have beerepted in equation 3.
The condition required to form an aggregate ofegation numbeN is py < . In

other terms, the free energy of the amphiphilabénaggregate composed of N amphiphiles has

to be smaller than that of the monomer.

2.1.2.1.2. Solubility of aggregates (finite vs. infinite sizad mean aggregation
number (M)

The question of aggregate solubility depends wengh on the shape of the aggregate.

If we consider thatkT is the binding energy in the aggregate relativtéhe isolated monomers,

we can expresg,, as :

o _ o , aKT
Mn = Mo W (Equation 5)

a is a positive constant depending on importanangshiphile interactiorp describes the shape
or dimensionality of the aggregate=( for rod-like aggregates (one-dimensiongh1/2 for
discs (two-dimensional) goF1/3 for spheres (three-dimensional)f, is the mean chemical
potential for an aggregate of infinite size.

For rod-like (chain like) or cylinder-like aggrdga =1), the mean aggregation number
M depends strongly on the concentration of the aptyillei and very polydisperse aggregates of

different sizes can be observed.
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For disc or sphergs< 1 an aggregate of infinite size appears whfndecreases upon
the aggregation number. In these conditions, weolderve a macroscopic phase separation.
Hence, for most amphiphileg,, reaches a minimum value at a mean aggregatiore Waland

therefore spherical aggregates like micelles haweadisperse Gaussian distribution around the
mean aggregation number (M) and are of finite @zmelachvili, 1976).

2.1.2.1.3. The critical micellar concentration (CMC)

The concentration which is needed for aggregatadton (CMC) can be expressed in
the following manner.

By combining equation 4 and 5, we can find that

N
Xy =N [Xlea] (Equation 6)
SinceXy can never exceed unity (it is a molar or volumim)aX; will never exceed 1/expi( -

Uy )/KT] (equation 4) or exp[4(; - uy )/KT]. Similarly in equation 6X; can never exceed'e

This concentration is the maximum concentrationodomer can reach and is equal to the

critical micellar concentration (CMC) (Israelachy2011;Israelachuvili et al., 1977;lsraelachvili,

1976) and we can write CMC = ¢

2.1.2.2.Equilibrium between monomeric amphiphileg aggregates

Amphiphiles in micelles (or other types of aggitegaor mesophases) can be considered
to be in a permanent equilibrium with their corrasging monomers in the bulk solution. This
exchange of molecules can be characterized byath®i mass action and the constants of
dissociation Kp) and associatiorkf) of the micelle.

Ka

N X monomer<«s» micelle

K= Ka [micelld
ko [monome}"

=exp-N(Uy — ) /KT] (Equation 7)

We can deduce the mean lifetime (or residence t{mgpf a molecule in an aggregate according
to its CMC.
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I, =1,/e*"" =551, |CMC (Equation 8)

7, is the typical motional correlation time in an génghilic aggregate and is in the range of10
107 s.4E is the activation energy which has to be surmalibiean amphiphile to leave the
aggregate.

The CMC (Figure 5) determines therefore the méatirhe of an amphiphilic molecule
in its micelle or mesophase. For bilayer formingpaiphiles, the CMC is smaller (faL0° M)
than for micelle forming amphiphiles (£.0° M) and residence time is therefore higher in
bilayers (1ds) than in micelles (Ifs) (Israelachvili, 2011).

2.1.2.3.The molecular shape of amphiphiles and fha@ymorphic phase behaviour

The resulting form of the aggregate (or mesophdspgnds on the molecular shape of the
amphiphile, its molecular self-interaction and gmvironment (Israelachvili, 2011). Several
attempts have been made to predict the resultimy & the aggregate by the molecular
amphiphilic shape (Marsh, 1996;Kumar, 1991;Israwld; 1976). For amphiphiles composed of
a lipophilic hydrocarbon chain and a hydrophili@tdelsraelachvili et al. defined a molecular
packing parameter (Figure 6)

S=V /ao.lc (Equation 9),

where V is the hydrocarbon or lipophilic chain vole, | is the critical chain length (corresponds
to the fully extended hydrocarbon chain) @gds the optimal headgroup area (corresponding to
the area when repulsion and interfacial tensiomyoirophobic attraction at the hydrophobic-
hydrophilic interface are at equilibrium) (Figurg\p (Israelachvili, 1976). This packing
parameter is proportional to the Hydrophile-LipdptBalance (HLB), which designates if
amphiphiles form oil in water micelles (O/W, norinaf water in oil micelles (W/O, inverse) in a
water-oil-amphiphile mixture (Becher, 1983). Acdogito the self-assembling theory, we
consider that amphiphiles presenting a packingrpater smaller than unity possess a cone-
shape. In other words, the base of the cone camnelsptoa,.

The packing parameter depends on the charge arsizih of the headgroup, the volume
of the hydrocarbon chain, the pH, the ionic fornd the temperature of the solution (Figure 6,A).
It is therefore not astonishing that the same apipla can aggregate into different structures in

function of the environment. This special charateralled polymorphism of amphiphiles. For
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example, an anionic amphiphile will rather aggregato micelles at high pH, because the size of
its headgroup (and therefamg) increases when ionized. Amphiphiles with packpagameters
smaller than one form normal structures in wategufe 6,B). This means they point their
hydrophilic head to the external aqueous phasersevaggregates points their hydrophobic
gueue to the outside.

The concept of the packing parameter can onlyppdexd to amphiphiles composed of a
hydrophobic acyl chain and a hydrophilic head sagphospholipids. For other amphiphilic
structures like peptides or lipopeptides, intemawtibecome much more complex because the
ternary structure (three dimensional shape) op#mides is influenced by intrinsic interactions
between aminoacids.

The polymorphism of amphiphiles can lead to thenftion of numerous different
structures of different dimensionality. Rod or oder-like structures (one-dimensional), disc-like
(or lamellar) structures (two-dimensional) and gadémensional structures. We summarize there

under the most common phases observed.

FIGURE 6
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(Israelachvili, 2011)
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2.1.2.3.1. Micellar phases

We can observe the formation of inverse or nommaklles (Figure 6,B). Micellar phases
are optically isotropic. Normal micelles are favibiey cone-shaped and inverse micelles by
inverse cone-shaped amphiphiles. Micelles can berggal or present other forms and are
characterized by a small residence time of ampleplflL0>-10° s) (Israelachvili, 1976). This
small residence time makes them “dynamic” structuf@e packing parameter of amphiphiles

forming spherical micelles has to be smaller thén(Eigure 6,B).

2.1.2.3.2. Lamellar phases or bilayers

Association of amphiphiles with cylindrical shdpads to the formation of lamellar
phases or bilayers. There exist several statemméllar phases. This issue will be discussed in
the chapter regarding membrane dynamics. The @ffusf amphiphiles between monolayers
(flip-flop) is often in the same range than thedence time of a bilayer (see 2.1.2.2.)
(Israelachvili, 2011). Bilayer forming amphiphilpeesent a packing parameter close to unity
(Figure 6,B).

2.1.2.3.3. Hexagonal phases

Hexagonal phases are characterized by long tubstaciations of amphiphiles (Figure
7). The normal hexagonal phase is calighphase and the inverse phake(Seddon, 1990).
Transitions between lamellar and hexagonal phasethaught to play an important role in
membrane permeabilizatiob,(-> H, transitions) and membrane fusidnp$® H transitions)
(Seddon, 1990;Hallock et al., 2003). A lot of angtilic peptides or proteins are known to
promote theH, state when they interact with membrane lipids @jeet al., 2010). Lipid
amphiphiles forming preferentially a hexagonal ghpgssess a packing parameter in the range
of 1/3 till 1/2 (Figure 6,B).
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FIGURE 7

Polymorphism of amphiphiles
Upper left: Inverse hexagonal phask ), upper right: micellar or normal cubic phase, éoweft:
bicontinuous cubic phase of type In3m; lower ridhtontinuous cubic phase of type Pn3m
(Seddon, 1990)

2.1.2.3.4. Cubic phases

Cubic phases can present different types of mtdetiuree dimensional arrangements
(Figure 7). They can be micellar or bicontinuodishéy are bicontinuous, they are characterized
by a space group which defines its three-dimens@amangements in a cube (for example Pn3m
or In3m). They are optically isotropic. They cansexas normal@, or C) or inverse phas&€); or
Ci). On a phase diagram, they most often exist betwé#eer phase transitions (for example
between the hexagonal and lamellar state) (FigiBg(6ontell, 1992;Siegel, 1986). They are
favored in systems composed of more than one arhipiCubic phases are thought to be

intermediates when fusion promoting peptides aanembrane (Luzzati, 1997).
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2.2.  Lipid membranes

From a cellular point of view, a membrane is th&ural delimitation of a cell. It separates
the cells’ interior from its exterior and confehetefore protection to the cell. It is also the sit
exchange of the cell with its environment. In eykéc cells, membranes define also distinct
compartments, the organelles.

To discover how different amphiphiles interacthwibembranes, we have to understand
critical membrane properties. We have seen thathmemes or bilayers are aggregates of
amphiphilic cylinder shaped molecules. Howeverrdlexists a big difference between simple
bilayer structures composed of some lipids andolgichl membranes. Biological membranes are
composed of hundreds to thousands different lipgtges and contain proteins (van Meer, 2005).
Moreover, the complete membrane structure is sup@dry a cytoskeleton, which is very
important to the shape of the cell. This complegiyfers some interesting properties to the

membrane.

2.2.1. Different lipid species in cellular membranes

The variety of lipid species in a cell membranensrmous. A typical biomembrane
contains hundreds to thousand different specidéipidé (van Meer, 2005). Three main classes of
lipids exist: glycerophospholipids (or phospholgidsphingolipids, cyclic (sterols) and linear

isoprenoids. Glycolipids can be considered as arsgp class (van Meer, 2005).

2.2.1.1.Fatty acids

In membranes, free fatty acids are rare. Theyragtly esterified. Generally, they
possess 10 to 24 carbons and can have one or nsatterations. Their biosynthetic pathway
includes the condensation of Acetyl CoA units. Thathy natural fatty acids possess only pair
numbers of carbons. Dehydration leads to unsatlifatey acids. In nature, unsaturated fatty
acids contain only double bonds in the cis confajon. This cis configuration introduces a kink
in the chain. Saturated fatty acids have the ptgpbat all carbon-carbon bonds (except the sp2
bond of the carboxylic acid) can freely rotate. Thain is fully extended, when all the torsion

angles are 180°. This preferred conformer is caliaas or anti. The second most observed form
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is the gauche conformer which has a torsion anigh®t Free rotation passes through these
conformations. The nomenclature of fatty acids iogies most often trivial names. From 12 to

18 carbons the names are: lauric, myristic, patnaitid stearic acid.

2.2.1.2.Phospholipids or glycerophospholipids

The backbone of glycerophospholipids is its glgtenolecule. Two fatty acids (except
cardiolipin which contains 4) are bound at the sarde of the molecule through an ester linkage
at C1 and C2. A phosphatidyl residue is bound €0GB and points to the opposite side of the
acyl chainsgn-configuration) (Figure 8,A). If the phospholipidgsesses only one acyl chain, it
is called lysophospholipid. Glycerophospholipids #ire most common lipids in eukaryotic
plasmic membranes (van Meer, 2005). Saturated plotipms are enriched in lipid rafts and in
thel, phase (Figure 10). They have generally a highingetemperature (). Unsaturated
phospholipids do not participate in raft formateomd have generally a low melting point. Most

natural phospholipids possess one saturated andnsmagurated acyl chain.

2.2.1.3.Sphingolipids

Sphingolipids are built of sphingosine, a longinteminoalcohol bound to a fatty acid by
an amide linkage (Figure 8,B). Most of them arersgpbmyelins : sphingophospholipids with a
phosphocholine or phosphoethanolamine headgrouwgir Tty acids are mostly saturated,

which allows them to be closely packed togethertariae enriched in lipid rafts (Figure 10).
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FIGURE 8

Molecular structures of different lipids
(A) Glycerophospholipid
(B) Sphingolipid
(C) Cholesterol

2.2.1.4.Linear isoprenoids and sterols (terpenes)

Biosynthesis of linear isoprenoids, sterols arndrpenoids is based on the acetate-
mevalonate pathway (Figure 9, black panel). Firgtyalonate is synthesized via the
condensation of three acetyl-CoA units and furtieeuction of mevalonate-CoA by the enzyme
hydroxymethylglutaryl-CoA reductase. Addition ofdywhosphates and decarboxylation leads to
isopentenylpyrophosphate (IPP), a 5 carbon comigimolecule. IPP is isomerized into
dimethylallylpyrophosphate (DMAPP), a highly reaetmolecule. Plants and some parasites
have the ability to synthesize IPP and DMAPP bwléernative pathway, the
methylerythritolphosphate pathway, in their plastjgigure 9, green panel) (Lichtenthaler, 1999).
Both pathways lead to the addition of IPP on DMABRorm geranylpyrophosphate (GPP),
which contains 10 carbons. Further addition of beaotPP unit on GPP leads to

farnesylpyrophosphate (FPP) and condensation off\® leads to the formation of squalene. Its
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cyclization via epoxysqualene leads to the fornmatbtriterpenoids (30 carbons). The further
loss of 3 carbon atoms leads to sterols which angposed of 4 rigid cycles and 27 carbons
(Figure 8,C) (Nes, 2011;Tchen and Bloch, 1957).

Sterols are only present in eukaryotic cell membésawith exception of some bacterias
which might have acquired synthetic capabilitiedhbyizontal gene transfer from eucaryotes
(Desmond and Gribaldo, 2009). Vertebrates contaimiy cholesterol, land plants stigmasterol,
campesterol and sitosterol and fungi ergosterahé&eucaryotes like insects have lost the ability
to synthesize sterols. For detailed review aboaifpttesence of sterols in membranes of living
cells, excellent papers have been published (Dedrand Gribaldo, 2009;Nes, 2011). Sterols
influence to a large extent the properties of memes and especially its dynamic and elastic

properties (see 2.2.4.) and are a major comporidipich rafts (Figure 10).
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FIGURE 9
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2.2.1.5.Glycolipids

They are composed of an oligosaccharide and &gipbospholipid or sphingolipid.
Ganglioside GM for example is composed of a sphingolipid and s#\sigar moieties.
Gangliosides are part of lipid rafts (Figure 100ey can also have other functions. Rhamnolipids,
glycolipids ofPseudomonaare important for quorum sensing and biofilm fotiora (Desai and
Banat, 1997).

2.2.2. Main organization of biological membranes

The understanding of the composition and threesdsional form of biological
membranes was and is a challenging research. @0thand 2% century, several scientists

developed membrane models describing the reality adcordance to their technical advances.

2.2.2.1.A phospholipid bilayer with “floating” pretns

In 1925, Gorter and Grendel first proposed thgtheocytes would have a membrane in
form of a bimolecular leaflet composed of lipidsof@er and Grendel, 1925). On this basis, the
Davson-Danielli model, which suggested that pra&eover the membrane surface, was
established (Danielli and Davson, 1935). After ntouas findings regarding mainly membrane
proteins, the fluid mosaic model was evolved byg8mand Nicolson (Singer and Nicolson,
1972). It assumes that globular proteins can difi{ifoat”) freely in a fluid-like phospholipid
bilayer. Further studies revealed the existenddiftédrent degrees of protein diffusion
(Ramadurai et al., 2009).

2.2.2.2. Lateral heterogeneity of mammal membramesnbrane rafts

Already in the eighties, self-association of clstéeol in model membranes (Lentz et al.,
1980) and the presence of detergent resistant nagr@bi(Brown and Rose, 1992) led to the
assumption that some proteins reside in membramaits with lower diffusibility. Simons and
Ikonen postulated that these domains would fornetfonal “rafts”, enriched with cholesterol
and sphingolipids (Simons and Ikonen, 1997). Dédferstudies have revealed that rafts have a

size between 10-200 nm, a lifetime ranging in thiesecond scale and are enriched with
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cholesterol, sphingolipids, glycosylated lipids &H#I-anchored proteins (Figure 10) (Jacobson
et al., 2007;London, 2005;Lingwood and Simons, 20R@fts should be imagined as lateral
nanoscaled domains existing in the subsecond ramgjevhich can fuse into a larger, more stable
raft phase due to protein-lipid, protein-proteir dipid-lipid interactions (Lingwood et al.,
2008;Friedrichson and Kurzchalia, 1998).

By inhibiting interactions of the actin cytoskeletwith the membrane, phase separation
into microscopic domains can be observed, whiclyssig that the cytoskeleton is able to
influence the microheterogeneity (Lenne et al.,&80zuki et al., 2005;Lingwood and Simons,
2010). Questions, as how important lipid interatdicnfluence membrane heterogeneity in cells,
have been intensively discussed (Leslie, 2011).

FIGURE 10

L,-phase
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GPL | Acylated | [ | "
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protein TM protein Raft
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Membrane model showing the formation of raft-platfe in cellular membranes (Lingwood and
Simons, 2010).

Rafts are associated with thgphase and are composed of mainly saturated

glycerophospholipids (GPL), cholesterol, glycosgjoiipids and sphingomyelin (GSL/SM),

Glycophosphatidylinositol (GPI) anchored and traesrhrane (TM) proteins.

2.2.2.3.Membrane domains in bacteria

Another type of lateral membrane heterogeneifgusd in prokaryotic membranes.
Liquid/liquid phase coexistence leads to the foramaof cardiolipin and
phosphatidylethanolamine rich domains. Bacterianim@nes do not contain sterols and other

types of interactions have to lead to domain foromatLipid phase separation would here be
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guided by hydrogen bonds, Van der Waals and elsetiio interactions (Matsumoto et al., 2006).
The domain formation would have a considerable thpa the activitites of antibacterial
peptides and especially polycationic peptides (Bprd Epand, 2009;Epand et al., 2008).

2.2.3. Membrane dynamics and lamellar phases

We have seen that membranes are “fluid’-like $tmas (mesophases) and their
components are in constant movement and excharlyehgi environment. Phospholipids can
undergo several types of movements in a membrarehwicludes rotational and lateral
diffusion, flip-flop, protrusion, bond oscillatiorend trans-gauche isomerizations (Gawrisch,
2005). The membrane itself undergoes undulatiomggi(€ 11). All these oscillations have
different correlation times (time periods). We hawde aware that techniques allowing to get
informations about lipid “order” like NMR, EPR dubrescence studies only reflect the order in

the time-scales they acquire their information.

FIGURE 11
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VY
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Approximate correlation times of lipid motion inmigranes (Gawrisch, 2005)

According to the dynamic state of the membranecavedistinguish different lamellar
phases. At low temperatures, the membrane is indhe ordered or gel phase stdtg ¢r S).
When the temperature is raised beyond its tramsi@mperature the membrane undergoes a
phase transition and become fluid crystallibgdr Lg). Some membranes composed of pure
phospholipids can present intermediate states warethe rippled phadg;, the
pseudocrystalline phase or phases where the caaridted (s andPy’).
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The gel state is characterized by a high lipickpagand an increased order. When
temperature increases, the probability of gaucimdocmers is raised and at transition
temperatureT(,), chain melting occurs. Beyond this temperature tilayer will pass into a
liquid crystalline state. The membrane in thestate is characterized by higher diffusion rades,
increase of the cross-sectional area of each dipala thinning of the membrane. Melting
temperature decreases with shorter acyl chainsrendumber of unsaturations. It depends also
of the position of the insaturation, the pH, theigostrength and the size of the headgroup (Lewis
and McElhaney, 2005).

2.2.4. The effect of cholesterol on dynamics and the formation of a liquid
ordered phase (Lo)

Cholesterol, due to its rigid ring structure intslirans-gauche isomerization of acyl
chains and favors the trans-conformers in membraht liquid crystalline phase {). This
leads to an ordering effect of cholesterol. Ford¢hmgacyl chains into a linear conformation leads
to thickening and lateral condensing of the meméramthe gel phase, cholesterol increases the
area per lipid molecule and so reduces order bedhaeg-side of the sterol possesses methyl
residues which “pushes” phospholipids away (Lon@i95;Rog et al., 2009). In other terms,
cholesterol rigidifies the liquid crystalline phaaed renders the gel phase more liquid. In
erythrocytes and most eukaryotic cells which preadrigh cholesterol concentration, lipid
phase transition between the gel and liquid criystaphase is abolished (Ladbrooke et al.,
1968;Parasassi et al., 1993).

If a certain amount of cholesterol in the membriameached, we will observe the
formation of a new phase, the liquid ordered plfage TheL, phase will be enriched in
saturated phospholipids, sphingomyelin and chalelsbeit not in unsaturated lipids. The kink in
their acyl chain (because of the cis configuratbthe double bond) makes aggregation with

cholesterol less favorable and so these lipidsaaitistitute thé.,-phase (London, 2005).
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2.2.5. Coexistence of lamellar phases in membranes

In defined conditions, different lamellar phasas coexist in model membranes.

2.2.5.1.The liquid/liquid ¥L, phase co-existence

Liquid/liquid phase separation is favored by tine itension which develops at the phase
boundaries and inhibited by electrostatic intetattibetween different domains. Line tension is
defined as energy per unit length. To reduce tbe énergy at the boundary, domains in liquid
phase separation are circular (Israelachvili, 2011)

The co-existence betweépandL, phases is observed at critical lipid compositions.
Most important is the amount of cholesterol in thembrane. In model membranes, this
coexistence is thought to mimic the presence @ ligfts in biological membranes. But on the
contrary to lipid rafts, which are unstable struesjL,/Lq phase coexistence in model
membranes is stable upon time (Lingwood and Sim2®E);London, 2005). The development
of phase diagrams allows to define critical lipahgositions and temperatures (Figure 12)
(Heberle et al., 2010). The co-existence betwedn, phases in model membranes is mostly
observed in ternary systems composed of one usatbphospholipid, a saturated phospholipid
or sphingomyelin and cholesterol (de Almeida et20003). Nanoscopic domains exist also in
binary mixtures of phosphatidylcholines and ch@esdtas have shown FRET (Forster energy
resonance transfer) and NMR studies (Loura eR@0]1;Heberle et al., 2010).

If a coexistence betweén andL, is real, differential scanning calorimetry (DSQ)lw
show the superimposition of two components in thase transition. A sharp and a broad

component reflects the sterol poor and enrichedadimsirespectively (McMullen et al., 1995).
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FIGURE 12
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Phase coexistence between liquid crystallingo(LLy), liquid ordered (l) and
gel phase (G or§ at different compositions of a high, Tipid, cholesterol
(Chol) and a low 1, lipid. The striped part represents cholesterolstays
(London, 2005)

2.2.5.2.The solid/liquid (gel/liquid) G/&4 phase coexistence

In solid/liquid (or gel/liquid) phase separati@@mains can have several shapes
(Bagatolli et al., 2010). This type of phase coexise is observed when the membrane is
composed of a binary system containing two diffetinds, one with a low and another with a
high transition temperature (Deleu et al., 20113]s Inhibited at high sterol concentrations
(because sterols favor thg phase) and is therefore not thought to take plaeekaryotic
membranes. This does not exclude that this tygshase coexistence does not happen in other

membrane types like bacterias.

2.2.5.3.Cholesterol-phospholipid superlatticesamellar phases

Other models of lateral heterogeneity in lipid nieames have been put forward. The

superlattice model supposes a regular distribuafgghospholipid molecules around the sterol.
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The arrangement of molecules changes at critieablstoncentrations (Figure 13,A) (Virtanen et
al., 1995;Chong, 1994). A new statistical mechdmuadel, combining superlattices, phase
diagrams and condensed complexes of phospholipiistaolesterol describes the membrane as
a sludge-like mixture of fluid phase and aggregafegyid clusters, forming the superlattice
(Figure 13,B) (Sugar and Chong, 2012). The supe#amodel explains a lot of physical
behaviours typical of mixtures between sterols gimaspholipids. This model has not been
applied to many biological membranes. Howeverdlgomposition of erythrocytes and the
platelet plasma membranes could be predicted bguperlattice model (Virtanen et al., 1998).
The energy minima observed with the superlatticdehand the discrete number of allowed
compositions could help to maintain organelle idgmh the interests of rapid inter-organelle

membrane traffic (Somerharju et al., 2009).

FIGURE 13
(A)

Cholesterol = 15.4 % mol Cholesterol = 25 % mol/mol

o ®
(A) The superlattice model at two different choledteomce
(B) Sludge-like superlattice (Virtanen et al., 1995)
Green : rigid clusters of phospholipids and cheledt(black points)
White : Sludge-like mixture of fluid phase (LG

2.2.6. Spontaneous curvature

According to the shape hypothesis of amphiphdggyregation can lead to different

phases of different forms (see 2.1.2.3.). Membrahesild be mostly composed of cylinder
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shaped amphiphiles which favor the formation ofédar phases or bilayers. This is an
oversimplification because in natural membranexst afilipids which do not possess a cylinder
shape exist (van Meer, 2005). Aggregation of seVigids in lateral membrane domains will

also change the local contribution to the membfarma and a flat membrane may develop into a
curved structure (Israelachvili, 2011). It is tHere of major importance to understand and
quantify the implications of amphiphilic compositito the membrane curvature.

2.2.6.1.Monolayers

The effects of amphiphile composition on a memérzan be most easily understood in a
monolayer. The geometric curvature in a poiptof the monolayer can be defined as the sum of
both curvature€; andC, (or the inverse radiR; andR;) obtained by the dissection of the layer
with two perpendicular planes (Figure 14,A).

J=C+C, =(1/ R + 1/ R) (Equation 10)

The Gaussian curvaturk)(is the product of both curvatures and dependfien

molecular characteristics of the monolayer (Zimreegband Kozlov, 2006).

K = C;.C, (Equation 11)
The spontaneous curvature of a monolaygrig the curvature that it tends to adopt if there
no other constraints (pressure, protein activityjepends on the composition of lipids or
amphiphiles Xi=molar ratio of amphiphiles in the membrane) arairtborresponding intrinsic

molecular curvatureg).

L =2 X (Equation 12)

The concept of intrinsic molecular curvature isyvelose to the packing parameter
defined by the theory of self assembly (Israelackvtial., 1977). In contrast to the packing
parameter, the intrinsic molecular curvature oterphiphile is measurable. It is identic to the
curvature of a monolayer composed of this amphgpAihe spontaneous curvature of this layer
would correspond to the intrinsic molecular curvataf the amphiphile (Figure 14,B). We
consider that amphiphiles presenting positive msiad molecular curvature possess a cone-shape.
In other words, the hydrophilic head presents tselof the cone (Israelachvili, 2011).
Unfortunately, there is no mutual agreement abloeitérms cone or inverse cone-shape.
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| FIGURE 14
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(A) Total (J) and Gaussian (K) curvature in a pointloeé membrane
J=C+C; =(1/R + 1/ R) and K = G.C, (Zimmerberg and Kozlov, 2006)

(B) Spontaneous curvature in a monolayer.
Aggregation of cone-shaped amphiphiles promotesip@spontaneous curvaturégx0),
Cylinder shaped amphiphiles induce no spontaneowstire §s=0) and inverse cone-shaped
amphiphiles aggregate into layers of negative spwtus curvature

2.2.6.2.Bilayers

We have always to keep in mind that a membraoengposed of two monolayers. The
induction of positive curvature on one monolayelt have the opposite effect on the other. This
is because both monolayers are coupled (Sheet3iagdr, 1974). The shape of a membrane will
therefore depend on the spontaneous curvatureohtier and outer monolayer. If we consider a
membrane of a vesicle (or a cell) with an outer immér monolayer of equal bending rigidities
(see 2.2.6.1.) we can write:

J&=(32"-32)/2 (Equation 13)
where J¢ is the curvature of the bilayed2" the spontaneous curvature of the outer monolayer

and JI' the spontaneous curvature of the inner layer.bilager has a positive curvature when

the intrinsic spontaneous curvature of the outematayer is larger than that of the inner one
(Zimmerberg and Kozlov, 2006).
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2.2.7. Mechanical properties of a membrane

If forces are applied on a membrane, resistanamsigits deformation will raise, due to
the elasticity of the membrane. According to Helfrithere exist three different kinds of
membrane elasticity: the shear, the stretchingt@dbending elasticity (Helfrich, 1973).

The shear elasticity can be in most cases nefgigkcept in membrane-cytoskeleton
interactions (Evans and Needham, 1986).

The stretching elasticity opposes the increaskeorease of the membrane surface. It can
be quantified by the stretching modulliy &and is approximately 200 mN/m for bilayers. This
high value makes the membrane quasi non-compresailol non-stretchable (Meleard et al.,
1997;Zimmerberg and Kozlov, 2006).

The third mechanical property of a membrane ibéisding resistance (rigidity). This
resistance can be quantified by the bending modaflasmembranex;). In a monolayer, the
deviation of curvature from the spontaneous cureafi+Js) requires energy. This energy is

defined by the Helfrich equation (Helfrich, 1978} & certain surface area,

E=] dA%Km(J -J.)?+K, K (Equation 14)
wherebyx,, is the Gaussian bending modulus #&nthe Gaussian curvature. In membranes

composed of DMPC and cholesterol, it has been shthahincreasing amounts of cholesterol
increase the bending modulus. Normally, valuesared in the order of I8 J (Meleard et al.,
1997). The membrane composition influences theedfoe rigidity. It depends also strongly on

the monolayer thickness)((xy~d°) (Zimmerberg and Kozlov, 2006).

2.3. Interactions between membranes and amphiphiles

After having introduced some concepts regardinghbrane properties, we will now
discuss the general effects that can have ampégpbit membranes. Interactions between
membranes and amphiphiles are numerous and depehé physico-chemical properties of the

amphiphile, its shape, the environment and the manebitself.
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2.3.1. Effect of amphiphiles on membrane dynamics

Many studies treat the effects of amphiphiles éeslly surfactants) on membrane order
(Schroeder et al., 1998) which depends on the grhpiui structure, its concentration and on the
membrane’s composition. We have to be aware tffifgreint investigation techniques may show
different results regarding the membrane order 2s¢&.2.3.).

An interesting study was led by Nazari and coliovproposed a classification of
amphiphiles depending on their perturbing actieitymembrane order using DPH anisotropy.
They showed that detergents like octyl glycosideS%nd lauryl maltoside initiated membrane
lysis only after reaching a critical amount of ddering. Other types of amphiphiles including
lipopeptides and saponins would disrupt the menggninducing local effects without general

disordering (Nazari et al., 2012).

2.3.2. Induction of membrane curvature by amphiphiles

The induction of membrane curvature in bilayens loa induced by two principal ways.

First, when amphiphiles presenting an intrinsidenolar curvature insert into the outer
monolayer, the spontaneous curvatuge ¢f the membrane will be changed because the total
composition of one monolayer has changed. The apenus curvature of the bilayer depends on
the molecular composition of both monolayers (eiguat12,13). Cone shaped amphiphiles
which insert into the outer monolayer will therefdrend the membrane and induce a positive
curvature.

Second, because of the quasi incompressibiligymbnolayer, the insertion of high
amounts of amphiphiles into the outer monolayel evéate an area difference between the outer

and inner monolaye®f"-A"), if no flip-flop occurs. This will lead to the hding of the bilayer.
The bilayer spontaneous curvatulg created by this asymmetry depends inversely on the

monolayer thicknessl).

J2 = 1 M (Equation 15)
S d 'Aout + Ain q
Normally, the curvature induction produced by theaadifference is much more effective than

the change of spontaneous curvatures of the mos@laience, when only a small amount of
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amphiphiles enters the membrane, and when aggoegatamphiphiles in some spots of the
membrane occurs, the contribution of the spontasmieawvature is more important (Zimmerberg
and Kozlov, 2006;Sheetz and Singer, 1974).

Beyond these two possibilities of amphiphilesntduce curvature strain in membranes, it
is important to be aware about other possible mashes. Changes of pH or the ionic force of
the solution can influence the size of the headgfuonisable phospholipids (or amphiphiles)
and therefore change the molecular intrinsic cumeaor the molecular packing parameter).
Electrostatic interactions between ionized phodpldsd and/or bivalent cations or other charged
molecules can also influence the intrinsic curvaira membrane (Yaghmur et al., 2011;Lewis
and McElhaney, 2000). In addition, since an inagaademperature favours trans-gauche
isomerizations and increases the molecular voluinieeohydrophobic tail of a lipid, this will
induces negative curvature in a monolayer (Laftdwal., 1996).

Large amphiphilic molecules such as peptides oteprs are known to induce curvature
strain on the membrane by multiple mechanisms (Riedl., 2011;Mizuno et al., 2012). Some
proteins are known to regulate membrane curvatucelis. As an example, proteins posseding a
BAR-domain (Bin, Amphiphysin, Rvs) wrap around meertes and provide scaffolds for
cylindrical curvature. These proteins have a barstwa@e, coat the membrane and bend it.
Amphipathic moities insert between polar headgrafghe membrane and serve as anchors
(Zimmerberg and Kozlov, 2006). One other examphiyisamin, which is involved in exocytosis
by inducing membrane curvature on a GTP (guanisipleosphate) dependent mechanism
(Bashkirov et al., 2008).

2.3.2.1.Bilayer/non-bilayer phase transitions indddy amphiphiles

The changes in spontaneous curvature of a membemiead to the formation of a new
phase (micellar, hexagonal,...) composed of the apiillkiand membrane lipids or the
formation of other curved structures within the nbeame such as membrane pores. The
induction of positive curvature strain has beemeissed with the formation of normal phases
and the induction of negative curvature with thenfation of inverse phases (Van Echteld et al.,
1981;Cullis and de Kruijff, 1978). Upon the conaatibn of the different components (lipids,
amphiphiles, solvent), we can establish phase amagywhich indicate which lipid phase will be

observed at a certain amphiphilic/lipid/solvent pasition and temperature (Figure 15,A and B)
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(Almgren, 2000). An important aspect to considgheskinetic of the transformation. Metastable
structures can coexist with stable phases and tifagisformation may take several weeks or more,
which complicates the construction of a phase diag{Demana et al., 2004;Almgren, 2000).
Another important factor is the ability of the anytile to flip from the outer to the inner

monolayer. This capacity is reduced if the moleasiieharged and the size of the headgroup
increased (Sudbrack et al., 2011).

2.3.2.1.1. Transitions due to positive curvature induction

Intensive research has been done regarding thiations between detergents and
membranes (Kragh-Hansen et al., 1998;Lichtenbeat},€1983). Simple phase diagrams trying
to explain the solubilization of lipid vesicles bgne-shaped amphiphiles which do not
preferentially interact with one or several liplisve been put forward (Figure 15,A). For a given
lipid concentration, there exist an amphiphilic centration (Jamphiphilic]/[lipid] ratio), where
solubilization of the vesicle beginsdR:). We will observe the formation of mixed micelles
composed of lipid and amphiphile molecules. Beythmsi ratio, we observe a coexistence of

bilayer and micelles until the ratio {&,) where complete transformation of all vesicles int
mixed micelles is observed.

FIGURE 15
A B

micelles

[amphiphile]
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Co-existence

Dyso=Dusont Refsony-[liPid]
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(A) Binary phase diagram showing the vesicle micelegition (Lichtenberg et al., 2000).
(B) Ternary phase diagram showing the formation okedéht phases and coexistence of phajses
at different egg-phosphatidylcholine (EPC), dodeayhethylammonium chloride ¢€TAC),
NaCl compositions.
(I = ; L1 = micellar phasdd; = normal hexagonal phade, = liquid crystalline phase; ¢ = Nad
concentration critical foH; formation ;d = EPC/GTAC composition at phase transition
between lamellar and hexagonal/micellar phase) ¢aém, 2000)
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This simplified model implies that only the rabetween amphiphiles and lipids (the
slope of the two straight lines) is important foe tphase change (Kragh-Hansen et al.,
1998;Lichtenberg et al., 1983). This is not enyitelie because the phase behaviour depends also
on the absolute concentration of both componerdgtaa partition coefficient of the amphiphile
(Lichtenberg et al., 2000). The form and tempotab#ity of the mixed aggregates between
surfactant amphiphiles and lipids is very variaBed-like, thread-like, lace-like and disk-like
aggregates have all been observed along with ptieses (Almgren, 2000). The formation of
these kind of structures depends on the new maeantangements and on the intrinsic
curvature of lipids (or packing parameter) and aipipfes (Stuart and Boekema, 2007).

Formation of the normadl; phase is observed with mixtures of egg-phosphlatidyine
(EPC) and dodecyl-trimethylammonium chloridg {IAC) at different salt concentrations and
coexistence could be observed at several amphgglipie ratios (Figure 15,C) (Almgren, 2000).
The transformation into normal cubic phases has la®n observed. Sometimes vesicles
transform first into cubic and later into hexagoaamicellar phases (Van Echteld et al.,
1981;Siegel, 1986). Cubic and hexagonal phasesspexially induced by amphiphilic peptides
(Haney et al., 2010).
The induction of positive curvature on one siddl@membrane can also lead to budding and
the formation of smaller vesicles (Staneva et24lQ5). In complex biological membrane systems,
the transformation depends on the lipid composiéind on the presence of proteins (Kragh-
Hansen et al., 1998).

2.3.2.1.2. Transitions due to negative curvature induction

The transition mechanisms between lamellar andbilager phases have mainly been
focused on the bilaydtlf, phase transition. The transition intoldp state has been associated
with the induction of negative curvature on the rbesne and plays an important role in
membrane fusion (Rappolt et al., 2003). This negaturvature can be induced by increasing
temperatures (see 2.1.2.3.). If kinetics allowhig transition may be accompagnied by the
formation of a bicontinuus cubic phas@,} (Erbes et al., 1996). Coexistence of both lamella
and hexagonal phases has been observed for diffgrstems. The transition is supposed to
occur through line defects in the lamellar planed8l and Epand, 1997;Siegel, 1999). A

cooperative chain reaction at the transition midpaias mainly driven by minimizing the
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interstitial region and could be explained by thesgnce of intermediate structures in the
membrane (Figure 16) (Rappolt et al., 2003). Tyigab@spholipids which promote the formation
of inverted phases are lipids with negative inidrrvature such as ceramides and

phosphatidylethanolamines (Kumar, 1991).

FIGURE 16
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Intermediate between lamellar and hexagonaj)(phase in a multilamellar vesicle (Rappolt ¢t

al., 2003)

2.3.3. Permeabilization of membranes by amphiphiles

Amphiphiles have different ways to permeabilizenmbeanes. It depends mainly on the
amphiphilic shape and of its interaction with meart® components. We will summarize the

most common mechanisms encountered.

2.3.3.1.Detergent-like mechanism

The detergent like mechanism applies for amphaghilaving a hydrophilic head and a
lipophilic tail, displaying positive intrinsic cuature, integrating into the membrane and showing
no preferred interaction with one of the membramastituents. For these amphiphiles,
permeabilization of lipid vesicles and erythrocybesurs often at subsolubilizing concentrations
(Ahyayauch et al., 2010;Heerklotz, 2001;Kragh-Hanseal., 1998). The permeabilization at
subsolubilizing concentrations can be due to them&bion of nanoscopic transient pores or
defects in the membrane. These temporally unstidects depend on the ability of an
amphiphile to diffuse (flip-flop) to the inner moiager.

If the flip-flop rate of the amphiphile is highi@fare 17,A), the formation of defects
would only occur at concentrations where solubii@abegins (Sudbrack et al., 2011).

If the flip-flop rate of the amphiphile is low (Rige 17,B), the curvature induced (because of

area-asymmetry) between the outer and inner leaffetases with increasing insertion of the
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amphiphile. When a certain amphiphile/lipid rasa@ached, the formation of transient pore is
favored. This transient “pore” allows the amphiphi diffuse from the outer to the inner leaflet
and releases the curvature strain (Heerklotz, Zfifhrack et al., 2011).

For some detergents it was shown that the inductidlip-flop, permeabilization and
solubilization were different events and occureditierent amphiphile/lipid ratios. The model,
linking permeabilization to the solubilization aésicles by amphiphiles cannot explain this

behaviour (Ahyayauch et al., 2010).
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FIGURE 17
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Different models of membrane permeabilization bplsphiles

by detergent with small amphiphilic head and highflop rate (Sudbrack et al., 2011). (B)
Transient defects due to the accumulation of anhgphide with large hydrophilic head on the
outer monolayer and subsequent diffusion to therinmonolayer and release of curvature str
(area difference) (Heerklotz, 2001;Sudbrack et28l11). (C) Toroidal pore formation due to
preferential aggregation with one lipid. Pore shayyositive curvature in a transbilayer
direction and negative curvature in the membranagl(Valcarcel et al., 2001). (D) Phase
separation due to preferential aggregation of aphaphile with a lipid. The membrane show
defects at the phase boundaries (arrow) due tanqmadefects (John et al., 2002). (E)
Intermediate structure supposed to exist durind thaverse phase transition and which cou
increase permeability (Rappolt et al., 2003;Harteal.e2010).

(A) Pore formation due to transformation into mieglor other normal structures (solubilizatign)
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2.3.3.2.Permeabilization and phase separation

If the amphiphile is able to create domains duauim-aggregation or aggregation with a
membrane component, permeabilization can happlemvat concentrations. This is
accompagnied by a lower effect on membrane gepedlal compared to “detergents” showing
no preffered interaction for which transition intocelles and permeabilization occurs at the
same concentration (see 2.2.3.) (Nazari et al.2R01

Self-aggregation or aggregation with other liptsnponents of amphiphiles in 2D
monolayers leads to the formation of domains wiseh be considered as 2D micelles or mixed-
micelles respectively (Ruckenstein and Li, 199%@¢achvili, 2011). This can happen at smaller
concentrations than in 3D systems because the GNM@esafaces is generally lower than in the
bulk solution (Israelachvili, 2011).

Formation of stable toroidal pores in membranestzobserved when the amphiphile
forms separate domains (Figure 17,C) or interadts one lipid component. Cone-shaped lipids
in GUVs and MLVs separated from cylinder shapettl@and formed stable toroidal pores
(Sakuma et al., 2010;Sandstrom et al., 2005). Tafqgores display positive intrinsic curvature
in a transbilayer direction and negative curvatarie direction of a membrane plane (Valcarcel
et al., 2001). Stability depends therefore on tnelaiphile composition of a pore and on the three
dimensional arrangement of the lipids and amphgshilt is therefore understandable that the
formation of this kind of pore depends very strgnmh the lipid composition of the membrane.
Cone-shaped amphiphiles which accumulate at thefittne pore reduce additionally the line-
tension and thereby increase the lifetime of a poresiderably. Inverse cone-shaped amphiphiles
would increase line tension and inhibit pore foroa{(Karatekin et al., 2003).

Selective interaction of the amphiphile with omped component (Figure 17,D) can lead
to phase separation and packing defects. TRITONaXh®wed unfavourable interaction with
cholesterol. This led in multicomponent membrawethé separation of palmitoyl-oleanoyl-
phosphocholine/TritonX-100 enriched domains fromisgomyelin/cholesterol domains
(Tsamaloukas et al., 2006). The formation of domaemn induce packing defects at the phase
boundaries which would favor increased permeati@hligid diffusion across the membrane
(John et al., 2002).
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2.3.3.3.Transitions into non-bilayer phases

The solubilization of vesicles can be understaotha transition of a bilayer into another
mesophase (mostly micelles). When this transfolgnat accompagnied by leakage of the inner
medium, we have a permeabilization of the veskégmeabilization of vesicles has in general
been associated with the transformation into nophakes like the hexagonél Y or cubic Q)
phase (Hallock et al., 2003;Teixeira et al., 20b2},the implication of inverse structures should
not be excluded. Toroidal pores have also an ievessnponent in the membrane plane (Figure
17,C) (Prenner et al., 1997).

Permeabilization was mostly observed at concaatratbelow the phase transitions. This
can be due to transient defects induced by thdipesiurvature strain (see 2.3.3.1.) or
intermediate structures (Figure 17,E) created duthie phase transitions from bilayer to non
bilayer phases (Haney et al., 2010;Prenner €129.7).

2.3.3.4.Permeabilizing activity of peptides

Due to their complex structures, peptides cankeixbeveral mechanisms to permeabilize
membranes or form pores. These can be multiplerfertype of peptide but can also depend on
the membrane. For example, mellitin induced a det#rlike (solubilization) permeabilization in
liposomes composed of POPG (Phosphatidyl-oleoybkphatidylglycerol)
but formed stable pores (barrel slave aggregatgsrd-18,A) in POPC vesicles (Phosphatidyl-
oleoyl-phosphatidylcholine) (Ladokhin and White 020

All models of permeabilization which have beenawed for amphiphiles having a
lipophilic tail and a hydrophilic head can be apglio peptides having a similar structure (f.ex.
lipopeptides). Other types of peptides will noegate into the bilayer because they are to
hydrophilic and the concept that the intrinsic ncalar curvature of the amphiphile influences
the total membrane curvature cannot be appliedaBeewe didn’t use such kind of peptides in
our study we will only evoke the different permdeiaition modes in Figure 18. For further
explanations see following reviews (Bechinger antiner, 2006;Lohner, 2009;Teixeira et al.,
2012).
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FIGURE 18

=
Different models for membrane permeabilization byraicrobial peptides (Teixeira et al.,
2012).
The blue part of the peptide is hydrophobic andréaepart of the peptide is hydrophilic.
(A) A barrel slave pore formation, (B) Detergerkelisolubilization of the bilayer by the carpet
model, (C) the toroidal pore formation, (D) The emlilar electroporation model, (E) The sinkjng
raft model

After having reviewed the physico-chemical projesrbf amphiphiles, lipid membranes
and the interaction between amphiphiles and lipghroranes in general, we will focus in the
next chapters on main properties of the amphiphdimpounds we selected in this thesis:

saponin and--hederin as well as lipopeptides and surfactin.
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2.4. Saponins — amphiphiles of natural origin (arti  cle submitted as review)

Saponins originate from plants and some othemisgas and have many
pharmacological activities (Williams and Gong, 2P0heir name is originated from latin
“sapd (soap) and describes the surfactant charactethandbility to form foam. A lot of plants
containing saponins have therefore been useditadily as soaps (Bruneton, 2009). Their role
in plants is not always clear but they would maisdyve as defensive molecules (Papadopoulou
et al., 1999). It has been shown that a lot of sagsoare toxic to insects, fish, fungi, bacterias,
plants, parasites and mammals (Nielsen et al.,;Z@t@os et al., 2008;Wang et al., 2010;Van
Dyck et al., 2011;0Okunade et al., 2004;Williams &whg, 2007;Coleman et al., 2010;Francis et
al., 2002). In holothurians and star fish, sapoaisrepulsive or toxic to predators (Van Dyck et
al., 2011;Williams and Gong, 2007).

The term “saponin” is often used in literature amaly lead to confusion. It can be used
for a specific saponin (for exampiehederin) or it describes a mixture of saponinsaetéd
from a plant. The commercial Merck saponin (sapguire white Saponinum albuiris a crude
saponin fraction obtained from roots and rhizomfeSypsophyla paniculata. Different
providers of “saponin” use different plants to extrthe saponin fraction and therefore caution
has to be taken into account regarding the comgran$éresults. To prevent confusion we will
use the term “saporiifito designate crude extracts from different previdand the term
“saponin” or “saponins” if we refer to one or matiéferent molecules. Quillaja saponins isolated
from theQuillaja saponariaMolina. bark can be obtained in different degrelgurity. “Quil-
A” is a purified aqueous extract of the bark (Myigaft al., 2006;Sun et al., 2009). Other
fractions with higher saponin content exist. Foaraple, QS-21 is a fraction of Quil-A, purified
by reverse phase chromatography (Pillion et aB6)19We will refer to all different types of

extracts as “Quillaja saponins”.
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2.4.1. Their amphiphilic structure

Structurally, saponins are amphiphilic compounai®gosed of one or more hydrophilic
sugar parts and a lipophilic steroidal or triteripgrart (sapogenin) (Figure 19). Some substances
which are structurally closely related to them sasltardiotonic heterosides or glycoalkaloids
are sometimes referred to as saponins and willda¢ed equally because of their similar
structures and effects on membranes. Saponinsecalassified into monodesmosidic,
bidesmosidic or polydesmosidic saponins, whethey giossess one, two or more sugar chains. A
large structural variety can be found in natures thuthe presence of different sugars, sugar
branchings and sapogenins. The most common sugarb-glucose L -rhamnosep-galactose,

D-glucuronic acidlL-arabinosep-xylose orb-fucose.

FIGURE 19

On the left, a steroid pentacyclic saponin (furostietype) and on the right, a triterpenoid

pentacyclic saponin (oleanane type). The saponirb@imonodesmosidic or bidesmosidic

depending on the number of sugar chains, one oréspectively. Rand R are most often
ramified sugars, binded via ether or ester link.

2.4.2. Biosynthesis of saponins

Biosynthesis of saponins follows the same pathtlvag the synthesis of sterols (see
2.2.1.4). The genin is synthesized via the mevadoraute or the pyruvate
phosphoglyceraldehyde pathway, an alternative pathwesent in plants (Lichtenthaler, 1999).
The isoprenoid will further be modified by sevesakymes (oxidases, hydroxylases etc.) and
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finally a glucosyltransferase will add a sugar nyiga an ether linkage (Bruneton, 2009). For
detailed biosynthesis ofhederin (see 2.5.2.)

2.4.3. Behaviour of saponins at hydrophobic-hydrophilic interfaces

Knowing the structural features of saponins ami #taimphiphilic character, we will now

discuss the physical consequences and the behafithese molecules at interfaces.

2.4.3.1.Accumulation at hydrophobic/hydrophiliceiriaces

Saponins, like other amphiphiles are able to actata at hydrophobic-hydrophilic
interfaces and reduce the interfacial tension 2ség. The most common
hydrophobic/hydrophilic interface is the air/waiterface. The polar sugar part of the saponins
makes saponins often soluble in water. Accordintpéar solubility, some of them will therefore
be dissolved in the solution as monomers and sdrtieem will accumulate at the air/water
interface with their hydrophilic part oriented teetwater side and their hydrophobic part oriented
to the air side (see 2.1.1.). This leads to suafgcctivity and the reduction of the surface temsi
of water. A lot of saponins are known to reducedihace tension of water (Romussi et al.,
1980;Mazzucchelli et al., 2008;Xiong et al., 200figh et al., 1996;Jian et al., 2011;Bottger et
al., 2012). Quillaja saponins were able to buildghly elastic monolayer with its hydrophobic
triterpenic part pointing to the air-side (Staniovia et al., 2011). The effect of saponins on lipid

monolayers adsorbed at the air-water interfaceheiltliscussed in a later chapter (see 2.4.5.1.).

2.4.3.2.Saponins as surface-active agents

Because of their “biosurfactant” ability, saponare often used in pharmaceutical,
cosmetic or food industry. They are able to stabiemulsions (emulsifiers) due to their ability to
reduce interfacial energy between the differensphahydrophobic-hydrophilic). Many
cosmetics contain saponins as emulsifier (in crefoésns, milks...) (Tanaka et al.,
1996;Stanimirova et al., 2011). In soaps or shanmyso saponins are used to reduce the surface

tension of water and stabilize therefore the foramabf foam (Balakrishnan et al., 2006).
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Nanosuspensions or —emulsions contain dropletsrgfsmall size and which do not
exceed 100 nm. They have many interesting pharmgioall and pharmaceutical properties. A
nanosuspension composed of acetylated aescin ssmbdenolytic than the original (de Ven et al.,
2010). A ginseng based nanoemulsion was able tdifgrtipe immune response towards antigens
(Cao et al., 2010).

2.4.4. Formation of amphiphilic aggregates (micelles and other types of

nanoscaled objects)

Above their critical micellar concentration (CMGgponins will form aggregates in
solution which stay in equilibrium with monomersagle concentration will not increase further.
The complexity of aggregated structures is favdngthe number of different amphiphilic
species (Israelachvili, 2011). All these structuwras be reffered to as nanoobjects as they present
a maximum size of 1-100 nm in one or more dimersitBCOMS and micelles are
nanoparticles because they are nanoscaled inred thmensions according to the British
standard commission (British standard institute,130

The research on nanoparticles and nanoobjectsdtasne a challenge in pharmaceutical
industry and healthcare due to their wide fieldpplications in cardiovascular diseases, cancer,
musculoskeletal, neuro-degenerative and psychidis@rders, diabetes mellitus and bacterial
and viral infections (Raffa et al., 2010). Theiapk and chemical composition can be voluntary
modified in order to enhance pharmacokinetic andlgnamic properties of drugs or imaging
agents. They allow the increase of drug conceptratin targeted cells or tissues and thereby
enhance efficacy (Schroeder et al., 2012) or retideity by inhibiting interaction with
sensitive tissues (Chu and Sadullah, 2009). Furtbes, an increase of immunogenic responses
can also be achieved (Mahapatro and Singh, 20h#) s&lf-aggregating properties of saponins
present therefore a most interesting topic anddctaad to the formation of completely new
nano-objects or -particles.

2.4.4.1.Self-aggregation of saponins

Formation of micelles has been shown for many siasqMitra and Dungan,
2001;Sarnthein-Graf and La Mesa, 2004;Balakrishetal., 2006;Mitra and Dungan, 2000;Mitra
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and Dungan, 1997;Xiong et al., 2008;Bottger et24112;Dai et al., 2013) for example micelles
composed of a highly purified fraction of Quillsgaponins have an aggregation number of 65
and form spherical micelles of 3-7 nm of diametlére CMC increased with temperature and
ionic strength and the size of micelles increas#l temperature (Sarnthein-Graf and La Mesa,
2004;Mitra and Dungan, 2001;Song et al., 2008;atrd Dungan, 2000;Mitra and Dungan,
1997). Other saponins like ginsenoside Ro wastatfierm vesicles of 30-50 nm and
ginsenoside Rband Rg formed large interaggregate species between regcb#cause of the
hydrophobicity of the sugar chains. Mixtures okeaaponins and ginsenoside;Riduced the

formation of worm-like micelles (Dai et al., 2013).

2.4.4.2.Aggregation of saponins with sterols

2.4.4.2.1. Formation of soluble mixed micelles

Mixed molecular aggregates of finite size and cosga of more than one amphiphilic
species are mostly mixed micelles. These aggregatesoluble in solution. Some saponins and
sterols are known to aggregate and form mixed mes&)uillaja saponins are able to form
mixed-micelles with cholesterol and therefore erdeathe solubility of the sterol by a factor of
1000. These micelles are bigger in size (10 nmugrsnm) than the pure saponin micelles and
have a higher aggregation number and CMC. Chotdsgepart of the lipid compartment of the
micelle (Mitra and Dungan, 2001;Mitra and Dunga®Q@;Mitra and Dungan, 1997). Demana et
al. also observed the formation of worm-like mieslht different saponin/cholesterol proportions
(Demana et al., 2004). SaponinsSafponaria officinalid.., Quillaja saponariaMolina. and
Glycine max.. are also able to form micelles of rod-, wormspherical shape with bile acids
(Sidhu and Oakenfull, 1986).

2.4.4.2.2. Formation of insoluble complexes

On the contrary to soluble mixed micelles, instdutbmplexes composed of sterols and
saponins have also been described. A complex islecoiar entity formed by loose association
involving two or more molecular entities (ionicwncharged). The bonding between components
is normally weaker than in a covalent bond. Steaotsable to form water insoluble complexes

with digitonin called digitonides. In general, thane stable in ethanol solutions and stability
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depends on the sterol structure (loffe, 1986;Hastely1947;Haslam and Klyne, 1958).
tomatine and the-chaconined-solanine mixture were able to form insoluble coexgels with
sterol.a-tomatine had the ability to form complexes somelsawilar to that of digitonides. The
formation did not occur with the aglycone tomatel{iRoddick, 1979). Alfalfa saponins
(extracted fromMedicago sativd..) formed complexes with cholesterol which weirgsdciable

in pyridine (Assa et al., 1973).

2.4.4.2.3. Mixed micelles vs. insoluble complexes

The molecular interactions between componentesafiuble complexes and mixed
aggregates (micelles) of finite sizes are simiegdgk forces). The “solubility” of aggregates
depends mainly on their size. If intermoleculacés between both molecules lead to aggregates
of infinite size, we will observe a phase separaffrecipitation) of the aggregates from the
solution (see 2.1.2.1.2.). If the system favorsiation of aggregates of finite size and
aggregation number, we will observe the formatibmixed micelles. Whether amphiphiles
form finite or infinite aggregates depends maintytbe molecular shapes, but the formation of
interaggregate species may play an important ocol@atds phase separation (Israelachvili,
2011;lsraelachvili, 1976;Israelachvili et al., 197Vhe formation of rod-like micelles has been
observed with saponins. The polydispersity of ssygtems is often high because aggregates of
different sizes are favored (Israelachvili, 20JAYthors treating with saponin/sterol aggregates

should be aware of the nature of the aggregatedidrm

2.4.4.2.4. From the formation of saponin/sterol aggregatdbeaise of saponins as

hypocholesterolemiants

Direct interaction of saponins with cholesteradl darther
complexation or formation of micelles could be neting for developing drugs against
hypercholesterolemia. Hypercholesterolemia incre#se risk of cardiovascular diseases.
Because of their amphiphilic character, they shinaldble to influence micelle formation
between sterols and bile acids which is necessastetol absorption. Digitonin, alfalfa saponins
or Quillaja saponins (Bruneton, 2009) could form insoluble ptaxes with cholesterol in the

intestinal lumen and therefore reduce cholestdrsbgtion Karayaroot saponins interacted
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preferentially with bile salts necessary for miedthrmation and reduced therefore cholesterol
absorption (Afrose et al., 2009). Some saponinslghalso be able to transform into phytosterols
by hydrolytic enzymes in the lumen. They could #fiere act as prodrugs for phytosterols which
are well known to reduce cholesterol absorptiom @fial., 2009;Jones et al., 1997). Tiqueside or
pamagqueside would inhibit the active transporthadlesterol from lumen trough the enterocyte
brush border membrane (Detmers et al., 2000;Morghetal., 1999).

2.4.4.3.Simultaneous aggregation of saponins wéfoks and phospholipids

By increasing the number of components of an apiplt system, it is possible to obtain
large structural varieties of aggregates (nanotbj@c-particles). This is observed when some
saponins are incubated simultaneously with phogipfiaiholine and cholesterol. Nanoobjects or
-particles appear at special molar ratios and aunatons of the 3 components. The driving
forces to obtain these particles are the moledntaractions between these components but their
formation depends also on the preparation mode. $m®de structures seem to be metastable and
transform into other particles after some time (Ramet al., 2007;Demana et al., 2004;Myschik
et al., 2006). Repulsive or attractive interactibenveen aggregates can lead to the formation of
ordered nano-structures (Israelachvili, 2011). Bseaof the multitude of saponins and lipid
molecules present in some extracts (especialltollaja saponins) used to prepare the
nanoparticles, it is not always clear which moleswdre present in these 3D structures and what
are the interactions between them (Demana et@4;Kersten and Crommelin, 1995;Myschik et
al., 2006;0zel et al., 1989;Sun et al., 2009).

2.4.4.3.1. Examples of nanoparticles enhancing immunogenititygeasing

apoptotic responses and decreasing hemolysis

WhenQuillaja saponins, phospholipids and cholesterol are usddferent proportions
they form multiple types of micelles and nanopédescring-like micelles, worm-like micelles,
helices, double-helices, lipid layered structuned EECOMS® (Figure 20). They can be prepared
by the lipid film hydration method (a lipid film imcubated with a saponin solution). Different
proportions of reagents used give rise to differemtoparticles (Demana et al., 2007).

ISCOMS® are cage-like complexes of 40 nm of diam@&tkey have a shelf-life of several years
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(Hu et al., 2010). Some models have been usedswitle the formation of ISCOM. Some seem
to derive from multilamellar vesicles (MLV) compakef phospholipids and cholesterol when
they are incubated witQuillaja saponins. When patrticles are prepared by the filpd

hydration method, it seems that ring-like miceliggregate into ISCOMS®. On the other hand,
worm-like micelles seem to transform into ring-likecelles. On this basis, Kersten and
Crommelin proposed their model for the ISCOM® stnue where one building element is equal
to one ring-like structure. Helices seem to be fedrout of ISCOMS® when they are diluted
(Kersten and Crommelin, 1995;Myschik et al., 20G8yiana et al., 2007;0zel et al., 1989). All

structures formed are therefore metastable.

FIGURE 20

Transmission electron microscopy (negative stainofgage-like ISCOM matrices (solid
arrow), helices (dashed arrow) and double helices
(Myschik et al., 2006{straight line =100 nm)

Modified ISCOMS (Posintrd™) containing DC-Cholesterol (dimethylaminoethane-
carbamoyl-cholesterol) in place of cholesterol haveduced negative particle charge and have
been shown to pass through the skin. They coulagsbd to immunize the organism by applying
a transdermal patch on the skin (Madsen et al9R@Ebme mannosylated saponins based on
oleanolic and glycyrrhizic acids were also abléoton nanoparticles. Transmission electron
microscopy (TEM) showed the formation of ring-likecelles, rod-like tubular structures, helical
and thread-like micelles (Daines et al., 2009). @oarioside A2 from marine macrophytes
formed tubular nanopatrticles (which they calledbtilar ISCOMS”) which enhanced
immunogenicity by a factor of 4 (Kostetsky et @D11). Ginsomes were formed of an ethanol
red ginseng root extract incubated with cholestanol phosphatidylcholine. Spherical
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nanoparticles had a diameter of 70-107 nm and feeneed of ginsenosides Rb2, Rc, Rb1 and
Rd. They were able to enhance the immune respoadatad by Thl and Th2 (Zhang et al.,
2012;Song et al., 2009).

Nanoparticles fronQuillaja saponins induced preferentially apoptosis in caneks and

less hemolysis compared to the pure extracts (kil1,62010).

2.45. Effects on artificial membrane models

We described above how saponins interact witledsfit membrane components in an
hydrophilic environment. Membranes provide an ambpitic environment which can be
described by a hydrophobic gradient, which incredsem the hydrophilic interfacial domain
through the hydrophobic core. The studies of tifeces of saponins on artificial membrane
models has given a lot of interesting data on Hwgé molecules are able to interact with
different membrane components in an amphiphilidremment and give clues about the
mechanism of membrane lysis or other types of aatesns. Saponins have been tested on

different models of different complexity regardimgembrane composition and organization.

2.4.5.1.Interaction with supported monolayers

One of the most common ways to investigate theraations between exogeneous
compounds with lipid membranes is to use suppartedolayers (Langmuir-Blodget films). A
monolayer is a liquid film of water insoluble ligdloating on a water surface pointing their
hydrophobic tails to the air side and their hydibplheads to the water side (see 2.1.1.).
Monolayers are good models to demonstrate integrati saponins and the effect on phase

separation or the formation of domains.

2.4.5.1.1. Integration of saponins into monolayers

Some saponins (Table 1) were able to integratedifferent types of monolayers when
cholesterol was absent (Gogelein and Huby, 1984ahrat al., 1999;Muhr et al., 1996). In
contrast, for-tomatine, integration into a binary monolayer cosgd of a saturated
phospholipid and cholesterol was only observedépgresence of cholesterol (Stine et al., 2006).

This integration was most effective when the hygtdunction in position 3 of the sterols in the
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monolayers was ifi (Stine et al., 2006). Surface pressure increasssivhen pH was low
because the protonation of the nitrogen provoqussalution in the aqueous phase or a less
good integration into the monolayer (Walker et 2008). For glycyrrhizin, integration depended
upon the surface pressure of the monolayer. Abaréieal value (CMC), the saponin

accumulated below the monolayer formed (Sakamo#h ,€2013).

2.4.5.1.2. Formation of domains in monolayers containing csiaol

After integration, formation of domains has beewealed by Brewster angle microscopy
in monolayers composed of a binary mixture of agpihatidylcholine (DMPC) and selected
sterols incubated witb-tomatine (Stine et al., 2006;Walker et al., 2008)e authors suggest
that these domains are mainly composed of steyalglkaloid complexes. Domains in
monolayers can be considered as 2D micelles b€ for domain formation in monolayers
would be reduced by a factor of 10 compared tdlk to form micelles in solution
(Ruckenstein and Li, 1995;Israelachvili, 2011). Toxenation of saponin-sterol aggregates (or

even self-aggregation) could therefore be facddan a lipid environment.

2.4.5.1.3. Interaction with a raft model

A ternary monolayer raft model composed of DOP@ARaylsphingomyelin/Cholesterol
(1:1:1, molar ratio) was used to investigate theat$ of glycyrrhizin on macroscopic phase
separation. At concentrations below its CMC, glylizin diminished the size of raft domains.
Above the CMC, the appearance of striped regiopsivkd of phospholipids was observed
suggesting the formation of defects in membranastwtould be responsible for their

permeabilization (Sakamoto et al., 2013).

2.4.5.2.Interaction with bilayer models
Bilayer models are used to mimic the effects glosans in a biological relevant model
(Singer and Nicolson, 1972). Several artificial ralsdof bilayers exist, and saponins have been

tested on: supported planar bilayers (SPB), blgi#t membranes, liposomes (multilamellar
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vesicles [MLV], large unilamellar vesicles [LUV]jant unilamellar vesicles [GUV] and small

unilamellar vesicles [SUV]).

2.4.5.2.1. Binding to membranes composed of only phospholipids

Regarding the interaction between saponins aagdis composed of only phospholipids,
a few studies were performed. Digitonin or desgtligibonin may be bound to membranes by
equilibrium binding (no complete integration inteetmembrane) in membranes composed of

only egg yolk phosphatidylcholine (Nishikawa et 4B84).

2.4.5.2.2. Binding to membranes containing cholesterol

In a model composed of egg yolk phosphatidylcleoéind cholesterol, the formation of
an equimolar complex would permanently integragesyponin into the membrane (Nishikawa et
al., 1984). A three step model how digitonin bitalsnembranes containing cholesterol was
proposed in a similar model. With increasing digitdcholesterol ratio, digitonin and cholesterol
would first form “aggregated” species in the memmieraSecond, at higher molar ratio, an
intermediate complex would be composed of a mixtdirequimolecular complexes and
aggregated species. Third, an equimolecular compléhe bilayer would be formed (Akiyama et
al., 1980). Glycoalkaloids only bound to membrawigen cholesterol was present. Results also
suggested the formation of an equimolecular compétween sterols and glycoalkaloids
(Keukens et al., 1995).

2.4.5.2.3. Effect on dynamic properties and lipid motion

All phospholipids of a membrane are in constantiomo(see 2.2.3. and Figure 11).
Therefore, by usingH-NMR, EPR or fluorescence spectroscopy, it is fipdsso gather
information about lipid mobility (order) becausesie techniques acquire data at different time-
scales. Cholesterol has a well known influencel@d dynamics because of its rigid ring
structure (see 2.2.4.). If interaction of sapomniuits cholesterol in membranes occurs, it should
influence the dynamic parameters of a membranederably. The saponin itself should also
have a significant effect on the membrane withbatgresence of cholesterol, because the

aglycone is mostly composed of a rigid ring struetdn this introduction, we will only mention
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studies which have been carried out at temperatunese membranes are in the liquid
crystalline state because all mammal membrane® d&re considered as “fluid” (Gawrisch, 2005).

When no cholesterol was present in the membranggght reduction of lateral diffusion
of fluorescent phosphatidylethanolamine (Armahlgt1999), an increase of the EPR order
parameter of phospholipids (Akiyama et al., 1986tiNiawa et al., 1984;Fukuda et al., 1987) and
a decrease of tHfél-NMR order parameter of marked phospholipids whesicles have been
incubated with different saponins was observed yaikia et al., 1980).

In the presence of cholesterol, the anisotropjuofescently labeled lipids and the EPR
and the’H-NMR order parameter of labeled phospholipids emalesterol were generally
reduced (Akiyama et al., 1980;Nishikawa et al.,4)98

The differences obtained by EPR or fluoresceneetspscopy and NMR can be
explained by the time-scale difference by whichttiree methods work (Figure 11). EPR and
fluorescence spectroscopy work at’10®s. On this time-scale we observe especially gauche-
trans isomerization (1¥¥s) and rotational diffusion (1), which are obviously reduced by
saponins when no cholesterol is present, and iseteby saponins when cholesterol is present.
The ordering effect of cholesterol seems to bebiitdsil by saponingH-NMR works at 10s. A
reduction of the order parameter means that lipptions corresponding to correlation times
form 10 ns-10 ps are increased independent offtbkesterol content.

2.4.5.2.4. Effect on lateral organization of membrane lipids

Lateral organization of lipids into domains hasdree a founded concept in cell
membrane biology and depends mainly on the presarsterols in eukaryotic cells (see
2.2.2.2.) (Lingwood and Simons, 2010). Because ssapenins are able to form aggregates with
cholesterol in 3D and 2D systems (see 2.4.5.1@2ah5.2.2.), it seems evident that they act on
lateral organization of the membrane. Saponin ahbtihe solubilization of alkaline phosphatase,
a protein known to be present in domains, by TrKeh0O0 in liposomes enriched with
cholesterol but not in liposomes enriched with sghlipid, which is an indication of cholesterol
domain disruption (Schroeder et al., 1998). Thectir for acrosome reaction-inducing
substance (Co-ARIS), a steroidal monodesmosidiorsapwas able to co-localize and provoque

expansion of ganglioside-GM1 clusters (Naruse.eall0).
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2.4.5.2.5. Permeabilizing activity

As previously described, saponins were able &raat with phospholipids and/or
cholesterol. In parallel, numerous studies showeati¢holesterol is a key factor for membrane
permeabilization induced by saponins. For most sisygq Table 1) it was an enhancing or
necessary factor for permeabilization (Armah etl899;Li et al., 2005;Gogelein and Huby,
1984;Keukens et al., 1995;Nishikawa et al., 19B#wever, for some saponins (Table 1),
especially bidesmosides, cholesterol presentedrahiting or a not necessary factor for
membrane permeabilization (Hu et al., 1996;Li et2005). We can therefore assume that
different saponins may permeabilize by differenysveRegarding the different mode of action
between monodesmosidic and bidesmosidic sapohiasiata published can be summarized as

follows.

2.4.5.2.5.1.Models of permeabilization by saponins

A first model of permeabilization was establisied962. Bangham et al. observed the
hexagonal structures only in cholesterol contaimlagar membranes (lecithin/cholesterol)
incubated with saponfh They proposed a micellar arrangement of sapamidscholesterol in
the membrane which would lead to the formation pbee and correspond to the hexagonal

structures observed (Figure 21) (Bangham et ab2)19

FIGURE 21

Micellar rearrangement of saponin with cholestarothe membrane as proposed by Banghain et
al. CholesterolQ ), saponimt—L_] ). The central spedkieea represents the pore
(Bangham et al., 1962)

A model for monodesmosidic glycoalkaloids (presensugar residues agGvas

proposed. Interaction with sterols would lead taiewlecular complexes in the membrane.
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When these complexes reach a certain density, pidiointeractions between sugars would
induce the formation of a stable new lipid phase e three-dimensional shape of the
sterol/glycoalkaloid complex would be determinamtthe formation of spherical buds or tubules.
The rearangement of the membrane would have aggoesce its disruption (Keukens et al.,
1995). Tubular aggregates with glycoalkaloids haige been observed by others (Elias et al.,
1979).

A different model for avenacin Al, a monodesmastdierpenoid saponin, was
established (Figure 22) in a POPC:DOPE:Chol mo#isidrophilic interaction between the sugar
moieties and interaction with cholesterol woulddidiast to aggregation of these compounds and

further to the formation of pores (Armah et al.99

FIGURE 22

Avenacin )
YCarboh}'dmte moiety ACholesterol Q’g”’ Phospholipid
Aglycone molecule b
C *
Aggregation Pore Formation

ECE _"*E@Qiiwﬂg %‘%@Q@@ 1338

Pore formation by Avenacin Al proposed by (Arreiaal., 1999)

- I g % 5
F &Y 000

For avicin G, a bidesmosidic saponin, the formeep showed a certain selectivity
regarding the charge of ions and were stable (rh)l This selectivity was dependent on the
phospholipids present in the membranes. Cholestersinot thought to be necessary for
membrane permeabilization, which suggests, thahiersaponin, interaction with phospholipids
induces pore formation. The hydrophobic side clodiavicin G could probably play an

important role in pore formation (Li et al., 2005).
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2.4.5.2.5.2.Structure-activity relationships (SAR)dies

It is difficult to establish a structure-activitglationship of the membrane permeabilizing
activity of saponins because of their different m®0df action (see previous paragraph). Most of
SAR studies describe hemolysis and the lytic eféeckiving cells.

For monodesmosidic saponins, interaction withodtewas crucial for their
permeabilizing activity. This was not true for bsdeosidic saponins. It seems also, that for
monodesmosidic saponins, a special headgroup is @&cessary to induce curvature and
consequent pore formation. Regarding the membrianel ssome SAR studies regarding the
important structural features for membrane permigakion induced by monodesmosidic
saponins have been made. Several chemical funarensportant for membrane
permeabilisation for at least three different magwdosidic saponins (Table 1). The hydroxyl
function at position C3 in beta, the alkene funtiio C5,6 and the side chain at C17, until a
limited number of carbons, enhanced the membramagabilizing activity (Keukens et al.,
1995;Popov, 2003).

2.4.5.3.From membrane interacting compounds toagheutic agents

We have seen, that saponins exert various aesvitn artificial membrane models. Their
interaction with membrane dynamics and lateral wizgion could lead to the activation of
membrane receptors or proteins known to be inflagrxy their lipophilic environment
(Legembre et al., 2005;Naruse et al., 2010;Liu.e2a11).

Cholesterol dependent permeabilization of memlzramay be interesting in cancer
therapy because some resistant cancers have shoregased amounts of cholesterol in
membranes and especially in the outer mitochondreahbrane (see 2.4.8.3.4.1.) (Montero et al.,
2008).

SAR studies could lead to the development of siygomhich would interact with specific
sterols. Ergosterol is mainly present in funghig®end and Gribaldo, 2009). Saponins
interacting specifically with this sterol would geod candidates for antimycotic treatment.
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Some bidesmosidic saponins would probably beeastarg compounds for antibacterial
activity as some of them specifically permeabilizembranes without cholesterol and
prokaryotic membranes do not contain sterols.

The concentration dependent switch in the perntigadg ability, which has been
observed between aggregated and non-aggregdtederin could lead to some interesting
molecules which are able to induce phase sepanaitbout membrane permeabilization. These

molecules could have many interesting effects otolgical membranes.

2.4.6. In silico models of saponin/cholesterol and saponin/membrane

interactions

In silico models are very interesting approaclestidy molecular interactions and
effects on membranes. Several studies try to maitthe interactions of saponins with sterols
(Keukens et al., 1995;0ftedal et al., 2012), whemher studies focus on saponin membrane
interactions (Lin and Wang, 2010).

Dioscin, a monodesmosidic saponin, would bindgresitially to cholesterol in a
hydrophobic environment. Extraction of cholestdéroim the membrane seems therefore unlikely
with dioscin. The most probable interaction wasveen the hydroxyl of cholesterol and the
sugar of dioscin, but a “head to tail” interactmyuld not be excluded (Lin and Wang, 2010).

Aggregation was most likely by superposing hydadpb rings of saponin and cholesterol
(Keukens et al., 1995;0ftedal et al., 2012). A &gyrstructure of phospholipids, saponin and
cholesterol was suggested for glycoalkaloids (Keskat al., 1995).

Molecular dynamics simulation showed that diogmeferentially binds to membrane
rafts and increases the curvature of these. Tmstwre would be the reason for the membrane
disruption (Lin and Wang, 2010).

2.4.7. Effects on red blood cells

Taking into account the critical role of cholesldor membrane permeabilization, red
blood cells present an ideal model since they haeacterized by a high cholesterol amount in
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the plasma membrane (Ashworth and Green, 1966;Hetrad., 2008). They are further deprived
of a nucleus and other organelles and are thersfomgler models than other eukaryotic cells.

Many saponins are known for their hemolytic effagtl a high amount of studies
regarding the lysis of red blood cells was madesélet al., 1973;Arias et al., 2010;Chwalek et
al., 2006;Baumann et al., 2000;Hase et al., 1981nLand Korenstein, 1991;Lin and Wang,
2010;Meyer Bodansky, 1929;Liu et al., 2002;Muhalet 1996;Ponder, 1953;Romussi et al.,
1980;Seeman et al., 1973;Segal et al., 1966;Seelféii;Segal et al., 1974;Segal et al.,
1977;Segal and Milo-Goldzweig, 1978;Takechi etE#)92;Takechi and Tanaka, 1995;Takechi et
al., 1996;Voutquenne et al., 2002;Gauthier e28l09;Wang et al., 2007c;Segal and Milo-
Goldzweig, 1975;Segal and Schlosser, 1975).

2.4.7.1.Saponin induced hemolysis

Some issues of saponin induced hemolysis araustilhswered despite the number of
studies available. We give here a morphologicatudeson of saponin hemolysis and some

controversial topics open to discussion.

2.4.7.1.1. Morphological features of hemolysis

Morphological description of saponin induced heys is often lacking, which is a pity
because it could give information about saponinivic Levin and Korenstein described that
erythrocytes treated with sapofiitransformed into “ghost” cells. These erythrocytes their
biconcave shape and became spherical. This prooass not be reversed by adenosyl
triphosphate (ATP) (Levin and Korenstein, 1991)isTireversible transformation of shape,
which was not accompanied by important changeseémbrane elasticity, could be due to a
disturbance of membrane cytoskeleton interacti&sep et al., 1999;Baumann et al., 2000).
At a nanoscopic level, transmission electron mioopy revealed the presence of long-lasting
holes or pits in red blood cells incubated with@a@ps and the formation of multilamellar stacks,
composed of crystallized lipids out of the membré@B@umann et al., 2000;Shany et al., 1974).
Pits were uniformly distributed and possessed meiar of 4-5 nm. The authors suggest the

consequent developpment of bigger “holes” or ladgfects (Seeman et al., 1973). Larger pores
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would be consistent with the release of proteiomfthe cytoplasm induced by saponins
(Baumann et al., 2000;Seeman, 1967).

2.4.7.1.2. Correlation with surfactant activity

Many studies showed that for some saponins alatime between their surfactant and
hemolytic activities exist (Bottger et al., 201Revertheless, no clear correlation could be
established (Romussi et al., 1980;Segal et al6;Ho6se et al., 1981;Voutquenne et al., 2002),

which excludes that hemolysis is driven only byetedgent-like mechanism.

2.4.7.1.3. Aggregation with cholesterol

The importance of cholesterol for hemolysis isjeato discussion. Some studies
showed indirectly that saponins aggregate withestelol. Several amphipaths would be able to
displace cholesterol from phospholipids and theeefiocrease the hemolytic potency@iillaja
saponins (Lange et al., 2009;Lange et al., 200Byl&Sterol was able to inhibit hemolysis when
added to the media (Takechi et al., 1992). Howehés ,was not in agreement with studies led by
Segal et al. who proposed that cholesterol doesaroe as specific binding site for saponins
because no clear relationship between cholesterouat in cells and hemolysis was established
(Segal and Milo-Goldzweig, 1978;Segal and Milo-Goleig, 1975).

2.4.7.1.4. Activation through membrane glycosidases

Segal et al. found for monodesmosidic saponinsatoing a glucose residue, that the
aglycones had similar hemolytic activity as tharresponding saponin. They concluded that the
saponins are firstly cleaved into their sapogenigllycosidases (glucosidases or galactosidases)
before getting effective (Segal et al., 1974). Gaeely to these results, some sapogenins
(oleanolic acid, gitogenin, hederagenin and otheasl)no hemolytic effect. In fact, preincubation
of red blood cells with sapogenins inhibited evepanin induced hemolysis. Inhibition of
saponin induced hemolysis could also be achievezhveinythrocytes were preincubated with
other non-hemolytic saponins (Chwalek et al., 2G@&ithier et al., 2009;Wang et al.,
2007c;Takechi et al., 1996;Hase et al., 1981).
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Some sapogenins are able to disrupt the memboanhé,is not likely that glycosidases
are needed to “activate” the hemolytic power oalbonins. It should be kept in mind that for
monodesmosidic saponins, the sugar residues waerequisite for their permeabilizing activity
in model membranes, erythrocytes and cancer d¢&disikens et al., 1995;Chwalek et al.,
2006;Gauthier et al., 2009).

2.4.7.1.5. Structure activity relationships

There exist many SAR studies on hemolytic actigitgaponins but unfortunately
different protocols or different types of erythréey are used. So it is tricky to compare the
activities of different studies. We summarized s@tuglies which tested a huge number of
saponins under the same conditions. Results folodesmosidic saponins are shown in Figure
23. Some studies comparing the activities of stieversus triterpenoid saponins showed that

steroid saponins induced a faster hemolysis (TakewhTanaka, 1995).
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FIGURE 23

SAR studies on hemolytic activity of monodesmosaponins
(Please be aware that some chemical functions @xc¢he presence of others.)
Magenta: structural features which enhance hemolyticvagti
Blue: inhibit hemolytic activity
Ri1: Sugars are necessary for hemolytic activity,
The residuenféL-Rha(1>2)-a-L-Ara) is very active
For some genins, activity rises with numisesugars (n)
Activity changes, when sugar branching cleang
If the number of sugars = constshta-L-Rha—-> 3-D-Glc (122), (1>4) and (P>6) is
more active than {£3)
Ro: Triterpenoid saponins (-OH enhances activity)
Steroid saponins, diosgenin (-OH and alcdrans reduce activity, except -C¢)C
Rs: Triterpenoid saponins (-COOH enhances actiesgerification of COOH also enhances
activity)
(Voutquenne et al., 2002;Gauthier et al., 2009;Gékvat al., 2006;Wang et al., 2007c;Takec
al., 1996)

Tl et

Bidesmosidic (residue at C3 and C28) triterpemoidteroid saponins were in most cases

less hemolytic than monodesmosidic saponins, dule surfactant activity increased (Romussi

et al., 1980;Hase et al., 1981;Wang et al., 200dat§fuenne et al., 2002). Some general

enhancing properties are summarized in Figure 24.
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FIGURE 24

SAR studies on hemolytic activity of bidesmosigiosins

Magenta: structure features which enhances hemolytiwiggti
- R1 = at least 1 sugar (needed)
- R2 = COOH, CHOH (needed)
- R3 =if 1 sugam R1 = at least 3 sugars

Best activity> 4 sugars and R1 = 1 sugar
(Voutquenne et al., 2002;Wang et al., 2007c¢)

2.4.7.2.Pharmacological implications of hemolysis

Excessive hemolyis induced by saponins can leatiémnia and further death (Stohlman
and Smith, 1934). Saponins can only be used phailogically if they don’t induce important
hemolysis or if they do not pass into the bloodatn. The synthesis or research of saponins
which are not hemolytic is therefore very challengiThe understanding of the mechanisms
involved in saponin hemolysis and implications aflecular structural features can lead to
synthesis of compounds which will have a high aistiand low toxicity. Gauthier et al. showed
that lupane saponins have a very low tendencydode hemolysis, but an increased ability to
induce apoptosis in cancer cells compared to tha@naine type saponins (Gauthier et al., 2009).
As seen before (see 2.4.4.3.1.), the formatiormpbsin nanoparticles can also be an interesting
approach to reduce the hemolytic activity of sapsiily keeping or increasing their activity

towards cancer cells. The effect of saponins orceacells will be developed in the next chapter.
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2.4.8. Effect on cancer cells

Compared to red blood cells, other eucaryoticsqadissess a nucleus and different types
of organelles. These cellular compartments areratgghfrom the cytoplasm by membranes
which have different compositions in lipids andteins. The cholesterol content of different
organelles is very variable (van Meer, 2005;Wassled., 1987) so the activity on eukaryotic
cells is much more complex as a saponin couldpetiBcally on a certain type of organelle. As
we have shown in (2.4.5.), the effects of sapoaresnot only restricted to membrane lysis. They
can influence the dynamics of the membrane or thtgral organization. All these effects can
lead to activation or inhibition of membrane prateor even cascades which lead to programmed
cell death (Chaigne-Delalande et al., 2008;GeongeVdu, 2012;Legembre et al., 2005;Li et al.,
2006;Xu et al., 2009;Park et al., 2010;Yi et ab02).

2.4.8.1.Effect on dynamic properties of the memdran

We already discussed the effects of saponins@dyhamic properties of artificial
membrane models and the corresponding time-schtesse effects. Cellular membranes of
mammals are always in a fluid state (Gawrisch, 20RBsults on membrane dynamics should be
therefore comparable to the effect of saponinsrbficeal membranes in the liquid crystalline (or
liquid ordered) state. Furthermore, the modulatbdynamic membrane properties in cells can
have multiple effects on membrane proteins andnsethbolism (Kwon et al., 2008;Ishida et al.,
1993;Harada, 2005).

The effects of saponins on dynamic propertiestifi@al membranes often depended on
the cholesterol content. As cholesterol conteniegaa lot between cell types or organelles,
modulation of order parameters may vary from onktgge to another. As an example,
ginsenoside Rg3 reduced the fluorescence anisotpyH and TMA-DPH only in multidrug
resistant cells. This decrease was correlatedleceease of resistance towards adriamycin
(Kwon et al., 2008). Other saponins increased oradesed different order parameters in different
cell types independently of their lytic potentibllarada, 2005;Ishida et al., 1993;0ta et al.,
1987;Jiang et al., 2010). Ginsenoside Re signifigaeduced microviscosity (DPH) in

mitochondria isolated from rat brain. This coul@lpably explain its protective effect against
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cerebral-ischemia injury as mitochondria play apantant role in ROS production and
subsequent lipid peroxidation (Zhou et al., 2006).

2.4.8.2.Effect on lateral organization (interactiasith rafts)

We have seen that rafts in cell membranes arescap@ functional lateral domains (see
2.2.2.2.). Their disruption or aggregation may icelpathways leading to programmed cell death
or have other effects (Jacobson et al., 2007;Liragiheind Simons, 2010).

An earlier technique to prove association of pnstevith rafts is based on the fact that
these domains were resistant to triton X-100 ektagLingwood and Simons, 2010). This
technique is obsolete because association witligisteresitant membranes might result from an
artifact due to the treatment with Triton-X (McMeti et al., 2004Nevertheless, some saponins
were able to render proteins known to be insensibtaton X-100 extraction soluble, meaning
that the rafts were disrupted by saponin treatmiéns disruption would have various effects on
cell membranes like receptor activation or changomgchannel permeability (llangumaran and
Hoessli, 1998;Heffer-Lauc et al., 2007;Tavernal e2804;Nanjundan and Possmayer,
2001;Cerneus et al., 1993;Schroeder et al., 19e¢8@eet al., 2001;Sehgal et al., 2002;Zhuang et
al., 2002). Using confocal or biphoton microscoper studies showed the translocation of
some receptors or membrane proteins from raftsedisruption of rafts upon treatment with
different saponins. Ginsenoside Rh2 and Avicin Bvpd such an effect which would lead to the
activation of apoptosis by the extrinsic pathwag(iFe 28, blue pathway) (Yi et al., 2009;Xu et
al., 2009;Jiang et al., 2010;Park et al., 2010).

2.4.8.3.Cell death induced by saponins

Different kinds of cell death have been inducedagonins including cell lysis, necrosis,
apoptosis and autophagy. Cell lysis and necrodlsibolude the destruction of the plasma
membrane. Apoptosis and autophagy are both progeshuell deaths and are induced via
various stimuli and executed trough specific patysviét is of major importance to describe
morphological changes and provide biochemical exaddo classify the induced cell deaths by
saponins (Galluzzi et al., 2012;Kroemer et al.,900
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2.4.8.3.1. Morphological features of saponin induced cell Heat

Ehrlich ascites tumor cells showed various matateémns when treated with different
saikosaponins (Figure 25). Only minor changes énstiuctures provoqued major changes in
morphological appearences, which shows that tisemeti only one process involved (Abe et al.,
1981). The main morphological features induceddposins are (i) the formation of “blebs”
(Gao et al., 2011;Abe et al., 1981), which coulctlassical hallmarks of necrosis and apoptosis
(Barros et al., 2003;Kroemer et al., 2009) but dalso be direct consequences of saponin
membrane interactions (Keukens et al., 1995)tH{@)disappearance of microvilii or other
changes of membrane topology like the formatioa gfanular surface (Mazzucchelli et al.,
2008;Sung et al., 1995;Gao et al., 2011;Jian gR@l.1), (iii) the formation of intracellular
vesicles (Sung et al., 1995). These vesicles coaigespond to autophagic vacuoles, hallmarks
of autophagy or to a direct effect on the membi&ieg et al., 2009;Ellington et al., 2005).

FIGURE 25

by B f
Scanning electron microscopy of Ehrlich ascitesduoells.
a. Control, b. Cells treated with saikosaponiraagg protrusions: blebs), c.
Saikosaponin bl treated (longer microvilii tharcamtrol), d. Coral reef like surface
when treated with saikosaponin b2, e. Appearantdetls and microvilii
saikosaponin c, f. Disappearence of microvilii wsdikosaponin d.(Abe et al., 1981)
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2.4.8.3.2. Cell lysis or necrosis

It is difficult to distinguish between direct peeabilization of the plasma
membrane and secondary permeabilization due t@sisciNecrosis is characterized by the
increase of cellular volume, formation of blebsstagction of the plasma membrane and release
of the cytoplasm to the sourrounding environmeris &ccompagnied by the activation ofGa
dependent enzymes which are able to lyse the ogfietsia (Figure 28, grey pathway) (Kroemer
et al., 2009;Trump and Berezesky, 1995;Barros.e@03). Cell lysis or the formation of pores
by saponins would also produce osmotic swellingfantther rupture of the membrane (Figure 28,
magenta pathway). Both cell deaths are intercoedeand it is very difficult to say whether one
or another is induced. Recently, regulated necasigcroptosis has become a widely accepted
term. It is characterized by the activation of kirases RIP1 and RIP2 (receptor interacting
protein 1 and 2), which should be investigatedisocatn between cell deaths (Galluzzi et al.,
2012). Unfortunately, effects of saponins on tharker have not yet been published.

Cell lysis provogued by saponins can be verydabigh saponin concentrations
(Mazzucchelli et al., 2008). Electron microscopyea@ed the formation of holes larger than 1
pm only after 2 minutes of incubation with 10 pMlbeacolchiside Al (Figure 26). Tof-SIMS
analysis of cells revealed no colocalization oflebterol and hederacolchiside Al after 2 min of
treatment. After 30 min hederacolchiside, phosphddi and cholesterol seemed to aggregate
(Mazzucchelli et al., 2008).
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FIGURE 26

Scanning electron microscopy

Control MEL-5 cells (a,b)
Appearance of holes after 2 min of treatment wektdracolchiside Al (c,d
(Mazzucchelli et al., 2008)

Oleanane type saponins induced the permeatioanafecr cells to small hydrophilic
molecules like calcein and propidium iodide (Gaetthgt al., 2009;Gilabert-Oriol et al., 2013).
Gypsophilasaponins induced pores whose size increased witeatration and time (Wassler et
al., 1987) or pores large enough to induce fastsa of LDH or other proteins (Mazzucchelli et
al., 2008;Gerkens et al., 2007;Guan et al., 201%3aet al., 1990). Therefore, saponins are
used to permeabilize cellular membranes for immistobhemistry of intracellular proteins
(Ohsaki et al., 2005;Verdier et al., 2000;Mazzudickeal., 2008). AFM allowed to vizualize
pores induced by sapofiiin fibroblasts (Figure 27) (Lee et al., 2006). iAnrease of
permeability to larger molecules was observed whk@andine (a bisbenzylisoquinoleine) was
coincubated witlQuillaja saponins. This enhancement was not observed vgitiowin nor
ginseng saponins, so we can suppose that tetrandtaracts specifically with the pore formed

by Quillaja saponin (Leung et al., 1997).
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FIGURE 27

Control Treated with sapohin

Membrane surface of fibroblasts (AFM)
(Lee et al., 2006)

2.4.8.3.3. Lysis of cell organelles

Saponins showed some specificity regarding lysdifferent organelles. Brain
microsomes derived from plasma membrane treatddsajponifi showed ring-like micellar
structures. It was not observed in cardiac sarsoplareticulum. Microsomes derived from the
endoplasmic reticulum were more resistant to safdgsis than vesicles derived from plasma
membranes (Inamitsu and Ohtsuki, 1984). In musslls,§-escin and saponinwere able to
permeabilize the traverse tubular system (Laung&and Stephenson, 1999). Avicins were able
to perforate the outer mitochondrial membrane antb snduce the release of cytochrome c. This
would lead to an inhibition of respiration and thduction of apoptosis (Lemeshko et al., 2006).

The susceptibility of different organelles@ypsophilasaponins could be
correlated to the cholesterol/phospholipid ratioh&fir membranes. The order of sensitivity to
permeabilization was the plasma membrane > thestysal membrane > the golgi membrane >
the outer mitochondrial membrane > the inner mibmcitial membrane > the endoplasmic

reticulum (parallel with cholesterol content) (WMas<=t al., 1987).

2.4.8.3.4. Apoptosis

Morphologically, apoptosis will lead to the condation of chromatin, fragmentation of
the nucleus, formation of membrane blebs and apiogiodies (Barros et al., 2003;Kroemer et
al., 2009). Apoptosis is mediated by two major patys, the intrinsic and the extrinsic pathway
(Jin and El Deiry, 2005). Many saponins were ablmtluce apoptosis (Zhang et al., 2007;Zhang
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et al., 2008;Yi et al., 2009;Xu et al., 2007;Xwakt 2009;Xiao et al., 2009;Xiao et al.,
2007a;Xiao et al., 2007b;Wang et al., 2006;Tinlet2®07;Swamy and Huat, 2003;Shin et al.,
2009;Raju and Bird, 2007;Niu et al., 2008;Parklet2®10;Liu et al., 2009;Liu et al., 2007;Lin et
al., 2008;Li et al., 2006;Li et al., 2005;Lemesl#tal., 2006;Lee et al., 2009;Kumar et al.,
2009;King et al., 2009;Kim et al., 2008b;Kim et &008a;Kim et al., 2009;Jin et al., 2009;Jeong
et al., 2008;Ham et al., 2006;Guo et al., 2009;€sket al., 2007;Choi et al., 2008;Cheng et al.,
2006). The description of each pathway would plasditits of this work. However, we wanted

to point out studies where apoptosis is in diretdtronship with membrane interaction.

2.4.8.3.4.1.The intrinsic pathway

The intrinsic pathway depends primary on the g¢ison of the external mitochondrial
membrane and the release of proapoptotic proteesept in the intermembrane space. This can
be achieved by permeabilization of the outer mitmcirial membrane (OMM). The external
mitochondrial membrane presents a high contenhatesterol on the contrary to the internal
membrane which lacks cholesterol. Some avicins wleogvn to induce the intrinsic pathway
most probably by direct pore formation of the OMMdure 28, green pathway) (Lemeshko et al.,
2006;Li et al., 2005;Haridas et al., 2007). Reactixygen species (ROS) and*Care able to
activate the mitochondrial permeability transitore (MPT-pore). This also leads to the release
of proapoptotic proteins into the cytoplasm (Kowalski et al., 1996;Hunter and Haworth,
1979a;Hunter and Haworth, 1979b;Haworth and Hud@r9).a-Hederin and macranthoside B
provoqued the increase of cytosolic ROS speciesamdcellular C&-influx which led to
apoptosis (Choi et al., 2008;Swamy and Huat, 2008t al., 2011). ROS production can also
be a consequence of a direct activity on the maadhal membrane and acts as amplificator of
apoptosis (Wang et al., 2007a).

2.4.8.3.4.2.The extrinsic pathway

The extrinsic pathway is activated by membraneldesteptors (Dickens et al., 2012). Death
receptors are present in lipid rafts (George and 2042). Disorganization of these rafts can
therefore lead to activation of membrane deathptecs, which has been proven for Avicin D
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and ginsenoside Rh2 (Figure 28, blue pathway) (al.e2009;Yi et al., 2009;Jiang et al.,
2010;Park et al., 2010).

FIGURE 28

saponin ?

1 % Nt death receptor O

cholesterol U

membrane
insertion

caspase-8

1 mitochondri
caspase-3

\ cytoplasm

condensation, fragmentation nuclei

Pathways of known saponin induced cancer cell mangblysis, necrosis and apoptosis in
relation with their membrane activity

M agenta pathway: membrane lysis induced by direct pore formatibthe membrane.
(Mazzucchelli et al., 2008;Gerkens et al., 2007&eiaal., 2011;0hsaki et al., 2005;Wassler ¢
al., 1990;Gauthier et al., 2009;Verdier et al., @@labert-Oriol et al., 2013).

Grey pathway: necrosis induced by increasedfTaflux (Trump and Berezesky, 1995).
Green pathway: apoptosis induced by direct permeabilization ofdabter mitochondrial
membrane (Lemeshko et al., 2006;Li et al., 2005¢d4aret al., 2007).

Orange pathway: apoptosis induced by the increase of intracellcgdcium, ROS production
and the triggering of the mitochondrial permeapitransition (MPT)

(Choi et al., 2008;Swamy and Huat, 2003).

Blue pathway: apoptosis induced by the activity on rafts antivaton of death receptors

—

(Xu et al., 2009;Yi et al., 2009;Jiang et al., 204k et al., 2010).
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2.4.8.3.5. Autophagy

Autophagic cell death is accompanied by cytoplasracuolization which leads the cell
to its autodigestion. Some major proteins involaeel beclin 1, ATG5 or LC3. The latest meeting
of the committee of classification of cell deatatet that inhibition of at least 2 of these essénti
proteins is needed to prove autophagic cell deatlalse autophagy would be mainly a cell
protecting mechanism (Galluzzi et al., 2012). Sapbnan cause formation of structures which
ressembled GFP-LC3 puncta (a hallmark of autophisgileLa cells. Puncta formation was not
due to autophagy but protein aggregation and ptedem artifact. Puncta are obviously not a
good hallmark for saponin induced autophagy (Cietsia and Tolkovsky, 2007).

Autophagy was induced by some saponins (Table &)pstective mechanism towards
apoptosis (Sy et al., 2008;Ko et al., 2009). Avibi on the contrary induced autophagic cell
death when apoptosis was inhibited (Xu et al., 2007

2.4.8.3.6. Cancer treatment by saponins

Some saponins could be suitable candidates faecdreatment research because they
are specifically cytotoxic towards cancer cellsnget al., 2009;Swamy and Huat, 2003;Man et
al., 2010).

As we have seen, the formation of saponin comtginanoparticles can enhance the
selectivity towards cancer cells and reduce themdlytic potential. This couls lead to an
increased therapeutic index (Hu et al., 2010).

Another advantage is that several saponins indelteleath via multiple mechanisms
(apoptosis, necrosis, membrane lysis or autoplaaideath) and pathways (ROS, activity on
organelles, mitochondrial outer membrane permeaiin [MOMP]). This could prevent the
occurrence of resistances and increase efficiehtrgatment.

Membrane cholesterol is known to be largely inedlin cancer progression and
resistance (Montero et al., 2008;Patra, 2008). €dterol rafts are known to promote cancer and
cholesterol enrichment in mitochondria leads tonobierapeutic resistance (Montero et al.,
2008). The specific interaction of some saponirth wiolesterol and the disruption of lipid rafts
led to apoptosis in cancer cells (Gajate and Medtlmy 2011;Patra, 2008;Yi et al., 2009).
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It has also been shown for ginsenosides and stponins, that they are able to reduce
the cell growth by inhibiting proteins involvedtine cell cycle (cyclins or cyclin dependent
kinases) or inhibit other important cancer promgfathways (Nag et al., 2012). Saponins could
be therefore ideal candidates to act on resistamtar cells and to reduce resistance toward other

therapeutic agents.

2.4.9. Conclusions on saponin activities on membrane models

We put together studies using several techniquasadtyse different aspects of saponins.

Their amphiphilic character gives them the abildyself aggregate, reduce the interfacial
tension between phases and stabilize emulsiorsaaond.

They are also able to interact with other amplhiphiolecules like phospholipids and
cholesterol. This can lead to the formation of riéseor other nanoobjects, which could be used
In vaccination or cancer therapy.

Interaction with membrane components of bilayexs énormous repercussions on cell
homeostasis. Saponins can activate membrane resefaachanges of membrane dynamics or
interaction with membrane rafts, rich in choleskefthe modulation of protein activity by
saponins could lead to the development of intergstompounds with various pharmacological
activities.

The interaction with cholesterol was also very amtant for pore formation in several
membrane models, especially for monodesmosidesanstigar chain in £Some bidesmosides
were able to permeabilize membranes independehdiyalesterol which suggests that their
mechanism is different.

Hence, cell death induced by saponins is very ¢exmgnd several mechanisms can be
induced simultaneously. Besides direct pore foromatapoptosis and autophagy play an
important role. Permeabilization of organelles miglso play a crucial role for saponin induced
cell death.

Saponins which were able to permeabilize membnaodels were usually hemolytic and
also active on cancer cells. The artificial membrarodels used showed that the basic lytic
activity does not depend on membrane proteins #veis not excluded that activity can be
enhanced or inhibited.
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But not only interactions of saponins with memlesare responsible for cell death. For
example, several saponins have shown specificigotinn proteins involved in the cell cycle

(Guo et al., 2009).
All in one, saponins have unique activities anapgrties which could be very useful in

the development of future therapeutic agents.
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Table 1 : Physico-chemical activities of saponins a

nd interaction with membranes

. Type of Cholester‘ol Cholesterol .
M odel Effect Techniques interaction g]r;e:’lceln Consequences dependency Saponin References
S . (Romussi et
oyasaponins, al
Anchusqs!des, 1980;Mazzuc
Glycyrrhizin, .
Digitonin chelli et al.,
. . L Reduction of surface Hederacolchiside, 2008;Bottger
Adsorption at air- . Saponin/air- ; ; et al.,
i Tensiometry No tension of water, No a-hederin, '
water interface water surface : . . 2012;Xiong
foam forming ability Hederacoside C ot al
B-escin, Do
. Ginsenoside RG2, 2008;Pillion
Hydrophobic Glycyrrhizinic acid etal,
/ Priym)lljlic acid || 1996 dian et
hydrophilic al., 2011)
interfaces (Tanaka et
al., 1996;Cao
T_ensm_metry, Reduction of Quillaja saponins, et aI.,. o
viscosity . . . Yuccasaponins, 2010;Stanimi
. - interfacial tension, X :
Adsorption at other| measurements, | Saponin/inter S Ginsenosides, rova et al.,
; PR No stabilization of No . .
interfaces miscibility tests, | face . Acetylated aescin, | 2011;de Ven
) Lo emulsions or .
guasi-elasitc light SUSDENSIONS Extract ofSapindus | et al.,
scattering P mukorossi 2010;Balakri
shnan et al.,
2006)

83




Introduction

Self-aggregation

DLS,
tensiometry,

solubilization of

fluorescent
probes, NMR,
TEM, dielectric
permittivity

Saponin/sapo
nin

No

Formation of
spherical micelles or
other types of
amphiphilic
aggregates

No

Quillaja saponins,
Digitonin,
Hederacolchiside,
a-hederin,
Hederacoside C,
B-escin,
Ginsenoside Ro,
Rg2, Rbl, Rgl
Glycyrrhizinic acid,
Primulic acid

(Balakrishna
netal.,
2006;Sarnthe
in-Graf and
La Mesa,
2004;Mitra
and Dungan,
2001;Mitra
and Dungan,
2000;Mitra
and Dungan,
1997;Xiong
et al.,
2008;Bottger
etal.,
2012;Dai et
al., 2013)

Aqueous
solution

Aggregation with
cholesterol

DLS,
tensiometry,
TEM

Saponin/Chol
esterol

Yes

Formation of soluble
mixed micelles or
other types of
aggregates
(composed of
cholesterol and
saponins)

Yes

Quillaja saponins

(Demana et
al.,
2004;Mitra
and Dungan,
2001;Mitra
and Dungan,
2000;Mitra
and Dungan,
1997;Sidhu
and
Oakenfull,
1986)

Observation, light

microscopy,
TEM, solubility
product,
stoichiometric
reaction

Saponin/Chol
esterol

Yes

Formation of
insoluble
cholesterol/saponin
complexes

Yes

Digitonin,
a-tomatine,
a-chaconine
Alfalfa saponins

(loffe,
1986;Assa et
al.,
1973;Roddic
K,
1979;Haslew
ood,
1947;Haslam
and Klyne,
1953)
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(Kersten and

Crommelin,
Saponin/phos Formation of Yes Quillaja saponins 1995;Myschi
TEM pholipid/chol ISCOMS’ ketal.,
esterol 2006;Deman
aetal,
2007;0zel et
al., 1989;Hu
et al., 2010)
leldﬁgﬁs TEM sﬁgl?;:?/?hho(?s Fprmation of Yes Ginsenosides Rb2, | (Song et al.,
asterol ginsomes Rc, Rb1, Rd 2009)
Aggregation with S Y
cholesterol and TEM r?gl(i)q:?/fho(?s Yes Formation of Yes Cucumarioside A2 (Kostetsky et
phospholipids Estef(’)l “tubular ISCOMs” al., 2011)
. Ring-like micelles,
Sapqn_m/phos rod-like tubular Mann(_)sylatyed .| (Daines et
TEM pholipid/chol . Yes saponins of oleanoli¢
esterol structures, he_hcal, and glycyrrhizic acid al,, 2009)
thread-like micelles
Aggregation with Saponin/phos
grij-cpﬂglsesrgi[ioplids TEM, pholipid/DC- | No Posintro™ No Quillaja saponins g\l/lag(s)(e)g)et
cholesterol v
. . (Stine et al.,
Lateral pressure | Saponin/chol Yes Increasing lateral Yes o-tomatine 2006-Walker
measurements | esterol pressure
et al., 2008)
(Gogelein
;ﬁge;ztlr?;(?:sure Increasing Iatera_l o and Huby,
tension Saponin/Phos pressure, redu<_:t|0n Digitonin, _ 1984;Armah
Binding measurements, | pholipid ’ ves/No of surface tension, No Merck saponin®, etal,
Monolayers fluorescence Of’ Avenacin Al Avenacin Al 1999;Nishika
avenacin Al insertion wa et al.,
1984)
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Binding until certain | ?
lateral pressure.
Lateral pressure | Saponin/rafts| Yes Above critical Glycyrrhizin (Sakamoto et
Binding measurements value> al., 2013)
accumulation below
monolayer
Monolayers (formation of
stripes)
Aggregation of . (Stine et al.,
cholesterol and BAM Saponin/chol Domain formation a-tomatine 2006;Walker
. esterol Yes Yes
saponin et al., 2008)
BAM Decrease of raft size
Interaction with ' Saponin/Chol below CMC and - (Sakamoto et
fluorescence Yes . ; Yes Glycyrrhizin
rafts MICroSCo esterol formation of striped al., 2013)
Py regions above CMC
. Reduction of surface L _—_
Binding to LUV Sapqmn/phos Yes/No | potential/equilibrium| No Digitonin, o (Nishikawa
pholipid oo desglucodigitonin et al., 1984)
binding
Binding to LUV, | Saponin/Chol Yes/No Cholesterol Yes a-tomatine/o- (Keukens et
Binding HPLC esterol dependent binding chaconine al., 1995)
Permanent binding (Akiyama et
2H-NMR, . . . al.,
v Saponin/chol and formation of Digitonin, N
scintillation Yes . Yes S 1980;Nishika
. esterol complexes with Desglucodigitonin
counting cholesterol wa et al.,
1984)
Bilayers (,?kiyama et
al.,
EPR, Reduction of trans- Digitonin, 1980;Fukuda
fluorescence Saponin/phos auche Ginsenoside etal,
spectroscopy of ponin/p No ) - No X ’ 1987;Armah
> pholipid isomerizations and Avenacin Al
order sensitive rotational diffusion etal.,
Effect on dynamic | probes 1999;Nishika
properties wa et al.,
1984)
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Increase of trans-

Bilayers

gauche (Akiyama et
EPR, Saponin/chol| Yes isomerizations and | Yes Digitonin al.,
fluorescence esterol rotational diffusion 1980;Nishika
spectroscopy of wa et al.,
Effect on dynamic | Laurdan and DPH 1984)
properties (Akiyama et
Saponin/chol Increase of motions Ginsenoside al.
2 - L L
H-NMR esterol Yes/No in the ps timescale No Digitonin 1980;Fukuda
et al., 1987)
Saponin/Chol Co-IO(_:aIi_zation with
Effect_on .Iateral AEM esterol- ves/No ganglioside GM1- Yes Co-ARIS (Naruse et
organization - clusters and al., 2010)
Ganglioside . X
expansion of clusters
Micellar
. arrangement of
EI_ectron Saponin/Chol Yes/No | saponins and Yes Saponif (Bangham et
microscopy esterol . al., 1962)
cholesterol in
membrane
Freeze-fracturing, Permeabilization,
release of spherical and tubulafr (Keukens et
fluorescent Saponin/sterg budding due to a-tomatine, al
probes, SAR, I/phospholipi | Yes/No | formation of Yes a-chaconine, 1§§5'Elias ot
*IP.NMR, HPLC, | d irreversible (glycoalkaloids) ;
. al., 1979)
molecular glycoalkaloid/sterol
modeling matrix
Permeabilization/ Cholesterol . -
Pore formation | Calcein release, | Saponin/Phos ves/No independent No tEiiltdeerS?r?osilc(ijlga oning (Hu et al.,
QSAR pholipid membrane P P 1 1996)
disruption
Conductivity Pore formation due (Armah et
measurements, | Saponin/chol| Yes/No | to hydrophilic sugar | Yes Avenacin Al
. X al., 1999)
FRAP esterol interactions
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Conductance Saponin/Chol Pore formation due | Yes Bidesmosides
measurements, | esterol/phosp| Yes/No | to interaction with (avicin (Avicin G, (Lietal.,
Bilayers Permeabilization/ | molecular holipid phospholipids and | G), No Avicin D) 2005)
Pore formation | modeling importance of the (Avicin
side chain of Avicin | D)
D and G
Saponin/ (Lin and
. Cholesterol Yes Most probab_ly head| Yes Dioscin Wang, 2010)
Cholesterol/saponi to head binding
- Molecular -
n/phospholipid modeling Saponin/Chol (Keukens et
N interaction esterol/Phosp Yes Possible ternary Yes Glvcoalkaloids al.,
In Silico holipid complex y 1995:0Oftedal
et al., 2012)
Pore formation in Molecqlar Saponin/Chol Induction of Lo (Lin and
. dynamics esterol/phosp| Yes ) Yes Dioscin
bilayer ; . o curvature in rafts Wang, 2010)
simulation holipid
(Seeman et
al.,
TEM, freeze- Merck pure saponin, 1973;Shany
fracture EM, . ;
" X . Increasing defects, Alfalfa saponins etal,
ferritin labeling, | Saponin/ ? Yes ; ? i
; protein release 1974;Bauma
Hemoglobin |
release hnetal,
2000;Seemar
, 1967)
Effect on red | Hemolysis (Romussi et
blood cells al.,
1980;Segal e
Hemoglobin No clear correlation Monodesmosides al.,
9 Surfactant Yes between surfactant . X 1966;Hase et
release, o ; ? and Bidesmosides
activity and hemolytic al.,

Tensiometry

activity

1981;Voutqu
enne et al.,
2002;Bottger
et al., 2012)
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Amphipaths Quillaja saponins
cholesterol a-hedjerin P ' (Lange et al.,
activation, . Aggregation with o 2009;Takechi
] o Saponin/Chol dioscin,
Hemolysis variation of Yes cholesterol leads to | Yes . . etal.,
Y esterol . L timosaponin A-l, )
cholesterol hemolytic activity B-escin 1992;Lange
content of ik S d et al., 2005)
erythrocytes saikosaponin d,
holotoxin A
Effect on red
blood cells
Digitonin,
Styrax saponin A (Segal and
Cholesterol No clear correlation é?nsign’en IB- gg?d_zwei
; Saponin/Chol between cholesterol geny ) 9
depletion of Yes No maltoside, 1978;Segal
esterol amount and : .
erythrocytes hemolytic activit Tigogenyl$- and Milo-
y maltoside, Goldzweig,
Styrax sapogenin-A | 1975)
(Sleep et al.,
Microsco 1999;Levin
Py Saponin/cyto ATP independent . and
measurements of . Saponiff (pure .
skeleton- Yes shape transformation ? . Korenstein,
membrane ) white) )
; membrane into ghosts 1991;Bauma
fluctuation
nn et al.,
2000)
Inhibitors of Hydrolysis of Digitonin, Tomatin, | (Segal et al.,
glycosidases, Saponin/me saponin into Solanin, 1974;Segal
saponin mbrane Yes sapogenin by contagt No Styrax saponin-B, | and Milo-
extraction from glycosidases with erythrocytes Glycyrrhizin Goldzweig,
lysed cells 1975)
Decrease of
resistance toward
Fluorescence adriamycin in (Kwon et al
: . " . . .
Effect on dynamic anisotropy DPH, | Saponin/? Yes multidrug resistant | - Ginsenoside Rg3 2008)
. TMA-DPH
Effect on properties cells
cancer cells
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DPH fluorescence Saponin/? Yes Reduced ? Ginsenoside Re (Zhou et al.
anisotropy microviscosity in 2006)
mitochondria
(langumaran
and Hoessli,
1998;Heffer-
Lauc et al.,
2007;Tavern
aetal,
2004;Nanjun
. . dan and
Disruption of .
. . ) . Saponiff, Possmayer,
Sensibility of Saponin/chol domains containing T .
. Yes .ol Yes Digitonin, 2001;Cerneu
rafts to Triton X- | esterol cholesterol/redistribu . .
. : Saponin (Sigma) setal,
100 extraction tion of raft )
. . 1993;Schroe
associated proteins
der et al.,
1998;Becher
etal.,

Effect on lateral 2?;1 :Sehgal
Effect on organization 2002;Zhuang
cancer cells et al., 2002)

(Yietal,
2009;Xu et
Domain . . al.,
Cc_JnfocaI (raft) Yes Cagpage-s Yes Glr_1$_en03|de Rh2, 2009:Jiang et
microscopy ) . Activation Avicin D
interaction al.,
2010;Park et
al., 2010)
Fluorescence Change in domain
microscopy, Co- (raft) structure and Co-ARIS (Naruse et
scintillation of ARIS/Choles | Yes composition, Yes (monodesmosidic
) ) X . al., 2010)
radiolabeled terol induction of steroid)
saponin acrosome receptor
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Effect on
cancer cells

Necrosis/Lysis

(Gauthier et
al.,
2009;Mazzuc

chelli et al.,
Cell death assays, Oleanane type 2008;Guan et
calcein-AM monodesmosidic al.,
release, Saponin/plas Necrosis like cell saponins, 2011;Verdier
light and electron| ma Yes death Yes macranthoside B, et al.,
microscopy, flow | membrane digitonin, 2000;Leung
cytometry, LDH Quillaja saponins, | et al.,
release, Pl influx Gypsophilasaponins| 1997;0hsaki
et al.,
2005;Gerken
setal,
2007;Lee et
al.,
2006;Wassler
etal.,
1987;Wassler
et al.,
1990;Gilaber
t-Oriol et al.,
2013)
(Lemeshko et
al.,
D_etectlon O.f Saponin/ Outer mitochondrial - 2006;Inamits
mitochondrial Avicins, uand
A outer membrane, ER, ; .
permeabilization, | . hondri Yes traverse tubular Yes saponiff, Ohtsuki,
isolation of Imltoc ondria v B-escin 1984;Launik
; : membrane system .
mitochondria onis and
Stephenson,
1999)
Differential . Lysis of organelles
centrifugation, ?;ﬁ)eosnln/orga Yes/No | increases with Yes Gypsophilasaponin gwals;ée;)et

enzyme markers

cholesterol content

91



Introduction

Markers intrinsic (Lietal.,
apoptotic Activation 2005;Haridas
pathway (release| Saponin/mito| Yes mitochondrial Avicins etal.,
proapoptotic chondria pathway (intrinsic) | ? 2007;Lemesh
proteins,...) ko et al.,
2006)
Choi et al.,
(
Permeabilization 2008;Swamy
Extracellular .
N Saponin/ plasma membrane, : and Huat,
calcium influx - N a-hederin, .
plasmatic Yes activation Yes . 2003;Guan et
(C&"), ROS ’ . macranthoside B
activation membrane mitochondrial al.,
pathway (intrinsic) 2011;Danloy
Effect on et al., 1994)
cancer cells | Apoptosis g/lsaorlggtsicextrmsm (Yietal.,
pathway, Activation death . . 2009;J|arlg et
. Ginsenoside Rh2, | al., 2010;Xu
caspase-8 Saponin/rafts| Yes receptor pathway Yes/No o
e L Avicin D et al.,
activation, Fas (extrinsic) )
o 2009;Park et
activation, raft
e al., 2010)
desorganization
LC3-I=>LC3-lI (Sy et al
transform_atlon, Saponin / 2 Yes Protecnqn towards ” T|_mosapo_pn|n Alll, 2008:Ko et
autophagic apoptosis Ginsenoside Rkl
al., 2009)
vacuoles
LC3-I>LC3-lI
Autophagy transformation, o
autophagic . Activation of - (Xu et al
Saponin/ ? Yes autophagy, when ? Avicin D "
vacuoles, apoptosis is inhibiteg 2007)
Atg5, Atg 7 pop
activation
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2.5. The monodesmosidic triterpenoid saponin a-hederin

The interesting properties of saponins have let tlse investigation of the
monodesmosidic saponirhederin, which has shown interesting activitiasaads cancer cells
(Choi et al., 2008)-Hederin or Kalopanaxsaponin A was first isolatexhf the leaves of
common ivy oiHedera helix_. (Araliaceae) (Figure 30,A) along with its aghye hederagenin
(van der Haar, 1912). It has been further isolatgtie seeds dfligella sativaL. (Kumara and
Huat, 2001), the stem @lematis parvilobaardner&Champ(Yan et al., 2009), the aerial parts
of Clematis tangutic&orsh. andPatrinia scabiosaefolid&isch. (Kim, 1997;Zhong et al., 2001),
the root bark oEmelophyllum capenstadlk. (Lavaud et al., 1995) and the barliKafopanax
pictusNakai. (Sano et al., 1991).

25.1. Molecular structure

FIGURE 29

0-hederin

hederagenin

a-hederin

a-Hederin,s-hederin and hederagenin
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2.5.2. Biosynthesis

Biosynthesis ofi-hederin is linked to the synthesisdehederin and hederagenin which
are its precursors and which lack one or two sugés. It has been investigated in several plants
and especially ilNigella sativa(Figure 30,B). The triterpenoid structure of alierpenoid
saponins is biosynthesized before the additiorugéss (see 2.2.1.4., Figure 9). For the synthesis
of hederagenin, 2,3-epoxidosqualene is furtherioggdlbyp-amyrin synthethase leading to the
formation off3-amyrin (oleanane series), a triterpenoid pentacyirlg structure. Oxidations of
carbons in C23 and C28 lead to the formation othegenin. Glycosyltransferases add further
the arabinose residue to to the C3 hydroxyl to giederin and finally the addition of the

rhamnose sugar leads to the formation-tiederin (Scholz et al., 2009;Bruneton, 2009).

FIGURE 30

Common ivy (Hedera Helix L.) (Thome, 1885)

2.5.3. Biological activity

a-Hederin has shown important induction of hemolgsid cytotoxic activity especially
towards cancer cells. Cytotoxic activity would bainty due to the induction of membrane lysis

and apoptosis (Swamy and Huat, 2003;Chwalek e2@06). Thexr-L-rhamnopyranosyl-(+2)-
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a-L-arabinopyranose moiety at C3 seems to conferasewk cytotoxicity to the molecule
compared to similar oleanane type saponins (Jualj,&2004;Chwalek et al., 2006;Gauthier et al.,
2009).

In vivg, it showed antitumor activity and increased therisal in mice affected by colon
26- or 3LL Lewis lung carcinoma, being as effeciagecisplatin (Park et al., 2001). The
compound would not only have antitumor activity &ese of its cytotoxicity but would also be
an antiproliferative agent (Danloy et al., 1994¢dRction of metalloproteinase-9 m-RNA
stability would inhibit the invasion of tissues bgncer cells (Hwang et al., 2012). So, the
molecule attacks cancer via different targets, Wwinn@akes it interesting for the use against
resistant cancer cell lines. It also potentiateddytotoxic activity of antitumor agents like 5-
fluorouracil which shows its interest in combindwmotherapy (Bun et al., 2008).

Besides its cytotoxic activity against cancerg;atlwas also antimycotic against human
pathogenic fungi most probably because of its atigon with the membranes (Moulin-Traffort
et al., 1998;Kim et al., 1998).

a-Hederin,s-hederin and hederagenin showed leishmanicidigigctinterestingly,
hederagenin was the only compound that was acjamst the amastigote form. The
corresponding bidesmoside @hederin showed no activity (Majester-Savorninlgtl®91).

At concentrations below its cytotoxic activityhederin (and also hederagenin) was
antimutagenic (Lee et al., 2000). It inhibited ntigtas induced by tobacco derived substances
and chemotherapeutic agents like doxorubicin (ArMo&rane et al., 1996). This special
property in addition to its antioxidant activity (&in et al., 2004) makes it an excellent
chemopreventive agent against cancer.

The antioxidant activity combined with the indactiof metallothionein (oxygene
radicals captor) in hepatic cells, provides hepatigetive capacities te-hederin (Kim et al.,
2005).a-Hederin also possessed anti-inflammatory propsrigitro but the effect was not

confirmedin vivo (Li et al., 2003;Gepdiremen et al., 2005).
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2.6. Lipopeptides

Besides saponins, we also wanted to investigatadhvities of peptide based
amphiphiles and especially lipopeptides which heggrong amphiphilic character and have been
subject to a growing attention in the last yeans.iteresting subject to the closer investigation
of lipopeptides was surfactin, which was easilyessible for our laboratory and has shown
interesting activities on cancer cells (see 2.7.).

Two main classes of lipopeptides exist. Cyclic andar lipopeptides. Both classes have
been isolated from bacteria and fungi (Mandal et2&l13).

Because we will study the effect of surfactinyalic lipopeptide extracted fromacillus
subtilis, we will only focus on cyclic lipopeptides. Themmphiphilic compounds have been
found in marine cyanobacterias and other prokasybte especially in thBacillusand
Pseudomonaspecies (Smyth et al., 2010;Jokela et al., 2013Dend Banat, 1997). They can't
be found in higher eukaryotes because they doana the necessary enzymatic machinery to
produce them. The most popular lipopeptides aréodayrin and polymyxin, produced by
Bacillus brevisandBacillus polymyxgFigure 31). These two antibiotics are nowadaysius
clinics against resistant bacterial infections @esd Banat, 1997).

FIGURE 31

Daptomycin Polymyxin
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2.6.1. Molecular Structure

Cyclic lipopeptides are composed of an amino agale which is closed by an ester or
peptide bond. These cycles are linked to acyl chadifferent manners (Figure 31, Figure 32).
The fatty acid linked to the polyamine cycle gitiee molecules the amphiphilic character. The
charge of the peptide groups is very importanttieir specific activity. Cationic lipopeptides
like polymyxin have shown to be specifically actme bacteria (Clausell et al., 2007), whereby
anionic lipopeptides seem to have a broader spaatfiactivity (Straus and Hancock, 2006;Cao
et al., 2011). Because of these different strutfeedures, there exists a high structural varadty
lipopeptides. This makes them very interesting commgls for the discovery of new

pharmacophores.

2.6.2. Biosynthesis

Synthesis of peptides does not always rely omiblzesome. Lipopeptides are generally
assembled by non-ribosomal peptide synthethaseBP§NRhey work as assemblies where each
module is responsible for the incorporation ofragkd monomer. The amino acids used are not
the same as for protein synthesis. Cyclizationlmachieved by an ester or peptide bond and
results in the formation of lactams or lactonepeesively (Giessen and Marahiel, 2012). Non
ribosomal peptide synthethases are lacking in lmigbkaryotes but are present in fungi (Hur et
al., 2012).

2.6.3. Biological activity

Lipopeptides have surfactant properties and retheaterfacial energy and surface
tension of water. That's why they could be usetbassurfactants” (Desai and Banat, 1997).
Some of them are also able to self-aggregate ie@gsolution and form oligomers (Straus and
Hancock, 2006). Their surfactant properties seemd@ase the ability of bacteria secreting

lipopeptides to form biofilms (Raaijmakers et 20D,10).
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Many lipopeptides have antibacterial activity espky against resistant strains. For
example, daptomycin has been shown to be very@itiagainst MRSA (methicilline resistant
Staphylococcus aurejstrains. Antibiotic activity is mostly due to th@eraction with
membranes. This interaction is strengthened byigiteacyl tail (Straus and Hancock, 2006).
The antibacterial activity is not only interestitogtreat human or animal infections. Bacterial
strains producing lipopeptides have been used ssftdly to protect plants from infections
(Stein, 2005).

The ability to interact with membranes gives lipppdes additionally anticancer,

antimycotic, antihelminthic and antimycoplasmiciates (Raaijmakers et al., 2010).

2.7. Surfactin

Surfactin is one of three major lipopeptide groppeduced by th8acillus species. The
two other peptide families are fengycin and itdmyth et al., 2010). The most common
producer of surfactine Bacillus subtilis(Figure 32,A)the bacteriavhere the lipopeptide has
first been isolated (Arima et al., 1968). The sctifafamily is composed of 8 analogs (Kanatomo
et al., 1995). Their structures are made of a cgtheven amino acids linked to a C13-(316
hydroxyl fatty acid (Figure 32B). The carboxyl bktfatty acid is connected to the N-terminus of
the peptide by a peptide bond and ftHeydroxyl group to the C-terminus by an ester |{8knyth
et al., 2010). We have to be aware that the pepameis very flexible and can adopt different

conformations in different environments (Gang et2011).

FIGURE 32

(A) (B)

(A) Colored Scanning electron micrograph (17000x) ofiias subtilis (Stanley Fleglet)
(B) Chemical structure of the Surfactin family
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Surfactin has strong surfactant activity and redute surface tension of water from 72
to 27 mN/m (Desai and Banat, 1997). Interestintjlg,reduction of surface tension of the air
water interface due to surfactin enhanced the dprgand aeral biofilm formation @acillus
subtilisconferring an enormous evolutionary advantagbedocteria (Angelini et al., 2009).

Surfactin was further able to induce ion-chanmnelgid bilayer membranes and cause
hemolysis (Dufour et al., 2005). It induced a dgeeit-like membrane lysis (Arima et al.,
1968;Heerklotz and Seelig, 2001). The molecule €ltbavvery broad spectrum of lytic activities
including fungi, bacteria (including MRSA), mycoptaa, cancer and virus (Sen, 2010;Kracht et
al., 1999).

Beyond this lytic activity, surfactin induced apogis in different kinds of cancer cells
and was able via different mechanisms to inhilotiferation of cancer. Surfactin induced
apoptosis via the intrinsic apoptotic pathway. Aarease of intracellular €aand ROS and the
activation of the MPT was implicated (Cao et ab12). It diminished replication of cancer cells
trough inhibition of the cell cycle at G(2)/M. Magstobably because of the inhibition of a G(2)
specific kinase (cdc2) (Cao et al., 2009;Kim et2007). Surfactin would also decrease invasion
of cancer cells via inhibition of Matrix metallogemnase 9 (MMP-9) (Park et al., 2013). This
pleiotropic activity of surfactin on cancer cellsosild make of it an interesting candidate to

overcome multidrug resistance.

99



Introduction

100



Results

101



Results

This chapter contains the most important resuttstdined during my thesis in FACM
and GNOS. It is divided into two parts. In theffipgart, | will assemble all data in relation with
hedering-hederin and hederagenin. The second part will leathé results obtained with
surfactin. | will reprint the articles in their ginal form, as they have been submitted, accepted o
published. For studies which haven’t been integraito articles yet, | will give the purpose of
the study, a brief introduction of the subject,aldse materials and methods, comment the results

and open a short discussion.

3.1. Activities of a-hederin and hederagenin on different membrane mod  els and

cancer cells

To explore the effects efhederin-hederin and hederagenin on membranes and the
consequences for cells, we studied the effectethf imolecules on several artificial membrane
models and cancer cells. We useldederin as example to explore membrane lysis ied iy
monodesmosidic saponins, because it had shown alyte@rand cytolytic potential in the past
(Gauthier et al., 2009). We were also interestea possible relation between membrane
interactions and apoptosis inductiondsfiederin.

The results were divided into four main studidse Tirst study explores the lytic potential
of a-hederin d-hederin and hederagenin on different membrane lm@ahel cancer cells. In the
second study, we observe the effecta-bkderin on a membrane model which displays
macroscopic phase separation. The third study ibescthe potential activity af-hederin and
hederagenin on membrane rafts and adds furthemmafiton on the Iytic potential of the saponin.
Finally, we explored the Iytic and apoptotic adies ofa-hederin and hederagenin on cancer

cellsin vitro.
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3.1.1. Induction of highly curved structures in relation with membrane
permeabilization and budding by the triterpenoid saponins, a-hederin and é-hederin
(article 1, J. Biol. Chem. 288, 2013 )

Authors : Joseph Loreft, Cécile S. Le Duff Joelle Quetin-Leclerégand Marie-Paule
Mingeot-Leclercd

'Université catholique de Louvain, Louvain Drug Resé Institute, Cellular and Molecular
Pharmacology, Avenue E. Mounier 73, UCL B1.73.08,280 Bruxelles, Belgium.
Université catholique de Louvain, Louvain Drug Resé Institute, Pharmacognosy, Avenue E.
Mounier 72, UCL B1.72.03, B-1200 Bruxelles, Belgium
3Université catholique de Louvain, - Institute ofr@ensed Matter and Nanosciences, Molecules,
Solids and Reactivity, Place Louis Pasteur 1, UCL01.04, B-1348 Louvain-la-Neuve,

Belgium.

Subject and background : The aim of this study was to better understéedpermeabilizing

activity displayed by many monodesmosidic triteiqdrsaponins. The article deals with the
permeabilizing activity ofi-hederiné-hederin and hederagenin, two monodesmosidic
triterpenoid saponins and a triterpenic acid, omlehonembranes. To our knowledge, this is the
first study which investigates this well known ad of saponins on GUVs (Giant unilamellar
vesicles containing fluorescent lipid probes, a rmeme model which | recently introduced into
the FACM laboratory), which have the size of euksi/cells and can therefore be observed in
light microscopy. The results obtained on GUVs;embination witt®'P-NMR and other
technigues allowed new conclusions regarding thealbnane lytic activity of monodesmosidic

saponins.
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Induction of Highly Curved Structures in Relation to
Membrane Permeabilization and Budding by the
Triterpenoid Saponins, a- and o-Hederin®
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Joseph Lorent™

, Cécile S. Le Duff", Joelle Quetin-Leclercq®,

and Marie-Paule Mingeot-Leclercq*'

From *Cellular and Molecular Pharmacology and SPharmacognosy, Louvain Drug Research Institute, Université Catholique de
Louvain, B-1200 Bruxelles and "Molecules, Solids and Reactivity, Institute of Condensed Matter and Nanosciences, Université
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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

permeabilization, budding, and the change in lipid phase.

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

shape of the saponin.

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

The interactions of triterpenoid monodesmosidic saponins,
a-hederin and 6-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-

Bl This article contains supplemental Materials and Methods, Results, and
Figs. 1-3.

" To whom correspondence should be addressed. Tel.: 32-2-764-73-74; Fax:
32-2-764-73-63; E-mail: marie-paule.mingeot@uclouvain.be.
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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 mono
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 i vivo tumors; in addi-
tion, it has in vitro effects on various cancer cell lines, which
could result from apop
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).

wnd/
nay

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 (8-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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FIGURE 1. Left panels, two-dimensional chemical structures of a-hederin, 8-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-
cein release), 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; PI, 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 > 6-hederin) or in the
production of buds (5-hederin > a-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 Extrasynthése, (Genay, France). 6-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-B-cyclo-
dextrin (MBCD), calcein, FITC-dextran (4 and 250 kDa), and
dehydroergosterol (DHE; A5,7,9(11),22-ergostatetraen-33-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-sn-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 o-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 a-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.,.
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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-B-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-HCl, 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 (I5,5/I505 01 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).

max
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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

lLight crattoring enectraccany 11cing alviern Zotaciver P
llsllt dettClllls DPCLLIUDLUP)’ uauls a lVlleCIII L;CtdblLCl l‘ldllU

ZS® (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 mm 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 *'P spectra were refer-
enced to the >'P peak from an 85% solution of phosphoric acid
(H;PO,) 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
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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 10> 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,

/440 - I490

) + 1
440 T 1490

GPey = (Eq. 1)

where 1,,, and 1,4, 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 40 X/1.30 Oil DICM27, 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 um 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 a-hederin,
8-hederin, or hederagenin. As positive control, we used 400 um,
4 mm, 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-
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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-
pdxsu For the nonlinear 16g1€$$10i‘1 of laurdan GP ex
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RESULTS

Cell Death Induced by o-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 ug 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. 2A4). 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 a-Hederin, 5-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, 8-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

expenential association function to the data by nonlinearregression- 8, max-

imal release of calcein from liposomes composed of DMPC/Chol (3: 1) upon
exposure at 37 °C to a-hederin, 8-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, 6-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/PI/Chol, a lipid mix-
ture mimicking the lipid 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), 8-hederin (Fig. 4, Cand 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 6-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 6-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, 8-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
(I375/1505) (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-
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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 um).

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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(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
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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
12 —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)
24 —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 AY 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 AV 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. a-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-J) at 10 (Fig. 7, C, D, G, and H) and 20% (Fig. 7, E, F, I,
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 0 ppm was observed in
these conditions, which could correspond to structures larger
than micelles like buds or small unilamellar vesicles, for exam-
ple (46 —48). 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-
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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 Ao (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 abou 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, Iand
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
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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, Cand 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
itinduced a small decrease of the GP,, below 40 °C and a slight
increase above this temperature.

JOURNAL OF BIOLOGICAL CHEMISTRY - 14009

113



Results

Membrane Permeabilization and Budding by «- and 6-Hederin

DMPC a_hederin DMPC . ChOI
0.80
A

0.55- .

3 0.30- .
o
(O]

0.05+ -

-0.204 -

hederaaeni
heaeragentt
0.80:
B

0.554 -

3 0.304 -
o
o

0.054 -

-0.20+ -

0 2'5 5'0 7'5 0 2'5 5'0 7l5
T(°C) T(°C)

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
orhederagenin at drug/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), 8-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
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a-hederin is shown in Fig. 11 (85.2 = 2.2% after 30 min (Fig.
11A4) and 72.0 * 17.2% after 1 h (Fig. 11B) of incubation).

With 8-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
8-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 8-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).

REENIB
N A

VOLUME 288+-NUMBER 20-MAY 17,2013

114



Results

Membrane Permeabilization and Budding by «- and 6-Hederin

20 s

A

Control

B

a-hederin

C

d-hederin

D

hederagenin

% of initial radius

5 min

40 min 60 min

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 (l), a-hederin (A), 8-hederin (¥), and hederagenin (#).
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 8-hederin this process was much more frequent (23.4 =
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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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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
d-hederin (D-F). A, D, and E, fluorescence microscopy images of vesicles; one bar represents 25 um. B and 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
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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 (AandC)or 1h
of incubation (B and D) with 40 um of a-hederin (A and B) or §-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
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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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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 - 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-
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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
GUYV 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 &-hederin, whereas
llﬂuﬂlagelilll Ildu no tfllect OI11 tﬂlee Ulllﬁl reint cancer (.Ell lll 1€S.

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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3.1.2. Phase separation and permeabilization induced by the saponin a-

hederin and its aglycone hederagenin in a raft mimicking bilayer (article 2,

submitted )

Authors: Joseph Lorent, Laurence Ling Domenech OscirJoelle Quetin-LeclerégRobert

Brasselr and Marie-Paule Mingeot-Leclercq

'Université catholique de Louvain, Louvain Drug Resé Institute, Cellular and Molecular
Pharmacology, UCL B1.73.05, avenue E. MounierB£2200 Brussels, Belgium.
ULg, Centre de Biophysique Moléculaire Numériqugr@\BioTech Gembloux, Passage des
Déportes, 2, B- 5030 Gembloux, Belgium.
3University of Barcelona, Departament de FisicoquanFacultat d€armacia, UB and Institut
deNanociéncia i Nanotecnologia IND8028 Barcelona, Spain.
“Université catholique de Louvain, Louvain Drug Rasé Institute, Pharmacognosy, B1.72.03,

avenue E. Mounier 72, B-1200 Brussels, Belgium.

Subject and background : In addition to the immediate permeabilization amacroscopic pore
formation induced bg-hederin on GUVs at relatively high concentrati#@ M) (see 3.1.1.),

we analyzed the effect of lower concentrations-bederin (10 uM) but also hederagenin on

GUVs. This article will give insights into a newiking phenomenon observed with both

compounds which might have major implications f@p@nin and triterpenoid activity.
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INTRODUCTION

Lipid phase separation has become an importartegin membrane organization and
has been associated with the formation of latemattional domains in cells, also called lipid
rafts. Rafts are temporary domains having a namscze of about 10-200 nm. Their fusion
into larger domains would provide platforms for eia signaling (Lingwood and Simons, 2010).
Some of the proteins located in lipid rafts arecired in cancerogenesis and apoptosis (Staubach
and Hanisch, 2011). Disruption or fusion of lipafts can lead to the activation or inhibition of
these proteins which makes them a potential tangesincer therapy (George and Wu, 2012).
Cholesterol is an essential component of these fgfts (Lingwood and Simons, 2010). Due to
its rigid planar steroid ring system, it inducdsigh conformational order of the lipid acyl chains.
This results in a condensing effect with a decrediske area occupied by the other lipids as well
as an increase of the bilayer thickness. It alsdifies the thermotropic phase transition between
the liquid-disordered, often termed fluid phakedr L), and the solid-ordered, also called gel
phase &) by inducing an intermediate liquid-ordered ¢rLz) phase (Simons and Vaz, 2004).

In model membranes, the phase is laterally separated from thghase and is thought to

mimic lipid rafts in cells.

In specific situations, we can observe the coerist of bilayer phases with non-lamellar
lipid mesophases (hexagonal, cubic, isotropichithogical membranes, some of these non-
bilayer phases are thought to be important forgandtnembrane interactions and fusion (de
Kruijff, 1997;Luzzati, 1997). Besides their biologi function, non-lamellar phases can be
induced when amphiphilic drugs or peptides come @aintact with membranes. The formation
of the normal isotropic or hexagonél { phase has been put in relationship with the
permeabilization of membranes (Hallock et al., 20@8reia et al., 2012). At intermediate
amphiphiles/phospholipids ratios, the bilayer phzese coexist with the newly formed phase
(Almgren, 2000). Sometimes, even macroscopic peegaration becomes visible in the sample
(Kleinschmidt and Tamm, 2002;Lohner et al., 1999).
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Several saponins, amphiphilic compounds of natrnigin, are kown for their ability to
interact with cholesterol, a major component ofs&Yi et al., 2009;Bangham et al., 1962).
Among them, avicin D, ginsenoside Rh2 and glycyirhalter membrane permeability and
interact with lipid rafts (Xu et al., 2009;Sakametioal., 2013;Yi et al., 2009). Some triterpenic
acids, lacking the sugar chains of saponins, hage/s the same potential (Bayer et al., 2011). In
a recent study (Lorent et al., 2013), we demoredrttato-hederin, a triterpenoid
monodesmosidic saponin, but not hederagenin,jtégsgenic aglycone, induced cholesterol
dependent permeabilization and budding. Both méésdnduced the formation of a new lipid
mesophase, whenever this effect was much more targowritha-hederin. In addition, new
tubular structures presenting high curvature gratvob membranes when they have been put in
contact with glycoalkaloids (Keukens et al., 1986y digitonin (Elias et al., 1978). The
formation of the new lipid phase depends upon augon of the compound with the sterol, its
molecular shape and the presence of the sugar ah&i& on the aglycone (Armah et al., 1999).
In parallel, we reported thathederin induced toroidal pores which supposedrsapnriched
spots with increased transbilayer curvature inbiteyer (Lorent et al., 2013). Nevertheless, for
a-hederin or hederagenin, the formation of latemahdins has never been shown. Understanding
this mechanism should give interesting clues on kaponins and triterpenic acids are able to

interact with membranes and especially membrarte. raf

For this purpose, we investigated the abilitgéfederin (30-a-L-rhamnopyranosyl-
(1->2)-a-L-arabinopyranoside) and hederagenin, its aglycacigrig the sugar chain, to induce
lateral phase separation in a dimyristoylphosplyldiebline (DMPC)/cholesterol (chol) (3:1,
mol/mol) model. This binary membrane model hasaitivantages to be composed of a
phospholipid which is in the fluid state at ambiwrhperature and to present a nanoschgpic
phase enriched in cholesterol. This is similar t@at\has been observed for lipid rafts in cells
even if lipid composition in biological membranesmuch more complex (Loura et al., 2001;de
Almeida et al., 2009;Meinhardt et al., 2013;Lorenal., 2013;van Meer, 2005). The same binary
model has also been used to show domain formataturced by glycalkaloids in monolayers
(Stine et al., 2006;Walker et al., 2008) and teestigate the mechanism of permeabilization
induced byu-hederin (Lorent et al., 2013), which facilitatezhgparison with other published

results.
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We selected complementary investigation technigquesmderstand the membrane activity
of a-hederin and hederagenin. By molecular modelingflardescence spectroscopy of
dehydroergosterol (DHE), a fluorescent cholestanallogue (Wustner, 2007), we demonstrated
the ability ofa-hederin and hederagenin to interact with stekdésng Forster resonance energy
transfer (FRET) of DHE and diphenylhexatriene-ptadjlylcholine (DPH-PC) inserted into
Multilamellar Vesicles (MLVs), we monitored quatitve and temporal aspects of lipid phase
separation. Using Giant Unilamelar Vesicles (GUW®,visualized the effect efhederin and
hederagenin on lipid phase separation by fluorescand confocal microscopy using Texas-
Red-dipalmitoylphosphoethanolamine (TR-DPPE) amlip2imitoyl-sn-glycero-3-
phosphoethanolaming-7-nitro-2-1 3-benzoxadiazol-4-yl (NBD-DPPE), loedtinLg4 andL,
phases respectively (Juhasz et al., 2010). Inlpgrale determined the effect afhederin on
Supported Planar Bilayers (SPBs) by Atomic Forcerbicopy (AFM) to gain insights into the
nanoscopic aspects of phase separation.

This study shows how~hederin and hederagenin are able to promote tineatoon of
macroscopic domains in a nanoscopic raft modelvids some insights on how saponins and
triterpenic acids could be able to interact withigrén cellular membranes and induce membrane

permeabilization.

MATERIAL AND METHODS

Material

a-Hederin and hederagenin (HPLC quality) were pwselddrom Extrasynthese, (Genay,
France) and dissolved in ethanol. After evaporatibtine solvent, the residue was dissolved in
buffer solution (10 mM Tris.HCI adjusted at pH=w#h NaOH) containing 0.1% DMSO to
prevent solubility problems. DMPC (dimyristogi+glycero-3-phosphocholine) and cholesterol
were purchased from Avanti Polar Lipids. TR-DPPEXds-Red 1,2-dipalmitoyrglycero-3-
phosphoethanolamine), NBD-DPPE-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecsl-
snglycero-3-phosphoethanolamine), DPH-PC (Diphemxdiigene Phosphatidylcholine) and
R18 (octadecylrhodamine) were purchased from logén (Paisley, Scotland, UK). DHE
(dehydroergosterol) and FITC-dextran (4-kDa) wapased by Sigma-Aldrich (St. Louis, MO).
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PDMS (Polydimethylsiloxane) was kindly provided lgnri Burhin and Christian Bailly
(SST/Institute of Condensed Matter and Nanosciemtiesand soft matter, Université catholique
de Louvain, Louvain-la-Neuve). All other reagenera/from E. Merck AG (Darmstadt,

Germany).

Preparation of MLVs

Multilamellar vesicles (MLVs) composed of DMPC:QI{8:1) were prepared by the
extrusion technique(Hope et al., 1985), using anL€hermobarrel extruder (Lipex
Biomembranes, Vancouver, Canada). A dry lipid filias formed by evaporating a lipid solution
of 10 mg/ml of total lipid, in CHGICH3OH (2:1 v/v) using a rotavapor R-210 (Buchi
Labortechnik AG, Flawil, Switzerland). The film wessuspended in a buffer solution (Tris-HCI
10 mM at pH=7.4). This buffer solution was usedigioout all experiments. The suspension was
submitted to five cycles of freezing/thawing toahtmultilamellar vesicles (MLVS). The lipid
concentration of the liposomal suspension was niedday phosphorous quantification(Bartlett,

1985) and adjusted according to the experimentabpol used.

Molecular modeling and assembly of a-hederin and hederagenin with lipids

The assembly ak-hederin or hederagenin with DMPC or cholesterd staidied by
molecular modeling and the Big Layer Method. Thetimod proceeds in two steps (i) calculation
of paired interactions between the molecules ahddnstruction of a grid of 600 x 600
molecules, taking the molar ratios account.

The first step was derived from the hypermatrixhod described elsewhere (Brasseur et
al., 1987;Lins et al., 1999). The moleculeshgéderin, hederagenin, cholesterol and DMPC) were
first oriented at the interface, taking their hyplnobic and hydrophilic centers into account
(Brasseur, 1990). For each pair of molecutebéderin/a-hederin,a-hederin/Cholg-
hederin/DMPC, hederagenin/hederagenin, hederag&mh/and hederagenin/DMPC), the
interaction energies (sum of electrostatic, VanWearls, hydrophobic energies) were calculated
for a large number of positions, resulting frormstations and rotations of one molecule toward
the other. In this study, molecules underwent 3&tians around themselves with a precision of
10°. For each of these positions, horizontal antioa translations were carried out on a
distance of 10 and 5 A with a step of 0.5 and &2Bespectively. For all those positions, an
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additional tilt of -10° to +10° by step of 0.5° whasther applied. The total number of relative
positions tested was thus more than 23 400 O0Q3®B6x21x21x41). For each pair of
molecules, the statistical Boltzmann energy wasiclemed. The latter was calculated taking into
account a Boltzmann statistics corresponding tastime of the interaction energy of each relative
position tested multiplied by the probability oktposition. This interaction energy matrix was
then used in the second step.

The second step consisted in the constructiomanomization of the system using the
interaction matrix calculated in the first stepgAd of 40 000 (200x200) molecules, initially
positioned at random, was constructed and the grodrifpe system was calculated. The energy
of one molecule was equal to the average of tlegantion energies with its 24 closest neighbors
in the grid. Random permutations were made anénleegy of the new configuration was
calculated. By a Monte Carlo procedure, this nenfigaration was kept or not, as a function of
the energy difference between the two states. [goideof 360 000 molecules, one calculation
step consists in 360 000 permutations. 100 00G stepe carried out. For the molecules at the
border of the grid, the molecules at the oppositelér were considered as their closest
neighbours, avoiding border limits.

Graphically, each molecule type was representeal dnplored point and all the points
were represented on the grid. This allowed usgoalize preferential interactions and phase

separation between the molecules studied.

Steady-state fluor escence measur ements
Fluorescence spectra were performed at 25°C asif§h5 luminescence spectrometer
(Perkin Elmer Ltd., Beaconsfield, UK). FRET measueats of DHE and DPH-PC were done on

a Spectramax M3 (Molecular Devices, Sunnyvale, USA)

Dehydroergosterol (DHE) spectroscopy

Spectral features of DHE in media of differentgstles and lipid membranes have been
extensively studied (Loura and Prieto, 1997;ScheoetB84). Emission spectra of DHE in
aqueous medium give insights on the ratio betweemamer and the aggregated form of the
sterol. When DHE is excited at 310 nm in aqueolistisn, it presents a low intensity
monomeric peak at 375 nm and a high intensity marinof structured emission at 395 and 424
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nm due to the presence of microcrystals in bufbduteon. The ratio between fluorescence
intensities at 375 vs 395 or 424 nrgydll3950r 1374/1424) reflects the ratio of monomers vs.
microscrystals in aqueous solution(Loura and Prie®®7). Moreover, a decrease in the
dielectric constant of the microenvironment of DiBuces a blue shift df,ax emission (Cheng
et al., 1999).

The aqueous dispersions of DHE (10 uM) were pegphy evaporation of an ethanol
solution in which the DHE was dissolved. DHE wasusgpended with 1 pl of DMSO and 1 ml of
buffer (10 mM Tris.HCI; pH=7.4) to obtain DHE infiaal 0.1% DMSO0 solution. Fluorescence
emission spectra of DHE in buffer solution wereetalat increasing concentrationsuetiederin
and hederagenin and the intensity of the mononverinicrocrystalline peak ratio was put upon
concentration. The influence of DMSO and DHE comicgion was checked. Excitation
monochromator was set to 310 nm (slit = 4.5) amdetinission spectra was recorded from 335 to
445 nm (Cheng et al., 1999;Schroeder et al., 1987).

FRET between DHE and DPH-PC

FRET provides a measure of the average distartegbe an array of donor and acceptor

molecules. If the probes (DHE and DPH-PC e.g.) shamying partition coefficients between
two phases (e.d., andLy4 phases) the assay can be used to detect memlat@nedeneities
(Parker et al., 2004). MLVs were composed of DMPR@IKDHE:DPH-PC (75/24/1/0.1
[mol/mol]) and were adjusted to 50 uM of total igioncentration in buffer solution. FRET of
DHE (donor) and DPH-PC (acceptor) in lipid bilayeras determined by exciting DHE at 310
nm (slit = 4 nm) and taking emission intensitie8 4t nm (DHE emission peak) and 430 nm
(DPH-PC emission peak). The fluorescence intemaity (l13¢/1371) was taken as a measure of
the energy transfer efficiency. Use of the intgneatio largely eliminated the noise introduced

by variations in lipid and probe concentrationsaAmsn samples.

Electrofor mation of Giant Unilamellar Vesicles (GUVS)

DMPC:Chol (3:1) giant unilamellar vesicles wereppared by electroformation as
described previously (Angelova et al., 1992;Loretreil., 2013). Briefly, 1ul of a chloroform
solution of DMPC:Chol (5mg/ml), was spread on atium thin oxide (ITO) covered glass. All
fluorescent probes used were added to the chloro$otution at 0.1% mol/mol.The solution was
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dried in a vacuum chamber during 2h. An electrofation chamber was constructed using
another ITO covered glass slide, were the condgdtioe pointed to the interior of the
electroformation chamber. Polydimethylsiloxane egrihg 5% aerosol was used to separate
both glass slides. The lipid film was hydrated watBucrose solution of 0,1M. GUVs were grown

by applying a sinusoidal alternative current ofH0and 1V for 2h at 60°C.

Fluor escence micr oscopy

Developments in fluorescence microscopy, combimigld the ability to produce giant
unilamellar vesicles, allowed direct visualizatmhiquid-liquid phase separation in
DMPC/cholesterol mixtures. The probes TR-DPPE aB®NDPPE were used to visualize the
potential ofa-hederin (10 uM) and hederagenin (40 uM) to indoitaése separation, budding,
vesicle deformation and macroscopic pore formafléReDPPE is a fluorescent probe which
partitions into thd_4 phase and NBD-DPPE into the phase (Juhasz et al., 2010). We used a
fluorescent microscope (Axioskop 40, Carl Zeissa)€&ermany) and signals were recorded with
a Nikon digital sight DS-5M (Nikon, Tokyo, Japaiihe acquisition software used was NIS-
Elements v. 2.11. All observations were made inlagervation chamber of 400 ul filled with a
sucrose solution of 0.1 M andhederin and hederagenin. One GUV was followeafdeast 4h
(with hederagenin phase separation was much sl@andrtherefore we showed a typical example
of a GUV presenting phase separation after 4 ah{l. 48iree independent experiments were
performed.

A movie showing phase separation in a GUV marke@®-DPPE was recorded. Speed
is accelerated 4 times (one second in the moviesepts 4 real seconds) and contrast was
slightly enhanced.

Quantification of different features (budding, a@hation, phase separation, pore

formation and spherical vesicles) was made fota tumber of 200 vesicles.

Confocal microscopy of domain formation

Confocal microscopy was performed by using an Akgerver spinning disk inverted
microscope Z.1 (Carl Zeiss, Jena, Germany). Thengpj disk model was a CSU-X1
(Yokogawa Electric corporation, Tokyo, Japan). VEedian EC Plan-Neofluar 40x/1.30 QOil DIC
M27, a LCI Plan-Neofluar 63x/1.30 Imm Korr DIC MY a Plan-Apochromat 100x/1.40 Oil
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DIC M27 objective. Images were recorded with and8amMR3 using the software of Carl
Zeiss AxioVision 4.8.2. GUVs were incubated in atifigial chamber containing ~150 pl of
sucrose solution (0.1M) and 10 pMawhederin or 40 uM of hederagenin. Those presenting
typical stages of phase separation were record@eDFPE and NBD-DPPE were excited at 561

and 488 nm and emission was recorded at 617/7320/@5 nm, respectively.

Permeability of dextran through membranes of GUV's

After electroformation, 20 pl of GUVs were addedhe artificial chamber (see above)
containing in addition to 10uM efhederin or 40 uM of hederagenin, 20 uM of FITCtdax
(mean molecular weight of 4-kDa). The FITC-dextwaas excited at 488 nm, and the emission
was recorded with a 520/35 nm emission filter. TRHE was visualized as described in confocal
microscopy. The difference in fluorescence intgnsétween the outside and inside of one GUV
reflects the membrane integrity. We chose GUVs phesented typical features (budding, phase
separation) which developed during incubation time.

We normalized the difference in fluorescence isitgroutside and inside the vesicle by
dividing the fluorescence values by the higherisity recorded and multiplying by a factor of
1000. The difference of the mean of 20 normalizaldes taken from inside and outside the
vesicle was then determined. The significant déffee was calculated using a Student’s t-test.

AFM of supported planar bilayers (SPBs)

SPBs were prepared on mica as previously des¢blosdenech et al., 2009). Briefly, 50
pL of LUVs at 500 uM of DMPC:Chol (3:1, mol/mol) buffer containing 20 mM of Cagwere
deposited onto freshly cleaved mica mounted oflantelisk. Samples were incubated at 65°C
for 2h in an oven preventing water evaporationeAthis period, non-adsorbed liposomes and
calcium were eliminated by gentle washing with buffLO mM Tris, 150 mM NacCl, pH 7.40).

Liquid AFM imaging was performed using a multimaderoscope controlled by
Nanoscope V electronics (Bruker AXS Corporatiomtdd@arbara, CA) in contact mode
(CMAFM). To perform AFM imaging it was necessarydift equilibrate and thermally stabilize
the cantilever for no less than 30 min in the pneseof buffer. To minimize the applied force on
the sample, the set point was continuously adjustethg imaging. V-shaped $Bl, cantilevers
(MLCT-AUNM, Veeco) with a nominal constant of 0.8m™* were used. Images were acquired
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at 0° scan angle with a scan rate of 2 Hz. All iesagere processed through commercial
NanoScope Analysis Software (Bruker AXS Corporatidanta Barbara, CA).

3D reconstruction, texture profile and grain size analysis of AFM raw data

For 3D reconstruction of AFM sheets (Gwyddion 2.@6lU [General Public License]),
we corrected for horizontal scars, and leveledriege by a mean plane subtraction. We used
the full z-scale for representation which is shawihe right side of each sheet. 3D
reconstruction parameters were40°,0=-61°, scale=2.3 and value scale=0.1.

Texture profiles of AFM raw data were made usimg $ame processing methods as for
3D reconstruction. The texture profile was extrddtem a straight line at y=9.48 pum (red line,
Fig 10A). We used this line because it passes gtr@usmall hole of the SPB present before

injection ofa-hederin and therefore indicating the thicknesthefbilayer ~ 4nm.
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Formation of mixed micelles between DHE anldederin
We analyzed the effects efhederin (Fig 1A,C) and hederagenin (Fig. 1B,D)DE in
aqueous solution to understand interactions os#p®nin/triterpenic acid with sterols. DHE

forms mainly microcrystals in aqueous solution(laoand Prieto, 1997) and exhibits
fluorescence properties which give information lo@ tnolecular organization. By monitoring the
fluorescence emission spectrum of DHE at excitatvamelength of 310 nm, the fluorescence
maxima were near 375 nm, 402 nm and 424 nm (FigB)LA'his agrees with previously
obtained results (Schroeder et al., 1987;LouraRareto, 1997).

By addinga-hederin at increasing concentrations, we obsefiyedshift of emission
maxima from 402 nm to 396 nm and (ii) an incredsh® intensity ratio between the monomeric
peak and the structured emission (Fig. 1C). The bhift represents a reduction of the dielectric
constant or polarity of the DHE environment, wheduld correspond to the formation of DHE
/o-hederin aggregates as it has been previously stegy@_orent et al., 2013). The increase of
the ratio between the monomeric peak (first maxinatir®75 nm) and the structured emission
(second and third maxima around 395 and 424 nynlgbsorl3751424) reflects the separation of
DHE molecules from the microcrystals and their @reftial interaction with saponin molecules.
Hederagenin was more efficient thaederin regarding the blue shift of the structysedk
(402 to 391 nm) (Fig. 1B) and the increase of tierisity ratio (Fig. 1D). This means that
hederagenin induced a more hydrophobic environfieem@HE thana-hederin most probably
due to the lack of a sugar chain at C3.

When the intensity ratio was plotted upon the ldbarus ofa-hederin/hederagenin
concentration (Fig. 1C,D), we obtained a sigmoreédtion. Fora-hederin, we found an inflexion
point of 12.33 + 3.21 uM which corresponded clogelits CMC value previously reported (13
MM in water) (Bottger et al., 2012). For hederagethe inflexion point was 14.33 = 8.46 uM.
To our knowledge, the CMC of hederagenin hasn'nbveported in literature but asiatic acid,
which structure is only slightly different from herdgenin, possesses a CMC of 15+ 2 uM (in
PBS at pH of 7.2) (Rafat et al., 2008).
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At a glance, these results suggest thlaéderin and hederagenin are able to form mixed
micelles (or aggregates) in aqueous solution w#hots above a critical concentration of 12 and
14 uM, respectively.

FIGURE 1
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Fluorescence emission spectra of DHE in aqueowsicnl(0.1% DMSOje—=310 nm) (A,B).
Increasing concentrations (arrow)whederin (A) and hederagenin (B) (from 0 to 60 wixtye
used. DHE concentration was set up at 4 pg/ml.fllioeescence intensity ratigzb/lsgs upon the
logso of a-hederin (C) and hederagenin (D) concentratiom@své and inflexion point was
determined making a non-linear regression (Hillckion) of data values. The grey line represgnts
the blue shift of the maxima at 395 nm.

Molecular interaction and simulation of domain fation

To gain information about the preferential ori¢iata of a-hederin/hederagenin in
membranes and their molecular interaction with DME®lesterol, we used molecular modeling.
a-Hederin inserted into the membrane by pointingitgar moiety to the membrane

exterior (Fig. 2). This sugar moiety was placethie hydrophilic part of the membrane. In
contrast, the triterpenic part was located sucthatesterol in the lipophilic portion of the
membrane. When interacting with cholestesehederin pointed its carboxylic function (its beta
side) towards the beta side of the cholesterol oubde In contrast, wheshederin interacted
with DMPC, it pointed its carboxylic function aw&wym the phospholipid. The interaction
mostly involved the sugar moiety of the saponithashydrophilic head of DMPC. A ternary
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structure composed of cholestershederin and DMPC as cholesterol bond to the sidleeo
carboxylic function and DMPC to the other couldréfere be possible. This is similar to what
has been proposed for glycoalkaloids (Keukens.£1995).

The triterpenic acid hederagenin was less profiyunderted into the hydrophobic core
than the aglycone of its corresponding saponin.stgar chain could therefore play an important
role and forcing the saponin deep into the membbgnateracting with the hydrophilic heads of
the surrounding molecules. Hederagenin bound iiffereint manner to cholesterol than to

DMPC which does not exclude the formation of adaeyrcomplex.
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FIGURE 2

Interaction with a-hederin
o-hederin / a-hederin o-hederin / cholesterol a-hederin / DMPC

Interaction with hederagenin

hederagenin / hederagenin  hederagenin / cholesterol hederagenin / DMPC

The formation of molecular complexesohederin and hederagenin with themselves,
cholesterol and DMPC in a lipid membrane (as detethby molecular modeling). The yellow
grid represents the hydrophobic middle of the mayel. The violet grid separates the
hydrophobic core from the hydrophilic membrane pad the rose grid reflects the interfacial
area separating the layer from the aqueous enveahm

After establishing the most probable interactionformers, we wanted to know haw
hederin and hederagenin would partition lateraltp ia membrane composed of DMPC and
cholesterol and if they would be able to inducdage separation. For this purpose, we took
benefit from Monte-Carlo simulations which simulht@onolayers of different compositions. In

monolayers containing 25% cholesterol, small ctietes domains were obtained (Fig. 3A). This
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is in agreement with domains observed in Langmuinatayers composed of DMPC and
cholesterol(Seul and Sammon, 1990). By addiigderin, we observed a sequestration of
cholesterol molecules into larger domains (Fig..3B)lederin was located between cholesterol
and DMPC molecules and “forced” the cholesterolenoles together.

Hederagenin was mostly colocalized with cholestand induced the formation of
domains with a ramified shape. These domains wasdler and more numerous than those
induced byo-hederin (Fig. 3C).

FIGURE 3

[ %

Monolayer grid of 200X200 molecules calculated oy Big Layer Method. Each pixel
represents a molecule. Red: DMPC molecules; gderesterol molecules; white:hederin
molecules and yellow : hederagenin molecules. (MPX:Cholesterol at a molar ratio of
0.75:0.25, (B) DMPC/Cholesterathederin at 0.67:0.23:0.1, (C)
DMPC/Cholesterol/hederagenin at 0.67:0.23:0.1.

Local separation of sterols and phospholipids in\FML

To confirm the phase separation between choldstarbthe phospholipids in
phospholipid bilayers induced hyhederin or hederagenin, we used FRET assay. Térgyen
transfer between donor (DHE) and acceptor (DPH1BEjficient when the distance between
both molecules does not exceed 1-10 nm(Loura,e2@L0), so the formation of even
nanodomains can be detected. A decrease in FRIEleaffy reflects local separation of
phospholipids from DHE. Because DHE behaves irstimee way as cholesterol in membranes

(Wustner, 2007), we can expect also separatioma$gholipids and cholesterol.
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Fig. 4 shows the FRET efficiency between DHE amHEPC (ksd/l371) upon time and
increasingr-hederin (A,C,E) or hederagenin (B,D,F) total lipadios. FRET efficiency was
between 2-3 in DMPC:Chol (3:1) MLVs and was stalgen time.

Fora-hederin, we observed a continuous decrease ¢fRIE efficiency upon time and
concentration (Fig. 4A). After 3h of incubation,lpthe highesti-hederin:lipid ratio (1.2)
induced a significant decrease (Fig. 4C). Longeulation periods (24h) didn’t have any further
effect (Fig. 4E).

Conversely, hederagenin wasn't able to signifigamduce FRET efficiency at 3h, 24h
(Fig. 4D,F) or even 48h (data not shown) regardiessnolar ratios of hederagenin/lipids used.

Accordingly, upon addition af-hederin, FRET efficiency decreases as a consequenc

increase of the distance between the fluorophakésrin et al., 2001;Loura et al., 2001).
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FIGURE 4

a-hederin hederagenin
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Effect ofa-hederin (A,C,E) and hederagenin (B,D,F) on therfiscence energy transfer
efficiency betwen DHE and DPH-PG4{1371) for the control (black) and increasing
compound/lipid ratios: 0.2, 0.6, 0.8 and 1.2 (ilasiagly brighter greys). FRET efficiency is
represented upon 3h of incubation (A,B) and ats$elected time points: 3h (C,D) and 24h (E,
Concentration of MLVs was set to 50 uM. The expenits were performed at 25°C and the
curves represent three independent experimentsstigta analysis: (t-test) vs. control, *p<0.05
**p<0.01.
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Visualization of phase separation in GUVs by fleoence microscopy

To visualize the lipid domains, we took benefiini the resemblance of giant unilamellar
vesicles to cell membranes in terms of their simkfaom fluorescence microscopy. GUVs were
labeled with TR-DPPE (red) and NBD-DPPE (greend tarkers with a large and small
headgroup and known to partitionlipandL, phases, respectively (Fig. 5). TR-DPPE
fluorescence (A,C) or TR-DPPE and NBD-DPPE fluoeese (B,D) were visualized. Data is
illustrated fora-hederin at 10 uM (A,B) at different incubation ipels. For hederagenin at 40
MM, GUVs presenting phase separation were illustrat two incubation periods (4 and 48h)
(C,D).
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Following one GUV, no phase separation was obsenndil 2h of incubation witlx-
hederin (10 uM) (A,B). After 2h, fluorescent lipidecame concentrated into small spots around
the vesicle (see arrow). Later, after 2h15 - 220 ,small spots fused into a tubular network
around the vesicle. At the same time, parts oftteenbrane were deprived of TR-DPPE but still
contained NBD-DPPE (the color of the vesicle charfgem orange to green [Fig. 5B, 2h20]).
Thereafter, TR-DPPE was accumulated on one or tlespf the vesicle, or it was concentrated
in a belt around the vesicle. Finally at 2h40, fodweation of the vesicle into an oval form and
formation of crystalline structures around the gleswere observed. The concentration of
fluorescent lipids within specific domains was doned by octadecylrhodamine (R18), another
fluorescent probe (data not shown).

To visualize phase separation in more detail,@eended a movie of GUVs marked with
TR-DPPE. Resolution was lower but important featwe visible (Movie S.1). The movie
showed that once phase separation became vigiklprocess was relatively fast and needed
only several minutes to be completed. Again, weepled the formation of a tubular network
around the vesicle which collapsed and aggregatedseveral points (poles) on the vesicle.

Conversely to what was observed withederin, hederagenin (40 uM) induced the
formation of small round domains of accumulatedifescent lipids in the membrane which did
not fuse into larger aggregates (Fig 5C). The ticshains appeared after 1-2h of incubation but
the phenomenon became only important after longrration periods and higher

concentrations compared dehederin.
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FIGURE 5

a-hederin

Control - 2h15min 2h20m|n 2h40m|n

L
— — —

Hederagenin

T

25 ym

Effect of 10 pMa-hederin or 40 uM of hederagenin on GUV formed MBC:Chol (3:1) and
marked by TR-DPPE and NBD-DPPE. One GUV was folkbaedifferent incubation times with
10 uMa-hederin (A,B). Phase separations induced by hgdara (40 uM) on GUVs was
illustrated after 4 and 48h of incubation (C,D)nés A and C correspond to the fluorescence pf
TR-DPPE (red) and lines B and D to the fluorescericER-DPPE (red) and NBD-DPPE (green)
simultaneously.

The quantification of these events (Fig. 6) paintet that the most important feature
observed on GUVs which have been incubated ford12anwith 10 uM ofi-hederin was phase
separation (54.4 + 13.3% and 65.7 = 12.9%), folldwe wrinkling and budding. With 40 uM of
hederagenin, we observed 26.6 + 1.8% of phaseaepanafter 4h of incubation and 61.5 £
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1.5% after 48h. At a glance, phase separation ewlbga-hederin was faster, domains were
larger and the concentration required to induces@lsgparation was less important as compared

to hederagenin.

FIGURE 6
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Percentage of GUVs incubated with 10 pMdiederin for 1 and 2h or with 40 uM of
hederagenin for 4 and 48h and presenting diffdeattires (phase separation, budding,
wrinkling, pore formation or a spherical shape).

Confocal microscopy of domain formation in GUV gmdmeability to dextran

To illustrate the changes induceddsiiederin on lamellar phases, we performed confocal
microscopy of GUVs composed of DMPC/Chol (3:1, mml) and labeled with TR-DPPE (red)
and NBD-DPPE (green). In control membranes compos&MPC and cholesterol (3:1,
mol/mol) (Fig.7, control), we did not observe angilble macroscopic phase separation. This is
typical for binary mixtures of phospholipids andtdsterol(Veatch and Keller, 2003) probably
due to the fact that domains are in the nanomatege and too small to be detectable(Heberle et
al., 2010). For GUVs incubated witthhederin (10 uM), the formation of new domains was

observed. We confirmed a time dependency of thegsses induced by the saponin and
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especially the initiation of domain formation (sta2) as well as the appearance of domains
accumulating mainly TR-DPPE (stage 3) and deprofetR-DPPE (stages 4,5). The
accumulation of TR-DPPE containing phase at one pbthe vesicle was observed in stage 5.
The resting NBD-DPPE containing phase lost its oaiee and the formation of large
protuberations appeared. This phenomenon is matiewdin confocal microscopy than in
fluorescence microscopy where the formation of NBBPPE containing “blebs” has not been
observed. This might be due to the fact that tloegss of phase separation is slower in confocal
microscopy sheets and is sometimes stopped benauserea-hederin is present in the solution
(the volume in confocal incubation chambers is s&naind therefore the-hederin/lipid ratio
lower).

Domains induced by 40 uM of hederagenin after@8hcubation were mainly enriched
in TR-DPPE (Fig. 7, hederagenin).

FIGURE 7

a-hederin hederagenin

" Control | Stage2 | Stage3 Staged Stages |  4ah |
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A / '\\‘ 3 | 3

Effect of 10 puMa-hederin and 40 uM hederagenin on GUV formed of @MFhol (3:1) and
labeled with TR-DPPE and NBD-DPPE. (A) Confocal mgcopy, cross-section at the axe of the
vesicle; (B) Normalized fluorescence profile of ieés contour for the same number of pixels;
(C) 3D reconstruction of confocal images. We taolges of GUVs at different stages of phage
separation corresponding to fluorescence microsabflye same incubation times.
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To get insight of the consequences of these sff@ctmembrane permeability, we
followed permeation to FITC-dextran (4 kDa). At LM of a-hederin, permeation to FITC-
dextran was not observed for vesicles presentingling (Fig. 8, budding). Moreover, vesicles
presenting phase separation were not always peitzedisuggesting that permeabilization was
a graded process (Fig.8, phase separation). Peilinatitn was clearly time-dependent because
at longer incubation times, GUVs were rather pebiiead.

To investigate if phase separation induced by taggmin (40 uM) could be related to
permeabilization, we observed GUVs after 48h ofibation. Permeation to FITC-dextran was
only observed in vesicles presenting phase separathis strongly suggests that both

mechanisms are coupled.

FIGURE 8

Budding

Control (90 min) (2min)

Phase separation (10min, 30min, 60min and 90min)

*kk,
121.2***+ 5.6 1205'94 + 175%* + 3.7 61***+2.9

Control (48h) Phase separation (48h)

\ 221,14+ 2.8 N.S. N.S. N.S. N.S.

Permeation of GUVs with 10 uM efhederin at 2, 10, 30, 60 and 90min or 40 uM of
hederagenin at 48h. GUVs present different featikephase separation or budding to FITC-
dextran (4 kDa). Control contains 0.1% of DMSO. Bach time point, the difference of
normalized fluorescence between inside and outsitlee vesicle was quantified. Statistical
analysis (t-test) ***: p<0.001. N.S. means no sigaint difference.
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Domain formation in supported planar bilayers
Figures 9, 10 and 11 show the effectidfederin on DMPC:Chol (3:1, mol/mol) SPBs.

Prior to the injection of the molecule, SPBs wdraracterized in the presence of 1 % of DMSO

showing no significant modification of the SPB daghe presence of the DMSO (Fig. 9A).
Figure 9A shows a flat SPB covering 85% of theaafwith a step height of 5.2 + 0.4 nm and a
roughnessR,) mean value of 0.3 nm. The injection of 10 pMudfederin didn’t have any effect
on the membrane (data not shown).

After injection ofa-hederin to a final concentration of 20 uM (Fig.)9e appearance of
several structures that protrude 6.5 = 1.5 nm ftloentop of the SPB surface was clearly seen.
The SPB covered 95 % of the image with a step heigh.3 + 0.6 nm an&, mean value of 0.2
nm. Interestingly, after the injection efhederin, a lower domain appeared on the SPB udscC
shown in the inset image (Fig. 9B). This domain @& + 0.11 nm lower than the top of the
SPB (see arrows). Furthermore the decrease imitieess of the bilayer together with the
increase in the covering of the mica surface sugdbata-hederin interacts with the SPB

decreasing lateral forces between lipid molecules.

FIGURE 9

(A) SPB of DMPC:Chol (3:1, mol/mol) in presencel8h DMSO; B) the same SPB 30 min affer
injection ofa-hederin to a final concentration of 20 uM. Ingeipm image from (B). The black
arrows represent the new lower domain which waméak. Z-scale bar was 20 nm.
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To a better understanding of hewhederin interacts with SPB, we studied the intigwac
at a higher concentration of the molecule (40uMg.(EO,11). Figure 10A shows a SPB of
DMPC:Chol (3:1, mol/mol) covering nearly 99% of tineage and with similar features than the
SPB presented in Figure 9A. After injectioneshederin to a final concentration of 40 uM (Fig.
10B-10D), we observed the appearance of small dnpresenting an increasing size and
height. At the end of incubation (Fig. 10D), donsapresented a worm-like shape and the height
value of these domains was about 40 nm, refleetitrgnsformation of the original bilayer
structure (4nm) into a new mesophase. Paralléleddrmation of domains, we observed an
increasing numbers of holes in the bilayer (redwas). These holes became larger with
incubation time. However, we didn’t show a complksttubilization of the bilayer.

At a glance, we observed the formation of new domi a concentration dependent
manner. At small concentrations, the covering efrtiica surface is increased and lateral forces
seem to decrease. At higher concentrations, timedon of larger holes and accumulation of

lipid material into worm-like aggregates is observe
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FIGURE 10

(t=0)

(t=6 min)

C
(t=15 min)

D
(t=24min)

Left column: 3D reconstruction of AFM raw data d?Escomposed of DMPC:Chol (3:1,
mol/mol). Right column: Texture profiles corresporgito the red line in the first AFM sheet
(positioned at 9,48 um from the left edge). Theagdws indicate the holes induceddy
hederin. The SPB was incubated with 40 pN.-tfederin for t = 0 min (A), 6 min (B), 15 min
(C) and 24 min (D). Z-scale bar indicates the hiedjtference between the highest and lowes
value.
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Discussion

Lipid phase separation has become an importamegtin membrane organization.
Cholesterol is one of the main lipids charactegdipid domains and rafts. We previously
showed that the formation of lateral saponin/stdoshains induced by-hederin would lead to
increased transbilayer curvature and toroidal p@reegent et al., 2013). In this work, we
characterized the ability efhederin to induce lateral phase separation in aatager (Big
Layer Method) or bilayer (MLV, GUV and SPB) modetsmposed of DMPC and cholesterol. In
GUV and SPB, small lipid domains evolve into worikelstructures able to fuse into tubular
aggregates. In GUV, they form a network which fartbollapses. The newly formed phase
accumulates preferentially at one or two polesefuesicle. We highlighted the critical role of
the saponin concentration as well as the importahtiee presence of a sugar chain on the
aglycone. With hederagenin, the domain formatidess marked and higher concentrations and
incubation periods are required to observe lipichdms. Moreover, domains induced by
hederagenin keep a small round shape conversétpse observed witl-hederin. Nevertheless,
both molecules were able to induce permeation o¥/&td dextran-FITC in the same time-frame

they induced phase separation, which suggestbdtiafprocesses are linked.

Several mechanisms could be involved to explarathlity ofa-hederin and hederagenin
to induce phase separation. Phase separation elléamphases is mainly driven by an increase of
the line tension)) between domains and the surrounding phase (Batietgal.,
2007;Blanchette et al., 2008;Kharakoz et al., 19@3reas repulsive electrostatic forces
between domains and curvature tend to reduceira(Bet al., 2012). In a binary model
composed of DMPC and cholesterol, a nanoscopicepbsaration below the resolution limit of
an optical microscope is expected (Loura et aD12@e Almeida et al., 2009). Mismatch between
different intrinsic curvatures df, andLy domains would create elastic interactions at phase
boundaries which reduce line tension and so inhigicroscopic phase separation (Meinhardt et
al., 2013). Another critical parameter which opmolgaid phase separation is the entropy of lipid
mixing. Lateral lipid distribution is dominated ltye entropy of lipid mixing in absence of
preferred lipid interactions in a stationary sysidian and Baumgart, 2009). However, high

affinity of the exogeneous agent to one specificlicomponent is probably enough to explain
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lipid phase separation despite the loss of entrdpis is exactly what we showed witkhederin
and hederagenin which have a high affinity for DiHEBqueous solution and induce a change in
its spectral properties suggesting aggregation.

The lipid phase separation inducedolyederin and hederagenin is followed by the
formation of new lipid mesophases. This is supbbig*'P-NMR spectroscopy we performed
(Lorent et al., 2013) and which showed the appearaha hexagonal or isotropic pattern when
MLV had been incubated witlrhederin and hederagenin, respectively. The hexaguattern is
in accordance with the observed highly curved tabstructures (Zimmerberg and Kozlov, 2006)
induced byu-hederin and the isotropic pattern could correspgortie small round domains
observed with hederagenin. Characterization ohtvely formed domains by-hederin has been
done by AFM. Results demonstrated a time-dependergase in the grain size and height
suggesting the accumulation of membrane matetialtirese domains. The height of the
domains overcomes largely the original bilayerkh&ss (from 4 nm to 40 nm) which agrees
with the transformation of the bilayer into a nataper mesophase.

The new structures present a higher intrinsic &wme than the original bilayer
(Zimmerberg and Kozlov, 2006). The increased menmbrarvature im-hederin/lipid
aggregates can be explained by the 3D moleculactate of the molecule-Hederin is
composed of two hydrophilic sugar units which pamib one direction compared to its rigid
triterpenic hydrophobic ring. The alignmentoehederin molecules in the membrane would
therefore lead to positive curvature into one dioecof the membrane plane, which would favor
the formation of the tubular mesophase (Lorent.e2@13). Hederagenin, because of its sterol
like shape should induce the formation of negativered structures(Chen and Rand, 1997). The
formation of preferentially inverted micelles hdscabeen proposed for another pentacyclic
triterpenic acid, ursolic acid (Prades et al., 2J0Bkecause hederagenin does not present sugars
which point into one direction, association of ¢hesolecules should induce inverted spherical
structures.

The molecular compositions of the new lipid pham@sunknown but three main
observations suggest the presence of phospholipids, the new phases still contain TR-DPPE
(a marked phospholipid) as evidenced by confocatascopy. Second, we monitor a signal in
3IP_NMR characteristic of phospholipids (Lorent ef 2013). Third, molecular modeling shows
thata-hederin and hederagenin should be able to bipthdspholipids and cholesterol
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simultaneously and form a ternary complex. Thigagmwith data reported for another saponin,
a-tomatine (Keukens et al., 1995). A cooperativecpss between lipids is thought to be the
driving factor in bilayer/inverted hexagonal phasmsitions (Caffrey, 1985;Rappolt et al., 2003).
In our bilayer system, cooperative aggregation BMIHZ, cholesterol and-hederin/hederagenin
molecules could most probably lead to the new lip&sophases.

Another important feature of this work is the imjamce of the sugar chain for phase
separation as demonstrated by FRET, fluorescertearfocal microscopy. Hederagenin,
lacking two sugar units was not able to induce plseparation of DHE and DPH-PC in MLV
even after 48h of incubation. In GUVs, the speedarhain formation was largely reduced and
we did not observe fusion of domains into worm kkeuctures in contrary to what was observed
with a-hederin. It seems therefore that the kineticsamhdin formation and the shape of these
domains are highly dependent on the sugar unitgerdkestudies suggested that the formation of
saponin enriched domains in the membrane depentdgdyophilic sugar-sugar interactions
between saponin molecules (Keukens et al., 1995Aret al., 1999). These sugar-sugar
interactions could therefore be important, but westethe only driving force in domain
formation because hederagenin was able to indutaiths in GUVs. Van der Waals attractions
between the hydrophobic rings of the sapogenintla@dterol (or the acyl chains of
phospholipids) should therefore be enough to indymgegation of lipid molecules in
membranes. This is also supported by the facttbdéragenin was able to induce aggregates
with DHE in aqueous solution.

Regarding the permeabilization mechanism indugedtiederin and hederagenin, we
first focussed om-hederin. We showed that at 10 uM, the saponinaléesto induce membrane
permeabilization and budding. Permeabilizationr&lgal as demonstrated by following the
permeation of GUV to FITC-dextran (4 kDa) or by iwerizing the SPBs using AFM (the size
of membrane holes increased with time). Interebtinge showed in another study thahederin
at 40 uM induced immediate membrane permeabilizaiad macroscopic pore formation but no
budding(Lorent et al., 2013). The concentration-tiederin is hence critical for lipid phase
separation, budding and membrane permeabilizafiois. could be related to the amphiphilic
character of the saponin. Saponins are known te bBakfactant activity and they reduce

progressively the surface tension of water in aceatration dependent matter until their CMC
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(Romussi et al., 1980;Bottger et al., 2012;Xionglet2008;Mitra and Dungan, 1997;Mitra and
Dungan, 2001). The CMC efhederin is supposed to be close to 13 uM (Botgai., 2012).
Based on this data, we develop a new modetfeederin/membrane interaction based on
the CMC (Scheme 1). Before any additiorudiederin, nanoscopic domains enriched in
cholesterol would exist in the DMPC/Chol bilayeck®me 1A). Below the CMC (at 10 M),
hederin monomers would insert into the external oheyer close to these domains (Scheme 1B)
and induce a rapid increase of the area differbet@een the outer and inner monolayer which
could lead to the induction of positive membranesature leading to immediate budding
(Scheme 1C) (Zimmerberg and Kozlov, 2006). Thisdias been shown for other detergents
with positive intrinsic molecular curvature (Staaeat al., 2005). At longer incubation periods,
cooperative association afthederin/cholesterol and DMPC could lead to thenftion of curved
domains in the membrane whose size increases iwithand which further develop into a
tubular or hexagonal phase (Scheme 1D). This agfoeyis accelerated by the presence of a
sugar chain at C3 and could be responsible fodévelopment of membrane defects (as seen by
AFM) and gradual permeabilization of the membrai®ve the CMC (at 40 uM), micelles and
other types of amphiphilic aggregates could be &tim aqueous solution as demonstrated with
other saponins (Dai et al., 2013;Mitra and Dund®87). When micelles would interact with
membranes, they could directly deliver an incredseal concentration ai-hederin molecules
to the membrane surface and therefore favor tleetdiormation of macroscopic pores which
could explain whyi-hederin permeabilizes quasi instantaneously th¥'$ai 40 uM but needs
more than 1h at 10 uM (Lorent et al., 2013). Tlyeas with the data lately reported for
glycyrrhizin (Sakamoto et al., 2013).
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FIGURE 12
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Model showing phase separation induceddederin in a DMPC/Chol bilayer.
Before addition ofi-hederin, cholesterol nanodomains exist in theybildA). After additiono-
hederin binds to the external bilayer and nanodos@) and induces immediate budding ()
due to the fast area difference induced betweegr amd inner membrane. After higher
incubation periods, we observe coalescence of ramanhs into macroscopic domains. Thege
domains transform into a new lipid mesophase ptesea worm-like shape (D).

Moving on the effect of the aglycone, hederagemituced no budding at 40 uM. The
induction of negative curvature to the external olaper would be in accordance with this result.
Membrane permeabilization and phase separation etexerved after 48h in vesicles where
phase separation was ongoing. Aggregation of lipitsdomains and the formation of a new
lipid mesophase could in this case also favor dneétion of membrane defects and
permeabilization(Correia et al., 2012;Hallock et 2003). It is not clear if the interaction of

hederagenin with the membrane depends on the famait hederagenin-aggregates/micelles in
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the solution. Low concentrations of hederagenimdishow any effect on membranes. It might
be possible that only aggregates of triterpenidsabave an effect on the membrane as it has been

suggested for madecassic and asiatic acid (Stephetsl., 2008).

The possible biological consequences of the peghasembrane interactions are
numerous. In addition to the previously describeguld permeabilization mechanism induced by
a-hederin at concentrations above the CMC which vea®d on the formation of toroidal pores
and induction of positive membrane curvature, asécslower” permeabilization mechanism
based on phase separation could be observedttpgnic acids and saponins. It might be
possible that the proposed permeabilization meshars responsible for hemolysis and cancer
cell lysis of some triterpenic acids and saporangtocess which would strongly depend upon the
concentration (Segal et al., 1966;Segal et al.4X9authier et al., 2009).

Regarding the effects on phase separation, ibeas shown in biological membranes
that the lateral organization of cholesterol inlobes membrane protein and drug activity. This
has become a subject of great interest (Georg®\an®012). Specific interaction of some
saponins with cholesterol led to an effect on liggtts and the induction of the extrinsic apoptotic
pathway (Li et al., 2005;Xu et al., 2009;Yi et &009). Accumulation od-hederin/hederagenin
in the cellular membrane could lead to the unspreattivation of membrane proteins localized
in rafts. The induction of apoptosis trough casgasetivation byx-hederin might happen
through activation of death receptors which arevkmto reside in lipid rafts (George and Wu,
2012;Choi et al., 2008).

The interaction mechanism we established coutthalls to synthesize new triterpenoids
able to induce phase separation, activation ofhdestteptors and apoptosis. Changing the three
dimensional shape of saponins and the presente arientation of sugar moieties could lead to
compounds which would be able to preferentiallyuicel apoptosis but not hemolysis (Chwalek
et al., 2006).
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3.1.3. Effects of a-hederin on model membranes displaying lateral phase

separation containing cholesterol or not (article 3, in preparation )
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Subject and background : The aim of this work is to study the mechanismsvhich a-hederin

is able to influence the lateral phase separationembranes containing cholesterol or not. We
wanted to know if saponins and cholesterol readlpcalize in membranes and how the saponin
is able to insert into the membrane. For this psepave used Tof-SIMS (Time of flight-
secondary ion monitoring), a mass spectrometridqateallowing the creation of two-
dimensional images (maximum resolution of 50 nmgugdported planar bilayers and giving for
each pixel a mass spectra. At the moment, we wdyeable to establish data on membranes
composed of DOPC/ DPPC (1:1).
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Introduction

In previous chapters, we introduced the concefdtefal phase separation and rafts in
biological membranes (see 2.2.2.2. and 2.2.5.1e)sWbwed thai-hederin was able to induce
lateral phase separation and the transformatidalafers into a tubular mesophase in a model
composed of DMPC/Cholesterol (3:1, mol/mol) andsprging nanoscopic phase separation (see
3.1.2.). Unfortunately, this binary model was nseful for giving us information on howt
hederin inserts into the membrane and interacts thé cholesterol enriched liquid organized
(Lo) phase (see 2.2.4) and the liquid crystalling phase. It has been proposed in a molecular
dynamics study that dioscin, a monodesmosidic sapmould first insert into théy phase and
later interact with the cholesterol enricheghhase (Lin and Wang, 2010).

Therefore, to investigate thoroughly the mechagsibgnwhicha-hederin is able to
interact with lipid rafts and influence lipid phaseparation, we used two different membrane
models displaying lipid phase separation in thenyseopic range. Both models, when
investigated by Tof-SIMS and AFM, present the adage that they allow us to gain information
about eventual co-localization of the saponin wittmbrane constituents and preferential
interaction ofa-hederin with a specific lamellar phase.

First, a binary DOPC/DPPC (1:1, mol/mol) modeinpmsed of two phospholipids with a
low and a high melting point respectively, displaysmacroscopic gel/liquid crystalline phase
coexistence{/Lg) (see 2.2.5.2.). This model was used to inveditja effects on phase
separation in the absence of cholesterol. On adicdl point of view, this model does not really
mimic cholesterol enriched membrane rafts and_thghase. Despite this drawback, the model is
interesting to test if the saponin has a cholektim® effect and inhibits a gel/liquid phase
separation.

Second, the effects of the saponin will be furtlested on a ternary
DOPC/DPPC/Cholesterol (1:1:1, molar ratio) modaplhying macroscopic liquid
crystalline/liquid ordered phase separatibgl(y). The liquid ordered phase which is mainly
composed of DPPC and cholesterol molecules isairtallipid rafts in cells because it contains
in addition to cholesterol, a saturated phosphalipiowever, in biological membranes,
macroscopic phase separation is mostly not preBéferent theories have been put forward to

explain this phenomenon like the presence of lictera glycerophospholipids, the effects of
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increased curvature in these domains which reduge$ension or the interactions of lipids with
the cytoskeleton (Sonnino and Prinetti, 2013).

Materials and methods

LUVs and GUVs preparation

LUVs and GUVs have been prepared as described.ig.3.

Preparation and incubation of SPBs for AFM and $t#S (Time of flight-secondary ion
monitoring)

Supported planar bilayers (SPBs) were prepardollasvs. Briefly, multilamellar
vesicles (MLV) of 1 mM in 10 mM TRIS.HCL at pH=7ahd 20 mM CaGlwere spread on
freshly cleaved mica and incubated at 45°C forAfter incubation, SPBs were washed 5 times
with a 10 mM TRIS.HCI buffer solution without CaCEPBs were then incubated for 1h with
hederin at 10 uM or 0.1% DMSO at 37°C. After indido® SPBs were washed 6 times with
distilled water. These samples can be analyzedHi fGiocondi et al., 2010). For Tof-SIMS

analysis, SPBs were further plunge-frozen in liquidogen and freeze-dried over night. Tof-
SIMS was used to gather information about the chehtiomposition of domains and to decipher
an eventual colocalization efhederin with one of the membrane constituentsHB $Popov et

al., 2008;Mazzucchelli et al., 2008).

Laurdan fluorescence spectroscopy

We used Laurdan fluorescence to detect phaseatepain LUVs. The technique has

been described in detail in chapter (3.2.).
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Results

Decrease of phase separation induceddhederin in LUV composed of DOPC/DPPC (1:1)
A high GPgx value can be associated with a high bilayer paciimd a low polarity of the

interfacial area of the membrane. A I&., value reflects the opposite. An increase of
Laurdans’GPex uponexcitation wavelength at constant temperature cefla lateral phase
separation. A constant value reflects a gel phdseby a decreasing value indicates a fluid
phase.

In DOPC/DPPC (1:1) membranes (Fig. 1), we obsemve@asingsP., values upon
excitation wavelength at temperatures ranging féotm 30°C. Above this temperature, the
membrane was in a fluid state. This correspondkata previously obtained on the same
membrane model (see 3.2., Figure 3).

a-Hederin was able to reduce the slope ofGife excitation function suggesting an
inhibition of lateral phase separation. It alsa@ased th&Pe, values of the membrane,
especially those taken in the liquid crystallingtast This has also been observed in membranes
composed of only dimyristoylphosphatidylcholineg$el.1., Figure 8). This could be associated

with the cholesterol-like effect of the triterpedaing structure thai-hederin could exert.
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FIGURE 1
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Laurdan spectroscopy
GPex upon increasing excitation wavelength and tempegah LUV composed of DOPC:DPP(C
(1:1). LUV have been preincubated for 1h at 37°@hapresence af-hederin at a compound
lipid ratio of 1.2 (left panel) and 2.4 (right p@né-ull lines (control), dashed line (incubated)

Decrease of lateral phase separation in SPB contho§®OPC/DPPC (1:1, mol/mol) as
evidenced by AFM
We observed a clear phase separation in DOPC/OPRCmol/mol) membranes (Fig.

2A). Incubation of these membranes at 37°C for ith ®OuM ofa-hederin led to a considerable

decrease in size of DPPC domains. (Fig. 2B). Pbegaration became less evident.

FIGURE 2
(A) (B)

Deflection AFM images (30x30nm)
SPB on mica composed of DOPC:DPPC (1 :1) (A) or COWPPC
(1:1) bilayer incubated for 1h at 37°C with 10 pMaehederin (B)
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Decrease of lateral phase separation in SPB contbo§®0OPC/DPPC (1:1, mol/mol) as
evidenced by Tof-SIMS

Tof-SIMS confirmed the results of AFM and Laurdanwhicha-hederin reduced lateral
phase separation. In the control, DOPC and DPPtakighere separated in domains of

micrometric size, corresponding to the size of dosabserved in AFM (Fig. 3A,B,C).

After 1h of incubation at 37°C with 10 uM afhederin (Fig. 3D,E,F), size of domains was
reduced and intensity signals of DOPC and DPPC lesseseparated. Unfortunately, ao
hederin could be detected when the SPB was washegl suggesting that the molecule is
bound to the membrane by equilibrium binding dsa#& been suggested for digitonin in absence

of cholesterol (Nishikawa et al., 1984).

FIGURE 3

(B) (©)
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Tof-SIMs (2D intensity spectra, negative mode)
SPB on mica composed of DOPC:DPPC (1:1) and inedbaitha-hederin.
Control (A,B,C); 1h of incubation with-hederin at 37°C (D,E,F). (A,D)
DPPC, (B,E) DOPC, (C,F) DPPC (red) and DOPC (green)
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Discussion

We have seen by using three complementary methadsdan, AFM and Tof-SIMS)
thato-hederin was able to suppress lateral phase sepaiaia model composed of
DOPC:DPPC (1:1). The mechanism which was propasédsed on the ability efhederin to
induce erosion at the borders of the membrane dwnaéhis is in agreement with a Monte Carlo
simulation on a DOPC:DPPC monolayer (data not shawmgnmonolayer method, see 3.1.2. and
3.2.). A similar behaviour was obtained with sutifmand glycyrrhizin (see 3.2. and general
conclusions) (Sakamoto et al., 201@hederin is hence able to reorganize lateral hgesreity
of lipids in a membrane, even when no cholestarprésent. This could lead to interesting
activities on cell membranes where cholesterobgeat like in bacterias.
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3.1.4. Apoptotic and non-apoptotic cell death in monocytes induced by a-
hederin and hederagenin in a cholesterol dependent manner (article 4, in

preparation )

Authors: Joseph Lorent, Marthe AbouZi, Farida Akabi, Joelle Quetin-Leclerécand Marie-
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'Université catholique de Louvain, Louvain Drug Resé Institute, Cellular and Molecular
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Subject and background : a-hederin and its aglycon, hederagenin, have shatwityt on

several cancer cells. They induce cell death bytysis and non-apoptotic cell death. An
inhibition of a-hederin induced cell death was observed when welte depleted in cholesterol
(see 3.1.1.). We wanted in this part of our workestigate the apoptotic and non-apoptotic part
of a-hederin induced cell death and explore the impogaf membrane cholesterol for both
effects. We also investigated the importance ofstigear chain for cell death and discussed

possible mechanisms involved.
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INTRODUCTION

Apoptosis can be distinguished from other cellthle@®ecause of its distinctive
morphological features. It is characterized byrdadt plasma cell membrane where
phosphatidylserine is externalized, the appearahb&bs, reduction of cytoplasmic volume,
condensation of chromatin and fragmentation ofilngeus. After the induction of apoptosis,
cellsin vitro often undergo a further morphological change &ed plasma membrane looses its
coherence. This advanced stage of cell deathledcialte or secondary apoptosis (Kroemer et al.,
2009).

Apoptosis is induced via two main pathways, ttignsic and extrinsic pathway (Jin and
El Deiry, 2005). The intrinsic pathway depends ryaan the disruption of the external
mitochondrial membrane and the release of proapiogimoteins into the cytoplasm. The
extrinsic pathway is driven by the activation oaittereceptors present on the cell membrane
(Galluzzi et al., 2012).

Saponins are able to induce apoptosis, and noptaiiocell death in cancer cells (Choli
et al., 2008;Chwalek et al., 2006;Gerkens et 8D;7Kim et al., 2008;Swamy et al., 2003). A
non-apoptotic cell death described for monodesnnogiderpenoid saponins presenting a sugar
moiety at C3 was cytolysis. It is characterizedhwsy lysis of the plasma membrane induced by
the saponin (Gauthier et al., 2009;Wassler eiL@B7;Ohsaki et al., 2005). In addition to
cytolysis, oleanane type saponins are able to mdpoptosis (Gauthier et al., 2009), which
makes them interesting candidates for cancer thdyapause their pleiotropic effect should
make them less suspectible against resistance meotg(Kwon et al., 2008).

a-Hederin is an oleanane type saponin able to indalteleath via apoptosis and
membrane lysis (Gauthier et al., 2009). The in@edextracellular Cd influx and cytosolic
ROS species was critical for apoptosis (Choi e28l08;Swamy and Huat, 2003). In addition, the
saponin was also able to induce caspase-8 activ@@iooi et al., 2008), suggesting the activation
of the extrinsic pathway and death receptors (Disket al., 2012). The formation of membrane
defects was observed in cancer cells by electranascopy even after short incubation times
(Danloy et al., 1994). The release of calcein-acgtwethylester from the cytoplasm of cancer
cells incubated witlu-hederin confirmed the perforation of the plasmanibene (Gauthier et al.,
2009).
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Because cholesterol plays a critical role for kb#halteration of cancer cells and
hemolysis (Shany et al., 1974) induced by sapotivescharacterization of the interaction
betweeru-hederin and cholesterol is a key for the undedstanof the mechanisms involved in
saponin induced cell death. Cholesterol is an ingmbrconstituent of the membrane influencing
lipid dynamics. It is also a constituent of memlaraafts, lateral functional membrane domains
(Lingwood and Simons, 2010) where death receptertoaated. Their disorganization can lead
to the induction of apoptosis via the extrinsicdpedy, as it has been shown for ginsenoside Rh2
and avicins (Yi et al., 2009;Xu et al., 2009) slfikely thata-hederin could be able to influence
lateral sterol organization in cells because itlheen shown, that the compound and to a smaller
extend, hederagenin, were able to induce laterg@beparation in a GUV raft model (see
3.1.2.). The aggregation and fusion of lipid rafbsild lead to the activation of membrane
receptors present in rafts (Garcia-Saez et al1R01

We therefore wanted to elucidate the role of c$tel®l in apoptosis and non apoptotic
cell death induced by-hederin in cancer cells. We used U937 and THPH&, d&z0 monocytic
cell lines, one is cholesterol auxotroph (U937)Ifi&imer et al., 1987) and the other is able to
synthesize its own cholesterol (THP-1) (Kritharigesl., 1998). We also wanted to establish the

importance of the sugar chain for saponin induadddeath.

MATERIAL AND METHODS

Materials

a-hederin and hederagenin (HPLC quality) were pwetdrom Extrasynthése, (Genay,
France). The compounds were dissolved in etharftér A&vaporation of the solvent, the residue
was resolubilized in RPMI media (containing 0,1%0&iSO) in an ultrasonic bath for 5 min.
Corresponding controls were used. Cells were pgadhérom ATCC. RPMI medium was
ordered by Life technologies, Paisley, UK. The ationinic (BCA) protein assay was purchased
from Thermo scientific (Rockford, USA). Methgkcyclodextrin (MBCD), DAPI, acridine
orange and ethidium bromide were ordered from Sigdaich (St. Louis, MO). AmpleX red
cholesterol assay kit was purchased from Invitra@&sley, Scotland, UK). All other reagents
were ordered from E. Merck AG (Darmstadt, Germany).
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Cell culture, cholesterol depletion and incubation with a-hederin and hederagenin

Cells were cultivated in RMPI medium supplememgith 10% foetal calf serum in 95%
air and 5% CO2. For cholesterol depletion, celt® ¢ells/ml) were harvested and incubated for
2.5h in fresh RPMI medium supplemented with Imdga8A and 5 mM methyB-cyclodextrin
(MBCD). Cell counting was performed in a Burker chamBéter this incubation, cells were
washed 3 times with RPMI medium. At this time, & é the cells were quantified for their
cholesterol, phospholipid and protein contents.dfmlesterol and phospholipid quantification,
cellular lipids were first extracted by a protodeiscribed earlier (Gamble et al., 1978) and
further quantified with the Amplex® red cholesteaglsay and phosphorus assay (Bartlett, 1985).
Proteins of cells were quantified by the BCA protassay kit. The other part of cells was

incubated with increasing concentrationsidfederin.

Deter mination of cell death
Cell death was quantified by the trypan blue exicln assay using a phase contrast

microscope and results were expressed in % ofdetl (Tennant, 1964).

Deter mination of apoptotic/non-apoptotic cell death

As previously described, we used DAPI assay tantityaapoptosis (Servais et al., 2005).
Briefly, cells presenting a fragmented and condémaecleus were counted as apoptotic. A total
of 500 cells was counted.

To distinguish between living, death cells andyeand late apoptosis, we used the
acridine orange/ethidium bromide (AO/EB) assay [ldatay et al., 1964). After incubation, cells
were harvested and washed in PBS medium. Theytiweneput in contact with the AO/EB
solution and directly observed in fluorescence oscopy. Death cells with defect membranes
presented always EB influx and apoptotic cells fichgmented nucleus. A total number of 200
cells were counted. Early apoptosis was definetklls with fragmented nucleus and no EB
influx. Late apoptotic cells presented also EBurfand were counted as death cells.
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RESULTS

Depletion of cholesterol by ACD in two monocytic cell lines

MBCD was very efficient in depleting the cholesteyadtein and
cholesterol/phospholipid ratio U937 and THP-1 plasmembranes (Table 1). The total lipid
amount was not influenced by@@D (data not shown). The cholesterol amount of depleted
cells corresponded almost to values reportedenditire (De Pace and Esfahani, 1987;Wang et
al., 2007b).

Table 1l : Ratios of cholesterol/proteins and cholesterol/phospholipidsin U937 and THP-1
non-depleted and cholesterol depleted cells

Non-depleted Depleted
U937 Cholesterol/proteins 13.13 £ 1.30 pg/mg 4.49 + ugsng
Cholesterol/phospholipids 150.9 + 14.98 pug/puM 42616 pg/puM
THP-1 Cholesterol/proteins 11.29 £ 0.39 pg/mg 6.54 = ugang
Cholesterol/phospholipids 129.93 £+ 4.17 pg/puM 6G®/67 pg/pM

Cell death induced by-hederin in cholesterol depleted and non-depletdts @s determined by

Trypan Blue assay

Cell death was rapidly observed in U937 and THR-the highest concentrations
investigated (Fig. 1A,C). After only 2h of incubati 25 uM ofa-hederin induced 62 = 5.2 % of
cell death in U937 cells and 46.6 + 6.1 % afteirdHP-1 cells. Cell death was concentration
and cell dependent. U937 cells were more sendibiuehederin induced cell death than THP-1.

Depletion of cholesterol by RCD effectively reduced-hederin induced cell death in
U937 and THP-1 cells (Fig. 1B,D). In U937, cell tkewas inhibited at least for 18 h and in
THP-1 cells for at least 30h.
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FIGURE 1
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Trypan blue assay
U937 (A,B) and THP-1 (C,D) non-depleted (A,C) oplé¢ed (B,D) in cholesterol.
Cells were incubated with increasing concentratmnshederin: Control«), 10 uM

(A), 15 uM (V), 20 uM @) and 25 pM ¢). Three independent experiments were
performed

Apoptosis induced by-hederin in cholesterol depleted and non-depletts @s determined by
DAPI and AO/EB assay

Fragmentation of nuclei, which corresponded taltapoptosis was determined by DAPI
assay. It was induced in a concentration- and tdependent manner in U937 (Fig. 2A,C,D) and
THP-1 cells (Fig. 2E,F). In both cells, a maximuhapoptosis could be observed at
concentrations around 20 uM. At higher concentratiohe number of DAPI positive cells
decreased.

In all the conditions investigated, depletion bbkesterol reduced apoptosis but did not
completely suppress it (Fig. 2C,D,E,F).
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FIGURE 2
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U937 (A,B,C) and THP-1 (D,E) cells. Panel A, tinmucse of apoptosis
induced byu-hederin: Controls), 10 uM (&), 15 uM (¥), 20 uM @)
and 40 uM ). Panel C,D,E and F, apoptosis of depleted (biteck) or
non-depleted (white bars) cells incubated for 2&§@nd 48h (D,F) with
increasing concentrations @fhederin. Statistical analysis: One way
ANOVA; Symbols : *=depleted vs. non-depleted ceatise symbol:
p<0.05, two symbols: p<0.01, three symbols: p<0.001

By monitoring closer the time dependency of apsigtand total cell death induced doy
hederin in U937 cells (Fig. 3), we observed thstfsigns of apoptosis at 18h of incubation for
non-depleted cells. Cell death (cells presentifgaenembranes) was induced long before the

appearence of apoptosis. It reached about 40%4ftef incubation with 20 uM af-hederin in
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non-depleted cells. Depletion in cholesterol dedbgpoptosis induction (for depleted cells,
apoptosis appeared only after 24h of incubatior)l €=ath was also reduced in depleted cells

which confirmed the results obtained with the tryjpdue assay (Fig. 1, A).

FIGURE 3
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AO/EB assay
U937 cells depleted or not in cholesterol and imted witha-hederin. Apoptosis in blue)Yand
total cell death in redY).

Importance of sugar chain for apoptosis and nongiptic cell death

To go further and investigate the critical rolesafjars for induction of apoptosis and non-
apoptotic cell death (Fig. 4), we compared theat$fenduced by-hederin (A,C) and
hederagenin (B,D) using AO/EB assay. Both compoumdisced a time- and concentration
dependent cell death in U937 cells.

Apoptosis was induced most efficiently at 20 puMwdfederin which confirms previous
results obtained using DAPI (Fig. 2A). On the cantrto what was observed with DAPI assay,
we observed also a portion of fragmented nucl&haand 4h of incubation for 40 uM ef
hederin (17,6 £ 3.8 % and 12.7 = 1.5 % respectjvélgr the same concentration and incubation
periods, we reached a total cell death of 81 #6.&8nd 92.6 + 2.3 %, respectively. But we have
to verify if this early cell death is really reldtéo apoptosis.

Analysing the effect of hederagenin, the aglycimieiced a slower cell death in U937
cells tharu-hederin. Apoptosis became significant only afiéh &f incubation at 40 uM of the

compound. A slight increase of total cell death waly observed for 48h of incubation.
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FIGURE 4

a-hederin hederagenin

0

304
204

101
1004 y
{—*—_‘ c D
754 .

. 4|

0

% fragmented nuclei

% cell death

T T T T
0 20 40 60 O 20 40 60
time (h) time (h)

Control a-hederin a-hederin | Hederagenin
(20 uM) (40 uM) (40 uM)

Living / - ' "
necrotic

Early
apoptosis

Late
apoptosis

AO/EB assay
U937 cells incubated for 2, 6, 18, 24 and 48h witiederin (A,C) or hederagenin (B,D).
Control @, black), 10 uM @&, blue), 15 uM ¥, green), 20 UM« orange) and 40 pMe( red).
Images of cells (AO/EB) incubated for 48h with 0.8%0OMSO (Control), 20 or 40 M ai-
hederin or 40 uM of hederagenin (E).

To have more insights into the morphological fesgwf nuclei in cell death induced by
both compounds, we took pictures after 48h of iatiain (Fig. 4E). We observed that higher

concentrations ai-hederin (40 pM) induced an increased condensafitime nuclei compared
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to lower concentrations (20 uM) or hederageninCai 1. This condensation of the nucleus is
already observed after 2h of incubation with 40 pfiv-hederin (data not shown). Early and late
apoptosis were characterized by the typical fragatem of the nuclei for after incubation with
20 uM ofa-hederin and 40 uM of hederagenin. At 40 pMdfederin, late apoptosis was
difficult to differentiate from non-apoptotic celeath because fragmentation of the nuclei was

most often uncomplete.

Moving on the mechanism involved in apoptosis cetlibya-hederin and hederagenin
and the role of caspases in cell death, we usegaheaspase inhibitor Q-VD-OPh (Fig. 5).
Apoptosis induced by-hederin and hederagenin after 48h was inhibitethisyinhibitor (Fig.
5A), suggesting an implication of caspases (Fig. SiA\contrast, no effective inhibition of non-
apoptotic cell death was observed (Fig. 5B). GeHisracterized by late apoptosis (Fig. 5A, bars
without patterns) were transformed into cells whevecell fragmentation, but ethidium bromide
influx occurred when Q-VD-OPh was added. This wae &rue for camptothecin-hederin

induced apoptosis was also partially inhibited lyEVD-CHO, a caspase-3 inhibitor (data not

shown).
FIGURE 5
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AO/EB assay
U937 cells incubated 48h with camptothecine (Canwetd),a-hederin (AH, grey), hederagenirn
(Hg, yellow) with or without pan-caspase inhibi@+Vd-OPh (Inh). (A) Early (squared bar)/laté
(not squared bar) apoptosis and (B) necrosis. GThe control. Statistical analysis: One way
ANOVA; symbols :e= Early apoptosis + inhibitos=Late apoptosis + inhibitor; three symbolsj
p<0.001
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Discussion

So far, we can conclude that non apoptotic celtldand apoptosis yhederin is
concentration and cholesterol-dependent. At 20 fiibteederin, we observed a maximum of
apoptosis in U937 and THP-1 cells. Beyond this eatration, the cell death switched to non
apoptotic cell death. Total cell death inducedrdyederin did not depend on apoptosis because
non-apoptotic cell death is induced before any &g appeared. Especially high saponin
concentrations induced the non-apoptotic cell death

Several hypotheses could be suggested to explaicholesterol dependency of cell death
induced byu-hederin.

First, the inhibition of rapid non-apoptotic cdéath in cholesterol depleted cells at high
saponin concentrations is probably due to an itibitbof pore formation by the saponin.
Cholesterol dependent pore formation was shownUiv&and LUVs and depended on the
membrane curvature induced by the saponin (Lorteait,e2013).

Second, the decrease and the delay of apoptodepieted cells could result from two
main pathways.

(i) Depletion of cholesterol could decrease porenation and so decrease extracellular
C&*-influx and inhibit the opening of the mitochondiii@nsition pore and further rupture of the
outer mitochondrial membrane (Choi et al., 2008)er€fore, this would inhibit the formation of
caspase-9 and the intrinsic pathway.

(i) The extrinsic pathway could also play a rdlecancer cells, depletion of membrane
cholesterol by NNCD inhibited activation of death receptors by avibi (Xu et al., 2009)u-
Hederin might be able to induce cell death viadnsif lipid rafts, activation of death receptors
and caspase-8. Activation of death receptors vaédesaence or disruption of lipid rafts has also
been shown for other saponins and cholesterol hgnidixins (Yi et al., 2009;Garcia-Saez et al.,
2011). The induction of phase separation in GUVisiitcking nanoscopic raft domains by
hederin supports this hypothesis (see 3.1.2.).

We further wanted to point out the importancehaf sugar chain in cell death induction.
Regarding the structure of the saponin, we showatthe presence of the sugar chain was
critical for rapid cell death induction but didiséem necessary for cell death induction at longer

incubation periods. Without the sugar chain, tivess no rapid non-apoptotic cell death observed
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whatever the concentrations. This can probablyutenpo relationship with the results obtained
in GUV at high concentration, where an immediateration to dextran at 4 kDa was observed
with a-hederin whereas the effect with hederagenin beaaryeevident at 48h of incubation
(Lorent et al., 2013). Induction of cell death reqd larger incubation periods and higher

concentrations with hederagenin compared-beederin.

Regarding the importance of caspases, they areatfior apoptosis induced by the
saponin and its genin. Unfortunately, at this stageare unable to answer to the question if
activation of caspase-8 is really related to tltiation of death receptors (Choi et al., 2008) (see
5.1.1.4.).
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Subject and background : The permeabilizing activity of surfactin has beescribed mainly as

a detergent-like mechanism (see 2.7.). But de#ipigeactivity, which seems to depend on its
CMC, we observed that the molecule is able to imlkaleral phase separation in a supported
planar bilayer composed of DOPC:DPPC at conceatratbelow its CMC. This article
elucidates possible routes explaining this spdaxgabviour in relation with its permeablizing

activity and its affinity for DOPC.
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1. Introduction

ABSTRACT

Surfactin, a bacterial amphiphilic lipopeptide is attracting more and more attention in view of its bioactive
properties which are in relation with its ability to interact with lipids of biological membranes. In this
work, we investigated the effect of surfactin on membrane structure using model of membranes, vesicles
as well as supported bilayers, presenting coexistence of fluid-disordered (DOPC) and gel (DPPC) phases. A
range of complementary methods was used including AFM, ellipsometry, dynamic light scattering, fluores-
cence measurements of Laurdan, DPH, calcein release, and octadecylrhodamine B dequenching. Our findings
demonstrated that surfactin concentration is critical for its effect on the membrane. The results suggest that
the presence of rigid domains can play an essential role in the first step of surfactin insertion and that
surfactin interacts both with the membrane polar heads and the acyl chain region. A mechanism for the
surfactin lipid membrane interaction, consisting of three sequential structural and morphological changes,
is proposed. At concentrations below the CMC, surfactin inserted at the boundary between gel and fluid
lipid domains, inhibited phase separation and stiffened the bilayer without global morphological change of
liposomes. At concentrations close to CMC, surfactin solubilized the fluid phospholipid phase and increased
order in the remainder of the lipid bilayer. At higher surfactin concentrations, both the fluid and the rigid bi-
layer structures were dissolved into mixed micelles and other structures presenting a wide size distribution.

© 2012 Elsevier B.V. All rights reserved.

and plant defense elicitor [15]. However it has also been reported to have
hemolytic [16] and apoptotic [17] properties. It is generally accepted that

Surfactin, a bacterial lipopeptide [1,2] has a structure consisting of a
cyclic heptapeptide headgroup with the sequence Glu-Leu-D-Leu-Val-
Asp-D-Leu-Leu linked to a Cy3_;5 p-hydroxy fatty acid by a lactone
bond. The 3-hydroxy fatty acid chain of the homologues €13 and C15
are branched (isopropyl group at the chain end) while the one of the
homologue C14 is linear. The two negatively-charged amino acids,
which form a polar head opposite to the five lipophilic amino acids,
and the hydrocarbon side chain account for the amphiphilic nature of
surfactin and its strong surfactant properties [ 3,4]. Surfactin is attracting
more and more attention in view of its many interesting bioactive prop-
erties. These include the lipopeptides potential as antiviral [5,6],
antimycoplasma [7] and antibacterial agent [8-10] as well as its ca-
pacity as anti-adhesive agent against pathogenic bacteria [11], insecticide
[12], antihypercholesterolemia agent [13], inflammation suppressor [14]

* Corresponding author. Tel.: +32 81 62 26 52; fax: +32 81 62 22 31.
E-mail address: magali.deleu@ulg.ac.be (M. Deleu).
! Co-first author,

0005-2736/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbamem.2012.11.007

these properties are directly related to the interaction of surfactin
with the lipid component of the biological membranes, which even-
tually leads to membrane destabilization [18-23]. Surfactin interac-
tion with the membrane is highly dependent on the surfactin
concentration [20,23-26]. Shen et al. [26] have suggested the need
for a threshold concentration of surfactin in the bilayer for its solubiliza-
tion. Several studies have shown that sensitivity of model membranes to
surfactin is dependent on their lipid composition [24-31], and also on
lipid organization (i.e. the physical state) [22]. Surfactin exhibits an en-
hanced binding to solid ordered domains-containing vesicles [22]. Carillo
et al. [28] have also suggested that dipalmitoylphosphatidylcholine
(DPPC), forming a gel phase in synthetic bilayers, acts as a promoter of
surfactin-induced leakage. On the contrary, cholesterol and POPE atten-
uate the membrane-perturbing effect of surfactin. Most of these earlier
studies have considered very simple biomimetic membrane systems
with single phospholipid. Only both of them [22,28] have tackled the
question of the effect of surfactin on mixtures of lipids which are more
realistic models.

Regarding the role played by lipid domains for cell physiology, we in-
vestigated the effect of surfactin on the lateral heterogeneity of bilayers.
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Indeed, the more rigid lipid domains (ordered phase Lo) within cell
membranes are suggested to participate as platforms [32] for many pro-
cesses like signal transduction, disease pathogenesis and intracellular
sorting [33,34].

The present study therefore aims to reveal the effect of surfactin
on the lipid phase coexistence and especially on the coexistence of
gel (DPPC) and disordered liquid (Ld) (dioleoylphosphatidylcholine
DOPC) phases, which so far has not been addressed. For this purpose,
we used Laurdan fluorescence technique and atomic force microsco-
py. Further information on the influence of surfactin insertion onto
the transversal organization of the bilayer was obtained by DPH and
Laurdan fluorescence measurements. As model for segregated bilayer
system we used a 1:1 mol/mol DPPC:DOPC mixture, which is known
to be segregated into microscopic domains of different fluidity [24,35].
Surfactin concentration known to have different effects on model mem-
brane destabilization [20,23,25,36] is considered in this study. The inter-
action was quantified with ellipsometry and the experimental results,
supported by molecular modeling, are used to reveal the modes of inter-
action and preferred location of surfactin at the microscopic and molec-
ular level. Consequences of these microscopic and molecular effects on
the macroscopic behavior of the lipid vesicles are investigated by size, fu-
sion and permeability measurements. Implications of our results on the
biological activity of surfactin are discussed.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphatidylcholine
(DOPC), R-D-dodecyl maltoside and calcein were purchased from Sigma
(St. Louis, MO). The self-quenched fluorescent probe calcein was purified
as described in detail previously [37]. Briefly, calcein was dissolved in
6 N NaOH and subjected to size-exclusion chromatography through a
Sephadex® LH-20 column. The final concentration of the calcein solu-
tion in 20 mM Tris-HCl was 73 mM with an osmolality of
404 mOsm/kg (measured by the freezing point technique, using
a Knauer osmometer automatic (Berlin, Germany). DPH (1,6-diphenyl-
1,3,5-hexatriene), Laurdan {6-dodecanoyl-2-dimethyl-aminonaphtalene)
and octadecylrhodamine B (R;g) were purchased from Molecular Probes
(Invitrogen, Carlsbad, CA). Surfactin was produced by fermentation of
B. subtilis S499 and isolated as described in detail previously [38]. The
primary structure and purity of surfactin (>95%) were ascertained by
analytical RP-HPLC (Vydack 10 um C18 column, 0.46x 25 cm, Vydack,
Hesperia, CA), amino acid analysis, and MALDI-TOF mass spectrometry
measurements (Ultraflex TOF, Bruckner, Karlsruhe, Germany). The
surfactin mixture, 95.4% pure, was composed of surfactin-C13, -C14
and -C15 (0.3:1:1 mol/mol/mol). The homologues C13 and C15 com-
prise a branched B-hydroxy fatty acid chain (isopropyl group at the
chain end) with 13 or 15 carbon atoms and the homologue C14 encloses
a linear B-hydroxy fatty acid chain with 14 carbon atoms. All other
products (grade 1) were purchased from Sigma-Aldrich (St-Louis, MO).

2.2. Preparation of liposomes

Liposomes were prepared from a mixture of DOPC:DPPC (1:1). For
this purpose, the lipids were dissolved in chloroform:methanol (2:1,
v:v) in a round bottomed flask. The solvent was evaporated under vac-
uum (Rotavapor R Buchi RE-111, Buchi, Flawil, Switzerland) to obtain a
thin lipid film, which was dried overnight in a vacuum dessicator
to remove remaining solvent. The dry lipid film was hydrated for
1 h with Tris 10 mM and NaCl 150 mM at pH 8.5 and 37 °C in a ni-
trogen atmosphere. This suspension was submitted to five cycles of
freezing/thawing to obtain multilamellar vesicles (MLV). Depending on
the type of experiment to be performed, this suspension was either
sonicated to yield small unilamellar vesicles (SUV) [39] or extruded
to produce large unilamellar vesicles (LUV) of 100 nm diameter

[37]. The actual phospholipid content of each preparation was de-
termined by phosphorus assay [40] and the concentration of lipo-
somes was adjusted for each type of experiment.

2.3. Preparation of supported phospholipid bilayers (SPBs)

For surface analysis by atomic force microscopy, we prepared
supported lipid bilayers using the vesicle fusion method [41]. DOPC
and DPPC were dissolved in chloroform at 1 mM final concentration.
An equimolar mixture of these two lipids was then evaporated under ni-
trogen and dried in a dessicator under vacuum for 2 h. Multilamellar ves-
icles (MLV) were obtained by resuspending the lipidic dried film in
calcium-containing buffer (10 mM Tris, 150 mM NaCl and 3 mM CaCl,
at pH 8.5) at 1 mM final lipid concentration. To obtain small unilamellar
vesicles (SUV), the suspension was sonicated to clarity (4 cycles of
2 min) using a 500 W probe sonicator (Fisher Bioblock Scientific, France;
35% of the maximal power; 13 mm probe diameter) while keeping the
suspension in an ice bath. The liposomal suspension was then filtered
on 0.2 um nylon filters (Whatman Inc., USA) to remove titanium parti-
cles coming from the sonicator tip. Freshly cleaved mica squares
(16 mm?) were glued onto steel sample pucks (Veeco Metrology LLC,
Santa Barbara, CA) using Epotek 377 (Gentec Benelux, Waterloo, Bel-
gium). Two milliliters of the SUV suspension were then deposited onto
the mica samples and the SUVs were allowed to adsorb and fuse on the
solid surface for 1 h at 60 °C. Subsequently, the sample was rinsed five
times with Tris 10 mM and NaCl 150 mM at pH 8.5 to eliminate calcium
and non-adsorbed vesicles. The samples were then slowly cooled to
room temperature.

For ellipsometry investigations, supported lipid bilayers were
formed in situ in the ellipsometer cuvette by co-adsorption of phos-
pholipids (DOPC or DPPC) with R-D-dodecyl maltoside on hydro-
philic silicon-silicon oxide surfaces as described by Vacklin [42]. A
typical procedure for bilayer formation contains six stages: adsorp-
tion from a 6:1 (w/w%) mixture of p-D-dodecyl maltoside and the
requisite phospholipid at a concentration of 0.114 g/l, followed by
extensive dilution (rinsing) with 10 mM Tris and 150 mM Nacl at
pH 7.4 buffer, and two readsorption steps from 10 and 100 times
more dilute phospholipid/maltoside solutions respectively, each
followed by rinsing.

24. Isothermal titration calorimetry

Critical micellar concentration (CMC) was determined using iso-
thermal titration calorimetry (ITC) on a VP-ITC Microcalorimeter
(Microcal, Northampton USA) at both pH 7.4 and 8.5 in 10 mM Tris
and 150 mM NaCl buffer into milliQ water (Millipore Co., Milford,
MA) at 25 °C. The CMC was determined by calorimetric dilution ex-
periments [19]. The injection syringe was filled with a micellar solu-
tion of surfactin (0.3 mM or 0.08 mM). The sequential injection
(6 pL) of the micellar solution into the 1.4565 mL calorimeter mixing
cell containing only buffer, which was stirred at a speed of 305 rpm,
lead to disintegration of the micelles into surfactin monomers until
the concentration in the cell approaches the CMC. At this point, micelles
were no longer dissociated. The disintegration process produced a heat
of demicellization that is then measured by the calorimeter. The typical
profile of the heat generated versus addition of the micellar surfactin
stock solution was sigmoidal and the CMC was determined from the in-
flection point.

Prior to each analysis all solutions were degassed using a sonicator
bath. The heats linked to buffer injection were determined by injecting
buffer into buffer and substracted from the heats determined in the ex-
periments. All measurements were repeated two times with two differ-
ent surfactin solutions. Data were processed by using the software Origin
7 (Originlab, Northampton, USA).
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2.5. Ellipsometry

Measurements of surface excess values and thickness of supported
DPPC or DOPC bilayers in absence or in presence of increasing con-
centration of surfactin were performed by ellipsometry. Ellipsometry
is based on monitoring of amplitude, |, and phase, A, changes of the
compounds of polarized light upon reflection. The rate of data collec-
tion, with a time resolution of about 2 s, is fast enough for kinetic
studies of lipid and surfactant adsorption. The instrument used was
a Rudolph Research null-ellipsometer, model 43606-200E, equipped
with a xenon arc lamp (Osram XBO 75 W/2) as a light source (A=
250-1000 nm).

All measurements were performed with a light-source wave-
length of 401.5 nm and with an angle of incidence of 68°. The 5 ml
cuvette was thermostated at 25.0 °C4 0.1 °C, and agitation of the so-
lution in the cuvette was performed with a magnetic stirrer at about
300 rpm. The ellipsometric angles ¢ and A were used to compute
the complex reflection amplitude ratio p:

p= ‘rp/rS exp(ﬁmfﬁrs) = tanyexp(1iA) (1)

where 1 and r, are the reflection coefficients for s- and p-polarizations
and &, and &, represent their phase shifts upon reflection.

In a typical ellipsometry experiment, the measurement was
performed on silicon wafer (50 mmx 10 mm) slides pre-treated as
described by Tiberg and Landgren [43] and pre-equilibrated over-
nightina 10 mM Tris and 150 mM NaCl buffer at pH 7.4. Oxide layers
were first characterized by four-zone measurements in air and in
water after an equilibration period of 30 min, recording 6 minima
in each zone as described in details by Landgren and Jénsson [44].
The substrate optical parameters were on average found to be n,
(Si)=5.50-0.25i and ny (SiO,)=1.49, and d; =270-300 A. After
changing the cuvette content with 10 mM Tris and 150 mM NaCl
buffer at pH 7.4 and an equilibration time of 30 min, supported
lipid bilayers were formed as described above. The changes in { and
A were monitored as a function of time at each stage of bilayer forma-
tion until only a very small change resulted from rinsing. At this point,
surfactin stock solution in dimethylsulfoxide (DMSO) (1-10 mM) was
added (1-40 pL) and the change in ellipsometric angles typically mon-
itored over a period of 8-24 h. The volume of DMSO injected into the
cuvette containing the buffer 10 mM Tris and 150 mM NaCl at pH 7.4
is below 1% of the total volume and has no influence on the measured
parameters. The recorded s, and A values was evaluated assuming
four-layer optical model where each layer is homogenous and assuming
homogenous planar layers, using a numerical procedure originally de-
vised by McCrackin et al. [45] as described by Tiberg and Landgren
[43], and Landgren and Jonsson [44]. The obtained thickness, d, and re-
fractive index, n, of the adsorbed layer can then be used to calculate the
surface excess (I') according to de Feijter:

['=[(n—ng)/(dn/dc)]d 2)

where ng is the refractive indexes of the bulk solvent, and dn/dc is the
refractive index increment of the adsorbing specie, for which a value
of 0.148 [46] was used.

The accuracy in the thickness determination is rather high (30-35%)
for small adsorbed amount (I'<1.0 mg/m?), decreasing rapidly to values
around 2-7% for I'>1.0 mg/mz. The error in adsorbed amount is much
smaller: 15% for I'<1.0 mg/m? and 0.5-2% for ['>1.0 mg/m?. This is
due to the fact that for low adsorbed amount, thin layers, and low optical
contrasts, the refractive index of the layer and the layer thickness are
coupled, due to limits of the resolution of the instrument, and it is there-
fore only possible to determine the adsorbed amount [47].

2.6. Laurdan generalized polarization

To gain information on lipid phase (gel, liquid-disordered and
coexisting phases) as well as on transition temperature between gel
and liquid-disordered phases, we used Laurdan, a polarity sensitive
probe, located at the glycerol backbone of the bilayer with the lauric
acid tail anchored in the phospholipid acyl chain region [48,49].

This probe doesn't show any preferential partitioning between gel
and fluid phases and is considered to have uniform distribution be-
tween the inner and outer leaflets of a bilayer [49,50]. The intensity
of Laurdan fluorescence is high in the visible range and is highly sen-
sitive to the local environmental with limited scattering effects [51].
The emission spectral shift of Laurdan fluorescence mostly results
from phase changes within the membrane, making it useful for dis-
criminating between membrane phases.

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 emission spectrum of Laurdan. When the bilayer
packing increases, a part of the water molecules is excluded from the bi-
layer and the dipolar relaxation of the remaining water molecules is
slower, leading to a fluorescent spectrum which is significantly less
shifted to the red.

The steady state fluorescence parameter known as the excitation
generalized polarization quantitatively relates these spectral changes
by taking into account the relative fluorescence intensities of the blue
and red edge regions of the emission spectra [48,49]. Excitation Gen-
eralized Polarization (GPx) was calculated using Eq. (3):

GPex = (Iaao—1ag0)/(Ta40+Ta00) ®3)

were I440 and I490 are the fluorescence intensities at emission wave-
lengths of 440 nm (gel phase) and 490 nm (liquid-disordered phase),
respectively.

The presence of coexisting phases is reflected by the increase of
GP., upon increasing excitation wavelengths from 340 to 410. The op-
posite is observed when phospholipids are in the fluid-phase. When
the phospholipids are in the gel phase, the GP.y values don't show
any change with increasing excitation wavelengths. Experiments
were performed at increasing temperatures (from 5 °C to 65 °C).
Monitoring GPex values as a function of temperature, also allowed to
determine T;;,. An adjustment to a Hill function (4) was performed:

GPay = GPay’ + (GPo' —GPa ) /(1 + exp™ ™) 4)

where GP,,' and GP.,? are the maximum and minimum values of
GPey, T, the melting temperature of the composition studied and m,
the Hill coefficient. Nexe was 340 nm and A\em were 440 nm and
490 nm. The slope at mid-point (T,,) was calculated by the first deriv-
ative of GP., function at temperature T,, (Eq. (5)) (see [52]):

(AGP, /dT)y = [(Gpexl—cpexz) m lnlo] /4. (5)

Fluorescence determinations were carried out using a thermostat-
ed Perkin-Elmer LS55 luminescence spectrometer. The lipid concen-
tration of LUV was adjusted to 50 uM with Tris 10 mM and NaCl
150 mM at pH 8.5. Laurdan was added from a 5x 10~3M stock solu-
tion of DMF to give a lipid:probe ratio of 300. Surfactin was added to
LUV to a final concentration of 3, 15, 25 and 100 uM and incubated
under continuous agitation at 37 °C out of light for 60 min.
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2.7. Atomic force microscopy

Visualization of the nanoscale effect of surfactin on membrane sur-
face was performed using supported bilayers [41] monitored with com-
mercial AFM (NanoScope IV MultiMode AFM, Veeco Metrology LLC,
Santa Barbara, CA) equipped with a 12 pmx 12 pm scanner (E-scan-
ner). AFM images were obtained in contact mode at room temperature
(23-25 °C) in Tris buffer (10 mM Tris and 150 mM NaCl at pH 8.5). All
images were recorded using oxide-sharpened microfabricated SisN4 can-
tilevers (Microlevers, Veeco Metrology LLC, Santa Barbara, CA) with
spring constant of 0.01 N/m (manufacturer specified), with a minimal
applied force (<500 pN) and at a scan rate of 5-6 Hz.

2.8. Molecular modeling

The “Big Monolayer” (BM) method proceeds in two steps: (i) Calcu-
lation of paired interactions between the molecules and (ii) Construction
of a grid of 200x 200 molecules, taking the molar ratios into account.

The first step is derived from the hypermatrix method described else-
where [53,54]. The molecules of the system studied (surfactin, DPPC,
DOPC) are first oriented at the interface, taking their hydrophobic and
hydrophilic centers into account [55]. For each pair of molecules
(surfactin/DPPC, surfactin/DOPC, surfactin/surfactin, DPPC/DPPC, DOPC/
DOPC, and DOPC/DPPC), the interaction energies (sum of electrostatic,
Van der Waals, and hydrophobic energies) are calculated for a large
number of positions, resulting from translations and rotations of one
molecule toward the other. In this study, we let the molecules undergo
36 rotations around themselves in steps of 10°. For each of these posi-
tions, horizontal and vertical translations are carried out on a distance
of 10 and 5 A with a step of 0.5 and 0.25 A, respectively. For all those po-
sitions, an additional tilt of —10° to + 10° by step of 0.5° is further ap-
plied. The total number of relative positions tested is thus more than
23,400,000 (36 x 36 x 21 x 21 x 41). For each pair of molecules, the statis-
tical Boltzmann energy is considered. The latter is calculated taking into
account a Boltzmann statistics corresponding to the sum of the interac-
tion energy of each relative position tested multiplied by the probability
of the position. This interaction energy matrix is then used in the second
step.

The second step consists in the construction and minimization of
the system using the interaction matrix calculated in step 1. A grid
of 40,000 (200x200) molecules, initially positioned at random, is
constructed and the energy of the system is calculated. The energy
of one molecule is equal to the sum of the energies with its 24 closest
neighbors in the grid. Random permutations are made and the energy
of the new configuration is calculated. By a Monte Carlo procedure,
this new configuration is kept or not, as a function of the energy dif-
ference between the two states. For a grid of 40,000 molecules, one
calculation step consists in 40,000 permutations. 50,000 to 100,000
steps are carried out. For the molecules at the border of the grid, the
molecules at the opposite border are considered as their closest
neighbors, avoiding border limits.

The preferential interactions and phase separation between the
molecules studied are visualized by representing each molecule type
by a colored point and all the points are represented on the grid.

2.9. Diphenylhexatriene fluorescence polarization

The lipid dynamics and cooperative behavior of acyl lipid chains
can be monitored by following the degree of polarization of
diphenylhexatriene (DPH), a dye which probes the hydrophobic
core of the membrane [56-58]. Anisotropy values (r) were deter-
mined as shown in Eq. (6):

r=(Iw—Glyy)/Uyw+2 Gdyy) (6)

where Iy is the fluorescence intensity when angle between polarizers is
0°, Iyy is the fluorescence intensity when angle between polarizers is
90°, and G is an inherent factor to the fluorometer used.

T,n can be determined by monitoring anisotropy values as a func-
tion of temperature and adjustment to a Hill Eq. (7) as:

r=r1,+ (rlfrz)/<1 + EXPm'(T"‘iTO (7)

where ry and r, are the maximum and minimum values of anisotropy,
T, the melting temperature of the composition studied, and m the
slope of the transition that gives information about the cooperativity
of the process. The slope at T,, was calculated with the Eq. (6), which
is the first derivative of the Hill equation at mid-point [52].

(dr/dT)y = [(r,—r3)"m'In10]/4. ®)

DPH was dissolved to a final concentration of 100 UM in tetrahydro-
furan and added to the chloroform solution containing the lipids at a
molar ratio of 300:1 (lipid:DPH) during the initial stage of preparing
the vesicles (LUV) as described above. The total phospholipid concen-
tration was adjusted to a final value of 50 uM with 10 mM Tris and
150 mM NacCl at pH 8.5. Surfactin (3, 15, 25 and 100 puM) was incubated
for 60 min at 37 °C with LUV under darkness. Anisotropy (r) of samples
was determined as a function of the temperature. All fluorescence de-
terminations were performed using an LS 55 fluorescence spectropho-
tometer with Nexc and Nem, 0f 381 nm and 426 nm, respectively.

2.10. Calcein release

Changes in the membrane permeability were followed as de-
scribed by Weinstein [59]. Leakage of entrapped, self-quenched fluo-
rescent probe, calcein, from liposomes can be monitored by the
fluorescence increase as a consequence of the dilution of the probe.
In these experiments the dried lipid films were hydrated with a solu-
tion of purified calcein (73 mM) in Tris 10 mM, buffer pH 8.5, which
had an osmolarity of 404 mOsm/kg. The unencapsulated dye was re-
moved from the LUV dispersion by the mini-column centrifugation
technique [60]. The liposomes were diluted to a final lipid concentra-
tion of 5 pM in an isoosmotic Tris buffer (Tris 10 mM and NaCl
188 mM) pH 8.5 and equilibrated for 10 min at 25 °C. Thereafter,
values were recorded for 30 s before addition of surfactin at increas-
ing final concentrations of 3, 15, 25 or 100 uM. After the addition of
surfactin, the fluorescence intensities were continuously recorded as
a function of time (up to 500 s). The percentage of calcein released
was determined as [(F; — Feontr) / (Fiot — Feoner) ] X 100, where F; is the
fluorescence signal measured at a time t in the presence of surfactin,
Feontr is the fluorescence signal measured at the same time t for con-
trol liposomes, and Fyo is the total fluorescence signal obtained after
complete disruption of the liposomes by 0.02% Triton X-100. Values
were fitted to a biexponential function

% calceinreleased = yay (1 - exp"”‘l‘)) Y (1 _ expkkzr)> ©)

where yl.. and yZ,., are the maximum releases in percent due to the
1st and 2nd release mechanism respectively. k; and k; are the release
constants in/s of the first and second release mechanism, respectively.
t is the time in s. t‘l/z and t21/2 are defined as the time periods for
which Rig calcein release is doubled, respectively to the mechanism.
They can be derived from t;,=In2/k.

All fluorescence determinations were performed at 25 °C on a
Perkin Elmer LS 30 Fluorescence Spectrophotometer (Perkin-Elmer
Ltd., Beaconsfield, UK.) using Neyc of 472 nm and a Nep,, of 516 nm.
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2.11. Dynamic light scattering 0.02 7 A
9 1A A 20 e A o % 1
The apparent average diameter of liposomes was estimated by dy- = 0 v ”” y “ ”y ' [
namic light scattering using a Malvern Zetasizer Nano ZS® (Malvern g -0.02 1
Instruments, Ltd., Worcestershire, U.K.). The liposome concentration E 0,04
was set at 50 uM in buffer (Tris 10 mM and NaCl 150 mM at pH =
8.5). Surfactin was added to liposomes at different concentrations g .0.06
(3, 15, 25, 75 or 100 uM). Just after mixing, dynamic light scattering E
was measured at an angle of 90° with monodisperse latex particles & 0081
of 100 and 800 nm diameters as control. Data were analyzed using 014
both unimodal and size distribution analysis modes to determine
the mean diameter and the size distribution profile of LUVs in pres- -0.12 T T 1
ence of surfactin, respectively. 50 100 150
Time (min)
2.12. Fluorescence dequenching of octadecylrhodamine B 05
1B
The fusion of lipid vesicles was determined by measuring the 0 _,..-"
dequenching of the fluorescence of octadecylrhodamine B chloride = 054 .
(Ryg) [61]. The fluorescence of this lipid-soluble probe is self-quenched £ ."
at high membrane concentration and any decrease of its surface density § -1 .
is therefore associated with a commensurate increase of the fluorescence = 45 .
intensity of the preparation [61]. Labeled LUV liposomes were obtained § .
by incorporating Ryg in the dry lipid film at a molar ratio of 5.7% with re- @ 27
spect to the total lipids. The liposomes were diluted to a concentration of s 25 .
10 uM in the buffer solution (Tris 10 mM and NaCl 150 mM at pH 8.5). 34
These labeled liposomes were mixed with unlabelled LUV liposomes a5 . . °

(adjusted to the same concentration) at a ratio of 1:4. Liposomes were
equilibrated for 10 min at 25 °C. Fluorescence intensities were then
recorded for 30 s before addition of surfactin at increasing concentra-
tions (3, 15, 25 and 100 uM). Fluorescence was followed at room tem-
perature during 200 s, using a Nexc of 560 nm and a ey, of 590 nm
(Perkin-Elmer LS-30, Perkin-Elmer Ltd, Beaconsfield, UK). Results were
expressed as percentage of R;g dequenching defined as [(F;— Feone)/
(Frot — Feontr)] X 100, where F; is the fluorescence signal measured at
time t in the presence of surfactin, Feop is the fluorescence signal mea-
sured at the same time t for control liposomes, and F, is the total fluo-
rescence signal obtained after complete disruption of the liposomes by
0.02% Triton X-100. Values were fitted to an exponential function:

%Ryg dequenching =y .. (1 _ exp(—kn) o)

where Y.« is the maximum dequenching achieved, k is the dequenching
speed constant (in/s) and ¢ the time in s. t;, is defined as the time period
for which R;s dequenching is doubled. It can be derived from t; , = In2/k.

3. Results and discussion
3.1. Critical micellar concentration of surfactin

It is well-known that the effect of surfactin on membranes is very de-
pendent on the concentration [20,23-26]. Since surfactin is known to
self-assembly into micelles, the first step of our study was to determine
the critical micellar concentration (CMC) of the used sample of surfactin,
by means of isothermal titration calorimetry. Fig. 1A shows the typical
heat flow as a result of successive injections of 6 pL of surfactin
0.08 mM in a Tris 10 mM and NaCl 150 mM at pH 7.4 and 25 °C. The
corresponding molar heat of demicellization (6h;/6ng,f) as a function
of surfactin concentration is shown on Fig. 1B. As the injections were
performed, the absolute value of 6h;/dng,f decreased as the concentra-
tion of surfactin in the cell increased. This is consequence of the fact
that since there is increasing number of surfactant molecules in the so-
lution, the energy released upon break-up of the micelles decreases
until it finally approaches zero at CMC. The CMC value, defined at the in-
flection point of the sigmoidal curve, was 2.954-0.55 pM. At pH 8.5, CMC
was determined to be 12.8540.05 pM. This value is higher than the

04 02 O 02 04 06 08 1
LOg Csurf (“M)

Fig. 1. CMC determination by ITC. (A) Heat flow per injection of 6 uL surfactin 0.08 mM
into a 10 mM Tris and 150 mM NaCl buffer at pH 7.4 and 25 °C; and (B) Heat of injec-
tion per mole of surfactin injected versus the concentration logarithm of surfactin in
the cell.

value of 7.5 uM reported by Heerklotz and Seelig [19] for similar condi-
tions (Tris 10 mM and NaCl 100 mM at pH 8.5 and 25 °C). The differences
between the values found in our study and these previous data can most
likely be related to the different composition of surfactin homologous in
the sample used as it is well known that surfactin acyl chain length great-
ly influences its capacity to self-assemble into micelles [16,18].

3.2. Integrity of supported phospholipid bilayers (SPBs)

In order to assess the integrity of a gel (DPPC) and a fluid (DOPC)
phase lipid bilayers, the changes in thickness (d) and surface excess
(T') of the supported DPPC or DOPC bilayer were recorded by
null-ellipsometry. The effect of the sequentially increasing concen-
tration of surfactin in the aqueous medium, at pH 7.4 was followed.
Under these conditions, CMC was determined to 2.95+0.55 uM at
25 °C. For each surfactin concentration, the steady state values of d
and T obtained are reported relative to the initial values of pure
SPBs (Fig. 2A and B).

The effect of surfactin on lipid bilayer was concentration dependent
and was influenced by the physical state of the bilayer. Surfactin had
no significant effect on both types of lipid bilayers DOPC and DPPC, at
concentration lower than CMC (0.2 uM). At a concentration near the
CMC (2 uM), the lipopeptide induced a low but significant decrease of
both I' and d of DOPC bilayer while it had no significant effect on DPPC
bilayer. The decrease in ' and d was more pronounced for DOPC above
the CMC (10 uM). Total disintegration and removal of the DOPC bilayer
was observed when the concentration of surfactin was ~6 times higher
(20 uM) than CMC (Fig. 2A). At this surfactin concentration, the rate of
the removal process was fast (Fig. 2C). Only 20 min were needed to to-
tally take away the bilayer from the supporting surface. In the case of
DPPC bilayer, the same concentration of surfactin (20 uM) didn't
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Fig. 2. Ellipsometry measurements. Top panels: Effect of surfactin concentration on supported phospholipid bilayers (SPB) integrity. Results are given in percent of bilayer thickness
(striated bars) or surface excess (black bars) after addition of surfactin at different concentrations related to initial values of the pure SPB. (A) DOPC bilayer and (B) DPPC bilayer.
Bottom: Time evolution of thickness (open symbols) and surface excess (closed symbols) after addition of surfactin at a critical concentration leading to a complete removal of the
SPB: (C) DOPC bilayer — Final surfactin concentration in the medium =20 uM and (D) DPPC bilayer — Final surfactin concentration in the medium= 180 puM.

influence I but a slight decrease of d was observed. The decrease in the
bilayer thickness without removal of molecules from the supporting sur-
face is in accordance with the model of surfactin insertion described by
Heerklotz et al. [21]. In their model, surfactin molecule is rather deeply
inserted into the bilayer, leading to an increasing tilt of the lipid acyl
chains resulting to a decrease in the thickness. The deposited amount
of DPPC bilayer was significantly decreased when 100 pM of surfactin
(~33 times the CMC) was added. The complete removal of DPPC bilayer
was observed when 180 uM (~60 times the CMC) of surfactin was
injected (Fig. 2B). The requirement of a concentration much above the
CMC to solubilize DPPC bilayer is in accordance with neutron reflectom-
etry data obtained by Shen et al. [26]. It also took more than 300 min for
the I and d values to reach zero (Fig. 2D). The rate of the DPPC solubili-
zation was thus much slower than the corresponding process for DOPC.

Ellipsometry experiments clearly showed that lipid molecules in a
fluid state (DOPC) are more easily solubilized by surfactin than mole-
cules in a well-packed gel state (DPPC). The resistance of gel phases to
detergent solubilization was previously described in literature for de-
tergents (octylglucoside [62-64] or Triton X-100 [65,66]) as well as
drugs like general volatile anesthetic (enflurane [67]) or lipopeptides
(fengycin [68]).

3.3. Changes in bilayer packing and lipid phases induced by surfactin

The effect of surfactin concentration on lipid phases structure was
investigated by monitoring the lipid phase-dependent emission spec-
tral shift of Laurdan, which locates into the glycerol backbone region
of phospholipid bilayer.

The Generalized Polarization (GP) makes it possible to distin-
guish between a mixed phase of coexisting domains, a homogeneous
liquid-disordered phase and a gel phase [50]. Laurdan molecules
surrounded by phospholipids in liquid-disordered and gel phases

are excited in red band of the excitation spectrum. If phospholipids in
gel phase are present, they mainly populate the red band of excitation,
emitting with a blue spectrum and with a high GP value [50,69]. If no
phospholipids are in the gel phase only relaxed molecules populate the
red band, with a red-shifted emission spectrum and a low GP value.
Thus, when the excitation is moved to larger wavelengths, the GP
value decreases in the homogeneous liquid-disordered phase, while in
bilayer composed of coexisting phases, the GP value increases. In gel
phase, the GP value stays stable with the excitation wavelength [48].
Laurdan fluorescence has been monitored for liposomes composed of
synthetic lipids as well as for cellular membranes [70,71] for investigat-
ing the effect of change in lipid composition (cholesterol or gangliosides
e.g.) [72-74] or for characterizing effects of drugs (tamoxifen [75],
propofol [76], fenitrothion [77], and phenothiazine derivatives [78] on
lipid membrane organization.

The effect of surfactin on lipid phases in DOPC:DPPC (molar ratio
1:1) LUVs was investigated for surfactin concentrations lower, close
and higher than CMC (3, 15, 25 and 100 uM) as function of increasing
the temperature from 5 °C to 65 °C. The recorded data obtained at se-
lected temperatures (5 °C, 25 °C, 35 °C and 55 °C) are shown (Fig. 3).
Data obtained at 15 °C,45° and 65 °C are illustrated in supplementary
material. Based on these data, GP,, was calculated and plotted as a
function of increasing surfactin concentrations and excitation wave-
lengths (Fig. 3).

At 5 °C (Fig. 3A), values of GP., were around +04 to +0.5 with a
slight increase of GP,, with excitation wavelengths suggesting a high
level of bilayer packing and lipid-coexisting phases. Surfactin addition
at a concentration of 3 to 25 uM slightly increased the GPe, values
reflecting a more ordered environment at the same time as it decreased
the effect of increasing excitation wavelengths on GP,,, suggesting the
presence of a gel phase. At 25 °C (Fig. 3B), as expected, GPey values
were lower (+0.1 to +0.4) suggesting a less ordered environment.
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The presence of co-existing phases was clearly observed, where DPPC gel
domains were inserted in a DOPC fluid matrix. Global GP,, values in-
creased with surfactin concentrations below or close to the CMC and de-
creased with high surfactin concentrations, which means some ordering
of the lipid phase at surfactin concentrations from 3 to 25 uM and
disordering at higher concentrations (100 pM). The phase behavior
tends to shift from co-existing phases towards a gel phase, as observed
from the GP,, values that became more and more independent of the
wavelength at increasing concentrations. At 35 °C (Fig. 3C), the lipids
were in fluid phase with GP,, values around —0.1. A marked increase
of GP.y (values reached +0.3/404) was observed upon increasing
surfactin concentrations (from 3 to 15-25 puM), suggesting an ordering
effect of surfactin with increase of packing of phospholipids. In parallel,
GP,y values slightly increased with the excitation wavelengths, reflecting
formation of coexisting phases. The GP,, was reduced at higher surfactin
concentrations (100 uM) to values in the range of 0/— 0.1. Simultaneous-
ly, the GP,, slightly decreased with increasing excitation wavelengths, es-
pecially for wavelengths higher than 385 nm, confirming a fluidification
effect of surfactin at this concentration. At higher temperatures (55 °C)
(Fig. 3D), the lipids were clearly in fluid phases with GP,, values around
—0.2/—0.3 and increasing the surfactin concentrations didn't significant-
ly affect lipid phase behavior.

In summary, at room temperature (25 °C), surfactin inhibited
lipid-phase co-existence at concentrations close to CMC and increased
GP.y values, suggesting high ordering. At higher surfactin concentra-
tions, the effect on ordering was decreased.

3.4. Nanoscale morphological changes of SPBs due to surfactin interaction

We used AFM to visualize at a nanoscale the effect of surfactin con-
centrations on domain formation as well as on any other morphological
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changes of mixed DOPC:DPPC (1:1; mol/mol) bilayers. Three defined
concentrations (3 uM, 15 uM and 1 mM), i.e. below, near and far above
the CMC, were selected. As shown in Fig. 4 (at time t=0 min), the topo-
graphic image obtained for a native DOPC:DPPC (1:1 mol/mol) bilayer
revealed the coexistence of two phases, the lighter and darker levels cor-
responding to DPPC- and DOPC-enriched phases respectively [79,80].
The step height measured between the two phases was 1.14-0.1 nm
and resulted from a difference in the thickness and mechanical proper-
ties of the DOPC and DPPC films [81].

Incubation of DOPC:DPPC (1:1 mol/mol) bilayers with surfactin at
a concentration lower than the CMC (3 uM) caused a time-dependent
erosion of the DPPC domains (Fig. 4A). It appears that the erosion
phenomenon proceeds essentially at the boundary between the gel
and fluid phases, thereby resulting in the disruption of the tight mo-
lecular packing of DPPC. This behavior is reminiscent of that observed
with the drug azithromycin [79] and with the non-ionic detergent
Triton X-100 at low concentration (half the CMC) [65]. According to
Francius et al. [24], surfactin C14 at the same concentration has no ef-
fect on DOPC: DPPC bilayers. It indicates that the mixture of surfactins
has a higher penetration activity than the pure surfactin C14. The high
proportion of surfactin C15 that has been shown to be the most active
on erythrocyte membranes [18] is likely to increase the effect of the
surfactin mixture. The higher hydrophobicity but also the iso struc-
ture of the C15 R-hydroxy fatty acid chain can explain the higher ac-
tivity of this homologue.

Notably, a very different behavior was noted near the CMC (15 pM;
Fig. 4B). Twenty minutes after injection, the DPPC domains appeared to
be considerably higher. The new DPPC domain height was 5.4+ 0.2 nm,
which corresponds to the thickness of a DPPC bilayer and thus indicates
complete removal of the DOPC-fluid phase. At longer incubation times,
a few holes appeared inside the remaining DPPC patches (see arrow in
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Fig. 3. Excitation generalized polarization (GP.x) of Laurdan in DOPC:DPPC (1:1) in function of excitation wavelengths (from 340 nm to 410 nm) in absence and presence of increasing
concentrations of surfactin (3, 15, 25, and 100 uM) at 5 °C (A), 25 °C (B), 35 °C (C), and 55 °C (D) in 10 mM Tris and 150 mM NaCl buffer at pH 8.5.
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B

Fig. 4. AFM topographic images of a DOPC:DPPC (1:1) bilayer recorded in 10 mM Tris and 150 mM Nadl buffer at pH 8.5 (0 min) and at increasing incubation times (A) below the
CMC (3 uM) (image size: 10 pmx 10 um and z-range: 5 nm), (B) near the CMC (15 puM) (image size: at 0 min: 15 pmx 15 um, after 0 min: 20 pmx20 um and z-range: 10 nm) and

above the CMC (1 mM) (image size: 10 pmx 10 um and z-range: 10 nm).

Fig. 4B), while the general shape of the domains remained essentially
unaltered. Moreover, numerous white particles are observed. It is likely
to be a redeposition of mixed DOPC:surfactin micelles on the mica sur-
face [24]. These results are also very similar to those observed with Triton
X-100 at a concentration 2 times greater than the CMC [65], thus indicat-
ing that surfactin, near the CMC, is able to solubilize the DOPC-fluid
phase in a detergent-like manner. Finally, our results fitted well with
the quantitative model reported by Keller et al. [64] which reported
that order-preferring lipids like DPPC are “resistant” regardless of the

presence of a second, fluid-phase lipid, like DOPC, for the action of a
membrane solubilizer.

At much larger concentrations (1 mM), the DOPC-fluid phase seems
to be completely removed and also the remaining DPPC domains were
progressively eroded (see images recorded at 12 and 31 min; Fig. 4C)
and disappeared after 60 min. No redeposition of mixed micelles or
continuous bilayer was observed as was the case for octyl glucoside sur-
factant [82]. The dispersion of mixed DOPC:DPPC:surfactin micelles
containing a high concentration of surfactin would be a stable colloidal
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system in our conditions. Hence, compared with the previous situation,
it appears that the detergent effect of surfactin is stronger when the
concentration is well above the CMC since both DOPC and DPPC were
solubilized.

AFM studies clearly revealed three major steps involved in the ef-
fect of surfactin on mixed lipid bilayers (i) erosion of DPPC domains,
(ii) DOPC solubilization with removal of fluid phase and redeposition
of DOPC:surfactin micelles, and (iii), erosion and disappearance of
DPPC domains and dispersion of DOPC:DPPC:surfactin micelles.

3.5. Lateral distribution of surfactin within a modeled DOPC:DPPC monolayer

The effect of surfactin on the domain coexistence is confirmed by
modeling the lateral distribution of surfactin within a DOPC:DPPC
(1:1 mol:mol) monolayer at 25 °C. In absence of surfactin, the coexis-
tence of segregated rounded-shape domains is observed in accor-
dance with AFM results (Fig. 5A). For the two proportions studied
(lipid:surfactin 2:0.1 and 2:0.3), surfactin molecules are localized at
the boundaries between DOPC and DPPC domains (Fig. 5B and C).
At higher surfactin molar ratios (Fig. 5C), an obvious changes in the
shape of DOPC domains is observed suggesting that surfactin affects
more strongly the fluid phase, in accordance with AFM data that, as
discussed above, clearly showed a preferential solubilization of fluid
lipid phase at higher surfactin concentration.

3.6. Changes in thermotropic behavior of DOPC:DPPC vesicles induced by
surfactin

We determined the thermotropic effect of surfactin on both the
interfacial and the hydrophobic core regions of the membrane of lipo-
somes (DOPC:DPPC; 1:1; mol:mol) in order to further understand the
nature of effect of surfactin on lipid phases observed by Laurdan fluo-
rescence spectroscopy and visualized by AFM. For this purpose we
measured the changes in GP, of the Laurdan and the fluorescence an-
isotropy of DPH upon temperature increase.

As previously reported for synthetic lipids (e.g. DOPC:DPPC), we
clearly showed the appearance of gel and liquid phases with a defined
T The characteristic shape of the plot of GP,, as well as fluorescence
anisotropy (r) versus temperature is sigmoidal (Fig. 6), with (i) a pla-
teau of high GP., or anisotropy values at temperatures below T, (ii) an-
other plateau of low GPe, or anisotropy values at temperature above T,
and (iii) a sharp transition of GP,, or anisotropy values in a short range
of temperatures for which the inflexion point corresponds to T;,. The
temperature dependence of Laurdan GP,, as well as of DPH anisotropy
provides additional information both on the apparent transition tem-
perature and on the extent of cooperativity [83].

The GP.x versus temperature is clearly dependent on the concen-
tration of surfactin (Fig. 6A; Table 1). At 3 uM, surfactin induced a

significant increase of T,; from 28.8 °C to 34.4 °C. The shift is even
larger when adding a higher concentration of surfactin (15 uM)
with a Tj,; of 39.0 °C. Above the CMC (25 uM), no further increase of
T (38.7 °C) was recorded. At higher concentration (100 pM), T,
(29.2 °C) was similar to that of the control sample without surfactin.
The highest cooperativity of the thermal transition, as determined
from the slope of the steepest part of the curves in Fig. 6 (Table 1),
was observed for surfactin concentrations close to CMC (15 pM). At
this concentration, surfactin seems to induce a rigidifying effect
both below and above T,,,. For the highest concentration of surfactin
(100 uM), a marked change of the trend of the curve was observed,
especially at temperature above T, with a huge increase of GP,,,
reflecting an ordering effect of the interfacial region.

The DPH-steady state fluorescence anisotropy also reflected a signif-
icant increase of the T,, values from 26.6 °C to 30.2 °C (Fig. 6B; Table 1)
after addition of 3 uM of surfactin. Again, the maximal increase in Ty,
was observed at surfactin concentration close to CMC with a T, of
37.3 °Cat 15 uM of surfactin. At 25 pM of surfactin, T, slightly decreased
to reach 34.5 °C. At the highest surfactin concentration (100 pM), the T,
value was similar (26.4 °C) to that of the surfactin free samples. For con-
centrations between 3 and 25 pM, both below and above T, a rigidifying
effect was monitored.

At temperatures between 20 and 40 °C and at concentrations lower,
equal or slightly higher than CMC, surfactin induced an almost similar ef-
fect on the hydrocarbon chain region (reflected by the DPH-steady state
fluorescence anisotropy) as on the membrane polar surface region (as
judged from the GPex data). Under these conditions and when the lipid
composition is such that it mimics lipid domains found in biological
membranes, surfactin was able to shift the phospholipid phase transition
to higher temperature. When DOPC is solubilized from the lipid bilayer at
surfactin concentrations around the CMC, one would expect that the
cooperativity and transition temperature would increase as the bilayer
system formed would be mostly composed of DPPC. This is exactly
what we observed and what Juhastz et al. [84] reported when they de-
creased DOPC:DPPC ratio. In fact the transition temperature of DPPC is
41 °C which corresponds almost to value (39.0 °C) we obtained in pres-
ence of 15 uM of surfactin. Promotion of the ordered domains was also
reported [85] when Triton X-100 was added to DPPC:Chol:SM vesicles
i.e. when cholesterol (Chol) and sphingomyelin (SM) were present to
mimic lipid domains found in biological membranes (lipid rafts),
suggesting the interest of the binary lipid mixture we selected. In con-
trast, at conditions where DOPC was solubilized, suppressing the exis-
tence of domains, surfactin tended to shift the gel-to-liquid crystalline
“melting” temperature of lipids to lower temperatures, close to value
obtained for control liposomes. This behavior observed for surfactin con-
centrations above CMC, was similar to the effect of non-ionic detergent
like Triton X-100 described by Goni et al. [86] and the effect of surfactin,
on DPPC alone reported by Grau et al. [30].

Fig. 5. Monolayer grid of 200x 200 lipids calculated by the BM procedure (see Materials and methods). Each pixel represents a molecule. Blue: DPPC molecule; yellow: DOPC mol-
ecule; green: surfactin molecule. (A) DOPC:DPPC at 1:1 molar ratio, (B) DOPC:DPPC:surfactin at 1:1:0.1 molar ratio, and (C) DOPC:DPPC/surfactin at 1:1:0.3 molar ratio.
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Fig. 6. Temperature-dependent Generalized Polarization (GPe) of fluorescence of
Laurdan (A) and temperature-dependent fluorescence anisotropy (r) of DPH (B) in
LUVs prepared from DOPC:DPPC (1:1) in 10 mM Tris and 150 mM NaCl buffer at pH
8.5 [O]. Increasing surfactin concentrations, (3 uM [H], 15 uM [¢], 25 uM [A] and
100 uM [V¥]) were added. The excitation wavelengths were 340 and 381 nm for
Laurdan and DPH, respectively. The emission wavelengths were 440 and 490 nm
(Laurdan) and 426 nm (DPH).

We can conclude that under conditions where lipid domains are
formed, both the generalized polarization and anisotropy studies
showed a marked increase of T,, induced by surfactin. The effect is
very dependent on the surfactin concentration and the maximum ef-
fect was obtained for concentrations close to the CMC. For higher
surfactin concentrations, when DOPC was solubilized, a clear decrease
of T,, was observed.

Table 1

3.7. Membrane permeability of liposomes induced by surfactin

We have previously discussed how surfactin greatly affected the or-
ganization of the lipids in supported lipid bilayers as well as in vesicles.
Highly relevant from a biological activity point of view is to know if
surfactin is able to induce, in our model of lipids forming phase coexis-
tence, membrane permeabilization. For this purpose, calcein was encap-
sulated at a self-quenching concentration within liposomes of DOPC:
DPPC (1:1 mol:mol) [59]. Surfactin was added after 30 s of recording.
The best fitting of the results was obtained with a biexponential function,
suggesting permeabilization took place through two processes. At the
lowest concentration of surfactin investigated (3 uM), we observed a
slow but steady release which reached around 75% of the maximal mem-
brane permeabilization after 500 s (Fig. 7, Table in supplementary data).
The release could involve two processes, the first one presenting at'; , of
157.2 s and contributing to 57.5% of the absolute release, and a second
one showing a t?;, 0f 24.9 s and contributing to 25.9% of the absolute re-
lease (Table in supplementary data). At concentrations closer to the CMC
(15and 25 pM), around 80% of calcein was released within the first 100 s
(Fig. 7). The contribution of the first process to the total release of calcein
became less important ~40% for 15 uM and 13.1% for 25 uM whereas the
second mechanism prevailed. An increased rate of calcein release was
observed upon concentration (t2;, of 12.7 and 9.8 for 15 and 25 pM, re-
spectively) (Table in supplementary data). At concentration exceeding
largely the CMC (100 uM), the release was instantaneous with the max-
imal release observed within the first 15 s (Fig. 7). The first process did
not significantly contribute to the permeabilization, but the second one
increased further in speed (t%;/, of 4.8).

Below the CMC, the first release process could be governed by the
insertion and accumulation of the amphiphilic molecules into the
membrane. At concentrations close to or beyond the CMC, release
was complete. At concentrations exceeding largely the CMC, the re-
lease was almost instantaneous. This could be due to the complete
solubilisation of phospholipid vesicles and the formation of mixed
micelles composed of phospholipids and surfactin, corresponding
to the second release process. This behavior is close to what has
been observed with Triton X-100 [87].

From a lipid self-assembly point of view, the partial membrane per-
meabilization induced by membrane-interacting peptides could result
from two mechanisms (i) some vesicles in the population release all
their aqueous contents (all-or-none mechanism), while the rest main-
tains the barrier intact [88], or (ii) virtually all vesicles gradually re-
leased the dye (graded mechanism) and this process is followed by an
annealing process that prevents further leakage [20]. The latter mecha-
nism is in agreement with a bilayer-couple mechanism where strain in-
ducing leakage arises from a selective increase in the area requirement
of the outer (but not the inner) leaflet by surfactin. Transient membrane
failures would allow some surfactin and lipid to redistribute within
membrane followed by some release of calcein from the vesicle interior.
The driving force for leakage would then be reduced and the membrane
would anneal and restore its integrity. Further studies aiming to

Transition temperature and minimum slope values obtained from non-linear regression of curves from Fig. 6A and B. Comparison of values has been performed by a one-way

ANOVA test. Asterisks indicate a significant difference to the control.

Surfactin concentrations Laurdan generalized polarization

DPH anisotropy

Tm=£SD (°C) Min. slope TnES Min. slope
(dGPex/dT) £ SD (dr/dTy) £ SD

Control 288403 —0.0314:0.0005 26,6409 —0.01340.0004
3 uM 344" +49 —0.032 +0.0033 302" +03 —0.010%+0.0002
15 M 390" £22 —0.041:£0.0180 3737108 —0,022"*£0,0011
25 uM 387%11.0 —0.03740.0008 345115 —0.015+0.0009
100 uM 292405 —0.026+£0.0013 264409 —0.012£0.0007
* p<0.05.

** p<0.01.

% 0<0,001.
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Fig. 7. Release of calcein from DOPC:DPPC (1:1) liposomes, upon addition (at t=230s)
of increasing concentrations of surfactin (3 M [—1], 15 pM [---], 25 pM [--] and
100 uM [--=]) in 10 mM Tris and 188 mM NaCl buffer at pH 8.5 and 25 °C. The recording
was made for 500 s. The ordinate shows the amount of calcein released in the presence of
surfactin as a percentage of the total amount released by 0.02% Triton X-100.

monitor the fluorescence lifetime of entrapped calcein as well as to vi-
sualize dye influx into individual GUVs should be done to decipher be-
tween all-or-none and graded mechanisms [88].

3.8. Fusion of LUV lipid bilayers induced by surfactin

Transient membrane discontinuities induced by surfactin insertion
could be related to the propensity of membrane to fuse as reported
for peptides derived from the membrane-proximal external region of
HIV-1Gp41 [89]. Fusion of lipidic phase particles, e.g. vesicles, can be
monitored by following the dequenching of octadecylthodamine B
(Ryg) fluorescence [61]. Aggregation of vesicles or other processes that
reduce the local concentration of the fluorescent probe within the
lipid bilayer could also lead to increase of fluorescence. Triton X-100
above its CMC was used as a reference for 100% dequenching since it
has been shown to induce membrane fusion followed by complete sol-
ubilization of Ryg into micelles [90].
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Fig. 8. Dequenching of octadecylrhodamine B (R;g) as a percentage of the total amount
released by 0.02% Triton X-100 after addition of surfactin (t=30s). Liposomes of
DOPC:DPPC (1:1) were incubated for 200 s at 25 °C in the presence of increasing con-
centrations in surfactin (3 M [—], 15 pM [---], 25 pM [ -] and 100 pM [---]) in
10 mM Tris and 150 mM NaCl buffer at pH 8.5 and 25 °C.

The values of R;g dequenching we observed upon addition of
surfactin to DOPC:DPPC (1:1 mol:mol) vesicles are best fitted to a
mono-exponential function upon time, which suggests that one prima-
ry mechanism leads to Ryg dequenching. For surfactin concentrations
below the CMC, we observed only a very small dequenching of Rg
(max 6.8%) (Table in supplementary data) suggesting no major effect
on the aggregation state of lipid dispersion (Fig. 8). Dequenching be-
came important at CMC and for instance, at 15 pM of surfactin, it
reached 47.6% that induced by Triton X-100. At 25 uM of surfactin,
dequenching increased by another 12% compared to 15 puM. Further in-
crease of surfactin concentration (100 uM) induced a faster but still par-
tial dequenching (68.8%) [61].

However, it should be noted that many factors could influence the
recorded dequenching. In particular, the dequenching properties of
octadecylrhodamine can be affected by changes in lipid composition
due to preferential effect of surfactin on DOPC.

3.9. Size of liposomes

To provide further insight on the relation between dequenching and
vesicle aggregation/fusion, we followed the apparent size and homoge-
neity of the liposomes preparation incubated with surfactin, by means
of dynamic light scattering, to monitor the morphological changes of
DOPC:DPPC (1:1 mol:mol) vesicles induced by surfactin (Fig. 9).

Addition of 3, 15, 25 or 50 pM surfactin didn't change the DOPC:DPPC
vesicle size significantly (~100 nm). At higher concentrations (75 and
100 uM) of surfactin, two main populations were observed, one with a
very small mean diameter (around 10 nm) and the other with an aver-
age diameter ranging from 200 to 300 nm, suggesting the existence of
fused liposomes [91].

The very small structures observed at 75 and 100 uM probably reflect
mixed micelles of lipids and surfactin [19,23,25]. Indeed, surfactin should
provide a solubilization of the liposome to mixed-micelles at concentra-
tions above the CMC (25 uM) [92,93]. Once surfactin concentration with-
in the bilayer reached a critical surfactin:lipid ratio (depending also of
the lipid density and composition), surfactin molecules with their rela-
tively large polar head compared to their small apolar chain section is
expected to distort the bilayer structure. In this respect, surfactin should
act as a surfactant able to solubilize phospholipid molecules.

At 25 M, a population of small size should have been observed.
However, it must be kept in mind that one limitation of dynamic light
scattering technique is that results can be dominated by a small fraction
of alarger species that gives a higher scattering intensity. The presence of
fused vesicles or lipid aggregates can prevent the observation of individ-
ual micelles. Furthermore, since the diameters of the particles are calcu-
lated from the determined diffusion constants using Stoke-Einstein
equation, which assumes spherical aggregates, the appearance of
non-spherical structures would affect the calculated values of the
particle diameter. Although the time-dependence of liposome solu-
bilization by surfactin has been reported by Liu et al. [25], we found
that the particle size and distribution stayed the same throughout
150 min under the conditions we used and for surfactin concentra-
tions below 50 uM (data not shown).

At subsolubilizing concentration and based on the results from studies
of surfactant induced phospholipid vesicle fusion [94], surfactin should be
able to induce vesicle growth well above CMC (75 and 100 puM). Such a
process has been suggested to involve surfactant-induced vesicle opening
into disks stabilized on the edges by surfactants and followed by fusion of
these disks if electrostatic repulsions are reduced [95]. Such a mechanism
could explain the results of our dynamic light scattering data. It should
also be noted that assembly of mixed lipid-surfactin micelles into a net-
work has been reported by Boettcher et al. [96], and this also could ex-
plain the presence of larger size aggregates.

In conclusion, the results from the dynamic light scattering mea-
surements of the mean apparent diameter of liposomes incubated
with surfactin at concentrations above CMC revealed the appearance
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Fig. 9. Size distribution of intensity (%) upon increasing surfactin concentrations (uM) to DOPC:DPPC (1:1) vesicles in 10 mM Tris and 150 mM NaCl buffer at pH 8.5 and 25 °C. Five
different levels of gray represent different limits of intensity in percent. 0% [[1], 7% [@], 13% [M], 20% [M] and 26%[M].

of very small structures, which are probably micelles, as well as larger
structures, which could be aggregated micelles, fused liposomes or
disks.

4. General discussion and conclusion

The molecular mechanism of membrane permeabilization by
surfactin still remained an open question. Several viewpoints have
been discussed in literature and various methods have been used
to investigate this process. Most of the membrane models applied
in the previous studies were composed by a single lipid and hence
far from real biological membranes containing domains of different
lipid phases.

In the present study, DOPC:DPPC bilayers displaying coexistence of
fluid and gel domains were exploited to better understand the effect
of surfactin on structural changes of biological membranes. For this pur-
pose the effect of surfactin on lipid phases and lipid fluidity in relation to
membrane integrity at the nano- and macroscopic scale was analyzed.
We explored both the organization and the dynamics of DOPC:DPPC
vesicles in presence of surfactin taking advantages of an array of com-
plementary methods including Laurdan and DPH fluorescence, AFM
and ellipsometry, release of calcein entrapped at self-quenching con-
centrations within liposomes, and dequenching of octadecylrhodamine
B fluorescence.

All our observations showed that the consequences of the surfactin
interaction with the membrane were highly dependent on the surfactin
concentration, which confirmed previous results obtained by Francius
etal. [24] and Liu et al. [25] and suggesting a detergent-like process.

A model consisting of three steps of structural and morphological
changes occurring during the solubilization process and depending on
the surfactin concentration can be proposed (Fig. 10) on the basis of
our own and previously published findings.

First, at concentration below CMC (3 puM; Fig. 10A), binding of
surfactin to the boundary between gel and fluid domains is likely to
occur as suggested by AFM imaging of supported lipid bilayer do-
mains. Data obtained by molecular modeling for two surfactin:lipid
molar ratios are in accordance with this hypothesis.

The surfactin insertion at this stage makes the bilayer slightly
more rigid, an effect similar to that of cholesterol [36], i.e. an increase
of van der Waals interactions promotes the membrane ordering of
the fluid phase. The insertion of surfactin at the boundary between
DPPC and DOPC could also explain the erosion process as revealed
by AFM. Liposome size was not affected by this low concentration of
surfactin whereas around 85% of calcein was released. The latter ob-
servation could result from the asymmetric location of surfactin in
the outer leaflet of the lipid bilayer, as the flip-flop of surfactin from
the outer to the inner lipid leaflet has been reported to be limited
[21,26], due to the molecular shape of surfactin. This could induce
some transient perturbations leading to limited calcein release with-
out global structural changes of the bilayer. This would correspond to
the first release mechanism characterized by t'y; and y! ;.

As the concentration of surfactin is increased close to CMC (15 uM at
25° C; Fig. 10B), an immediate solubilization of the fluid phase occurs.
Most of DOPC molecules are solubilized and removed by surfactin and
will presumably form mixed micelles. DPPC rigid domains are maintained
at this surfactin concentration. This may result from unfavorable interac-
tions between detergent and order-preferring lipid in the gel domains.

By this arrangement, surfactin induces a high ordering effect with en-
hancement of one gel phase, as reflected by Laurdan studies at 25 °C,
probably reflecting the remaining DPPC domains. Regarding the effect
on membrane permeability and as explained before, the increase in sur-
face tension between the outer and inner leaflet as well as the curvature
strain [20], due to asymmetric distribution of surfactin between inner and
outer leaflet and the subsequent reorganization of lipids, were probably
responsible for the membrane permeability induced by the lipopeptide
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Fig. 10. Schematic model of destructuring effect of surfactin on bilayer composed by
fluid and rigid domains. Surfactin concentration (A) below the CMC, (B) near the
CMC, (C) well above CMC. Surfactin in red, DOPC in black and DPPC in white,

[19]. The rapid lipid fusion and the absence of effect on the liposome size
could be explained by changing the lipid vesicles morphology into disks
or reshaped vesicles containing surfactin and phospholipid (Fig. 10B).
This could further lead to a release of calcein and might be considered
as the second process contributing to calcein release and characterized
by t2,, and y?,.x. The existence of bilayered disk-like structures is con-
sistent with cryo-TEM observations of Kell et al. [23] and Boettcher et al.
[96].

For high surfactin concentrations (>>CMC; Fig. 10C), all the results
clearly demonstrated a solubilization effect of surfactin on fluid as
well as on rigid bilayers. This effect is accompanied by a marked impact
on liposome size and membrane permeability. A total destabilization of
the lipid bilayer occurs with a direct formation of mixed DOPC-and/or
DPPC-surfactin micelles. Large particles are also formed. They can be
(i) mixed micelles organized in a large network assembly (Fig. 10C
top picture), in accordance with cryo-TEM images shown by Boettcher
et al. [96] and/or (ii) remodeled fluid supramolecular entities with di-
verse morphologies (spherical (Fig. 10C bottom picture) or aspherical
vesicles, open vesicles, long cylindrical micelles...) such as described
by Elsayed and Cevc [97]. The second hypothesis suggests that surfactin
at high concentration promotes highly curved lipid layers favoring the
formation of fusion intermediates such as those suggested by Zemel et
al. [98] for amphipathic peptide.

The influence of the lipid bilayer state on the solubilization by deter-
gents is physiologically significant because tightly packed liquid ordered
macro- and microdomains exist in biological membranes. These domains,
believed to be rich in lipids with high phase transition temperatures, tend
to be tightly packed and form liquid-ordered phase. Ellipsometry results,
obtained on separated DPPC and DOPC bilayers, suggest that surfactin

interacts with both bilayers in a different way. The condensed nature of
the DPPC bilayer will lead to much slower diffusion rate of surfactin in
the plane of the bilayer interface. DOPC bilayer on the other hand should
have a lower lateral pressure than DPPC and it is also like to expose more
of the hydrocarbon region to the solution. Both factors make it more fa-
vorable for surfactin binding and/or for less restricted diffusion of
surfactin. This can explain the lower required surfactin concentration
for the onset of fluid matrix solubilization. However, the preferential
eroding action of surfactin at the boundary between DOPC and DPPC
shown by AFM and molecular modeling suggests that rigid domains
can play an essential role in the first step of the solubilization mechanism.
Our findings are in agreement with the results from Henry et al.'s study
[22], which has shown that surfactin exhibits an enhanced binding to
solid ordered domains-containing vesicles and with Carillo et al.'s results
128] which suggest that DPPC acts as a promoter of surfactin-induced
leakage.

Besides the effect of surfactin in the lateral plane of phospholipid
bilayer, change induced by surfactin in the transversal plane of phos-
pholipids was explored by studying the interaction of this lipopeptide
with the polar head group region and hydrophobic core of phospho-
lipids bilayer. We clearly showed the ability of surfactin, at concentra-
tions lower or close to CMC and temperatures between 20 and 40 °C,
to make the membrane regions, where Laurdan and DPH were locat-
ed, more rigid with a marked increase of T,,,. This is a consequence of
the amphiphilic properties of surfactin and in agreement with previ-
ous studies [19]. The latter has reported that surfactin both interacts
at the membrane interface and core as observed for non-ionic deter-
gents. For concentrations much higher than CMC, we demonstrated
an increase of order at the interfacial region above Tm whereas, with-
in the hydrophobic core, surfactin induced a slight decrease of order-
ing, both below and above CMC. Our results are also in accordance
with previous observations made by Fourier-transform infrared spec-
troscopy that reported on the incorporation of surfactin into POPC
membranes [28]. The authors have shown a strong dehydration of the
phospholipid C=0 groups, related to a decrease in hydrogen bonding
of water to the C=0 groups and water penetration into the polar
head group region of the membrane and hence, an ordering effect as
confirmed by our Laurdan results.

In conclusion, our results give insights on the effects of a lipopeptide
like surfactin, on the structure and phase behavior of model membranes
composed of domain forming lipids, using Laurdan fluorescence in par-
allel to complementary methods such as AFM and ellipsometry. They
gave rise to both a better understanding of the interaction between
surfactin and lipid membrane and some insight into the molecular
mechanisms leading to the biological activity of surfactin. Our findings
demonstrate the crucial importance of surfactin concentration in the
mechanism of membrane solubilization. However, it has to be kept in
mind that solubilization is a continuous process which is also depen-
dent on the initial aggregate size, on the transition kinetics [97] as
well as on the surfactant/lipid ratio [19]. More generally, our results
highlight the close relationship between the physical structure of the
lipid bilayer and its association with surfactin. By affecting the lipid dy-
namics, surfactin could also influence the function of membrane proteins
which are believed to be regulated by the phase behavior of the sur-
rounding lipid bilayer [32].
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In this part, we will summarize data we obtainad auggest a general conclusion about
the mechanisms by whielthederin and its aglycon hederagenin as well dacn, three
amphiphilic compounds, interact with membranes.Willefurther discuss (i) the influences of
the membrane model on their activity, (ii) the paeters which influence activity on cells and

(iii) the role of the amphiphile’s molecular strupt on their activity.

4.1. Membrane interactions of a-hederin, hederagenin and surfactin

a-Hederin, hederagenin and surfactin have shownraewgeresting activities on
membranes. In this part, we will integrate all dataobtained with the goal to establish a general

conclusion about the interaction mechanisms witmbranes of the analyzed compounds.

41.1. Mechanism involved in the interaction of a-hederin with membranes

Several mechanisms by which monodesmosidic tetesja saponins interact and
permeabilize membranes have been proposed (2Bas¢d on these permeabilization models
and the new data we obtained (see 3.1.1., 3.1d?34n3.), we are able to propose a new general
mechanism of membrane interation éehederin and similar monodesmosidic triterpenoid
saponins (Figure 33). We can divide the interastioto four main activities/parts: (A) insertion
into the membrane and interaction with domainsoked in cholesterol, (B) formation of buds
out of the membrane, (C) lateral phase separatidrf@mation of a new mesophase, (D) pore
formation. The activity depended largely on theasap concentration. A change of activity
towards GUVs was seen around the CMG-tiederin.

At concentrations below its CMC, monomers shoirkt fnteract with the membrane
components and bind to cholesterol enriched nanadm{Figure 33,A). This will have
consequences on phospholipid mobility (see 3.GR., of Laurdan) and create an area
difference and curvature strain between the outdrimner monolayers which leads to budding

(Figure 33,B). At longer incubation periods, a cexgtive aggregation ef-hederin,
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phospholipids and cholesterol leads to phase sempa&igure 33,C). The induction of positive
curvature by-hederin in the newly formed domains leads to dinamg transformation of these
domains into a tubular phase which could inducesient defects in the membrane. Those could
be responsible for the slow dextran release obdgsae 3.1.2. and 2.3.3.3.). Hence, it is not
excluded that the permeation to dextran is dueattstent pores which allow gradually small
quantities of dextran to influx (see 2.3.3.1.)anotdal pores (see 2.3.3.2.) whose size increases
with time and which are too small in the beginniadet the dextran molecules pass through (see
discussion 3.1.1.).

At concentrations above the CM&hederin aggregates should deliver increased
concentrations of molecules close to the nanodasreid allow rapid interaction with
cholesterol and phospholipids to induce pore foiomaiFigure 33,D). Pore formation is also
based on the curvature induction by the saponih13. Nevertheless, the CMC @thederin has
to be reconfirmed by another assay (see 5.1.but pbtained data and the results of Bottger and
coll. support these conclusions (Bottger et alLZ2JOCMC dependent activity has recently been
suggested for glycyrrhizin, another monodesmosdmonin (Sakamoto et al., 2013).

The membrane interactions proposed should be falicellular activity as well. It was
shown that fast plasma membrane lysis was mairtgiodd at concentrations > 20uM (~slightly
higher than its CMC). The importance of membranaesterol fora-hederin induced membrane
lysis was also proven (3.1.4.). Consequences ofbrame interactions for cells will be discussed
later (4.3.).
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Proposed interaction mechanism betwedmederin and lipid membranes containing
cholesterol.
At concentrations below the CM@;hederin monomers insert into the membrane, intevdh
cholesterol nanodomains (A) and induce budding Ig@¢ral phase separation and
transformation into a new mesophase (C). At comagnohs beyond the CM@;hederin
aggregates interact with cholesterol rich domamnsduce mainly pore formation (D)
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In a membrane model presenting lateral phase agpabut no cholesterol, the molecule
was able to inhibit lateral phase separation atlssoacentrations (3.1.3.). The molecule could
therefore present linactant activity in the absesfagholesterol. Linactants can be regarded as
two-dimensional surface active agents, which ingethe phase boundary, reduce line tension
between different phases and thereby inhibit lafg@rase separation (Trabelsi et al., 2008). These
molecules are thought to be an important factaeitular membranes and would help to inhibit
macroscopic phase separation (Sriram et al., 2BE2ause mammal plasma membranes contain
all cholesterol, this effect should not be obsenveshammal cells, but the effect could play a role
for interaction with membranes lacking cholestdika bacterias.

4.1.2. Interaction mechanisms of hederagenin with membranes

Our results show that hederagenin was not ablediece budding. At high concentrations
(40 uM) and very long incubation periods (48h),atserved formation of small circular
domains in GUV. These domains (see 3.1.2.) coulcespond to the small isotropic peak
observed if'P-NMR of MLV (see 3.1.1.). Regarding the small oghilic head of the
triterpenic structure, these domains should cooedpto inverse structures. But it is not excluded
that hederagenin forms also normal structures phitspholipids. Compared tehederin, the
absence of a sugar chain at C3 and sugar-sugeadtitms could decrease the rate of domain for
hederagenin.

In parallel to the formation of domains we obsdraéso permeabilization of GUVs. The
rearrangement of the membrane into a new mesolassgrobably consequences for membrane
permeability. The formation of transient defectamihe phase boundaries could be responsible
for permeabilization (Figure 34 and see 2.3.3Th)s would correspond to a new
permeabilization mechanism for triterpenic acidsjolr would be less dependent on the
induction of positive curvature strain.

It is further difficult to say whether the actiyibf hederagenin depends on self-
aggregation. It is not clear if the inflexion pootitained with the DHE assay (see 3.1.2.,

discussion) corresponds really to its CMC (becdleee is no CMC value in the litterature to
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compare). Nevertheless, asiatic and madecassictaadriterpenic acids, showed no activity
towards cancer cells below their CMC (Rafat et2008).

FIGURE 34
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Hypothetical interaction mechanism of hederagenih wembranes

4.1.3. Surfactin-membrane interactions

Concerning surfactin, we showed that the molesuéble to inhibit lateral phase
separation, change lipid dynamics and induce pébitieation by two main mechanisms (see
3.2.). Membrane interaction was clearly CMC depehd&FM and ellipsometry (see 3.2.,
Figures 2,4) supported this conclusion.

Below its CMC, the linactant activity of the molge was the most important and we
monitored a reduction of phospholipid mobility. \Meo observed a gradual calcein release
corresponding to transient defects and no lipidideg or membrane reaarrangements.

Beyond its CMC, the molecule induced an incredgghospholipid mobility, lipid
demixing and the formation of mixed micellar aggtes preferentially with the lipid in the
liquid crystalline state (DOPC). Permeabilizatioasnnstantaneous. This is in agreement with
conclusions from Heerklotz and Seelig, who shoved the amphiphile/lipid ratio to obtain
solubilization depended df,.CMC (K, is the partition constant of surfactin betweeonsipmes
and the solution (Heerklotz and Seelig, 2001).
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Permeabilization is hence not dependent on thearegement of the membrane at higher

concentrations and surfactin can exert the perreialgi effect at subsolubilizing concentrations.

4.2. Influences of the membrane-model on the activi  ty of amphiphiles

The results we obtained show that observed eftipiend on lipid composition of the
membrane model and the membrane model itself. Weliscuss in this part why the

amphiphiles behave differently towards differentdeis.

4.2.1. Influence of the lipid composition

Interaction of amphiphiles with membranes is hygtépendent on the lipid composition
of the membrane model. In a bilayer composed of OOPPC a-hederin and surfactin are able
to inhibit macroscopic phase separation (see 3ah@.3.2.). The inhibition of phase separation in
a model composed of two immiscible lipids has &leen shown for glycyrrhizin, a
monodesmosidic saponin, at concentrations belo®@ME (Sakamoto et al., 2013). This activity
can most probably be attributed to their linacttivity (see 4.1.).

Conversely, in membrane models containing chalels(eMPC:Chol [3:1]),a-hederin
induces macroscopic phase separation and pernesdioifi. This effect could be attributed to its
preferential binding to cholesterol and was larghbcussed in 3.1.1. and 3.1.2.

The proportion of zwitterionic and negatively ofped phospholipids, modifying the
resulting membrane potential can also influenceribenbrane activity of the amphiphile.
Surfactin is known to interact differently with anic phospholipids, which could increase its
specificity towards bacteria, characterized by tpgbportions of anionic phospholipids. In these
membranes, the induction of electrostatic repulsioetween lipids and amphiphiles increased
the lytic activity (Buchoux et al., 2008).
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4.2.2. Influence of membrane models

Comparing the activity on different membrane megdele observed that the same
amphiphile concentration had sometimes differefgot$ on different models.

First of all, the presence of dimethylsulfoxideMBO) as a cosolvent in the solution,
might increase the permeability of membrane modelsas been shown that the molecule
induces transient water pores in cells and modehionanes (He et al., 2012;Gurtovenko and
Anwar, 2007). However, in our experimental condisipthis is unlikely because DMSO at 0.1-
1% v/v had no permeabilizing effect on the membraneéels we investigated, so this activity
could be excluded.

In GUVs the activity of saponins seems to depamthe CMC whereby activity on LUVs
is mainly influenced by the effective saponin/lipatio. This should be due to the fact, that
concentration of total lipids in the GUV model isry small. The activity is therefore influenced
by the concentration of the molecule and its abibtself aggregate (its CMC).

In LUVs and MLVs, the total lipid amount is mublgher than in the GUV model. The
activity depends in these models not only on thityabf the amphiphile to form micelles
(CMC) but also on the effective amphiphile/lipidioa When the total amount of amphiphiles is
much smaller than lipids (even if concentratioal®ve its CMC), the effect will be minimal.
The amphiphiles present in the solution will mastiqably partition into the liposomes and
concentration in the solution will decrease rapig®jow its CMC (Lichtenberg et al., 2000).

The effect onn silico monolayers did not always correlate with AFM ag tlesults on
GUVs. We have to keep in mind that the “Big moneldynethod can only predict preferential
association of a molecule in a two-dimensional neanth does not consider curvature effects,
line tension and long range lateral dipole momenmtsch are known to play an important role in
domain formation (Seul and Andelman, 1995). The ehalalso limited to bimolecular
interactions and is not able to simulate the foromabf ternary complexes, which has been
proposed fon-hederin, cholesterol and DMPC. Nevertheless, tbdahgave interesting clues on

how saponins and surfactin could insert into memésaand influence phase separation.
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4.3. Membrane activities of a-hederin and hederagenin on biological cells

The lytic mechanisms we proposed for artifici@mbranes (see 4.1.1. and 4.1.2.) should
be extended for membranes of erythrocytes and caells. However, it is not excluded that
interactions with the cytoskeleton or membranegnst might amplify or attenuate the pore
forming activity or the effect on phase separatMoreover, the artificial membrane models used
were only composed of a few lipids, hence the presef thousand of different lipid species in
biological membranes might further complicate mesmbrinteractions.

a-Hederin has been shown to be very active on mdiweukemia cells (see 3.1.4.). Cell
death was not only induced by membrane lysis, Isatlay apoptosis. Its triterpenic aglycone,
hederagenin also showed apoptogenic activity, butaipid membrane lysis suggesting different
mechanisms for apoptosis and cell death due to maermabysis. An extensive discussion on how
both molecules should be able to induce apopt@Edken done in (3.1.4.).

Regarding the relevance of our work, we haveushdorward several questions
which might influence the activity on cells likg {he importance of the concentration (ii) the
time-dependency, (iii) the role of the cell mediyna) the cell-type dependence, (v) the stability
of the compound.

It may be possible that activity afthederin on cancer cells is also CMC dependent (see
4.1.1.). This could be similar for hederagenin #de2.), since other triterpenic acids have
shown to be active only at concentrations beyoed tBtMC (Rafat et al., 2008y-Hederin
might be able to induce lateral phase separatianlynat concentrations below its CMC and
induce the extrinsic apoptotic pathway (see 3.1A.roncentrations largely above its CM&,
hederin should induce mainly membrane lysis.

The time to induce cytotoxicity was lower witkhederin than with hederagenin. It might
be possible that the rate to develop transientotiefa the plasma membrane is decreased in the
absence of sugar units. This would explain theydelaytotoxicity observed with hederagenin
and would correspond to the interaction model weeliged in 4.1.1. and 4.1.2. for both
molecules. However, at this stage we cannot exdindeffect on phase separation (and a
possible activation of death receptors) which was mfluenced by the sugar units.

The concentration to induce membrane lysis irsagls higher than in GUVs. The reason

might be thati-hederin activity is influenced by both the medial @ahe foetal calf serum (FCS)
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in the incubation solution, as it has been suggdsyeDanloy et al. (Danloy et al., 1994)-
Hederin would be able to bind to BSA, present mBCS. The serum contains also a non-
neglectable concentration of cholesterol, whichid¢ateract directly with the saponin and the
triterpenic acid to form insoluble aggregates 34el. and 3.1.2.).

Regarding the influence of the cell type, it hasibshown on several cells that the
cytotoxicity of a-hederin towards cancer cells is higher comparetbtmal cells (Swamy and
Huat, 2003). The suggested explanation wasatederin could act specifically on some cancer
cells probably because they have increased chodésttents in their plasma membrane
compared to normal cells (discussion in 3.1.1.24d4.). At this point, it is impossible to
conclude that this selectivity is really relatecatoincreased cholesterol concentration in these
cancer cells or rather to other changes in metsitnodir membrane structure. For example it has
been shown that ceramides play an important rotauntcer proliferation (Saddoughi and
Ogretmen, 2013). Changing the amount of membrarsrides could influence membranes and
thereby change saponin activity. In fact, any cleangnembrane composition influencing the
membrane dynamics, the capacity to form rafts bewoinembrane parameters could modify the
activity of saponins. It has been shown that disgri@ent of cholesterol from phospholipids by
“membrane intercalators” increased lytic activifysaponins (Lange et al., 2005;Lange et al.,
2009).

Finally, the presence of glycosidases within tlemirane might also influence saponin
activity. The hydrolysis of saponin into its sapoigecould reduce the cytolytic effect observed.
The presence of glycosidases conferred some nesgstao-tomatine activity against fungi
(Morrissey and Osbourn, 1999;Bouarab et al., 2002).

4.4.  Structure-activity relationship on the amphiph ilic activity

To gain futher understanding on the importanciefmolecular structure for amphiphile-
membrane interactions, we will enlarge in this ¢bathe results of analyzed molecules with data

obtained on similar compounds in litterature.
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4.4.1. a-Hederin and derivatives

As we pointed out in chapter 3.1.1., the threeesisional molecular structure @f
hederin was very important for its interactionshamembranes. The induction of positive
curvature depended on the sugar chain present omf@Xorm of induced lateral domains
changed also with the structure of the moleculg.23). We are aware that the three-dimensional
molecular structure given by Chemdraw 3D does efte¢ct real molecular modeling.
Nevertheless, the 3D-structures obtained by modecubdeling (see 3.1.2.) were almost
identical to those given by Chemdraw 3D.

The structure-activity relationships for hemolyaisl cytotoxicity were studied for some
hederagenin diglycosides (Chwalek et al., 2008) Jthas been shown that there was no direct
link between these activities. In this study, tmportance of the branching and the nature of the
sugar moieties on the aglycone was pointed out.(THe) branching betweemL-arabinose
present on the C3 of the aglycon and other sugars the most efficient compounds regarding
hemolysis and cytotoxicity. Compared to other ssigthre presence of a rhamnose linked to the
arabinose residue in the®R) configuration, increased more the hemolytic eytdtoxicic
activity. Some authors suggested, that the presaefireenore hydrophobic sugar would increase
the activity of the saponin (maybe due to a featifitl insertion of the molecule into the
membrane) (Chwalek et al., 2006;Wang et al., 2007b)

Increasing the number of sugars atdHeederin disaccharide moiety increased further the
cytotoxicity of the compounds, which supports avature driven lysis mechanism in cells (Bang
et al., 2008).

The lysis mechanism should also be valid for othenodesmosidic saponins presenting
a sugar moiety at C3 because the number of sugenesised in most cases the hemolytic activity
(see Figure 23).

Regarding the hydrophobic portion of the sapohé@molytic activity has been
intensively discussed for saponins (see FigureR®)a-hederin, when the triterpenic acid was
esterified, hemolytic activity generally increasedhich points out the importance for
hydrophobicity of this part of the molecule (Chwaét al., 2006).
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4.4.2. Surfactin

The structure of the lipopeptide surfactin corgaarpolar head which is negatively
charged. The peptide ring would adopt a “horsedgdadnformation in solution with the two
anionic residues forming a claw (Bonmatin et @92). Its conformation should therefore
depend on the ionic strength and pH. We worked Iyaina pH of 8.5 because the lipopeptide
was more soluble. Our studies and the results eflti@z and coll. (Heerklotz and Seelig, 2001)
suggested a detergent-like, CMC dependent mechamisenCMC itself depended of the pH of
the solution and decreased rapidly upon decregsih@urfactin activity was enhanced in
membranes containing negatively charged lipidskgnihcreasing the charge of the lipopeptide
(Buchoux et al., 2008;Francius et al., 2008). Withits acyl chain, surfactin would not be able to
insert into the membrane (Eeman et al., 2006).n&rease in the length of the acyl chain
increased also the capacity to solubilize membranegosed of DOPC and DPPC (Francius et
al., 2008).

45. Similarities and differences between membrane activities of a-hederin and

surfactin

Our experiments show that despite their structdiffedrences, surfactine-hederin and
even hederagenin displayed typical features of &ohghs and amphiphile-membrane
interactions which have been intensively discus$bd.main similarities od-hederin and
surfactin activity can be summarized as followkir(iegration into the membrane facilitated by a
lipophilic part of the molecule (ii) preferentiaiteraction with (a) specific membrane lipid(s),

(i) induction of positive membrane curvature,)(abilities to self-aggregate, (v) differences in
kinetics of permeabilization below and beyond til@&MC, (vi) suppression of lateral phase
separation in a DOPC:DPPC model, (vii) interactioth LUVS in a manner that induces
populations of different sizes and new mesophdse,change in membrane dynamics and
order at hydrophilic heads and lipophilic tail) @bility to permeabilize membranes, (x)

induction of apoptosis most probably by a membigemendent mechanism.
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Nonetheless, there exist important differencefér mode of action. The most
importants are the (i) permeabilizing activityoehederin which depends on cholesterol whereas
that of surfactine is enhanced by fluid phase aghtively charged lipids and (ii) their activities
on membrane order. Surfactin increased membraree ardil its CMC and than decreased it.
This behaviour was not observed wattinederin.

Conversely ta-hederin and surfactin, hederagenin has a lessrtamgaamphiphilic
character because of its small hydrophilic headgr@ermeabilization was only induced at very
high concentrations and incubation times. It migitpossible that this mechanism is only based
on the formation of a new mesophase with cholekst® phospholipids and less on the
induction of potitive curvature strain and the fatron of toroidal pores.
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A lot of questions arise from our results. To aibbmore detailed understandingoof
hederin, hederagenin and surfactin activity, othgreriments have to be performed.

This chapter is divided into two parts. In theffipart, we will discuss short term
perspectives about ongoing and future experimémtbe second part, we will try to answer in a
long term perspective if the tested amphiphiledatbe interesting drug candidates and what

general lessons can be taken from this study.

5.1.  Short term perspectives - future and ongoing s  tudies

We made a lot of interesting studies which havegeattbeen integrated into publications
or into the previous chapters of this thesis beedligy are at this stage, too preliminary.
Therefore some experiments have to be completddroe in the next future. They are briefly

described hereunder.

5.1.1. a-Hederin and hederagenin

5.1.1.1.Determination of self-aggregating propestie

The self aggregating properties and the CMC offi lsotmpounds should be investigated
to confirm the hypothesis of their role in the medé action on membranes. This could be done
by measurements of surface tension, isothermatittr calorimetry or the use of other
fluorescent probes like pyrene.

We looked by DLS ifi-hederin was able to form aggregates in the salghmove a
certain concentration. The behaviour seems to eghahg 15 uM (10 mM TRIS-HCI at pH=7.4)
as predicted by the DHE experiments. Unfortunatedypolydispersity index of the results is
very high and so the results do not allow a firmiausion. This could possibly be due to the
formation of one-dimensional aggregates, whichkai@vn for their high polydispersity
(2.4.4.2.3.). The form of aggregates should berdeted by cryo-TEM.
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5.1.1.2.Interaction with membranes

It should be interesting to test the used amplaptun a ternary membrane model
containing sphingomyelin, cholesterol and an unsétd phospholipid. This model mimics
better the molecular composition of lipid raftscells and presents macroscopic phase separation.
It should give further information, if the molecutgght be able to influence the hydrogen bond
network, which is formed between the sphingomyeioiecules (Sonnino and Prinetti, 2013).

The completion of the Tof-SIMS experiments shquiovide interesting information on
how the molecules are able to interact with chekedtin supported planar membranes (see
3.1.3.). A similar approach on cells has been gitethfor hederacolchiside A1 by Mazzucchelli
and coll. (see 2.4.7.1.). However, they were nte &ioprove colocalization of cholesterol and
the saponin for small incubation periods (Mazzutlicbeal., 2008). The advantage of SPBs
compared to cells is that all molecules are knolire mass resolution can therefore be
diminished, which increases the lateral resolutibthe 2D image (Benabdellah et al., 2010).

In a similar approach, it could be possible to itwrsterol rich domains by incorporating
DHE in GUVs and observe them by multiphoton micopsc(Garvik et al., 2009). This should
give confidence about the effects of saponinsitarpenoids regarding sterol distribution in

membranes. A similar approach could be done os (&dle 5.1.1.4.)

5.1.1.3.Determination of composition and structof¢he new induced mesophases

We have shown the formation of a new mesophas&by)MR and DLS in MLVs and
LUVs that have been incubated withhederin. Incubation of highly concentrated MLVs
composed of DMPC/Chol (3:1) led to the formatioraghacroscopic phase separation in the
sample and a new flocculated phase which was kEssedsee 3.1.1.). We supposed that this
phase corresponded to the newly induced worm-tikeeires observed in SPBs and GUVs (see
3.1.2).

We analyzed by mass spectrometry (direct injeaticam Atmospheric pressure chemical
ionization source (APCI) on a LCQAD-30000 mass speceter equipped with an lon-Trap
analyzer in positive and negative ionization mdtie)different macroscopic phases which have
been obtained. In a first attempt, we could contine presence of DMPC, cholesterol and
hederin in the newly formed phase. This meansttigphase is also composed of all three

constituents as it has been suggested (3.1.2.haden’t until yet an idea of the proportions of
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all three components in both phases because thafimn of many different types of aggregates
between all three components makes the analysieohass spectra difficult. Nonetheless, we

should be able to complete interpretation of thesrspectra soon which could be integrated in

3.1.2.

The use of cryogenic transmission electron mi@pggCryo-Tem) should allow to
vizualize the 3D shape of the structures which Heeen formed when DMPC:Chol (3:1)
liposomes (LUVs and MLVs) were incubated witthederin or hederagenin (see 3.1.1. and
3.1.2.). It is not sure that we will obtain the sastructures we obtained on SPBs (see 3.1.2.)
because the curvature of LUVs is higher than th&RBs (see 8.1.2). The determination of the
shape of aggregates could eventually also deterifnine saponin is a good candidate for the

formation of nanoparticles (see 5.4.3.).

5.1.1.4.Investigations on cellular activity

To make progress in deciphering the cellular @gtiof o-hederin and hederagenin, we
are testing the activity of both compounds in ddaped media to reduce possible interactions
with cholesterol. Because U937 cells are not abkyhthesize their own cholesterol, cells once
depleted in cholesterol should keep the low amotimiembrane cholesterol upon time.
Preliminary results showed a more important ceditidénhibition for U937 cells, which have
been depleted for cholesterol and further incubatiéitl a-hederin in delipidated media. The
depletion of membrane cholesterol seems also tbitrdpoptosis induction by hederagenin but
results have to be confirmed.

To prove a direct interaction afhederin or hederagenin with cholesterol in celis,
could add cholesterol to the incubation media drskove if there would be a change of

cytotoxicity.

The activity on lateral membrane organizationdlifafts and death receptors in cancer
cells should also be investigated. Reorganizatfdipidl rafts in cells can be visualized by
multiphoton microscopy of Laurdan (Yi et al., 20@®)DHE (Mcintosh et al., 2003) in living
cells. These methods have been shown to be maablesthan the use of specific antibodies or
toxins which bind to raft constituents, becauseeh® no risk of lipid cross-linking and the

induction of artifacts which could ressemble réfsven et al., 2007).

208



Perspectives

Activation of death receptors can be determineddiivation of caspase-8 (see
2.4.8.3.4.1.). The addition of specific caspasekghitors like Z-IETD-FMK or a western blot of
caspase-8 should give information about the impogaf this enzyme in cell death. The
visualization of death receptors in cells and thgigregation and colocalization with lipid rafts

which would precede their activation can be viseliby specific antibodies (Yi et al., 2009).

5.1.2. Surfactin

There exist a huge number of studies treatisgpirmeabilizing activity of this
compound (Kracht et al., 1999;Heerklotz and Se&lif)l;Dufour et al., 2005;Francius et al.,
2008;Heerklotz and Seelig, 2007;Carrillo et alQ2&eman et al., 2006;0stroumova et al.,
2010). Nevertheless, the activity on phase separategarding the enormous possible
implications (see 3.5.), should be investigatederd®eply. For this purpose, similar studies

which have been proposed tehederin or hederagenin could be carried out (5.1.1

5.2.  Long term perspectives

At the end of our work, we keep in mind two maurestions: (i) are-hederin,
hederagenin and surfactin good drug candidatesl Piigmvhat general lessons can we take from

this study for future studies on amphiphiles ?

5.2.1. Are a-hederin, hederagenin and surfactin good drug-candidates ?

To be a valuable drug candidate a molecule musy obrtain pharmacological and
pharmacokinetic conditions. We will discuss thesseies to obtain an idea if it is really worth to

pursue studies on these molecules.

5.2.1.1.Pharmacodynamic and toxicological consitieres

The major limitation of saponins in general ankdederin for intravenous administration
is their hemolytic effect (see 2.4.7.). If moleaueill pass through the blood stream, their toxic

potential should limit their pharmacological usé.tls stage, we have to question if the
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benefit/risk balance is high enough to considauristudies. For cancer studies, the benefit is
always high compared to the risk, because the meaaf cancer is mostly deatikHederin has
only been tested once for its antitumor activityt the results seem promising. The molecule,
tested at 15 mg/kg (i.p.) on colon 26- or 3LL LeWwisg carcinoma bearing mice, was as
effective as cisplatin at 3 mg/kg and no weighslosevidence of toxicity was observed in
healthy mice (Park et al., 2001). Conversely, bseai its toxic potential, the molecule should
not be used for other pharmacological purposes.

The integration of the saponin into nanoparticles!d probably increase the therapeutic
index of the molecules by reducing hemolysis amgeasing cytotoxicity towards cancer cells
(Hu et al., 2010). Ik-hederin is able to form nanoparticles by itselfwith cholesterol and other

phospholipids should be further investigated.

Hederagenin could be an interesting candidatedncer therapy because it has shown
cytotoxic potential towards cancer cells but naucttbn of hemolysis (Gauthier et al., 2009).
However, the molecule was not cytotoxic in varistigdies but this could be related to small
incubation periods investigated (the molecule shbitgeactivity only after long incubation
periods, see 3.1.4.). The question remains if tzegerin will be active on cancer caltsvivo.

Other triterpenic acids like ursolic or betuliniméhave been intensively studigdvivoon

different cancers and are known for their therapqudtential (Patlolla and Rao, 2012;Mullauer
et al., 2010;Shanmugam et al., 2013;Zuco et a2 Rrasad et al., 2012). Both compounds are
highly cytotoxic, induced cell death by severalpedys after long incubation times and betulinic
acid showed selective cytotoxicity towards can&isqZuco et al., 2002;Xavier et al., 2013).

Triterpenoid acids are therefore promising antieamgents.

Surfactin could be possibly used as antibacteriainticancer ageim vivo. Unfortunately
it has shown high hemolytic activity (Kracht et 41999;Dufour et al., 2005) which should limit
its use as antiinfective agent. Daptomycin congg@already an effective lipopeptide antibiotic
which has a lower hemolytic potential than surfa¢8traus and Hancock, 2006). Until now,
there exists no vivo study in humans about the anticancer potentiaudactin. It is therefore
impossible to predict whether there would be aergdting compound. Currently, the molecule
seems to be an interesting candidate to fight ptdattions. The producer of surfactBacillus
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subtilisis a promising bacteria cultivated to prevent ptiiseases (Stein, 2005;Toure et al.,
2004).

5.2.1.2.Pharmacokinetic considerations

Several pharmacokinetic studies on saponins buisio our knowledge there exist no
study dealing with the pharmacokineticsuetiederin. As a general rule, a molecule is conedier
as an interesting candidate for oral administraifiarfollows the Lipinsky rules (a molecular
mass < 500 Da, hydrogen donors < 5, hydrogen amseptl0, logy of octanol/water partition
coefficient [log P] < 5)a-Hederin has a molecular mass of 750.9 Da, 7 H-lolmmdrs, 12 H-
bond acceptors and a theoretical log P of 3.6 (tatied by PubChem Compound). Except for its
lipophilicity, all parameters which define a “goodifug candidate for oral administration are out
of range. But even the Lipinsky rules do not coesitie possibility of self-aggregation (or
aggregation with other compounds), which could ifiggmtly change its absorption behaviour.
We also cannot exclude the possibility that theaoole will be absorbed by active transport in
lipid micelles. Active transport has been suggestedome saponins but in general their
bioavailability was low (Yu et al., 2012). On thentrary, digoxin, a cardiotonic heteroside
already in use for a long time against cardiacfifgancy showed a very good biodisponibility
(70-80%) in humans and the molecule was resorbguhbgive diffusion (lisalo, 1977).

The oral biodisponibility could also be changediy presence of microbial glucosidases
in the gut flora. This has been shown in a phadady for asiaticoside which is completely
transformed into asiatic acid in the gut (Grimatal., 1990)a-Hederin could be cleaved inde
hederin or hederagenin and be administrated adexrdgenin pro-drug (Yu et al., 2012).
Regarding interaction with other compounds aftat administration, saponins could influence
their resorption, due to their surfactant and agliregating properties (Bruneton, 2009).

All these factors make it very difficult to pretibe biodisponibility ot-hederin.

Nonetheless, regarding intravenous administraifsaponins, it has been shown that
several monodesmosidic saponins showed a favoirgbdeenous pharmacokinetic profile with
low clearance and long half lifes (Patel et al120 Intravenous injection is very common for

anticancer compounds and could be appliedifbederin, but hemolysis has to be avoided.
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Hederagenin has a molecular weight of 472,6 Or;lidnd donors, 4 H-bond acceptors
and a theoretical log P of 6.8 (calculated by Pu@IiCompound). Except its high lipophilicity,
the molecule could be a good theoretical candifteteral administration. There exists no
pharmacokinetic study about hederagenin. Otherpanic acids, like ursolic acid have already
been used by oral administration in rats but showederate oral biodisponibility (Shanmugam
et al., 2013) while betulinic acid showed evenghhoral biodisponibility in humans (Smith et al.,
2007). The low solubility of triterpenic acidsagroblem in intravenous administration. This
could be circumvented by integration into liposonfesiposomal form of intravenously
administrated ursolic acid showed interesting tsgula clinical study (Shanmugam et al., 2013).
Therefore, triterpenic acids seem by pharmacoldregtnsiderations very promising compounds

for cancer treatment.

To our knowledge no pharmacokinetic study of stiifiewas published. Other lipopetides
like daptomycin, which are already in clinical us®ve a well known pharmacokinetic profile. It
has been approved by the European medecines agedceggistered under the name of cubicin.
Daptomycin is injected in its dissolved form inteanously. Because of their high molecular

weight, lipopeptides are generally not absorbeer aital administration.

5.2.2. What general lessons can we take from this study for future

investigations on amphiphiles ?

We have to be aware for future pharmacologicalisgy that amphiphiles behave often in
similar ways (see 4.5.) and that their three-dingared structure and charge will have major
implications on their activity. The capacity tofsaggregate and form a new mesophase should
always be taken into consideration for quite ghety of molecules. It has been shown that even
molecules which do not possess a strong amphipthibcacter like triterpenic or bile acids are
able to form aggregates or micelles in solutionféRet al., 2008;Sayyed-Ahmad et al., 2010).
Self-aggregation can change completely the behawibcompounds towards ligands making the
determination of the CMC of a compound (or solipilor molecules which form infinite

aggregates, see 2.2.1.2) a prerequisite for phaidogical investigations.
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A possible interaction of amphiphilic compoundshabiological membranes should
never be excluded. A lot of pharmacodynamic anamhbeokinetic properties are guided through
their membrane interactions.

However, we have shown in this thesis, that mdéscpresenting an amphiphilic
character may be very interesting compounds witloua activities towards lipid membranes.
The isolation of new original substances from @aard other natural resources should help to
develop molecules with specific activities towandembranes of cancer cells or infectious agents.
Understanding their membrane interactions shouldavalis to make chemical modifications of

the molecules which enhance their specificity.
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